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Resumen

La tercera parte del proyecto CATSIUS CLAY,
ejercicios de validación "in situ" a gran escala, in-
cluye dos ejercicios: el ejercicio 3.1: hidratación
"in situ" de agregados de arcilla de Boom
(BACCHUS 2) y el ejercicio 3.2: ensayo en ma-
queta FEBEX.

El ensayo "in situ" BACCHUS 2 se realizó en el
laboratorio subterráneo HADES (Mol, Bélgica)
para demostrar y optimizar un procedimiento de
instalación de un material hecho con arcilla y para
estudiar el proceso de su hidratación. Después de
perforar un pozo vertical (540 mm de diámetro,
3.0 m de longitud) en la formación de la arcilla de
Boom, se colocó un filtro central (90 mm de diá-
metro). El espacio restante se llenó con una mez-
cla de agregados de arcilla y polvo de arcilla y el
conjunto se selló por su extremo superior mediante
un tapón de resina (0.20 m de espesor) sobre el
que se vertió hormigón. El ensayo se instrumentó
de forma que pudiese ser utilizado como un expe-
rimento de validación. Se registraron los valores
de las tensiones totales, de la presión del agua in-
tersticial y del contenido de agua, tanto en el ma-
terial de relleno como en la formación de arcilla
circundante. Una vez completada la instalación,
en el día 516 se inyectó agua a través del filtro
central. En el día Ó24, después de alcanzarse la
saturación del relleno, se cerró el circuito hidráuli-
co y se registró la respuesta no drenada del siste-
ma relleno-formación de arcilla hasta alcanzar un
estado general estacionario. Se pidieron a los par-
ticipantes predicciones de la evolución de la pre-
sión del agua intersticial y de la presión total en
puntos donde se habían instalado sensores ade-
cuados. Este ejercicio de comparación trata de la
respuesta hidromecánica de una barrera de arcilla
de baja densidad en condiciones no saturadas so-
metida a hidratación natural y artificial.

El ensayo en maqueta FEBEX se realizó en un
edificio construido expresamente para albergarlo
situado en las dependencias de CIEMAT (Madrid,
España) y es parte del proyecto FEBEX, cuyo objeti-
vo es el estudio del campo próximo en un alma-

cén en roca cristalina de residuos radioactivos de
alta actividad. El ensayo se diseñó de acuerdo con
el concepto de referencia español para almacena-
miento geológico profundo, en el cual los conte-
nedores con los residuos tratados se colocan hori-
zontalmente en galerías y se rodean con una ba-
rrera de arcilla construida con bloques hechos de
bentonita de alta densidad. Un objetivo de este
ensayo fue la verificación de la capacidad de pre-
dicción de los programas numéricos desarrollados
para analizar el comportamiento de barreras de
arcilla. La maqueta constaba de una estructura ci-
lindrica de confinamiento (1615 mm de diámetro
y 6000 mm de longitud) hecha de acero, coloca-
da horizontalmente, dos calentadores eléctricos ci-
lindricos axiales (340 mm de diámetro y 1 625 mm
de longitud) y una barrera de arcilla hecha de blo-
ques de bentonita compactada. El ensayo se ins-
trumentó con 500 sensores registrando presiones
de agua intersticial, tensiones totales, temperaturas
y humedades en puntos seleccionados. Una vez
inundada la maqueta con agua a presión, se la
dejó durante tres días para permitir el cierre de las
¡untas entre bloques. Después de este periodo de
hidratación inicial, se aplicó una presión de agua
constante al tiempo que se conectaron los calenta-
dores con el fin de obtener una temperatura cons-
tante de unos 100°C en la zona de control de los
calentadores. Esta situación se mantendrá durante
unos años. Se pidió a los participantes prediccio-
nes para los tres primeros años de funcionamiento
del ensayo. Las variables que se seleccionaron
para su comparación con las predicciones de los
modelos son la evolución con el tiempo de la can-
tidad de agua total y de la potencia calorífica total
suministradas a la maqueta, las evoluciones con el
tiempo de la temperatura, de la humedad relativa
y de la tensión total en algunos puntos y las distri-
buciones de temperatura y de humedad relativa en
algunos instantes de tiempo. Este ejercicio de
comparación trata de la respuesta termohidrome-
cánica de una barrera de arcilla altamente com-
pactada sometida a la acción combinada de una
hidratación exterior y de un calentamiento interior.
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Abstract

Stage 3 of CATSIUS CLAY Project: "Val idat ion
Exercises at a Large " in si tu" Scale" includes two
Benchmarks: Benchmark 3 . 1 : In situ Hydration of
Boom Clay Pellets (BACCHUS 2) and Benchmark
3 .2 : FEBEX Mock-up Test.

The BACCHUS 2 in situ test was performed in the
HADES underground laboratory (Mol , Belgium) to
demonstrate and optimize an installation proce-
dure for a clay based material and to study its
hydration process. After dri l l ing a vertical shaft
(540 mm in diameter, 3 .0 m in length) in the host
Boom clay, a central filter (90 mm in diameter)
was p laced, the remaining space was fil led with a
mixture of clay pellets and clay powder and the as-
sembly was sealed at the upper end by a resin plug
(0.20 m in thickness) over which concrete was
poured. The test was instrumented so that it could
be used as a val idat ion experiment. Total stress,
pore water pressure and water content measure-
ments were performed both in the backfil l material
and in the surrounding clay massif. Once the in-
stallation was complete, the natural hydration of
the backfil l material began (day 0). To accelerate
the hydration process, on day 5 1 6 water was in-
jected through the central filter. O n day 6 2 4 , after
the saturation of the backfil l was reached, the hy-
draul ic circuit was closed and the undrained re-
sponse of the system backfi l l-host clay was moni -
tored until an overall steady state was reached.
Partners were asked to provide predictions for the
evolut ion of the pore water pressure and total pres-
sure at various points where appropr iate sensors
are installed. This benchmark addresses the Hy-
dro-Mechanica l response of an unsaturated low
density clay barrier under natural and artif icial
hydrat ion.

The FEBEX mock-up test was performed in a spe-
cially built facility located in CIEMAT premises (Ma-
dr id , Spain) and it is a part of the FEBEX project,

whose aim is to study the behaviour of the near
field for a repository of high-level radioactive waste
in crystalline rock. This is in accordance with the
Spanish reference concept for geological deep dis-
posal , in which canisters with the condi t ioned
waste are horizontally disposed in galleries and are
surrounded by a clay barrier formed by blocks
made of high-density bentonite. O n e aim of this
test was the verification of the predictive capabi l i -
ties of the numerical codes developed to analyse
the behaviour of clay barriers. The mock-up con -
sisted of a horizontally placed cylindrical confining
structure (1615 mm in diameter and 6 0 0 0 mm in
length) made of steel, two axial cylindrical electric
heaters (340 mm in diameter and 1625 mm in
length) and , between the conf ining structure and
the heaters, a clay barrier made of blocks of com-
pacted bentonite. The test was equipped with
about 5 0 0 sensors, which moni tor pore water pres-.
sure, total stress, temperature and humidity at se-
lected points. Once the mock-up was f looded with
pressurised water, it was left during three days to
al low the closure of the joints between blocks. After
this initial hydrat ion, a constant water pressure was
appl ied while heating power was switched on in
such a way as to get a constant temperature of
about 100 °C at the control zone of the heaters.
This situation will be maintained for a number of
years. Partners were asked to provide predictions
for the first three years of test operat ion. The var i-
ables selected for compar ison with model predic-
tions are the total water and heating power input
to the mock-up, the evolutions with t ime of temper-
ature, relative humidity and total stresses at some
specific locations and the distributions of tempera-
ture and relative humidity at some specific times.
This benchmark addresses the Thermo-Hydro-Me-
chanical response of a highly compacted bentonite
barrier under the combined effect of an artificial
outer hydration and an inner heating input.
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1. The CATSIUS CLAY project

CATSIUS CLAY (acronym fo r Ca l cu la t i on a n d
Testing of Behav iour of Unsatura ted Clay) is a Pro-
ject forming part of the Research Program on Nu-
clear Fission Safety of the European Commission.
Its duration is from 1 Jan. 1 996 to 31 Dec. 1 998.

1.1 Objectives and scope
Compacted expansive clays are adopted as engi-

neered barriers around waste canisters in reference
concepts for geological repositories. After emplace-
ment in saturated formations, these barriers experi-
ence a transient wetting and swelling phase gov-
erned by the rate of absorption of natural water and
a transient temperature regime controlled by the de-
caying heat power input induced by the canister.

In recent years a number of research groups in
severa 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 suitable conditions for a benchmark ex-
ercise were met. Catsius Clay was implemented
with the following objectives:

_] To assess the accuracy and reliability of the
numerical predictions.

j To establish the usability and capability of
codes to model the thermo-mechanical be-
haviour of unsaturated clay barriers.

Z) To provide an evaluation of existing labora-
tory testing methods in view of the data and
parameters requirements of Thermo-Hydro-
Mechanical (THM) models

1.2 Project coordination and partners
involved

The co-ordination tasks were carried out by
Centro Internacional de Metodos Numericos en
Ingenieria (CIMNE, ES), with Professor Eduardo
Alonso as a co-ordinator.

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

U Agence Nationale pour la Gestion des De-
chets Radioactifs (ANDRA, FR) M. Gauthier
Vercoutere

j Clay Technology Lund AB (Clay Technology,
SE) Dr. Lennart Borgesson

,J ISMES S.p.A. (ISMES, IT) Dott. Ing. Rita
Pellegrini

Z\ Centre d'Etude de I'energie Nucleaire Stu-
diecentrum voor Kernenergie (CEN.SCK, BE).
Ir. Martin Put

Z\ Universitat Politecnica de Catalunya (UPC,
ES) Professor Antonio Gens

~:j Universite de Liege (ULg, BE) Professor Rob-
ert Charlier

:_] University of Wales College of Cardiff
(UWCC, GB) Professor Hywel Rhys Thomas.'

1.3 Work programme
The overall work programme for CATSIUS CLAY

consists of three stages, which have been per-
formed 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 are treated:

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

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

Stage 2. Validation Exercisss at Laboratory Scale

Two laboratory tests were modelled:

j BM 2.1 : Oedometer Suction Controlled Tests
on Samples of Compacted Boom Clay.

j BM 2.2: Small Scale Wetting-Heating Test on
Compacted Bentonite.

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

Two large hydration tests were modelled:

J The BACCHUS 2 in situ Hydration on Boom
Clay Pellets, performed in the HADES under-
ground laboratory at Mol.

: j The FEBEX Heating and Wetting Experiment
on Compacted Bentonite.

The results of stage 1 and stage 2 have been pre-
sented in the reports from the European Commis-
sion DOC XII/284/97-EN and DOC XII/286/98 -
EN, respectively.
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2. Introduction to stage 3 of the CATSiUS CLAY project

This report presents the results of the stage 3 of The last case (CIMNE) refers, when appropr ia te ,
the project: "Val idat ion Exercises at Large " in situ" to the experimental data. Symbols were plotted in
Scale". Two benchmark exercises were proposed the order indicated above so, when they coincide
to partners. The first BM considers the hydrat ion of in the same point , only the last one is clearly visi-
a backfi l l material made of compacted Boom clay ble. This procedure al lows also a clear identif ica-
pellets and Boom clay powder, and was performed t ion of the experimental data.
by SCK-CEN at the HADES underground labora- Computed results f rom partners were directly
tory (Mo l , Belgium). The objectives of the test were taken f rom the files provided by the authors and
to demonstrate and optimise an installation proce- w e r e integrated in c o m m o n charts via Excel,
dure for a clay-based material and to study its J h e o f c o d e $ u s e d b t h e rtners b e

hydrat ion processes. Partners were asked to make d j n f o f w Q b r o a d c a t i es . T h e f i r s t o n e

predictions of the coupled Hydro-Mechanica l be- c o r r e s p o n d s t o c o d e s developed " in house" by the
haviour of such an engineered barrier. The second c o r r o n d i n organisat ion whereas the second
BM considers the hydration and heating of a back- r e f e r s f o c o m m e r c i d | a v a i | a b | e codes,
fill material made of blocs ot compacted bentonite,
and was performed by CIEMAT (Centro de The first g roup includes:
Investigaciones Energeticas, Medioambienta les y
Tecnologicas/Centre for Energy, Environmental Code Organisation
and Technological Investigations) in a specially
built facility located in CIEMAT premises (Madr id , CLEO ANDRA
Spain). The purpose of the test was to study the be-
haviour of the near field for a repository of CODE BRIGHT UPC
high-level radioactive waste in crystalline rock, by
making a nearly full-scale mock-up under labora- LAGAMINE MSM-UNIVERSITE DE LIEGE
tory controlled conditions. Partners were asked to ~
make blind predictions of the coupled Thermo-Hy- COMPASS UWCC
dro-Mechanical response of the clay barrier.

Common symbols and acronyms for the different
partners have been used throughout the text and
the various figures. They are as follows:

Organisation Acronym

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

Symbol

AND
CLA
ISM
SCK
UPC
UOL
UWC
CIM

Commercial codes used in
are:

Code

ABAQUS

ABAQUS

Catsius Clay stage 3

Organisation

CLAY TECHNOLOGY

ISMES

A brief description of these codes is given in Ap-
pendix 2.

\
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3. BENCHMARK 3.1 "In situ hydration of boom clay pellets (BACCHUS 2) "

3.1 Case mm on

3.1.1 Introduction
The in situ test BACCHUS 2 was performed in the

HADES underground laboratory (Mol, Belgium) to
demonstrate and optimize an installation proce-
dure for a clay based material and to study its
hydration process. The backfill material of the
BACCHUS 2 test was made of a mixture of high
density Boom clay pellets and Boom clay powder.
The installation procedure, materials and tech-
niques used in the BACCHUS 2 test were based on
realistic industrial processes and capabilities. BAC-
CHUS 2 test was instrumented so that it could be
used as a validation experiment. Total stress, pore
water pressure and water content measurements
were performed both in the backfill material and in
the surrounding clay massif. The test was installed
in June, 1 993 beginning then the natural hydration
of the backfill material. Since natural hydration was
a very slow process, an artificial hydration started
in November, 1994. Both phases are included
within the benchmark.

3.1.2 lest description

3.1.2.1 Location in the HADES underground
laboratory

BACCHUS 2 was installed at the same location
as the previous BACCHUS 1 experiment (see Fig-
ure 3-1) between 1 1 m and 14 m below the gal-
lery floor level. The experiment and the surround-
ing instrumentation were located in rings 11, 12
and 13 of the main horizontal gallery (see Figure
3-2). The ring thickness is 1 m.

3.1.2.2 Test design
The main features an instrumentation details of

BACCHUS2 are shown in Figure 3-3 and Figure
3-4. The experiment consists essentially in a central
filter surrounded by a mixture of clay pellets and
clay powder mixture in a 50/50 proportion, the
buffer has a thickness of about 23 cm. Once the
shaft for BACCHUS2 was excavated from the gal-
lery a steel structure integrated by a bottom flange
and a central steel cylinder, which acts also as a

Figure 3-1. Location of the BACCHUS experiment.
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RING Nr. 11
11 h Piezonest 0125
33 TDR-sonde 0200

RING Nr. 12
12h* Neutron-sonde (cerberius) 0125
12h** Piezonest 0125

RING Nr. 13
13i SM-Slation 0160
13-i-bis TDR-sonde

Figure 3-2. location of the instrumented boreholes around BACCHUS 2:3D view of the gallery station (Vokkaert et al. EUR 16860,
1996, Fig. 6.3p. 59 by SCK).

filter was lowered in place. Instruments were at-
tached to this framework as described below. The
fill was then lightly computed inside the annular
space between the host clay and the central filter.

The bottom flange was used as a support for in-
strumentation and as a protection for its wiring.
The bottom flange also keeps the central filter fixed

at the centre. The instrumentation implanted in the
flange itself consists in pressure transducers for
measuring the total vertical pressure and the pore
water pressure. The transducers have a small ac-
tive area so that they essentially deliver point
measures. Thin vertical perforated steel plates were
also fixed on the bottom flange. These plates sup-

20



3. BENCHMARK 3.1 "In situ hydrafion of boom clay pellets (BACCHUS 2 ) "

{ lay based backfill

for detail B see Fig. 2.2

mini loadcell

2 x 2 pressure
transducers

pare pressure

Figure 3-3. Design of the BACCHUS 2 experiment. (Vokkaert et at. EUR 16860,1996, Fig. 5.1 p. 55 by SCK).

port thin flat total pressure transducers and
piezometers for pore water pressure measure-
ments. In this way it was possible to determine total
stresses and pore pressures inside the backfill. To-
tal pressure cells and piezometers were also in-
stalled on the bottom flange and central steel shaft
as indicated in Figure 3.5.

The central filter (external diameter of 90 mm) al-
lows the air to escape during the natural hydration
of the buffer material. The central filter offers the
possibility to inject water to artificially saturate the
backfill material. The central filter consists in fact of
four filter sections in order to allow the testing of-
different sections along the total height of backfill

21
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loadcell on perforated thin plate
for protection of signal cable

help piece, only in place during
filling of the first /Ocm of the
experiment

these loadcell will come into
direct contact with the Boom
clay bore hole wall

mini loadcell pore pressure

Figure 3-4. design of the BACCHUS 2 experiment - detail. (Volckaert et al. FUR 16860,1996, Fig. 5.2 p. 56 by SCK).

material. Total pressure transducers were installed
between two of the filter sections for the determina-
tion of the total stresses against the central tube.
The inside wall of the filter contains the connection
tubes of the filter screens and the signal cables of
transducers. At the level of the upper two filter sec-
tions, a second internal tube (50/46 mm) is

installed. It was then possible to lower either a neu-
tron/gamma source (38 mm) or a heater (43 mm),
both used for water content measurements.

The upper end of the backfill was sealed by a
resin plug 20 cm in thickness. On top of it concrete
was poured. This concrete plug was designed to re-
sist swelling, hydrostatic and lithostatic pressures.

22



3. BENCHMARK 3.1 "In situ hydrafion of boom clay pellets (BACCHUS 2)"

0506/494

(11J4) -236.44

access tube
/ for hearer

STYCAST resin

•—-236.24(11.34)

« 236.38(11.46)

260 kg

p=1.6 g/cm'(estimated)

^ _ -237.12(12.22)

• • - -237.20(12.30)

p=1.4g/cm' (estimated]

• - -237.70(12.80)

140 kg

p=1.6g/cm3 (estimated)

^ _ -238.15(13.25)
• - -238.20(13.30)

320 kg

p=1.5 g/(m3 (estimated)

-239.34(14.44]
- -239.405 (14.505)

Figure 3-5. Location, orientation and codes of the sensors on the BACCHUS 2 mock up. (Volckaert et ol. EUR 16860,1996,
Fig. 6.1 p. 57 by SCK).

Three "spider webs" (external diameter 475 mm)
with thermocouples are installed in the backfill ma-
terial between 1 1.5 m and 12.5 m elevations. The
distance between the "spider webs" is 30 cm. They
provide an opportunity to follow the radial
hydration by measuring the temperature distribu-

tion as induced by a transient heating source
lowered through the hollow central steel shaft.
Temperature distributions are interpreted in terms
of varying thermal conductivity, which is controlled
by the current water content distribution in the
backfill.
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3.1.2.3 instrumentation

3.1.2.3.1 In the backfill material
In the sensor codes given in Figure 3-5, PW

stands for pore water pressure, PT stands for total
stress and C, F and V indicate that the sensor is in-
stalled respectively on the central tube, the bottom
flange, and a vertical plate. BACCHUS 2 has been
installed in such a way that most of its sensors are
located in radii connecting existing piezometers in
the host clay with the axis of the shaft. This ar-
rangement may improve the determination of ra-
dial gradients.

3.1.2.3.2 In the host clay
The host clay instrumentation was installed in

1988 for the BACCHUS 1 experiment. Figure 3-2
and Figure 3-6 show the location of the instrumen-
tation of the host clay and its position relative to
BACCHUS 2. Figure 3-7 gives the location and
codes of piezometers and Figure 3-8 gives the lo-
cation, orientation and sensor codes for the Glotzl
stress monitoring (SM) station.

3.1.2.4 Artificial saturation phase
Given the slow development of the natural

hydration an artificial hydration of the fill was
started on November 25, 1 994, 51 6 days after the
beginning of the natural hydration. This artificial
hydration was performed by injecting water in the
filters on the central tube. These filters were con-
nected to a water reservoir installed in the gallery.
The injection pressure corresponds to the height of
the coiumn of water between the filter and the gal-
lery, i.e. between 1 1 m and 15 m. The flux of the
injected water was determined by measuring the
change in weight of the water reservoir. When the
saturation was reached, the hydraulic circuit was
closed and the undrained response of the system
backfill-host clay under the prevailing ambient
geostatic stressed was monitored until an overall
steady state was reached

3.1.2.5 Calendar
Three phases may be distinguished (see Volckaert

etal. , EUR 16860, 1 996, p. 36):
Q day 0

(01.07.93) Installation of BACCHUS 2 com-
pleted

• day 51 6
start of the artificial hydration

• day 611
end of the artificial hydration (saturation of
backfill reached)

• day 624
closure of the hydraulic circuit

3.1.3 Initial and boundary conditions

3.1.3.1 Initial conditions
The following data were provided by SCK on the

basis of his experience on previous work at the site.

3.1.3.1.1 Host clay
Q Day -°°:

before any excavation influence (virgin host
clay)
o total stress p0: 4500 kPa
o pore water pressure: 2200 kPa

• Day-40:
before the excavation of BACCHUS 2

o total stress p0: 4500 kPa
(at depth 14 m the influence of the
experimental gallery on total stress is
considered negligible)

o pore water pressure:
see Figure 3-9, Figure 3-10 and Table
3-1 (on day-40)

• DayO:
once BACCHUS 2 was excavated
cj. total stress:

to be determined by simulating the
BACCHUS 2 excavation

^> pore water pressure:
see Figure 3-9, Figure 3-10 and Table 3-1

3.1.3.1.2 Backfill material
• degree of saturation: 1 0.37 %
• water content: 3 % (in weight)

3.1.3.2 Boundary conditions
The following data were provided by SCK:

At the top (elevation: -1 1.44 m) and the bottom
(elevation: -14.44 m) of BACCHUS 2 experiment:
no vertical displacement.
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AXIS

RING 11

TDR

= 224,9

= 239,0

RING 12

y/n

BACCHUS 1

RING 13

TOR PT

T : Temperature
PT : Total pressure
PI : Pore water pressure
TDR: Humidity
y/n : Density/Humidity

Figure 3-6. Location of the instrumentation around BACCHUS 2 in the clay host rock. (Volckaert et al. EUR 16860,1996,
Fig. 6.2 p. 58 by SCK).

Inner boundary condition (on the central tube filter)

• during natural hydration: filter open

• during artificial hydration: water pressure on
the filter = water column between filter and
gallery + 1 m

Q after closure of hydraulical circuit: no flow

Outer boundary conditions (far in the host clay)

• total isotropic pressure: 4500 kPa

• pore water pressure: pore water pressure be-
fore BACCHUS 2 excavation (see Figure 3-9,
Figure 3-10 and Table 3-1 for pressures at
day -40). Figure 3-9. Pore pressure in the
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R11O5-
R11O4-
R11O3-
R11O2-
R11O1-

12

-224.8 m

---236.59
- - -237.29
- - -237.99
- - -238.69
^ - 2 3 9 . 3 9

t
-239.45

DEVIATION 13.9 cm
(hale 11 h)

11
-224.7

•224.9 m

TotaE tube length
14.65 m

Piezometer screens

R12O5--
R12O4--
R12O3--
R12O2--
R12O1--

-236.49
- - -237.19
- - -237.89
- - -238 .59

-239.29

-239.35

DEVIATION 1.3 cm
(hole 12 h " )

figure 3-7. Location and codes of the piezometer screens around BACCHUS 2. (Volckaert et al. EUR 16860, 1996,
fig. 6.4 p. 60 by SCK).

host clay during the excavation of BACCHUS
2 (Rl l) by SCK.

3.1.4 Properties of natural boom clay

3.1.4.1 Mechanical properties
The following data (drained saturated conditions)

were provided by SCK:

• Young's modulus: 300 MPa
• Poisson's ratio: 0.125
G friction angle: 18°

G cohesion: 300 kPa

• dilation angle: 0°

3.1.4.2 Hydraulic properties
The following data were provided by SCK:

• porosify: 0.39
• storage coefficient: 10-5 m"1

• vertical permeability: 2.1 -10-1 2 m/s

• horizontal permeability: 4.5-10-12 m/s

26

3.1.4.3 Water retention curve

It was suggested to use the water retention curve
determined for samples of clay powder compacted
at the same dry density as that for the host clay (1 7
kN/m3) at the "in situ" temperature (about 22 °C)
(see Volckaert et al. EUR 16744, 1996, Fig. 3.7a
p. 75, Fig. 3.9 p. 77, Fig. 3.10.a p. 77, Fig.
3.10.b p. 78 by UPC; Fig. 4 p. 135 by CIEMAT;
Fig. 16 p. 173, Fig. 21 p. 1 78 by SCK).

3.1.4.4 Permeability to gas
It was suggested to use the relative gas perme-

ability determined for samples of clay powder at
the same dry density as that for the host clay (17
kN/m3) (see MEGAS EUR 16235, 1995, Table
7.1.1 p. 101 by SCK).

3.1.5 Properties of backfill
The backfill material is a 50/50 mixture of Boom

clay powder and high density Boom clay pellets.
The high density pellets are produced by compac-
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-237,525

-237,65

-237,85

-238,05

-238,25

-238,45

-238,65

-238,775

-238,90

SME6

SME5

H 0°

SME4

SME3

SME2

SME1

H 0°

PW

Figure 3-8. depth, orientation and sensor codes of the Glotzl stress monitoring stotion. (Volckoert et al. EUR 16860, 1996, Fig. 6.5 p.
61bySCK).

tion of dry Boom clay powder using industrial
equipment. The compactor-granulator used is of
the same type as those used to compact coal or
ore powder. This equipment produces pellets with
a dry density of about 2.1 g/cm3. The pellets are
about 2 cm long and 0.5 cm thick. The mean dry

density of the mixture is about 1.55 g/cm3. Figure
3-5 shows estimated values for the dry density of
the backfill. The same figure shows the real diame-
ter of the borehole (decreases with depth) and the
weight of backfill used. The information presented
here is taken from the reports Volckaert et al. EUR
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-40 -30 -20 -10

Time (days since 01/07/93)

figure 3-9. Pore water pressure in the host clay during the excavation of BACCHUS 2 (Rll) by SCK.

-40 -30 -20 -10

Time (days since 01/07/93)

10
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figure 3-/0. Pore water pressure in the host clay during the excavation of BACCHUS 2 (R12) by SCK.
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Table 3-1
Pore water pressure (bar) in several piezometers within the host clay during the excavation of BACCHUS 2, data provided by SCK

Dafe(*)

-43

-42

-41

-40

-39

-38

-37

-36

-35

-27

-26

. -25

-24

-23

-22

-21

-20

-19

-18

-17

-16

-15

-14

-13

-9

Rl 101

9.451

9.451

9.451

9.453

9.454

9.434

8.909

8.767

8.677

6.41

6.362

6.364

5.604

5.218

5.092

5.04

5.028

5.031

5.033

5.042

5.061

5.079

5.104

5.125

5.238

R1102

7.619

7.618

7.616

7.616

7.617

7.594

6.557

6.222

6.063

4.005

3.92

3.884

3.67

3.494

3.412

3.363

3.333

3.314

3.296

3.292

3.283

3.284

3.286

3.287

3.297

R1103

6.106

6.106

6.106

6.107

6.108

6.081

5.271

4.995

4.89

3.696

3.622

3.555

3.465

3.381

3.334

3.298

3.272

3.253

3.233

3.224

3.209

3.208

3.199

3.199

3.187

R1104

5.9

5.9

5.9

5.9

5.9

5.871

5.083

4.732

4.628

3.664

3.635

3.607

3.569

3.54

3.522

3.506

3.491

3.478

3.463

3.457

3.445

3.444

3.437

3.437

3.427

R1105

6.107

6.119

6.119

6.119

6.12

6.054

5.163

4.64

4.49

3.524

3.501

3.481

3.449

3.424

3.406

3.39

3.374

3.361

3.345

3.339

3.327

3.325

3.318

3.318

3.311

R1201

9.815

9.815

9.815

9.813

9.813

9.784

9.189

9.033

8.965

6.711

6.707

6.735

6.4

6.373

6.366

6.366

6.384

6.395

6.412

6.419

6.42

6.42

6.418

6.421

6.413

R1202

8.135

8.135

8.136

8.135

8.135

8.111

7.117

6.206

5.937

3.892

3.715

3.626

3.478

3.349

3.292

3.283

3.285

3.319

3.382

3.447

3.509

3.564

3.614

3.663

3.833

R1203

6.568

6.568

6.567

6.567

6.566

6.54

5.937

5.356

5.167

4.006

3.838

3.723

3.634

3.555

3.501

3.46

3.424

3.402

3.382

3.372

3.359

3.358

3.354

3.354

3.361

R1204

5.992

5.992

5.992

5.992

5.992

5.955

5.505

4.921

4.744

3.497

3.444

3.396

3.36

3.33

3.307

3.286

3.269

3.257

3.241

3.236

3.225

3.224

3.22

3.219

3.216

R1205

6.344

6.343

6.343

6.343

6.344

bin

5.753

5.12

4.92

3.665

3.62

3.575

3.525

3.478

3.439

3.359

3.334

3.317

3.297

3.291

3.278

3.276

3.272

3.272

3.27
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Table 3-1
Pore wafer pressure (bar) in several piezometers within the host clay during the excavation of BACCHUS 2, data provided by SCK

(continuation)

Date (*)

-8

-7

4

5

6

7

8

9

10

R1101

5.219

5.215

4.449

4.468

4.509

4.56

4.597

4.632

4.661

R1102

3.297

3.294

3.094

3.093

3.094

3.092

3.095

3.097

3.094

R1103

3.182

3.176

3.106

3.105

3.108

3.111

3.118

3.124

3.124

R1104

3.418

3.41

3.399

3.398

3.401

3.405

3.412

3.418

3.408

R1105

3.305

3.303

3.374

3.374

3.379

3.386

3.396

3.406

3.407

R1201

6.364

5.78

5.573

5.583

5.61

5.636

5.666

5.675

5.698

R1202

3.844

3.859

3.094

3.098

3.104

3.113

3.125

3.129

3.13

R1203

3.361

3.359

3.21

3.207

3.208

3.209

3.215

3.218

3.214

R1204

3.215

3.209

3.188

3.185

3.187

3.189

3.194

3.198

3.196

R1205

3.27

3.266

3.289

3.288

3.291

3.294

3.3

3.306

3.306

(*) days before or after the zero datum (0: Start of natural hydration in BACCHUS2).

16744 (1996) and Volckaert et al. EUR 16860
(1996), where more relevant information may be
found.

3.1.5.1 Identification of clay powder
The basic properties of Boom clay powder are

(see Volckaert et al. EUR 16744, 1996, p. 66 by
UPC):

• liquid limit: 55.9%
Q plastic limit: 29.2%

• plasticity index: 26.7%
• specific gravity of particles: 2.70 g/cm3

Compactation curves are also available (see
Volckaert et al. EUR 16744, 1996, Fig. 3.2 p. 71 ,
Fig. 3.3 p. 72).

3.1.5.2 Mechanical properties
A series of suction controlled and conventional

oedometer tests on compacted samples were avail-
able. The stress paths followed in tests and the
sample response are detailed in the report pub-
lished by Volckaert et al. (1996). Stress paths are
given by a sequence of stress pairs, namely net
stress (total stress in excess of air pressure) and
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suction and they are plotted in Figure 3-11. The
following description offers additional details:

1. Swelling-collapse tests under constant applied
load (see Volckaert et al. EUR 16744, 1996,
Fig. 3.13.a p.80 to Fig. 3.15.d p. 85 by
UPC)

• paths: (0, 100) - (av - ua, 100) - (av - ua, 0)

3 where av - ua = (0.01, 0.05, 0.20, 1.00)
for Ydo = (12, 1 7, 20) kN/m3, w0 = 3 %

2. Conventional saturated oedometer test (see
Volckaert et al. EUR 16744, 1996, Fig. 3.18
p. 87 by UPC)

• sample preparation: (0.6, 5.0) - static
compaction - (4.4, 4.8) - (0.0 - 4.8)

• path: (0,4.8) - (0,0) - (1.00,0)

• where Ydo = 17 kN/m3, wo = 15 %

3. Suction controlled oedometer tests at different
temperatures: wetting and drying cycles at
constant load (see Volckaert et al. EUR
16744, 1996, Fig. 3.21 p. 90 to Fig. 3.28.b
p. 97 by UPC)

• sample preparation: (0.6, 5.0) - static
compaction - (4.4, 4.8) - (0.0 - 4.8)

Q paths: (0.0, 4.8) - (av - ua, 4.8) - (av - ua,
0.01) - (a v - ua, 0.45)



3. BENCHMARK 3.1 "In situ hydration of boom clay pellets (BACCHUS 2)"

1000

100 i>

1

0.1

(1.01

0.001
0.001 0.01 O.I

Net vertical stress (Mpa)

Figure 3-11. Stress paths followed on samples made of Boom clay powder.

• where av - ua = (0.026, 0.085, 0.30,
0.55) for Ydo = 1 7 kN/m3, w0 = 15 %

4. Suction controlled oedometer tests at different
temperatures: wetting and drying cycles at
constant load (see Volckaert et al. EUR
16744, 1996, Fig. 3.29 p. 97 by UPC)

• sample preparation: (0.6, 5.0) - static
compaction - (4.4, 4.8) - (0.0 - 4.8)

• path: (0.0, 4.8) - (0.085 , 4.8) - {0.085 ,
0.01) - (0.65 ,0.01) - (0.1 ,0.01)

• for Ydo = 17 kN/m3, w0 = 15 %

5. Suction controlled oedometer tests: wetting at
constant loads (see Volckaert et al. EUR
16744, 1996, Fig. 14 p. 171, Fig. 24 p.181
to Fig. 30 p. 187 by SCK)

• paths: (0.0 , 1 000) - (av - ua, 1000) - (ov -
ua, 0.0)

• where av - ua = (0.1, 0.5, 1.0, 2.0, 4.0)
for Ydo = 17 kN/m3, w0 = 0 %

6. Suction controlled oedometer tests: swelling
pressure tests (see Volckaeri et al. EUR
16744, 1996, Fig. 32 p. 189, Fig. 33 p.190
by SCK)

• path 1: (0.0, 1000) - (0.15, 1000) - (0.58,
14.5)

• path 2: (0.0, 1000) - (0.39, 1000) - (0.67,
7.06)

• for Ydo = 17 kN/m3, w0 = 0 %
In a special test series clay samples made entirely

of clay aggregates (size: 2.0 - 2.2 mm), several
stress paths have been followed using both con-
ventional oedometers at various initial dry densities
(13, 14, 15 kN/m3) and a common initial water
content of 3 % (see Volckaert et al. EUR 16744,
1996, Fig 4.1.a p. 102 to 4.5.c p. 109 by UPC)
and suction controlled oedometers for an initial dry
density of 1 7 kN/m3 and a common water content
of 3 % (see Volckaert et al. EUR 16744, 1996,
Fig. 4.8 p. I l l to Fig. 4.12 p. 113 by UPC). It
should be realized that the particular mixture used
in the "in situ" test was not directly tested. The
available tests although they reproduce the actual
overall dry density were performed either on pow-
der samples or on "pellet samples".

3.1.5.3 Hydraulic properties
For saturated conditions, measurements of hydrau-

lic conductivity for backfill samples with dry densities
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ranging from 1 6 to 18 k N / m 3 (see Volckaert et al .
EUR 16860 , 1996 , Table 2.1 p. 30 by SCK) and
the variation of water permeability with void ratio
(see Volckaert et al . EUR 16860 , 1996 , Fig. 3.19
p. 88 by UPC) are available. These are samples of
compacted Boom clay powder.

For unsaturated conditions, no direct results are
avai lable, but hydration experiments furnishing wa-
ter uptake curves and water content profiles at dif-
ferent times for a dry density of 1 7 k N / m 3 (see
Volckaert et al . EUR 16860 , 1996 , Fig. 2.4 by
SCK; Volckaert et al . EUR 16744 , 1996, Fig. 4 p.
161 to Fig. 7 p. 164 by SCK) may be used to de-
termine the water permeability as a function of the
degree of saturation. This determination requires a
backanalysis of the measured response of the
hyration experiments.

3.1.5.4 Water retention curve
It was suggested to use the water retention curve

determined inclay powder specimens compacted at
the same dry density of the backfill, (15-16 kN/m3,
see Volckaert et al. EUR 16744, 1996, p. 16 by
SCK) and at the "in situ" temperature (about 22 °C).
(see Volckaert et al. EUR 16744, 1996, Fig. 3.7a
p. 75, Fig. 3.9 p. 77, by UPC; Fig. 4 p. 135 by
CIEMAT; Fig. 16 p. 1 73, Fig. 20 p. 1 77 by SCK).

3.1.5.5 Permeability to gas
Gas permeability measurements were available

for specimens compacted at dry densities similar to
the dry density of the backfill ( 1 5 - 1 6 kN/m3, see
Volckaert et al. EUR 16744, 1 996, p. 1 6 by SCK):

1. Clay powder (see MEGAS EUR 1 6235, 1995,
Table 7.1.1 p. 101 by SCK)

2. Mixture of clay aggregates (size: 2.0 - 2.2
mm, dry density: 20 kN/m ) and clay powder
(see Volckaert et al. EUR 16744, 1996, Fig.
5.1 p. 116 by UPC)

3.1.6 Required results
The fol lowing cartesian coordinate system has

been selected as a reference for the test:

• or igin: intersection of the central axis of BAC-
CHUS 2 with the extrados of the lining of the
underground laboratory.

• horizontal X axis: parallel to the axis of the
underground laboratory.

LJ vertical Y axis: central axis of BACCHUS 2 ,
upwards directed.

Therefore, using this coordinate system, the top
of the BACCHUS 2 experiment has a Y coordinate
of -1 1.44 m and the bottom has a Y coordinate of
-14 .44 m. The origin for time measurement is the
day of installation of BACCHUS 2 (July 1 , 1993).

Based on the characteristics given above, partners
are asked to provide predictions for the evolutions
of the pore pressure and total pressure at various
points where appropriate sensors are installed.

The fol lowing output is required:

x (m), y (m), time t (day), pore pressure (MPa)

(x,y) = see(l)f = see(3)

x (m), y (m), time f (day), total pressure (MPa)

(x,y) = see(2)t = see(3)

1) points where the pore pressure is required
(units: MPa)

Sensor x(m) y(m) Sensor x(m) y(m)

PW02F 0.14 -14.44 R1102 0.50 -13.80

PW04V 0.24 -13.62 Rl 105 0.50 -11.70

PW05V

PW08C

PW09C

) points
(units:

0.14

0.05

0.05

where
Mpa)

Sensor

PT02F

-13.62

-14.17

-13.63

the

X

1

R1202

R1205

0.75 -13.

0.75 -11 .

total pressure is re

(m)

3.14

y(m)

-14.44

/O

60

qui

PT04V

PT05V

PT08C

PT10C

0.24

0.14

0.05

0.05

-13.67

-13.67

-13.84

-13.41

3) the time history should cover the interval [0 ,
800] days, at time intervals of 10 days, i.e. t
= (0, 10, ... , 790, 800) days
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3.2 Results

3.2.1 AND (CLEO)

3.2.1.1 Model description
In this fully coupled problem, both the host rock

and the backfill are initially partially saturated. That
is, any simulation should take into account the swell-
ing phenomena of both materials, which are made
of expansive Boom clay, during hydration. The con-
stitutive model used for the clay is the CASUS CLAY
model, which was already used in BM 2 .1 .

Mathematical setting

The main equations governing the coupled Hy-
dro-Mechanical problem are:

(I) Balance of momentum

div{a) + f = (3-1

(ii) Constitutive model for the backfill and for the host clay

The CASUS clay model has been used (see BM
2.1 , 1998 and Robinet et al., 1994)

(Hi) Conservation of the mass of the fluid

|(pwnSJ+d/V(pwq) =
of

(iv) Motion of the fluid (Darcy's law)

(3-2)

q =

(v) Variations of porosity

(3-3)

, a — n , , , ,
an dp +(a -n)asv (3-4)

where a is the total stress tensor, f is the body force
per unit volume, pw is the density of water, n is the
porosity of the medium, Sw is the degree of satura-
tion, q is the mass flux of water, ki is the intrinsic
permeability of the medium, Kr| is the relative per-
meability of the medium, u.w is dynamic viscosity of
water, pw is the water pressure, g is the accelera-
tion of gravity, z is an upwards directed
co-ordinate, p is the saturation-weighted mean of
the air and water pressures, a is Biot's coefficient,

Ks is the bulk modulus of the soil matrix and ev is
the volumetric deformation. Finally, both the de-
gree of saturation and the permeability are as-
sumed to be functions of water pressure.

Combining all the above equations, a system of
differential equations (one vector equation and
one scalar equation) is obtained with the soil dis-
placements u and the water pressure pw as un-
knowns. In the present case, the problem is as-
sumed to have cylindrical symmetry, so that the
system reduces to two scalar equations. Finally, ini-
tial and boundary conditions are needed.

Numerical solution

The equations were solved using the FEM
method. One-dimensional quadratic elements with
3 nodes and 5 Gauss points were employed. The
mesh was considered to be at a depth of 13.82 m.
Furthermore, the spatial discretisation was defined
including nodes located at the positions of the sen-
sors in the BACCHUS 2 experiment, in order to
give the required results. The length of the mesh
was first fixed at 3.5 m from the vertical axis of the
borehole, inside the host clay, which was as-
sumed to be far enough from the pellets. After-
wards, it was fixed at a distance of 100 m from
the vertical axis of the borehole, inside the host
clay, in order to limit the influence of the bound-
ary conditions. The mesh was regular inside the
backfill, while elements of an incresing length were
used inside the host clay. Finally, a time step of 10
days was used.

Initial conditions

In order to match the kinetics of hydration ob-
tained in the experiment, a parametric analysis
based only on the transfer equations was per-
formed. Thus, the initial capillary pressure value in-
side the backfill was discussed before the numeri-
cal simulation with the fully coupled model was
undertaken.

After the excavation, the initial pore water pres-
sure pw in the host clay was considered to be zero
at the wall. As for the pressure inside the clay but
far from the groundwork, a value equal to 2.2
MPa was measured at 100 m. Thus, taking into
account these conditions, the following non-linear
law was fitted as the initial value for the water pres-
sure in the host clay:

pw (x,0) = (3.7876 • ln(x) + 5.261 5) • 105

(host clay) (3"5)
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where pw is the pressure of water in MPa and x is
the distance in m. Furthermore, the continuity of
the pressure gradient at the interface between the
backfill and the host clay was considered in the
calculation of the initial capillary pressure inside
the backfi l l , which was considered to be constant.
The fol lowing value was considered as the initial
value for the water pressure in the backfi l l :

pw(x,0) = - l (backfill) (3-6)

where pw is the pressure of water in MPa and x is
the distance in m.

The initial displacement field in the host clay and
in the backfill was assumed to be:

u(x,0) = 0 (host clay and backfill) (3-7)

where u is the radial displacement.

Boundary conditions

The boundary conditions depend on the mesh
used and on the phase of the experiment consid-
ered, as summarised in tables 3-2, 3-3 and 3-4.

Sensitivity analysis (Refer to Section 3.2.7 Comparison plots)

The results obtained using the 3.5 m mesh and
the 100 m mesh will be briefly commented.

(i) Pore water pressures in the backfill

Natural hydration phase. 3.5 m mesh: the only
numerical result which indicates an increase of the
pore water pressure is close to the host clay,
whereas near the internal filter the pore water pres-
sure remains at the initial value of - 1 MPa; more-
over, at the end of this phase, the zone close to the
host clay has not reached saturation yet. 100 m

Table 3-2
Boundary conditions during the natural hydration phase (0 < t < 516 days)

3.5 m mesh

p. (3.5, t) = 1

u (0.045, t) = 0

u(3.5,t) = 0

Table 3-3
Boundary conditions during the artificial hydration phase (516

3.5 m mesh

100 m mesh

pw(100,t) = 2.3

u (0.045, t) = 0

u(100,t) = 0

< t < 611 days)

100 m mesh

pw (0.045, t) = 0.147 pw (0.045, t) = 0.147

p, (3.5, t) = pw(100,t) = 2.3

u (0.045, t) = 0 u (0.045, t) = 0
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u (3.5,0 = 0

Table 3-4
Boundary conditions after saturation was reached (611

3.5 m mesh

Pw (3.5, t) = 1

u (0.045, t) = 0

u (3.5, t) = 0

u(100,f) = 0

< t < 800 days)

100 m mesh

Pw(100,t) = 2.3

u (0.045,t) = 0

u (100, t) = 0
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mesh: the pore water pressure increases from the
initial value o f - 1 MPa to nearly 0.1 MPa. Artificial
hydration phase. 3.5 m mesh: f rom the beginning,
a significant increase of the pore water pressure is
observed and , at the end of this phase, the backfill
is saturated. 100 m mesh: a significant increase is
observed, leading to the saturation of the backfil l.
Hydraulic circuit closed. 3.5 m mesh: the pore wa-
ter pressure sharply increases up to 1 MPa, which
corresponds to the pressure at the boundary of the
host clay at a distance of 3.5 m and a steady state
value is reached. 100 m mesh: the pore water
pressure increases but slower than experimental
values.

(ii)lotalstresses in the backfill

3.5 m mesh: during the natural hydration phase
an increase of total streses is observed overall; af-
ter 624 days (backfill saturated) the rate of in-
crease of total stresses is similar to the rate of in-
crease of pore water pressures until equilibrium is
reached at day 650. 100 m mesh: numerical re-
sults follow a similar pattern to the experimental re-
sults in all phases; during the injection of water on
the inner part of the backfill, total stresses increase
faster in the inner zone of the backfill, due to the
acceleration process of saturation from day 510 to
day 624.

(Hi) Pore water pressures in the host day

3.5 m mesh: at x = 0.50 and x = 0.75 m, a
constant pore pressure is predicted until the end of
the hydration phase and the pore water pressure
inside the host clay due to the boundary condition
at 3.5 m. 100 m mesh: the pore water pressure
slightly decreases until day 200, due to the suction
of the backfill, and later increases in a linear way;
the pressure gradient between 0.50 and 0.75 m
decreases with time, because, in a first step, the
host clay has to soak the backfill and, in a second
step, it has to reach the hydrostatic equilibrium it-
self.

The results obtained using the 100 m mesh pro-
vide predictions closer to the experimental data
and, hence, will we used in comparison plots. Per-

haps the most significant difference between pre-
dicted and observed results is the predicted slow
increase of pore water pressure in the backfill after
closing the hydraulical circuit as compared to the
quite strong increase observed. This difference
might be due to the initial pressure field in the host
clay, because using the 3.5 m mesh the model
predicts a faster increase of pressure, while using
the 100 m mesh the increase of pressure is slower,
suggesting that the 100 m mesh decreases the wa-
ter supply from the host clay to the backfill.

3.2.1.2 Determination of model parameters
The model parameters used for simulations were

either obtained from the BM specifications or from
the experimental curves given in Volckaert et al.
EUR 16744, 1996.

In the simulations, the backfill material was con-
sidered to be a homogeneous material with re-
spect to the hydromechanical and hydraulic prop-
erties. Thus a unique set of material parameters
was fixed for the backfill.

Hydraulic properties

(i) Volumetric water content at the saturated state

In the host clay, the volumetric water content at
the saturated state was determined from the initial
porosity of the medium. In the backfill, it was de-
termined from the water retention curve of the
Boom clay powder compacted at the same dry
density of the backfill (1 7 kN/m3) at a temperature
of 22 °C (Volckaert et al. EUR 1 6744, 1996). The
corresponding values are shown in Table 3-5.

(it) Water retention curve

For the host clay, the degree of saturation as a
function of capillary pressure has been determined
by fitting the experimental points (Volckaert et al.
EUR 16744, 1996). For the backfill, however, it
has been required that the initial capillary pressure
inside the backfill be such that the flow continuity
at the boundary of the host clay be guaranteed

Table 3-5
Volumetric water content at saturation

Param

Qsot

Host clay

39.0

Backfill

28.9

Units

%
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and that the values of capillary pressures obtained
be physically plausible for a clay powder. The wa-
ter retention curve for the backfill has been ad-
justed in order to obtain a degree of saturation of
7% for a capillary pressure of 1 Mpa.

The corresponding functions are:

| (1+1 2.025 • I O ^ P C T 1 (hostclay)

' c 1(1 + 12.025 - 1 0 - 6 p c r ' (backfill)
(3-8)

where Sr is the degree of saturation and pc is the
capillary pressure in MPa.

(Hi) Intrinsic permeability

The values of the intrinsic permeability were
taken from Volckaert et al. EUR 16744, 1996 are
shown in Table 3-6.

(iv) Relative permeability

The following relationship (Volckaert et al. EUR
1 6744, 1 996) was used for both the host clay and
the backfill:

K = (1 +1.349 -10-V692)-1 (3-9)

where Kr| is the relative permeability and pc is the
capillary pressure in MPa. Using the expressions of
the capillary pressure as a function of the degree
of saturation, we get:

+ 1.349-10"10

1+1.349-10 -10

properties

, 1.692

I 2 . 0 2 5 - 1 0 " 8 1 Sr

(host clay)

' _ j f_L
^12.025-10^ [Sr

(backfill)

, 1.692

(3-10)

The elastic properties given in the benchmark
definition have been used. The other parameters re-
quired in the CASUS clay model have been taken
equal to those used in BM 3 . 1 . The values adopted
for the parameters are sumarized in Table 3-7.

3.2.2.1/Vlocel
Two clay materials are included in the calculation

(backfill and host clay). The backfill was model led
as a water unsaturated material , while the host clay
was assumed to remain saturated during the entire

36

Param

ki

Param

Eo

PcO

ao

so

m3

Value

300 MPa

60kPa

0.0143 MPa

0.5 MPa

2.8

Table 3-6
Intrinsic permeability

Hostclay Backfill

1.32-10- 'V 5.101019m2

Table 3-7
Parameters of the CASUS clay model considered

Param Value

v 0.125

M 0.86

(pc),ef 0.84 MPa

mi 0.75

PL 1

Param

n

Pi

m2

Ci

Units

m2

Value

1

14

4.8

0.225
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test. Since no temperature changes are imposed,
only hydraulic and mechanical models are used.

Mathematical setting

The following processes are included in the cal-
culation

(i) Liquid water flux

It is modelled using Darcy's law, with the water
pressure difference as driving force in the same
way as for water saturated clay. The hydraulic con-
ductivity of the partly saturated soil is assumed to
be given by

Kp=(SrfK (3-11)

where Kp is the hydraulic conductivity of the partly
saturated soil, K is the hydraulic conductivity of the
saturated soil, Sr is the degree of saturation and 6
is a parameter (usually between 3 and 10).

(ii) Mechanical behaviour of the structure

The backfill has been modelled with a non-linear
porous elastic Drucker-Prager plastic model. The
host clay has been modelled with a linear elastic
Drucker-Prager plastic model. The linear elastic
model is defined by 2 parameters (E — Young's
modulus E and v = Poisson's ratio). The Drucker-
Prager plastic model as implemented in ABAQLJS
(see Hibbit et a I.) is defined by 4 parameters (P =
friction angle in the p-q plane, d — cohesion in the
p-q plane, \\i = dilation angle and k; = influence
of the intermediate principal stress) and the yield
function (defined as the relation between Mises'
stress q and the plastic volumetric strain spi at a
specified stress path). The porous elastic model is
given by

Ae =KA(lnp) (3-12)

where e is the void ratio, K is the porous bulk
modulus and p is the effective pressure.

(Hi) Mechanical behaviour of the separate phases

Water and clay particles are mechanically mod-
elled with linear elastic behaviour. Pore air is not
mechanically modelled.

(iv) Hydraulic coupling between the pore water and the pore gas

Pore water pressure is assumed to be a function
of the degree of saturation:

uw =f{Sr) (3-13)

where uw is the pore water pressure and Sr is the
degree of saturation. •

(v) Mechanical coupling between the structure and the pore water

The effective stress concept according to Bishop
is used for modelling the mechanical behaviour of
the unsaturated buffer material:

u0 - u j l (3-14)

where a' is the effective stress tensor a is the total
stress tensor ua is the pore air pressure (here taken
to be 0, since no account is taken of the pore air
pressure), uw is the pore water pressure, % is
Bishop's coefficient (here taken to be Sr) and 1 is
the identity tensor. The shortcomings of the effec-
tive stress approach can be partly compensated in
ABAQUS by using the moisture swelling correction
that changes the voulmetric strain in the following
way:

Ae v =f (S r ) (3-15)

where sv is the volumetric strain and Sr is the de-
gree of saturation.

Numerical solution

The test was made in a section located between
1 1 and 14 meters below the floor of the drift. The
difference in depth is thus small and it was judged
that the influence of the depth could be neglected,
which is supported by the small difference in mea-
sured pressure at points located at the same radius
but at different depth. On this reason, a 2D mesh
with axial symmetric elements, without considering
the depth, was chosen.

The mesh consists of 52 elements, placed in one
row. The inner tube with the radius 0.05 m is not
modelled. The backfill reaches from the radius
0.05 m to 0,24 m and consists of 1 9 elements.
The host Boom clay is modelled to the outer radius
of 20 m. The elements are axially symmetric
around the centre of the inner tube. The boundary
between the backfill and the host clay at the radius
0.24 m is modelled with double nodes that were
mechanically and hydraulic connected after instal-
lation of backfill.

The calculation have been made in several steps
in order to model all events in the test from the ex-
cavation of the test hole until the end of the test.
The following steps have been considered:

Step 1: establish equilibrium in the host clay be-
fore excavation (day -40)

Step 2: excavation takes place during 20 days
(days -40 to -20)

Step 3: consolidation during another 20 days
(days -20 to 0)
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Step 4: backfill emplacement (day 0)
Step 5: equil ibrium established during 1 day

(day 0 to 1)
Step 6: inner boundary condit ion established

during 1 day (day 0 to 1)
Step 7: consolidation and water uptake during

514 days (days 2 to 516)
Step 8: constant water pressure of 140 kPa ap-

plied at the inner boundary during 1
day (day 5 1 6 to 51 7)

Step 9: consolidation and water uptake during
106 days (days 51 7 to 623)

Step 10: inner boundary condit ion changed from
contant pressure of 140 kPa to no-flow
boundary during 1 day (day 623 to
624)

Step 1 1: consolidation during the last 274 days
(days 624 to 898)

I f ' i f (1 G.'iCilt CMS

The initial conditions applied to the backfill and
the host clay are summarised in tables 3-8 and
3-9.

"elm; crclii ens
The inner boundary (the surface of the tube) is

mechanically fixed. The hydraulic boundary condi-
tion of this surface varies during the test.

The outer boundary at the radius 20 m is me-
chanically fixed and hydraulically supplied with a
constant water pressure of 700 kPa.

3.2.2.2 Determination of model parameters
Most parameters for the material models have ei-

ther been taken from the specifications or been de-
rived from laboratory measurements (Volckaert et
al. EUR 16744, 1996 and Volckaert et al., EUR
16860, 1996) referred to in the specifications.
Some parameters are taken from standard tables.

The parameters for the "moisture swelling" pro-
cedure and the influence of the degree of satura-
tion on the hydraulic conductivity cannot be de-
rived directly from the laboratory tests. They need
to be calibrated from calculations of "simple" lab-
oratory tests. Two types of laboratory tests have
been used for this calibration:

(i) Drying and wetting tests

At one test type, the void ratio is determined as a
function of the degree of saturation when the water
ratio of a sample is changed by drying or wetting
and the sample is allowed to change its volume
freely. A calculation of the test will yield a differ-
ence in calculated and measured volume change
due to the shortcoming of the effective stress the-
ory. This difference will be used for calculating Aev

for the moisture swelling procedure.

Table 3-8
Initial contitions for the backfill (e is the void ratio, Sr is the degree of saturation and u is the pore water pressure)

Param

eo

S,o

uo

Value

0.64

0.16

-100000

Units

kPa

Table 3-9
Initial contitions for the host clay (e is the void ratio, u is the pore water pressure and p is the effective pressure)

Param

eo

S,o

Value

0.64

7Q0

4500

Units

kPa

kPa
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At the other test type, the total stress is measured
as a function of the degree of saturation when the
water ratio of a sample is increased by wetting and
the sample is confined and not al lowed to change
its volume. A calculation of the test will show
whether the measured pressure agrees with the cal-
culated. At the calculation the moisture swelling
data derived from the first test is used

A number of suction controlled oedometer tests
have been performed (Volckaert et a l . EUR 16744 ,
1996). These can be used for the required calibra-
tion of the first type of tests. The swelling pressure
relation required for the second type of test will be
accounted for in the water uptake tests.

(ii) Water uptake tests

A series of water uptake tests with measurement
of water content distribution have been made
(Volckaert et al. EUR 16744, 1996). A 7 cm high
sample of dry Boom clay backfill has been en-
closed in an oedometer and water applied to the
filter at one end. The water content distribution has
been measured at different times.

Different values of of the hydraulic conductivity
parameter 6 in equation (3-11). were tested. No
good agreement between calculated and mea-
sured water content distributions could be reached.
6 = 1 0 yielded the same S-shape of the calculated
relation as the measured relation, but the rate of
the uptake was too slow. 6 = 5 yielded the same
rate of the uptake but the measured S-shape was
not achieved in the calculation. No further tests to
try to find a relevant relation were made. Instead 6
= 5 was chosen since it was judged that the differ-
ence could be accepted if the rate was correct. The
resulting swelling pressure in the test was also cal-
culated. The final value at saturation of 340 kPa
agrees with the measured swelling pressure at the
void ratio of 0.7.

The values for the parameters used for the host
clay and the backfill are summarised below:

Host clay

The host clay has been modelled as water satu-
rated with the following parameters:

(i) Liquid water flux (Darcy's law).

See Table 3-10.

(ii) Mechanical behaviour,of the structure

Linear elastic Drucker-Prager plastic model is
shown in Table 3-11.

(Hi) Properties of the separated phases

See Table 3-12.

Backfill

The backfill has been modelled as water satu-
rated with the following parameters:

(I) Liquid water flux

See equation 3-1 1. The parameter 6 in equation
3-11. has been derived from water uptake tests, as
explained above. See Table 3-1 3.

(ii) Mechanical behaviour of the structure

Porous elastic Drucker-Prager plastic model. The
parameters of the porous elastic model (see
equation 3-15) have been derived from measured
swelling pressure - density relations. See Table 3-14.

(Hi) Sorption

Several measurements of suction at different ini-
tial water content and density are given in the
specificactions. They agree fairly well. Table 3-15
shows the relation used in the calculation.

(iv) Moisture swelling

The data for the "moisture swelling" procedure
has been derived from calibration calculations of
drying tests and by checking the swelling pressure
at water uptake tests as explained above. The data
is given as a table with several hundreds of values
of strain corrections as a function of the degree of
saturation.

(v) Properties of the separated phases

See Table 3-16.

Table 3-10
Hydraulic conductivity K in saturated conditions

Param

K

Value

4.5-101 2

Units

m/s
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Table 3-11
Parameters of the linear elastic Drucker-Prager plastic model and definition of the yield function

Param Value Param Value ,• 2 > epi

E 3.010s kPa B 35° 1077 O.00C

v 0.125 d 826 kPa

0°

0.778

0.005

0.020

0.040

0.1

Table 3-12
Bulk modulus of the solid grains B5 and of water Bw

Param

K

V

Param

Bs

B.

Param

K

8

Parameters

Value

2.1-108

2.1-106

Table 3-13
Parameters of the unsaturated hydraulic conductivity

Value

4.5-1012

5

Table 3-14
of the porous elastic Drucker-Prager plastic

Value Param

0.2 P

0.4 d

V

k.-

model and definition

Value

17°

lOOkPa

2°

1.0

Units

kPa

kPa

Units

kPa

of the yield function

(kPa)

113

138

163

188

213

£PI

0.000

0.005

0.020

0.040

0.100
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Table 3-15
Relation between pore pressure uw and degree of saturation Sr

s r

0.01

0.065

0.16

0.22

0.36

0.53

Param

Bs

Bv,

U w

(kPa)

-3.0-105

-2.0-105

-1.0-105

-6.0-104

-2.0-104

-5.0-103

Table 3-16
Bulk modulus of the solid grains Bs

Value

2.1-108

2.1-106

Sr

0.65

0.7

0.76

0.87

0.95

1.00

and of water Bw

Uw

(kPa)

-2.0-103

-1.3-103

-8.0-102

-3.0-102

-1.4-102

0

Units

kPa

kPa

3.2.3 ISM (ABAQUS)

3.2.3.1 Model description
In this BM many material models have been

tested for the backfill and both 1 D and 2D models
have been used. The coupled model for a
two-phase material under transient conditions used
is based on the effective stress principle for stress
partitioning, explained in the report of BM 2.1.

Mathematical setting

(i) Constitutive mode! for the host clay

A Cam clay model has been used (see
Trentesaux, 1 997).

(ii) Constitutive model fa the backfill

Three calibrations of a modified Cam-clay model
with a suction-dependent yield limit (see Hueckel et
al., 1990) have been used. They were associated
to a different use of an assigned satura-
tion-dependent volumetric strain law e(Sr) available

in ABAQUS to model unsaturated behaviour which
is added to the volumetric skeleton strain e f to
yield the total volumetric strain s'°'.

(Hi) Contact between the backfill and the clay

This contact has been modelled by assuming
continuity both in diplacements and in pore pres-
sures during the hydration phases of the test.
Therefore, it is assumed that a nearly immediate
capability of establishing fluid and strain transmis-
sion can be established at the start of the hydration
phase. Moreover, the kinematic contact is bilateral.
This condition implies that the clay backfill is all the
time expanding more than the host clay mass is
converging, or that the host clay convergence
keeps higher than backfill compliance. This second
case appears however not realistic for the time
span covered by the observations. The modelling
of the contact is in any case idealised. It may be
reasonable to think that some time elapsed before
hydraulic and mechanic contacts occurred in the
test, depending on the accuracy reached during
backfilling operations and other concurrent physi-
cal aspects of the process (for instance, capillarity
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in the host clay surrounding the borehole). It
should however be considered that any other con-
dition would have introduced addit ional variables
to this problem.

Numerical solution

The 1 D model includes the backfill and the host
clay. The outer boundary has been placed at 100
m to produce reasonable results during the exca-
vation phase. After that phase of the analysis, it
has been relocated 3.5 m away from the axis of
symmetry of the model by imposing appropriate
boundary conditions on displacements and pore
pressures. The model has 3 8 0 elements, 38 of
which are in the backfil l , with 4 5 8 7 d.o.f.. The ele-
ment size in the radial direction has been kept very
tight to allow for use of narrow integration time
stepping, according to numerical stability require-
ments. In the backfil l , the size of the elements is 5
mm. Elements are 8-noded axisymmetric elements
with two displacements per node and one pore
pressure d.o.f. for each corner node.

The 2D model includes the backfill and the host
clay. The outer radial boundary has been placed
at 100 m to produce reasonable results during
the excavation phase. Similarly to the 1 D model ,
f rom the excavation phase on , this boundary has
been moved to 3.5 m. The bottom and top verti-
cal boundaries in the host clay have been placed
at a depth of - 1 4 .40 m and - 9 . 4 0 m, respectively.
The bottom one has been kept restrained respect
to vertical displacements. A model with a much
lower bottom boundary (at - 2 4 m) has been
tested to try to fully represent the vertical compl i -
ance of the host format ion. The model resulted
computat ional ly heavy due to the need of intro-
ducing addi t ional contact condit ions (d.o.f.) be-
tween the bottom of the backfil l and the bottom of
the clay. The model has 1956 elements, 2 1 0 of
which are in the backfi l l , with 12134 d.o.f. Ele-
ment dimensions are bigger than those used in
the 1 D model. In the backfil l , a minimum size of
1 0 mm has been kept.

A modif ied Newton-Raphson solver has been
used with tolerance on residual fluxes/forces and
on water fluxes. The accuracy of the solution is
ruled by the pore pressure rate changes allowed
during an increment. Convergence tolerance pa-
rameters have been kept as tight as possible with
respect to force equi l ibr ium, al lowing also for a
number of iterations higher than the default (8)
within each increment to deal with the high
non-linearity of the problem. An automatic integra-

tion scheme has been used based on the maxi-
mum increase of pore pressure (suction) al lowed in
each increment. The solution of the 2D problem
had important convergence problems connected to
high straining of the backfill material at the contact
with the Boom clay format ion, inducing ill
posedness of the material compliance matrix.

The analysis has been carried out in the fol low-
ing steps:

Step 1: establishing of the initial conditions.
Steady state.

Step 2: application of 4.5 MPa vertical load at
the upper boundary. Steady state (only
2D).

Step 3: application of the prescribed pore pres-
sure distribution with depth. Steady state
(only 2D).

Step 4: excavation phase. Transient analysis At
= 4 0 days.

Step 5: backfil l ing. Transient At = 3 days.

Step 6: natural hydration phase. Transient At =
512 days.

Step 7: artificial hydration - application of pore
water pressure to the inner backfil l.
Transient At = 1 h.

Step 8: artificial hydration. Transient At = 94.95
days.

Step 9: artificial hydration. Transient At = 13
days.

Step 1 0: closure of the hydraulic circuit. Transient
At = 1 76 days.

Initial conditions

In the host clay, reference pore pressure and ef-
fective stresses are as stated in the specifications
and overconsolidation ratio and initial void ratio
are given in the table 3-1 7.

In the backfi l l , initial values for overconsolidation
ratio, void ratio, effective stress, suction and de-
gree of saturation are given in the table 3-1 8.

Boundary conditions

The contact between the backfill and the BAC-
CHUS 2 probe is model led by a full kinematic
constraint (no displacements), while condit ions
appl ied to water f low vary depending on the
phases of the test. Pore pressure values of 0.7
MPa appl ied to the outer boundary of the model
correspond to nearly the pressure at the half of
the testing length.
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Table 3-17
Host clay initial conditions (OCR is the overconsolidation ratio and e is the void ratio)

Param

OCR

eo

Value

2

0.6

Table 3-18
Backfill initial conditions (OCR is the overconsolidation ratio, e is the void ratio, p' is the effective pressure, s is the suction

and Sr is the degree of saturation)

Param

OCR

Value

2

Units Param

so

Value

-100 MPa

Units

0.675 S,o 0.12

P'o -12.3 MPa

Sensitivity analysis

The natural hydration phase has ben analysed by
using model A with a ID mesh. The results show
that the total stress reaches its maximum at about
250 days from the start of hydration, when most of
the backfill is reaching a degree of saturation
higher than O.8. Total pressures range from 1.0 to
1.2 MPa. Saturation proceeds faster than in experi-
mental results. Among other causes, this might be
due to the increase of the permeability in the back-
fill due to its considerable swelling. From this time
on, the volumetric strain expansion rate decreases
and the total stress decreases reaching 0.4 MPa at
the contact with the probe and 0.8 to 1.0 MPa in
the outer part of the backfill. The fast hydration
and high deformability appear to produce a condi-
tion of even straining of the backfill (no stress redis-
tribution). The results being biased by the high
permeability of the backfill induced by the assigned
dependency on void ratio, the question arises
whether the high straining observed in lab tests ac-
tually developed during the experiment and, if so,
whether the contact was behaving as it is modelled.

Results using model B with a 1 D mesh have been
chosen as the solution to be used in the compari-
son plots. The results show that while the backfill in
contact with the host clay is expanding during the
whole time of the analysis, the zone in contact with
the probe is subjected to compression during
about 100 days. The saturation process being

slower, due to the lower permeability (lower strain-
ing) of the backfill, after 100 days the inner part of
the backfill has not been hydrated yet and is sub-
jected to a mechanical compression due to the ex-
pansion of the outer part of the backfill. At the
contact with the probe, a significant change of sat-
uration occurs after 250 days since the start of the
hydration. Total stress starts decreasing at 0.14 m
and later increasing again. This behaviour may be
seen as a peculiarity of the model, whose constitu-
tive functions cannot be tuned as desired. Total
stress at the end of the hydration process is rather
low at the contact with the probe (about 0.25
MPa), while it is comparatively high at the outer
part of the backfill (0.8 - 0.9 Mpa).

This result depends on the suction gradient still
present in the backfill (the outer part too much hy-
drated, the inner too little). At the end of the artifi-
cial hydration process, the agreement between
measures and predictions in the backfill is better.
In the host clay, it is noticeable to report that exca-
vation and further consolidation for about 40 days
produce negative pore pressures at the contact
with the backfill. Pressures slightly increase, but still
are negative (-0.4 MPa). At the beginning of the
hydration phase, due to the reequilibrium with
suctions present in the backfill, a more important
decrease of pore pressures is predicted. Pore pres-
sures slowly recover to reach the initial value only
at the end of the test. Most of the time, pore pres-
sures at the measuring points keep negative,
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whereas measures account for positive values. In-
deed, this may be viewed as a symptom of the arti-
facts embedded in the hydraulical modelling of the
contact.

Finally, the comparison of the 1 D and the 2D so-
lutions considered for model 0 show that the satu-
ration process is faster in the 2D model than in the
1 D model, whereas total stresses are lower in the
2D model than in the ID model. The reason
stands in a higher compaction induced by the verti-
cal compliance of the system prior to the hydration
induced expansion takes place in the core of the
backfill. This makes saturation increase due to me-
chanical reasons.

3.2.3.2 Determination of model parameters

Host clay

(i) Mechanical properties

Calibration data for the modified Cam clay
model are available (see Trentesaux, 1997) and
are summarised in the table below. The critical
state coefficient M used corresponds to an ultimate
friction angle of 1 6 degrees. See Table 1 9.

(ii) Constants for coupled pore pressure - effective stress analysis

Permeability. Or tho t rop ic , as stated in the BM
specif ications, with a constant ratio of 2 .0 between
the horizontal and vertical component , void ratio
dependent fo l lowing a Kozeny Carman relationship
(see Figure 3-12) and saturation dependent fo l low-
ing the ABAQUS default cubic law (see Figure
3-13) .

Water retention curve. Following a van Genuchten
relationship (see Figure 3-14) calibrated to fol low
the trend suggested f rom data on water content vs.
suction on Boom clay by SCK/CEN (Volckaert et a l .

EUR 1 6 7 4 4 , 1996) . From these data , even if not
referring to the natural clay, a higher suction capa-
bility might be inferred. This should be due to the
different microstructure (no pellets) of the Boom
clay with respect to the backfi l l mater ia l . The differ-
ent density appears not to produce different reten-
t ion properties at ambient temperarture, accord ing
to SCK/CEN results.

(i) Mechanical properties

The three calibrations of a modified Cam-clay
model with a suction-dependent yield limit used
were associated to a different use of an assigned
saturation-dependent volumetric strain law The
mechanical properties of these models are summa-
rised in Table 3-20.

Model 0 uses the swelling strain vs. saturation
curve shown in Figure 3-15. The calibration is
made on soaking-loading cycles performed by
UPC on a mixture 50/50 of Boom clay powder
and aggregates at 15 kN/m3 (Volckaert et al. EUR
16744, 1996). The swelling strain vs. saturation
curve has been calibrated to match strains under
soaking with the above skeleton compliance. The
predicted swelling pressure during soaking under a
full kinematic constraint (BM 2 . 1 , blind test) re-
sulted to be 8 MPa.

Model A uses the swelling strain vs. saturation
curve shown in Figure 3-16. Compliances have
been calibrated on results of load paths at con-
stant suction on mixture material (Volckaert et al.
EUR 1 6744, 1 996) while the swelling (indeed con-
tracting) curve has been derived to attain the swell-
ing strains observed in the same tests under soak-
ing. The predicted swelling pressure during
soaking under a full kinematic constraint (BM 2 .1 ,
blind test) resulted to be 1.2 MPa. It is worth saying

Table 3-19
Host clay mechanical properties (G is the shear stiffness modulus, K is the bulk compliance modulus, ei is the void ratio

at 1 MPa effective stress along the virgin consolidation curve, M is the critical state line coefficient and X is the elastic-plastic
bulk compliance modulus)

Pa ram

G

K

e,

Value

50

0.01279

0.815

Units

MPa

Pa ram

M

X

Value Units

0.6

0.1103
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Figure 3-12. Hydraulic conductivity vs. void ratio for the host clay and the backfill.
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Figure 3-13. Hydraulic conductivity vs. degree of saturation for the host clay and the backfill.
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100

Saturation degree

Figure 3-14. Water retention curves for the host clay and the backfill.

Table 3-20
Backfill mechanical properties (G is the shear stiffness modulus, K is the elastic bulk compliance modulus at reference

suction, Ksat is the saturated elastic bulk compliance modulus, ei is the void ratio at 1 MPa effective stress along the virgin
consolidation curve, M is the critical state line coefficient, X is the elastic-plastic bulk modulus, sref is the reference suction

for material constants and ai and 02 are the thermal softening coefficients)

Param

G

K

Ksot

ei

M

X

Sief

01

02

Model 0

100

0.015

0.02679

1.043

1.0

0.13

-100

HO"2

-8.78510"4

Model A

10

0.2

0.2

2.67

1.0

0.8

-100

2 1 0 2

-4-10"4

Model B

80

0.01

0.01

1.13

1.0

0.13

-100

4 1 0 2

-2.785-10"4

Units

MPa

MPa

MPa-1
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Figure 3-15. Swelling strain vs. saturation curve used in model 0.
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Figure 3-16. Swelling strain vs. saturation curve used in model A.
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that while in model 0 the peak stress is predicted at
full saturation, in model A it is predicted at a de-
gree of saturation of about 0.8. After that peak it
decreases. Furthermore, model A is able to predict
the turn from expansive into compressive behav-
iour under soaking at increasing vertical stress.

Model B uses no swelling strain correction. The
calibration is made on stress under soaking at 4.5
MPa confinement. A residual stress of 0.3 MPa is
obtained under a confinement of 4.5 MPa at full
saturation. The results are within the range of swell-
ing pressures reported by SCK/CEN on a Boom
clay powder (Volckaert et al. EUR 1 6 7 4 4 , 1 996).

(ii) Constants for coupled pore pressure - effective stress analysis

Permeability. Isotropic, void ratio dependent (see
Figure 3-12) as for Boom clay powder at 17
kN/m3 (Volckaert et al. EUR 16744, 1996) and
saturation dependent (see Figure 3-13). The de-
pendence on the degree of saturation has been se-
lected as exponential instead of the ABAQUS cubic
dependence, which produced full saturation of the
backfill in a too much early stage (200 days) of the
natural hydration phase.

Water retention curve. Following a van Genuchten
relationship (see Figure 3-14) calibrated as to
match data of UPC for Boom clay powder at 1 7
kN/m3 (Volckaert et al. EUR 1 6744, 1 996).

iLUi.iL IJI\ Jin

v\oce! cesmpTion

tea I setf'ig

Equations solved are water mass balance and
stress equilibrium. Presence of vapour is not con-
sidered in the medium. Air pressure is fixed to at-
mospheric pressure. Temperature is fixed to 20 °C.

ft) looter mass balance

•+div(pjql +p)vS, u) = 0 (3-16)
5t

where n is the porosity, p)v is the density of liquid
water, S\ is the volumetric fraction of liquid phase
with respect to pore volume (equal to the degree of
saturation Sr), p)vqi is the (non-advective) mass flux
of liquid water and u is the velocity of the skeleton.
The unknown associated to this equation is the liq-
uid pressure pi.

(ii) Stress equilibrium

diV(a) + b = (3-17)

where a is the stress tensor and b is the body force.
The unknown associated to this equation is the dis-
placement u.

(Hi) Constitutive equation for liquid water

pj — p"0 exp(P(p, — p10)) (3-18)

where P is the compressibility of water and p"0 and
Pio are constants.

(iv) Water retention curve

Se =exp( -s /p 0 )

(backfill) (3-19)

(host clay) (van Genuchten) (3-20)

with

S. = s r - sr s r u

where s is the suction (equal to patm - pi) and p0,
SrU/ Srsat and X are constants.

(v) Flux of liquid water

- k ; k .
q, =

(Darcy) (3-22)
with

/c,,=(l+As8)"1

(backfill) (Gardner, 1958) (3~23)

k - - f l -

(host clay) (van Genuchten, 1 980) (3-24)

where k; is the intrinsic permeability, u.| is the vis-
cosity of water and A, B and X are constants. kj
and JLXI are constant in isothermal conditions.

(vi) Constitutive model for tbe backfill and host clay

The constitutive law is based on the elastoplastic
model proposed by Alonso et al. (1 990).

Numerical solution

The 1 D axisymmetric mesh shown in Figure 3-1 7
has been used.
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a) full mesh

Host
clay

10.00

X-coordinate

— 9
20.00

b) detail of the mesh inside the buffer

Hydration
tube

0.00

Backfill material

0.10 0.20

X-coordinate

Host
clay

0.30

Figure 3-17. The ID axisymmetric mesh used.

Initial conditions

Initial conditions come from the numerical analy-
sis of the excavation process. Before the excava-
tion, total stresses are equal to 4.5 MPa in the
three directions and water pressure is equal to 0.8
MPa. During the excavation, a water pressure
equal to 0 is considered at the wall of the shaft. In
Figure 3-18 initial pore water pressures resulting
from the numerical analysis are compared with
measurements performed at piezometers along
axes 11 and 12. Within the buffer, the initial suc-
tion is equal to 60 MPa, which corresponds to a
degree of saturation equal to 8%. The initial
stresses in the three directions are equal to 25 kPa.

Boundary conditions

Hydraulic boundary conditions at the central tube
follow the specifications: from t = 0 t o t = 516
days, an impervious boundary is considered. From
t = 51 6 days to t = 611 days, a water pressure of
0.15 MPa is imposed. From t = 61 1 days to t =
800 days, an impervious boundary is again im-
posed. At the other vertical boundary (inside the
host clay), a water pressure of 0.8 MPa is fixed.
On the horizontal boundaries, no water flow exists.
As concerns mechanical boundary conditions, zero

normal displacements are imposed at all the
boundaries.

3.2.4.2 Determination of model parameters
The values taken for the parameters are summa-

rised in Table 3-21.

The values taken for the parameters used in the
constitutive equation for liquid water are shown in
Table 3-22.

Backfill

The parameters of the retention curve are derived
from water content-suction curves provided by UPC
at a density of 1 700 kg/m3 and specified in the
benchmark. The analytic curve and the experimen-
tal data are presented in Figure 3-19. The intrinsic
permeability is deduced from the value of
3.4-10-11 m/s given in the specifications for the un-
saturated hydraulic conductivity. The relative hy-
draulic conductivity is assessed in order to repro-
duce the general evolution of saturation inside the
buffer.

The mechanical parameters are assessed on ba-
sis of the tests performed at UPC and reproduced
in Volckaert et al. EUR 16744 (1996). In Figure
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1.2

0.4

0.0

In situ dala
Computed results

1.2

0 . 4 -

0.0

In situ data
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Time (days since 01/07/1993)

-60 -40 -20 0
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Figure 3-I8. Comparison between numerical results and pore pressure measurements during the excavation at radial distances of 0.5 m
(left) and 0.75 m (right).

3-20, values of K, X and pc as deduced from the
tests are shown. The value of KS is deduced from
swelling tests given in Fig. 3-14 from Volckaert et
al. EUR 16744 (1996). In this figure, elastic swell-
ing strain appear to depend strongly on the ap-
plied vertical load. The value of KS is computed
considering a swelling strain of 10%, which corre-
sponds approximatively to a vertical stress of 100
kPa. Poisson's coefficient is equal to 0.3. Coeffi-
cients r and P are computed solving a system of
two non-linear equations expressing I at two dis-
tinct suctions (s = 1 0 kPa and s = 450 kPa). Coef-
ficient ks is assessed considering the increase in
cohesion described in Fig. 5.2.3.13 from Volckaert
et al. EUR 16744 (1996). A value of 25° is
adopted for the friction angle, following Baldi et al.
EUR 13365/1 and 2 (1991). The preconsolidation
pressure in saturated conditions has been fixed to
0.15 MPa.

Host clay

The retention curve used for the host formation is
shown in Figure 3-21. Since the host clay does not
suffer desaturation, a high air entry value has been
adopted. Anisotropy is considered for the intrinsic

permeability and the values are deduced from the
saturated values given in the specifications. Be-
cause of the lack of data, the variation of the rela-
tive hydraulic conductivity with the degree of satu-
ration is represented by the closed form of van
Genuchten's expression.

Since the OCR for the host clay is between 2 and
3, only the elastic part of the model will be active.
The elastic parameter K is assessed by back analy-
sis of the excavation process. Since the host clay
remains saturated, parameter KS will not influence
the process and has a small value. Poisson's ratio
is taken equal to 0.33.

3.2.5 UOL(LAGAMINE)

3.2.5/ description
The problem to be addressed can be modelled

as a ID, 2D or 3D problem. The space dimension
can only be based on a physical understanding of
the soil mechanics and of the water flow. The main
sources of information for the idealisation are the
water pressure curves given in the BM data. It ap-
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Retention curve

Relative permeability

Saturated permeability

Elastic parameters

Elastoplastic parameters

Param

P
PiO

P»

Material

Param

Po

Sru

Jrsot

k

A

B

s»
Jrsot

k
l/SOt

K
usol

I/SO/

K

KS

V

Po*

MO)
r

P
M

Pc

ks

Parameters used in

Table 3-21
paremeters used in the analysis

Backfill

11.615

0.0814

1

250

0.9

3.41011

0.0095

0.01

0.3

0.15

0.093

0.564

5.44

1

0.06

7.32

Host clay

60

0

1

0.6

0

1

0.6

4.5-10'12

2 . 1 1 0 1 2

0.0265

0.00322

0.333

Table 3-22
the constitutive equation for liquid water

Value

4.5-10-4

0.1

995.8

Units

MPa-1

MPa

kg/m3

Units

MPa

m-s1

m-s"1

rn-s"1

MPa

MPa"1

MPa

MPa-1
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figure 3-19. Retention curve considered for the backfill.
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Figure 3-20. Assessment of parameters K , X andpc for the backfill.
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Figure 3-21. Retention curve used for the host clay.

pears clearly that the pore pressure depends
mainly on the radial distance from the BACCHUS
2 borehole, implying a ID model. The initial val-
ues of the measured pore pressures are also de-
pending on the vertical level, but they do not vary
linearly with the vertical level. Therefore, it may be
assumed that they also depend on the distance to
the underground laboratory gallery axis. Moreover,
an accurate modelling should probably take into
account the in-plane effect, implying a full 3D
model. Because it was believed that the difference
in CPU costs would be higher than the expected
accuracy gain, it was decided to model only the
1 D effect.

It should be mentioned that the driving phenom-
enon here is the water flow. The soil mechanics is
highly dependent on the water flow, but the pore
pressure depends only slightly on the soil mechan-
ics. Finally, the gas pressure has been fixed to the
atmospheric pressure.

Numerical solution

A good modelling of the effect of the radial dis-
tance on the water flow and on the stress level re-
quires to consider a zone at least 1 00 times the ra-
dius of the borehole. The mesh considered has

1 77 8-noded elements: 23 elements of 1 cm in
0.045 < x < 0.275 (backfill), 100 elements of 3
cm in 0.275 < x < 3.275 (host clay) and 54 ele-
ments of 50 cm in 3.275 < x < 30.275 (host clay),
where x is the radial distance in m to the centre of
the borehole. Two 3-noded elements are placed:
at x = 0.275 (to simulate the excavation) and at x
= 30.275 (to impose the total horizontal stresses
at the outer boundary). Finally, two 6-noded inter-
face elements are placed: at x = 0.045 (contact
between the central tube, considered as a rigid
foundation, and the backfill, deformable). In total,
the mesh has 61 8 nodes.

In the LAGAMINE code, there is the possibility to
activate and desactivate some elements. When an
element is desactivated, it is not taken into account
in the equilibrium equations and the stresses remain
unchanged. In the present problem, the backfill ele-
ments are desactivated from -40 to 0 days.

The steps followed to model the BM test with in-
dication of the activated alements are:

Step 1: Borehole drilling (day -40 to day 0). Ele-
ments activated: host clay

Step 2: Natural hydration of the backfill (day 0 to
day 516). Elements activated: host clay
and backfill, the interface between back-
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fill and tube. In a first run the interface
between the backfill and the tube was not
activated but in a second one it was acti-
vated.

Step 3: Artificial hydration of the backfill (day 516
to day 624). Elements activated: host clay,
backfill and interface.

Step 4 : Closure of the hydraulical circuit (day 624
to day 800). Elements activated: host clay,
backfill and interface.

The initial conditions considered in this 1 D prob-
lem correspond to the initial conditions at a depth
of 13.70 m. The values used are summarised in
Table 3 -23 .

In the backfi l l , to get the pore water pressure pw

use has been made of the retention curve, to get
the effective stress a ' use has been made of
Bishop's postulate with % = Sr and to get the initial
porosity n the relationship n = (w-pd)/(Sr-pw) has
been used with an estimated dry density pd of
1550kg-m- 3 .

Horizontal displacements are fixed at the bound-
ary of the central tube (x = 0.045) and vertical dis-
placements are also fixed. Total horizontal stresses
o f - 4 . 5 - 1 0 6 Pa are imposed at the external bound-

ary (x = 30 .275) . The other boundary conditions
depend on the step considered.

Step 1: The radial stress and the pore water pres-
sure are decreasing from the initial value
to zero at the inner boundary (well wall).

Step 2 : No pore water pressure is imposed at the
interior boundary.

Step 3: The pore water pressure is imposed at
the inner boundary. The pressure corre-
sponds to a water column whose height
is the depth (y = - 1 3 . 7 0 m) plus one
meter, i.e. 1 47 kPa.

Step 4 : The pore water pressure is not imposed
at the inner boundary anymore. This cor-
responds to an impervious condit ion.

Sensitive/ana !ysis

During the borehole dri l l ing, the flow problem
was solved both uncoupled and coupled with the
soil deformation. In the first case, the obtained
pressure curves are similar to the experimental
ones. In the second case, the obtained pressure
curves are well below the experimental ones. Spe-
cially in the plastic ring around the wel l , the mean
effective stress decreases (this is not the case in the
elastic area where it remains constant) and induces
an elastic volumetric dilatancy and a high de-
crease of the water pressure. Therefore, both the
water flow and the water pressures are rather dif-

Table 3-23
Initial conditions ( a is the total stress, Sr is the degree of saturation, w is the gravimetric water content, n is the initial porosity,

pw is the pore water pressure, pa is the pore air pressure and a ' is the effective stress)

54

Param

a

s,
w

n

Po

a'

Host clay
(day-40)

-4.5

1.0

0.39

0.8

101.325

-3.7

Backfill
(dayO)

0

0.1037

0.03

0.45

-110.367

101.325

-11.354

Units

MPa

MPa

kPa

MPa
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ferent when fol lowing the coupled or the uncou-
pled approach.

The quality of the hydraulic contact between the
backfill and the host clay is an open question: how
was fil led the well. To address this question, two
cases have been analysed: perfect contact (without
interface element) and imperfect contact (with in-
terface element).

During the natural hydration of the backfi l l , in the
first case, decreasing pressure curves are obtained
instead of the increasing pressure curves experi-
mentally observed. Using an interface element, the
experimental results may be reproduced by using a
value for the transmissivity (T = f /Ap = k/(|jAx)) of
T = 6-10-15rn-s'Pa-1.

During the closure of the hydraulical circuit, be-
sides the value T = 6-10"15 nvs-Pa"1 (imperfect
contact), the value T = 1-10"5 nvs-Pa"1 (quite per-
fect contact) has also been considered.

In the first case, the pore water pressure in the
host clay increases (like in the artificial hydration
phase) but much less than in the experimental re-
sults, while in the second case the pore water pres-
sure decreases in the host clay and increases in the
backfil l. However, the increase of the pore water
pressure in the backfill is much faster than in the
experimental results. Better results could be ob-
tained with an appropriate of the transmissivity.

3.2.5.2 Determination of model parameters
Host clay

(i) Mechanical properties

The parameters for the Drucker-Prager model
used are summarised in Table 3-24.

See, however, Table 3-28 for a modification of
the Young's E modulus and the Poisson's ratio v as
a result of considerations relating to the storage
coefficient.

Hi) Water properties

The parameters for water are summarised in
Table 3-25

The intrinsic horizontal permeability is given by
equation 3-25:

where k is the intrinsic horizontal permeability in m2

and kTO is the relative permeability, given by

;Sr-0.1)4
 n m ^ (3-26)

\ (0.99 -O. I ) 4 ' ' )

The water retention curve is given by equation
•3-27, estimated from Volckaert et al. EUR 16744,

1996, p. 78, Fig. 3.10.b by UPC)

Table 3-24.
Parameters for the Drucker-Prager model (E is the Young's modulus, v is the Poisson's ratio, <|> is the friction angle, c is the

cohesion and \|/ is the dilation angle)

Param

E

V

*

Value

300

0.125

18

Parameters for water

Param

Pw

Xw

M-

Units

MPa

o

Table 3-25
(pw is the density, Xw is the

Value

1000

3

103

Param Value

c 0.3

i|/ 0

bulk modulus and p is the viscosity)

Units

kg/m3

GPa

Pa-s

Units

MPa

o
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S , =

1

(s < 0.26)

0.01(-14.8ln(s/106

(0.26 < s < 222)
1

(s > 222)

where s is the suction in MPa.

(3-27)

(i) Mechanical properties

Both the Drucker-Prager and the Alonso-Gens
models have been used. The corresponding pa-
rameters are summarised in Table 3-26 and in Ta-
ble 3-27, respectively.

(ii) Water properties

They are the same as for the host clay but the in-
trinsic horizontal permeability at the saturated state
is higher and equation 3-25 is replaced by

k = 3-]0']8km (3-28)

which has been estimated from Volckaert et al.
EUR 1 6860 , 1 996 (p. 30 , table 2.1 by SCK).

Discussion about the storage coefficient

In a hydromechanical coupled problem, the wa-
ter storage is based on the soil volumetric strain
and on the water compressibility:

n 1

A. w J soil

where cp is the water storage, n is the porosity, Xw
is the bulk modulus of water and Xsoii = E/(l - 2v)

Table 3-26
Parameters for the Drucker-Prager model (E is the Young's modulus, v is the Poisson's ratio, <j) is the friction angle,

c is the cohesion and \\i is the dilation angle)

Param

E

V

Value

300 MPa

0.125

18°

Units

MPa

Param

c

Value

0.3

0°

Units

MPa

Table 3-27
Parameters for the Alonso-Gens model (v is the Poisson's ratio, (j)t is the internal friction angle, A(0) is the saturated virgin

compression index, K is the elastic compression index, As is the plastic stifness parameter upon suction, KS is the elastic stiffness
parameter upon suction, p J is the saturated preconsolidation pressure, eo is the initial void ratio, pc is the reference stress,

P is the ratio A(s)A(0) for high suction, r is a parameter controling the increase of stiffness with suction and So is the maximum
value of the suction)

Param

v

Value

0.3

Units Param

Po

Value

0.45

Units

A(0)

K

As

Ks

25

0.093

0.033

0.2

0.022

eo

P
r

so

0.8182

0.18

0.55

3.5-10"2

110.468

MPa

MPa"1

MPa
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is the bulk modulus of soil. For the host clay we get
cp = 2.63 GPa"1. The proposed value for an un-
coupled flow (BM data) is cp = I O ' W Y W = 1
GPa"1. Thus, the hydromechanical coupled storage
coefficient is too large as compared with the flow
one. A new compressibility of the soil was com-
puted in order to have the given storage coeffi-
cient. The value of the shear modulus G is kept but
the values of both the Young's modulus E and the
Poisson's modulus v are changed to the values
shown in Table 3-28.

The modified values are used only in the host
clay and not in the backfill.

3.2.6 UWC (COMPASS)

3.2.6.1 Model description

Mathematical setting

(i) Moisture transfer

The transfer of moisture in an unsaturated soil is
considered to arise from two contributions, liquid
transfer and vapour transfer. In this model the soil
is deformable, therefore the variation of porosity
must be included. The law of conservation of mass
for the moisture reads:

5(nS,p,) a(nSopv

dt
+div{p,v,)+div[pvvv}

dt
+ div(pvva) = (3-30)

where n is the porosity, S\ and Sa are the degree of
saturation of pore liquid and pore air respectively,
p is the density, t is the time, v is the velocity and the
subscripts I, a and v refer to liquid, air and water.

The motion of pore liquid is assumed to be de-
fined by a generalised form of Darcy's law:

vt=-K, gradl -^ +grad(z) (3-31;

where V| is the velocity of liquid flow, K| is the un-
saturated hydraulic conductivity, yi 's the u n ' t

weight of the liquid and z is the elevation.

Vapour is assumed to flow under a vapour den-
sity gradient as described by Philips and de Vries
(1957):

(3-32)

where vv is the velocity of vapour flow, Datm is the
molecular diffusivity for vapour through air, vv is
the mass flow factor, xv is the tortuosity factor, pv is
the density of the water vapour and 0a is the volu-
metric gas content of the soil.

By further application of the generalised Darcy's
law for multiphase flow in unsaturated soil, the ve-
locity of pore air is assumed to be governed by:

= -Kograd{ua) (3-33)

where Ko is air conductivity and ua is the pore air
pressure. Volckaert et al. again provide an appro-
priate form of relationship to relate air conductivity
to void ratio, e, and degree of saturation:

Ko = C ^ [ e ( l -
Mo

(3-34)

where y0 is the specific weight of air, u.o is the air
viscosity and C and D are constants. Making use
of equations (3-31), (3-33) and (3-34), equation
(3-30) can be expanded to give:

dS, dS0

f of

--div[K,grad(u, + ylz)]-pldiv[Kvgradlpv)]-
9

with

-div[Kapvgrad(uo)] = 0 (3-35)

= Da ,mvvTve0/p, (3-36)

Param

Table 3-28
Modified parameters for the host clay

Value

358.566

0.345

Units
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(ii) Air transfer

The air flow equation includes the bulk flow of
dry air within the air phase together with the dry air
dissolved in the pore water (described via Henry's
law). Conservation of mass reads:

d[n{S0+HcSl)Pdo]

dt
+ d/v[(vo+Hcv,)pda] = 0 (3-37)

where Hc is the volumetric coefficient of solubility
and Pda is the density of the dry air. Further expan-
sion of equation (3-37) yields:

+div

dt

Pd0
Hc K,grad[u, +y,z) (3-38)

(Hi) Mechanical behaviour

The model for unsaturated soils by Alonso et al.
(1990) has been employed. However, an additional
term has been included to the original expression of
the slope of the virgin compression line A.(s) that
more easily accommodates the development of
plastic strain across a wider range of suction:

O-r)exp(-ps)

" Polm (3-39)

where smax is the initial (maximum) suction, patm is
the atmospheric pressure and n is a constant taken
as 0.1 for this work. When n = 0, the expression
originally used in the model by Alonso et al.
(1 990) is recovered.

Numerical solution

It is recognised that the specification of results re-
quired included variations with elevation and ra-
dius both in the backfill and in the host clay. How-
ever, preliminary analysis of the problem revealed
that a complete simulation is likely to require the
inclusion of material non-homogeneity (density
variations, etc.) to emulate the nature of the mea-
sured response. Given the relatively limited amount
of data available for the specification of the hy-
draulic and mechanical material properties, it was
decided in the first instance to conduct a

one-dimensional analysis of the problem. This was
achieved by employing a sector to represent a hor-
izontal plane at the mid-elevation of the backfill.
The solution was then determined via an
axisymmetric formulation of the problem.

The hydraulic problem was solved in the above
manner and the results were then utilised within the
constitutive model outlined above to determine the
average swelling pressure evolution in the backfill.
This was achieved by direct integration of the
stress/strain model for the average suction
changes in the backfill (obtained directly from the
hydraulic analysis).

To solve the problem, a mesh with 108 elements
and 543 nodes was used. The mesh was designed
to provide very fine subdivisions near the interface
between the host clay and the backfill. Earlier
"scoping" analyses indicated that mesh refinement
is important for this problem and may cause practi-
cal difficulties for a fully refined two-dimensional
analysis of the problem, in the present case, the re-
fined zone included the 24 cm of the backfill and
the first 24 cm of the host clay, whereas the mesh
was continued 202 cm more in the host clay. A
variable timestep size was permitted during the
analysis, starting with a timestep size of 0.25 days
and subject to a upper limit of 1 5 days.

Initial conditions

It is known that prior to any excavation influence,
in the virgin host clay, the total stress at the depth
of the gallery was around 4500 kPa and the pore
pressure was around 200 kPa. The initial state of
the backfill material is summarised in Table 3-29.

Boundary conditions

The analysis was performed in a number of dis-
tinct stages. Stage 1 involved the analysis of the
"open" borehole to obtain the "drawdown" of pore
water pressures that occurred prior to the emplace-
ment of the backfill. This was achieved by running
an uncoupled hydraulic analysis of the problem. At
the outer edge of the host clay, a pore water pres-
sure of approximately 0.6 MPa was applied. Nodes
at the borehole wall were held at a zero pore pres-
sure. The analysis was run for a period of 40 days
as indicated in the specification of the problem.

Stage 2 involved inclusion of the backfill material
at its emplacement water content of 0.03 (suction
approx. 55 MPa). This stage maintained the outer
boundary as above but relieved the constraint on
the interface nodes. This section of the analysis
was run for the period to day 516.
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Stage 3 of the work involved the implementat ion
of the artif icial hydration phase of the experiment.
This was achieved by adopt ing a fixed pore pres-
sure boundary at the inner backfi l l surface provid-
ing an equivalent pressure head of 1 3 m of water
(as per specif ication). The period of the analysis
ended at day 61 1 after which the water injection
boundary was removed and a natural hydration
phase cont inued through the end of the analysis at
day 800.

3.2.6.2 Determination of model parameters
Host day

The data presented in Table 3-30 (drained satu-
rated conditions) were provided by SCK/CEN.

In addition to the above parameters, experimen-
tal data was also available regarding the water re-
tention curve of the clay powder compacted at the
same dry density as the host clay (1 7 kN/m3) and
at the in situ temperature (about 22 °C). After ex-
amination of the available data, the water reten-
tion curve shown in Figure 3-22 has been derived
to represent the host clay in the following numeri-
cal analysis. The hydraulic conductivity relationship
shown in Figure 3-23 is based on measured satu-
rated hydraulic conductivity and an assumed varia-
tion at the unsaturated state.

The backfill material is a 50/50 mixture of Boom
clay powder and high density Boom clay pellets.

Parameter

Degree of saturation

Table 3-29
Initial conditions for the backfill

Value Units

10.37

Gravimetric water content

Density

Initial suction

1.55

55 (Figure 3-24)

g/cm3

MPa

Parameter

Young's modulus

Table 3-30
Some material properties for natural Boom clay

Horizontal permeability

Value

300

4.5-10,-12

Units

MPa

Poisson's ratio

Friction angle

Cohesion

Dilation angle

Prosily

Storage coefficient

Vertical permeability

0.125

18

300

0

0.39

io-5

2.1-10'12

o

kPa

o

m"1

m/s

m/s
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Volumetric Moisture Content
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Figure 3-22. Water retention curve for the host clay.
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Figure 3-23. Hydraulic conductivity relation for the host clay and the backfill.
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The high density pellets are produced by compac-
tion of dry Boom clay powder using industrial
equipment. The appl ied compactor-granulator is
of the same type as those used to compact coal
or ore powder.

This equipment produces pellets with a dry den-
sity of about 2.1 g /cm 3 . The pellets are about 2
cm long and 0.5 cm thick. The mean dry density
of the mixture is about 1.5 to 1.6 g / cm 3 .

The basic mechanical properties of Boom clay
powder provided by SCK/CEN are shown in Table
3-31.

Using clay aggregates (size: 2.0 - 2.2 mm), vari-
ous stress paths on the net stress vs. suction plane
have been followed using both conventional
oedometers at various initial dry densities (13, 14,
15 kN/m3) and an initial water content of 3 %.

On a similar basis to that described above, the
hydraulic conductivity relationship used in the anal-

ysis is shown in Figure 3-23 and the water reten-
tion curve is shown in Figure 3-24. The water re-
tention curve yields an initial suction of approxi-
mately 55 MPa for the backfill based on an
emplacement water content of 0.03 (by weight).

An approximate calculation of swelling pressure
developed in the backfill has been obtained based
on application of the eslasto-plastic model of
Alonsoetal. (1990).

The exact material properties required for appli-
cation of the constitutive model are specified in Ta-
ble 3-32.

3.2.7 Comparison plots
A comparison of predictions submitted by part-

ners and the actual test measurements taken by
SCK-CEN is given in a number of plots discussed
in this section. The plots prepared refer to the

Table 3-31
Some material properties of Boom clay powder

Parameter

Liquid limit

Plastic limit

Plasticity index

Spec, gravity of particles

Value

55.9

29.2

26.7

2.70

Table 3-32
Parameters used in the constitutive

Param Value

k(Q) 0.158

K 0.01

A(s) eqn (3-39)

KS 0.03

As 0.052

p 12.5

Units

MPtr1

model for the

Param

r

k

vo

Po*

Pc

backfill

Value

0.87

0.6

1.932

150

10

Units

%

%

%

Units

kPa

kPa
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Volumetric Moisture Content
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Figure 3-24. Water retention curve for the backfill.

evolution in time of pore water pressure and total
stress. The actual test measurements are indicated
with the acronym CIM and the plots specify the
actual transducer identification and its co-ordi-
nates. The transducer code provides information
on the type of variable measured and the instru-
ment position:

PT: Total pressure

PW: Pore water pressure

C: Central shaft

F: Bottom flange

V: Vertical plate

R: Host clay

a) Pore water pressure evolution

The plots prepared are given in Table 3-33.

Two time abscissae t = 516 days and t = 624
days are especially relevant because they imply a
change in boundary conditions (forced inner
hydration at t = 516 days and closure of input
valves at t = 624 days).

Note also that the measured results of transduc-
ers located at the same elevation but at radial dis-

tance have been plotted together. The radial dis-
tance is indicated by a value of the co-ordinate X.
Whenever X < 0.25 m the transducer is located in-
side the fill, co-ordinates x > 0.25 m correspond
to the natural Boom clay.

Piezometers installed inside the fill were not pre-
pared to measure negative pore water pressure
values (suctions) and therefore suction predictions
by different models cannot be compared with the
actual "in situ" suction when the fill is not satu-
rated. It is expected, however, on the basis of the
water retention curves of the backfill, that the fill
had a high suction immediately after compaction
"in situ". This high suction was taken to be around
60 MPa by UPC and UWC and around 100 MPa
by UOL, CLAand ISM.

However AND chose a very low value, close to
zero, which is not consistent with the water reten-
tion properties of the backfill. These initial values
are seen for t = 0 in Figure 3-25 or Figure 3-27.
The rate of suction dissipation is markedly different
for different partners. Some predictions indicate
rapid saturation rates at some intermediate times
within the interval 0-516 days (CLA and UWC).
Others (ISM, UOL, UPC) exhibit a more progres-
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Table 3-33
Plots for the comparison of measurements and predictions of pore pressure. BACCHUS 2 test

Radial co-ordinate
x(m)

0.75

0.75

' Extended scale of pressures

Time interval
t(days)

Transducers

0-6

400-900

R1202 R1205

R1202R1205

Figure

0.05

0.05

0.14

0.14

0.24

0.24

0.24

0.50

0.50

0-600

400-900

0-600

400-900

0-600

0-600 *

400-900

0-600

400-900

PW08CPW09C

PW08CPW09C

PW02F PW05V

PW02F PW05V

PW04V

PW04V

PW04V

R1102R1105

R1102R1105

Figure 3-25

Figure 3-26

Figure 3-27

Figure 3-28

Figure 3-29

Figure 3-30

Figure 3-31

Figure 3-32

Figure 3-33

Figure 3-34

Figure 3-35

sive hydration rate. Most of models, however, pre-
dict conditions close to saturation immediately be-
fore the artificial saturation at t = 5 1 6 days. Only
UOL predicts a significant suction in the whole
backfill for t = 5 1 6 days (see Figure 3 -25 , Figure
3 -27 and Figure 3-29).

Once the condition of artificial wetting is intro-
duced, models predict a fast hydration of the back-
fill and positive pore water pressures develop. Pre-
dictions of several partners (ISM, CLA, UPC, UWC)
match closely the observed positive pore water
pressures for long-term conditions (t = 8 5 0 days)
(see Figure 3 -26 , Figure 3-28 and Figure 3-31).
The observed water pressures in the backfill
change from 0.55 MPa in the vicinity of the central
shaft (x = 0.05m) to 0.65 MPa in the centre and
outer limit of the buffer (x = 0 .14m and x =
0.24m).

These values are close to the lower limit of the
piezometer readings in the host clay before the ex-
cavation of the shaft (Figure 3 -9 , Figure 3-10 for

piezometers installed from rings 1 1 and 12 respec-
tively). The reported long-term piezometer readings
in the backfill are also significantly lower than the
ambient or long distance pore pressure at the vir-
gin clay away of the laboratory influence (reported
as 2.2 MPa).

Piezometers located in the natural clay did not
react as one could expect due to the presence of
the high suction of the fil l. Models are therefore ex-
pected to predict a transient phase in which
suctions may be induced in the natural clay.

This phenomenon is visible in Figure 3-32 and
Figure 3-33 for most of the models. However,
measurements indicated a continuous increase of
(positive) pore water pressure with t ime. UOL
achieved a good match by locating an interface el-
ement of low transitivity at the fi l l-natural clay con-
tact (details are given in Section 3.2.5) . The nature
of this apparent barrier between fill and Boom clay
is not clear. Some hypothesis may be tentatively
advanced: a sort of "capil lary barrier" induced by
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a damaged zone of clay close to the BACCHUS
hole, or a zone of fractured, plastic highly deform-
able clay which acts also as a barrier for pore wa-
ter pressure changes. Long-term predictions of
positive pore water pressures compare well with
measurements for most of the partners. CLA and
A N D underestimate the actual measured values.

b) lotal pressure evolution

The total pressure cells installed measure the
normal stress against the plane of the cell. There-
fore, cells PTxxC or PTxxV measure total radial
stress. However cell PT02F measures the vertical
stress against the bottom flange. In the plots pre-
pared the criteria has been to include in the same
graph the transducers located at the same radius.
The plots prepared are given in Table 3-34.

Measured total stresses react against the changes
in boundary conditions at t = 516 days (inner
forced hydration) by increasing the rate of change
of stress. This trend is also shown by some calcula-
tions (CLA, UPC, UOL, AND) but predictions by
different models differ markedly among them, both
in the computed rates of stress development and in
absolute values. A qualitative comparison of model

predictions and measured results is given in Table
3-35, Table 3-36 and Table 3-37.

The tables provide a qualitative comparison of
predictions against measurements (underestima-
tion, good prediction, and overestimation) for the
three locations (radii) and three different times
("short-term" (t = 200 days); a month after
hydration t = 550 days and "long-term" (t = 800
days)). Some partners consistently overpredict the
actual measurements (AND), but most of them
change the "rating" along time, probably in an at-
tempt to have an overall acceptable match. The
fast reaction of some models to artificial hydration
(notably AND, UWC) is not measured in the field.

The plots in Figure 3-38 and Figure 3-39 (x =
0.14 m) show that the differences in radial and
vertical stresses measured in the fill are small. It
seems that a relatively isotropic total stress state
has developed in the fill. The long-term measured
stresses (Figure 3-37, Figure 3-39 and Figure
3-41) are close to 1.0-1.1 MPa without significant
differences as the radius changes. This value is sig-
nificantly lower than the ambient "virgin" confining
stress of the natural clay at the level of the experi-
ment (4.5 MPa).

Pore Water Pressure Evolution at x = 0.05 m

S. -40.0

AND

ISM

UOL —*— UWC

CIM (y =-14.17 m) PW08C - • «• - - CIM (»=-13.63 ml PW09C

-120.0

0 50 100 150 200 250 300 350 400 450 500 550 600

Time (day)

Figure 3-25. In situ hydration of Boom cloy pellets (BACCHUS 2).
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Pore Water Pressure Evolution at x = 0.05 m
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Figure 3-26. In situ hydration of Boom clay pellets (BACCHUS 2).
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Pore Water Pressure Evolution at x=0 .14 m
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Figure 3-27. In situ hydration of Boom clay pellets (BACCHUS 2).
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Pore Water Pressure Evolution at x = 0.14 m
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ISM

UOL —*— UWC

CIM (y = -14.44 m) PW02F - - o - • CIM (y = -13.62 m) PW05V

Figure 3-28. In situ hydmtion of Boom clay pellets (BACCHUS 2).
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Figure 3-29. In situ hydrotion of Boom clay pellets (BACCHUS 2).

66



3. BENCHMARK 3.1 "In situ hydration of boom clay pellets (BACCHUS 2)"

Pore Water Pressure Evolution at x = 0.24 m
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Figure 3-30. In situ hydration of Boom clay pellets (BACCHUS 2).
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Figure 3-31. In situ hydration of Boom clay pellets (BACCHUS 2).
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Pore Water Pressure Evolution at x=0.50 m
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figure 3-32. In situ hydration of Boom clay pellets (BACCHUS 2).
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figure 3-33. In situ hydration of Boom clay pellets (BACCHUS 2).
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Figure 3-34. In situ hydration of Boom cloy pellets (BACCHUS 2).
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Figure 3-35. In situ hydrotion of Boom cloy pellets (BACCHUS 2).
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Total Pressure Evolution at x=0.05 m
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Figure 3-36. In situ hydrotion of Boom clay pellets (BACCHUS 2).
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Figure 3-37. In situ hydrotion of Boom clay pellets (BACCHUS 2).
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Total Pressure Evolution atx=0.14 m
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Figure 3-38. In situ hydration of Boom cloy pellets (BACCHUS 2).
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Figure 3-39. In situ bydrotion of Boom clay pellets (BACCHUS 2).
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Total Pressure Evolution at x=0.24 m
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figure 3-40. In situ hydrafion of Boom cloy pellets (BACCHUS 2).
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figure 3-41. In situ hydration of Boom clay pellets (BACCHUS 2).
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Table 3-34
Plots for the comparison of measurements and predictions of total stresses. BACCHUS 2 test

Radial co-ordinate
x(m)

0.05

0.05

0.14

0.14

0.24

0.24

Time interval
t (days)

0-600

400-900

0-600

400-900

0-600

400-900

Transducers

PT08C PT10C

PT08Q, PT10C

PT02F, PT05V

PT02F, PT05V

PT04V

PT04V

Figure

Figure 3-36

Figure 3-37

Figure 3-38

Figure 3-39

Figure 3-40

Figure 3-41

Table 3-35
Radial total stress at x = 0.05 m. Evaluation of models performance at different times
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Table 3-36
Radial and vertical Total stress at x = 0.14 m. Evaluation of models performance at different times
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Table 3-37
Radial total stress at x = 0.24 m. Evaluation of models performance at different times

SHORT TERM
T = 200 days

AFTER HYDRATION
T = 550 days

LONG TERM
T = 800 days

Under OK Over Under OK Over Under OK Over

CU

UPC

UOL

uwc

o .2.8 Discussion
The experimental results of BACCHUS test were

known by the partners at the time they attempted
the modelling exercise. Therefore this is not a blind
prediction exercise and this limitation makes it diffi-
cult to compare the relative merits of different ap-
proaches. There ore additional difficulties to inter-
pret the computed results, especially when one
considers the pore water pressure evolution of the
backfill. The piezometers installed were not pre-
pared to measure suctions and they began to show
a nonzero response once the fill was saturated.
Even under saturated conditions of the backfill
doubts on the accuracy of the piezometers to mea-
sure positive pore pressures remain since air may
have been trapped inside the measuring chamber.
Plots of effective stresses along time are given in
Figure 3-42, Figure 3-43 and Figure 3-44. These
plots have been obtained by subtracting pore pres-
sures recorded in piezometers from total stresses
recorded in total pressure cells. The location of the
pairs of transducers selected does not coincide ex-
actly but the errors due to this effect are probably
small. All the plots indicate that the backfill satura-
tion once the valves of the flooding system have
been closed and for the final part of the experi-
ment take place at essentially constant effective
stress. In radial direction this long-term effective
stress is close to 0.5 MPa in the proximity of the in-
terface with Boom clay (Figure 3-44) and close to
0.42 MPa in the proximity of the shaft (Figure
3-42). The computed values in the centre of the fill
are more erratic (Figure 3-43). The vertical effective

stress against the bottom flange is also constant,
but its value is smaller (—0.26 MPa) (Figure 3-43).

These results indicate that no deformation proba-
bly took place within the fill in the final stage of the
test. However a transient process can be identified
immediately after valve closure. This transient is well
marked at x = 0.05m (Figure 3-42) and implies a
reduction (from 0.5 MPa to 0.4 MPa) of the mea-
sured effective stress. A transient period, towards a
reduction of effective stress but at a more delayed
rate can also be identified at radii x = 0.14 m and
x = 0.24 m. This transient was probably associated
with some fill expansion which was not recorded.

A detailed comparison among different models
other than an evaluation of their performance
against measured data is difficult to achieve. In
fact model hypotheses differ markedly in some
cases and therefore model parameters cannot be
directly compared. However, when models share a
common framework a more detailed comparison is
possible. This is the case of UPC and UOL models,
both based on the elastoplastic Barcelona Basic
Model (BBM) described in Alonso et al. (1990).
Table 3-38 is a comparison of the main parame-
ters of BBM selected by both research groups. A
useful way to compare both sets of data is to plot
the LC yield curves for them. These LC yield curves
integrate several model parameters (p'o, pc , A.(0),
P, r) into a single curve. A comparison of both LC
curves is given in. A significant difference among
them is the value of p*0 (saturated preconsolidation
stress) which has been selected by UOL three times
higher than the value selected by UPC (0.45 MPa
against 0.1 5 Mpa).
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Effective Pressure Evolution at x = 0.05 m
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Figure 3-42. In situ hydration of Boom clay pellets (BACCHUS 2).
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Figure 3-43. In situ hydration of Boom clay pellets (BACCHUS 2).
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Effective Pressure Evolution otx = 0.24 m
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Figure 3-44. In situ hydration of Boom day pellets (BACCHUS 2).
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Figure 3-45. In situ hydration of Boom day pellets (BACCHUS 2).
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Table 3-38
Comparison of the main parameters of the BBM used by UPC and UOL

Parameter

Poisson's ratio

Slope of critical state line

Slope of saturated normal compressing line in v-lns plane (*)

Slope of unloading-reloading line in v-ln p' plane (*)

Slope of normal compressing line in v-ln s plane

Slope of unloading-reloading line in v-ln s plane (*)

Saturated preconsolidation pressure (*)

Initial void ratio

Reference stress (*)

Ratio A(s)A(0) for high suction (*)

Increase of stifness with suction (*)

Maximum value of the suction

Symbol

V

M

m
K

As

K5

P'o

eo

Pc

r

P

UPC

0.3

1.0

0.093

0.0095

—

0.01

0.15

0.788

0.06

0.56

5.44

60

UOL

0.3

1.0

0.093

0.033

0.2

0.022

0.45

0.8182

0.18

0.55

0.035

110.468

Units

—

—

—

—

—

—

MPa

—

MPa

—

MPa"1

MPa

(*) Parameter used in the definition of the LC curve.
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4. BENCHMARK 3.2 "FEBEX mock-up test"

4.1 Case definition

4.1.1 Introduction
The aim of the FEBEX (Full-Scale Engineered Bar-

riers Experiment in Crystalline Host Rock) project is
the study the behaviour of the near field for a re-
pository of high-level radioactive waste in crystal-
line rock. This is in accordance with the Spanish
reference concept for geological deep disposal, in
which the canisters with the conditioned waste are
horizontally disposed in galleries and are sur-
rounded by a clay barrier formed by blocks made
of high-density bentonite. The project is co-fi-
nanced by the European Commission under con-
tract F14WCT950006 and will last for 7 years
(1994-2001). Eight partners from three countries
from the EU (France, Germany and Spain) and
one from the EFTA (Switzerland) are involved in this
project whose co-ordination is carried out by
ENRESA (Empresa Nacional de Residuos Ra-
dioactivos, i.e. National Enterprise of Radioactive
Wastes). The experiment has three major parts: 1)
an "in situ" test in natural conditions at full scale;
2) a "mock-up" test at almost full scale and 3) a
set of experimental laboratory tests to complement
the information from the two large-scale tests. In
this benchmark, the mock-up test will be consid-
ered because within the FEBEX project it was de-
signed to ease the verification of the prediction ca-
pabilities of the numerical codes developed to
analyse the behaviour of the clay barrier in the
near field. Specifically, their main advantages ore:
1) the heterogeneous properties of the natural sys-
tem (granite formation) are avoided; 2) the
hydration process is kept under control and 3) the
boundary conditions are better defined.

4.1.2 Description of the mock-up
The mock-up test comprises the following items:

confining structure, hydration system, heating sys-
tem, clay barrier, data acquisition system and
heater control system. The main characteristics rel-
evant to the benchmark are detailed below. More
details of the FEBEX project may be found
AITEMIN et al. (1997).

in

inner layer made of stainless steel. It is made of
two cylindrical parts joined by a central bolted sec-
tion and closed at the ends by two metallic covers
made of the same material as the main body and
joined to it using bolts. The confining structure is
placed over three; metallic supports. The main
characteristics are:

• Inner diameter: 1.615 m

• Inner length: 6.00 m

Q Wall thickness: 0.07 m carbon steel/0.005 m
stainless steel

• Working pressure: 9.0 MPa

Q Net tofa\ mass (estimated): 30000 kg

In each cover there is an output for energy sup-
ply cable and the cables of the temperature sen-
sors. The cylindrical surface has 234 holes: 48
stems for water injection and 1 86 to allow the pas-
sage of the sensor's cables.

4.1.2.2 Hydration system

4.1.2.1 Confining structure
The structure confining the clay barrier (see Fig-

ure 4-1) is a cylinder made of carbon steel with an

This system furnishes water at a constant con-
trolled pressure to hydrate the bentonite blocks.
The system (see Figure 4-2) has two water tanks
with a joint capacity of about 1.3 m3, connected at
its upstream end to a N2 supply line and at its
lower end to a pipe network joining them to the 48
stems for water injection placed on the confining
structure. Each tank is placed over three metallic
supports which constitute the base of the weighting
system to control the injected water.

• The basic elements of the system are:

• N2 line at a pressure of 4.0 MPa.

• Two pressure water tanks with the following
characteristics:

o Material: Stainless steel

o Height: 3.0 m

o Diameter: 0.8 m

o Wall thickness: 0.012 m

O Working pressure: 3.5 MPa

o Inner volume (estimated): 0.66 m

o Net total mass (estimated): 550 kg

Q Measurement system by weight

• Pipe network to the confining structure

G Filters and geotextile to protect the water in-
lets and inner cover with a geotextile of the
confining structure to homogenize the water
input to the periphery of the clay barrier.

81



CATSIUS CLAY Project. Stage 3: Validation exercises at a large " in situ" scale

1

c

t

i

<

H
i |

1

jo! j

Zone A

11

r

IIi
j r

1-B-

r
Central plane

|H

kr c

i
1 i

r

II

II

In

1

•

I I I
3

II

-*-

) K

k •J

ZoneB

,TT,

1
3) 7

-a

Illl
k

i

•-a

r

j

r 1

I1
h 4

r •

1i
r<

L J

J
" V

i

f/gure f / .7 / /e mock-up test assembly showing its main components: I) the confining structure, 2) the 2 heaters (in black) and 3) the
clay barrier with the 24 slices in which the bentonite blocks are placed.

Water tank 1 Water tank 2

82

Figure 4-2. The mock-up with the two tanks used for hydration of the bentonnite buffer.
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4.1.2.3 Heating system
The heating system (see Figure 4-1) is made out

of two cylindrical heaters and the monitoring and
control systems. Each heater has three inner elec-
tric heating elements, that are able to individually
furnish the heating power necessary to keep the
temperature at the heater-bentonite contact at
100°C. The normal operating mode of the heaters
is to keep the temperature constant at the surface,
but it is also possible to regulate the heating power
at a constant value depending on the test phase.

In this test, the heaters are in direct contact with
the bentonite and are placed at a distance of 0.75
m between them. Each heater is made of a carbon
steel nucleus with a wall thickness of 0.012 m and
an external diameter of 0.30 m, where the electric
resistances are inserted. The assembly is protected
with a casing made of carbon steel, with a thick-
ness of 0.02 m and an outer diameter of 0.34 m,
that is closed at both ends by two covers. The main
characteristics of the heaters are:

• Outer diameter: 0.34 m

• Length: 1.625 m

• Material: Carbon steel

• Wall thickness: 0.04 m (from the interior of
the nucleus to the exterior of the casing) /
0.06 m (covers)

• Working pressure: 9.0 MPa

• Elements: Casing and covers, cylindrical nu-
cleus, 3 heating elements (max. 930 W/unit)
and 9 control points at the periphery.

• Max. nominal power: 2800 W
• Total net mass (estimated): 475 kg

The three resistances of each heater are wound
around the nucleus forming three helixes and are
placed in grooves made at the inner nucleus of the
heater. They are separated 18.66 mm between
centers and perform 27 turns per heating element.
The longitudinal distance between turns is there-
fore of 56 mm. This gives an essentially uniform
distribution of thermal power along the hot zone of
the heater.

4.1.2.4 Clay barrier
The clay barrier (see Figure 4-1) is made of

blocks of compacted bentonite. The same benton-
ite is being used in all the tests of the FEBEX pro-
ject. Its properties are given later. More details
concerning the origin, the properties and the fab-

rication of blocks may be found in Villar et al.
(1997).

Before mounting the clay barrier, a geotextile
cover was installed to facilitate a homogeneous
hydration. The geotextile covers all the inner cylin-
drical surface, has a thickness of about 6 mm and
is made of 4 sheets, set in an alternative way and
with overlappings to avoid the formation of
preferencial paths for water. The clay barrier is
made of 908 bentonite blocks arranged forming
48 slices with an individual thickness of 124 mm.
The clay barrier has been manually mounted slice
by slice with the bentonite blocks arranged so that
2 rings could be defined: outer and inner. In slices
not containing a heater, a bentonite nucleus was
also installed (see Figure 4-3). The blocks in a
given slice were mounted following the following
order: 1) lower part of the outer ring, 2) lower part
of the inner ring, 3) lateral parts of the outer ring,
4) completion of the inner ring, 5) completion of
the outer ring and 6) nucleus in the slices not con-
taining the heater. Due to the tolerances in the
bentonite blocks, there was a gap of about 15 mm
at the upper part. When a slice was completed, the
corresponding sensors as well as the cables were
installed in cavities cut on the block surface.

For slices containing a heater, the outer ring
blocks are of type A and the inner ring blocks are
of type B. For slices not containing a heater, the
outer ring blocks are also of type A, the inner ring
blocks are of type C (obtained by suitably cutting
blocks of type B) and the nucleus blocks are of type
E (obtained by suitably cutting blocks of type B).

The blocks type A and B were made using
moulds. The compaction process involved three
successive steps at pressures varying from 40 to 50
MPa. By compacting 25870 kg of bentonite, 1012
blocks were obtained. Table 4-1 shows the mean
values of physical properties and the number of
blocks of each type that were manufactured. The
mean weighted values of water content and of dry
density of each individual block are 13.6 % and
1.77 g/cm3, respectively. In total, 22500 kg of
moist bentonite were used to assemble the benton-
ite buffer.

4.1.2.5 Sensors
In order to know the evolution of the test, all the

components of the system (heaters, clay barrier,
water input, confining structure and housing bui ld-
ing) have been monitored by means of tempera-
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Figure 4-3. Slices showing the arrangement of the bentonite blocks in a zone not containing a heater (left) and in a zone containing
a heater (right).

ture, total pressure, fluid pressure, humidity and
deformation sensors.

Table 4-2 shows a summary of the number of
sensors, the measured parameters and the zone
where they are placed. In total 505 sensors have
been installed: 526 signals are automatically
logged and 19 signals related to deformations are
manually recorded. The total number of sensors
amounts to 545 because the 40 sensors of relative

humidity measure also temperature. These signals
correspond to the sensors installed in the interior
of the confining structure (clay barrier or heaters)
or to the sensors or instruments installed exter-
nally.

CIEMAT periodically prepares reports containing
the evolution of the logged data. These reports will
be used as a reference against which the predic-
tions by the partners will be compared.

Table 4-1
Mean values of physical properties and number of blocks fabricated

Weight per block

Mean water content

Dry density

A

25.8 25.2

E

25.3

Units

kg

14.2 13.2 13.1

1.77 1.76 1.82 g/cm3

Number of units 598 322 92

Total weight 15428 8114 2328
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Table 4-2
Sensors installed in the mock-up

Parameter

Temperature

Ambient temperature

Injection pressure
manometer
water pressure

Bentonite

328

Zone

Structure

20

2

Exterior

1

1

Total

348

1
2

Total pressure
radial
tangential
axial

Fluid pressure

Humidity and temperature

Strain gauge

Values of the PLC
temperature
mean temperature
power

Voltage DC

14
14
22

20

40

19

18
2
2

2

50

20

40

19

18
2
2

2

Totals 438 41 26 505

4.1.3 Testing procedure
Next, the processes previous to the test as well as

during the test itself are described. The main inputs
to the mock up are pressurized hydration water
and heating power under controlled conditions.
The mock up itself was placed in a specially built
facility located in CIEMAT premises (Madrid) with a
controlled inner temperature of 20±2°C.

4.1.3.1 Initial hydration
During the initial hydration, the joints in the clay

barrier were filled with water and, due to the ex-
pansion of the bentonite blocks, they became
closed. The water used was commercial granitic
water, the same used in the laboratory tests during

the last years, its composition being known and
stable. The main phases of this process are next
briefly described.

Using one of the two water tanks, water was let
to flow inside the pipe network and inside the
mock-up through the lower stems while keeping
the upper ones open to allow the air to flow out.
Afterwards, the valve connecting the water tank
with the distribution network was closed and a
pressure of 15 bar was applied to the N2, until the
pressure was stabilized. Afterwards, the injection of
water started by simultaneously opening the 12
lower valves while letting 2 upper valves open to
allow the air to flow out until water began to flow
through the upper valves. Afterwards, the lower
valves and the valve connecting the water tank with
the distribution network were closed and at the two
upper valves two pressure sensors were installed.
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They will log the water pressure during the test. The
process of filling with water the joints lasted 180
minutes and a total of 634 liters of water were in-
jected, in agreement with a previous computat ion
of voids. After finishing this process, all the valves
were closed, the water tank was de-pressurized
and refilled with water.

The system was kept in the conditions established
at the end of the previous process during three
days. This period was considered to be enough in
order that the injected water would induce the ex-
pansion of the bentonite blocks and the closing of
the joints.

4.1.3.2 Definitive hydration
Once the initial hydration phase was completed,

the process of test hydration and heating (see
4.1.3.3) at which the clay barrier will be subjected
during the time of the test (about three years) was
started.

The pressure of water injection was established at
5.25±0.25 bar. This value will remain nearly con-
stant during the test. Because the system was freed
of air after the initial hydration phase, the process
was as follows: 1) pressurization by means of the
controlling N2 pressure, 2) opening of the commu-
nication between the water tank and the distribu-
tion network, 3) stabilization of pressures and 4)
successive opening of the valves of the structure
from the lower part to the upper part in each
hydration ring.

4.1.3.3 Heating
The objective of this operation was to reach the

steady state by means of a progressive heating us-
ing steps of constant heating power. The control
zone of the heater, where the control temperature
is read, is placed in the central section of the
heater. The control temperature of each heater is
the mean of the four temperatures reported by
three sensors placed at 90° in the control zone of
the heater.

Two constant heating power steps were used.
The first step started immediately after the water
pressure was fixed at 5.25±0.25 bar. In this step,
a constant heating power of 250 W per heater was
applied during 6 days, at the end of which the sta-
bilization of temperatures was nearly reached. The
second step had a power of 500 W per heater and
was held during 4 days, until the temperature at
the control zone of the heaters reached 95°C. Be-

yond this moment, the heating power was reduced
at 475 W per heater to avoid over-heatings since
the objective is to keep the temperature at the con-
trol zone of the heaters fixed at 1 00°C. The control
system of the heaters has thereafter kept the tem-
perature stable.

4.1.4 Properties oftheFEBEX bentonite
As a result of the R&D programs of ENRESA pre-

vious to the FEBEX project, a site for the extraction
of bentonite was selected in Almeria: A compre-
hensive series of characterization tests as well as
thermal, hydraulic, mechanic and geochemical
tests have been performed using the bentonite first
selected by ENRESA (this bentonite is called S-2 in
reports and publications). Among these tests, the
tests performed using small thermohydraulic cells
(one of which was used in BM 2.2) may be men-
tioned. As a result, there is a comprehensive data
base of the properties of this bentonite that has
been used in the preliminary modellings for the two
large scale tests of the FEBEX project.

The bentonite actually used in the FEBEX project
(called "Serrata" in some FEBEX documents) was
also extracted from the same site in Almeria. For
the FEBEX project, about 300 tones of properly ho-
mogenized and treated bentonite were purchased.
Based on the experience from previous studies, it
was required for the bentonite to comply with the
following specifications:

• Grain sizes greater than 5 mm less than 5%
and grain sizes less than 74 u.m greater than
85%.

• Liquid limit larger than 90%.
• Swelling pressure ranging between 3 and 7

MPa for a dry density of 1.60 g/cm3.

!_] Water content after the mechanical treatment
(see below) between 12.5 and 15.5%.

The bentonite, both at the quarry and at the fac-
tory, was mechanically grinded until a granular
material with the desired properties was obtained.
The material was packed in big impervious bags of
about 1300 kg. The whole process has been sub-
jected to a quality control program.

Using the FEBEX bentonite, a series of new ex-
periments has been performed. Despite the fact
that both the FEBEX and S-2 bentonites come from
the same site, their properties, although similar,
are not identical. In order to provide the maximum
information and to be able to establish a link with
BM 2.2, the properties of both bentonites will be



4. BENCHMARK 3.2 "FEBEX mock-up test"

given. However, when avai lab le, the properties of
the FEBEX bentonite should be used for this BM.
Properties of the S-2 bentonite should be used only
when they are not yet avai lable for the FEBEX ben-
tonite.

4.1.4.1 Identification properties
A comparison of the identification properties for

the S-2 and FEBEX bentonites obtained by various
laboratories is made in Appendix A l . 1.

4.1.4.2 Mechanical properties
Several mechanical properties obtained for the

S-2 and FEBEX bentonite are presented below. In
some cases, the expressions of curve fittings to ex-
perimental data are also indicated. Partners, how-
ever, are free to use their own fittings. More details
may be found in Villar et al. (1997).

• The results of a series of uniaxial compres-
sion and triaxial tests performed on S-2 ben-
tonite are summarized in Appendix A l .2.

G The results of a series of swelling pressure
tests performed on FEBEX bentonite as well
as their mean values are gathered in Appen-
dix Al .3. The following correlation has been
determined in tests using S-2 bentonite:

Ps = expf5.9p d -7 .9 j

where Ps is the swelling pressure in MPa and
Pd is the dry density in g/cm3. The swelling
pressures for the FEBEX bentonite appear to
be higher to the ones predicted by the above
formula (about 7% for pd = 1.60 g/cm3 and
about 10% for pd = 1.70 g/cm3). As re-
ported in Villar et al. (1998), CIEMAT has
performed a series of tests on FEBEX benton-
ite for a wide range of dry densities using dis-
tilled water to saturate the sample. The effect
of both the compaction direction anisotropy
and the kind of water used to soiurate the
sample (distilled or granitic) was checked,
but no differences have been observed up to
date. The following expression of a regres-
sion curve for the FEBEX bentonite is also re-
ported in Villar et al. (1998):

Ps = exp(6.7pd-9.2)

where the same symbols as before have been
used.

• The results of a series of swelling under load
tests performed on FEBEX bentonite for verti-
cal loads of 0.5 and 0.9 MPa made by
CIEMAT may be consulted in Appendix Al .4.
On the other hand, 21 swelling under load
tests performed on samples prepared at vari-
ous dry densities ranging from 1.57 to 1.87
g/cm3, with an initial water content of 1 1.7
% (in equilibrium with the laboratory atmo-
sphere) have been made by UPC using
FEBEX bentonite. Vertical loads ranged from
0.01 to 10.00 MPa. The deformation mea-
sured after saturation was reached, may be
described by the expression:

s = -0.4693 - 0 . 1 935 log(a) + 0.3659 pd

where e is the swelling deformation at satura-
tion, a is the vertical load in MPa and pd is
the initial dry density in g/cm3.

• A comprehensive series of suction controlled
oedometric tests was given in the definition of
Benchmark 2.2, Alonso et al. (1997) "Suc-
tion controlled oedometric tests (CIEMAT)"
(taken from CIEMAT et al., 1 994).

• The small strain elastic shear modulus of
samples of FEBEX bentonite compacted at
different dry densities and degrees of satura-
tion was determined by UPC. The results are
given in Appendix Al .5.

The stiffness of the joints between blocks has also
been investigated by UPC. To this end, 4 uncon-
fined compression tests were performed in cylindri-
cal samples (diameter 38 mm, length 78 mm)
compacted at a dry density of 1.63 g/cm3. The dis-
placement of the joint has been determined by
subtracting, at the same load, the deformation of a
solid sample from the deformation of a sample in-
cluding a central joint. The table below shows the
results for the unconfined compression strength
and elastic modulus:

Sr
[%)

15

45

45

85

Cfjoint

(MPa)

0.82

2.19

2.68

4.43

^ n o join!

(MPa)

0.49

2.18

2.23

4.76

tjoint

(MPa)

78

377

436

601

87
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In this table, Sr is the degree of saturation, j
the strength of the sample which includes a hori-
zontal joint, <3no joint is the strength of the sample
without joint and EjOint is the elastic modulus of the
joint at s = 0.5%.

4.1.4.3 Hydraulic properties
Relevant hydraulic properties of the S-2 and

FEBEX bentonites are summarised below. In some
cases, analytical expressions for suitable correla-
tions are available. Partners are however free to
select their own approximations. Details may be
found inVi l larelal . (1997).

3 The saturated hydraulic conductivity of the
S-2 bentonite as a function of the dry density
has been found to be well reproduced by the
following expressions:

\og(k) = -8 .14 p d -0 .72 (1-1 * pd * 1.4g/cm3J

\og(k) = -2.97 pd - 8.29 (1.4 < pd < 1.9 g/cm3)

where k is the permeability coefficient in m/s
and pd is the dry density in g/cm3. Concern-
ing the FEBEX bentonite, the results of a se-
ries of permeability tests may be found in Ap-
pendix A1.6. The permeability coefficient
obtained using the previous formulae are
about 1.5 greater than the values observed
for the FEBEX bentonite. It is reported in Villar
et al. (1 998) that checks of the effect of ani-
sotropy with respect to the compaction direc-
tion as well as the effect of the permeating
fluid (distilled or granitic water) have been
made, but no important differences have
been found. In Appendix Al .6, the results of
a series of oedometric tests made by UPC on
samples of FEBEX bentonite used for the
swelling under load tests are also presented.
In Alonso et al. (1997) "Hydraulic saturated
conductivity (CIEMAT)" (taken from CIEMAT et
al., 1 994), the hydraulic saturated conductiv-
ity was given as a function of temperature for
dry densities of 1.60 and 1.70 g/cm3.

U Based on backanalysis of data concerning
infiltration tetst made by CIEMAT using S-2
bentonite, UPC derived the following expres-
sion for the relative permeability:

h = (Sr)3

where kri is the relative permeability and Sr is
the degree of saturation.

'•J For the S-2 bentonite, CIEMAT determined
the following expression of the water reten-
tion curve:

w = 36.1 - 12.0 logfsj (2.0 < s < 385.0 MPa)

where w is the water content and s is the suc-
tion. In order to check if this relationship ob-
tained for the S-2 bentonite was also valid for
the FEBEX bentonite, CIEMAT performed a se-
ries of tests, whose results are summaized in
Appendix Al .7. Using these data, the follow-
ing expression for the water retention curve of
the FEBEX bentonite was derived:

w = 40.68 - 14.26 log(sj (3 < s < 700 MPa)

where the same symbols as before have been
used.

In Villar et al. (1 998) it is reported that using
FEBEX bentonite samples compacted to vari-
ous initial dry densities, UPC has obtained
the following relation:

w = 40.7 - 6.2 \n(s) (15 < s < 700 MPa)

whereas CIEMAT, following a wetting path
from the "as compacted" condition (130
MPa) down to a suction of 0.1 MPa, has ob-
tained the following relation:

w = 3 8 . 9 - 5 . 2 Infsj (0.1 <s < 130 MPa)

where the same symbols as before have been
used. Additional data concerning water re-
tention curves may be found in Alonso et al.
(1997) "Water retention curves (CIEMAT)"
(taken from UPC, 1996) and "Water reten-
tion curves (UPC)" (taken from UPC, 1996).

4.1.4.4 Thermal properties
Data concerning the thermal behaviour of both

the S-2 and the FEBEX bentonites are summarised
below. As before, some correlations with experi-
mental data are presented. Additional details may
be found in Villar et al. (1997).

_J For the S-2 bentonite, the following expres-
sion of the specific heat has been fitted to ex-
perimental data:

cs = 1.38 T + 732.5 (45 < T < 150 ° Q

where cs is the specific heat in J/kg°C and T
is the temperature in °C.

J For the S-2 bentonite, the following expres-
sion for the thermal conductivity has been fit-
ted to experimental data:
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= 1.34 —
0.95

l+exp[(Sr-0.54)/0.15]

where X is the thermal conductivity in W/rn-K
and Sr is the degree of saturation. Similarly,
for the FEBEX bentonite and using the experi-
mental data given in Appendix Al .8, the fol-
lowing expression has been obtained:

0.75
=1.30 —

l+exp[(Sr-0.67)/0.11]

where the same symbols as before have been
used. This expression has been slightly modi-
fied in Villar et al. (1998), where it reads:

a. = 1 . 3 1 ° J 1
l+exp[(Sr-0.63)/0.13]

Additional data are given in Alonso et al.
(1997) "Thermal conductivity (CIEMAT)"
(taken from CIEMAT, 1994).
For the FEBEX bentonite, UPC performed
tests to determine the linear coefficient of
thermal expansion. For samples with a dry
density of 1.70 g/cm3 and water content of
13.5 %, the linear coefficient of thermal
expansion is 1-10"4 in the range of tempera-

tures varying from 14.8 to 51.0 °C. The ta-
ble below summarises the results:

Sample

090996a

090996a

120996e

1209966

Pi
(g/cm3)

1.68

1.68

1.71

1.71

w

(%)

14.42

14.42

12.53

12.53

T range
(°Q

22.6-14.8

16.6-41.0

31.0-51.0

51.0-41.0

a

(1/°C)

5-105

8-10'5

21-10"5

6 1 0 5

where is pd the dry density, w is the water
content and a is the linear coefficient of ther-
mal expansion. Additional data are given in
Alonso et al. (1997) "Thermal expansion
(UPC)" (taken from UPC, 1996).

4.1.5 Required results
In the mock-up test, the system of cylindrical

co-ordinates shown in Figure 4-4 has been used.
The z-axis is directed along the symmetry axis of

Plane AB

Figure 4-4. Co-ordinate system used in the mock-up test.
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the mock-up, the R co-ordinate gives the distance
to the z-axis and the 6 co-ordinate is measured
from the vertical.

Based on the characteristics of the bentonite as
well as on the description of the given inputs to the
mock-up, it is requested the fol lowing results:

• evolutions with time of total water input to
the mock-up and heating power input to the
mock-up.

• evolutions with time of temperature, relative
humidity and total stresses at some specific
locations

• distributions of temperature and relative hu-
midity at some specific times.

The time period along which evolutions are de-
manded begins just after the initial hydration phase
was completed and ends three years later. It cov-
ers, therefore, both the two initial heating steps (at
constant heating power) and the definitive heating
(at constant temperature at the control zone of the
heaters) and the definitive hydration (at constant
input water pressure).

As in previous benchmarks, the number of points
provided should be sufficient to properly define the
various curves, but otherwise should be kept to a
minimum in order to ease the presentation of the
corresponding plots.

The fol lowing output is required:

time (days)(*), total water intake (kg)

time (days)(*); total heating power (W)

time (days)(*), R (cm), z (cm), temperature (°Q

(R, z) = see (1)

time (doys)(*), R (cm), z (cm), relative humidity (%)

(R,z) = see(2)

time (days)O, R (cm), z (cm), CTR (MPa), ae(MPa), az (MPa)(")

(R, z) = see (3)

time (days), R (cm), z (an)(*), temperature (°C)

R e {37,70}, time = see (4)

time (days), R (cm), z (cm)(*), relative humidr

R e {37, 70} , time = see (4)

(*) The number of points should be sufficient to define the voriation requested.

(**) o> is the normal component of the stress acting onoR = const surface
a 0 is the normal component of the stress acting on a 8 = const surface
a z is the normal component of the stress acting onaz = const surface

(1) (R, i) e {(20,118.5), (39, 118.5), (58,118.5), (77,118.5), (20,268.5),
(39,268.5), (58,268.5), (77,268.5)}
(8 points)

(2) (R, z) e {(22,93.5), (37, 93.5), (55,93.5), (70,93.5), (22,143.5),
(37, 143.5), (55, 143.5), (70,143.5), (35,243.5),
(66.5,243.5)}
(10 points)

(3) (R, z) e {(35, 97), (66.5, 147), (66.5,247)}
(3 points)

(4) time e {0,30,60, 90, 180,240,360,480,600,720, 90
(12 instants)

4.2 Results

4.2.1 AND (CLEO)

4.2.1.1 Model description
Mathematical setting

(i) Mass transfer

Considering a passive air phase, mass transfer is
ruled by

(Darcy law) (4-1)

—
dt
(mass balance equation) (4-2)

where qw is the velocity of the fluid.

(ii) Balance of momentum

ak U+pb,=0 (4-3)

where b| are the body forces and p is the average
density of the mixture, given by:

P =0-n)P, +nSapo (4-4)

(Hi) Heat equation

d_

dt

-cl/v[pf C f q 9 (4-5)

wiith

(pC)w =0-n)p s C s 4~np,C,S R + np o C a S o (4-6)

(TL=nr fSR+(l-n)rs (4-7)
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The model hypothesis used in the FEBEX mock-up
test are such that:

H = 0 because there is no source of heat

npaCQSa is neglected

div[p{Qq9] is neglected

therefore; equation (4-5) simplifies to:

^[(pC)ovQ]-div[ravgrad(Q)] = 0 (4-8)

(iv) Constitutive model for the bentonite

A thermoelastic model with a suction-dependent
Young's modulus is used. The effective stress con-
cept gives:

a^a,.+a8,p (4-9)

with

p = S r P w+(l-S r)p0 (4-10)

1

a = 1 -
(4-1

where a'V] is the effective stress tensor, cr,, is the to-
tal stress tensor, 6:i is Kronecker's symbol, a is
Biot's coefficient (in order to take into account the
volumetric deformability of the solid phase), p is
the average pressure of the fluid phase, Sr is the
degree of saturation, pa is the pore air pressure, pw

is the pore water pressure, KT is the bulk modulus
of the porous medium and Ks is the bulk modulus
of the solid phase.

The variations of porosity are given by:

a —ndn = dp + (a - n)de v (4-12)

The coefficient of linear thermal expansion is
given by:

where aTav, aTs and aTf are the coefficients of linear
thermal expansion for the mixture, the bentonite
and the water, respectively.

Combining all the above equations, a system of
differential equations (one verctor equation and two
scalar equations) is obtained with the soil displace-
ments u, the water pressure pw and the temperature
0 as unknowns. In the present case, the problem is
assumed to have cylindrical symmetry, so that the
system reduces to three scalar equations.

Numerical solution

The finite element mesh used was 2D axisymmet-
ric. It covered the bentonite in the whole mock-up.
The mesh had 150 elements and 192 nodes. The
elements were quadrilateral 4-noded linear with 7
Gauss points.

Considering a final time of 1080 days, each
timestep had to be small enough to simulate as
close as possible the fast transient phenomena of
the thermal phase (less than 20 days). The timestep
chosen was of 6 hours, which means that 4320
steps were used to perform the simulation during
1080 days.

Initial conditions

The initial conditions are summarised in table 4-3.

Boundary conditions

(i) Hydraulic

Water pressure of 0.525 MPa applied all along
the axial outer surface during the experiment.

(ii) Thermal

Temperature of 1 00 °C applied on the inner sur-
faces of the clay in contact with the two heaters
and a condition of heat exchange between the
steel confining structure and the surrounding air in
the laboratory, given by:

Table 4-3
Initial values considered (s is suction, n is porosity and 0 is temperature)

Param

so

no

9o

Value

70

0.40

20

Units

MPa

°C
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(4-14)

where Fa v is the average conductivity of the porous
med ium, n is the exterior normal and A, is a con-
stant.

(Hi) Mechanical

No normal displacement allowed on the radial
surface and on the two extreme covers, because of
the confining structure.

4.2.1.2 Determination of model parameters
The following physical characteristics, obtained

from the CIEMAT results, have been used in the
simulation

Hydraulic properties

(i) Water retention curve

Sr = ( l+n5-10- 2 s) " 1 (4-15)

where Sr is the degree of saturation and s is the
suction in MPa.

(ii) Relative permeability as a function of the degree of saturation

K r , = ( S r ) 3 (4-16)

This means that in the blocks at the initial state
with a suction of s0 = 70 MPa, the degree of satu-
ration was of S^ = 55.4 %.

(Hi) Intrinsic permeability as a function of the dry density

log(/c;) = -2 .97p d -8 .29 (4-17)

and considering an effective dry density of the clay
barrier of 1.66 g/cm , the intrinsic permeability
was k, = 6-10"14 m/s.

(hi) density of water as a function of temperature

p, = -3 .52 - l (T 3 e 2 -7 .0979-10- 29+1000 (4-18)

where pf is the density of water in kg/m and 9 is
the remperature in °C (0 < 6 < 1 00 °C).

(v) Dynamic viscosity of water as a function of temperature

p. = -3 .731 •10 - 1 3 6 5 +1259 - l (T 4 e 4 -1.725 •10" 8 e 3

+1.278 - 1 0 " 6 e 2 - 5 . 8 9 - 1 0 ^ 9 +1.79 -10"3 (4-19)

where \i is the dynamic viscosity in Pa-s and 9 is
the temperature in °C .

Mechanical properties

(i) Young's modulus as a function of suction

E = - 666 .6 (1 + 1.15 - l O ^ +767 (4-20)

where E is the Young's modulus in MPa and s is
the suction in MPa.

(ii) Poisson's coefficient

v = 0.3 (4-2 V

Thermal properties

(i) Thermal conductivity as a function of the degree of saturation

X =1.30-0.75(1 + exp[(Sr -0.67)/0.11])"1 (4-22)

where X is the thermal conductivity in W/(rrvK) and
Sr is the degree of saturation.

(ii) Average specific heat of the medium

It is computed using equation (4-6). The air
phase (n p0 Ca Sa ~ 0) is neglected and the specific
heats for the bentonite (CIEMAT) and water are:

Cs =1389+732.5

Cf =4185

(4-23)

(4-24)

where Cs and Cf are the specific heats in J/(kg-°C)
of bentonite and water, respectively, and 9 is the
temperature in °C.

(Hi) Average coefficient of linear thermal expansion

It is computed using equation (4-13). The values
for the coefficients of linear thermal expansion of
bentonite and water are sumarised in table 4-4.

4.2.2 CLA (ABAQUS)

4.2.2.1 Model description
The bentonite, the heater and the steel confining

structure are included in the calculation. Using the
symmetries of the problem, only one half of the
mock-up is axisymmetrically modelled.

Mathematical setting

The hydro-mechanical model consists of porous
medium and wetting fluid and is based on
equlibrium, constitutive equations, energy balance
and mass conservation using the effective stress.
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Table 4-4
Coefficients of linear thermal expansion of bentonite and water

Param

aTs

an

Value

6-104

3.85-10'4

Units

(i) Equilibrium

div[a) + f = (4-25)

where a is the total stress tensor and f is the body
force per unit volume (including the weight of the
water).

(ii) Energy balance

Assuming that the thermal and mechanical prob-
lems are uncoupled

pu=-cliV(qJ + r (4-26)

where p is the density of the material, qh is the heat
flux, r is the heat source per unit volume (r = 0 in
the present case) and u is the internal energy per
unit mass, assumed to depend only on tempera-
ture. This relationship is usually written using

c^ = ̂ f (4-27)

where c is a specific heat and T is the tempearture.

(Hi) Mass conservation of the fluid

[JPwinw +nt )] + div{pwnwvw) = 0 (4-28)
J eft

where pw is the water density, nw vw is the volumet-
ric flow of water and J is the jacobian of the mo-
tion of the skeleton.

(iv) Thermal flux

The only thermal flux that is modelled is thermal
conduction, assumed to be governed by Fourier's
law:

qh=-Xgrad(f) (4-29)

where qh is the heat flux due to conduction, A is the
thermal conductivity (assumed to depend on Sr)
and T is the temperature.

(v) Liquid water flux

The water flux in the liquid phase is modelled to
be governed by Darcy's law with the water pressure

difference as driving force in the same way as for
water saturated clay:

(4-30)
9PW

where qw is the volumetric flow of liquid water, z is
the elevation, uw is the pore water pressure, g is the
acceleration of gravity, pw is the density of liquid
water and Kp is the hydraulic conductivity of partly
saturated soil, given by:

Kp=(S r )
8K (4-31)

where K is the hydraulic conductivity of saturated
soil (assumed to depend on 0 and void ratio), Sr is
the degree of saturation and 6 is a parameter (usu-
ally between 3 and 10).

(vi) Water vapour flux

The water vapour flux is modelled as a diffusion
process driven by the temperature gradient and the
water vapour pressure gradient (at isothermal con-
ditions):

qv =-DTvgrad(T)-Dpvgrad(Pv) (4-32)

where qv is the water vapour flux, DTv is the thermal
vapour flow diffusivity (assumed to depend on Sr),
T is the temperature, Dpv is the isothermal vapour
flow diffusivity and pv is the vapour pressure. How-
ever, the isothermal vapour flow is here neglected
(Dpv = 0). The following relation was found to yield
acceptable results (Borgesson etal., 1995):

DTv

Tvb sin
0.3 2

DTvb

D

(Sf < 0.3)

(0.3 < Sr < 0.7)

Tvfa ' 0 7 - l (S, >0.7) (4-33)
0.3 2 ' r

where DTvb, a and b are model parameters. The in-
fluence of temperature and void ratio on the
diffusivity is not known and not considered in the
model.
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(vii) Hydraulic coupling between the pore water and the pore gas

The pore pressure uw of the unsaturated buffer
material, which is always negative, is modelled as
being a function of the degree of saturation Sr in-
dependent of the void ratio.

uw=f[Sr) (4-34)

ABAQUS also allows for hysteresis effects, which
means that two curves may be given (drying and
wetting curves).

The pore air pressure is not modelled.

(viii) Mechanical behaviour of the structure

The mechanical behaviour has been modelled
with a non-linear porous elastic Drucker-Prager
plastic model. The effective stress theory is applied
using Bishop's stress and its shortcomings are
compensated for by a correction called moisture
swelling, as explaned later.

The porous elastic model is defined with two pa-
rameters (the porous bulk modulus K and Poisson's
ratio v) and implies

Ae = KAln(p) (4-35)

where e is the void ratio and p is the average ef-
fective stress. The Drucker-Prager plastic model
uses 3 parameters (the friction angle in the p-q
plane P, the cohesion in the p-q plane d and the
dilation angle u/) and one yield function:

(4-36)

p is the plasticwhere q is the Mises' stress and S
deviatoric strain at a specified path.

(ix) Jhermal expansion

Only the expansion of the separate phases is
taken into account. The possible change in volume
of the structure by thermal expansion (not caused
by expansion of the separate phases) is not mod-
elled. However, a thermal expansion in water vol-
ume will change the degree of saturation which, in
turn, will change the volume of the structure. It will
be assumed that both the solids and the water
have a linear thermal behaviour, with constant co-
efficients of thermal expansion of solids as and of
water aw. Moreover, the coefficient of thermal ex-
pansion of the solids will be neglected (as = 0).

(x) Mechanical behaviour of the separate phases

The pore air is not mechanically modelled. The
water and the particles are mechanically modelled
as separate phases with linear behaviour.

(xi) Mechanical coupling between the structure and the pore water

The effective stress concept according to Bishop
is used for modelling the mechanical behaviour of
the water-unsaturated buffer material:

uo - u j l (4-37)

where a' is the effective stress, a is the total stress,
ua is the pore air pressure, uw is the pore water
pressure, % is Bishop's coefficient and 1 is the
identity tensor. This equation is simplified assuming
ua ~ 0 (no account is taken to the pressure of en-
closed air) and % = Sr.

The shortcomings of the effective stress theory
can be partly compensated in ABAQUS by a cor-
rection called "moisture swelling". This procedure
changes the volumetric strain sv by adding a strain
that can be made a function of the degree of satu-
ration Sr:

A s v=f(Sr) (4-38)

Numerical solution

The mesh used is axial-symmetric around the
centre of the steel tube and, due to symmetry, only
half of the test device is modelled. The bentonite,
the heater, the steel confining structure have been
included in the model, however only the bentonite
has been included in the hydraulic calculation. The
mesh has 1633 quadrilateral elements (1468 in
the bentonite, 128 in the confining structure and
37 in the heater).

The calculations have been done with a stag-
gered solution, applying an initial value of the de-
gree of saturation. The temperature evolution has
been calculated at first, then the hydro-mechanical
response followed by a repeated temperature cal-
culation with calculated degrees of saturation from
the hydro-mechanical calculation and so on until
the solutions do not change.

Initial conditions

The existence of slots between the bentonite
blocks makes the average density of the buffer
lower than the average density of the blocks. Since
the slots were filled with water before stanting the
test, the initial water ratio of the buffer is higher
than in the blocks. The basic mean properties of
the blocks are: dry density pd = 1.77 g/cm3 and
water ratio w = 0.136, which, by using (see Table
4-12) the values of the density of solids ps = 2.78
g/cm3 and the density of water pw = 1.00 g/cm3,
yield a void ratio e = 0.57 and a degree of satu-
ration Sr = 0.66 for the blocks.
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O n the other hand, 0.634 m 3 water was fi l led
into the slots, which also corresponded to the total
vo lume of slots. 0 . 227 m 3 of that volume came
from the 15 mm gap in the roof. The rest of the
volume is evenly distributed in the buffer. If that
vo lume (0 .407 m3) is assumed to be evenly distrib-
uted in the buffer, the fol lowing initial condit ions
wou ld prevai l : dry density p = 1.68 g / c m 3 and
water ratio w = 0.1 5 7 , which yield: void ratio e =
0.65 and degree of saturation Sr = 0 .67 . For this
void rat io, the water ratio is w = 0 .234 .

The initial condit ions were appl ied in Table 4 -5 .

Boundary conditions

(i) Mechanical

No mechanical conditions have been applied on
the device except at the symmetry line and the sym-
metry plane.

(it) Hydraulic

A constant hydrostatic head has been applied at
the radial boundary (bentonite-steel cylinder contact)
and the other boundaries are hydraulically isolated.

(Hi) Thermal

The symmetry plane and the symmetry line are
isolated and the steel boundaries applied with a
heat transfer film coefficient of 5 W/(m2 °K) and an
exterior constant temperature of 20 °C; in the
heater, the temperature was linearly increased to
100 °C during 10 days and was kept constant
thereafter (since the exact design of the heater was
unknown, the temperature distribution in the heater
because was not calculated and was kept constant,

this probably yielding a too high temperature in the
outer parts of the heater).

4.2.2.2 Determination of model parameters
The thermal parameters for the material models in

ABAQLJS have been derived from measurements on
FEBEX bentonite. For the hydraulic and mechanical
parameters, the same values that were derived from
tests on S2 bentonite and used for benchmark 2.1
have been used for the material models in this
benchmark, with the exception of the hydraulic con-
ductivity and the thermal vapour flow diffusivity.

Calibration tests

Most of the required parameters can be deter-
mined with direct measurements in the laboratory.
However, the following parameters cannot be di-
rectly measured: 6 in equation (4-31), DTvb, a and
b in equation (4-33) and the "moisture swelling"
procedure. These parameters need to be cali-
brated with some indirect tests. It can be done with
the following sequence of calibration tests:

(i) Drying and wetting tests

Unconf ined samples at the initial void ratio and
degree of saturation are dried or wetted by chang-
ing the relative humidity in the surrounding air. Af-
ter equi l ibr ium, the density and water ratio of each
sample are measured and the relation between the
void ratio and the degree of saturation is deter-
mined. The drying and wetting tests are then simu-
lated with the code and the measured and calcu-
lated results compared . Since the effective stress
theory is not va l id , the curves will not coincide. The

Table 4-5
Initial conditions (e is the void ratio, Sr is the degree of saturation, uw is the pore water pressure, p is the average effective

stress and T is the temperature)

Pa ram
Value

Bentonite Heater & structure

e

S,

0.65

0.67

-15600 kPa

p

T

10452 kPa

20 °C 20 °C
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difference (assuming % = Sr) is used to determine
the "moisture swel l ing" data .

(ii) Swelling pressure tests

The swelling pressure measured at the initial void
ratio after complete saturation is used to check that
the applied "moisture swelling" procedure yields
the correct swelling pressure by simulating a swell-
ing pressure test. If the calculated swelling pressure
disagrees with the measured one, the "moisture
swelling" procedure must be changed. A conflict
may appear which has to be solved either by mak-
ing a compromise and accept some difference or
by applying another relation for / .

(Hi) Water uptake tests

When the mechanical parameters have been de-
termined, the influence of the degree of saturation
on the hydraulic conductivity can be checked. The
factor 6 in equation (4-31) can be determined with
a number of water uptake tests. These tests are
made by confining samples with a low degree of
saturation in stiff cylinders and apply a filter stone
with zero water pressure at one end. The negative
water pressure of the unsaturated sample will suck
water into the sample. After a certain time, which
must be different for all samples, the test is brought
to an end. The sample is then sliced into a number
of pieces and the water ratio (and, if possible, also
the density) of each piece is determined. With these
tests the degree of saturation (and void ratio) xan
be plotted as a function of the distance from the
water inlet. By simulating the same test with the
code, the factor 8 in equation (4-31) can be
checked.

(iv) Temperature gradient tests

Finally, the thermal vapour flow diffusivity can be
determined with a number of temperature gradient
tests. These tests can be performed in a stiff
oedometer with water-tight boundaries by applying
a constant temperature gradient along the sample.
The tests are finished after different times and the

sample sliced in the same way as in the previous
tests. With these tests, the degree of saturation
(and void ratio) can be plotted as a function of the
distance to the hot end. By simulating the test with
the code, the parameters DTvb, a and b in equation
(4-33) can be calibrated.

The calibration of the different parameters must
be made in the mentioned sequence, since the pa-
rameters 8, DTvb, a and b are not required for sim-
ulating the first two tests and DTvt,, a and b are not
required for simulating the water uptake test, while
all parameters are required for the temperature
gradient test.

Thermal properties

The thermal conductivity of FEBEX bentonite has
been measured and the following expression is
suggested:

X = 1.31-0.79 / (1 +exp[(Sr - 0 . 6 3 ) / 0.13]) (4-39)

where X is the thermal conductivity in W/(rrr°K)
and Sr is the degree of saturation. The values of
this function have been computed at values of Sr of
0 and successive increments of 0.1 and have been
linearly interpolated in the code. The specific heat
has been measured and the results given as:

c =1.387+732.5 (4-40)

where c is the specific heat in J/(kg-°C) and T is
the temperature in ° C . The values of this funct ion
have been computed at 2 0 ° C and at 100 ° C and
have been linearly interpolated in the code.

The corresponding values used for the steel con -
f in ing structure are summarised in Table 4 - 6 .

Hydraulic properties

The hydraul ic conductivity of S2 bentonite has
been measured for a large range of densities. For
FEBEX bentonite, measurements on two densities
have shown that the hydraulic conductivity is lower.
Table 4 -7 shows the values used in the calculations.
These values are a factor 3 lower than the K-values

Table 4-6
Parameters of the confining structure (X is the thermal conductivity and c is the specific heat)

96

Pa ram

X

c

Value

53

460

Units

W/(m-°K)

J/(kg-°C)
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used for the S2 bentonite in BM 2 .2 . The depend-
ency on temperature has been assumed to be en-
tirely caused by the change in viscosity of water.

The influence of the degree of saturation is gov-
erned by the parameter 6 in equat ion (4-31) . For
the reference mater ia l , the standard value quoted
in the table 4 -8 has been found to be val id for this
bentonite

The parameters DTvt, a and b in equat ion (4-33)
have not been determined with cal ibrat ion calcula-
t ions, since no moisture redistribution tests have
been made. Instead the value used for S2 benton-
ite divided by 3 has been used in conformity with
the difference in hydraulic conductivity. The corre-
sponding values are summarised in the table 4 - 9 .

The same water retention curve that was used for
the S2 bentonite in benchmark 2.2 has been used
for the FEBEX mode l . Table 4 - 1 2 shows the rela-
t ion used in the calcu lat ion.

Since the hydraulic parameters were cal ibrated in
benchmark 2.2 for degree of saturat ion, but the
relative humidity is required, a conversion has to
be made. The correspondence in pore water pres-
sure (Table 4-10) and the fo l lowing relation has
been used:

R, =exp (3u w /) 3 5 0 2 2 ) (4-41)

where Rf is the relative humidity and uw is the pore
water pressure.

Mechanical properties

The tables 4 - 1 1 , 4-12 and 4-13 summarise the
parameters used in the mecahnical properties of
the materials modelled.

The data for the "moisture swelling" procedure
are taken from the calibration calculations made
for the S2 bentonite. Table 4-14 shows the values.

Table 4-7
Hydraulic conductivity of saturated soil K (in m/s) as a function of temperature T (in °C) and void ratio e

u 20

50

70

90

Param

8

0.63

0.20-10-13

0.30-1013

0.40-10'13

0.50-10'3

Table 4-8
Parameter 5 in equation

Value

3

0.73

0.40-1013

0.60-10'13

0.80-10"13

i.oo-io-13

(4-31)

0.83

0.70-1013

1.05-10"13

1.40-10-"

1.75-10'13

Units

—

Table 4-9
Parameters of of the vapour flow diffusivity in equation (4-33)

Param

Djvb

a

b

Value

O.25-1O11

6

10

Units

m2/(s-°K)

—

—
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Table 4-10
Relation between pore water pressure uw and degree of saturation Sr

s r

0.010

0.050

0.150

0.190

0.250

0.300

0.400

0.500

u« (kPa)

-7.00105

-6.00-105

-2.60-105

-1.61-105

-1 .3H0 5

-1.10-105

-6.70-104

-4.00-104

Sr

0.600

0.700

0.750

0.800

0.900

0.998

1.000

Uw(kPa)

-2.40-104

-1.20-10*

-9.00-103

-8.00-103

-6.00-103

-1.00-102

0

Table 4-11
Parameters of the porous elastic Drucker-Prager plastic model and definition of the yield function

Param Value

K 0.2

v 0.4

Parameters of the separate phases (p

Param Water

p 1000

B 2.1-106

a 3.0-104

Param

P
rj

V

is density, B is the 1

Value

17°

100 kPa

2°

q(kPa)

113

138

163

188

213

£P|

0.000

0.005

0.020

0.040

0.100

Table 4-12
bulk modulus and a is the coefficient of thermal volumetric expansion)

Solids

2780

2.1-10'

0

Units

kg/m3

kPa

°C

Table 4-13
Parameters of the confining structure (p is the density, B is the Young's coefficient and v is the Poisson's ratio)

Param

P

E

V

98

Value

7800

2.M08

0.3

Units

kg/m3

kPa

—



4. BENCHMARK 3.2 "FEBEX mock-up test"

Table 4-14
Change in volumetric strain sv as a function of the degree of saturation Sr used in the "moisture swelling" procedure

As, Sr As,

0.0000 0.0000

0.2000 0.0000

0.2650 -0.030

0.9000

0.9400

0.

-0.129

-0.170

-0.030

0.4000

0.5000

0.7000

-0.046

-0.081

-0.108

0.9930

0.9983

1.0000

-0.181

-0.190

-0.190

4.2.3 ISM (ABAQUS)

4.2.3.1 Model description
Mathematical setting

The model does not incorporate the contribution
of mass transfer due to vapour from the hottest to
the coolest zones of the domain. The solution of
BM 2.2 highlighted that this factor can be of rele-
vance. It is therefore expected that the predictions
obtained overestimate water intake, saturation evo-
lution in the domain and related effects. It is not
obvious, however, to estimate the departure of the
solution from that including this effect.

(i) Constitutive mechanical model

The model used to describe the clay volume
change is an elasto-plastic non-linear model. Total
strain carried by the solid portion is made of strain
in the clay skeleton and in clay grains. The former
was predicted (Hueckel et al., 1990) by an elasto-
plastic critical state model with suction-dependent
properties. The yield locus is made suction-de-
pendent according to the following relationship:

a=a f e+ a iApw +a2(ApJ2 (4-42)

where a^ = pco/2 is the initial hardening parame-
ter and di and a2 are suction-softening material
constants.

(ii) Hydraulic conductivity

The hydraulic conductivity dependence on void
ratio of the Kozeny-Carman equation was retained.
Saturation dependency was assigned as specified.
The dependence on temperature and void ratio is
assigned pointwise in the code.

(Hi) Water retention curve

It has been considered temperature-insensitive
and has been determined using the values pro-
vided in the specifications.

(iv) Ihermomechankai modelling of the separate phases
Linear expansion of pore water and clay grains

has been used.

Numerical solution

Temperatures were calculated with the heat con-
duction procedure of ABAQUS, which solves the
transient heat conduction problem, uncoupled
from the stress analysis. Since this procedure solves
for a one phase medium, average conduction
properties were used. Temperatures were then as-
signed to the soils consolidation procedure of
ABAQUS, which solves the coupled hydro-me-
chanical problem under unsaturated, transient
conditions and yields stresses and pore pressures.

The heat conduction analysis included the entire
testing apparatus in the finite element model. The
mesh represents one half of the domain and is an
axisymmetrical model made of 1225 isoparametric
8-noded quadrilateral elements with 3840 d.o.f.
The typical element length in the heated zone (the
clay) is of 5 cm in the radial direction and was kept
to a similar size in the vertical direction to effec-
tively address the stress computation. The auto-
matic time control algorithm was adopted for the
heat conduction analysis, with an initial time incre-
ment of 1 0 s, and further increments controlled by
the temperature change allowed in each increment
(here 2 °C). The convergence criterion parameter
is that the residual heat flux is 0.005 times the av-
erage one over the increment (ABAQUS defaults).
The analysis took 656 s of CPU time.
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The flow-stress analysis included only the clay,
with the same mesh size, pattern and refinement
used in the thermal analysis. The model is made of
1124 isoparametric 8-noded elements with 3 5 3 2
nodes and 8 2 6 7 active d.o.f. (displacements and
pore pressures). The flow-stress analysis was run
with relaxed convergence parameters of the f low
continuity equat ion (0.5 for the average f low),
while those on equi l ibr ium were kept t ight, i.e. with
0 .005 . The analysis took 2 2 6 6 s of CPU time.

Initial conditions

The initial condit ions of the test are summarised
in Table 4 - 1 5 . These condit ions equi l ibrate the ini-
tial effective pore pressure induced by suction (Sr-s
= _44.67 MPa).

Boundary conditions

(i) Heat conduction analysis

A constant heat flux of 1.044-1 0"4 W/mm2 (250
W per heater) was applied to the clay up to 5 days,
it was increased by two (500 W) during 4 days
and, finally, it was lowered to 425 W. Since then,
according to the specifications, the heat input was

adjusted to keep the temperature at the control
thermocouple (z = 885 mm, r = 1 70 mm) to 100
°C (±2 °C). A convection boundary condition was
used at the outer steel confining structure.

(ii) Flow-stress analysis

Vertical displacements were constrained at the
horizontal boundaries and horizontal displace-
ments were constrained at the vertical boundaries.
The applied boundary conditions (except to some
extent those at the contact with the heater) appear
justified by the swelling characteristics of the FEBEX
clay. A pore pressure equal to 0.525 MPa was ap-
plied to the outer radial boundary nodes and it
was kept constant throughout the calculation.

The thermal loading was applied 15 minutes af-
ter the application of the boundary condition on
pore pressure on the external side of the clay.

4.2.3.2 Determination of model parameters
Heat conduction analysis

The values used in the heat conduction analysis
are summarised in Table 4-16. Dependencies of

Table 4-15
Initial values considered in the calculations

Param Value Param Value

0.65 -44.67 MPa

0.531 CT'RO -44.67 MPa

K

Ok

3 . 6 1 0 " m/s

22.4 MPa

C? 60

S

T

-44.67 MPa

-65 MPa

20 °C

Table 4-16
Parameters used in heat conduction analysis (p is the density, c is the specific heat, X is the conductivity, Xt is the heat

convection coefficient, T is the temperature and Sr is the degree of saturation)

Param Bentonite Structure Units

1.77-10-' 7.82-10"6 kg/mm3

f (T, Sr) see Figure 4-5 460.6 J/(kg°Q

f (S,) see Figure 4-6 15.1210 s W/(mm°C)

2.0-10-' W/(mm2oC)
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700 750 850 900 950

Specific heat (J/kg K)

1000 1050 1100 1150

Figure 4-5. Specific heat of the bentonite as a function of the temperature and the degree of saturation.
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Figure 4-6. Conductivity of the bentonite as a function of the degree of saturation.
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clay properties on the degree of saturation were
not explicitly specified, but were calculated as po-
rosity-based balance of those of pore water and
clay grains for a dry density of 1.77 g /cm 3 . Spe-
cific gravity was taken as 2 . 7 1 , initial saturation as
0.65 and void ratio as 0 . 5 3 1 .

Flow-stress analysis

(i) Constitutive mechanical model

The calibration of material constants was guided
by data provided in the specifications and from
previous information (compliance at variable
stress) on Almeria clay processed during the solu-
tion of BM 2.2. The values used are summarised in
the table 4-1 7.

The reference void ratio ej was set equal to 4.35
to allow obtaining an initial void ratio of 0.531 at
the given initial stress.

(ii) Water retention curve

Water retention curve is considered tempera-
ture-insensitive. Values provided by specifications
were processed considering an average dry density
of 1.77 g/cm3 and a specific gravity of 2.71. The
water retention curve is given in Figure 4-7.

(Hi) Jhermomechanical modelling of the separate phases

The table 4-18 summarises the linear expansion
coefficients used.

4.2.4 UPC (CODE BRIGHT)
In contrast to other participants, the analyses de-

scribed here were performed before the actual start
of the test. This implies that some information was
not available to the UPC group, giving rise to dif-
ferences concerning some aspects of the analysis.
Specifically:

• Some of the information on bentonite behav-
iour was not available as some tests on the
FEBEX bentonite were still being carried out
at the time of performing the analyses.

• The procedure and steps to reach the 100
°C mark had not been decided at the time of
the analyses.

• The decision to perform a preliminary flood-
ing stage had not been taken. Therefore the
initial conditions of the UPC group do not in-
clude the additional water content associated
with the initial water flow.

4.2.4.1 Model description
The thermo-hydro-mechanical analyses per-

formed have taken into account the fol lowing phe-
nomena:

• Heat transport: heat conduct ion, heat con-
vection (liquid water), heat convection (water
vapour) and phase changes.

Table 4-17
Material properties defining the constitutive mechanical model (K is the logarithmic compliance, G is the shear modulus, X is
the elastoplastic compliance, M is the critical state coefficient, ei is the reference void ratio and at, ai and 02 are parameters

appearing in equation (4-42)

Param

K

G

X

M

Value

13

lOOMPa

1.0

0.7

Param

ei

0k

ai

a2

Value

435

22.4 MPa

0.251

-1.3610-3MPa'

Table 4-18
Linear expansion coefficient of the separate phases

Param

aT

Water

1 1 0 4

Grains

3.33-10'

Units
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1000

o.i

Figure 4-7. Water retention curve used in the calculations compared with experimental ones.

CJ Water flow: liquid phase (Darcy's law) and
water vapour diffusion (Fick's law)

• Mechanical behaviour: thermal expansion of
materials and behaviour of bentonite (de-
pendent on stresses, suction and temperature)

The simulation of all these interacting phenom-
ena is achieved by solving simultaneously the
equations of enthalphy (energy) conservation, wa-
ter mass conservation and linear momentum con-
servation, together with the appropriate equilibrium
restrictions and constitutive equations. Further de-
tails regarding the conservation equations are
given in Olivella et al (1994).

(i) Equilibrium restrictions

The mass of water vapour per unit volume of gas
9 " is determined via the psychrometric law:

(4-43)
R(273.15+T)P/

where 0^ is the mass of water vapour per unit vol-
ume of gas, P| and Pg are liquid and gas pressures
respectively, (0gfT))° is the vapour density in the
gaseous phase in contact with a planar surface

(i.e. Pg - P| = 0), Mw is the molecular mass of wa-
ter (0.018 kg/mol), R is the gas constant (8.314
J/mol/°K), T is the temperature (in degrees Cel-
sius) and pi is the density of water.

The solubility of air in water is controlled by
Henry's law:

e; 4 ^ P , (4-44)

where 9° is the mass of dry air per unit volume of
liquid, Po is the partial pressure of air, Ma is the
molecular mass of dry air (0.02895 kg/mol), Mw is
the molecular mass of water (0.018 kg/mol), H is
Henry's constant (104 MPa) and pi is the density of
water.

(ii) Ihermol constitutive equations

Conductive heat flow is assumed to be governed
by Fourier's law:

ic =-),grad(T) (4-45)

where ic is the conductive heat flow, T is the tem-
perature and X is the globa thermal conductivity.
The dependency of X on degree of saturation and
porosity is given by a variant of the geometric
mean approximation (Lovell, 1985):
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x=x{S/xi];s'ri (4-46)

where X is the global thermal conductivity, Xs and
Xd are the thermal conductivities for saturated and
dry conditions (in W/m/°C), respectively, S| is the
degree of saturation and 4> is the porosity.

The internal energy per unit volume of the me-
dium is computed assuming that it is additive with
respect to the phases:

where E is the internal energy per unit volume of
the medium, Es/ E| and Eg are the specific internal
energies corresponding to each phase, ps, pi and
pg are the densities corresponding to each phase,
S| is the volumetric liquid fraction and Sg is the vol-
umetric gas fraction with respect to pore volume.
Naturally, S, + Sg = 1.

The internal energies per unit mass for the liquid
and gas phases can be written as:

>, + £ , coy (4-48)

E =E"cow +E°coa (4-49)

where (i = I for liquid phase, i — g for gas phase, j
— w for water and j = a for dry air) E, is the inter-
nal energy of phase i per unit mass of phase i, E ,'
is the internal energy of species j present in phase i
per unit mas of species j and GO , ' is the mass of
species j present in phase i per unit of phase i.

(Hi) hydraulic constitutive equations

Liquid phase flow follow Darcy's law:

E, =

q, =-Kt(grad(Pl) -p,g) (4-50)

with

K^kkjp, (4-51)

where qi is the flow of liquid phase with respect to
the solid phase, P| is the pressure of liquid phase,
Pi is the densitity of liquid phase, g is the gravity
vector, K| is the permeability tensor of liquid phase,
k is the intrinsic permeability tensor (depends on
the pore structure of the porous medium), k r| is the
relative permeability of liquid phase (controls the
variation of permeability in the unsaturated regime)
and \i\ is the dynamic viscosity of liquid phase.

The variation of intrinsic permeability with poros-
ity is given by:

= kr
P-4>o) (4-52)

where k is the intrinsic permeability, k0 is a refer-
ence intrinsic permeability, ({) is the porosity and (J)o
is a reference porosity.

The relative permeability of the liquid phase is
made dependent on degree of saturation:

kri=[S,r (4-53)

where kr| is the relative permeability of the liquid
phase, S| is the degree of saturation and n is a
model parameter.

The retention curve considered is (van Genuchten,
1980):

- P

(4-54)
i/O-P)

with

= min (4-55)

where S| is the degree of saturation and Sir/ S|s and
P are material parameters. It is a well-known fact,
however, that retention curves exhibit hysteresis
specially if large drying/wetting reversals take
place. To account for this fact, a double retention
curve will be used:

S. =

s. = 1+

'P., -p,

'p -P

(drying curve) (4-56)

(wetting curve) (4-47)

's = '

wiith

A transition branch is postulated for travelling
from one curve to the other.

The molecular diffusion of vapour in air is gov-
erned by Fick's law:

;) (4-58)

D^ =((>pgSgTD^/+pgDg (4-59)

where /g is the non-advective mass flux of water
in gas, Dg is the dispersion tensor, cô  is the mass
fraction of water in gas, <)> is the porosity, pg is the
density of gas, Sg is the volumetric gas fraction, x is
the tortuosity, D^ is the dispersion coefficient, I is
the identity tensor and D'g is the mechanical dis-
persion tensor. D'g can be safely neglected if no
significant airflow takes place.
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In this work, a constant dispersion coefficient cor-
responding to the molecular diffusion of vapour in
air is assumed (Pollock, 1986):

2.3

=5.9-10-'2 ( 2 7 3 - 1 5 + 7 ) (4-60)
9

(
Pg is the gas pressure

where D^ is the dispersion coefficient (in m2/s), T is
the temperature (in °C) and
(in MPa).

(iv) Mechanical constitutive equations

For the bentonite the Alonso et al. (1 990) model
has been used but including a dependence of the
parameters K and KS with suction s and net pres-
sure p:

K = K0{]+aiss) (4-61)

K = Ks0(l+asp ln(p/PJ)exp(asss) (4-62)

where s is the suction, p is the net pressure and Ko,
KS0, ais, asp and ass are model parameters. Addi-
tionally an elastic volumetric deformation due to
thermal expansion has been considered:

dsT
v=aQdJ (4-63)

where a0 is the thermal expansion coefficient.
The mechanical behaviour of the steel is de-

scribed by means of an isotropic linear elastic
model defined by two parameters: the volumetric
modulus K and the shear modulus G. Thermal ex-
pansion of the steel is accounted for by a linear
thermal expansion coefficient ct|:

£„ =3a,A7 {4-64)

Numerical solution
The THM analysis has been performed using a

2D axisymmetric longitudinal section. Only one
half of the problem is analysed because of symme-
try. Heater, buffer and confining structure are mod-
elled. The geotextile between buffer and confining
structure is not included in the analysis.

Initial conditions
Before the start of the heating, the "mock-up"

test was flooded to try to achieve the closure of the
gaps between the bentonite bricks prior to the per-
formance of the main test. This preliminary flood-
ing stage has not been considered in the modelling
work as the computational programme was under
way before a final decision was taken on the pro-
cedure for starting the test. Therefore, the initial
conditions listed here refer to a buffer state without
a preliminary flooding.

(i) Hydraulic

The initial water content is 14.0%. This corre-
sponds to a degree of saturation of 58.6% and,
from the retention curve adopted, an initial value
of suction of 107.15 MPa.

(ii) Jhermal

An initially uniform temperature of 21 °C is as-
sumed in the entire modelling domain.

(Hi) Mechanical

A hydrostatic value of 0.1 1 MPa has been
adopted, approximately equal to the weight of the
bentonite in the mid-diameter of the buffer. A
value of the density of Yd ~ 1 -7 g/cm3, equal to
the initial planned one has been adopted as initial
value.

Boundary conditions

(i) hydraulic

At R = 0.808 m (interface between steel and
bentonite), a water pressure of 0.55 MPa is ap-
plied.

(ii) Ihermal

At R = 0.15 m (interface between heater and
bentonite), the following boundary conditions were
used (t1Oo is the time at which the temperature
reaches 100 °C): from day 0 to day 6, constant
power of 250 W/heater; from day 6 to day t100,
constant power of 500 W/heater; and from day
t1Oo to the end, constant temperature of 100 °C.
On the external boundary, the following radiation
condition proposed by CIEMAT (ENRESA, 1996)
has been used:

I = (To + YJ +y2T
2 +y3T3 +yJ4W-To) (4-65)

where j is the heat flow (in W/m2), T is the temper-
ature and the other parameters are summarised in
table 4-1 9.

(Hi) Mechanical

A stress free outer boundary has been prescribed.

4.2.4.2 Determination of model parameters
Thermal properties

The law for thermal conductivity for the bentonite
(see eqn (4-46)) has been determined from results
of CIEMAT tests carried out in "La Serrata" benton-
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ite samples at dry densities in the range 1.59-1.74
g/cm 3 . The values of the parameters appearing in
that equation as well as the values of thermal con-
ductivities for steel and gas considered are sum-
marised in table 4 -20 .

For the specific internal internal energies of the
materials present in the mock-up, the fol lowing
general expression has been considered:

£ = a 0 +a-J +a2T' (4-66)

where E is the specific internal energy (in J/kg), T is
the temperature (in °C) and a0, ai and a2 are pa-
rameters.

The parameters for the bentonite have been
taken from Villar and Cuevas (1996), whereby a
mild dependence of specific energy of the benton-
ite solid phase on temperature is considered. The
other parameters are standard values. Finally, the

atent heat associated with phase change is incor-
porated in the specific energy of water vapour. See
table 4-21.

Hydraulic properties

The intrinsic permeability for the bentonite has
been determined from hydraulic conductivity tests
carried out on saturated samples of "La Serrata"
clay by CIEMAT (Villar and Pelayo, 1 996). The val-
ues of the parameters appearing in eqn (4-52)
(that gives the intrinsic permeability of the benton-
ite as afunction of porosity), as well as the value of
the intrinsic permeability adopted for the steel (a
constant very low value of k0 has been adopted to
simulate the impermeability of steel) are summa-
rised in table 4-22.

Relative permeability for the bentonite has been
determined from backcalculating the result of the

Table 4-19
Values of the parameters used in the thermal boundary condition (4-65)

Param

Yo

Y.

Y2

Value

-1.4357135-101

1.40275-10°

-4.195488-10'2

Units

WW

W°K-2m2

WW

Param

Y3

Yi

To

Value

5.6809417-10"4

-2.8466168-10'6

21

Units

W°K-4m2

WoK"5m2

°C

Table 4-20
Values of the parameters related to heat conduction

Param
Bentonite
(wetting)

Bentonite
(drying) Steel Gas Units

X

n

1.28

1.4

0.5

1.4

50.16 0.026 W/m°C

Table 4-21
Values of the parameters used in eqn. (4-66) giving the specific internal energy

Param

ao

a2

106

Bentonite

0

732.52

1.38

Water

0

4180

0

Vapour

2.5106

1900

0

Air

0

1012

0

Steel

0

480

Units

J-kg"1

J-kg'-T1

JV-T2
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hydration test carried out in a Teflon cell and re-
ported by Villar and Cuevas (1996). The parame-
ter used in eqn (4-53) is shown in table 4-23.

To illustrate the uncertainty associated with this
type of parameter estimation, simulations made of
the aforementioned test with n = 3.0 and n = 1.5
do not show significant differences. Finally, it
should be noted that those tests were carried out
on S2 bentonite and not on "La Serrata" clay. It is
implicitly assumed that the variation of permeability
with suction is similar in the two materials.

The retention curve of the bentonite has been
based on the results of tests by CIEMAT (Villar and
Pelayo, 1996) complemented by results of similar
tests performed in the UPC laboratory (Pintado et
al., 1996). The parameters used in the drying and
wetting retention curves (see equations (4-56) and
(4-57)) are summarised in table 4-24.

Since in this work it will be assumed that the me-
chanical dispersion tensor D'g can be neglected
and the expression of the molecular diffusion of
vapour in airD^ considered is given by eqn (4-2),
in the expression of the dispersion tensor D™ given
by eqn (4-59) it only remains the tortuosity x to be
determined.

This has been done indirectly through the
backcalculation of the Teflon cell heating tests re-
ported by Villar and Cuevas (1996). The value
considered is shown in table 4-25.

The apparently surprising result of x = 1 has sev-
eral precedents. For instance, Phillip and de Vries
(1957) find that x has often a value of 1 or even
higher. This is corroborated by Pollock (1986) al-
though he adopts a value of 0.5 for his analysis.
Again it should be realised that the Teflon cell
heating test was carried out on S2 bentonite.

Table 4-22
Values of the parameters related to intrinsic permeabilities

Param

ko

Bentonite

6 1 0 2 1

0.407

Steel

10-50

Units

m2

—

Table 4-23
Parameter used in the calculation of the relative permeability of bentonite

Param Value Unifs

Table 4-24
Values of the parameters used in the drying and wetting retention curves

Param Drying Wetting Units

Pi

A:

62

0.42

7

0.35

Param

Table 4-25
Value of tortuosity used in the determination of vapour diffusion

Value Units
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Mechanical properties

(i) Bentonite

The parameters have been determined from
backcalculation (for a dry density Yd = 1-7 g/cm3)
of the following tests:

G CIEMAT swelling pressure tests (Villar and
Pelayo, 1996).

• UPC swelling under pressure tests (Pintado et
al., 1996).

• CIEMAT swelling under pressure tests (Villar
and Pelayo, 1996).

• UPC thermal expansion tests (Pintado et al.,
1996).

The table 4-26 summarises the values of the pa-
rameters of the model used for the bentonite.

It is important to note, however, that the labora-
tory data do not determine the parameters in a
unique manner. In fact, alternative sets of parame-

ters have been found that, providing similar fits to
experimental data, led to totally unrealistic stress
and porosity predictions when used in the analysis
of the FEBEX "mock-up" experiment. It is apparent
that, in spite of the substantial laboratory testing
work already performed, there remain uncertain
areas of soil behaviour, especially in the high suc-
tion range. Unavoidably, this uncertainty transfers
to a corresponding degree of uncertainty of the re-
sults of the analyses, especially with respect to me-
chanical variables.

Another area of soil behaviour so far unexplored
is its dependence on temperature. In the absence
of specific information, the only temperature effect
considered is a volumetric thermal expansion con-
trolled by the parameter ao.

(ii) Steel

Typical parameters have been selected for the
mechanical behaviour of steel, as summarised in
table 4-27.

Table 4-26
Values of the parameters of the model used for the bentonite

Param

KO

KsO

V

ass

(Xjs

asp

P,

ao

Value

0.05

0.30

0.40

-0.03

-0.003

-0.147

0.01

1.5-104

Units

—

—

—

MPa'1

MPa'1

—

MPa

—

Param

A(0)

r

P
k

Pc

M

a

Po*

Value

1.50

0.75

0.05

0.1

0.1

1.5

0.395

14

Units

—

—

MPa'1

—

MPa

—

—

MPa

Table 4-27
Values of the parameters of the model used for the steel

Param Value Units

G

ai

1.17-105

8.75-104

1.2-10"5

MPa

or-1
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4.2.5 UOL(LAGAMINE)

4.2.5.1 Model description

Mathematical setting

(i) Conservation of mass of water and dry air

The equation of conservation of water mass in-
cludes the contributions of the water liquid phase
and of the water vapour phase:

|-(pwnS rJ+c/,V(pwf
of

(4-67)

(4-68)

where pw is the specific mass of liquid water, pv is
the specific mass of water vapour, n is the porosity
of the medium, Srw is the degree of saturation of
liquid water, Srg = 1 - Sr<w is the degree of satura-
tion of the gas phase, fw is the macroscopic veloc-
ity of liquid water, fg is the macroscopic velocity of
the gas phase, fv is the macroscopic velocity of dif-
fusion of the water vapour with respect to the gas
phase and E is the evaporation term. By adding
equations (4-67) and (4-68) we get the global
equation of conservation of mass:

—
dt — (pv nS

dt

+divlpJv+pf) = (4-69)

Neglecting the motion of dissolved air in water,
the equation of conservation of dry air reads:

of
(4-70)

where pda is the specific mass of dry air, Sr,g=l-Sr,w
is the degree of saturation of the gas phase, fg is
the macroscopic velocity of the gas phase and fdo
is the macroscopic velocity of diffusion of the dry
air with respect to the gas phase.

(ii) Motion of liquid water, gas phase and dry air

The motion of the liquid water and the gas
phases are assumed to follow Darcy's model:

(4-71)

(4-72)

where, with reference to the phase i (i = w for the
liquid water and i — g for the gas), f, is the macro-
scopic velocity, k, is the intrinsic (unsaturated) per-
meability of the medium, \X\ is the dynamic viscos-
ity, pi is the pressure, p: is the specific mass, g is
the acceleration of gravity and y is the vertical up-
wards directed co-ordinate.

The dynamic viscosity of the gas phase is ob-
tained by means of a mixture law (Wilke, 1 950):

\ 0 . 25 i 2

(W2)[l+(A/Ida//Viv
i0.25 i0.5

1+-
^0.25 i0.5

'do

(4-73)

where |j.g is the dynamic viscosity of the gas phase
and, with reference to the species i (i = v for the
water vapour and i = da for the dry air), JJ,J is the
dynamic viscosity and x: = p, / pg is the molecular
fraction.

The diffusion of water vapour follows Philip and
de Vries model:

f y =- P r t n V y T > 9 f l -g roc f (p y ) (4-74)

where fv is the macroscopic velocity of diffusion of
the water vapour with respect to the gas phase,
Datm is the diffusion coefficient, vv is the "mass
flow" factor, xv is the tortuosity, 9g is the volumetric
gas phase content and pv is the specific mass of
water vapour.

(Hi) Conservation of heat of the medium

The conservation of the heat of the medium
reads:

—— +div(q) — (J = U [4-'3)
dt

where <j) is the heat stored per unit volume, q is the
flow of heat and Q is the heat production rate per
unit volume.

The heat stored per unit volume § is computed
by adding the contributions of liquid water, water
vapour, dry air and soil:

=<L (4-76)
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w i t h

< L = n S r ,

=nSr,gPdocp,do(T-T0

=0-n)pscPrS(T-To)

(4-77)

(4-78)

(4-79)

(4-80)

where T is the temperature, n is the porosity of the
medium, Sr/W and Srg = 1 - Srw are the degrees of
saturation of the liquid water and the gas phase,
respectively, pw, pv, Pd0 and ps are the specific
masses of liquid water, water vapour, dry air and
soil, respectively, cP/W, cP/V, cP;da and cP/S are the
specific heats of liquid water, water vapour, dry air
and soil, respectively, L is the specific latent heat of
vaporisation of water and To is the reference tem-
perature.

(iv) Heat flow in the medium

The heat flow q is computed by adding the con-
tributions due to conduction qcond and convection
qConv The heat flow due to convection is computed
by adding the contributions due to the liquid water,
water vapour and dry air (the convection due to
soil deformation is included in the large strain for-
malism). The heat flow thus reads:

q =

wiith

(4-81)

(4-82)qcmd =-Tgrad(T)

qronv =Pwcp ,w(r-T0)fw+pv(cp ,v(T-T0)

+Pdoc
P,da{J -JoWg+L) (4-83)

where F is the thermal conductivity of the medium,
T is the temperature, pw, pv and pda are the specific
masses of liquid water, water vapour and dry air,
respectively, cP;W, cP/V and cP/da are the specific
heats of liquid water, water vapour and dry air, re-
spectively, L is the specific latent heat of water, fw
and are the macroscopic velocities of liquid water
and gas phase, respectively, fv and fda are the mac-
roscopic velocities of diffusion of the water vapour
and air with respect to the gas phase, respectively,
and To is the reference temperature.

(v) Constitutive equations of the components

The dependence of the specific mass of the liquid
water, water vapour, dry air and soil on tempera-
ture and pressure are assumed to be:

+ IT
S

,j
Pv

T,PHa

w

%

) =

"Pw

w

Pdn

o

F
R

n

n l

w

V

J
Pda

(4-84)

(4-85)

(4-86)
PdoO

ps(T) = psO(l-ps
T(T-To)) (4-87)

where, referring to component i (i = w for liquid
water, i = v for water vapour, i = da for dry air and
i = s for soil), pj is the specific density, pi is the pres-
sure, T is the temperature and the other parameters
have the values summarised in table Table 4-29.

The dependence of the dynamic viscosity, the
thermal conductivity and the specific heat of liquid
water, water vapour and dry air on the temperature
are assumed to be:

H,.(T) = n,.o-n,.oa,r(T-To) (4-88)

r.(T)=F i0+r,.0Y[(T-T0) (4-89)

p, io+cp,o HJ(T-TO) (4-90)

where, referring to component i (i = w for liquid
water, i = v for water vapour, i = da for dry air
and i = s for soil), la, is the dynamic viscosity, T-, is
the thermal conductivity and cP/i is the specific heat,
T is the temperature and the other parameters
have the values summarised in Table 4-30.

(vi) Constitutive equations for the medium

The mechanical part is modelled
Alonso etal. (1990) model.

The specific mass of the water vapour pv is re-
lated to the difference of pressures of the liquid
water phase pw and the gas phase pg and the tem-
perature T as follows:

i) (4-91)

using the

with

Pv = Po(7 ')exP

V | / = -

R T

(4-92)

Po
= 194.4exp[-0.06374(T-273)-

+0.1634-10"J(T-273) (4-93)

where pw is the density of the liquid water and g is
the acceleration of the gravity.
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Numerical solution

It was decided to model with a 2D mesh the clay
barrier composed of blocs of compacted benton-
ite, but not the steel confining structure and the
heaters. The mesh used represents a half
axisymmetric structure has 889 nodes and uses
268 fully THM coupled 8-noded elements to
model the bentonite, 40 3-noded interface ele-
ments to model the convection transfer between
the bentonite and the atmosphere and 16 3-noded
interface elements to model the heat input from the
heater. The 5 degrees of freedom of the 8-noded
elements include 2 geometric co-ordinates, the liq-
uid water pressure, the gas pressure (dry air + wa-
ter vapour) and the temperature.

Initial conditions

The table 4-28 summarises the initial conditions
for the clay material.

Boundary conditions

(i) Water boundary conditions

The confining structure (not modelled) is impervi-
ous to water: no liquid water flows and no vapour
flows can go out of the clay barriers composed of
bentonite blocks. For simplification, the initial
hydration phase will not be modelled. For the de-
finitive hydration, the water pressure is uniformly
imposed along the lateral periphery (not the cov-
ers) of the confining structure and so water can en-
ter into the bentonite blocks. This pore water pres-
sure varies in a first phase (t e [0, 1 day]) from this
initial value (pw = -71.84 MPa) to the final one (pw

= 0.525 MPa). During the second phase (t e [0,
1095 days]), the water pressure along the confin-
ing structure remains constant.

(ii) Dry air boundary condition

The gas pressure is fixed at each node. This
means that dry air can go out of the sample.

(Hi) Thermal boundary condition

Between the external surface of the confining
structure and the outside environment, there are
convection exanges with a convection coefficient h.
As the confining structure is not to be modelled,
the global convection coefficient hT for the convec-
tion between the bentonite and the environment
can be approximated by:

J__ 1
hT h

(4-94)

where Astee| is the thermal conductivity of the steel
(~ 50 W/(m-°K)) and e the thickness of the struc-
ture. As the thickness is small (= 0.075 m), we can
approximate hj with h. The convection coefficient h
used is taken equal to 8 W/m2. Radiation ex-
changes are not modelled.

The heating is performed in three steps: 1 st (t e
[0, 6 days]): constant heating power of 250 W per
heater, 2nd (t e [6, 10 days]): constant heating
power of 500 W per heater and 3rd (t 6 [1 0, 1095
days]): imposed temperature at the heater (R = 1 7
cm). In the experimental test, the heating is con-
trolled by sensors in order to keep the temperature
at the control zone of the heater fixed at 100 °C.
The imposed temperature profile is similar to the

Table 4-28
Initial conditions for the clay material ( a is the total stress, Sr is the degree of saturation, pw is the estimated pore water

pressure, pg is the gas pressure, a ' is the net stress and T is the temperature)

Param

a

s,

Pw

Pg

a'

T

Blocks A

0

72.02

-71.84

100

-100

293

Blocks B/C

0

66.00

-84.44

100

-100

293

Blocks E

0

72.03

-85.82

100

-100

293

Units

kPa

%

MPa

kPa

kPa

°K
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profile obtained after 10 days with imposed ther-
mal f low. The temperature distribution obtained at
t = 10 days with a maximum value of ~ 89 °C has
been scaled up by the factor f = 1 0 0 / 8 9 and it
has been kept constant until the end of the test.

(iv) Mechanical boundary conditions

A sliding contact is introduced between the clay
barrier, the confining structure and the heater (not
modelled). The confining structure and the heater
are assumed to be rigid.

Sensifiv'ty analysis

As several mechanical parameters are uncertain,
it was decided to perform a short sensitivity analysis
of these parameters. For simplicity, it was first used
a simple 1D axisymmetric mesh, representing a
section perpendicular to the mock-up through the
middle of a heater. The mesh has 44 nodes, 8 ele-
ments for the bentonite, 1 interface element for the
convectio n between the bentonite and the atmo-
sphere and 1 interface element for the heating
power of the heater.

(i) ID simulations of the swelling pressure tests and of the swelling
under load tests

First, a 1 D simulation was performed using the
same mechanical parameters as the 2D mesh (see
Table 4-39). The results provided by both simula-
tions were quite similar, the only observed differ-
ences being: a) the temperature at the middle of
the heater after 10 days in the 1 D analysis was
only 2.1 °C higher than in the 2D analysis; b) the
total heating power after 3 years in the 1 D analysis
was 44.4 W lower than in the 2D analysis; c) the
relative humidity and the saturation are slightly dif-
ferent in the 2 analysis, but only near the heater;
and d) the total stresses in the ID analysis were
only 0.5 MPa (maximum) higher than the stresses
obtained in the 2D analysis, but their evolution was
similar. Since the results obtained with the ID
analysis are close to those obtained with the 2D
analysis, the sensitiviy analysis of some uncertain
mechanical parameters were performed with the
1 D simple mesh.

Besides the 1D simulation described in the
preceeding paragraph using the parameters listed
in Table 4-39 and called "reference case" in the
following figures, four new sets of parameters have
used in 1 D simulations of the swelling pressure
tests and of the swelling under load tests, namely:

case 1: Inequation (4-115) c, = 0.2 (d = 0 . 1 2
in the reference case), in order to in-

crease the value of the stiffness parame-
ter Ks.

case 2: The internal friction angle was set to the
mean of the values plotted in Figure
4-11 <J>C = 20 ° (<J)C = 30 ° in the refer-
ence case).

case 3: The preconsolidation stress was set to
3po* = 20.6 MPa (3po* = 15 MPa in
the reference case), corresponding to a
dry density pd = 1.82 g/cm as deduced
from the swelling under load tests (see
Table 4-38) and the reference stress was
set to pc = 16 MPa (pc = 13 MPa in the
reference case).

case 4: The Poisson's ratio was set to v = 0.20
(v = 0.333 in the reference case).

Figure 4-8 shows the results of the swelling pres-
sure tests. It may be seen that the variations of the
parameters used in the various cases do not affect
very much the simulation, except in case 3. To do
the simulation, the initial conditions must be ad-
justed to the varios dry densities, specially the ini-
tial preconsolidation pressure, since it depends on
the dry density (see Table 4-37). On the other
hand, the initial suction varies also with the case.
The results for case 3 are nearly uniform because
the stress states never touch the LC curve due to
the big value of p0*.

Figure 4-9 shows the results of the simulations of
the swelling under load tests. It may be seen that,
in some cases, the swelling deformations are very
high for low vertical loading. In fact, both swelling
owing to wetting and swelling due to softening
plasticity (case 2 and case 4) are produced in such
cases. We note also that the variation of the pa-
rameter C] strongly influences the swelling defor-
mation when the vertical loading is very low and a
higher value oi c-\ produces a more important
swelling deformation.

Therefore, as a partial conclusion of the sensitiv-
ity analysis on swelling tests, it appears that the nu-
merical results obtained for the 5 different sets of
parameters are quite similar. However, the swelling
strain under low stress is highly sensible to the pa-
rameter variation.

(ii) ID simulations of the benchmark exercise

The reference parameter set and these other four
parameter sets have also been used in the simula-
tion of the benchmark exercise. The results show
that the modifications of those mechanical param-
eters nearly do not influence the flow curves (water
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Figure 4-9. Swelling strain under different vertical loads.
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intake, relative humidity and degree of saturation)
nor the thermal curves (heating power and temper-
ature). This is a result already well-known and ob-
served in the preceeding benchmarks. On the
other hand, the evolution of the total stresses is
sometimes clearly different, according to the set of
mechanical parameters used, namely: a) stresses
are very sensible to parameter q , specially near
the hydration surface, and a plateau in the evolu-
tion of the UQ and a2 stresses appears at R = 66.5
cm, i.e., for the zone the most quickly saturated,
near to the confining structure; b) stresses obtained
with cj)c = 20 ° are slightly higher (< 0.5 MPa) than
those obtained in the reference case; c) the effect
of the preconsolidation stress po* and the reference
stress pc are not significant; and d) stresses ob-
tained with v = 0.2 are smaller that those ob-
tained with the reference case at R = 35 cm (aR,
ae and az) and at R = 66.5 cm (only aR). The sen-
sibility to the parameter C] is due to the fact that,
during a wetting path, stresses are essentially con-
trolled by KS, which, in turn, is significantly influ-
enced by Cj.

(Hi) 2D simulations of the benchmark exercise

A new 2D simulation was performed using the pa-
rameter set corresponding to case 4, that is, with a
more realistic Poisson's ratio v = 0.2 instead of
the value v = 0.333 used in the reference case.
The results obtained are quite similar to those ob-
tained with the corresponding 1 D simulation.

Finally, after the co-ordinator presented the com-
parison of the blind predictions of partners against
the experimental results, an additional 2D simula-
tion was performed using the parameter set corre-
sponding to case 1, that is, with cj = 0.2 instead
of the value q = 0 . 1 2 used in the reference case.
The results of this last simulation, which are quite
similar to those obtained with the corresponding
1 D simulation, are the best that we have obtained
as compared to the experimental results.

4.2.5.2 Determination of model parameters

Constitutive equations of the components

Table 4-29 and Table 4-30 show the values
used for the parameters appearing in the expres-
sion of the specific denstity, the dynamic viscosity,
the thermal conductivity and the specific heat of
liquid water, water vapour, dry air and soil are.
The dependence of the specific heat of soil on tem-

perature has been taken from the formula given in
the specifications:

cs =1.387 + 732.5 ( 4 5 < T < 1 5 0 ) (4-95)

where cs is the specific heat in J/(kg-°C) and T is
the temperature in °C.

The latent heat of vaporisation for water is given
in table 4-31.

Hydraulic properties of the medium

(i) Porosity

The porosity n is assumed to depend on the dry
specific weight pd. Using data provided in the
specifications (Al .6 Saturated hydraulic conductiv-
ity and Al .7 Water retention curves) and the rela-
tionship

P
(4-96)

where n is the porosity, p^ is the dry specific
weight, pw is the water density, w is the water con-
tent and Sr is the degree of saturation, the follow-
ing relation was fitted:

= l -0 .362p d (4-97)

where n is the porosity and pd is the dry specific
weight (in g/cm ). Therefore, using the dry specific
weights for each block type given in the specifica-
tions (4.1.2.4 Clay barrier), the porosities given in
table 4-32 are obtained.

(ii) Permeability

The intrinsic

with

permeabi

K =

L-

lity 1

kint

= K-

K w

•k

Hi

is given

r, w

by:

(4-98)

(4-99)

where kw is the intrinsic (unsaturated) permeability,
kint is the intrinsic (saturated) permeability, krw is the
water relative permeability, K is the water saturated
permeability, )uw is the dynamic viscosity of water
and pw is the specific weight of water.

For the saturated permeability, the relation given
in the specifications (4.1.4.3 Hydraulic properties)
has been used:

log(1.5-K) = - 2 . 9 7 p d - 8 . 2 9 (4-100)

where K is the saturated permeability (in m/s) and
Pd is the dry specific weight (in g/cm3).
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Table 4-29
Values for the parameters appearing in the expressions of the specific density of the components as a function of temperature

and pressure

Param

To

PiO

Pro

P:T

XiT

Liquid water

293

100

1000

3.8-10"4

310 6

Water vapour

293

100

—

—

Dry air

293

100

1.205

—

—

Soil particles

293

—

2750

2.312-104

—

Units

°K

kPa

kg-m3

kPa

oK-i

Table 4-30
Values for the parameters appearing in the expressions of dynamic viscosity, thermal conductivity and specific heat

of the components as functions of temperature

Param

To

M-iO

a:1

ri0

Yi1

CpjO

H:T

Param

Pd

n

Liquid water

293

1.009-103

0.01

0.623

0

4180

0

Param

L

Blocks A

1.77

0.349

Water vapour Dry air

293 293

1.8-10'5

-0.0025

0.025

0

1900 1000

0 0

Table 4-31
Latent heat of vaporisation of water

Value

2.5106

Table 4-32
Porosities used for the different blocks

Blocks B/C

1.76

0.352

Soil particles

293

—

—

760.1

1.816103

Units

J-kg1

Blocks E

1.82

0.331

Units

°K

Pas

°K-'

W-nr'-T1

oK.i

Units

g/cm3

—
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Therefore, using the dry specific weights for each
block type given in the specifications (4 .1 .2 .4 Clay
barrier), the saturated permeabil i t ies and saturated
intrinsic permeabil i t ies given in table 4 - 3 3 are ob -
ta ined.

The expression provided in the specifications for
the relative permeabil i ty k r w (4 .1 .4 .3 Hydraulic
properties) has been slightly modi f ied to read:

fcr,w(Sr) = max((S r )
3 ,0 .01) (4-101)

where k ow is the relative permeabil i ty and Sr is the
degree of saturat ion.

(Hi) Retention curve

Among the retention curve for the S2 bentonite
and the three retention curves for the FEBEX ben-
tonite provided in the specifications (4.1.4.3 Hy-
draulic properties), it was decided to use the first
expression for the FEBEX bentonite, namely:

w = 40.68 -14.26 log(s) (3.0 < s < 700.0) (4-1 02)

where w is the water content and s is the suction (in
MPa). The relation with the degree of saturation
was obtained using the expression:

c _ (4-103)

where Sr is the degree of saturation, pd is the dry
specific weight, w is the water content, pw is the
specific weight of water and n is the porosity.

Therefore, using the dry specific weights and the
water content for each block type given in the speci-
fications (4.1.2.4 Clay barrier), the initial degree of
saturation and the initial water pressure used for the
various blocks are summarised in table 4-34.

Using equation (4-102) and Table 4-32 in equa-
tion (4-1 02), we get the following expression:

Sr(s) = CSWMog(s) + CSW2 (4-104)

where Sr is the degree of saturation, s is the suction
in MPa and CSW1 and CSW2 are model parame-
ters. For the various blocks used, the correspond-
ing model parameters are given in table 4-35.

Thermal properties of the medium

The relation between the multiphase conductivity
and the degree of saturation used has been taken
from the specifications (4.1.4.4 Thermal properties):

0 79
r (S r w ) = 1.31- — (4-105)

'• l+exp[{Sr,w-0.63)/0.13] l '

The value used for the linear expansion coefficient
was the mean of the values given in the specifica-
tions (4.1.4.4 Thermal properties) (see Table 4-36).

Table 4-33
Saturated intrinsic permeability used for the different blocks at 20 °C

Param

Pd

K

Blocks A

1.77

1.8921014

1.892-10'2'

Blocks B/C

1.76

2.026-10 H

2.026-10"21

Blocks E

1.82

1.34410 M

1.3441021

Units

g/cm3

m/s

m2

Table 4-34
Initial degree of saturation and initial water pressure for the various blocks
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Param

Pd

w

s*

PwO

Blocks A

1.77

14.2

72.02

-71.84

Blocks B/C

1.76

13.2

66.00

-84.44

Blocks E

1.82

13.1

72.03

-85.82

Units

g/cm3

%

%

m2



4. BENCHMARK 3.2 "FEBEX mock-up test"

Table 4-35
Model parameters of the retention curves used for the various blocks

Param

CSWl

CSW2

Param

a

Blocks A

-72.32

206.31

Blocks B/C

-71.30

203.40

Table 4-36
Linear expansion coefficient

Value

MO"4

Blocks E

-78.41

223.68

Units

—

—

Units

°C<

Mechanical properties of the medium

The material used for the mock-up fest is the
FEBEX bentonite. Logically, all parameters should
be derived from the experimental results performed
on this material. However, the available informa-
tion on the FEBEX bentonite is not enough for de-
termining all of them. As a result, some parameters
used for the benchmark 2.2 were taken for this
simulation. The others were derived using new in-
formation on the S2 and FEBEX bentonites,
namely: uniaxial compression tests, swelling pres-
sure tests, swelling under load test and the reso-
nant column tests.

(i) Parameters obtained from benchmark 2.2

The plastic stiffness parameter upon the changes
of net mean stresses at saturation X(O), the elastic
stiffness parameter upon the changes of net mean
stress and the parameters that control the increase
of stiffness with suction r and P were taken with the
same values as in BM 2.2. The determination of
these parameters needs a series of suction con-
trolled oedometer (or isotropic compression) tests
with loading-unloading cycles under different con-
stant suction. However, this series of tests is not
availble on the FEBEX bentonite, and the available
information on this material does not allow to de-
rive these parameters.

(ii) Internal friction angle $c ond cohesion c

The results of a series of uniaxial compression
and triaxial tests on S2 bentonite at different satu-
ration and density (Al .2 Strength parameters in
uniaxial compression and triaxial tests) can provide

the evolution of the internal frictional angle (J)c and
the cohesion c with the suction (or saturation).
Using the retention curve (4-102), the degree of
saturation may be transformed into suction values.
Figure 4-10 shows the values of the internal fric-
tion angle d)c, while Figure 4-1 1 shows the values
of the cohesion as a function of suction. The exper-
imental results are very dispersed and no clear
trend appears.

The internal friction angle ranges from 14° to
30°. It is very difficult to find its evolution with the
suction. If its variation with suction is not taken into
account, we may take the mean value of 20° or
another value between 14° and 30° . For the sake
of numerical stability, a value of <bc = 30° was
taken for the simulation, but a 1 D calculation with
the value cbc = 20° was also performed to assess
its influence on the stress reponse.

The variation of cohesion with suction is such
that it is not possible to get any relationship. In the
constitutive model, the cohesion varies linearly with
the suction, namely:

C{S) = KC - s + c 0 (4-106)

where c0 is the cohesion at the saturated state. For
the simulation, it was chosen c0 = 0.1 MPa for two
reasons: a) numerical difficulties (2D computations
show that with c0 = 0.1 MPa, the calculation goes
very well, while with c0 = 0, the convergence be-
comes very difficult at the end of the simulation)
and b) better correlations with experimental data is
obtained (simulation of the aforementioned experi-
mental tests correlate better with c0 = 0.1 MPa
than with c0 = 0). Using c0 = 0.1 MPa, a linear
regression gives the following relation:
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Figure 4-10. The internal friction angle fycasa function of the suction s.
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Figure 4-11. The cohesion c as a function of the suction s.
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c(s) = 0 . 0 2 s + 0 . 1 (4-107)

where c is the cohesion (in MPa) and s is the suc-
tion (in MPa).

(Hi) Poisson's ratio v

The model uses a non-linear elasticity in which
both the bulk modulus % and the shear modulus G
vary with the net mean stress. The shear modulus
depends on Poisson's ratio according to

' - / , )+ ' , ) (4 -1 0 8 )
2(1 K

where G is the shear modulus, v is Poisson's ratio,
K is the elastic compliance, e is the void ratio, I is
the first invariant of the stress tensor and l| is a nu-
merical parameter which is introduced to avoid the
zero value of x and G for a null stress. The results
of the ressonant column tests given in the specifi-
cations (Al .5 Elastic shear modulus) show that the
shear modulus G varies with a3 and with the satu-
ration, as shown in Figure 4-12.

However, since the mean pressure in the samples
is not known, these results cannot be employed to
determine Poisson's ratio. Since there is no further
information, two ID simulations using v = 0.333

and v = 0.2 were performed. For the simulation,
the value v = 0.333 was chosen.

(iv) Preconsolidation stress at saturation p'o

The preconsolidation stress for saturated state p0

should be derived from an oedometer test at satu-
rated state. Since there is no information about
that, the same value as in BM 2.2 could be taken,
i.e. p*0 = 0.6 MPa. However, when compared with
the results of swelling pressure tests (Al .3) and
swelling under load tests (A1.4), this value seems
too low for the FEBEX bentonite. Consequently, the
determination of the p0 value is mainly based on
the results of these two kinds of tests.

The results of the swelling pressure tests for
FEBEX bentonite are correlated by the expression
provided in the specifications (4.1.4.2 Mechanical
properties):

p s (pJ = exp(6.7pd-9.2) (4-109)

where ps is the swelling pressure (in MPa) and pd is
the dry density (in g/cm3). According to additional
information furnished by the co-ordinator, the max-
imum swelling pressure in those experiments was
reached at the end of the test, when the sample
became fully saturated. This implies that no col-

iuu -

3 5 0 -

3 0 0 "

2 5 0 -

2 0 0 -

1 5 0 -

1 0 0 -

50-

o-

G (MPa)

<

0

l

a ^ . ' '

a

4*

1

O Sr = 95 %

D Sr = 12 %

— Lineaire (Sr=95 %)

- - - Lineaire(Sr=12%)

<y3(Mpa)

0.2 0.4 0.6 0.8

Figure 4-12. The shear modulus Gas a function of the applied stress 03 at different saturation levels.
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lapse occurred when the sample became fully satu-
rated, because the maximum swelling pressure is
produced just before the collapse occurring during
a swelling pressure test (i.e., a wetting test while
the volume was kept constant), as was the case in
the swelling pressure test of BM 2 .1 . In addition,
the model used predicts collapse only when the
stress state reaches the LC curve. This means that
the stress state did not reach the LC curve when the
sample became fully saturated. Thus, it may be as-
sumed that the preconsolidation pressure of the
sample at unsaturated state is greater than (at least
equal to) the swelling pressure recorded. By sim-
plicity, it will be assumed that they are equal. Since
the test is realised on oedometric conditions, the
stress state before yielding can be written as:

(4-110)
I - v

where po* is the preconsolidation pressure, av = ps

is the vertical pressure, c?h is the horizontal pressure
and v is Poisson's ratio. Using equations (4-109)
and (4-110), Table 4-36 has been prepared,
showing that the preconsolidation pressure varies
very much with dry density, as shown in table 4 -37 .

According to the specifications (4.1.4.2 Mechan-
ical properties), the swelling deformation at satura-
tion obtained in 21 swelling under load tests
performed on samples prepared at various dry den-

sities, ranging from 1.57 to 1.87 g/cm3 and with
an initial water content of 11.7 % may be de-
scribed by the following expression:

e,(av ,pd) =-0.4693-0.1935log(a v ) +

+ 0.3659pd (4-111)

where 8] is the swelling deformation at saturation,
av is the vertical load (in MPa) and p^ is the dry
density (in g/cm3). The swelling pressure of the
sample can be defined as the vertical load av cor-
responding to a final nil-deformation (Justo,
1993). Therefore, using equations (4-110) and
(4-111), Table 4-38 has been prepared.

Comparing Table 4-37 with Table 4-38, it may
be seen that the saturated preconsolidation pres-
sure deduced from the swelling pressure tests is
higher that that deduced from the swelling under
load tests. In the simulation, no distinction between
the three types of blocks was made and the value
3p"0 = 15 MPa was used.

(v) Reference stress pc

It is very difficult to get the reference stress pc

from the available information, although it plays
an important role on the LC curve. Its determina-
tion needs some oedometer or isotropic tests under
different suctions. For the simulation, a value of 13
MPa is adopted blindly.

Table 4-37
Saturated preconsolidation pressure deduced from the swelling pressure tests

Param

Pd

Ps

3D1

1.60

4.57

9

1.75

12.49

25

1.82

20

40

Units

g/cm3

MPa

MPa

Table 4-38

Saturated preconsolidation pressure deduced from the swelling under load tests

Param

Pd

CTv(s = 0)

3D*

1.60

4.

8

1.75

7.6

15

1.82

10.3

20.6

Units

g/cm3

MPa

MPa
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(vi) Stiffness parameters upon changes of suction Xs and KS

The determination of the stiffness parameter
upon changes of suction Xs and Ks requires some
oedometer tests with wetting-drying cycles under
different constant vertical pressure. Since there is
no information on Xs, the same value as in BM 2.2
is used. Concerning KS, the results of swelling un-
der load tests given in the specifications (Al .4
Swelling under load tests) allow to deduce it in an
approximate way.

In order to determine Ks using these swelling un-
der load tests, we assume that:

a) the swelling phases until saturation produce
only elastic deformation,

b) the plastic deformation (collapse) depends on
the external loads applied to the sample and

c) the application of vertical loads did not pro-
duce the plastic deformation.

In this case, we can use the analytical solution for
the coefficient KS on the Ko condition, as explained
in the BM 2 .1 , namely:

(3 + 4b)(l+e) dsv

with

cf(ln(s
(4-112)

a = •
l + e c

b_3(1-2v)
2(1+ v)

(4-113)

(4-114)

The initial suction before wetting is obtained
using the water retention curve (4-1 02) with the ini-
tial water content of the sample w = 11.7%, yiel-
ding s = 107.7 MPa. The estimated value of KS in
function of the stress state (expressed by its first in-
variant) before wetting is obtained from figure
equations (4-1 1 1) and equation Ks = f(dsi), and is
shown in figure Figure 4-13. It may be seen that
the value of KS varies with the stress state.

To model the dependence of KS on o^, following
type of expression was used:

Ks(°kk)=:C\eMc2cskk) (4-115)

where KS is the elastic stiffness upon suction and
akk is the first invariant of the net stress tensor (in
MPa) and q and c2 are model parameters. In the
simulation, the following relation was used:

= 0.12exp(-0.2CT kk i (4-116)

0.25

0.2 f

0.1 -

0.05 - -

a rho_d:1.82g/cm'

— o — rho_d: 1.75 g/<m'

—^ Exponentiel(rhod

- - - - Exponentiel [rho d

:1.75g/cm')

: 1.82 g/im3)

Figure 4-13. The estimated elastic stiffness upon suction KS as a function of the stress state before wetting.
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where KS is the elastic stiffness upon suction and a ^
is the first invariant of the net stress tensor (in MPa).

(vii) Parameters used in the simulation

The values of the parameters used in the simula-
tion are summarised in table 4-39.

4.2.6 UWC (COMPASS)

4.2.6.1 Model description

Mathematical setting

(i) Moisture transfer

The transfer of moisture in an unsaturated soil is
considered to arise from two contributions, liquid
transfer and vapour transfer. In this model the soil
is deformable, therefore the variation of porosity

must be included. The law of conservation of mass
for the moisture reads:

d(nSp,)
dt dt

(4-117)

where n is porosity, S\ and So are the degree of sat-
uration of pore liquid and pore air respectively, p
is the density, v is the velocity, and the subscripts I,
a and v refer to liquid, air and water vapour.

The motion of pore liquid is assumed to be de-
fined by a generalised form of Darcy's law:

= -Klgrad\ - (4-118)

w h e r e V| is t he ve loc i t y o f l i qu i d f l o w , K| is the u n -
s a t u r a t e d h y d r a u l i c c o n d u c t i v i t y , y i 's ^ne u n ' t
w e i g h t o f the l i qu id a n d z is the e l e v a t i o n .

Table 4-39
Values of the parameters for the mechanical model used in the simulation
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Parameter

Poisson's ratio

Internal friction angle

Saturated virgin compression index

Elastic compression index

Elastic stiffness index upon suction

Plastic stiffness index upon suction

Initial void ratio

Cohesion on saturated state

Variation of cohesion with suction

Reference stress

Ratio A,(s)/A.(0) at high suction

Control increase of stiffness with suction

Initial saturated preconsolidation pressure

Maximum value of suction

Symbol

V

d>c

A(0)

K

Ks

Xs

eo

Co

Kc

Pc

r

P

3p'o

so

Value

0.333

30

0.4041

0.015

eqn. (4-116)

0.25

0.60

0.1

0.02

13

0.3

0.041

15

depends on ret. curve

Units

—

0

—

—

—

—

—

MPa

—

MPa

—

MPa''

MPa

MPa
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Vapour is assumed to flow under a vapour den-
sity as described by Philip and de Vries (1957):

v , = •

P;
(4-119)

where vv is the velocity of vapour flow, Dotm is the
molecular diffusivity for vapour through air, vv is
the mass flow factor, trv is the tortuosity factor, pv is
the density of the water vapour and 0a is the volu-
metric gas content of the soil.

By further application of the generalised Darcy's
law for multiphase flow in unsaturated soil, the ve-
locity of pore air is assumed to be governed by:

vo = -Kagrad(ua) (4-120)

where Ka is air conductivity and ua is the pore air
pressure.

Making use of equations (4-118), (4-119) and
(4-120), equation (4-117) can be expanded to
yield:

dS,
np,—Unpv—£-

dt dt
dpv-±^
dt

+SopJ— -
dt

—di\4.K,grad(u,+y,z)]-p,div[Kvgrad[pv)]-

with

-div[KoPvgrad(ua)] = 0 (4-121)

Kv = D0(mvvTv6a/p/ (4-122)

(ii) Heat transfer

From consideration of conservation of energy,
the governing differencial equation for heat trans-
fer can be written in a general form as:

— +aV(Q) =
dt

(4-123)

where £1 is the total heat content of the moist soil
and Q is the heat flux. In the current model, the
heat content of moist soil per unit volume is ob-
tained from:

Q=H[T -T r ) + nLSopv (4-124)

where T and Tr are the soil temperature and refer-
ence temperature and L is the latent heat of
vaporisation. The heat capacity H, comprises the
following components:

where Cp|, Cpv, Cpcj0 and Cps are the specific heat
capacities of liquid, vapour, air and the solid parti-
cles respectively.

The heat flux is determined according to:

Q=-A,Tgrad(T) + (v vp /+v op v )L+(C p iv ;p,+

+C p v v v p / + C p v v Q p t f + C p , o v a P p d o ) ( ] - -T r ) (4-126)

where kj is the coefficient of thermal conductivity
of the soil. For moist soils the coefficient of thermal
conductivity is calculated using the expression:

where A.sat and Xdry are the thermal conductivities of
soil in a fully saturated and completely dry state re-
spectively.

Substituting equations (4-124), (4-125) and
(4-126) into equation (4-123) yields the governing
differential equation for heat transfer:

. dl dH n- T > . n dn . dSn

+L nSa
dt

+CpdaSaPda (4-125)

+C p v v v p , +

^ p p ( r - T r ) ] = 0 (4-128)

It can be seen therefore that three modes of heat
transfer are included: i) thermal conduction, ii) sen-
sible heat transfer associated with liquid, vapour
and air flow, and iii) latent heat flow with vapour.

(Hi) Stress-strain behaviour

In the current work, the mechanical behaviour of
the soil is accomodated by non-linear elasticity uti-
lising the so called state surface approach. This is
the same approach as that used in BM 2.2. Details
may be found in Thomas et al. (1 995).

Numerical solution

In order to keep computational effort to a mini-
mum, it was decided in first instance to solve the
problem via a quarter section of the domain. Thus
longitudinal and radial symmetry are assumed in
this analysis.

The finite element mesh used consists of 459
eight node isoparametric elements. The dimensions
of the domain reflect those of the outer dimensions
of the clay buffer material. The domain does not in-
clude the steel casing or the heaters. The influence
of these regions is incorporated via the adoption of
representative boundary conditions.
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Initial conditions

The initial temperature throughout the doma in
was assumed to be at equi l ibr ium with the labora-
tory, i.e. at 20 °C.

The initial suction adopted was 79.24 MPa, ap-
plied uniformly throughout the domain. This value
was obtained directly from the water retention
curve given by equation (4-134) with an initial wa-
ter content of 0.136 (degree of saturation of 53.8
%). It is recognised that this approach is a first ap-
proximation of the problem and does not incorpo-
rate the influence of the initial hydration phase.
However it is judged that the influence of the
hydration phase, which was aimed at closing the
gaps between the clay blocks, has only negligible
effects on the subsequent test behaviour.

An initial dry density of 1.77 g/cm3 has been as-
sumed. For the stress analysis side of the problem,
an initial void ratio of 0.684 and a initial porosity
of 0.406 has been calculated.

Boundary conditions

(i) Thermal boundary conditions

For the heating phase two temperature boundary
conditions are applied, namely a flux boundary
condition at the heater/clay interface and a con-
vective heat flux boundary condition at the outer
clay/steel interface.

A constant heating power of 250 W is applied to
the nodes along the heater/clay interface for a pe-
riod of six days after which the heating power is in-
creased to 500 W for a further 4 days. As stated in
the specification, the temperature at the control
zone is checked to see if it is in agreement with the
measured value of 95 °C, observed during the
mock-up test. Following this check the heating
power is then reduced to 475 W as stated in the
specification after 10 days.

In the numerical analysis the heating power at
the heater/clay interface is then continuously moni-
tored and adjusted where necessary to maintain
the temperature at the heater at approximately 1 00
°C. The algorithm employed checks the value of
the interface temperature at each timestep. If the
value is greater than 100 °C then the flux magni-
tude is reduced by 2 %. Similarly, if the interface
temperature subsequently falls below 97 °C the
flux magnitude is increased by 2 %. Employing this
approach, the interface temperature remained
quite steady at around 99 °C.

At the other boundary a flux boundary condition
is used to simulate the flow of heat through the steel
confining structure to the surrounding air equal to
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the rate of thermal conduction in the layer of ben-
tonite adjacent to the steel confining structure.

The heat flux across the steel confining structure
was determined by multiplying this coefficient by the
difference in temperatures of the bentonite and the
surrounding air. This heat flux qh can be written as:

q h =^o(T Q -T s ) (4-129)

where h0 is the bentonite/air transfer coefficient (h0

= 6.403 W/(m2 °K)). The approach aopted heare
is similar to that described in more detail for
Benchmark 2.2.

(ii) Hydraulic boundary conditions

The application of the elevated water pressure on
the outer surfaces of the vessel is represented in the
analysis by direct application of a fixed pore water
pressure boundary condition. A pressure of 5.25
bar (approx. 0.52 MPa) was applied to all bound-
ary nodes on the external surfaces of the domain.

(Hi) Displacement boundary conditions

Fixed displacement boundary conditions were
applied that permitted no deformation of the soil
normal to the external boundary. Likewise any in-
ward deformation toward the heater was also con-
strained. Deformation in all other direction was un-
constrained.

4.2.6.2 Determination of model parameters

Thermal properties

Data concerning the thermal behaviour of both
the S2 and the FEBEX bentonite was provided in
the specification of the benchmark exercise. For
the simulation work presented here the following
parameters have been employed. Unless otherwise
referenced the material properties have been di-
rectly taken from the Benchmark Specification.

The following expression for the specific heat has
been adopted:

cs =1.38T+732.5 ( 4 5 < T < 150) (4-130)

where cs is the specific heat in J/kg°C and T is the
temperature in °C.

The thermal conductivity is defined by the follow-
ing relationship:

A, = 1.30- — (4-131)
l+exp[(S r-0.67)/0.11] { '

where X is the thermal conductivity in W/nrK and
Sr is the degree of saturation.



3.2 "FEBEX mock-up test"

On the FEBEX bentonite, the linear coefficient of
thermal expansion, for samples with a dry density
of 1.70 g/cm3 and water content of 13.5 %, is
1-10"4 (For temperatures varying from 14.8 to
51.0 °C). This value has been adopted here.

Hydraulic properties

The saturated hydraulic conductivity of the ben-
tonite was evaluated from the following expression:

log(k) = -2.97rd -8 .29 (14< rd < 1.9) (4-132)

where k is the permeability coefficient in m/s and r<j
is the dry density in g/cm3. In this case equation
(4-32) yields a value of 2.839-1 0"14 m/s, for an av-
erage density of 1.77 g/cm3. As stated in the speci-
fication, the above expression produces values 1.5
times greater than those obtained using the FEBEX
bentonite, therefore the adopted value for the satu-
rated hydraulic conductivity is 1.89-10"14 m/s.

Based on back-analysis of data concerning infil-
tration tests using S2 bentonite, the following ex-
pression for the relative permeability has been de-
rived:

krl =(S r )
3 (4-133)

where the relative permeability and Sr is the degree
of saturation. The unsaturated hydraulic conductiv-
ity can therefore be expressed as:

kw =MSJ3=l-89-10-14(S f)
3 (4-134)

where kw is the unsaturated hydraulic conductivity
(in m/s). This relationship has also been adopted
here.

The following expression of the water retention
curve has been adopted:

= 40.68 -14.26log(s) (3.0 < s < 700.0) (4-1 35)

where w is the water content and s is the suction in
MPa.

mechanical properties

Based on the work undertaken for Benchmark
2.2, the following state surface for void ratio has
been employed:

e =3.642 -0.060ln(p)-0.13ln(s) +

4.2./ Comparison plots

w

+ 0.000086 ln(p)ln(s) (4-136)

A shear modulus of 30 MPa has been employed
for this work

Partners predictions and measured results have
been represented in common plots, which are dis-
cussed in this section. The plots refer to:

a) Overall variables: Water inflow into the mock-
up test and heat power input into the system.

b) Field variables: Temperature (time evolution
and spatial distributions), relative humidity (time
evolution and spatial distributions and stresses
at some selected points (time evolution).

As in previous representations actual measure-
ments are indicated as CIM.

a) Overall variables: Evolution of total water inflow end input pov/er

Figure 4-14 shows the measured water intake in
the period 0-600 days and the partners predictions
for the period 0-1095 days. The approximation
achieved by some partners (CLA, UPC) especially
for early dates is really good. In general, all the
models perform in a satisfactory way. It should be
added that the plotted results correspond to water
intake once the initial rapid flooding stage was
completed (see specifications for this test).

Actual heating power (Figure 4-15) increased
fast at the beginning of the test in order to reach
the target temperature value (100°C) at the
buffer-heater interface. It had to be reduced later
in order to maintain a constant temperature at the
interface. Along time heating power had to in-
crease in order to account for the progressive
hydration of the bentonite and the associated in-
crement in coefficient of thermal conduction. This
general pattern of power input is well captured by
most partners and moreover, the actual numerical
values are well predicted in general. An obvious
conclusion is that the coefficients of thermal con-
duction as determined in laboratory tests are cor-
rect. The computed power predicted by different
models, for t = 1000 days ranges from 800 Watt
to 12000 Watt.

b) Field variables

Temperature evolution

The plots prepared are summarised in Table 4-40

In the vicinity of the heater (Figure 4-16) some
partners (AND, ISM, UPC) overpredict by 5-6 °C
the actual measurements. At an increased radius (r
= 39 cm; Figure 4-17) the dispersion among dif-
ferent models increases. Some trends (a continu-
ous decrease in temperature with time as predicted
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Table 4-40
Mock-up test. Temperature evolution. Plots prepared

r(m

20

39

58

77

20

39

58

11

Co-ordinates

) zH

118.5

118.5

118.5

118.5

268.5

268.5

268.5

268.5

Location

In a plane normal to experiment axis
through centre of one heater

In a plane normal to experimental axis through bentonite,
dose to one of lateral boundaries

Figure

Figure 4-16

Figure 4-17

Figure 4-18

Figure 4-19

Figure 4-20

Figure 4-21

Figure 4-22

Figure 4-23

by CLA) d o no t c o r r e s p o n d to a c t u a l m e a s u r e -
ments . In fac t , r e c o r d e d t e m p e r a t u r e va lues s h o w a
slow accumulation of temperature in the second
part of the test, which is also predicted by some
models (UOL, AND). Temperature differences ap-
proaching 20 °C are observed when the two ex-
treme temperature predictions (AND and CLA) for t
= 1080 days are compared. Discrepancies in the
vicinity of the boundary (r = 77 cm) probably re-
flect also the differences in boundary condition
adopted by the various partners.

Results for a section not directly affected by heat-
ing are given in Figure 4-20 to Figure 4-23. Tem-
perature gradients are here much smaller and the
measured results are close to the average of pre-
dictions of different partners. UPC and ISM system-
atically overpredict temperatures but the discrepan-
cies is relatively small (2 °C-4 °C).

Evolution of relative humidity

Plots prepared are summarised in Table 4-41.
Sections B4 and B6, symmetrically located with re-
spect to heater centre should provide very similar re-
sults. This is indeed the case when the results for the
same radius are compared. These results confirm the
reliability of the instruments installed for relative hu-
midity measurements. In the proximity of the heater (r
= 22 cm; see Figure 4-24 or Figure 4-28) humidity
increases first in a fast manner. This transient
wettinag is associated with vpour condensation.

Vapour is generated at the hot end and diffuses
away towards zones inside the bentonite at smaller
temperatures. This vapour condenses and in-
creases the relative humidity of the clay. However,
the heated front advances, the bentonite is again
dried and this is reflected in the relative humidity
peak observed in the actual measurements. This
peak is clearly shown by some models (UOL, UPC,
UWC). Relative humidity for R = 22 cm reaches a
minimum at t = 300 days approximately and
thereafter a slow wetting process begins. This slow
wetting corresponds probably to the arrival of wa-
ter from the outer boundary. This changing trend
has been well captured by UOL although their ab-
solute RH values overpredict measurements. A
continuous drying process is predicted by CLA
against measurements. The range of calculated RH
values by different partners is very large (10% to
90% RH for t = 1 080 days). It is not even clear if
all models would eventually converge towards sat-
uration conditions for long term conditions.

The transient initial peak in RH evolution de-
creases in intensity as the radius increases. When r
= 70 cm close to the outer boundary, a continu-
ous increase in relative humidity is recorded. Full
saturation is found in one of the RH transducer (z
= 143.5 cm; Figure 4-31) for t = 240 days. The
remaining RH transducers located at r = 70 cm do
not show complete saturation during the recorded
time although saturation is close. Better predictions
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Table 4-41
FEBEX mock-up test. Evolution of relative humidity. Plots prepared

R(cm)

22

37

55

70

22

37

55

70

35

66.5

Co-ordinates

Z(cm)

93.5

93.5

93.5

93.5

143.5

143.5

143.5

143.5

243.5

243.5

Location

In a plane normal to experiment axis
in the proximity of the centre of heater

In a plane normal to experiment axis
in the proximity of the centre of heater

In a plane normal to experiment axis located
inbentoniteclosetooneend

Figure

Figure 4-24

Figure 4-25

Figure 4-26

Figure 4-27

Figure 4-28

Figure 4-29

Figure 4-30

Figure 4-31

Figure 4-32

Figure 4-33

are in genera l achieved by all partners for these
outer posit ions. It is c lear that the wett ing process
of the outer ring is better captured than the t ran-
sient vapour transfer induced phenomena in the in -
ner parts of the barr ier.

Evolution of stresses

Three normal stresses (ar, CT6, az) have been re-
corded at several different radii. The comparison
plots prepared are shown in Table 4-42.

Stresses recorded by cells located in points sym-
metrical with respect to a transversal plane through
the centre of the mock-up have been plotted in the
same graph. This doubles the number of experi-
mental points. Important discrepancies observed
when experimental data coming from two trans-
ducers located in symmetrical points, indicated the
difficulty to measure total stress in a reliable man-
ner. This is the case for r = 35 cm and z = 97 cm
(Figure 4-34, Figure 4-35 and Figure 4-36). In fact
almost no response was recorded for one trans-
ducer of each of these plots. However, the close
agreement found in other cases (r = 66.5 cm; z =
147 cm; see Figure 4-37, Figure 4-38 and Figure
4-39) provides useful and reliable data to check
the accuracy of models. It is well accepted that

stresses, which depend not only on temperature
and fluid transfer phenomena but also on a suit-
able mechanical constitutive model are difficult to
predict accurately. In (r = 66.5 cm; z = 147 cm)
stresses seem to approach the swelling pressure at
the end of the monitored period. UPC seems to
achieve a satisfactory prediction for the three stress
components. More difficulties are met by others,
ISM overpredicts the measurements although dif-
ferences are not large. AND, CLA and UOL tend
to underpredict the measured values. The disper-
sion of model predictions is, at the end of the
reported period (1080 days) quite large (2.2 MPa
to 9.5 MPa for any of the stress components). All
the models, however predict a continuous increase
in stress intensity. Presumably long term predictions
should approach the swelling pressure value.

Stresses in the section not directly heated (Figure
4-40, Figure 4-41 and Table 4-43) increase also
in time at a rate comparable with the rate observed
in heated sections. Similar comments may be
made to evaluate these results.

Distribution of temperature along the buffer

Measurements recorded at all temperature sen-
sors located at two different radii (r = 37 cm and r
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Table 4-42
FEBEX mock-up test. Evolution of relative humidity. Plots prepared

Co-ordinates

R(cm)

35

35

35

65.5

65.5

65.5

65.5

65.5

Z(cm)

97

97

97

147

147

147

247

247

Stress

o,

ae

a2

ar

a6

az

a-,

oe

Location

In a plane normal to experiment axis in the proximity
of the centre of the heater

In a plane normal to experiment axis in the proximity
of the centre of the heater

In a plane normal to experiment axis located
in bentonite dose to one end

Figure

Figure 4-34

Figure 4-35

Figure 4-36

Figure 4-37

Figure 4-38

Figure 4-39

Figure 4-40

Figure 4-41

65.5 247 Figure 4-42

= 70 cm) have been lumped together in Figure
4-43 to Figure 4-51 for 9 instants of time (t = 0,
30, 60, 90, 180, 240, 360, 480 and 600 days).
Also indicated in these plots are model predictions
by different partners. The plots show the direct ef-
fect of heaters in increasing the temperature in ra-
dial direction. Relatively strong temperature gradi-
ents are recorded in the axial direction towards the
end caps and the central sections. In general, pre-
dictions reproduce measurements in a satisfactory
way. Some partners are particularly accurate (CLA,
UOL, UWC) especially for the smallest radius (r =
37 cm). Predictions close to the outer cylindrical
boundary overestimate actual measurements. The
difficulty to establish the boundary condition is
probably the origin of this discrepancy.

In Figure 4-52 to Figure 4-54, model predictions
for t = 720, 900 and 1080 days are reproduced.
In this case no measurements are available. Con-
ditions close to stationary were achieved at a rela-
tively early date and therefore no significant tem-
perature changes are observed when comparing
different plots. Maximum discrepancies among
models amount to 1 7 °C in points located in a
cross section through the centre of the heater. This
magnitude is considered high in view of the robust-
ness, which is in general associated with tempera-
ture predictions.

Distribution of relative humidities along the buffer

Longitudinal variations of relative humidity at r =
37 cm and r = 70 cm have been plotted in Figure
4-55 to Figure 4-63 for t = 0, 30 , 60 , 90 , 180,
2 4 0 , 3 6 0 , 480 and 600 days. Again RH sensors
located at the same radius have been plotted to-
gether. The longitudinal variation of RH is rather
homogeneous. No significant axial gradients seem
to develop. Beyond t = 180 days approximately
the central full bentonite section in between the
heaters tends to be wetter than other sections d i -
rectly affected by heaters. No RH measurements
are however available in bentonite sections close
to the extremes. Some calculations (UWC) show
this effect although UPC found stronger longitudi-
nal gradients than observed. Others (CLA, UOL,
AND, ISM) exhibit an almost constant longitudinal
variation of RH. Some partners (CLA, UWC) seem
to have interpreted that the buffer was also hy-
drated from both ends.

RH predicted distributions for higher times (t =
720, 900 and 1080 days) have been collected in
Figure 4-64 to Figure 4-66. Discrepancies among
models are significant especially for r = 37 cm.
Close to the outer boundary (r = 70 cm) RH pre-
dictions range between RH = 9 1 % to RH ^ 99%
f o r t = 1080 days.
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Total Water Intake Evolution

Figure 4-14. FEBEX mock-up test.

1600

1400

Total Heating Power Evolution

Figure 4-15. FEBEX mock-up test.
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Temperature Evolution at R = 20 cm, z = 118.5 cm

800 1000 1200

Time (day)

Figure 4-16. FFBEX mock-up test.

Temperature Evolution at R = 39 cm, 2 = 118.5 cm

Time (da/)
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Figure 4-17. FEBEX mock-up test.
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2

B

Temperature Evolution at R = 58 tm, z = 118.5 cm

600

Time (day)

Figure 4-18. FEBEX mock-up test.

Temperature Evolution at R = 77 cm, z = 118.5 cm

Time (day)

Figure 4-19. FEBEX mock-up test.
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Temperature Evolution at R = 20 tm, z = 268.5 cm

600
Time (day)

Figure 4-20. FEBEX mock-up test.
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Figure 4-21 FEBEX mock-up test.
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Temperature Evolution at R = 58 cm, z = 268.5 cm

200 600

Time (day)

Figure 4-22. FEBEX mock-up test.

Temperature Evolution at R = 77 cm, z = 268.5 cm

Figure 4-23. FEBEX mock-up test
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1

Relative Humidity Evolution at R = 22 cm, z = 93.5 cm

Figure 4-24. FEBEX mock-up test.

Relative Humidity Evolution at R = 37 cm, z = 93.5 cm

600

Time (day)
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Figure 4-25. FEBEX mock-up test.
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Figure 4-26. FEBEX mock-up test.
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Figure 4-27. FEBEX mock-up test.
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Relative Humidity Evolution at R = 22 cm, z = 143.5 cm
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Figure 4-28. FEBEX mock-up test.
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Figure 4-29. FEBEX mock-up test.
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Figure 4-30. FEBEX mock-up test.

Relative Humidity Evolution at R = 70 cm, z = 143.5 cm

Figure 4-31. FEBEX mock-up test.
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Relative Humidity Evolution at R = 35 cm, z = 243.5 cm

Figure 4-32. FEBEX mock-up test.
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Figure 4-33. FEBEX mock-up test.
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o , Evolution at R = 35 cm, z = 97 tm
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Figure 4-34. FEBEX mock-up test.
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Figure 4-35. FEBEX mock-up test.
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a . Evolution at R = 35 cm, z = 97 cm

Time (day)

Figure 4-36. FEBEX mock-up test.

a , Evolution at R = 65.5 cm, z = 147 cm

Time (day)

Figure 4-37. FEBEX mock-up test
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o 0 Evolution at R = 65.5 cm, z = 147 tm

Time (day)

Figure 4-38. FEBEX mock-up test.

a . Evolution at R = 65.5 cm, z = 147 cm
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Figure 4-39. FEBEX mock-up test.
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a , Evolution at R = 65.5 cm, z = 247 cm

Figure 4-40. FEBEX mock-up test.

a 0 Evolution at R = 65.5 cm, z = 247 cm

Time (day)

Figure 4-41. FEBFX mock-up test.
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CT. Evolution at R = 65.5 cm, z = 247 cm
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Time (day)

Figure 4-42. FEBEX mock-up test.

Temperature Distributions at t = 0 days (up R = 37 cm, down R = 70 cm)
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Figure 4-43. FEBEX mock-up test.
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Temperature Distributions at t = 30 days (up R = 37 cm, down R = 70 cm)

•s 45

%ure 4-44. FEBEX mock-up test.

Temperature Distributions at t = 60 doys (up R = 37 cm, down R = 70 cm)

Figure 4-45. FEBEX mock-up test.
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Temperature Distributions at t = 90 days (up R = 37 cm, down R = 70 r.m)

Figure 4-46. FEBEX mock-up test.

Temperature Distributions at t = 180 days (up R = 37 cm, down R = 70 cm)

Figure 4-47. FEBEX mock-up test.
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Temperature Distributions at t = 240 days (up R = 37 cm, down R = 70 cm)

Figure 4-48. FEBEX mock-up test.

Temperature Distributions at t = 360 days (up R = 37 cm, down R = 70 cm)
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Figure 4-49. FEBEX mock-up test.



4. BENCHMARK 3.2 "FEBEX mock-up test"

Temperature Distributions ott = 480 days (up R = 37 cm, down R = 70 cm)

Figure 4-50. FEBFX mock-up test.

Temperature Distributions at t = 600 days (up R = 37 cm, down R = 70 cm)

Figure 4-51. FEBEX mock-up test.
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Temperature Distributions ot t = 720 days (up R = 37 tm, down R = 70 cm)

Figure 4-52. FEBEX mock-up test.

Temperature Distributions at t = 900 days (up R = 37 cm, down R = 70 cm)
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Figure 4-53. FEBEX mock-up test.
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Temperature Distributions at t = 1080 days (up R = 37 cm, down R = 70 em)

Figure 464. FFBEX mock-up test.

Relative Humidity Distribufions at t = 0 days (down R = 37 cm, up R = 70 cm]

Figure 465. FEBEX mock-up test.

149



CATSIUS CLAY Project. Stage 3: Validation exercises at a large "in situ" scale

Relative Humidity Distributions att = 30 days (down R = 37 cm, up R = 70 cm)

50

Figure 4-56. FEBEX mock-up test

Relative Humidity Distributions at I = 60 days (down R = 37 cm, up R = 70 cm)

Figure 461. FEBEX mock-up test.
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Relative Humidity Distributions att = 90 days (down R = 37 cm, up R = 70 cm)

figure 4-58. fEBEX mock-up test.

Relative Humidity Distributions at t = 180 days (down R = 37 cm, up R = 70 cm)

figure 4-59. fEBEX mock-up test.
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Relative Humidity Distributions at t = 240 days (down R = 37 cm, up R = 70 cm)

Figure HO. FEBFX mock-up test.

Relative Humidity Distributions aft = 360 days (down R = 37 cm, up R = 70 cm)
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Figure 4-61. FEBEX mock-up test.
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Relative Humidity Distributions at t = 480 days (down R = 37 cm, up R = 70 cm)

Figure 4-62. FFBEX mock-up test.

Relative Humidity Distributions at t = 600 days (down R = 37 cm, up R = 70 cm)

Figure 4-63. FEBEX mock-up test.
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Relative Humidity Distributions at t = 720 days (down R = 37 cm, up R = 70 cm)

Figure 4-64. FEBEX mock-up test.

Relative Humidity Distributions at t = 900 days (down R = 37 tm, up R = 70 tm)

Figure 4-65. FEBEX mock-up test.
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Relative Humidity Distributions alt = 1080 days (down R = 37cm, up R = 70 cm)

Figure 4-66. FEBEX mock-up test.

4.2.8 Discussion
It is useful to compare in a synoptic way the main

hypothesis and relevant parameters used by differ-
ent modellers. A table has been prepared in this re-
gard (Table 4-43). Its purpose is to provide a quick
reference to the different analyses and the compari-
son among them. A more detailed description of
model hypothesis, mathematical formulations and
procedures for parameter determination was pre-
sented before.

Model structure and formulations vary in a signifi-
cant way among partners and this fact makes it
sometimes difficult to evaluate the performance
and relative merits of models. Some phenomena,
however, (such as heat conduction) share common
parameters because a single underlying framework
was used in all models. Major fundamental differ-
ences have been found in the following aspects:

• The consideration of vapour flow
J The mechanical constitutive model

Vapour flow is an important phenomena govern-
ing the transient distribution of humidity (and the
rest of variables affected by it) in the vicinity of the
heater. Vapour flow was not included in AND and
ISM formulations and this explains the difficulties to
match actual measurements (see previous section).

In the formulation used by CLA, vapour transfer
is controlled by temperature gradients. This is not
enough to reproduce the actual behaviour of
vapour in the buffer. Some features of CLA predic-
tions (the progressive desaturation of the barrier in
the vicinity of the heater) are probably associated
with the formulation used. The rest of modellers
(UPC, UOL, UWC) relate vapour migration to gra-
dients of vapour density. In addition, vapour den-
sity is really controlled by temperature via a psy-
chrometric law. This formulation leads to consistent
results to this group of modellers even if discrepan-
cies among them exist because of the influence of
other parameters.

Relative permeability to water is, in general, one of
the key aspects of liquid water flow predictions in
unsaturated soils. However, all partners essentially
adopted the cubic law suggested in the specifica-
tions and this selection removes a possible source of
discrepancies. When comparing different results.
Water retention properties are also extremely signifi-
cant with regard to water flow. It is known that small
variations in the water retention curve may lead to
large deviation of computed results. In this occa-
sion, the choices of partners vary markedly from
relatively simple one-to-one relationships between
suction and degree of saturation (AND, UOL,
UWC) to more complex formulations introducing
wetting and drying branches (CLA, UPC). It is cer-
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tain that a substantial amount of the discrepancies
among different predictions can be attributed to the
different choices of water retention curves. The dis-
cussion here cannot be limited to the modelling op-
tion since experimental results show a significant
dispersion, which may lead to alternative fittings.

It is also well known that heat conduction phe-
nomena dominates temperature distribution in the
buffer. Parameter for heat conductivity and specific
heat follow in general the values suggested in the
specifications. In some models, some forms of heat
transfer (advective forms associated, for instance, to
vapour transfer) have not been included. Thermal
boundary conditions at the outer boundary (in most
cases, the steel-atmosphere interface; UOL, how-
ever, limits the discretisation to the bentonite bound-
ary) are difficult to validate. Most modellers use a
"film transfer coefficient" type of formulation but pa-
rameters change among them. Overall the differ-
ences between temperature predictions and mea-
surements are larger than one could perhaps expect
in view of the recognised robustness of thermal anal-
ysis. Sources of discrepancies are probably associ-
ated in this case to the consideration (or not) of
some heat transfer mechanisms, differences in
boundary conditions and the accuracy of the experi-
mentally determined coefficient of heat conductivity.

Mechanical models used by different partners are
widely different. They range from non-linear elastic
models (AND, UWC) to plastic models. Plastic
models used by CLA and ISM are adapted to the
basic formulation of code ABAQUS. They use
Bishop effective stress and introduce some additional
corrections to take into account the effect of change
in suction. In the case of CLA an imposed moisture
swelling strain is added whereas ISM considers a
suction dependant yield locus within a critical state
type of formulation. These approximations may re-
quire some specific tests in order to derive model
parameters (CLA). Finally UPC and UOL have used
a consistent formulation for unsaturated soils (BBM)
but they introduce some specific changes in the elas-
tic parameters in order to capture their dependence
on suction or confining stress.

It is believed that the sophistications of an
elastoplastic analysis are not fully justified in this
case, in view of the expected stress paths in the
buffer. In fact, the mock-up is an strongly confined
structure and deformations and stress changes must
obey an overall condition of zero (or almost zero)
volumetric deformation. Shear contribution to the
buffer behaviour is therefore of less importance.
Some additional plots have been prepared in order
to investigate the state of stress in the buffer. Given
the experimental difficulties to measure reliably total
stresses not all instrumented sections could be used
to properly identify the state of the stresses in the

buffer. Very often one of the stress components
could not be obtained ( a zero reading was often re-
corded). However some cross sections offered con-
sistent results (all transducers worked properly). In
these cases mean and deviatoric total stress compo-
nents can be computed. This is the case of two sym-
metrical sections (z = + 1 4 7 cm and z = -147 cm)
at a common radius (r = 66.5 cm). Stress compo-
nents (ar, ae , az) derived average

o\ +a0

and deviatoric
1/2 N

stresses have been represented (normal stresses are
assumed to be principal stresses).

Stress components have been plotted in Figure
4-67 and Figure 4-68. Both sections, 3 m apart,
show a remarkable similar performance. Average
stresses increase in a monotonic way. At the end of
the time period considered average stresses approach
the expected swelling pressure. In fact, the average
dry density of the buffer in mock-up may be com-
puted as pd = 1.675 g/cm3. This figure takes into ac-
count the joint volume. It is computed by considering
that the total buffer volume is the total volume of ben-
tonite blocks plus the amount of water actually in-
jected during the first rapid stage of test flooding. For
pd = 1.675 the swelling pressure - dry density rela-
tionship established for FEBEX bentonite:

p s=exp(6.7pd-9.2) (4-137)

provides p = 7.5 MPa. In Figure 4-67 and Figure
4-68 the final average pressures read 5.7 and 6.6
MPa respectively. Deviatoric stresses are much smaller.
In section (z = -147 cm, r = 66.5 cm) it seems to de-
cay with time after an initial increase to a peak value.
The value recorded at the end of the measuring pe-
riod is 1.15 MPa (and 2.1 MPa in the symmetrical
section). A similar behaviour is recorded in section (z
= 72 cm, r = 66.5 cm) (Figure 4-69). In this loca-
tion, final deviatoric stresses are even smaller (0.5
MPa). In section (z = 24.7 cm, r = 35 cm) (Figure
4-70) the development of stresses is much slower
and probably reflect a slower hydration process. The
actual state of individual joints is a possible explana-
tion for spatial differences in hydration rates. Nu-
merical aspects of the problem have not received a
detailed discussion in the reports prepared by the
modellers. In general, the results for a single mesh,
which the authors considered appropriate, have
been submitted. Table 4-44 includes some overall
figures concerning the mesh used. Other aspects,
such as computational time are discussed in the
specific description of models.
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Table 4-43
Main features of the models used by partners

UPC UOL uwc

Initial conditions

s o= 107.1 Mpa

s,0 = 0.586

P' = 0.11 MPa

So = 71.8-85.8 Mpa
eo = 0.495-0.543
s,0 = 0.66-0.76
(depends on block type)
Y = 0.1 MPo

s0 = 79.24 Mpa
e0 = 0.684
s,0 = 0.538

Outer boundary conditions
(water pressure and heat flow)

Flow m

Vapour

intrinsic

Relative

Water retention

pw = 0.55 MPa (outer surface) Global convection coefficient for heat transfer
' - L ) between bentonite and air

pw = 0.52 MPa (outer surface)
qn = MH)
(A, = 6.4W/m;oK)

O:=5m9xl0-12(273.15+r)2Vps(m7s)
qv = (D) grad pv

K, =0.407

S = s(Sr)
V. Genuchten
(drying; wetting 8. transition)

k, = max(53 0.01)

S,(s) = CSW1 log (s) + CSW2
CSW1; CSW2: depend on blocks

qv = (D) grad pw

U p d )

s,3

W = 40.68-14.2 log (S)s (MPa)

Heat T (Bentonite)
T. Conductivity
T. Expansion
Specific heat

a0

J=KIL c s =1 .38T+732 .5 (J/(kp/0C))

1=1.30-0.75/(1+exp[(S,-0.67)/0.11]

cs = 1.38T +732.5

Elastoplastic (based on BBM)
B u t K = K 0 ( l + a o ; s )

Mechanical constitutive E-P:
A,(o) = 1.50 r = 0.75
p =0.05 Mpa K = 0.1
pc = o.l Mpa M = 1.5
a = 0.395 p' = 1 5 MPa

Elastoplastic (based on BBM)
Some changes in elastic parameters
v = 0.33 K = 0.015
Ks = f(amed) ^ = 0 . 2 5
X(o) = 0.4 r = 0.3
P = 0.041 MPa' K = 0.02

(c, = 0.1 MPa)
p< = 13Mpa cp = 30°
e0 = 0.60 Po

Non linear elastic (state surface)
L = 3.642-0.06 lnp-0.13lns+8.6 x 10-5 Inp Ins
G = 30MPa

Numerical details 20 axisymmetric full THM

2D axisymmetric 268 8-noded quadrilateral elements
(bentonite)
40 3-noded interface elements (benfonife-afmosphere)
THM

G O

CO !
m ;

X

Quarter section discretized 459 8-noded isoparametric



Initial conditions

Outer boundary conditions
(water pressure and heat flow)

Flow (W)

Vapour

^intrinsic

Motive

Water retention

Heat T (Bentonite)

T. Conductivity

T. Expansion

Specific heat

Mechanical constitutive

Numerical details

Observations

Table 4-44
Main features of the modeiss used by partners CO

AND (CLEO) CLA ISM

s0 = 70 Mpa
e0 = 0.66
sm = 0.554

So = 15.6 Mpa
e0 = 0.65
s,o = 0.67
P'=10.40MPa

So

S,o

P'

= 65 Mpa
= 0.53
= 0.65
= 44.6 MPa

pw = 0.525 Mpa
(outer surface)

pw = constant
k = 5W/m2 k

pw = 0.525 Mpa
(outer surface)
Heat: convection B.C.

Not specified

log X, = -2.97pd-8.29

S,3

S, =
s in MPa

q , = D,,gradT
DTv (Sr)

S,3

uw
 = f(S,) (drying and wetting)

Not specified

K = 3 . 6 x l O " m / s

Not specified

S = s(Sr)

1 = 1.30-0.75(1 +exp[(S,-0.67)/0.11])-1

(w/m°K)

aTs = 6 x 10'4

a ^ S . S S x l O - 4 ^ " 1 )

cs = 1.38T +732.5
c, = 4185(J/kg°C)

A, = 1.30-0.79 (1+exp[(S,-0.63)/0.13])-1

a,,

c = 1.38T +732.5

= f(Sr)

aTs = 3.33x10-'
an=1.10xl(H(0C-1)

c = f a sr>

Thermoelastic
E(s)=767-666.6(l + 1.15xl0-2s)'
E, s: Mpa
v = 0.3

Porous elastic & Drucker Prager
K = 0.2 (log) cp = 17°
v = 0.4 c = 1 OOkPa

Bishop effective stress
Moisture swelling s , = f(Sr)

Elastoplastic critical state yield locus: suction dependent

K = 0.13 (log) G = lOOMPa
1 - 1 M = 0.7

Parameters defining plastic hardening

Mesh 2D axisymmetric
150 elements
(4 noded, 7 ?)
192 nodes

Mesh 2D axisymmetric
1533 quadrilateral elements
1468: bentonite
128: confining structure
37: heater
staggered solution (T - HM ->T...)

Mesh 2D axisymmetric staggered
1228 isop quadrilateral elements
(Thermal)
1124: isop. Quadrilateral
(HM)

Specific tests are required for some model parameters
(moisture redistribution, temperature gradient tests,...)
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70

60

50

40

30

20

10

Evolution of stresses at R=66.5 cm, z=147 cm

deviator

-"o

2000 4000 6000 12000 14000 16000

Time (days)

Figure 4-67. FEBEX mock-up test.

Evolution of stresses at R=66.5 cm, 2=147 cm
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Figure 4-68. FEBEX mock-up test.
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Evolution of stresses at R=66.5 cm, z = 7 2 cm
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Figure 4-69. FEBEX mock-up test.

Evolution of stresses at R=35 cm, z=24.7 cm
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Figure 4-70. FEBEX mock-up test.
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5. Conclusions

Two large-scale tests involving the hydration of
clay buffers were selected for stage 3 of CATSIUS
CLAY. The fist test case, BACCHUS 2 (Benchmark
3.1) concerns the in situ hydration of a mixture of
high-density pellets and powder of Boom clay. No
heat was appl ied in this case and the test was in-
stalled in a vertical shaft driven f rom the gallery of
the HADES underground laboratory located in
natural Boom clay (Mol , Belgium). The second test
is a large scale mock-up, which reproduces, under
laboratory controlled condit ions, the thermal, hy-
draulic and mechanical interactions of a bentonite
barrier subjected to internal heating and a simulta-
neous water inflow from the outer boundary. This
mock-up test is part of FEBEX (Full Scale Engineered
Barriers Experiment in Crystalline Host Rock) a pro-
ject being conducted by ENRESA. The test set up
was installed within CIEMAT premises in Madr id .

BACCHUS 2 occupies the place of ancient
BACCHUS 1, which was a short heating test later re-
moved. Existing "in situ" instrumentation for BAC-
CHUS 1 has been profited for the purposes of BAC-
CHUS 2. Some uncertainties remain on the effects
that the installation, short heating period and re-
moval could have induced on the natural Boom clay.

The recorded hydration response of BACCHUS 2
was avai lable to partners before they performed
the simulation. It was not therefore a strict blind test.
The prepared benchmark asked for predictions of
stresses in the backfill and pore water pressures
within the backfill and in the host clay. Model pa-
rameters could be adjusted on the basis of an
extense laboratory database, which included tests
on compacted Boom clay and in samples made of
high-density pellets. The actual mixture pow-
der-pellets used "in situ" was not tested, however.
Three stages have been distinguished in BACCHUS
2: natural hydration from the outer saturated clay,
artificial hydration from an inner shaft and a final
stage once the fill was essentially saturated, in which
no more water was added through the inner shaft.

Mode l predictions for the first stage indicated
that the strong initial suctions in the backfil l de-
creased progressively as water f rom the natural
clay infiltrated into the f i l l . Computed suctions
could not be compared with measurements since
piezometers were only prepared to read positive
pore water pressures. Models also predicted a
transient decrease of the pore water pressure and
annulus of the host rock. This reduction was in-
duced by the high fill suctions and , according to
various modellers leads to negative pore water
pressures in the natural Boom clay. Such a reduc-

t ion was not observed in situ. A possible explana-
t ion for this behaviour, contrary to expectations,
was the existence of a singular interface between
fill and host rock, which acted effectively as an im-
pervious barrier. A highly remoulded f i lm of natural
clay may be one explanat ion. If such an impervi-
ous f i lm is introduced into the analysis as UOL d id ,
computed results approach pore water measure-
ments in the clay.

The artif icial hydration of the fill and the short
term reaction of stresses and pore pressures to
changes in boundary condit ions has been well
captured by some modellers. Also the long term
evolut ion of stresses and pore pressures, as mea-
sured in Stage 3 of the experiment was in reason-
able agreement with some model ler predictions.
The f inal stage of hydration progressed essentially
at constant effective stress, and therefore, no fill
deformations were presumably taking place. The
overall performance of different models has been
summarised in some tables (see Section 3 .2 .7) ,
which evaluate in a qualitative way (underpredic-
t ion , O K , overprediction) the agreement between
model calculations and measurements. In general
a l though some models performed better than o th-
ers, no single model was able to reproduce fai th-
fully the complete history of stress and pressure de-
velopment. It has been pointed out that model
predictions were extremely sensitive to some key
properties and in part icular to the water retention
and the relative permeabil i ty functions. Since avai l -
able laboratory data always exhibit a signif icant
dispersion, the dispersion of results is a natural
outcome of the present state of the art.

A direct compar ison of models sharing a com-
mon mechanical f ramework was at tempted. Here
again two different groups (UOL and UPC) se-
lected different model parameters on the basis of a
common set of laboratory data. As conc luded also
in the discussion of a previous Benchmark of the
CATSIUS CLAY Project, models and modellers
cannot be dissociated when evaluating a given
computat ional code.

The FEBEX Mock-up test has provided an inter-
esting and complete benchmark case (BM 3.2) in
which thermal , mechanical and f low processes in-
teract in condit ions close to those to be found un-
der real repository condit ions. Not only point mea-
surements for temperature, relative humidity and
stresses were avai lable. In fact, g loba l performance
could be evaluated through the total amount of
water hydrating the clay and the total heating
power spent in the test. The avai lable laboratory
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database for the compacted bentonite was extense
and most material parameters used in the different
models could be determined. Benchmark 3.2 was
a true bl ind exercise and therefore it provides more
discriminating information about the capabil i t ies of
different computer models.

An overall compar ison of model predictions and
global test data concerning total inflow of water
and heating power is in general quite satisfactory.
Some models have achieved a very good predic-
t ion but it is also worth to stress that all predictions
stay within acceptable tolerances. This positive
comment is made taking into account the difficulty
to achieve accurate bl ind predictions in problems
involving T H M processes. Probably a great part of
the merit should be associated with the careful lab-
oratory work carried out. The key parameters in-
volved in the global water intake are the intrinsic
and relative permeabil i t ies and the water retention
characteristics of the bentonite. Heat transfer is
mainly control led by the coefficient of heat conduc-
t ion . In both cases a diffusion-type of process is in-
volved.

Local measurements of relative humidity revealed
however significant differences among partners.
Models , which do not include vapour transfer in
their formulat ion (AND, ISM) or adopted a temper-
ature-based formulat ion (CLA) were not able to
capture the transient processes which occur in the
vicinity of the heater. Consistent formulat ions,
which model vapour transfer as a consequence of
gradients were able to reproduce the physical pro-
cesses measured. Stresses are more difficult to pre-
dict for several reasons. From the experimental
point of view it is well known that stress sensors are
affected by a number of effects, which renders
them more unrel iable than other measurements. In
add i t ion , the distribution of stresses in a med ium,
which has an underlying blocky nature, is probably
heterogeneous at a local scale. This is in contrast
with variables, which depend on a diffusive type of
process (temperature, relative humidity) which tend
to be more evenly distributed across discontinuities
or imperfections. From a computat ional point of
view stresses are sensitive to details of the mechan-
ical constitutive formulat ion. The elastic part of the
different models, probably controls in a dominant
way the overall model response. This elastic part
varies f rom partner to partner even though it has to
be based on a common set of experimental results.

G o o d agreement has been found , however,
when compar ing some predictions with the results
of some sections, which, apparently, provide con-
sistent measured values (symmetrical sections react
in a similar way and all pressure transducers react
at a common rate of stress increase). When pre-
dicted stresses by different modellers are compared
at a given t ime (end of selected t ime interval, for
instance) important discrepancies are obta ined.
Hopefully long-term predictions should converge
towards common stress values, in the proximity of
the swelling pressure but these long-term predic-
tions have not been carried out within the f rame-
work of the benchmark. The procedure to derive
material parameters f rom raw experimental data is
an interesting contr ibut ion to this benchmark. It has
been described in detail by some partners (UOL in
particular).

All analyses performed use continuum models.
The good performance of some of them implies that
the jointed nature of the barrier did not play a ma-
jor role in the behaviour of the buffer. Probably the
decision to f lood initially the mock up test contrib-
uted to homogenise the barrier in an effective way.

Discussions held dur ing the presentations of part-
ners results and specific views concerning the two
benchmarks included in Stage 3 have also served
to pinpoint several issues, which require further de-
velopment. Areas of uncertainty remain in:

: Vapour transfer phenomena and its val ida-
t ion through specific tests.

.._] Behaviour of discontinuities and interfaces.
Transfer processes a long and across them.

• Temperature effects on mechanical and hy-
draul ic properties of expansive barriers. No
comprehensive laboratory program is still
available concerning temperature effects.

.5 Effect of microstructural evolution of swelling
barriers on some key parameters and, in par-
ticular, in intrinsic permeability.

, s Long-term predictions of existing models.

It is finally recognised that despite the progress in
understanding basic phenomena, uncertainties in
prediction are unavoidable. Sensitivity analysis re-
mains as a desirable tool to evaluate the behav-
iour of expansive barriers. Hopefully progress
achieved within CATSIUS CLAY may help to reduce
the range of uncertain variables.
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Appendix 1. Tables for BENCHMARK 3.2

A l . l Identification properties
The table below shows the identification properties of the S-2 and FEBEX bentonites, according to tests

performed at different laboratories. The large differences between the percentages of grains with sizes less
than 2 jam found by CIEMAT and UPC may be due to the different degree of dispersion of these particles
achieved during the tests.

Property

Eq. water content (lab)

Liquid limit

Plastic limit

Plasticity index

Specific weight

Granulometry

less than 74 \im

less than 2 \xm

Specific surface

total

external, BET

S-2

CSIC

94±3

82±6

614±74

bentonite

CIEMAT

10-13

105+10

2.78

86

65±1

516±37

37

CIEMAT

13.7+1.3

102±4

53±3

49±4

2.71 ±0.04

92+1

68±2

32±3

FEBEX bentonite

UPC CSIC

9 3 ± 1

87

45

640-659

Units

o/o

%

%

%

—

I"
mVg

mVg
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Al .2 Strength parameters in uniaxial compression and triaxial rests
Simple compression tests performed in S-2 bentonite using cylindrical samples (diameter of 38 mm,

height of 78 mm) with a loading rate of 2% of deformation per minute showed that the uniaxial compres-
sion strength raises exponentially with the dry density. For a dry density of 1.70 g/cm3 and equilibrium wa-
ter content under laboratory relative humidity conditions, the uniaxial compression strength is 25 kg/cm2.
Maximum strengths are obtained for water contents about 20%.

The following table shows the results of triaxial tests performed on unsaturated samples (at the laboratory
equilibrium water content) for different initial dry densities.

P d 3

1.6

1.6

1.6

1.7

1.7

1.7

1.8

1.8

1.9

initial Sr

41-47

41-47

41-47

49-60

49-60

49-60

53-59

53-59

65-79

<T3 interval
(MPa)

0.5-3.0

3.0-10.0

10.0-30.0

0.5-3.0

3.0-10.0

10.0-30.0

3.0-10.0

10.0-30.0

3.0-10.0

Cohesion
(MPa)

0.7

2.8

4.4

0.8

1.0

3.5

4.3

3.6

4.5

Frict. angle

25

14

14

30

26

16

16

18

19
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A].3 Swelling pressures
Using FEBEX bentonite, a series of oedometric tests have been performed on 1 1 samples (F) and on 5

samples (A) taken from a homogeneized batch. The following table shows the swelling pressure Ps obtained
in these tests for dry densities of 1.60 and 1.70 g/cm3.

Sample

F-2

F-18

F-37

F-59

F-65

F-75

F-79

F-93

F-102

F-109

F-119

MEAN

A-l

A-2

A-3

A-4

A-5

MEAN

Pd
(g/cm3)

1.59

1.59

1.58

1.58

1.60

1.58

1.60

1.59

1.59

1.59

1.59

1.60

1.57

1.58

1.60

1.59±0.01

1.61

1.61

1.64

1.62

1.62

1.60

1.62

1.62+0.01

Initw
(%)

15.2

15.5

16.1

14.5

13.0

15.0

11.2

12.2

13.1

13.8

14.0

14.3

13.5

12.5

13.9+1.4

13.0

13.7

12.0

13.0

13.0

14.5

12.7

13.1 ±0.8

Final w
(%)

29.5

27.5

29.4

32.4

30.5

30.1

29.2

29.2

32.5

29.9

29.7

29.6

30.1

28.4

29.9+1.3

29.9

28.3

26.7

31.0

30.2

31.9

27.5

29.4 ±1.9

P,
(kg/cm2)

>58

>62

>50

42

49

>60

30

52

41

36

>>56

>56

52

54

52

50±9

32

>68

52

54

56

34

48

48±13

Pd
(g/cm3)

1.71

1.70

1.71

1.70

1.70

1.69

1.70

1.70±0.01

1.72

1.72

1.72

1.72+0.00

Initw

(%)

15.6

15.0

12.7

12.7

12.3

14.8

12.5

13.4+1.4

13.4

12.8

13.4

13.2±0.3

Final w
(%)

29.6

29.4

27.8

28.4

27.5

28.4

28.2

28.5±0.8

29.0

27.2

28.2

28.1 ±0.9

Ps
(kg/cm2)

108

83

111

77

97

105

99

97±13

85

124

96

102±20
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Using FEBEX bentonite, seven swelling under load tests have been performed taking samples from a
homogeneized batch. All samples were prepared at a nominal dry density of 1.60 g /cm 3 .

, V. load pd init w Final w Swelling strain
imple (MPa) (g/cm3) (%) (%) (%)

A-l 0.5 1.62 13.2 39.3 17.8

174

A-2 0.5 1.60 14.7 40.1 17.2

A-4 0.5 1.62 13.7 38.3 17.8

A-5

MEAN

A-2

A-3

0.5

0.9

0.9

1.62

1.61 ±0.01

1.59

1.61

14.0

13.9±0.6

14.2

13.8

39.1

39.2±0.7

36.7

36.6

17.2

17.5±0.3

15.9

14.7

A-4 • 0.9 1.59 15.0 37.2 13.4

MEAN 1.60±0.01 14.3±0.6 36.8±0.3 14.7±1.3
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A1.5 Elastic shear modules
For the FEBEX bentonite, UPC determined the elastic shear modulus G for small strains (1 0"6 < y < 1 0~4).

The tests were performed, using a resonant column, on 10 samples compacted at different dry densities,
degrees of saturation and confining pressures. The table below shows the results obtained.

Shear modulus G (MPa)
Sr

(g/cmJ)

1.58

1.66

1.54

1.56

1.62

1.66

1.65

1.72

1.68

1.62

14.7

13.6

3.4

2.8

24.6

21.3

4.7

10.4

3.7

12.7

54

57

12

10

95

87

19

47

16

50

0.757

0.668

0.802

0.777

0.717

0.677

0.685

0.615

0.652

0.713

03 = 0.01

(MPa)

140

211

78

89

240

252

74

200

61

122

03 = 0.1

(MPa)

207

223

106

106

270

296

90

219

89

180

03 = 0.2
(MPa)

245

270

174

138

370

137

293

141

240

03 = 0.4
(MPa)

300

208

331

429

190

381

200

299

03 = 0.8
(MPa)

370

326

336

502

310

429

290

387
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A1.6 Saturated hydraulic conductivity
For the FEBEX bentonite, and using non

homogeneized samples, a series of permeability
tests were carried out. The cylindrical samples (di-
ameter of 5.0 cm and height of 2.5 cm) were con-
fined between two porous stones and, using a wa-
ter pressure of 0.6 MPa, were hydrated from both
ends until saturation was reached. Afterwards, wa-
ter pressure was raised in the lower porous stone.
Pressures of 5.2 MPa (for p̂  = 1.60 g/cm3) and
7.2 MPa (for p^ = 1.70 g/cm3) were applied and,
when the steady state was reached, the water flow
was determined. Using Darcy's formula, table A
was prepared.

UPC performed also a series of oedometric tests
at the end of the swelling under load tests once
saturation was completed. In order to compute the
saturated hydraulic permeability, the following ex-
pression was used to match the recorded sample
deformations

kEr

In this expression 8 is the settlement of the sam-
ple, o0 is the instantaneous settlement due to the
elastic compressibility of the testing device and of
the sample support, 2H is the height of the sample,
Em is the confined modulus of deformation, 11(1, cv,
H) is the degree of consolidation according to
Terzaghi's theory, ca is the secondary consolidation
coefficient, t the time, f90 is the time for the 90% of
primary consolidation, cv is the consolidation coef-
ficient, k is the permeability and yw is the specific
weight of water. For times less than f90 the second-
ary consolidation has been assumed to be negligi-
ble. The results of the backanalysis performed are
presented in table B.

where p̂  is the initial dry density, e; is the initial
void ratio, a-, is the initial load, Gf is the final load,
cv is the consolidation coefficient, Em is the con-
fined deformation modulus, k is the permeability,
ca is the secondary consolidation coefficient, 5Q is
the instantaneous settlement of the sample and er

is the difference between the measures values and
the analytical approximation.

Table A

Sample Pd
(g/cm3)

Initw k
(xlO'4m/s)

Pd
(g/cm3)

Initw k
(xlO"4m/s)

F-2

F-18

F-37

F-75

1.59 14.8 3.1

1.60

1.60

1.61

15.0

13.3

11.7

5.9

6.0

1.70

1.70

1.70

14.8

15.1

13.4

3.8

2.9

3.8

5.9 1.69 1.7 3.2

F-109

F-119

MEAN

STD DEV

1.59

1.58

1.60

0.01

12.5

14.0

13.5

1.3

6.4

8.3

5.9

1.7

1.70

1.67

1.69

0.01

11.9

14.5

13.6

1.5

4.1

3.7

3.6

0.4
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Table B

Pi
(g/cm3)

1.15

1.12

1.36

1.39

ei

1.417

1.473

1.036

0.999

(MPa)

0.01

0.01

0.2

0.5

Of

(MPa)

0.1

0.1

1.0

1.0

Cv

(xlO"3cm2/s)

4.39

4.47

0.0415

0.0320

Em

(MPa)

4.42

4.90

18.27

42.46

k
(m/s)

9.9-10"10

9.12-1010

2.27-10"12

7.53-1013

Ca

(x lO3)

3.26

3.37

6.00

1.99

(H
597

446

273

43

Sr

(H
6.6

12.0

15.4

5.5
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A ! , / V ' / l i J c ; iB l : -3 ] ! : lU iS Ci]iV;>'S

The following table summarizes the results of a
series of tests performed on FEBEX bentonite in or-
der to check if the expression for the water reten-

tion curve obtained for the S-2 bentonite was also
valid foe FEBEX bentonite. Each sample was
tested twice and the values on the table represent
their mean value. The last column shows the
value obtained using the formula derived for the
S-2 bentonite.

Sample

_ F - 2 __
F-17

F-37

Initw

14.8

s
(MPa)

255.5

(g/cm3)

1.65

Final w

9.0

Final Sr

39 7.8

16.0 255.5 1.61
13.3 255.5 1.63 9.1

36 7.8
38 7.8

F-59

F-75

A-l

A-5

F-2

12.7 255.5 1.63 9.2 38 7.8

JJL7
14.4

4.5

14.8

260^6
26O6_

_260.6
138.6

1.62 8.3 34

1.65 8.4

U 5
1.61

8.3

_36_

35
13.2 52

1L.

JJ_
10.9

F-17

F-37

F-59

F-75

F-109

F-119

A-l

A-5

70-IMA-3-4-0

F-109

F-119

70-IMA-3-4-0

F-2

F-17

F-37

F-59

F-75

F-109

F-119

A-l

A-5

16.0

13.3

12.7

11.7

11.9

12.3

14.4

14.5

13.1

11.9

12.3

13.1

14.8

16.0

13.3

12.7

11.7

11.9

12.3

14.4

14.5

138.6

138.6

138.6

144.1

143.3

143.3

144.1

144.1

143.3

126.6

126.6

126.6

14.5

14.5

14.5

14.5

14.0

14.9

14.9

14.0

14.0

1.62

1.60

1.60

1.60

1.62

1.63

1.63

1.62

1.62

1.60

1.59

1.60

1.39

1.43

1.35

1.36

1.35

1.35

1.35

1.34

1.35

13.3

13.0

12.8

10.9

11.1

11.5

11.7

11.6

11.5

12.1

12.7

12.3

22.7

22.6

22.6

22.8

21.9

21.9

111

22.4

22.4

55

51

49

43

45

47

48

48

47

48

49

48

65

69

61

62

59

59

60

60

61

10.9

10.9

10.9

10.8

10.8

10.8

10.8

10.8

10.8

11.4

11.4

11.4

22.5

22.5

22.5

22.5

22.6

22.3

22.3

22.6

22.6

70-IMA-3-4-0 13.1 14.9 1.36 22.0 60 22.3
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Al .8 Thermal conductivity
The table below shows the results of a series of tests performed on 37 samples taken from 11 samples of

FEBEX bentonite. The measurements were performed in the direction of compact ion.

Sample

F-18

F-37

F-109

F-119

(g/cm3)

1.53

1.60

1.58

.60

Sr

1.7

X
(W/m-K)

0.5013

(g/cm3)

2.0

0.1

0.5738

0.4771

26.6 104 .2472 1.69 22.3

Sr

101

X
(W/m-K)

F-37

F-75

F-75

F-75

F-109

F-18

1.55

1.53

1.60

0.9

0.1

1.0

3

0

4

0.4797

0.4841

0.5473

1.66

1.67

1.72

1.9

0.1

0.5

8

0

2

0.6195

0.6356

0.6293

F-119

F-2

F-18

F-37

F-75

F-102

F-119

F-2

F-17

F-37

F-59

F-75

F-79

F-102

1.59

1.59

1.60

1.63

1.60

1.59

1.60

1.62

1.63

1.62

1.64

1.61

1.61

1.59

1.1

15.5.

15.5

12.6

13.1

15.4

13.3

26.0

25.3

26.2

25.4

25.8

27.1

27.4

4

60

61

52

51

60

52

105

104

106

106

103

108

106

0.5763

0.6978

0.7824

0.7261

0.6825

0.6995

0.6114

1.2754

1.2726

1.3043

1.3069

1.3619

1.2854

1.2613

1.74

1.71

1.73

1.72

1.70

1.73

1.75

1.72

1.76

1.69

1.71

1.70

13.7

15.0

11.9

12.9

13.1

21.6

20.4

21.6

20.5

22.7

22.6

21.8

67

70

57

61

60

104

101

102

104

103

103

100

0.8992

0.9402

0.8339

0.8077

0.7923

1.2183

1.2450

1.1247

1.2342

1.2717

1.2541

1.2709

1.2531
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The same tests were performed on FEBEX bentonite using the homogeneized sample 70 - IMA-3-4 -0 . Two
measurements were carried out: in the direction of compact ion (A||) and in a direction perpendicular to it
(AJ. The results are given in the fol lowing table:

Pd w Sr A | | A ±

(g/cm3) (%) (%) (W/m-K) (W/m-K)

1.51

1.58

1.63

15

15

15

51

57

62

0.7621

0.8114

0.9550

0.7077

0.7283

0.8934

1.65 15 64 1.0003 0.8940

1.69 15 68 0.9531 0.9525

1.52 20 70 0.9128 0.9030

1.59 20 77 1.1187 0.9930

1.65 20 85 1.1851 1.1622

1.67 20 88 1.1405 1.1686

1.72 20 95 1.4319 1.3918

1.52 25 87 1.0913 1.1517

There are no important differences between the values obtained in a direction parallel to the compact ion
direction and those obtained in a direction perperdicular to it. Using the data from these two tables, the
fol lowing experimental relation has been obtained:

I = 1.30- ° 7 5

l+exp[(Sr-0.67)/0.11]

where A is the thermal conductivity in W/m-K and Sr is the degree of saturation.
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Appendix 2. 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
co-ordinator on the basis of a more extensive in-
formation provided by the partners.

A2.1 CLEO (AND)

General program information
CLEO is an achronym for CalcuL par Elements fi-

nis d'Ouvrages (Computation of Structures using
Finite Elements). It was developed since 1990. The
code is written using FORTRAN 77 and is available
on UNIX-SUN.

Program status
The code CLEO is a research tool and new de-

velopments are continuously in progress. The vali-
dation of the code is performed by comparison
with analytical solutions, computed data and mea-
sured data (laboratory tests, in situ tests or real sys-
tems).

Processes modelled - Governing equations solved
The program models the behaviour of soil, rock

and concrete. The program solves 1D and 2D
(plane strain and axisymmetric) problems. The pro-
cesses modeled include the flow in porous materials
(Darcy's law) and the heat conduction. Constitutive
models incorporated deal with the elastoplastic be-
haviour of expansive and non-expansive materials
in saturated (Drucker-Prager, Cam-clay) and un-
saturated (CASUS Clay model) states.

Method of solution
The finite element method is used, in most cases

with isoparametric elements. Picard's method is
used to solve non-linear equations. The Gauss's
integration scheme is used in numerical integra-
tions.

Processor needed for input/output
At the present time, no specific processor is

needed.

Typical applications in the waste disposal field
Initially, the code CLEO was developed to simu-

late tunnelling in saturated states. It was later ex-
tended to deal with unsaturated states to take into
account the ventilation of galeries in groundworks.
Further developments were incorporated to simu-
late the THM behaviour of engineered clay barriers
and the hydraulic consolidation.

A2.2 ABAQUS (CIA ISM)

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 fol-
lowing manual set: User's Manual, Theory Man-
ual, the Example Problems Manual, the Verification
Manual (with over 3000 basic test cases, providing
verification of each individual program feature
against exact calculations and other published re-
sults) and Quality Assurance Plan.

Processes modelled - Governing equations solved
The following 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 conductance, gap radiation, user materials.
The following analysis procedures are available
and can be mixed in any reasonable fashion: lin-
ear static stress-displacement analysis, non-linear
static stress-displacement analysis, dynamic stress-
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displacement analysis for linear problems, dynamic
stress-displacement analysis for non-linear prob-
lems, creep and swelling analysis, transient and
steady-state heat transfer analysis, natural fre-
quency extraction, eigenvalue buckling estimates,
sequentially coupled temperature and thermal
stress analysis, fully coupled, transient or steady-
state, temperature-displacement analysis, fully cou-
pled acoustic-structural vibration analysis, fully
coupled thermal-electric analysis, consolidation,
partially saturated flow, mass diffusion analysis.

Method of solution
The Finite Element Method is used. The follow-

ing solution techniques are incorporated:
wawefront solution algorithm (automatic, internal,
wawefront minimisation), elastic re-analysis
(based on original stiffness matrix), geometric
non-linearities (lagrangian and updated Lagrange
formulations for finite strain cases), solution of
non-linear equations (full Newton method), consti-
tutive integration (for materials models written in
rate form, fully implicit integration is used).

Processor needed for input/output
ABAQUS/Pre and ABAQUS/Post or other pre-

and postprocessors may be used.

A2.3 CODE BRIGHT (UPC)

General program information
CODE BRIGHT is an acronym for COupled DE-

formation, BRIne and Heat Transport. It has been
developed by the Geotechnical Department in the
Technical University of Catalonia. Although 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 capabilities is available at
any moment. A user guide has been written and it
is updated with new developments as soon as they
are verified. Validation 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 flow temperature

and deformation problems in geologic materials. It
solves simultaneously the following set of govern-
ing equations: mechanical equilibrium (ID, 2D,
3D), water mass balance, air mass balance, en-
ergy balance and mass of mineral balance. Un-
known variables are: solid displacements, liquid
pressure, gas pressure, temperature and porosity.

The following constitutive relations are consid-
ered: Darcy's law for liquid and gas advective flux,
Fourier's law for heat conduction, retention curve
for variation of degree of saturation of liquid phase
and state equations for liquid and gas. Henry's law
and psychrometric 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-linear elasticity, elastoplasticity
(model of Alonso et al., 1990), viscoelasticity,
viscoplasticity and thermoelastoplasticity (model of
Gens et al., 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 following features: analytical
or numerical integration depending on element
type ( ID: segments, 2D: triangles, quadrilaterals,
3D: tetrahedrons, triangular prisms); generalised
mid-point scheme time integration (with a value of
6 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, especially
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
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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.

A2.4 LAGAMINE (UOL)
General program information

LAGAMINE is a program that has been developed
by the MSM Department of University of Liege since
1982. 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 avail-
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). Coupling schemes:
thermomechanics, hydromechanics, thermal-hy-
draulic flow, thermo-mechanical-hydraulic (under
development). Monolithical and staggered sche-
mes 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, tunnelling, stability of underground open-
ings, seepage and transport in porous media, tran-
sient thermal conduction, subsidence modelling.

A2.5 COMPASS (UWC)

General program information
COMPASS is an acronym for COde for

Modelling PArtly Saturated Soil. It was developed
at the University of Wales College of Cardiff. It has
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-mechani-
cal-hydraulic problems in unsaturated soil. It solves
simultaneously the following set of governing
equations: energy balance (heat conduction; con-
vection in the liquid, 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 mass balance (bulk flow
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of air due to a generalised Darcy law and f low of
dissolved air in water) and mechanical equi l ibr ium
condit ions (based on finite strain theory, there are
3 versions: non- l inear elasticity (non-l inear state
surface for volumetric deformat ion, shear behav-
iour via deformat ion modulus and state surface for
the variations of degree of saturation with both ap-
plied stress and suction), elastoplasticity (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 deforma-
tion, HMAEP: heat moisture and air transfer with
elastoplastic deformation and HMATP: heat, mois-
ture and air transfer with thermo-plastic deforma-
tion), 8-noded isoparametric elements based on
"serendipity" shape functions, numerical integra-
tion, implicit time integration with evaluation of the
non-linear matrices weighted at the mid time step,
automatic time step sizing (depending on conver-
gence conditions or output requirements), conver-
gence criteria for all equations, output options, di-
rect solution of the resulting simultaneous
equations via a Gauss elimination technique.

186



PUBLICACtONES TÉCNICAS

1991

O; REVISION SOBRE LOS MODELOS NUMÉRICOS
RELACIONADOS CON EL ALMACENAMIENW DE RESIDUOS
RADIACTIVOS.

02 REVISION SOBRE LOS MODELOS NUMÉRICOS
RELACIONADO CON EL ALMACENAMIENTO DE RESIDUOS
RADIACTIVOS. ANEXO I. Guía de códigos aplicables.

03 PRELIMINARY SOLUBIÜTY STUDIES OF URANIUM DIOXIDE
UNDER THE CONDITIONS EXPECTED IN A SALINE
REPOSITORY.

04 GEOESTADISTICA PARA EL ANALISIS DE RIES60S.
Una introducción a la Ceoestadistica no paramétrica.

05 SITUACIONES SINÓPTICAS Y CAMPOS DE VIENTOS
ASOCIADOS EN "EL CABRIL".

06 PARAMETERS, METHODOLOGIESAND PRIORITIES OF SITE
SELECTION FOR RADIOACTIVE WASTE DISPOSAL IN ROCK
SALT FORMATIONS.

1992

0 ! STAJE OF THEARTREPORT: DISPOSAL OF RADIAŒVE
WASTE IN DEEP ARGILLACEOUS FORMATIONS.

02 ESTUDIO DE LA INFILTRACIÓN A TRAVÉS DE LA COBERTERA
DE LA FUÁ.

03 SPANISH PARTICIPATION IN THE INTERNATIONAL INTRAVAL
PROJECT.

04 CARACTERIZACIÓN DE ESMECTITAS MAGNÉSICAS DE LA
CUENCA DE MADRID COMO MATERIALES DE SELLADO.
Ensoyos de alteración hidrotermal.

05 SOLUBILITY STUDIES OF URANIUM DIOXIDE UNDER THE
CONDITIONS EXPECTED INA SALINE REPOSITORY. Phase II

06 REVISION DE MÉTODOS GEOFÍSICOS APLICABLES AL
ESTUDIO Y CARACTERIZACIÓN DE EMPLAZAMIENTOS PARA
ALMACENAMIENTO DE RESIDUOS RADIACTIVOS DE ALTA
ACTIVIDAD ŁH GRANITOS, SALES YARCILÍAS.

07 COEFICIENTES DE DISTRIBUCIÓN ENTRE RADIONUCLEIDOS.
08 CONTRIBUTIONBYŒ-UPM TO THE PSACOIH LEVELS

EXERCISE.

09 DESARROLLO DE UN MODELO DE RESUSPENSION DE
SUELOS CONTAMINADOS. APLICACIÓN AL AREA DE
PALOMARES.

10 ESTUDIO DEL CÓDIGO FFSM PARA CAMPO LEJANO.
IMPLANTACIÓN EN VAX.

11 LA EVALUACIÓN DE LA SEGURIDAD DE LOS SISTEMAS DE
ALMACENAMIENTO DE RESIDUOS RADIACTIVOS.
UTILIZACIÓN DE MÉTODOS PROBABILISTAS.

12 METODOLOGIA CANADIENSE DE EVALUACIÓN DE LA
SEGURIDAD DE LOS ALMACENAMIENTOS DE RESIDUOS
RADIACTIVOS.

13 DESCRIPCIÓN DE LA BASE DE DATOS WALKER.

1993

01 INVESTIGACIÓN DE BENTONITAS COMO MATERIALES DE
SELLADO PARA ALMACENAMIENTO DE RESIDUOS
RADIACTIVOS DE ALTA AŒVIDAD. ZONA DE CABO DE
GATA, ALMERÍA.

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

03 ANÁLISIS DEL CONTENIDO ENAGUA EN FORMACIONES
SALINAS. Su aplicación al almacenamiento de residuos
radiaévos

04 SPANISH PARTICIPATION IN THE HAW PROJECT. Laboratory
Investigations on Gamma Irrodiation Effects in Rock Salt.

05 CARACTERIZACIÓN Y VALIDACIÓN INDUSTRIAL DE
MATERIALES ARCILLOSOS COMO BARRERA DE INGENIERÍA.

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

07 SIMULACIÓN TÉRMICA DEL AIMACENAMIENTO EN
GALERIA-TSS.

08 PROGRAMAS COMPLEMENTARIOS PARA EL ANALISIS
ESTOaSTICO DEL TRANSPORTE OE RADIONUCLEIDOS.

09 PROGRAMAS PARA EL CALCULO DE PERMEABILIDADES DE
BLOQUE.

10 METHODS AND RESULTS OF THE INVESTIGATION OF THE
THERMOMECHANICALBEAVIOUROF ROCKSALT WITH
REGARD TO THE FINAL DISPOSAL OF HIGH-LEVEL
RADIOACTIVE WASTES.

1994

0 ) MODELO CONCEPTUAL DE FUNCIONAMIENTO DE LOS
ECOSISTEMAS EN EL ENTORNO DE LA FABRICA DE URANIO
ÛEANDUJAR.

02 CORROSION 0F CANDIDATE MATERIALS FOR CANISTER
APPLICATIONS IN ROCK SALT FORMATIONS.

03 STOCHASTIC MODELING OF GROUNDWATER TRAVEL TIMES

04 THE DISPOSä 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 IBÉRICA DESDE
HACE-120.000 AÑOS HASTA EL PRESENTE. Isostasia
glaciar, paleogeografías y paleotemperatvtas.

06 ECOLOGÍA EN LOS SISTEMAS ACUÁTICOS EN EL ENTORNO
DEELCABRŁ

07 ALMACENAMIENTO GEOLÓGICO PROFUNDO DE RESIDUOS
RADIACTIVOS DE ALTA ACTIVIDAD (AGP). Conceptos
preliminares de referencia.

08 UNIDADES MÓVILES PARA CARACTERIZACIÓN

1995

09 EXPERIENCIAS PRELIMINARES DE MIGRACIÓN DE
RADIONUCLEIDOS CON MATERIALES GRANÍTICOS. EL
BERROCAL, ESPAÑA.

10 ESTUDIOS DE DESEQUILIBRIOS ISOTÓPICOS DE SERIES
RADIAŒVAS NATURALES EN UN AMBIENTE GRANÍTICO:
PLUTON DE ELBERROCAL (TOLEDO).

11 REIACION ENTRE PARÁMETROS GEOFÍSICOS E
HIDROGEOLOGICOS. Una revisión de literatura.

12 DISEÑO Y CONSTRUCCIÓN DE LA COBERTURA MULTICAPA
DEL DIQUE DE ESTÉRILES DE IÁ FABRICA DE URANIO DE

01 DETERMINACIÓN DEL MODULO DE EIASTICIDAD DE
FORMACIONES ARCILLOSAS PROFUNDAS.

02 UOi LEACHING AND RADIONUCLIDE RELEASE MODELLING
UNDER HIGH AND LOW IONIC STRENGTH SOLUTION AND

03 WERMO-HYDRO-MECHANICAL CHARACTERIZATION OF THE
SPANISH REFERENCE CÜY MATERIAL FOR ENGINEERED
BARRIER FOR GRANITE AND CLAY HLW REPOSITORY:
LABORATORY AND SMAI1 MOCK UP TESTING.

04 DOCUMENTO DE SÍNTESIS DE LA ASISTENCIA GEOTECNICA
AL DISEÑO AGPARCILLA. Concepto de referencia.

05 DETERMINACIÓN DE LA ENERGIA ACUMULADA EN LAS
ROCAS SALINAS FUERTEMENTE IRRADIADAS MEDIANTE
TÉCNICAS DE TERMOLUMINISCENCIA. Aplicación alonálisis
de repositorios de residuos radiactivos de alto actividad.

06 PREDICCIÓN DE FENÓMENOS DE TRANSPORTE EN CAMPO
PRÓXIMO Y LEJANO. Interacción en foses sólidos.

07 ASPECTOS RELACIONADOS CON LA PROTECCIÓN
RADIOLOGU DURANTE EL DESMANTELAMIENTO Y
OAUSURA DE LA FABRICA DE ANDUJAR.

08 ANAL YSIS OF GAS GENERATION MECHANISMS IN
UNDERGROUND RADIAŒVE WASTE REPOSITORIES.
(Pegase Project).

09 ENSA YOS DE LIXIVIACIÓN DE EMISORES BETA PUROS DE
LARGA VIDA.

10 2! PLAN DE I+D. DESARROLLOS METODOLÓGICOS,
TECNOLÓGICOS, INSTRUMENTALES Y NUMÉRICOS EN M
GESTION DE RESIDUOS RADIACTIVOS.

11 PROYECTO AGP-ALMACENAMIENTO GEOLÓGICO
0. FASE 2.

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

1996

0 / DESARROLLO DE UN PROGRAMA INFORMÁTICO PARA EL
ASESORAMIENTO DE LA OPERACIÓN DE FOCOS
EMISORES DE CONTAMINANTES GASEOSOS.

02 F M REPORT OF PHYSICAL TEST PROGRAM CONCERNING
SPANISH CLiYS (SAPONITESAND BENTONITES).

03 APORTACIONES AL CONOCIMIENTO DE LA EVOLUCIÓN
PALEOCLIMATICA Y PALEOAMBIENTAL EN LA PENINSULA
IBÉRICA DURANTE LOS DOS ULTIMOS MILLONES DE AÑOS
A PARTIR DEL ESTUDIO DE TRAVERTINOS Y
ESPELEOTEMAS.

04 MÉTODOS GEOESTADISTICOS PARA LA INTEGRACIÓN DE
INFORMACIÓN.

05 ESTUDIO DE LONGEVIDAD EN BENTONITAS: ESTABILIDAD
HIDROTERMAL DE SAPONITAS.

06 ALTERACIÓN HIDROTERMAL DE LAS BENTONITAS DE

07 MA YDA Y. UN CÓDIGO PARA REALIZAR ANALISIS DE
^CERTIDUMBRE Y SENSIBILIDAD. Manuales.



1997 1998

0 / CONSIDERACIÓN OK CAMBIO MEDIOAMBIENTAL EN LA
EVALUACIÓN ÚEIA SEGURIDAD. ESCENARIOS CLIMÁTICOS A
LARG 0 PIAZO EN LA PENÍNSULA IBÉRICA.

02 METODOLOGIA DE EVALUACIÓN DE RIESGO SÍSMICO EN
SEGMENTOS DE EALÍA.

03 DETERMINACIÓN DE RADIONUCLEID0S PRESENTES EN EL
INVENTARIO DE REfERENCIA DEL CENTRO DE
ALMACENAMIENTO DE EL CABRIL

04 ALMACENAMIENTO OEEINITIVO DE RESIDUOS DE
RADIAGIVIDAD ALTA. Caracterización y comportamiento a
largo plazo de los combustibles nudeares irradiados (I).

05 * METODOLOGIA DE ANALISIS DE LA BIOSFERA EN LA
EVALUACIÓN DE ALMACENAMIENTOS GEOLÓGICOS
PROFUNDOS DE RESIDUOS RADIACTIVOS DE ALTA
AÜIVIDAD ESPECIFICA.

06 EVALUACIÓN DEL COMPORTAMIENTO Y DE LA SEGURIDAD
DE UN ALMACENAMIENTO GEOLÓGICO PROFUNDO EN
GRANITO. Marzo 1997

07 SÍNTESIS TECTOESTRATIGRAFia DEL MACIZO HESPÉRICO.
VOLUME I.

08 3°s JORNADAS DE I+D Y TECNOLOGÍAS DE GESTION DE
RCSIDUOS RADIACTIVOS. Posten descriptivos de los
proyectos de I+D y evaluación de la seguridad o largo plazo.

09 FEBEX. ETAPA PREOPERACIONAL. INFORME DE SÍNTESIS.

10 METODOLOGIA DE GENERACIÓN DE ESCENARIOS PARA LA
EVALUACIÓN DEL COMPORTAMIENTO DE LOS
ALMACENAMIENTOS DE RESIDUOS RADIACTIVOS.

11 MANUAL DE CESARR V.2. Código para la evaluación de
seguridad de un almacenamiento superficial de residuos
radiactivos de baja y media actividad.

01 FEBEX. PRE-OPERATIONAL STAGE. SUMMARY REPORT.

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

03 FEBEX. DISEÑO FINAL Y MONTAJE DEL ENSAYO "IN SITÚ-
EN GRIMSEL

04 FEBEX. BENTONITA: ORIGEN, PROPIEDADES Y
FABRICACIÓN DE BLOQUES.

05 FEBEX. BENTONITE: ORIGIN, PROPERTIES AND
FABRICATION OF BLOCKS.

06 TERCERAS JORNADAS DE I+D Y TECNOLOGÍAS DE GESTION
DE RESIDUOS RADIACTIVOS. 24-29 Noviembre, 1997.
Volumen I

07 TERCERAS JORNADAS DE I+D Y TECNOLOGÍAS DE GESTION
DE RESIDUOS RADIACTIVOS. 24-29 Noviembre, 1997.
Volumen II

08 M0DELI7ACI0N Y SIMULACIÓN 0E BARRERAS CAPILARES.

09 FEBEX. PREOPERATIONAL THERMO-HYDRO-MECHANICAL
(THM) MODELLING OF THE "IN SITU" TEST.

10 FEBEX. PREOPERATIONAL THERMO-HYORO-MECHANICAL
(THM) MODELLING OF THE "MOCK UP" TEST.

11 DISOLUCIÓN DEL U02(s) EN CONDICIONES REDUCTORAS
Y OXIDANTES.

12 FEBEX. FINAL DESIGN AND INSTALLATION OF THE "IN
SITU" TEST AT GRIMSEL

1999

01 MATERIALES ALTERNATIVOS DE LA CAPSULA DE
ALMACENAMIENTO DE RESDIUOS RADIACTIVOS DE ALTA

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

03 EVALUACIÓN DEL COMPORTAMIENTO Y DE LA SEGURIDAD
DE UN ALMACENAMIENTO PROFUNDO EN ARCILLA. Febrero
1999.

04 ESTUDIOS DE CORROSION DE MATERIALES METÁLICOS
PARA CAPSULAS DE ALMACENAMIENTO DE RESIDUOS DE
ALTA ACTIVIDAD.

05 MANUAL DEL USUARIO DEL PROGRAMA VISUAL BALAN V.
1.0. CÓDIGO INTERACTIVO PARA LA REALIZACIÓN DE
BALANCES HIDROLÓGICOS Y LA ESTIMACIÓN DE ¡A
RECARGA.

06 COMPORTAMIENTO FÍSICO DE LAS CAPSULAS DE
ALMACENAMIENTO.

07 PARTICIPACIÓN DEL CIEMAT EN ESTUDIOS DE
RADI0EC0L0GIA EN ECOSISTEMAS MARINOS EUROPEOS.

08 PÍAN DE INVESTIGACIÓN Y DESARROLLO TECNOLÓGICO
PARA LA GESTION DE RESIDUOS RADIACTIVOS
1999-2003. OCTUBRE 1999.

09 ESTRATIGRAFÍA BIOMOLECUIAR. IA
RACEMIZACION/EPIMERIZACION DE AMINOÁCIDOS
COMO HERRAMIENTA GEOCRONOLOGICA Y
PALEOTERMOMETRICA.

10 CATSIUS CLAY PROJECT. Calculation and testing of
behaviour of unsatvrorted clay as bonier in radioactive
waste repositories. STAGE 1: VERIFICATION
EXERCISES.

11 CATSIUS CIAY PROJECT. Calculation and testing of
behaviour of unsaturarted clay as barrier in radioactive
waste repositories. STAGE2: VALIDATION EXERCISES AT
MORATORY SCALE

PUBLICACIONES NO PERIÓDICAS

1992 1994 1996

PONENCIAS E INFORMES, 1988-1991.

SEGUNDO PLAN DE I+D, 1991-1995. TOMOS!, IIY III.

SECOND RESEARCH AND DEVELOPMENT PLAN,
1991-1995, VOLUME I.

1993

SEGUNDO PLAN DE I+D. INFORME ANUAL 1992.

PRIMERJ&JORNADASDEI+DENlAGESnONDERESIÛUOS
rS.TOMOSIYII.

SEGUNDO PIAN I+D 1991-1995. INFORMEANUAL1993.

1995

TERCER PLAN DE I+D 1995-1999.

SEGUNDAS JORNADAS DE I+D. EN LA GESTION DE
RESIDUOS RADIACTIVOS. TOMOS IY II.

EL BERROCAL PROJECT. VOLUME I. GEOLOGICAL STUDIES.

EL BERROCAL PROJECT. VOLUME II.
HYDROGEOCHEMISTRY.

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

EL BERROCAL PROIEG. VOLUME IV. HYDROGEOLOGICAL
MODELLING AND CODE
DEVELOPMENT.
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