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FEBEX tiene el múltiple objeto de demostrar la facti-
bilidad de fabricar, manejar y montar las barreras
de ingeniería y de desarrollar modelos numéricos y
códigos para la evaluación del comportamiento
termo-hidro-mecánico y termo-hidro-geoquímico del
campo próximo de un repositorio geológico profun-
do de residuos radiactivos de alta actividad. Estos
objetivos requieren un trabajo integrado de desa-
rrollo teórico y experimental. El trabajo experimental
consiste en tres partes: un ensayo “in situ”, un ensa-
yo en “maqueta”, y una serie de ensayos de labora-
torio. El experimento está basado en el concepto de
referencia español para roca cristalina en el que las
cápsulas de residuo se emplazan horizontalmente
en galerías, rodeadas por una barrera de bloques
de bentonita compactada a gran densidad. En los
dos ensayos a gran escala, el efecto térmico del re-
siduo se simula mediante calentadores (dos calen-

tadores en cada ensayo); la hidratación es natural
en el ensayo “in situ” y controlada en la “maqueta”.
Los ensayos a gran escala, con sus sistemas de mo-
nitorización, están en funcionamiento desde princi-
pios de 1997 y continuarán durante un tiempo to-
davía no definido, aunque desde el año 2002 (en
que se desmontó parcialmente) el ensayo “in situ”
tiene un solo calentador. La demostración se ha
conseguido en el ensayo “in situ”, durante su cons-
trucción y desmantelamiento parcial. Los modelos
numéricos desarrollados describen bastante bien el
comportamiento del campo próximo, como se ha
comprobado por comparación con los datos de
monitorización y del desmantelamiento parcial del
ensayo “in situ”. No obstante, todavía existen algu-
nas discrepancias entre los modelos y los datos de
monitorización que será necesario investigar en el
futuro.
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FEBEX has the multiple objective of demonstrating the
feasibility of manufacturing, handling and assembling
the engineered barriers and of developing numerical
models and codes for assessment of the thermo-
hydro-mechanical and thermo-hydro-geochemical
behaviour of the near field of a deep geological dis-
posal facility for high level radioactive waste. These
objectives require integrated theoretical and experi-
mental development efforts. The experimental work
comprises three parts: an “in situ” test, a “mock-up”
test and a series of laboratory tests. The experiment is
based on the Spanish reference concept for crystalli-
ne rock, in which the waste canisters are emplaced
horizontally in drifts, surrounded by a barrier of high
density compacted bentonite blocks. In the two lar-
ge-scale tests, the thermal effect of the waste is simu-

lated by means of heaters (two heaters in each test);
hydration is natural in the “in situ” test and controlled
in the case of the “mock-up”. The large-scale tests,
with their monitoring systems, have been in operation
since the beginning of 1997 and will continue into
the future for a period that has yet to be defined, alt-
hough since 2002 (when partial dismantling took
place) the “in situ” test has had a single heater. De-
monstration has been achieved in the “in situ” test
during construction and partial dismantling. The nu-
merical models developed describe quite well the
behaviour of the near field, as has been verified by
comparison with the data from monitoring and the
partial dismantling of the “in situ” test. Nevertheless
some discrepancies between the data monitored
and computed still need to be investigated.
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The FEBEX project aims to demonstrate the technical
feasibility and study the behaviour of the near-field
components of a high level radioactive waste repos-
itory in crystalline rock. The project consists of an “in
situ” test, a “mock-up” test and a series of comple-
mentary laboratory tests, as well as modelling work.

The project was co-ordinated by ENRESA (Spain),
assisted for certain aspects by NAGRA (Switzerland),
and the work was carried out by the following or-
ganisations:

In the initial phase:

� CIEMAT, AITEMIN, UPC-DIT (CIMNE), ULC,
CSIC-Zaidín, and UPM (SPAIN)

� ANDRA and G.3S (FRANCE)

� GRS (GERMANY)

In addition to the organisations mentioned above,
the following joined the project during the second
phase:

� SKB, Clay Technology and SWECO VIAK (Swe-
den)

� POSIVA and VTT (Finland)

� CEG-CTU (Czech Republic)

� EURIDICE GIE (Belgium)

� BGR (Germany)

� PSI (Switzerland)

� INPL, Eurogeomat and BRGM (France)

The project was co-founded by the European Com-
mission.

This report includes a summary description of the
project from its conception until more than seven
years after completion of the installation of the two
large-scale tests (from the middle of 1994 to the be-
ginning of 1997 -pre-operational stage- and opera-
tional stage and partial dismantling up to 30th De-
cember 2004). The project is described in detail in
a series of specific reports.

Although each participating group wrote the sections
on their particular work, this report is the result of the
technical review and editing carried out by P. Fariña
and J. Farias (Technical Secretariat, ST) under the di-
rection of F. Huertas (Project Director, ENRESA);
however, in the text, the contribution made by each
responsible participating group is indicated.

In addition to this preface, and the following execu-
tive summary, the report is structured on the basis of
eleven chapters, the general contents of which are
indicated below.

Chapter 1 describes, in general terms, the different
parts of the project, as well as the justification, objec-
tives, expected results, and anticipated uncertainties.
This chapter has been written by the ST, with the col-
laboration of CIEMAT, but the ideas are those of all
the participating groups.

Chapter 2 contains a synthesis of the results from
the characterisation tests performed on the FEBEX
bentonite used in the construction of the clay barri-
ers for the two large-scale tests, and in the labora-
tory tests. CIEMAT, CSIC-Zaidín, and UPC-DIT per-
formed the characterisation tests, but CIEMAT con-
tributed most of the data.

Chapter 3 includes a description of the “mock-up”
test. CIEMAT was responsible for the design, manu-
facturing, assembly and operation of the test.

Chapter 4 refers to the “in situ” test. This chapter in-
cludes the design, fabrication and installation of the
physical components of the test, test operation and
partial dismantling. This part of the project was the
responsibility of AITEMIN. The chapter also includes
the hydrogeological and hydrochemical characteri-
sation of the rock mass surrounding the FEBEX drift;
the hydrogeological study was performed by UPC-
DIT, with CIEMAT contributing to its geological con-
tent and undertaking responsibility for sampling and
chemical analysis of the water.

Chapter 5 includes the laboratory tests performed on
the FEBEX bentonite to obtain the constitutive laws
and parameters required for thermo-hydro-mechani-
cal (THM) and thermo-hydro-geochemical (THG)
modelling, along with those carried out on samples
extracted during dismantling, both bentonite and
other materials. Most of these tests were performed
by CIEMAT and UPC-DIT, with important contribu-
tions from CSIC-Zaidín and also the collaboration of
UAM, PSI, CEG-CTU, INPL, GRS, ULC, Euro-
Géomat, EIG EURIDICE, INASMET and AITEMIN.

Chapters 6 and 7 summarise the THM and THG
modelling, respectively. The first was carried out by
UPC-DIT, and the second by ULC.

Chapter 8 refers to the EDZ (Excavation Damaged
Zone) studies in the “in situ” test gallery. These
were performed by CIEMAT, BRG, G·3S and UPM.

The Quality Assurance Programme applied to the
project is described in Chapter 9. The programme
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was based on the ENRESA Quality Assurance sys-
tem, and was extended to include the participating
institutions during performance of the work. The
ENRESA Quality Management Department drew up
the general procedures for the groups and man-
aged the implementation of the programme.

Chapter 10 includes the overall conclusions drawn
in relation to the objectives of the project.

Chapter 11 consists of a list of references, including
the specific reports detailing the various tasks per-
formed during the project.
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Introduction

The FEBEX (Full-scale Engineered Barriers
Experiment) consists of an “in situ” test performed
under natural conditions and at full scale; a
“mock-up” test, at almost full scale; a series of lab-
oratory tests to complement the information from
the two large-scale tests; and modelling work.

The aim of the project was to study the behaviour of
the near-field components for a high level radioac-
tive waste repository in crystalline rock. The follow-
ing three objectives were established:

� First: Demonstration of the feasibility of han-
dling and constructing an engineered barriers
system.

� Second: Study of the thermo-hydro-mechanical
(THM) processes in the near field.

� Third: Study of the thermo-hydro-geochemical
(THG) processes in the near field.

The complexity of the project is justified because – fol-
lowing studies of the characterisation of the granite
rock mass and of the thermal, hydraulic, mechani-
cal, and geochemical behaviour of the materials for
the clay barrier, in previous R&D Plans – ENRESA
arrived at the conclusion that relevant progress in
knowledge of the behaviour of the near-field could
be achieved only by means of a very complete ex-
periment, such as FEBEX.

The demonstration objective was expected to be at-
tained primarily in the “in situ” test. The THM and
THG processes also needed to be studied in the “in
situ” test, since it is a representation of a real reposi-
tory. However, the study of processes and variables
and the development, verification, and validation of
the numerical models require less complex systems
than the natural one: the “mock-up” test and very
simplified and controlled laboratory tests.

The experiment was based on the Spanish reference
concept for the disposal of radioactive waste in crys-
talline rock (AGP Granito), in which the canisters
enclosing the conditioned waste are placed horizon-
tally in drifts and surrounded by a clay barrier con-
structed of highly-compacted bentonite blocks.

The project was initially scheduled for a period of 7
years (1994 to 2001). However, in view of the ex-
perience acquired after two years of heating (1999),
the decision was taken to extend the project, finally,
to the end of the year 2004. Its performance has
been divided into four stages: pre-operational
(planning, design, characterisation of the bentonite,

installation, and modelling); operational (heating,
monitoring, cooling, and verification of predictions);
dismantling (extraction, inspection, sampling and
study of the materials); and final evaluation of the
results and verification of the models. The decision
was taken to dismantle only Heater #1 of the “in
situ” test, allowing the large-scale tests to continue.

This report covers the work performed during the
pre-operational stage (from the middle of 1994 to
the beginning of 1997) and the operational and
partial dismantling stages, up to December 2004.

Bentonite

The bentonite used in FEBEX comes from the Cortijo
de Archidona deposit, exploited by Minas de
Gádor, S.A., in the zone of Serrata de Níjar (Prov-
ince of Almería, Spain). ENRESA has an extensive
database on this deposit, developed from the many
studies carried out prior to FEBEX. Some 300 tons
of duly homogenised and conditioned bentonite
were acquired for the fabrication of the blocks for
the barriers of the two large-scale tests and for all
the laboratory tests.

The following are some of the properties that char-
acterise this bentonite:

Montmorillonite content (%) 92 ± 3

Liquid limit (%) 102 ± 4

Specific weight 2.70 ± 0.04

Average swelling pressure for a dry density
of 1.60 g/cm3 5 MPa

Average saturated hydraulic conductivity
for a dry density of 1.60 g/cm3 4 x 10-14 m/s

The raw material prepared for the fabrication of the
blocks is a granulate of bentonite with less than 5%
of the grains greater than 5 mm, with more than
85% of the grains less than 74 �m, and with a wa-
ter content of 12.5% to 15.5%.

“Mock-up” test

The “mock-up” test has been and continues to be
conducted at the facilities of CIEMAT (Madrid). The
physical components of the test consist of five basic
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units: the confining structure, with its hydration sys-
tem; the heating system; the clay barrier; the instru-
mentation and the systems for data acquisition and
for heater control.

Predictive modelling has been carried out on THM
and THG behaviour during the pre-operational
stage, along with modelling during the operational
stage and contrasting with the test monitoring values.

Confining structure and hydration system

The aim of the confining structure with its hydration
system is to simulate the drift with water make-up from
the surrounding rock mass, but under well-known and
controlled conditions.

The confining structure is a cylindrical steel body
with an internal diameter of 1.62 m and an effective
length of 6.00 m. The hydration system, which sup-
plies granitic water under pressure to the periphery
of the clay barrier, consists of two tanks and related
piping connecting to 48 nozzles in the confining
structure. To uniformly apply the water to the sur-
face of the clay barrier, the confining structure is
lined with various layers of geotextile.

Heating system

Two electrical heaters have been installed in the test,
separated by 0.75 m and placed concentrically in the
confining structure in direct contact with the benton-
ite, i.e. without the steel liner used in the “in situ” test.
Each heater measures 1.625 m in length, 0.340 m
in diameter, and has a mass of about 600 kg.

Each heater has three heating elements capable of
supplying a thermal power of 930 W each, i.e. a to-
tal power of 2800 W per heater. In this test a con-
stant temperature of 100ºC is maintained at the
heater-bentonite interface by means of the heater
control system. The system is redundant: each heat-
ing element is capable of supplying a higher ther-
mal power than is strictly required.

Clay barrier

The clay barrier is composed of highly compacted
bentonite blocks, weighing about 25 kg each. The
fabricated blocks have weighted average values of
13.6% and 1.77 g/cm3 of water content and dry
density, respectively. The average dry density of the
constructed barrier is 1.65 g/cm3 and the barrier
has a percentage of construction gaps of 6.25.
There were 908 blocks placed in 48 slices with a to-
tal mass of 22.5 t. Immediately following its con-

struction, the “mock-up” test had a systematic gap
between the clay barrier and the geotextile liner that
reaches a maximum 1.5 cm at the top.

Instrumentation

Within the clay barrier and the rest of the compo-
nents of the test, 507 sensors were installed to mea-
sure the following variables: temperature, humidity,
fluid pressure, total pressure, deformation of the con-
fining structure and injection pressure of the water.

Samples of different metals were placed in the ben-
tonite near the heaters to study corrosion. In addi-
tion, at different points in the clay barrier and in the
injection water, both conservative and non-conser-
vative chemical tracers were added to study geo-
chemical processes and transport mechanisms.

Data acquisition
and heater control systems

The data acquisition system (DAS) is made up of all
the electric and/or electronic components and the
computer programs required for the supervision,
registration and storage on a secure magnetic de-
vice (disk) of the data obtained from the test, in an
autonomous form. The system is capable of storing,
analysing and displaying the data obtained.

The heater control system (HCS) is made up of all
the electric and/or electronic components and com-
puter programs required to accomplish the follow-
ing functions: supervision of heater operation and
control of the power supply, data acquisition and
transfer to the DAS and activation of the processes
and alarms in the event of component failure.

Installation

After installation in the annex to Building 19 at the
CIEMAT facilities, which was especially constructed
for this test, the confining structure was lined with
various layers of geotextile.

The clay barrier was constructed manually, in com-
plete slices, using appropriate blocks, such that
there was an enclosed space for each heater in its
assigned place. As the slices were installed, the sen-
sors and their corresponding cables were placed in
their pre-assigned positions in mechanically made
holes and grooves within the appropriate bentonite
blocks. The cables exited the confining structure
through 186 hermetically sealed perforations.
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A table with rollers was used to align the heater with
its prepared space, and the heater was then inserted
under pressure.

The components of the DAS are installed in an area
adjacent to, and above, the confining structure.

The fabrication of the components and their installation
has been subjected to a quality assurance program.

Operational stage of the test

Following a series of tests and initial hydration
(flooding of the gaps in the clay barrier), definitive
heating and hydration (operational stage) began on
4th February 1997. The instrumentation and the
hydration and heating systems have operated satis-
factorily. However, as a result of a malfunction to-
wards the end of November 2000 (day 1391), the
control program supplied the total heating power
(around 2700 W/heater) for more than 36 hours,
until the temperature at the sensors in the heaters
reached the resistance safety value (300ºC). This
overheating was automatically stopped, but not be-
fore the temperature within the bentonite had
achieved values of around 240ºC. More than 90%
of the sensors continue to be operative after more
than seven years of heating and the few incidents
that have occurred have been promptly corrected,
without any consequences for the data.

A database containing the values of all the variables
measured is available. Furthermore, monitoring re-
ports have been published every three months, these
having been distributed to all the working groups.

“In situ” test

The “in situ” test was installed within a new drift,
which was excavated in the northern zone of the un-
derground laboratory (GTS) managed by NAGRA at
Grimsel (Switzerland). The physical components of
the test consist of five basic units: the drift, the heat-
ing system, the clay barrier, the instrumentation, and
the monitoring and control system. In the second
phase of the project, the “in situ” test was partially
dismantled.

As in the case of the “mock-up” test, predictive mo-
delling has been carried out in relation to THM and
THG behaviour during the pre-operational stage,
and modelling was performed during the opera-
tional stage, the values obtained being contrasted
with those arising from test monitoring and partial
dismantling. In order to obtain the hydraulic data on

the rock mass required for modelling, a hydrogeo-
logical study was performed of the area surrounding
the drift.

Hydrogeological characterisation

The first phase of this study had the following three
objectives: to determine the location of the drift,
within a zone previously assigned in the northern
part of GTS; to establish the test zone, and conse-
quently, the length of the drift, by observing the ac-
tual hydrological conditions of the drift during exca-
vation; and to determine the parameters, initial con-
ditions and boundary conditions of the hydraulic
system of the rock mass, necessary for THM and
THG modelling.

The study includes and is supported by the GTS da-
tabase, by boreholes drilled for this purpose (in
which hydraulic tests were performed), by observa-
tions made in the drift itself, by measurement of the
piezometric levels and by a geological study.

The analysis was performed by means of a three-di-
mensional numerical model capable of predicting
the infiltration in the drift and the surrounding hy-
draulic pressures.

The results of the study indicate that 5·10-11 to
8·10-11 m/s is the equivalent hydraulic conductivity
of the assumed homogeneous rock mass, while that
of the matrix is of the order of 1·10-11 m/s. The infil-
tration into the drift was between 7 and 12 L/day
and the initial hydraulic pressure at the level of the
drift was 0.7 MPa.

Samples of water were taken in representative bore-
holes and subjected to chemical analysis.

During the second phase of the project, a new hy-
draulic testing campaign was carried out. The pro-
grammed tests comprised long-term tests, short du-
ration tests and pulse type tests. The objective was
to check the evolution of the hydraulic parameters
during heating. The main conclusion was that no
changes were detected.

Drift

The drift is 70.40 m long and 2.28 m in diameter. It
was excavated, between 25th September and 30th

October 1995, with a tunnel boring machine (TBM)
in a predominately granite mass. In the last 17.4 m
of the drift (test zone), two heaters, the clay barrier,
and the instrumentation were installed. This zone
was closed with a concrete plug. Between the con-
crete plug and the portal of the drift was the service
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zone, where the monitoring and control system were
installed. In the second phase, the concrete plug
and part of the clay barrier were excavated and one
heater extracted. The new test area was closed
again with a shotcrete plug.

Heating system

During the first phase, the main elements of the
heating system were two heaters, separated horizon-
tally by one metre, which simulate full-sized canis-
ters. The heaters were placed inside a cylindrical
steel liner, which had been installed concentrically
with the drift. Each heater is made of carbon steel,
measures 4.54 m in length and 0.90 m in diameter,
has a wall thickness of 0.10 m and weighs 11 tons.
In the second phase, one heater was extracted.

The objective of the heating was to constantly main-
tain a maximum temperature of 100ºC at the steel
liner/bentonite interface. This is the temperature an-
ticipated in the reference concept, AGP Granito.
Each heater has three independent electrical heat-
ing elements, with the capacity to provide a thermal
power of 4300 W per element. This is the nominal
power required to reach a temperature of 100ºC in
a period of less than two months, with a factor of
safety, considering the most unfavourable case of
bentonite saturation. The system had redundancies
to increase the probability of its functioning through-
out the planned duration of the test.

The other basic elements of the heating system con-
sist of the equipment and procedures regulating the
power of the heaters to maintain the specified tem-
perature.

Clay barrier

The clay barrier was formed by blocks of highly com-
pacted bentonite weighing 20 to 25 kg each. The
weighted average values of the dry density and water
content of all the blocks fabricated were 1.70 g/cm3

and 14.4%, respectively. 5331 blocks were used in
construction of the barrier, corresponding to a mass
of 115.7 t. In place, the barrier had an average dry
density of 1.60 g/cm3, determined during construc-
tion, and a volume, when installed, of construction
gaps (separations of variable magnitude) of 5.53%.
The gaps existed: between blocks of the same slice;
between slices; between the blocks and the steel liner
and, systematically, between the clay barrier and the
rock, where a gap of increasing width, up to as much
as 3 cm, extends from the lower part to the crown. In

the second phase, the clay barrier around the ex-
tracted heater was dismantled.

Instrumentation

A total of 632 sensors of diverse types were installed
in the clay barrier, the rock mass, the heaters, and
the service zone to measure the following variables:
temperature, humidity, total pressure, displacement,
water pressure, etc.

In addition, a system of porous ceramic pipes was
installed to capture gases, measure their pressures,
and take samples for chemical analysis. Samples of
different metals were placed near the heaters, em-
bedded in the bentonite blocks, to study corrosion.
Conservative and non-conservative chemical tracers
were placed at different locations within the benton-
ite barrier to obtain information on geochemical
processes and transport mechanisms. The instru-
ments located in the dismantled clay barrier were
retrieved for its analysis.

Monitoring and control

There are two systems: the “local system”, situated
in the GTS, and the “remote system”, situated at the
Remote Monitoring Centre (RMC) in Madrid. The
two systems are connected by modem, with the re-
mote system acting as the master by furnishing con-
trol rules and commands to the local system.

The local system consists of all the electric and/or
electronic components and computer programs for
autonomous data acquisition, supervision, and con-
trol of the test. The remote system consists of all the
hardware and software for the supervision and con-
trol of the test from a distance, and for data stor-
age, analysis and display.

Installation

Following excavation of the drift, the infrastructure
was prepared: ventilation, electrical supply, water
supply, and construction of a concrete sill within the
drift. This sill was extended, forming an exterior plat-
form to be used as a loading and unloading dock
and as a depot for the auxiliary equipment for the
handling and transport of materials.

In the test zone, 19 boreholes were drilled from the
interior of the drift for the installation of the instru-
ments for rock mass measurements. The boreholes
were 7 m to 22 m in length, with a total of 233 m
of drilling.
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The clay barrier was installed manually, by slices. In
the heater zones, the steel liner was first installed with
a provisional support to provide correct alignment;
then the barrier was constructed around it, in com-
plete slices, until the space for the heater was en-
closed. As the slices were installed, the sensors and
their corresponding cables were placed in their
pre-assigned positions in mechanically made holes
and grooves within the appropriate bentonite blocks.
The cables were channelled radially to be gathered
into four bundles. Within the test zone, each of these
bundles was channelled along the rock face at the
crown, invert, and both springlines.

For insertion of the heaters, a special transport and
insertion car with a pushing mechanism was de-
signed and constructed. This car ran on rails de-
signed to prevent transverse movement and maintain
correct alignment between the car and the rails. Each
heater, mounted on the car anchored to the rails and
facing the mouth of the steel liner, was pushed into
its final position by means of the pushing mechanism.
The correct alignment of the steel liner and the
proper installation of the rails allowed this to be ac-
complished, since the critical factor during heater in-
sertion is the correct alignment of the inner lower part
of the steel liner with the outer lower part of the
heater located on the transport and insertion car.

The plug, which closes the test zone, was concreted
in three sections with the mixture being pumped
from outside the drift. This method did not allow for
good concreting of the key, where a void remained;
this was later filled by injection. The bundles of ca-
bles pass through the concrete plug within four plas-
tic pipes.

Test zone installation commenced on 1st July and ter-
minated on 15th October 1996.

In the service zone of the drift, the monitoring and
control equipment was installed, the cables were
connected, and the functional tests were completed
on 27th February 1997. That same day, heating
started, i.e. the operational stage began.

A quality assurance program was applied to the fab-
rication of the components as well as to their instal-
lation.

Dismantling

Before starting the dismantling, a detailed design
and planning of dismantling and sampling activities
were performed. Also the heater car, the winch and

transport wagon were modified for extraction of the
heater and removal of the clay barrier.

The shutdown of Heater #1, carried out on 28th

February 2002, initiated the countdown for disman-
tling. The dismantling works started after two months
of cooling.

After the controlled demolition of the concrete plug,
the clay barrier was then removed and sampled up to
the front of Heater #1, in accordance with the previ-
ously written sampling plan. Then the heater was ex-
tracted, sent to Spain and sampled for corrosion anal-
ysis. The dismantling and sampling of the bentonite
continued to completion on July 23rd 2002.

A temporary section of the new shotcrete plug, mea-
suring one metre in length, was finished on July 25th.

Before constructing the second section of the plug,
the following tasks were performed: new gas injection
and collection pipes were installed in the buffer for
gas sampling and permeability measurements; new
instruments for water sampling, humidity and temper-
ature sensors, total pressure cells and thermocouples
were installed in boreholes; and four cable connec-
tion boxes filled with resin were installed at the rock
surface in the area corresponding to the second sec-
tion of the plug, before shotcreting, to introduce the
instrument cables without jeopardising the water
tightness of the system.

Finally the second stage of the plug, measuring two
metres in length, was built at the end of June 2003.

A quality assurance program was applied through-
out the entire activity, from the tasks previous to the
start of dismantling up to the end of construction of
the plug.

Operational stage of the test

Apart from a series of short tests, the heating stage
(operational stage) began on 27th February 1997.
The sensors, heaters and data acquisition and con-
trol systems have shown highly satisfactory behav-
iour, as has the remote control system (AITEMIN of-
fices in Madrid). There have been minor operating
events, which have been easily solved and have had
no influence on the data. 80% of the sensors con-
tinue to be operative.

A complete database is available, containing the val-
ues for all the variables measured. In addition to the
database on magnetic support media, used by the
modelling groups, quarterly graphic reports have
been drawn up showing the evolution of all the vari-
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ables, and have been distributed among the different
working groups.

Laboratory tests

In addition to the two large-scale tests, FEBEX had a
specific laboratory program, which included basic
characterisation and thermo-hydro-mechanical and
thermo-hydro-geochemical testing. Although the de-
termination of certain basic parameters requires
new testing techniques and methods, the last two
groups show the greatest experimental innovation.

In this program, the most noteworthy tests are those
performed in thermohydraulic cells, the oedometric
and triaxial tests with suction and temperature con-
trol and those aimed at determining ion exchange
and transport parameters.

A set of laboratory tests was carried out on benton-
ite samples taken during dismantling, with the aim
of characterising the actual state of the bentonite
and to determine the possible changes that might
have occurred during the experiment. No changes
were observed.

THM and THG modelling

Three THM modelling runs have been carried out be-
tween the beginning of the project and the end of the
first phase, using CODE_BRIGHT. The first, for the
design, was performed using few real data, but made
it possible to understand the THM processes, deter-
mine heater power and define the distribution of the
sensors. The second modelling was performed at the
end of the pre-operational stage (“blind” prediction)
using laboratory data for bentonite barrier characteri-
sation. This modelling made it possible to identify
the laws and parameters with the most critical influ-
ence on the results, and thus enabled a laboratory
testing program better suited to the demands of the
model to be developed. Furthermore, the objective
of this “blind” prediction was to produce results that
would subsequently be contrasted with the monitoring
data. The “blind” prediction has reproduced all the
processes well, albeit with quantitative deviations with
respect to the monitoring data, due to the fact that
when the modelling was performed there were no
adequate laboratory testing results available for cer-
tain critical parameters. The last modelling of the
first phase has basically consisted of achieving the
best possible fit with the monitoring data, establishing

the condition that the values of the parameters were
within the range of those obtained in the laboratory
tests. This modelling served to demonstrate that
CODE_BRIGHT was capable of reasonably approxi-
mating the results of the measurements performed.
Although uncertainties still existed, there was a signifi-
cant increase in the degree of confidence in the pre-
dictive capacity of the code.

The results of the first modelling performed at the
beginning of the second phase, provided an unex-
pected surprise. It became clear that, as from day
900 from the initiation of hydration, the results of
the prediction differed from the monitoring data in
several hydraulic aspects. During this second phase
modifications were made to the model, resulting in
a better fit between the prediction and the data, al-
though a difference in trends persists. This will re-
quire further investigation if it is not shown to be ir-
relevant.

During the first phase, two THG codes have been de-
veloped and verified: CORE-LE and FADES-CORE-LE.
During the pre-operational stage of the modelling this
was limited to analysis of the transport of the chemical
tracers placed in the clay barrier. However, the results
obtained and the work performed on the models led
to the drawing up of an integrated laboratory testing
program by the experimentalists and modellers. Dur-
ing the operational stage, the codes developed were
applied to the analysis and interpretation of the labo-
ratory tests and to modelling of the large-scale tests.
From this application it was concluded that the codes
reproduced fairly well the geochemical behaviour pat-
terns observed in a large number of laboratory tests,
this having generated high expectations as regards
their predictive capacity.

During the second phase, the THG codes have been
continuously improved, this leading to development
of the most recent and powerful version: INVERSE-
FADES-CORE. The improved codes have been ap-
plied to the analysis of laboratory tests and to model-
ling of the large-scale tests and contrasted with the
chemical results obtained from the laboratory analy-
ses of samples taken during partial dismantling of the
“in situ” test. From the aforementioned application of
the codes it may be concluded that, in general, they
reproduce fairly well most of the observed patterns of
geochemical behaviour, this generating confidence
in their predictive capacity.

However, there are still discrepancies between the
modelling results and measurements, which will re-
quire the inclusion of other processes not consid-
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ered to date. There are high expectations that by
doing what is recommended it might be possible to
construct numerically verified, scientifically sound
and thoroughly tested THG computer codes and
numerical models.

Quality assurance

Generally, R&D projects are not subjected to quality
assurance programs, but ENRESA decided that such
programs should be applied to FEBEX for various
reasons: the results may be input data for the per-
formance assessment of a repository, the impossibil-
ity of repairing/replacing certain components in the
large-scale tests following installation, the complex
interrelations existing between the participating
working groups and the high cost of the project.

The program was applied when design of many of
the components was either well under way or had
been completed; nevertheless, the program was
very useful for management of the project and for
quality control of the fabrication, acquisition, instal-
lation of the components of the two large-scale tests
and partial dismantling and sampling.

Conclusions

The following conclusions have been drawn from
analysis of the results obtained during the
preoperational stage, about seven years of the op-
erational stage and partial dismantling of the “in
situ” test (these are briefly summarised below):

� The feasibility of constructing engineered barri-
ers for the horizontal storage of canisters
placed in drifts has been demonstrated. Specif-
ically it has been demonstrated that the manu-
facturing and handling of bentonite blocks is
feasible at industrial scale and that the clay
barrier may be constructed with a specified av-
erage dry density, in order to achieve the per-
meability and swelling pressure required for the
barrier. Furthermore, highly useful information
has been obtained for the design of a reposi-
tory, in relation to the size of the drifts, the
specifications and procedures for the manufac-
turing and handling of the bentonite blocks
and the basic characteristics of the equipment
for construction of the clay barrier and inser-
tion of the waste canisters. In addition, useful
information has been obtained regarding the

behaviour of the instrumentation system, of
which only 10% in the “mock-up” and 20% in
the “in situ” test of the sensors have failed to
date. It has also been demonstrated that a
Quality Assurance System is applicable, not
only to manufacturing and installation of the
physical components of the experiment, but
also for the research work on processes, pa-
rameters and modelling.

� The CODE_BRIGHT numerical THM model is
capable of predicting the THM behaviour of
the clay barrier and near field of the rock. Dur-
ing the project, formulation of the model and
the code were modified and significantly im-
proved, although the core, based on a solid
formulation of physical laws, has not required
any change. Fundamental progress has been
made in the development of laboratory appa-
ratus, techniques and methods for the determi-
nation of the constitutive laws and parameters
required by the model. Thus, although com-
plete validation is never possible, the checks
performed have significantly increased the de-
gree of confidence in the capacity of the model
for the performance assessment of the THM
behaviour of a repository near field. However,
some discrepancies between the model and
monitoring data still persist, which it will be
necessary to investigate in the future.

� Great progress has been made in the develop-
ment of THG numerical tools and analysis
methods, from both the experimental and
modelling points of view. The THG codes have
been continuously improved, from TRANQUI
to the latest INVERSE-FADES-CORE. These
codes reproduce fairly well most of the ob-
served patterns of geochemical behaviour of a
large number of laboratory tests and data of
partial dismantling of the “in situ” test, this
generating confidence in their predictive ca-
pacity. Nevertheless, some discrepancies be-
tween predictions and measured data have
been observed and some relevant processes
have not been addressed in the project. Experi-
mental data as well as numerical analyses on
the role of these processes should be under-
taken in the future. There are major expecta-
tions that, by so doing, it might be possible to
construct models capable of predicting with
confidence the THG behaviour of the near
field. Important progress has been made in
laboratory testing in relation to the determina-
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tion of sorption and transport processes and
parameters and in the chemical analysis of
pore water. Particularly important is the dem-
onstration that montmorillonite is not trans-

formed into illite, at least up to 80 ºC, and that
the properties of permeability and swelling of
the bentonite is not modified as a result of
hydration and heating.



1. Introduction

1. Introduction



1. Introduction



1.1. General

The aim of FEBEX (Full-scale Engineered Barriers
Experiment) has been to study the behaviour of
components in the near field for a high-level radio-
active waste (HLW) repository in crystalline rock, by
means of an integrated theoretical and experimental
approach. The experimental work has consisted of
three main parts:

1) an “in situ” test, under natural conditions and
at full scale [1];

2) a “mock-up” test, at almost full scale [2]; and

3) a series of laboratory tests to complement the
information from the two large-scale tests [3, 4].

The project is based on the Spanish disposal refer-
ence concept for radioactive waste in crystalline
rock (AGP Granito): the waste canisters are placed
horizontally in drifts and surrounded by a clay bar-
rier constructed from highly compacted bentonite
blocks [5].

The project was initially planned to last some 7
years (1994 to 2001) and its performance was di-
vided into four successive stages, defined by the
main tasks to be performed in the two large-scale
tests. These stages are: pre-operational (planning,
design, characterisation of the clay, installation, and
modelling); operational (heating, monitoring, cool-
ing, and verification of predictions); dismantling (ex-
traction, inspection, sampling, and study of the ma-
terials); and final evaluation of the results and
verification of the models.

During the period 1996 to 1999 the project was
co-funded by the European Commission (EC) as
part of the 4th Euratom framework programme
(1994-98) and a final report was produced, EUR
19147, 2000. However, in view of the conclusions
drawn from integral analysis more than two years
after the initiation of heating, the decision was taken
to extend the experiment by two or three more years
and to dismantle only Heater # 1 of the “in situ”
test, allowing the experiment to continue. The exten-
sion of the experiment, also co-financed by the EC,
began in September 2000 and concluded in 2004.

This report is an integrated summary of the work
performed during the pre-operational stage (from
the middle of 1994 to the beginning of 1997), and
the operational and partial dismantling stage up to
December 2004.

The experiment was justified because the engi-
neered barriers (waste, canister, and clay barrier)

are key elements in the final disposal concept for
HLW. The matrix of the spent fuel acts as a reducing
barrier that minimises solubility; the canister isolates
the wastes for a certain time and contributes to the
reducing environment. The clay barrier has the mul-
tiple purpose of providing mechanical stability for
the canister, by absorbing stress and deformations;
of sealing discontinuities in the adjacent rock and
retarding the arrival of groundwater at the canister
and of retaining/retarding the migration of the
radionuclides released, once failure of the canister
and lixiviation of the spent fuel have occurred.

The behaviour of a HLW repository is determined, to
a large extent, by the characteristics of the design
and construction of the engineered barriers and es-
pecially by the changes that may occur in the me-
chanical, hydraulic, and geochemical properties as
a result of the combined effects of heat generated
by the radioactive decay and of the water and sol-
utes contributed by the surrounding rock. Therefore,
it has been considered of fundamental importance
that the processes taking place in the near field be
understood and quantified, for the evaluation of
long-term behaviour.

In previous R&D plans, ENRESA had studied the
sources of supply of materials to be used in the clay
barrier, as well as their thermal, hydraulic, mechani-
cal, and geochemical behaviour. Integral charac-
terisation studies of granite masses had also been
carried out. As a result of these studies, and given
the fact that there had not been any large-scale ex-
periment in granite with the waste canisters
emplaced horizontally in drifts, ENRESA reached the
conclusion that the next step, in establishing the via-
bility of the concept and in progressing in the com-
prehension and evaluation of the behaviour of the
near-field (especially of the clay barrier), was the
performance of a very complete experiment, such as
FEBEX.

Therefore, the FEBEX experiment has the multiple ob-
jectives of demonstrating the feasibility of fabricating
and assembling the engineered barriers and of de-
veloping methodologies and models for evaluation
of the thermo-hydro-mechanical (THM) and thermo-
hydro-geochemical (THG) behaviour of the near
field. These objectives are to be attained through the
combination of the “in situ”, “mock-up”, and labora-
tory tests.

Fundamentally, the objective of the demonstration
was expected to be attained in the “in situ” test,
which operates under natural conditions with com-
ponents constructed with the actual design dimen-
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sions of a repository drift. The demonstration objec-
tive has less importance in the “mock-up” test.

The objectives of checking the predictive capacities
of the THM and THG numerical models have been
supported by the program of laboratory tests de-
signed to obtain parameters and to study and com-
prehend the processes that take place in the clay
barrier under simple and controlled conditions and
to develop the governing equations. The “mock-up”
test, performed at almost full scale and with
well-known geometry, along with well-controlled ini-
tial and boundary conditions, serves to verify the
predictive capacity of the coupled numerical models
and serves also as a reference for the evaluation of
discrepancies, if they exist, and for adjustment of the
models predicting the behaviour of the clay barrier
under more heterogeneous conditions, such as
those in the existing natural system of the “in situ”
test.

The underground laboratory managed by NAGRA
(Grimsel, Switzerland) was selected for performance
of the “in situ” test, due to the similarity of the Span-
ish and Swiss reference concepts for the repository
and the suitable laboratory conditions for this test.
The “mock-up” test is still being performed at the

CIEMAT facilities (Madrid, Spain). The laboratory
programs were performed at various research facili-
ties: initially UPC-DIT, CSIC-Zaidín, CIEMAT and
GRS, to which were added PST, VTT and others
during the prolongation of the experiment.

1.2. Spanish reference concept,
AGP Granito

Figure 1.1 shows a longitudinal section of a dis-
posal drift in the Spanish reference concept, AGP
Granito [5]. The specifications of the reference con-
cept that are pertinent to the FEBEX project are
briefly described below.

The waste canisters, separated by one meter, are
stored horizontally in drifts measuring 2.40 m in di-
ameter within a continuous steel liner installed con-
centrically with the drift. The canisters measure 4.54
m in length and 0.90 m in diameter, and weigh 12 t.
The inner diameter of the steel liner is 2 cm larger
than the outer diameter of the canisters.

The reference concept specifies various forms of
bentonite blocks, with weights of more than 200 kg

FEBEX Project. Updated Final Report. 1994-2004

26
1.00 4.54 1.00 4.54

500.5 5.50 3.00

2.40

0.90

(Dimensions in meters)

Access drift
Granite

Concrete plug

Bentonite plug

Canister

Bentonite barrier

Steel liner

Steel liner

Figure 1.1: Longitudinal section of a disposal drift in the Spanish reference concept, AGP Granito.



each. Other relevant specifications are that the
maximum temperature at the clay barrier/steel liner
interface is to be 100ºC and that the swelling pres-
sure of the clay barrier is to be of the order of 5
MPa (for the FEBEX bentonite this implies an aver-
age dry density of 1.60 t/m3) [5].

1.3. Previous experimentation–clay
barrier

As pointed out above, the material of the clay bar-
rier was selected and investigated in the laboratory
within the framework of previous ENRESA R&D
plans. Industrial characterization and the feasibility
of fabricating and installing the blocks in drilled
wells were also studied.

A brief summary of the previous experimentation
and modelling by ENRESA, on which the objectives
and planning of FEBEX [6] were based, is presented
below.

1.3.1. Studies of Spanish smectite clays

These studies were performed by CSIC-Zaidín, UAM
and CIEMAT. The most important sources of
smectite clay are basically associated with two ar-
eas: Cabo de Gata (Almería) and the Tajo Basin
(Toledo). The materials studied from the area of
Cabo de Gata are montmorillonite bentonites origi-
nating from volcanic materials altered by hydrother-
mal processes. The materials from the Tajo Basin
are saponite bentonites of sedimentary origin result-
ing from the geochemical evolution of the basin.

Of all the sources studied, two were selected:
Cortijo de Archidona (in the Serrata de Níjar,
Almería) and Cerro del Águila-Cerro del Monte (To-
ledo). They were selected for their mineralogical pu-
rity, high values of specific surface, liquid limits, pro-
portions of the fraction of less than 2 mm, accept-
able thermal conductivity and good compactability.

1.3.2. Selection of candidate material

After the Cortijo de Archidona and Cerro del Monte
bentonites were selected as the best materials,
CIEMAT continued thermal, hydraulic, mechanical,
and geochemical characterization. The montmoril-
lonite bentonite of Cortijo de Archidona was se-
lected because of its better compactability, although

both bentonites met the requirements for the barrier
material.

1.3.3. Evaluation of fabrication
and construction of the clay barrier

Evaluation of the fabrication and construction of the
clay barrier to be made from the selected bentonite
(Cortijo de Archidona) was carried out in collabora-
tion by ENRESA, CIEMAT and CEA.

The mould and the fabrication system for the com-
pacted clay blocks, as well as the method of instal-
lation, were designed using the methodology em-
ployed by the French. Their corresponding “in situ”
investigative test was carried out in drilled wells
measuring 1.50 m in diameter and 6.00 m in
depth, in an abandoned mine of Cogema (Fanay-
Silord, France), and is well documented in the re-
port EUR 14.185.

1.3.4. Longevity Studies

The integrity of the clay barrier is fundamental for
the long-term performance of a repository; conse-
quently, the changes that the clay undergoes during
the lifetime of a repository must be studied. The
changes are controlled by thermal impact, hydration
water and the chemical environment. An important
change that the clay barrier may undergo is the
possible transformation of montmorillonite to illite,
with the resulting deterioration of its mechanical,
swelling, and retention properties.

The materials were tested in the CSIC-Zaidín, UAM
and CIEMAT laboratories, at various concentrations
of salinity, temperatures, and time intervals, to de-
termine the reaction kinetics. CSIC-Zaidín estab-
lished an equation that governs the transformation
of montmorillonite to illite; the equation indicates
that, at a temperature of less than 120ºC, transfor-
mation takes place over a period from hundreds of
thousands to millions of years, depending on the
quantity of potassium available in the environment.
The UAM studies did not find any relevant transfor-
mation that would affect the saponite for tempera-
tures of below 200ºC, but did establish kinetic
equations that control the transformation of the ac-
cessory minerals (sepiolite) into saponite and that
indicate that transformation occurs in decades.

CSIC studied the bentonite of Almería to obtain
thermodynamic and kinetic information on the pro-
cess of dissolution/precipitation.
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1.3.5. Studies of the processes generated
by thermohydraulic flow

CIEMAT performed an experimental program aimed
at identifying the processes originated by thermo-
hydraulic flow in compacted bentonite specimens
and at determining the consequences for its proper-
ties and behaviour [7]. Conclusions were drawn in
reference to temperature distribution within the clay;
the velocity of water intake; the distribution of mois-
ture and density; mechanisms for the transport of
salts (of those, three were distinguished: advection,
advection/convection, and diffusion) and the influ-
ence of heating on the exchange complex, the spe-
cific surface, porosity and the composition of the
pore water.

1.3.6. Studies of thermo-hydro-
mechanical behaviour

CIEMAT studied the thermo-hydro-mechanical be-
haviour of the compacted bentonite by means of
laboratory tests with controlled suction, and UPC-
DIT performed the modelling. A determination has
been made of the relation between suction and wa-
ter content and of how it is influenced by the initial
dry density and moisture of the clay. Oedometric
tests with controlled suction were performed on
samples with equal initial conditions; the samples
were subjected to various loading and suction
paths, allowing for definition of state surfaces.

1.4. Objectives

As has been pointed out above, the aim of the
FEBEX project is multiple. The objectives have been
classified according to their importance for the
waste management programme and their probabil-
ity of achievement, in the following way:

First Demonstration of the feasibility of construct-

ing the engineered barriers system (EBS).
The demonstration consists of: verifying the
feasibility of fabricating, handling and in-
stalling the components of the engineered
barriers, including the industrial fabrication
of highly-compacted bentonite blocks; the
development and application of a satisfac-
tory Quality Assurance/Quality Control
(QA/QC) programme and the development
and use of an acceptable instrumentation

system. Experience was to be acquired and
criteria developed for the techniques of
waste disposal, not only during the construc-
tion of the large-scale tests but also during
dismantling, by observation and study of the
barriers. Furthermore, there was an oppor-
tunity to study the capacity of non-destruc-
tive tools (geophysical) for the characterisa-
tion of a rock mass, by comparing the con-
ditions encountered in the boreholes and in
the FEBEX drift with the results of the geo-
physical studies performed in the area dur-
ing previous investigations.

Second Study of the thermo-hydro-mechanical (THM)

processes in the near field. The aim of the
project has been to study the THM processes
in the near field, especially in the clay barrier,
and to improve, verify and validate the exist-
ing codes and constitutive relations.

Third Study of the thermo-hydro-geochemical (THG)

processes in the near field. The aim of the
study was to identify, evaluate and model the
possible mineralogical and geochemical al-
terations in the clay barrier, caused by high
temperatures, mass transport and water flow.
Also the effect of these alterations on the hy-
drodynamic, mechanical and hydrochemical
properties of the bentonite have been stud-
ied. This objective also includes study of the
generation and transport of gas as well as
the corrosion of metals.

It was thought that the first objective had a high
probability of being attained; nevertheless, it would
not be a complete demonstration. A complete dem-
onstration would require a replica of a repository in
a test section. FEBEX does not meet this requirement
as the bentonite blocks in the reference concept are
10 times larger than those used in the experiment,
and the installation of the different elements would
be by robot in a repository, whereas in the FEBEX in-
stallation it has been manual. For obvious reasons,
neither the size of the blocks nor the installation sys-
tem could be equal to that of the reference concept;
nevertheless, it was thought that the proposed ob-
jective could be achieved and the planned demon-
stration would provide very useful information for
the design and operation of a real repository.

Full achievement of the second and third objectives
would mean the complete development and valida-
tion of THM and THG numerical models realistically
describing the behaviour of the near field. It was
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thought that these objectives would have a lower
probability of being achieved than the demonstra-
tion objective; also it was thought that in view of the
greater complexity and lower degree of current de-
velopment of the THG modelling, compared to
THM, the degree of success would be higher for
THM modelling than for THG.

The prolongation of FEBEX as initially designed has
not meant any change in the objectives, but merely
in the period for performance and in certain activi-
ties. Indeed, it arose from analysis after two years
of heating, when the measuring instruments and
heating system were seen to have functioned well in
the two large-scale tests. This analysis led to the
conclusion that the THM and THG numerical mod-
els promised high expectations, inasmuch as suffi-
cient confidence in their capacity to predict behav-
iour in the near field might be forthcoming. In order
to achieve such confidence, it was necessary to con-
tinue theoretical development of the models and to
carry out new laboratory tests to obtain parameters
and validate the constitutive laws. It was considered
particularly important to extend the period of experi-
mentation in order to achieve more advanced states
of hydration. For this reason the experiment extension
is not considered to be complete; rather the strategy is
to extend it as much as possible over time, depending
on the performance of the experimental system.

The objective of the demonstration, which was to be
complemented with the dismantling of the “in situ”
test –with observation of the state of the clay barrier
and of the measuring instruments– was accom-
plished with partial dismantling of the area of
Heater # 1.

Two further studies were also added: one on a po-
tential EDZ in the FEBEX gallery and its evolution
throughout the experiment, and the second on mod-
ification of the original hydraulic properties of the
rock in the near field.

1.5. General description of FEBEX

The project includes experimental and modelling
work. The experimental work consists of an “in situ”
test, a “mock-up” test, and a series of laboratory
tests. The objective of the modelling work is the de-
velopment and validation of THM and THG models
for performance assessment of the near-field
behaviour.

1.5.1. “In situ” test

The “in situ” test was installed in a drift excavated in
the northern zone of the underground laboratory at
Grimsel (Grimsel Test Site, GTS). Figure 1.2 repre-
sents the test schematically as initially built. The
physical components of the test consist of five basic
units: the drift, the heating system, the clay barrier,
the instrumentation, and the monitoring and control
system.

The drift has a length of 70.4 m and a diameter of
2.28 m, and is excavated in a granite rock mass. In
the last 17.4 m of the drift, the basic elements of the
test were installed and the section was sealed with a
concrete plug.

The main elements of the heating system are two
heaters located within a steel liner installed concen-
trically with the drift. The heaters simulate the canis-
ters at real size. Each heater has the following char-
acteristics:

� Material: Carbon steel

� Outer diameter: 0.90 m

� Length: 4.54 m

� Wall thickness: 0.10 m

� Weight: 11 t

The clay barrier is formed from blocks of highly
compacted bentonite. The blocks were fabricated
with an average water content of 14.4% and an av-
erage dry density of 1.70 t/m3. The clay barrier has
an average dry density of 1.60 t/m3 and a percent-
age of construction gaps of 5.53.

The instrumentation includes the sensors installed in
the heaters, clay barrier, and surrounding rock. The
variables measured are: temperature, humidity,
stress, total pressure, displacement, and water pres-
sure. In addition, the generation and transport of
gas is being measured.

Two systems, connected by modem, are being used
for monitoring and control: the “local system” situ-
ated in the FEBEX drift and the “remote system” lo-
cated in Madrid.

Partial dismantling has consisted of extracting one
heater and corresponding clay barrier and of seal-
ing the remaining section of the test with a new con-
crete plug.
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Figure 1.2: General scheme of the “in situ” test.
2. “Mock-up” test

“mock-up” test is located in an annex to Build-
9 at the CIEMAT facilities in Madrid. The physi-
omponents of the test consist of five basic units:
onfining structure with its hydration system, the
ing system, the clay barrier, the instrumentation,
the systems for data acquisition and for heater
rol. Figure 1.3 shows the test schematically.

confining structure is a cylindrical steel body
an effective length of 6.00 m and an inner di-
ter of 1.62 m. The hydration system, that sup-
granitic water under pressure to the periphery
e clay barrier, consists of two tanks with their
ections to the confining structure.

main elements of the heating system are two
ers located concentrically in the confining struc-
and horizontally separated by 0.75 m. Each

er has a length of 1.625 m and a diameter of
0 m. In this test, there is no steel liner between
lay barrier and the heaters.

clay barrier is formed from highly compacted
onite blocks. The blocks were fabricated with an

average water content of 13.6% and an average dry
density of 1.77 t/m3. As constructed, the barrier has
an average dry density of 1.65 t/m3 and a percent-
age of construction gaps of 6.25.

Basically, the instrumentation includes the sensors
installed in the clay barrier, heaters, and confining
structure. The variables measured are: temperature,
humidity, fluid pressure, total pressure, deformation
of the confining structure, and injection pressure of
the water.

The components of the data acquisition and heater
control systems are located in a space adjacent to
the confining structure.

1.5.3. Laboratory tests

In addition to the two large-scale tests, FEBEX has
included a specific programme of laboratory tests.
This programme has consisted of basic characteri-
sation, as well as thermo-hydro-mechanical and
thermo-hydro-geochemical research tests, gas gen-
eration and corrosion tests and sensor analyses; re-
search tests require a great deal of experimentation
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f innovation in experimental techniques. Some
erformed to obtain the basic parameters also
ed new techniques and testing methodologies.
portant part of the testing programme con-
of jointly contemplating the thermal, hydrau-
echanical and geochemical aspects of the
.

ion should be brought to the tests performed
rmohydraulic cells, the oedometric and triaxial
with controlled suction and temperature and
to determine transport and ion exchange pa-
ers.

tests have been performed in parallel to the
scale tests.

haracterisation tests have continued through-
e dismantling of Heater # 1 in order to ana-
e possible changes occurring in the bentonite
r.

. Modelling work

y, the objective of the modelling work is to
ve THM and THG numerical models that are

verified and sufficiently validated for the perfor-
mance assessment of the near field of a repository.

This activity requires interactive work on the theoreti-
cal development of models and on their application
to the different types of tests performed in the pro-
ject, especially the large-scale tests.

The THM and THG modelling work is not only an
objective in itself, it is also the tool that makes it
possible to understand the processes occurring in
the near field, and has consequently been a basic
guideline for the design of the two large-scale tests
and for planning of the laboratory testing
programme.

Theoretical development has been an on-going task
throughout the project. The application to the tests
was carried out in the different stages of the project,
using the models in their stage of development at
each moment and the available parameters.

The THM CODE-BRIGHT code was used for the dis-
tribution of the instrumentation for the two
large-scale tests, albeit with a limited availability of
actual parameters for the FEBEX bentonite. Subse-
quently, at the end of the pre-operational stage, a
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“blind” prediction was made of the behaviour of the
two large-scale tests. This prediction was checked
against the data from monitoring of the first opera-
tional stage. Subsequent modelling exercises have
been performed simultaneously with the monitoring,
and a final modelling has been carried out on
completion of the project.

The initial THG code TRANQUI was used during the
pre-operational stage, allowing a laboratory testing
programme to be developed for analysis of the pro-
cesses and parameters. Two more complete codes
have been developed during the first operational
stage, CORE-LE and FADES-CORE-LE, and have
been used for the modelling of a series of labora-
tory tests and for predictions regarding the two
large-scale tests. Development of the models has
continued throughout the project and a final model-
ling has been carried out to compare the calcula-
tion results with the laboratory test data on samples
taken during the partial dismantling of Heater #1 of
the “in situ” test.

1.6. Results expected
from the experiment

It was thought that, on the one hand, FEBEX would
supply valid information for the design and con-
struction of the clay barrier, as well as criteria for the
emplacement of the canisters. On the other hand, it
was expected that FEBEX would provide a better un-
derstanding of the THM and THG processes occur-
ring in the near field and the capacity for quantita-
tive prediction of these processes by numerical
models. Specifically, it was hoped that the experi-
ment would supply the following:

� Knowledge of the properties of the raw benton-
ite necessary for the fabrication of the blocks.

� Procedures for conditioning and quality control
of the bentonite, from excavation to prepara-
tion as a raw material with the required proper-
ties.

� Criteria for the design of the clay barrier, in-
cluding geometry, dry density, water content
and dimensions of the blocks.

� Methods and techniques for the fabrication of
the blocks and procedures for quality control.

� Procedures for the storage, transport and han-
dling of the blocks, to prevent their deteriora-
tion.

� Criteria for the installation of the engineered
barriers (canister and clay barrier), including
the methods, appropriate auxiliary means and
environmental conditions in the drift, to prevent
deterioration of the blocks.

� Criteria for the selection of measuring instru-
ments for experiments of this type.

� Criteria for the design of the transport and han-
dling equipment for the repository components
to be installed in drifts of reduced section.

� Criteria for the design and construction of the
concrete plugs for drift sealing.

� Information on the characteristics of the clay
barriers before and after the period of
hydration/heating: gaps between the different
blocks, between blocks and other elements of
the barriers and between the heaters and the
steel liner; state of the barriers immediately af-
ter their emplacement; state of the barriers af-
ter the operational stage of the experiment; de-
gree of homogeneity of the clay barrier after
the operational stage; sealing of rock fissures;
behaviour of the concrete plug and of the ad-
jacent zone of rock; etc.

� Improvement in the knowledge of the predic-
tive capacity of geophysical methods for the
characterization of rock masses.

� A database of the variables measured by the
instruments as a function of time, as well as
parameters obtained by means of the labora-
tory tests.

� More advanced numerical models than the
current ones, including constitutive equations
for the prediction of the THM behaviour of the
near field.

� A match of the measured values from the hy-
draulic system of the rock mass with the values
calculated using the hydrogeological model.
As a result, evaluation of the methods and in-
struments for the acquisition of the hydraulic
parameters and of the predictive capacity of
the numerical model.

� A match of the results of the hydrogeological
modelling of the rock mass with the THM mod-
elling in the isothermal hydromechanical mode
for the states prior to installation of the engi-
neered barriers; and evaluation of both models
from the point of view of prediction of the hy-
drodynamic behaviour of the rock mass.
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� A match of the results of THM modelling with
the values measured in the laboratory heating
tests in cells and in the “mock-up” test, as well
as evaluation of the match.

� A match of the results of THM modelling with
the values measured in the “in situ” test; evalu-
ation of the match and a definition of the areas
that should be the subject of future investiga-
tions.

� Laboratory instruments designed, constructed
and checked for the determination of the pa-
rameters of the bentonite required by the most
advanced THM constitutive laws.

� Evaluation of the possible transformation of
montmorillonite to illite due to the effects of
temperature, water flow and time. The evalua-
tion will be based on the series of laboratory
tests performed to investigate ion exchange
and its kinetics in samples of bentonite with dif-
ferent compositions of granitic water, various
temperatures and different testing times.

� Analysis of the geochemical changes (migra-
tion of salts, modification of the exchange
complex and modification of the pore water)
occurring in the bentonite, by means of
hydration and heating-in-cells tests.

� Evaluation of the effects produced by the geo-
chemical changes on the mechanical, hydrau-
lic and transport properties of the bentonite.

� Results of the physico-chemical, mineralogical
and hydromechanical characterisation of the
clay barrier before and after the operational
stage of the “mock-up” and “in situ” tests; and
evaluation of the modifications occurring.

� More advanced THG numerical models than
those currently available, including the laws
governing THG behaviour.

� A match of the results obtained from THG nu-
merical calculations with the results from the
laboratory tests and geochemical analysis of
the samples obtained from the clay barrier dur-
ing the dismantling stage; evaluation of the
match and definition of the areas that should
be the subject of future investigations.

� A global evaluation of the progress provided
by the FEBEX project as regards criteria for de-
sign and construction, the development of
THM and THG numerical models for the eval-
uation of the behaviour of the near field and

definition of the areas that should be investi-
gated in the future.

1.7. Problem areas

The results hoped for in this experiment have been
listed in the previous section; nevertheless, it was
recognized that there were problem areas and areas
of uncertainty. Some results could not, therefore, be
obtained and, as a result, the corresponding objec-
tive would not be attained (partially or totally). The
most important problem areas that were identified
are the following:

� Heating system (heaters, temperature sensors,

and cables). If, after installation, the system had
ceased to function, it would not have been pos-
sible to repair it due to its inaccessibility. To
minimise the risk of malfunctioning, two heaters
were installed in each of the large-scale tests
and three independent heating elements in each
heater; and a careful review was made of the
complete system design, as well as of its fabri-
cation and installation. However, it was impossi-
ble to guarantee functioning, especially during
the scheduled three years of the original opera-
tional stage. It was clear that if the heating sys-
tem totally failed in a relatively short period of
time, the test would not contribute to the second
and third objectives, but would still contribute to
the demonstration objective (although only par-
tially, since the changes due to heating would
not be obtained). Nevertheless, an isothermal
test could be operated that would provide im-
portant information relative to hydration. It was
hoped however that with the redundancies de-
signed and the quality control performed there
would be a high probability of achieving heating
throughout the operational stage of the test.
Fortunately, these concerns proved to be un-
founded and, in fact, the experiment continues
today after almost eight years of operation (five
more than originally foreseen) due to the good
performance of its elements.

� Instrumentation system (sensors and cables) in

the test zone. Problems similar to those for the
heating system were thought to exist for these
parts of the instrumentation system. The instru-
ment suppliers did not guarantee their products
for the full operational stage initially foreseen
(3 years) in such a harsh environment. Al-
though the cables and their connections are
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also elements of uncertainty, reasonable mea-
sures were taken to reduce the possibility of
failure. In any case, a large number of sensors
were installed with the hope of obtaining an
acceptable level of information. Even in the
event that a large number of sensors failed, but
the heaters functioned correctly, the demon-
stration objective would be achieved and the
other two objectives would have been partially
attained since, even if a significant quantity of
intermediate data would have been lost, the
initial and final states would still be available;
the final state will be defined by the laboratory
tests on samples of bentonite taken during dis-
mantling.

� Hydraulic properties. An area of uncertainty in
the validation of the THM and THG numerical
models for the “in situ” test relates to the prop-
erties of the rock mass: the initial and bound-
ary conditions; the properties of the zone dis-
turbed by excavation of the drift; and the ef-
fects of desaturation produced by ventilating
the drift during the installation of the physical
elements of the test. Although a detailed
hydrogeological characterisation was made of
the zone adjacent to the drift, it was thought
probable that there would be uncertainties due
to undefined effects in the far field, to the pre-
vious existence of the access tunnel, the drifts
of the laboratory, the investigative boreholes
and the heterogeneity of the rock mass itself;
consequently, the accuracy of the hydraulic

data would be limited. Since study of the zone
disturbed by the excavation of the drift was not
an objective initially, its properties and extent
have been assumed based on experiments per-
formed elsewhere for most of the analyses.
These uncertainties are not found in the
“mock-up” test; on the contrary, the initial and
boundary hydraulic conditions of the clay bar-
rier are controlled and, therefore, well defined.

� Numerical models. There were problems inher-
ent to the improvement, extension, verification,
and validation of the THM and THG numerical
models. Certainly, the capacity of the initial
models to describe the geometry, processes,
etc. would be improved and extended; how-
ever, not only was it impossible to define “a
priori” the degree of fit that the improved mod-
els would have with the measurements actually
made in the two large-scale tests, but there
were also uncertainties in the degree of im-
provement to be achieved in the mathematical
formulation itself, especially with respect to the
behavioural laws of the materials and the mod-
elling of anisotropy and heterogeneities.

� Samples. Another problem area identified was
the acquisition of representative samples of the
clay barrier immediately before the initiation of
cooling, in the large-scale tests. The aim of tak-
ing these samples was to analyse the changes
that have occurred during heating, which might
be masked during the cooling phase.
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2.1. Origin and manufacturing

The FEBEX bentonite (also called “Serrata” clay in
some FEBEX reports) was extracted from the Cortijo
de Archidona deposit, exploited by Minas de
Gádor, S. A., in the zone of Serrata de Níjar (Alme-
ría, Spain). This deposit was selected in the ENRESA
R&D plans previous to the FEBEX project as the most
suitable material for the backfilling and sealing of a
HLW repository, the reasons for this selection being
its very high content of montmorillonite, large swell-
ing pressure, low permeability, acceptable thermal
conductivity, good retention properties and ease of
compaction for the fabrication of blocks.

Over several years prior to FEBEX, and following the
selection of this deposit as the reference bentonite
(called bentonite S-2 in reports and publications),
numerous characterisation and behaviour (thermal,
hydraulic, mechanical, and geochemical) studies
were performed. As a result, there was an extensive
database on the properties of this bentonite. Com-
parison of the results of the two sets of characterisa-
tion tests —S-2 bentonite and FEBEX bentonite, ob-
tained from the same deposit but in two study
phases separated by more than five years— indi-
cates that the deposit is very homogeneous. How-
ever, there are some differences between the aver-
age values of the properties from the two sets of
tests, which allow the range of variations to be eval-
uated. This evaluation may be used to establish re-
alistic limits in modelling sensitivity analyses, and,
thus gain insight into the consequences for the PA of
a repository.

In the following sections, several general conclu-
sions on the properties of the bentonite from this de-
posit are summarised.

2.1.1. Geological setting

The Cortijo de Archidona deposit is located at the
SE end of the Serrata de Níjar, 12 km SE of the vil-
lage of the same name (Almería). The Serrata de
Níjar is made up of a succession of small hills run-
ning in the NE-SW direction and measuring some
11 km in length and 1.5 km in width on average.
The area is located in quadrant III of the 1:25.000
scale IGN map “Fernán Pérez”.

Along with the Sierra de Cabo de Gata, the Serrata
de Níjar constitutes the volcanic region of Cabo de
Gata. The origin of this volcanism is associated with
the geotectonic dynamics of the Western Mediterra-

nean during the Neogene. The radiometric dating
of the volcanic episodes, which are calco-alkaline in
type, indicates ages of between 15 and 17 million
years [8]. This volcanism frequently occurred under
shallow submarine conditions. Episodes of both
emersion and immersion of the volcanic complexes
subsequently took place, as is shown by the inter-
layering of paleosoils, bioclastic limestones and reef
materials. For this reason, the volcanic rocks have
been exposed to the action of both meteoric and
marine waters, in both cases linked to hydrothermal
systems caused by the volcanic activity itself. The ac-
tion of these fluids at different temperatures contrib-
uted to the alteration of the volcanic rocks, giving
rise to silica, alunite, jarosite, kaolinite or bentoni-
tes, depending on the composition of the solutions.

The Serrata de Níjar is a volcanic complex that forms
part of an intensely fractured horst, bound by two
fractures running parallel in the NE-SW direction.
Figure 2.1 shows the location of the zone within the
context of the southeastern Iberian Peninsula.

The Cortijo de Archidona deposit is located to the
south of the Serrata de Níjar, and is reflected on
sheet 1046 of the IGME 1:50.000 scale Geological
Map, corresponding to Carboneras. Figure 2.2
shows a geological diagram of the deposit that illus-
trates the arrangement of the different materials.
From the oldest to the most modern, these materials
are as follows [9]:

� Betic substrate, constituted fundamentally by a
breccoid limestone of Jurassic age, in addition
to Triassic dolomites and filites.

� Volcanic rocks, including polygenic and dacytic
tuffs, amphibolic dacytes, riodacytic vitro-
phyres, pyroclastic breccia of dacyte and ande-
site and vitrophyres.

� Sedimentary covering, formed by Pliocenic and
Quaternary materials and constituting the SE
limit of the bentonitised zone, with which it en-
ters in contact by means of a major fault.

The geometry of the quarry from which the mineral
is extracted runs in two directions of maximum alter-
ation, coinciding with areas of fracturing. The main
mass of bentonite coincides with a fault running
NW-SE, which is where the most important mining
work has been carried out. A second zone, where
the volume of altered material is smaller, coincides
with a fault running NE-SW.
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Figure 2.1: Location of the Cortijo de Archidona (CA) deposit in the context of SE Spain (from Delgado 1993).
. Selection and conditioning

ximately 300 tons of suitably homogenised
onditioned bentonite was stocked for FEBEX.
on the experience acquired in the aforemen-
studies, the selected raw bentonite was re-
to meet the following specifications:

raction of particles of more than 5 mm, less
han 5 percent, and fraction of particles
maller than 74 ìm, greater than 85 percent.

iquid limit greater than 90 percent.

welling pressure between 3 MPa and 7 MPa,
or a dry density of 1.60 g/cm3.

ater content, after conditioning, between
2.5 and 15.5 percent.

onditioning of the bentonite in the quarry, and
in the factory, was strictly mechanical (ho-
nisation, rock fragment removal, drying, crum-

bling of clods, and sieving) to obtain a granulated
material with the specified characteristics of grain size
distribution and water content. A quality assurance
(QA) program was applied to the conditioning pro-
cess. The conditioned material was packaged in
large waterproof bags (1300 kg each). During the
packaging, a sample of 8 to 10 kg was taken every
2.5 tons of bentonite. From each sample 6 kg were
taken and they were all mixed by shovelling to obtain
a homogeneous reference sample, 70-IMA-3-4-0
–from hereon FEBEX–, which was subsequently quar-
tered and sent to different laboratories.

2.2. Mineralogy and geochemistry

2.2.1. Mineralogical composition

The bentonite from the Cortijo de Archidona deposit
has a very high content of montmorillonite-type



2. FEBEX bentonite
Figure 2.2: Diagram of the Cortijo de Archidona deposit and associated materials (from [9]).
dioctahedric smectite. Furthermore, from the miner-
alogical point of view, the deposit is very homoge-
neous, since the montmorillonite content of the
bentonites (S-2 and FEBEX) varies only between 89
and 96 percent.

The mineralogical composition of the bentonite has
been studied by X-ray diffraction (Figure 2.3, Figure
2.4 and Table 2.1). The smectitic phases of the
FEBEX bentonite are actually made up of a
smectite-illite mixed layer with ~11 percent of illite
layers (�2�=5.502). The thickness of FEBEX smectite
quasicrystals is around 102±5 �, and the
quasicrystals of saturated FEBEX smectite consist of 6
lamellae or layers stacked along the crystallographic

c-axis. The Biscaye index of smectite crystallinity is
0.97. The parameters of the crystallographic unit cell
are: a=5.156 � (a=5.196 �, theoretically), b=9.0
�, and c=14.3 � (room conditions) or c=16.9 �

(saturated atmosphere) [10, 11].

In spite of its high smectite content, the bentonite
contains numerous accessory minerals, either neofor-
med or remains of the original volcanic rock nearly
unaltered. The bentonite contains variable quantities
of quartz, plagioclase, K-feldspar, calcite and
opal-CT (cristobalite-tridymite) (Table 2.1). Other ac-
cessory minerals are mica (biotite, sericite, musco-
vite), chlorite, non-differentiated silicates of Al, K, Fe,
Mg and Mn, augite-diopside, hypersthene, horn-
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Figure 2.3: XRD pattern of a random powder of the FEBEX bentonite.
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blende, oxides (ilmenite, rutile, magnetite, Fe-ox-
ides), phosphates (apatite, xenotime, monacite) and
non-differentiated silicates of titanium and rare
earths, which have been determined by weight from
dense concentrates and SEM identification. Their to-
tal amount is 0.8 percent. Some minerals, such as

carbonates, chlorides and sulphates, have been de-
termined by a normative calculation and SEM iden-
tification (Table 2.2). The poorly ordered minerals
have been determined by selective chemical meth-
ods (Table 2.3). Most of the accessory minerals are
in the sand and coarse silt fractions, although there

2. FEBEX bentonite
Table 2.1
Content of the main minerals obtained by X-ray diffraction analysis, in %

Mineral Bentonite S-2 FEBEX Bentonite

Smectite 92 ± 4 92 ± 3

Quartz 2 ± 1 2 ± 1

Plagioclase (Na, Ca) 3 ± 1 3 ± 1

Cristobalite 2 ± 1 2 ± 1

K-Feldspars � Traces

Calcite 1 ± 1 1 ± 0.5
Table 2.2
Accessory minerals of the FEBEX bentonite determined by a normative calculation and SEM identification, in %

Mineral Content (%)

Organic Matter (expressed as CO2) 0.35 ± 0.05

Carbonates (calcite, dolomite) 0.60 ± 0.13

Soluble sulphates (gypsum) 0.14 ± 0.01

Low soluble sulphates (barite, celestite) 0.019 ± 0.04

Sulphides (pyrite) 0.02 ± 0.01

Chlorides (halite) 0.13 ± 0.02
Table 2.3
Poorly ordered minerals of the FEBEX bentonite determined by selective chemical methods, in %

Amorphous Phases CSIC-Zaidín CIEMAT

SiO2 1.48 ± 0.11 0.038 ± 0.005

Al2O3 0.035 ± 0.005 0.035 ± 0.005

Fe2O3 0.105 ± 0.009 0.105 ± 0.009
41



are some traces in the fractions of smaller size. Dif-
ferent accessory minerals detected by SEM may be
seen in Figure 2.5 and Figure 2.6.

2.2.2. Chemical composition

Table 2.4 shows the average content values of the
major elements of the FEBEX and S-2 bentonite.
Generally speaking, the content of the major ele-
ments obtained at the CIEMAT and CSIC-Zaidín
laboratories is very similar for both types of benton-
ite. Thus, a high degree of homogeneity is observed
in the chemical composition of the different samples
analysed.

Table 2.5 shows the average values of the minor and
trace elements of the FEBEX bentonite [10]. The con-
tent of chlorides and sulphates is worthy of mention.

Based on chemical analyses, the structural formula
or unit-cell formula of the Ca conditioned FEBEX
smectite is:

(Si7.78 Al0.22)
IV (Al2.78 Fe3+

0.33 Fe2+
0.02 Mg0.81Ti0.02)

VI

O20 (OH)4 (Ca0.50Na0.08K0.11)

Tetrahedral charge: -0.22, Octahedral charge: -0.97,
interlayer charge: +1.19

The formula weight per 22 atoms of oxygen is
752.46 g. 19 percent of the charge arises from tet-
rahedral substitution, and 81 percent from octahe-
dral substitution. This indicates that this dioctahedral
smectite (montmorillonite) is of the Tatatila and
Chambers type (Newman 1987). According to
chemical analysis, the theoretical exchange capacity
is 1.05 eq/kg and therefore, the total charge per
unit-cell is 0.79. The 0.11 potassium ions per for-
mula unit are not exchangeable and belong to the
11 percent illitic layers of the smectite-illite mixed
layers [10, 11].

2.2.3 Soluble salts

The total soluble salts were analysed in aqueous ex-
tract solutions at low solid to liquid (S:L) ratios.
Ground samples were placed in contact with de-
ionised and degassed water, shaken end-over-end at
1:4 S:L ratio and allowed to react for 2 days under
room conditions. After phase separation by centrifug-
ing (30 minutes at 15000 rpm), the supernatant so-
lutions were analysed. The results obtained by the
two laboratories are shown in Table 2.6. The differ-
ences observed between the two laboratories are due
to the heterogeneity of the FEBEX bentonite.

FEBEX Project. Updated Final Report. 1994-2004
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Figure 2.5: Carbonates: a) calcite as micritic crystals, and b) crystals of carbonates surrounded by smectite.
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b

Figure 2.6: a) Spheres of crystallized silica (cristobalite), and b) silica with a botryoidal shape (opal).
chloride and sulphate inventories of the FEBEX
onite, i.e. the element amount per kg of oven-

clay mass, are shown in Table 2.7. These val-
are the average of different tests performed at
and low S:L ratios [11, 12] (see Section 5.2.1).

. Physico-chemical properties

1. Identification properties

data presented in Table 2.8 are the so-called
tification properties (according to the terminol-
of geotechnical engineering) this being because
e basis of simple tests they give an initial idea
e type of physico-chemical behaviour to be
cted in clay.

rdless of the differences in the grain-size distri-
ns between the S-2 and FEBEX bentonite, it
ld be noted that the results obtained from
AT and UPC-DIT differ considerably as regards
ontent of the < 2 �m fraction (clay size). The
ortion of the clay size fraction obtained depends

on the previous treatment of the bentonite for the de-
termination of its grain-size distribution. The differ-
ences may be explained by the fact that a very strong
dispersion procedure, including ultrasounds, was
used by CIEMAT, whereas UPC-DIT employed stan-
dard geotechnical techniques.

It must be taken into account that the external spe-
cific surface (BET) value is very dependent on the ex-
perimental conditions of the determination and even
on the method chosen for the interpretation of the
isotherm. With respect to the total specific surface,
the value calculated for the FEBEX bentonite on the
basis of the unit cell parameters and the unit weight
is 746 m2/g.

The low content of the < 2 �m fraction had already
been noticed in the first studies performed on the S-2
bentonite. It was proposed at that time that the
smaller particles were agglutinated or cemented with
colloidal silica (during alteration of the original volca-
nic material). This would make dispersion of the clay,
and consequently separation of the < 2 �m fraction,
more difficult. This argument is supported since
most of the silt-sized material, and some of the
sand-sized material, is formed by “pseudomorphs”
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Table 2.4
Chemical composition of S-2 and FEBEX bentonite, in %

Oxides
Bentonite S-2 FEBEX Bentonite

CSIC-Zaidín CIEMAT CSIC-Zaidín CIEMAT

SiO2 59.90 57.30 58.92 ±1.74 57.89 ± 1.55

Al2O3 18.70 19.60 19.48 ±1.05 17.95 ± 0.71

Fe2O3
3.60(3) 3.90(3) 3.48 ± 0.63(3)

2.84 ± 0.12

FeO 0.25 ± 0.10

MgO 5.80 4.70 4.83 ± 0.27 4.21 ± 0.21

MnO � <0.03 0.06 ± 0.02 0.04 ± 0.00

CaO 2.00 2.90 2.51 ± 0.09 1.83 ± 0.10

Na2O 2.20 1.90 2.28 ± 0.11 1.31 ± 0.09

K2O 0.70 1.40 1.21 ± 0.08 1.04 ± 0.05

TiO2 � 0.30 0.27 ± 0.06 0.23 ± 0.01

P2O5 � 0.10 0.06 ± 0.02 0.03 ± 0.01

H2O
- (1)

� � � 8.66 ± 2.88

H2O
+ (2) 6.70 5.70 5.07 ± 0.76 4.31 ± 0.41

CO2 organic
0.70(4)

0.19 0.19 ± 0.04 0.35 ± 0.05

CO2 inorganic 0.20 0.52 ± 0.07 0.26 ± 0.06

SO2 total � 0.05 � 0.21 ± 0.10

F-
� 0.16 0.21 ± 0.03 0.18 ± 0.01

(1) determined at 220ºC; (2) structural water; (3) Fe2O3 total; (4) CO2 total
Table 2.5
Minor and trace elements of the FEBEX bentonite, in ppm

Ba Sr Ce Co Cr Cu La Ni V Y Zn Zr U Th Rb Li Cl- SO4
2-

164
±25

220
±23

74
±6

9
±3

8
±2

25
±9

40
±3

20
±3

16
±2

25
±3

65
±4

43
±0

2.0
±0.5

19
±1

41
±2

54
±3

774
±144

984
±65
Table 2.6
Main chemical species concentrations in the 1:4 S:L aqueous phase, in mmol/100g of dried clay

Parameter pH Cl- SO4
2- HCO3

- Na+ K+ Mg2+ Ca2+ Sr2+ Fe3+ Al3+ SiO2

CIEMAT(1) 8.73 1.98 0.98 1.18 5.02 0.073 0.055 0.050 0.4·10-3 1.7·10-3 0.013 0.145

UAM(2) 7.93 2.03 1.84 1.56 6.04 0.062 0.146 0.067

(1) Fernández (2003); (2) ENRESA (2000): As, V, Br, Sr, Ti, Mn, Fe, Ni, Cu, Zn and Y in concentrations lower than 10-3 mmol/100g
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Table 2.7
Cl- and SO4

2- inventories of FEBEX bentonite

Size fraction Cl- (mmol/100g) SO4
2- (mmol/100 g)

Total 2.185 ± 0.396 1.026 ± 0.068

< 63 ìm 2.269 ± 0.314 0.987 ± 0.081
Table 2.8
Identification properties

Property
Bentonite S-2 FEBEX Bentonite

CSIC-Zaidín CIEMAT CSIC-Zaidín CIEMAT UPC-DIT

Water content in equilibrium
with the air in the laboratory, in % � 10 to 13 � 13.7 � 1.3 13.3 � 1.3

Liquid limit, in % � 105 � 10 � 102 � 4 93 � 1

Plastic limit, in % � � � 53 � 3 47 � 2

Plasticity index � � � 49 � 4 46 � 2

Specific weight � 2.78 � 2.70 � 0.04 �

Grain-size distribution, in %
Fraction less than 74 �m
Fraction less than 2 �m

93 � 3
82 � 6

86
65 � 1

�

�

92 � 1
68 � 2

87
45

Specific surface, in m2/g
Total

External, BET

614 � 74(1)

�

516 � 37(2)

37

649 ± 5(1)

�

725 � 47(1)

32 � 3 (3)

56-62 (4)

�

�

(1) Determined by the Keeling hygroscopicity method; (2) Determined by the methylene blue method; (3) [13] ; (4) [11]
lcanic grains transformed into smectite (see
n 2.3.3). The “pseudomorphs” are relatively
and would moderate the physical behaviour
bentonite: they behave as smectite from a

ical point of view, but do not have the physical
of the bentonite.

. Pore size distribution

y may develop three kinds of pores: i) inter-
ar pores within the primary particles (1-10 �),
a-aggregate pores, usually of less than 0.002
size delineated by the boundaries of primary

les within the aggregates, and iii) inter-aggre-

gate pores (0.002 to several micrometers in size).
Classifications based only on pore size [14] consider
pores smaller than 0.002 �m to be micro pores, and
the limit between meso and macro pores is set at
0.05 �m. In the case of compacted FEBEX bentonite,
a family of large intergranular pores, which are lo-
cated between grains resulting from the physical
treatment of the clay at the quarry and the factory,
may be defined. Pore size distribution was deter-
mined in different types of samples of the FEBEX ben-
tonite using two techniques. Bentonite powder,
ground to a grain size of less than 1 mm, was exam-
ined by N2-adsorption isotherms, and bentonite com-
pacted at different densities was tested by mercury in-
trusion porosimetry (MIP). The main difference be-
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tween both techniques is the different range of ac-
cessible pore sizes, which is between 0.006 and
480 �m diameters for mercury, and between 0.001
and 0.8 �m diameters for nitrogen. Other differ-
ences relate to the diverse preliminary preparation
of the samples and to the possible effect of the in-
trusion of the fluid on the clay structure.

The results obtained by CIEMAT are shown in Table
2.9 and Table 2.10. In the latter table it may be ob-
served that when compaction increases the percent-
age of large pores decreases, as does their size
mode, whereas the percentage of smaller pores
increases.

Figure 2.7 shows the pore size distribution (PSD) ob-
tained by UPC-DIT in samples compacted to different
values of dry density (from 1.4 g/cm3 to 1.68 g/cm3)
and hygroscopic water content, in terms of logarith-

mical increment of void ratio (Äe/Älog10 pore diame-
ter). It may be observed that the pore size distribution
in the range tested is bimodal: a dominant size
around 10 nm, and a larger pore size, which de-
pends on the compaction dry density and ranges
from 20 �m (for ñd=1.68 g/cm3) to 30 �m (for
ñd=1.4 g/cm3). These larger voids would correspond
to the inter-granular pores. The boundary between
both pore size families may be situated at around
150-200 nm, as pores smaller than this size do not
appear to be affected by the magnitude of the com-
paction load. The samples differ only in the propor-
tion of macro pores having a diameter bigger than 2
�m.

Similar conclusions concerning macro porosity may
be achieved considering the samples compacted at
low water content (3-4 percent) [15]. Figure 2.8
presents a summary of the inter-granular pore sizes
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Table 2.9
Pore size distribution of the bentonite powder obtained by nitrogen adsorption (1)

Pore diameter (�m) Quantity (%)

0.150 to 0.045 36±8

0.045 to 0.020 25±4

0.020 to 0.006 20±4

0.006 to 0.003 11±4

<0.003 8±2

(1) The pore size distribution has been calculated to add 100%
Table 2.10
MIP results for samples compacted with hygroscopic water content at different dry densities (1)

�d

(g/cm3)

Macropores Mesopores

200-6 �m diameter 6-0.1 �m diameter 0.1-0.006 �m diameter

% Mode (�m) % Mode (�m) % Mode (�m)

1.55 (2) 66 42 3 1.88 31 0.026

1.65 (2) 31 32 21 1.72 48 0.016

1.75 (3) 23±6 18±4 26±6 0.76±0.56 54±10 0.016±0.006

(1) The pore size distribution has been calculated to add 100%; (2) One sample; (3) Average of 45 samples taken from blocks compacted for the mock-up test
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as a function of the dry density for samples com-
pacted with hygroscopic water content.

Figure 2.9 shows the relationship between pore di-
ameter and intruded pore volume for two samples
compacted at dry densities of 1.40 g/cm3 and 1.68
g/cm3. It may be appreciated that there is a signifi-
cant pore volume into which the mercury could not
penetrate or that has a diameter larger than the res-
olution of the equipment. In the case of the sample
with a dry density of 1.68 g/cm3, this pore volume
corresponds mostly to pores smaller than 6 nm
(e=0.24), but in the case of the sample with a dry
density of 1.40 g/cm3, part of this volume corre-
sponds also to pores bigger than 480 �m. Assum-
ing that the magnitude of the pore volume associ-
ated with pores of diameter smaller than 6 nm (not
intruded by mercury) is the same for the two speci-
mens, the volume of pores with a diameter larger
than 480 �m that is not reflected in the curve of the
less dense specimen, is about 0.15. Indeed, the vol-
ume of pores smaller than 200 nm is very similar for
the two samples, with void ratio values of around
0.41. The remaining of the pore space corresponds,
therefore, to inter-aggregate and inter-granular
pores, accounting for about 55 percent of the voids

(e=0.51) in the sample with a dry density of 1.40
g/cm3, and about 33 percent of the voids (e=0.20)
in the sample with a dry density of 1.68 g/cm3.

2.3.3. Fabric

Thin sections of compacted FEBEX bentonite were
prepared for study by polarising optical microscopy.
The textural heterogeneity itself is the main feature
in the sample. The FEBEX bentonite is mainly com-
posed of clay aggregates (81±19 %) that may oc-
cur as dark isotropic poorly crystalline crystals
and/or present a preferred orientation and relatively
large (sub-micrometric) bright crystals. There are
also glassy materials (1.4 %), volcanic rock frag-
ments (1.2 %) and single accessory minerals (quartz
and feldspars, up to 5 %). Calcite (0.9 %) is usually
present as esparitic crystals, which replace feldspars,
and less frequently as isolated micritic cements. Fig-
ure 2.10 shows the general appearance of the
untreated air-dried compacted clay.

The microfabric studies on powder material by SEM
microscopy show that, in general, the FEBEX ben-
tonite is mainly composed of variable size aggre-
gates of smectite, usually higher than 2 ìm. These
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Figure 2.10: Unsaturated appearance of the compacted FEBEX clay (x 37.5).
gates, of high stability, present a dense granu-
angement without any preferential orientation.
ggregates are pseudomorphs of the original
herited minerals from which they were origi-

, such as volcanic glass, feldspars, pyroxenes
mphiboles [16]. Inside the aggregates, the
articles have a honeycomb texture, character-
y an edge-edge and edge-face clay platelet

interaction (Figure 2.11). This leads to
dimensional voluminous card-house structures
place to a globular microfabric type.

. Exchange capacity

ation exchange capacity (CEC) is the numeri-
lue of the ion-exchange capability of the clay
als. For the FEBEX bentonite it is 102±4
00g. To determine this capacity, the ex-
e sites of the sample were saturated with so-
The adsorbed sodium was then displaced by
sive extractions with 1 M ammonium acetate
7.0 [17, 18].

2.11 shows the average content values of the
ngeable cations obtained by two laboratories.

values were obtained by using the 1 M

NH4AcO pH 7.0 method [18], after washing the
bentonite soluble salts with deionised water at 1:4
S:L ratio (CIEMAT) or with a 1:1 acetone/water
mixture (CSIC).

However, some uncertainties in the amount of ex-
changeable cations were detected when measured
with the NH4AcO pH 7.0 method. The FEBEX ben-
tonite contains carbonates and sulphates as acces-
sory minerals. The possible solubilisation of these
minerals must be taken into account when selecting
the interchange reactive. Furthermore, a previous
washing of soluble salts may alter the true concen-
trations of the exchangeable cations. An uncon-
trolled dissolution of calcite during the extraction of
the exchangeable cations was observed at low S:L
ratios [12]. This produced over- and underestima-
tions of the exchangeable calcium and sodium
values, respectively.

To overcome this uncertainty, new methods were
used to determine the accurate amount of ex-
changeable cations, based on: 1) the incorporation
of solvents less polar than water in the extracted so-
lution (such as ethanol), 2) the use of a solution with
high pH (~8.2), and 3) the use of an index cation
whose adsorption affinity is much higher than for all
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Figure 2.11: SEM microphotographs: three-dimensional voluminous card-house structures arising a pseudoglobular microfabric type
with face to face associations of the clay plates.
ommonly present in clays, such as NH4 or Cs
0].

the new results obtained (see Section
.4.), the 0.5 M CsNO3 at pH 7 method at 1:8
tio and without previous washing of the solu-
lts was finally selected. Table 2.12 shows the
nce values of the cation occupancies for the
bentonite selected from among all the results
ed [11]. It includes also the values extrapo-
from aqueous extracts determinations at differ-
L ratios (see Section 5.2.1.1.).

. Surface charge density

etention and release of elements by smectite is
lled by the adsorption and desorption of an-
and cations on the charged surfaces

amellar surfaces and the surface functional
s).

permanent structural charge of the FEBEX
ite expressed as a surface charge density (ó),
e excess of non-balanced charge per unit sur-
area of this smectite with a charge of 0.79

electrons per O20(OH)4, is 0.136 C/m2 [10]. This
permanent structural charge is due to isomorphic
substitutions in the clay lattice and the deficit of pos-
itive charge within the sheet is balanced by
interlamellar cations. Thus, the surface charge den-
sity has been calculated by taking into account the
cation exchange capacity, the specific surface, the
elementary charge, the unit cell parameters, and the
formula weight.

2.3.6. Redox capacity

The Redox buffering capacity or the total reducing
capacity of the FEBEX bentonite has been deter-
mined experimentally by oxidising the sample with
potassium dichromate in the presence of concen-
trated sulphuric acid. The total reducing capacity
(TRC) evaluated by this method is 0.23±0.19
meq/g. The values of organic carbon and organic
matter content are 0.07±0.06 and 0.12±0.10
percent, respectively [11].

From the chemical analysis of the bentonite, the cal-
culated TRC – which is related to the amount of re-
duced species (sulphide, ammonium, oxidisable or-
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Table 2.11
Average values of exchangeable cations initially determined, in meq/100g [13]

Exchangeable cations
Bentonite S-2 FEBEX Bentonite

CSIC-Zaidín CIEMAT CSIC-Zaidín CIEMAT

Ca2+ 31 ± 6 41 ± 7 43 ± 5 42 ± 3

Mg2+ 33 ± 6 31 ± 7 32 ± 3 32 ± 2

Na+ 30 ± 3 22 ± 3 24 ± 4 25 ± 2

K+ 3.0 ± 1.0 2.5 ± 1.0 2.1 ± 0.2 2.5 ± 0.3
Table 2.12
Summary of the cation occupancies (in meq/100 g) for the FEBEX bentonite

Cation Cs method(1) Extrapolated (2)

Ca2+

Mg2+

Na+

K+

Sr2+

34.8±2.4
31.0±3.1
27.1±0.2
2.6±0.4
0.4±0.1

34.6
34.0
31.2
1.9
—

CEC (as �cations) 95.8±0.2 102 ± 4

(1) Determination without previous washing of soluble salts, the soluble cations were subtracted by using Cl- and SO4
2- inventories [11]

(2) Extrapolated from results of aqueous extracts [12].
c carbon, Fe (II) and Mn(II) – is 0.59±0.12
/g. In these calculations the amount of
ates (SO4

2-) in total S has been subtracted, and
mount of NH4

+ has not been taken into ac-
t.

There are some uncertainties in the chemical deter-
mination of the sulphides content. This might ex-
plain the difference between the two methods. In
any case, the Redox buffering capacity of the FEBEX
bentonite is low.
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3.1. General description

The “mock-up” test simulates, at almost full scale,
the components of the engineered barriers system
(EBS) in accordance with the ENRESA AGP Granito
reference concept.

In this test, the heterogeneities of the natural system
(granite formation) are avoided, the hydration pro-
cess is controlled and the boundary conditions are
better defined than in the “in situ” test. This facilitates
the verification of the predictive capacity of the nu-
merical codes developed for analysis of the behav-
iour of the near field, as only the behaviour of the
clay barrier is considered. This verification by com-
parison only with the behaviour of the clay barrier is
a necessary step prior to comparing the model results
with the behaviour of the natural conditions, as in the
“in situ” test.

The components of the test are similar to those of the
“in situ” test: two electric heaters, a 0.64 m-thick clay
barrier, instrumentation, automatic control of heaters
and a data acquisition system for the data generated.
Although the conceptualisation of the two large-scale
tests is very similar, there are certain major differ-
ences: the “mock-up” test has a clay barrier with an
unlimited availability of hydration water, supplied at
constant pressure; and has a steel structure (instead
of the heterogeneous granite mass of the “in situ”
test), installed in a room maintained at a practically
constant temperature.

The clay barrier was constructed of highly com-
pacted bentonite blocks. The total bentonite mass
installed was 22.5 t.

The test is being performed at the CIEMAT facilities
(Madrid), in a building constructed for this purpose.

The heating and hydration (operational) stage com-
menced in February 1997, and was planned to last
about three years. According to new plans (Chapter
1), the operational stage has been prolonged for
several years, as has been the FEBEX Project. In fact
the test still continues with the EC Integrated Project
NF-PRO. The test is functioning automatically, regu-
lated by the heater control system (HCS), and pro-
duces information from approximately 500 installed
sensors. The information is being stored and man-
aged by the data acquisition system (DAS).

At the end of the operational stage, it is planned to
proceed to the dismantling stage – extraction, in-
spection, sampling, and study of all the installed
materials. The aim is to use the results from the dis-

mantling stage to gain insight into the final state of
the instruments, the intensity of the corrosion in-
duced in the metals and, especially, the geochemi-
cal modifications produced in the bentonite.

A summary description of the design, fabrication,
and installation of the physical components of the
test is presented in this chapter. It also includes a
summary of the operational stage of the test, from
the begining up to now (more than seven years).
CIEMAT performed all the work, and the detailed
description is in references [21] and [22].

3.2. Components of the test

The test is installed in an annex, constructed exclu-
sively for this purpose, to Building 19 at the CIEMAT
facilities in Madrid, Spain. The building is air-condi-
tioned, such that the temperature is maintained al-
most constant (20±2ºC).

The infrastructure of the test consists of five basic
units, represented in Figure 3.1: the confining struc-
ture with its hydration system, heating system, clay
barrier, instrumentation, and systems for data acqui-
sition (DAS) and heating control (HCS).

Specimens of different metals were installed in the
clay barrier to complement the study of the corro-
sion affecting the metallic components of the system
(heaters and sensors). In addition, artificial chemical
tracers were installed to facilitate understanding of
the geochemical processes of the water/bentonite
interaction and of mass transport.

3.2.1. Confining structure and hydration
system

3.2.1.1 Confining structure

The structure that encloses the clay barrier is a cylin-
der of carbon steel with an interior cladding of
stainless steel. It consists of two cylindrical bodies
joined by a central flange and closed by two metal-
lic end covers, of the same materials. The confining
structure is supported by three metallic legs.

The main characteristics of the confining structure
are as follows:

� Inner diameter: 1.615 m

� Inner length: 6.00 m
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Figure 3.1: General scheme of the “mock-up” test.
Wall thickness: 0.070/0.005 m of carbon/
stainless steel

Design pressure: 9 MPa

Total empty mass (estimated): 30 000 kg

end cover is fitted with a penetration for the
er and temperature sensor cables from the
ers. The cylindrical surface of the confining
ture is perforated at 234 points: 48 for water
tion and 186 for the exit of sensor cables.

materials used were received with their corre-
ding quality certificates.

AT performed the inspections and tests consid-
necessary to monitor and control the materials

construction techniques used. The most significant
inations were by X-rays and penetrant liquids, the
ptance of an inspection point program (IPP) and
performance of two hydraulic tests, one structural
aracter and the other to detect leaks (performed
water under pressure, up to 112 bars).

1.2. Hydration system

system supplies water for hydration of the ben-
e mass at a constant and controlled pressure.

The system consists of two tanks with a total capacity
of approximately 1.3 m3, under pressure from the
top nitrogen supply line, with water supplied via a
network of pipes joined to the 48 water injection
nozzles in the confining structure.

Each one of the tanks is supported on three metallic
legs, which are the bases of the weighing system
used to measure the mass of water injected. The
tanks are located as close as possible to the confin-
ing structure, in order to reduce the dead volume of
the system (Figure 3.1).

The basic elements of the system are as follows:

� Nitrogen line under 4.0 MPa pressure

� Two tanks, under pressure, each with the fol-
lowing characteristics:

� Material: Stainless steel

� Height: 3.0 m

� Diameter: 0.8 m

� Wall thickness: 0.012 m

� Working pressure: 3.5 MPa

� Internal volume (estimated): 0.660 m3

� Total empty mass (estimated): 550 kg



� Weighing system for measurements

� Network of pipes to the confining structure

� Filters and geotextile for the protection of the
water injection points (nozzles) and geotextile
lining of the interior surface of the confining
structure. The purpose of the geotextile lining is
to homogenise the water supply around the pe-
riphery of the clay barrier.

The parts of the system in contact with the water are
of stainless steel, AISI 304L.

The materials were supplied with their correspond-
ing quality certificates.

The hydration tanks have been subjected to a hydrau-
lic test at 1.5 times the rated design pressure (4.0
MPa) and 100% of the welds have been examined.

Connection to the confining structure

The connection between the hydration system and
the confining structure is made by means of 48 in-
jection points distributed in six sections, each section
with eight injection nozzles distributed at 45º and
connected to a pipe ring. To avoid clogging by the
clay, the injection nozzles are protected by two filters
of stainless steel, one stainless steel mesh disk, and
one geotextile disk.

The internal surface of the confining structure is cov-
ered with four layers of geotextile to facilitate the
homogeneous hydration of the clay barrier. The
properties of compressibility and permeability of the
geotextile have been verified by laboratory tests.

Type of water

For hydration, a commercial granitic water is being
used, due to the ease of supplying the necessary
quantity of chemically stable water throughout the
entire test period. Furthermore, this is the water that

has been used in the laboratory tests in recent years
and its composition is known and stable.

Iodine and deuterium were added to the water as
tracers; Table 3.1 shows the composition of the re-
sulting water. It has a pH of 8.1 and an electrical
conductivity of 278 µS/cm.

Monitoring and control of the hydration water supply

Load cells and pressure sensors control the mass
and injection pressure of the water supplied to the
confining structure. The values obtained are sent di-
rectly to the data acquisition system (DAS).

The mass of water introduced into the system is
measured by continuously weighing the hydration
tanks. The weighing system for each tank is made
up of the following elements:

� Three flexural load cells HBM Z6FC3/500 (500
kg, connected to 6 wires, 2 mV/V, precision
C3, protection IP67), with assembly modulus
K-Z6/MS550KG (anti-spin, anti-overturning, and
overload protection).

� Shunt connection box HBM VKK2, to add the
three load cells.

� Measurement amplifier/indicator HBM
MVD2510 (0.1% precision) with analogue out-
put (from 0 to 10 VDC) directly connected to
the DAS.

Each tank is suspended by three metallic lugs, lo-
cated at 120º, on the tank body. These lugs are
over the load cells, which are seated on the three
legs (Figure 3.2).

Using the values from the weighing system and the
nitrogen pressure of the hydration tanks, the injected
water mass is determined and registered in the DAS.

The injection pressure at the exit of the tanks and
the pressures at the hydration surface in each half of

3. “Mock-up” test design, construction and operation
Table 3.1
Composition of the hydration water, in mg/l

Element Ca2+ Mg2+ Na+ K+ Cl- I- HCO3
- NO3

- SO4
2-

Concentration 38 9.4 14 1.3 15 2.1 152 5.0 15

Element Si02 Ba Cd Mn Ni Pb Sr Zn Al

Concentration 21.8 0.05 0.05 0.05 0.04 0.07 0.09 0.12 0.09
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Figure 3.2: Hydration tanks. Details of weighing system.
nfining structure are continuously logged. The
red values are registered directly by the DAS.
easuring system is composed of the following
nts:

igital manometer HBM Digibar 300 (20 bar)
n the exit line from the tanks.

wo transmitters DRUCK PCX1400 (20 bar,
-20 mA) installed in two orifices of the cable
xits, one in each half of the confining structure.

3. Quality assurance/quality control

sign of the confining structure and hydration
was developed by CIEMAT. The confining

re was constructed by Talleres VICALDE, Llo-
lava, Spain). The hydration tanks were manu-
d by TAM, S.A., Madrid (Spain) and the nitro-
e and connections between the tanks and the

ing structure were made by DTA, S.L., Madrid
).

llowing activities were carried out in accor-
with the quality assurance program applied:
of the IPP and performance of inspections
manufacturing; drafting of the quality report

on the confining structure; obtaining certification
from the Ministry of Industry for the hydration tanks
and performance of the hydraulic and leakage tests
for both systems.

3.2.2. Clay barrier blocks

The clay barrier was constructed with highly com-
pacted bentonite blocks. The same bentonite was
used throughout the FEBEX project, its properties
having been described in Chapter 2. Section 3.3.3
describes the construction of the barrier.

Reference [6] describes in detail the processing of
the bentonite into blocks.

3.2.2.1. Design

Figure 3.3 shows the geometry of the barrier in two
representative sections, one in the heater area and
the other in the non-heater area. This geometry is
made with four types of blocks: A, B, C, and E. Fig-
ure 3.4 and Table 3.2 show the shapes and dimen-
sions of these different blocks.



The dry density specified for the design of the blocks
is 1.77 g/cm3. This density is based on considering
the anticipated volume of construction gaps and a
final dry density of the clay barrier of 1.65 g/cm3.
This final dry density value corresponds to the de-
sign criterion of the AGP Granito. The water content
of the blocks is that specified for the raw bentonite,
from 12.5% to 15.5%.

3.2.2.2. Fabrication

Moulds were designed and manufactured for fabri-
cation of the block types A and B. Some of the
B-type blocks were machined to have a plane inner
face, thus forming C-type blocks. The B mould was
then modified (protrusions were removed) to obtain
intermediate blocks (D-type), which were subse-
quently machined to obtain E-type blocks.

A single-acting, uniaxial hydraulic press was used to
fabricate the blocks, the compaction force being pro-

vided by three successive strokes of 40 MPa to 50
MPa pressure. Both fabrication of the moulds and
compaction of the blocks were performed by Jesús
Castro, S.L., Torrejón de Ardoz (Madrid, Spain).

The quality assurance program was applied to the
fabrication process: in each block the weight, di-
mensions, external appearance, dry density and wa-
ter content were controlled.

Table 3.3 shows the average values of the charac-
teristics of the different types of blocks.

In total, 25870 kg of bentonite were compacted to
manufacture 1012 blocks. The average weighted
values for water content and dry density were 13.6%
and 1.77 g/cm3, respectively.

3.2.2.3.. Packaging, transporting, handling,
and storing

Laboratory tests indicated that the blocks deteriorate
rather quickly when exposed to a high humidity en-

3. “Mock-up” test design, construction and operation
Table 3.2
Construction dimensions of the blocks

Block

Radius
mm Angle

degrees

Dimension
mm

Thickness
mm

R r e r1 r2 a b c

A 795 480 645 26 25 30 411±2 248±2 315±2 124±1

B 475 170 325 26 25 60 475±2 170±2 305±2 124±1

C 475 645 26 25 60 473±2 250±2 225±2 124±1

D 60 450±2 225±2 225±2 124±1
Table 3.3
Average values of the physical properties and number of blocks fabricated

Type of block

A B+C D(E)

Weight per block (kg) 25.8 25.2 25.3 (D)

Average water content (%) 14.2 13.2 13.1

Dry density (g/cm3) 1.77 1.76 1.82

Number of fabricated units 598 322 92

Total weight (kg) 15428 8114 2328
59
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Figure 3.3: Geometry of the barrier.
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Figure 3.4: Shapes and dimensions of the blocks.
ent. Consequently, the blocks were protected
lastic sheets, then packed in wooden boxes
sed.

mperature and relative humidity in the interior
confining structure were controlled during

construction. No major variations in the average
ambient conditions (temperature of 20ºC and rela-
tive humidity of 60%) were observed.

There was no deterioration of the blocks produced
by excessive dampness; some were rejected due to



damage during handling. The percentage of re-
jected blocks during machining and installation was
less than the expected 10%.

3.2.3. Heating system

The system consists of two cylindrical heaters and
corresponding monitoring and control systems. Each
heater has three internal electrical heating elements
(resistors), capable of individually supplying the ther-
mal power necessary to maintain a temperature of
100ºC at the heater/bentonite interface, in accor-
dance with the AGP Granito requirements.

The criterion of heater operation is that a constant
superficial temperature (a relatively simple control)
is to be maintained, but with the possibility of pro-
viding for constant power operation.

3.2.3.1. Heaters

General characteristics

The basic premises used in designing the heaters
were that there would be no possibility of perform-
ing repairs/replacements after installation and that
the maximum temperature at the heater/bentonite
contact must be 100ºC, distributed as homoge-
neously as possible.

In this test, the heaters are in direct contact with the
bentonite, with a 0.75-m horizontal separation be-
tween them. The electrical heating elements were
selected on the basis of the following criteria: effi-
ciency, homogeneous distribution of the heat,
power density, cost of installation, lifetime of the el-
ements, and safety aspects.

The external dimensions of the heaters (1.625 m
long and 0.34 m in diameter) were selected taking
into account the thickness of the bentonite blocks
(0.125 m) and the relation between the area of the
cylindrical surface and the area of the surface of a
reference waste canister (4.54 m long and 0.90 m
in diameter).

The maximum power to be supplied was set at 900
W per heater, based on different analyses and mod-
elling exercises performed during the design phase
of the test. This level of power will maintain the
specified temperature in the heater even during the
most unfavourable condition of the bentonite that is
being saturated.

Mechanical characteristics

The design calculations considered the maximum
pressure on the heaters to be 9 MPa, with a maxi-
mum difference in temperature of 20ºC to be al-
lowed between two points of the heater (for thermal
stress).

Each heater consists of a carbon steel core (reel),
with a wall thickness of 0.012 m and an outer di-
ameter of 0.3 m, into which the resistors are in-
serted. A carbon steel casing (0.02 m thick and
0.34 m in external diameter), closed with two end
covers (welded at the back end and fixed by screws
at the front end), protects the set (reel and resistors).

The principal characteristics of each heater are as
follows:

� External diameter: 0.34 m

� Length: 1.625 m

� Material: Carbon Steel

� Wall thickness: 0.04 m (interior of the core to
the exterior of sheet casing) and 0.06 m (end
covers)

� Working pressure: 9.0 MPa

� Elements: Metal casing and end covers, reel, 3
heating elements (max. 930 W/unit), and 9
temperature control points

� Nominal maximum power: 2800 W

� Total empty mass (estimated): 475 kg

The sealing of the exterior casing was accomplished
using Viton O-rings and epoxy.

Electrical characteristics

The heating elements selected are shielded resistors,
THERMOCOAX ZEZ Ac 25/600-2600-600/2 CM
25 (2.5 mm �, resistance 2.0 �/m, 220 VAC/50
Hz). The total length of the elements is 38 m (6 m of
cold ends and 26 m of hot zone). They are protected
by a stainless steel sheath, AISI 304L, with external
connections of CM25 type (150 W/m, to 200 ºC).

The heating core is composed of Ni/Cr 80/20 and
the cold zones of Cu/Zr. The maximum working
temperature in the hot zone is 600 ºC. The core is
insulated from the sheath by MgO powder, which
increases dielectric resistance, heat transfer and the
lifetime of the element.
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To ensure a high probability of power being sup-
plied throughout the entire test, each heater has
three resistors, each having the capacity to supply
the nominal power required. The resistors of each
heater are controlled as a set. In the event of failure
of one, the remaining resistors supply the equivalent
power. Full safety elements for protection of the per-
sonnel and minimisation of the possibility of danger
to the equipment were installed.

The electrical supply to the heaters is insulated from
the general network by grounded insulating trans-
formers.

Machining

The following aspects of the machining of the heat-
ers should be highlighted:

Reel and casing: special attention has been given to
the tolerance between the reel and the casing, to
obtain an optimum fit.

Resistor location: three semicircular channels or
grooves measuring 3 mm in width and depth run
along the reel in a helical path, with a total length
of 25 m.

Power control temperature sensor locations: perfora-
tions were made in both the reel and the casing; the
former measure 10 mm in diameter, while those in
the casing are threaded M12. The sensors are dis-
tributed in three sections: one in the central area
and another section near the end where the cables
exit (front end cover), each of which have four loca-
tions distributed at 90º. The section at the other end
has only one location.

Assembly

Assembly was performed carefully in a sequential
process, since the resistors are particularly fragile. At
each step, the functioning of the assembled compo-
nents was verified:

Reel winding: the three resistors in each heater are
wound helicoidally in the grooves machined on the
reel of the heater, with a separation of 18.66 mm be-
tween centres and with a total of 27 turns per ele-
ment. The separation between spirals on any one ele-
ment is 56 mm. This should give a uniform thermal
power distribution along the hot zone of the heater.
Loctite Output, an adhesive of high thermal conductiv-
ity used in electronics, was then applied to the resistors
with light pressure until they adhered to the reel.

Encasing: the insertion of the reel into the casing
was accomplished with the help of an anti-corrosion
grease (Loctite 7671 anti-seize), applied on the reel
to make sliding easier and to ensure a good ther-
mal contact between the two parts.

Installation of the temperature sensors: the power
control temperature sensors were installed in loca-
tions machined in the reel and in the casing, in-
serted in specifically designed screws. Once the per-
forations of the casing and reel were correctly
aligned, the screws were installed from the exterior
of the casing.

Power supply and sensor cable penetration through

the front end cover: following installation of all the
sensors, the ends of the resistors and temperature
sensor signal cables, each appropriately identified,
were passed through a protective pipe exiting the
heater. The length of the cold ends of the heating
elements is sufficient to exit the casing of the heater,
pass through the protection pipe and reach the
junction box to the control unit located outside the
confining structure.

Heater closure: after the cables were passed
through the pipe, the front-end cover was affixed.
The sealing of the front-end cover was obtained by
closing it with a special Viton O-ring and a triangu-
lar washer for each of the joining screws.

3.2.3.2. Heater monitoring and control systems
(HCS)

The HCS consists of all the electrical and/or elec-
tronic components and computer programs for au-
tonomous supervision of the operation and control
of the power supply to the heaters, data acquisition
(including sending the measurements of the param-
eters to the DAS) and activation of the processes
and alarms in the event of failure of any of the com-
ponents (heater resistor, electronics, etc.).

The system is based on a closed loop control with a
Programmable Logic Control (PLC) that manages
the assembly and regulates the power supply by
means of a triac breaker and associated electronics.
The triac shot is made to coincide with the passage
of the wave through zero, so as to avoid fatigue in
the resistors. The three resistors of each heater are
controlled as a set.

The control parameter for the heating is either the
temperature or the supplied power. In the event of
failure of any of the heating elements, the control
system compensates by using the rest of the heating
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elements. The nine sensors installed in each heater
allow the internal temperature distributions to be
observed.

Main elements of the heater control system

The HCS is composed of the following subsystems:

� Programmable Logic Control (PLC)

The PLC receives the setpoint values from the
test control and switches to operation in an au-
tonomous mode, transforming the nominal
control parameters to the power supplied to
the heater during automatic operation.

The PLC measures the temperatures in each
heater (at nine points) and controls the average
temperature value at the four points in the cen-
tral section, such that it is equal to the setpoint
value. The control program makes the calcula-
tions, regulates the power by the auxiliary elec-
tronics and sends the temperature and instan-
taneous power data as demanded by the DAS.

� Temperature sensors

These sensors are included to provide the tem-
perature from the area closest to the heater/
bentonite interface to the heater element con-
trol. The assembly has been described above.
The sealing of the body, where the sensors are
inserted, is by means of a high-temperature re-
sistant anaerobic retainer/sealer.

� Electronic power regulation system

This system is designed to control the electrical
power supplied to the resistors by a redundant
system. The control parameters may be a pro-
grammed value of temperature or of power.

The PLC controls the triac, which acts as an in-
terrupter, via the associated power electronics,
regulating conduction time and, consequently,
the power supplied to the heater. Conduction
time regulation is accomplished by packages
of complete cycles, with triggering occurring
when the triac passes through zero, followed by
a waiting period prior to sending of the next
package; this arrangement reduces the number
of coupling/uncoupling cycles and prolongs
the life of the resistors.

� Heater protection system

There is an alarm system designed to detect
the possible failure of either of the heating ele-
ments or the critical elements of the power

electronics. This is accomplished by detecting
variations in the power consumption of any sin-
gle element.

In the event of failure of a resistor, the system ac-
tivates the alarm and automatically compensates
for the loss. In the event of triac failure, the sys-
tem activates the alarm and a relay opening
signal is sent, preventing overheating.

Control procedure

Any variations occurring in the heater power regime,
changes in the control strategy, etc. must be trans-
mitted to the PLC by secure programs, allowing ac-
cess only by authorised persons.

In this test, two heater power regulation regimes
have been applied:

� Initial heating. The aim in this phase was to reach
the setpoint temperature in the shortest possible
time. To simplify modelling, this initial heating
was accomplished in constant power steps.

� Constant temperature heating. Once the temper-
ature neared the setpoint temperature (100ºC) at
any point in the heater/bentonite interface, the
regulation mode was switched to a constant tem-
perature mode, implying continuous power regu-
lation in response to system demands.

As has already been pointed out, all the heating el-
ements are used simultaneously. This approach pro-
vides the advantage of not subjecting any of the re-
sistors to excessive loads, which is important in view
of the anticipated duration of the test and the guar-
anteed mean lifetime of these resistors. This ap-
proach also allows for an instantaneous increase in
power without there being an excessive increase in
temperature in each resistor.

3.2.3.3. Quality assurance

CIEMAT designed and constructed the heaters and
also assembled the different elements. The heating
elements were made by THERMOCOAX (France), a
firm that provides the appropriate quality certifi-
cates. Installation of the temperature sensors in the
special screws was performed by HERTEN, S.L.
(Spain), with inspection by CIEMAT. The solid end
covers of the heaters were welded by a specialist
firm holding the required certifications.

The requirements of the project quality assurance
program were applied and met: robust and redun-
dant design, selection of suppliers, procurement and
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verification of materials, assembly and verification of
components and performance of preliminary tests.

3.2.4. Instrumentation and data
acquisition system (DAS)

In order to gain insight into the continuous evolution
of the variables in the test, the components of the
system (heaters, clay barrier, hydration system, con-
fining structure, and enclosing building annex) were
instrumented with the appropriate temperature, total
pressure, fluid pressure, humidity, and deformation
sensors. To acquire information on the geochemical
processes, different tracers and metal specimens
were installed.

The DAS visualises the set of sensors, performs data
conversion and stores the data on a disk. This sys-
tem is controlled by a SCADA program running on
a personal computer. The system is autonomous
and independent of the HCS.

3.2.4.1 Sensors

The working conditions (pressure � 5 MPa, temper-
ature up to 100ºC, and harsh saline environment)
made it advisable to select sensors without active
electronic components. The same requirements
have been established for the cables and their con-
nections to the sensors. As a precautionary mea-
sure, the cable length is such that it is the minimum
required to reach the processing units of the DAS lo-
cated outside the confining structure.

Table 3.4 summarises the number and type of sen-
sors, the parameters measured, and the area in
which they are located. Even though 507 sensors or
instruments were installed, there are 484 signals au-
tomatically registered, while another 19 signals, re-
lating to deformation, are obtained manually. A fur-
ther four values are obtained from the PLC calcula-
tions. Thus the final number of signals is 547, as
there is the possibility of measuring humidity and
temperature with the 40 relative humidity sensors.

These signals correspond to either the sensors in-
stalled in the interior of the confining structure (in
the clay barrier or in the heaters) or to the external
sensors and instruments.

The specific characteristics of the sensors are as fol-
lows:

� Temperature: thermo-resistance Pt100, Heraus,
installed with four wires and measured with a

limited current flow to avoid overheating the
sensor. Installed in a sheath of Inconel or in
special screws sealed with epoxy and connected
to a silicone or Teflon cable, respectively.

� Total pressure: semiconductor strain gages,
Kulite 0234, 50 bar SG range, 200% over-
pressure, range compensated for temperatures
-20º/100ºC. Constructed of AISI 316L steel with
Teflon cable and high pressure cable gland.

� Fluid pressure: semiconductor strain gages,
Kulite HKM375, 50 bar SG range, 200%
overpressure, range compensated for tempera-
tures -20º/100ºC. Constructed of AISI 316L
steel with Teflon cable and high pressure cable
gland. Outer protection of AISI 316L with filter.

� Relative humidity: temperature and RH trans-
mitter, Vaisala HPM233, with capacitive sensor
HUMICAP (0 to 100% RH range) and tempera-
ture sensor Pt100 1/3 (to 120ºC). Constructed
in ABS plastic with AISI 316L filter and Teflon
cable. Outer protection of AISI 316L steel and
epoxy.

� Exterior strain gages: strain gages, HBM; 350
� impedance, length of 6 mm, 12 DC volt ex-
citation. Located at 90º and in a ½ bridge
configuration. Protected by a sheet of PVC and
aluminium.

The instrumentation associated with the hydration and
heater control systems has been described above.

3.2.4.2. Sensor distribution

The test has been divided into two zones, one in-
cluding Heater A (Zone A) and the other Heater B
(Zone B). The sensors in the clay barrier have been
grouped into 25 sections—12 in each lateral zone,
and one section AB, which coincides with the central
vertical plane. The lateral instrumented section is
called Ann or Bnn, depending on the zone (A or B)
and on the distance from the central vertical plane,
where nn is the ordinal number of the placement.

Figure 3.5 shows the distribution of the instrumented
sections, with the two zones shown on the appropri-
ate sides of the central plane.

Other sensors have been installed in the confining
structure and in the exterior auxiliary systems (such
as the temperature probes and the strain gages on
the structure), as well as in the hydration and heater
control systems (registering the injected water pres-
sure and mass, as well as the heater temperatures).
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Table 3.4
Installed instrumentation

Parameter
Type of sensor
or instrument

Area
Total

Bentonite CS* Exterior

Temperature RTD Pt100 328 20 348

Room temperature RTD Pt100 1 1

Injection pressure

manometer DIGIBAR II 1 1

water pressure DRUCK 1400PTX 2 2

Mass of hydration tanks MVD 2510

Total pressure 50

radial KULITE BG0234 14

tangential KULITE BG0234 14

axial KULITE BG0234 22

Fluid pressure KULITE HKM375 20 20

RH + temperature VAISALA HMP233 40 40

Deformation (strain gages) HBM 19 19

PLC values

temperature RTD Pt100 18 18

average temperature calculated 2 2

power calculated 2 2

DC voltage 2 2

Totals 438 41 28 507

*CS is the confining structure
RH is relative humidity
3.2.4.3. Sensor coding

Cylindrical coordinates were selected to describe
the distribution of the sensors within each instru-
mented section. In this coordinates system (R, �,
and Z), the point of origin O has been taken as the
intersection of the central vertical plane AB with the
longitudinal axis of the confining structure (axis Z).
In accordance with the rules of this coordinates sys-

tem, values of R increase from axis Z, values of �
increase from the reference radius (upper vertical
radius of each section) and Z increases from the
point of origin O to Zone B (Figure 3.6).

The entire sensor coding follows these general rules
with a few exceptions. A distinction has been made
between four main groups of sensors: in the clay
barrier, in the heaters, on the surface of the confin-
ing structure, and outside the confining structure.
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Figure 3.5: Distribution of instrumented sections.
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Zone A
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Figure 3.6: “Mock-up” test coordinate system.
ors in the clay barrier

sensor coding used in the clay barrier is indi-
below. Each installed sensor is identified by

phanumeric code of the following type:

��_��_nn_k_l

��� Sensor type – T (temperature), PR (total radial
pressure), PT (total tangential pressure), PZ
(total axial pressure), H (fluid pressure), and V
(relative humidity and temperature).

		� Designation of the location – A (Zone A), B
(Zone B), and AB (central plane AB).



nn: Numbering of instrumented section as in-
stalled in each zone – from 1 to 12, increas-
ing with distance from the central plane AB.

k: Numbering of the radial order within the cor-
responding instrumented section – from 1 to
4, increasing with increasing radius. In the dis-
tribution of the pressure sensors, as a special
case, the maximum number is 3, correspond-
ing to the different areas within the instru-
mented section: core (1), interior crown (2)
and exterior crown (3).

l: Numbering of the angular order within the
corresponding instrumented section – from 0
to 7, increasing with increasing angle. In the
distribution of the pressure sensors, as a spe-
cial case, the maximum number is 1 or 2.

Temperature sensors on the heaters

These sensors are located on the surface of the
heater and are distributed in three sections located
near the front-end cover (sensors numbered 1 to 4),
in the control zone (sensors numbered 5 to 8) and
in the solid end cover (sensor number 9). The sen-
sors are distributed at 90º in each section, in a strip
measuring less than 0.02 m in width. The control
zone is in the central area of the heater and is used
to provide the average temperature value used in
calculating the power to be supplied to the heater.

These sensors do not follow the general coding rule;
they are identified by the following alphanumeric
code:

C_PT#_�

C_PT: Temperature point on the heater

#: Numbering of order of installation on the
heater, from 1 to 9

�: Heater – Heater A (Zone A) or Heater B
(Zone B)

Temperature sensors
on the surface of the confining structure

Following initiation of the test, 20 temperature sen-
sors were placed on the outer surface of the confin-
ing structure at locations associated with the posi-
tion of the deformation measuring points.

These sensors do not follow the general coding rule,
and are identified by the alphanumeric code.

T_�_#

T: Temperature

�: A or B corresponding to Zone A or Zone B

#: Numbering of order of installation, from 1 to
10

Sensors, instruments, and measurements
outside the confining structure

These sensors include all those not dealt with
above, such as for example those measuring room
temperature, water pressure at the inner surface of
the structure and the hydration system—injection
pressure and weight of the tanks. The calculated
values (injected volume of water, average control
temperature and supplied power) are included in
this group. A different coding system, not included
here, is being used for these values.

3.2.4.4. Metallic specimens for corrosion study

Metallic specimens —carbon steel, stainless steel, ti-
tanium, copper, and welds of the same materials—
were placed in the clay barrier to analyse their pos-
sible corrosion under conditions that may be consid-
ered close to those expected in a repository. The
specimens were prepared by INASMET (San Sebas-
tián, Spain) and were mounted on a Teflon rack.

3.2.4.5. Tracers

To obtain complementary information on the
hydration in the clay barrier, on water/ bentonite in-
teraction and on the transport processes, tracers
were installed by various means: dissolved in the
hydration water or placed in the bentonite within
compacted clay plugs, porous metal capsules and
impregnated filter paper. Both conservative and
non-conservative tracers were used. The profiles of
concentration and distribution of the tracers will be
studied during dismantling. (Information on the trac-
ers used, placement, location, etc. is given in Chap-
ter 7.)

3.2.4.6. Data acquisition system (DAS)

The DAS includes all the electrical/electronic com-
ponents, as well as the software necessary to auton-
omously supervise, register and store on a disk the
set of data obtained from the test. It provides con-
version of the analogue signals from the transducers
into numerical data and performs data analysis, dis-
play and storage over the long time period (years)
that the data are acquired.
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The system is expected to acquire, adapt, display
and register all the data generated by the installed
instrumentation in real time; to cause the test to
function automatically, without full-time personnel;
and to generate a master database of the test.

This is a commercial system based on processing
units connected one to the next by means of a high
velocity RS-422 serial link, and with a PC by an
RS-232C serial link. Each processing unit has its
own analogue/digital converter and controls the
nearest signals.

DAS elements

The DAS is composed of the following main ele-
ments:

� Processing units of the DAS

These consist of a FLUKE extended system con-
sisting of five HELIOS I processing stations (a
master, Model 2289, and four slaves, model
2281). The system (Figures 3.7 and 3.8), has
the following characteristics:

� 18-bit analogue/digital converter,

� 140 channels for measuring DC voltage,
and

� 400 channels for measuring thermoresis-
tances.

The stations have a microprocessor with both
RAM and ROM memory, providing local intelli-
gence. This intelligence increases the capability
and facilitates the control function of the PC.

� DAS personal computer (DAS PC)

The central control of the DAS consists of a PC.
There is an identical PC on stand-by for possi-
ble failures, duplicating the equipment and
program configurations. In the stand-by PC the
database is periodically reproduced, as is indi-
cated in the following section.

The DAS PC is connected simultaneously with
the main processing unit of the DAS and with
the PLC of the HCS (Figure 3.9) to obtain and
register information from the heater. An uninter-
rupted power supply (UPS) is used to guarantee
the stability of the electricity supply and to se-
cure the data against power surges or failures.
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Figure 3.9: General schematic diagram of the heater control system (HCS).
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The DAS PC functions independently, although
periodically it is connected to a local network
to allow for maintenance and file transfer oper-
ations.

� Signal conditioning, surge protection and/or
electricity supply systems

The basic data acquisition system accepts in-
puts/outputs (I/O) in standard format (stress,
current, thermoresistances) and is connected
directly to the DAS PC by a special serial link.
Some sensors require specifically adapted sig-
nal conditioning subsystems.

The electrical protection of the instrumentation
against supply line surges is obtained by means
of a UPS. Furthermore, each piece of signal
conditioning equipment has an adequate pro-
tection against surges: each of the metallic ele-
ments is connected to its own ground line.

The UPS used is the COMET 511 5 kVA by
MERLIN-GERIN. This equipment functions in
accordance with an “in line” scheme; i.e., the
output voltage is filtered and isolated from that
of the input and has batteries as a buffer. This
approach reduces disturbances of the network
to a minimum. The UPS has been designed to
operate under normal conditions at 10% of its
nominal power, and has a set of auxiliary bat-
teries to maintain autonomy for approximately
two hours in the event of power failure.

� Communication system

Data transfer between the DAS computer, the
DAS processing units and the HCS is accom-
plished via two conventional RS-232C serial
links. The communication between the DAS PC
and the HCS transmits the control values. The
communication between the different process-
ing units of the DAS is accomplished by a spe-
cial high-speed RS-422 serial link.

The HCS PLC has another serial port con-
nected to another PC (for control of the heat-
ers), which displays the alarms and other pa-
rameters of the PLC that are not transmitted to
the DAS. This PC is equipped with software for
the transmission of instructions directly to the
PLC, as well as of a new work program for au-
tonomous operation.

A generic file transfer protocol (FTP) is used for
the transmission of data between the DAS PC
and other computers, for subsequent processing.

� Software

Monitoring and control are performed by a ge-
neric commercial client-server system SCADA
(Supervision, Control, And Data Acquisition)
called FIX DMACS by INTELLUTION, Inc.
(USA). In addition, the FIX DMACS also per-
forms the following functions to provide all the
data:

Test supervision and display

The graphical characteristics of FIX DMACS al-
low for the creation of personalised screens to
display the test parameters and to supervise the
test. These screens may be reproduced to doc-
ument the processes, and other information
such as parameters in real time, alarm summa-
ries, histograms, and other graphics may be in-
cluded on them. Figures 3.10 and 3.11 show
two examples of these screens.

Data storage and report generation

The data are stored in files generated by
SCADA, gathering data obtained over four
hours (six files per day) with a minimum fre-
quency of 30 minutes (SCADA does not permit
readings to be stored for a longer period of
time). The program has its own internal data-
base that is periodically reproduced in identical
form in the stand-by computer.

The characteristics of FIX DMACS allow for the
multiple activities of processing, transmitting,
and backing up of historic data without de-
stroying either the data log or the alarm man-
agement in progress.

The historic files allow for the logging, storage
and display of process data and analysis of the
relationships between variables. The stored data
are distributed as periodic reports for the study
of processes.

The transferred data are treated with the
MICROSOFT EXCEL 5.0 program.

� Communications

Specific protocols have been developed for
communication between the DAS PC, the main
station of the DAS and the PLC of the HCS.

3.2.4.7. Quality assurance and quality control

CIEMAT installed the instrumentation and the DAS.

The processing units are from the firm FLUKE (USA),
which holds the pertinent quality certificates. The man-
ufacturer of the DAS supplied the characteristics certifi-
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Figure 3.10: Example of test control screen: data and accessible elements.
Figure 3.11: Example of screen showing data and accessible elements of heaters.
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cate, guaranteeing that the equipment meets the spec-
ifications. Annual verifications are anticipated.

Verification or calibration certificates were provided
for the sensors. The protections for the temperature
sensors were installed by HERTEN, S. L. and in-
spected by CIEMAT.

No systematic calibration of the equipment was per-
formed, but the majority were received with calibration
certificates from the manufacturer or the supplier.

Each sensor was inspected on reception. At least
one point of measurement was checked in the labo-
ratory and immediately after each sensor was con-
nected to the DAS. If any problem was detected, an-
other sensor was installed in its place. The connec-
tion between each cable and sensor was checked in
the laboratory during verification of the sensor, or in
a specific test.

The quality control criteria and procedures ap-
proved for the project have been applied and the
required documents have been issued.

3.3. Test installation

3.3.1. Building and infrastructure

The infrastructure and general services were installed
during the construction of the building annex, which
was designed especially for the test. A foundation
plate of special characteristics was constructed, this
having the capacity to support the forces induced by
the total mass of the “mock-up” test, approximately
60 t. Three metallic supporting legs, which were lev-
elled prior to the placement of the confining struc-
ture, were seated on the foundation plate.

3.3.2. Confining structure

This section describes the operations performed be-
fore the installation of the clay barrier.

3.3.2.1. Transportation and installation

The two parts forming the confining structure were
assembled and then transported by road to
CIEMAT. The positioning of the structure on the
three supporting legs was accomplished by means
of a 35-t crane (Figure 3.12). The positioning oper-
ation was carried out before the annex building
front end was completed, due to the size and diffi-
culty in handling the confining structure.

3.3.2.2. Cleaning

In accordance with the IPP, and in view of the con-
dition of the confining structure on delivery (it was
subjected to welding finishing, pressure and leakage
tests), cleaning of the structure was performed after
it was installed.

During the cleaning process, detergents and water
under pressure were used to eliminate all residues of
adhering liquids, greases, and solids, especially on
the inner surface and in the perforations. After clean-
ing, the structure was protected with plastic sheets
until installation of the internal components began.

3.3.2.3. Connection of hydration system
and leak testing

After the external elements of the hydration system
were connected to the confining structure, at the in-
jection nozzles, leakage testing of the system was
performed with nitrogen under pressure, up to 35
kg/cm2. By increasing the pressure (to 38 kg/cm2),
the discharge of the safety valves was also verified.

3.3.2.4. Nozzle cleaning

The 48 injection nozzles were cleaned by blowing
nitrogen under high pressure, using the same nitro-
gen as for the leakage tests.

Following this, the tanks were filled with water and
then emptied, under pressure, through the nozzles.
This filling allowed the total capacity of the system
(660 litres each tank) to be checked, along with the
response of the load cells used to control the mass
of water injected.

3.3.2.5. Positioning of the filter system

To protect the hydration nozzles from possible plug-
ging by the bentonite as it swells, four layers of filter
disks were placed over each nozzle: two filters (6.25
mm � stainless steel with equivalent pores of 100
and 60 microns, respectively); covered by a 20 mm
� stainless steel disk, of mesh 100; and finally, by
another disk, 25 mm �, of the same geotextile used
to line the interior of the confining structure.

3.3.2.6. Hydration surface

The last item in the preparation of the confining
structure was the lining of its interior with geotextile.
The geotextile is to homogenise the hydration of the
clay barrier.
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Figure 3.12: Installation of confining structure.
e geotextile lining of the inner cylindrical surface
f the confining structure has a thickness of some 6
m and is composed of four overlapping, alternat-
g layers designed to avoid both the formation of
eferential paths for the water and for the exit of
e bentonite.

uring installation, supports were used to maintain
e cylindrical configuration of the geotextile lining
d its contact with the inner surface of the confin-

g structure. Special care was taken to avoid con-

tamination of the geotextile during installation, a
protective cover being used in all cases and pro-
gressively removed as the process advanced.

The geotextile had perforations made with a
sawtooth bit (30 mm �) matching those (same loca-
tion) in the confining structure. These perforations
have served as a guide for the correct location of
each slice of bentonite blocks, allowing alignment
to be controlled, with awareness and correction of
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any possible deviations during the installation of the
clay barrier.

3.3.3. Installation of clay barrier

3.3.3.1 Preliminary trials

Before starting the installation of the clay barrier,
some preliminary installation trials were performed,
these serving to: optimise the positioning process and
assembly of the blocks; check the stability of the ben-
tonite slices; decide on how to initiate the installation
and evaluate the diametrical gap that accumulates in
the upper area of the barrier due to the effects of
weight and of the sequence of placement (from bot-
tom to top) of the blocks. This gap in the upper area
reached some 15 mm between the barrier and the
geotextile, measured in the radial direction.

3.3.3.2 Central prop for the initiation
of block installation

From the preliminary trials it was seen that a rigid
support was needed as a prop for the initial blocks,
in order to guarantee the verticality of the first slice
of blocks and to ensure that they were in the central
plane.

For the rigid support, a circular piece of wood with
a diameter equal to the interior of the confining
structure was constructed and installed in the central

plane, AB. Once the verticality of the support was
adjusted, it was fixed to the structure and then the
Zone A installation was initiated. The support was
maintained until the installation of the blocks began
in Zone B.

3.3.3.3. Installation of bentonite block slices

The installation was carried out manually, one slice
of blocks at a time. For the installation of each slice,
the block positioning sequence was as indicated by
the numbers in Figure 3.13. In accordance with this
sequence, the blocks were first placed in the lower
part of each ring, followed by the external ring, clo-
sure of the interior ring, completion of the external
ring and finally closure of the core in the non-heater
areas.

Each of the 48 slices of blocks that make up the
clay barrier is identified by its location within the
zone (A or B) corresponding to one of the two heat-
ers, and by its order number from plane AB to the
corresponding end of the confining structure (from
1A to 24A and from 1B to 24B). In total, there were
908 blocks, with a total mass of bentonite amount-
ing to almost 22 500 kg.

The slices were installed in the crown in alternating
directions, to counter their possible inclination (Fig-
ure 3.14).

FEBEX Project. Updated Final Report. 1994-2004

74
12
3

4

7

11

15
17 18

16

10

6
9

13

14
12

8

5

20
19
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3. “Mock-up” test design, construction and operation
Slices in non-heater areas, between heaters

Slices in heater areas

Slices in non-heater areas, between heaters and ends of confining structure

Slices #17, #19, #21 and #23 Slices #18, #20, #22 and #24

Slices #4, #6, #8, #10, #12, #14 and #16 Slices #5, #7, #9, #11, #13 and #15

Slices #1 and #3 Slice #2

Figure 3.14: Installation method for slices of blocks.
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3.3.4. Heater installation

For the insertion of the heaters, each weighing some
600 kg, a table with rollers was constructed, allow-
ing the heater to be aligned with its location in the
clay barrier and facilitating insertion by sliding. Fig-
ure 3.15 shows various moments of the insertion
process and the good fit between the heater and its
location in the clay barrier.

Given the inevitable irregularities in the enclosed
space for the heater, and the friction between the
heater and the bentonite blocks, it was necessary to
apply force by mechanical means to insert the heaters.

3.3.5. Sensor installation

The sensors were installed in their assigned positions
on completion of the corresponding slice of blocks.
For each sensor, the location was machined into the
bentonite, keeping the orifice to a minimum. All the
space surrounding the sensor was filled with benton-
ite powder.

The cables were guided through the channels ma-
chined into the surface of the blocks. The cables

were placed so as to avoid sharp curves or sharp
edges and were not tightened, in order to reduce
problems from movements due to the swelling of the
bentonite.

The cables exit the confining structure in groups
(four cables for each temperature sensor and two
for each of the rest) by way of a mechanism for her-
metic sealing in each of the 186 pre-drilled perfora-
tions. The majority of the sensor cables are located
in the contact between the bentonite blocks.

The pressure sensors installed on the outside of the
blocks and in the contact between blocks were
placed such that they could measure the swelling
pressure generated by the clay barrier in the three
directions of the selected coordinates system (identi-
fied as PR, PT, and PZ). They are grouped at the
same radial distance and a fluid pressure sensor is
associated with each group (Figure 3.16).

3.3.6. Installation of metallic specimens
for corrosion studies

Two complete sets of these specimens are located in
the central and lower area near a heater (Heater B),
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3. “Mock-up” test design, construction and operation
Figure 3.16: Installation detail of pressure sensors.
where the conditions of humidity and temperature
may be more critical. As with sensor positioning, the
corresponding blocks (in slices B9 and B10) were
machined to place the racks containing the speci-
mens, and the resulting spaces were later filled with
bentonite powder (Figure 3.17).

3.3.7. Tracer installation

The tracers in impregnated filter paper were in-
stalled at the contact surfaces between blocks (exter-
nal and internal crowns), while those in sintered
metal capsules or incorporated in compacted ben-
tonite plugs (a quasi-point location) were located in
very small boreholes in the bentonite blocks (Figure
3.18), in a direction parallel to the longitudinal axis
of the confining structure.

3.3.8. Quality assurance
and quality control

The installation of the clay barrier was performed
and controlled by CIEMAT, in accordance with the
approved procedure.

The average dry density of the clay barrier has been
considered fundamental, both as a parameter for
the control of swelling pressures—so as not to ex-
ceed the swelling pressure used in the calculations
for the components (6 MPa for a dry density of 1.65
t/m3) nor go below the minimum considered tolera-

ble of 1.4 t/m3—and because it is a basic parame-
ter in modelling.

To obtain the specified density, the mass of the
blocks installed has been controlled and logged,
and the loss of mass due to machining, drilling, and
perforating of the blocks for installation of the sen-
sors and corrosion specimens, the passage of the
cables and the adjustment of the blocks was de-
ducted. This has made it possible to calculate the
average dry density and the volume of the gaps of
each slice within the clay barrier. Therefore, the
variations of these parameters are known through-
out the length of the clay barrier, as represented in
Figure 3.19, and the average values for the entire
barrier were calculated: dry density of 1.65 g/cm3

and volume of gaps of 6.25%. These values are in
accordance with the initial expectations.

The positions of all the sensors were recorded, such
that the database contains the actual installation co-
ordinates.

Following installation a visual control was per-
formed to check each slice, register anomalies and
make a photographic record.

3.4. Operational stage of the test

The two fundamental processes during the opera-
tional stage of the test are the hydration and heating
of the clay barrier. The following tasks were per-
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Figure 3.17: Installation of corrosion specimens.
rmed prior to the establishment of the operational
onditions for both systems (hydration and heating).

.4.1. Hydration of the clay barrier

nlike the “in situ” test, the “mock-up” test has al-
wed the initiation of the hydration of the clay bar-

ier to be controlled. Actions were planned to elimi-
ate the greatest possible number of heterogeneities
nd to obtain detailed insight into the initial and sta-
le boundary conditions. In keeping with these ob-

jectives, actions were taken to eliminate the air exist-
ing between blocks and between these and the
structure, to eliminate or reduce the discontinuities
due to the configuration of the clay barrier (slices of
blocks juxtaposed), and to obtain a gradual and ra-
dial hydration towards the heaters.

3.4.1.1. Preliminary tests

A leakage test was performed using gas to check
the sealing of the sensor cable passages in the con-
fining structure.

8



3. “Mock-up” test design, construction and operation
Figure 3.18: Method of installation of tracers in capsules.
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Prior to initiating the hydration operation, the be-
haviour of the hydration system under the maximum
operating pressure was verified, including all the
mechanical components (manometers, valves, pipes,
and connections), the electronic components (digital
manometer and weighing system) and the safety el-
ements.

To establish the relation between the pressure ap-
plied in the tanks and the water flow that enters the
hydration rings, the water flow was gauged at the
origin of the rings. From the curves obtained it was
determined that the pressure in the tank should be
15 bars for this initial phase, to provide an average
water flow of 5 l/min. This flow was considered suf-
ficient to fill the free volume in a time period that
would allow the water to enter the majority of the
joints and thus ensure their sealing.

3.4.1.2. Filling of the tanks

The hydration tanks were filled with 1.3 m3 (0.65 m3

per tank) of granitic water, a greater volume than
was necessary to fill the estimated free volume in the
clay barrier. This assures the water supply is of the
same composition during the initial phase of the
test.

The tracers iodine and deuterium were added to the
water. To fill the tanks, the water was pumped, by
means of a GRUNDFOS model MP1 pump, with a
flow of 3 l/min, and the upper valves of the tanks
were opened to allow for the passage of the water
and the exit of air from the interior, while the rest of
the system valves remained closed.

3.4.1.3. Initial hydration

For initial hydration (filling of the joints), only one of
the tanks was used (Tank 1). The first operation con-
sisted of filling the hydration piping and rings, fol-
lowed by purging of the system via the upper valves.
In these upper valves, water samples were taken to
control the tracers added.

The hydration sequence following purging of the
piping is described in the following paragraphs. The
valves connecting the tank and the piping network
were closed, and the tank pressurised by applying
15 bars of nitrogen pressure. When pressure equi-
librium was reached in the tank, the valve between
the tank and the piping network was opened, and
the pressure was then stabilised once more.

A mechanical regulator installed in the mouth of the
bottle controls the pressure in the nitrogen supply

line. A digital manometer installed at the connection
to the piping network displays the pressure at the
tank exit. This pressure value is recorded (and
stored) in the DAS.

Once the pressures were stabilised, the system was
ready for the initiation of water injection. This oper-
ation was performed by simultaneously opening all
the lower valves (2 per hydration ring, 12 in total)
and leaving two upper valves open to purge the sys-
tem. When the water reached the upper valves, the
lower valves and the valve connecting the tank to
the distribution network were closed and two pres-
sure sensors were installed in the valves that had
been used for purging. These sensors will indicate
the hydration water pressure in the confining struc-
ture during the test.

The operation described (filling of the joints) lasted
180 minutes and 634 litres of water were injected,
which was in accordance with the previously per-
formed calculation of the volume of gaps. On com-
pletion of this operation, all the valves were closed
and the tank used was depressurised and refilled.

During the aforementioned operation, the general
data acquisition system (DAS) registered the signals
sent by the sensors distributed within the confining
structure, by the conditioning modules of the tank
weighing system and by the digital manometer. The
water mass injected is obtained from the weight val-
ues of the tanks after depressurisation.

The system was maintained for three days under the
conditions existing at the end of the previous opera-
tion. This time period was considered sufficient to
have the injected water cause swelling of the ben-
tonite blocks and, as a result, closing of the joints.

3.4.1.4. Definitive hydration

Following this three-day period the actual hydration
and heating (operational stage) that the clay barrier
would be subjected to throughout the entire testing
period was initiated.

The injection pressure of the water was established
between 5.0 and 5.5 bars. This value has been be
maintained practically constant throughout the en-
tire operational stage.

Given that the hydration system was purged after
initial hydration, hydration proceeded as follows:
application of the established nitrogen pressure
pressurised the tank; the connection between the
tank and the distribution network was opened and
the pressures were stabilised. After pressure stabili-
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sation, the entry valves to the confining structure
were successively opened, from the lower to the up-
per end of each hydration ring, this completing the
initiation of definitive hydration.

The data acquisition system (DAS) continuously
gathers the values sent by the sensors, the manome-
ter and the weighing system.

The instantaneous values of the weight of water in-
jected are corrected for the injection pressure of the
nitrogen. The maximum correction is less than 0.5%
of the water mass at pressures of up to 5 bars.

The fundamental controls established consist of
maintaining the injection pressure and periodically
inspecting the system. The objective of this inspection
is to detect any leak that may be produced by failures
in connections or in the seals at the cable exits.

3.4.2. Heating

The heating and the hydration of the clay barrier are
the basic operations of the “in situ” and “mock-up”
tests. Consequently, precautions were taken to en-
sure correct operation of the heating system
throughout the scheduled test period, with redun-
dancy in the heating elements, the establishment of
regulation and control processes allowing for the
immediate detection of failures, the maintenance of
a stable thermal level surrounding the heaters, the
availability of the historic record of the thermal and
power regimes of the heaters and regulation of the
temperature in the test room, to obtain stable initial
and boundary conditions.

This section describes the preliminary open-air oper-
ational testing of the heaters and their control sys-
tem, initial heating at constant power and the con-
stant temperature (operational) heating, automati-
cally controlled as a function of the temperature at
the heater/clay barrier interface.

The components of the heating system were sub-
jected to various heating tests in the open air: with
constant power to 1 kVA, automatic power control
and instantaneous maximum power (3 kVA); with al-
ternate operation, followed by simultaneous func-
tioning of all the heating elements and deliberate
shutdown of the electricity supply.

3.4.2.1. Preliminary tests

Preliminary tests were performed to check the cor-
rect operation of the different components (PLC,
electronics, temperature sensors, and resistors); the

values of safety-related electrical parameters (elec-
trical insulation and grounding) and the operation
of the acoustic overheating alarms. These alarms
complement the optical alarms of the HCS.

In addition to these tests, and with the heaters al-
ready installed in the clay barrier, brief heating tests
were performed prior to the initiation of operational
heating.

3.4.2.2. Initial heating

The plan was to reach the 100 ºC constant temper-
ature of the operational stage by progressive heat-
ing in power steps, in order to reduce the risk of
damaging the heating elements and to obtain data
on constant power heating, to help in the modelling
and interpretation of the process.

Given that the power estimated in the modelling
was 500 W/heater, it was considered that initial
heating could be accomplished in only two steps.
The first step, at 50% (250 W) power, was main-
tained until temperature stabilisation was almost
achieved (6 days); then in a second step, the power
was increased to 100% (500 W). The second step
lasted 4 days, until the temperature in the control
zone of the heaters reached 95ºC. From that mo-
ment on, the temperature at the heater/bentonite in-
terface regulated the power control, and the power
supply was automatically modified in accordance
with the control program.

The heating and hydration of the operational stage
of the test started on February 4, 1997.

3.4.2.3. Constant temperature heating

As has been pointed out, after a temperature of
95ºC was reached at the heater/bentonite interface,
the HCS was switched to the automatic control
mode. The initial power value was reduced by 5%,
to 475 W/heater, to avoid overheating, and from
that moment on the HCS was maintained at a con-
stant temperature of 100 ºC, with slight variations in
the power and with a tendency to slowly increase.

The HCS performs the control function by varying
the conduction time in the resistors, depending on
the power desired. If, with this power, the tempera-
ture does not reach 100 ºC, the program changes
the value of the conduction time and therefore in-
creases the power in accordance with its internal al-
gorithm; this process is repeated until 100 ºC is ob-
tained. If any of the heating elements fail, the rest
maintain heating power.
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3.4.2.4. Anticipated emergencies

Accidental shutdowns

The electricity supply for the PLC and the associated
electronics passes through an uninterrupted power
supply system (UPS); therefore, it is not anticipated
that a failure will occur in the supply. Shutdown of
the HCS, for maintenance or other reasons, for time
periods of up to several hours is not considered to
be a problem as regards the integrity of the test be-
cause of its thermal inertia.

The only accidental shutdown of the HCS foreseen
would be a general failure in the CIEMAT electricity
supply (external or internal) or damage to the HCS
itself. No consideration is given either to the total
destruction of the three resistors of a heater, be-
cause it is impossible to repair or replace them, or
to possible failures in the data acquisition system.
The HCS has already experienced an accidental
shutdown, with a duration estimated at 20 minutes,
with no mishap.

Reset

Should the HCS be shut down, either accidentally or
voluntarily, the procedure to restart the heating will
be the same as previously described for initiation.
The only variation would be that the last values of
power and temperature registered in the DAS would
be used.

3.4.2.5. Maintenance

Periodic checks

For maintenance of the HCS, periodic checks of
component operation have been specified, for cor-
rection in the event of failure. These checks include:

� Observing that the temperature of the electron-
ics of the control unit do not exceed the ambi-
ent temperature by more than 20 ºC. Although
the electronics are designed to function up to
40 ºC, it is very important, as a safety mea-
sure, that the ventilation works without mal-
functions.

� Observing the illuminated indications at the
front of the control panel of the PLC, taking
into account that the lights of all indicators
must be off, except for the central light that in-
dicates that the equipment is operating. Flash-
ing lights indicate the existence of alarms, lo-

cated in the DEBUG of the PLC, where they are
recorded.

� Observing the red lights marked R1, R2, and
R3. If these are lit, it is an indication that the
corresponding resistor is out of service; in this
case, the resistor circuit and the ground must
be reviewed in accordance with the established
procedures. The number of the operating resis-
tors is registered on the DEBUG panel.

� Observing the power indications on the DE-
BUG panel or the DAS screen. If the value is
zero and there are no resistors in operation,
the protection fuses must be reviewed and the
relays inspected in accordance with the estab-
lished procedures.

Calibration

Although, due to their location, it is not possible to
calibrate the temperature sensors, the program
notes and discards the use, by the control system, of
any sensor with a reading, which is clearly different
from the rest of the group. Nevertheless, periodic
calibration of the power measurement is performed,
since for power determination the program uses an
algorithm in which are included the following: the
number and value of the resistors in service, the pe-
riod between heating processes, the heating time
and the voltage value. All of these are parameters
determined in this calibration.

Prior to the HCS being switched to the automatic
mode, a calibration was made allowing the slight
variation in temperature observed between the two
heaters to be corrected. This correction in power
has been less than 1%.

The calibrations will be made in accordance with
the operating and calibrating procedure of the HCS.

3.4.3. Data management

The data generated by the test are recorded every
30 minutes. This record may be interactively modi-
fied, depending on test requirements. The software
described above manages the data and copies are
distributed to all the participants.

3.4.3.1. Database

The internal database contains all the data relative
to each of the instruments (identification, descrip-
tion, signals or data provided, physical position in
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the DAS, conversions, etc.) and the readings are
stored with the sensor reference, date, and time.
The program allows the historical records to be con-
sulted as a function of the sensor characteristics
and/or the dates/times that the data were recorded.

The following standards have been adopted to keep
the size of the database from increasing unneces-
sarily, taking into account the gradual evolution of
the parameters controlled: a complete reading,
taken every half hour from all the sensors is stored;
the reading corresponding to the one taken at 12
noon daily is being used as the test datum; and the
evolution of a parameter is analysed in greater de-
tail from the recorded values, if necessary.

3.4.3.2. Data transfer

The data are transferred in ASCII format by means
of a program from the database generated by the
SCADA.

For data transmission between computers, a generic
FTP-based file transfer program was used, the files
passing through the network installed in the building
(Ethernet). All the computers used the same pro-
gram versions, adapted to the operating system in-
stalled in each. Access to each computer was pro-
tected by means of a password.

3.4.3.3. Data processing

Finally the data were filed in MS-EXCEL format. From
these files, paper reports were generated semi-auto-
matically. CIEMAT distributed copies of these reports
to the groups participating in the project.

These reports present the evolution of the variables
in graphic form, grouping the variables by sections
and types of sensors (in this order), and were issued
every six months.

Upon request, the numerical data in the database – in
MS-EXCEL – for the group of sensors and/or time
period might also be sent to the working groups.
This might be accomplished on magnetic support or
by electronic mail.

3.4.4. Operational management

The operational stage of the “mock-up” test (heat-
ing and hydration) started on February 4, 1997,
“day 0” on the time scale, with the sequence de-
scribed above.

The major events and incidents that have occurred
since that date are described below, along with the
main results of the experiment in relation to the
data, sensor performance and the related conclu-
sions.

3.4.4.1. Operation test control

Power supply

The power supplied to maintain the temperature at
100 ºC at the heater-clay interface has remained
almost constant throughout the initial months of the
experiment. Following a minor decrease during the
initial period (120 days), to 425 W/heater, the aver-
age value has ranged from 450 to 475 W/heater.
From day 650 onwards, the power supplied in-
creased to an average value of about 550 W/
heater, within variations lower than 10%. Important
changes in the external temperature have led only
to minor increases in heating power during this
phase.

Finally, for the last two years, and due to problems
with the isolation of the electric resistances that oc-
curred after several cooling-heating incidents, the
heater has been operated at constant power supply
(700W/heater) with a temperature close to the tar-
get (Figure 3.20).

Hydration

An increase of nitrogen pressure has been necessary
on occasions to regulate the injection pressure in
the hydration line. Because of the observed changes
in this value, due to external temperature variations,
it was decided to set the pressure close to 6 bars to
obtain a more constant pressure value. Finally, a
pressure-controller was installed to establish the
nominal value, 0.53 MPa (Figure 3.21).

The hydration system has not been affected by any
major changes. The spare tank, with only 400 l, re-
placed the water tank in operation during day 300.
The total volume injected from the start-up of the
test (1024.3 l on 08/07/2004) is shown in Figure
3.22,. No variations were observed in the hydration
asymptotic trend.

Data acquisition and communications

The DAS has worked as expected. The data set has
been recorded as foreseen.
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Figure 3.20: Evolution of heater and room temperatures, and power supply.
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Figure 3.21: Evolution of injection pressure and water pressure within the geotextile.
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4.2. Incidents

er supply

heating system has experienced minor failures
e general power supply, with a loss of less than
. There were no major consequences and
failures do not appear in the daily readings.

the start-up of the test, the Industry Authorities
ired an annual check of the general power sup-
nd electrical systems inside CIEMAT. The major
ents were produced by these annual technical
owns, required to obtain the corresponding

orisations.

der to cope with these minor events, the reset
edure of the heating system was performed, in
r to reach the target temperature as soon as
ible. In general, this objective was accom-
ed so quickly that it does not appear in the 12
data.

ral cooling-heating incidents have been long
gh to be recorded in the database. Some elec-

l problems have caused the UPS to discharge

completely, turning the DAS and control system off.
As was foreseen, when the power supply returned,
the DAS and the system control started to operate
once more, while the protections of the heating sys-
tem prevented overheating by keeping the
resistances turned off. This operation caused a loss
of heating power for several hours, without major
consequences. This was the case around days 240,
670 and 990 of the experiment (Figures 3.20 and
3.23)

Due to a malfunction that occurred towards the end
of November 2000 (day 1391), the control pro-
gram supplied the total heating power (around
2700 W/heater) for more than 36 hours, until the
temperature at the sensors in the heaters reached
the resistance safety value (300ºC). This overheat-
ing was halted automatically, but the temperature
within the bentonite reached values of around
240ºC. Consequently, the bentonite around the
heaters was dried and a thermal pulse was gener-
ated followed by a cooling-heating cycle [23] (Fig-
ures 3.20 and 3.24).

Finally, due to certain problems with the isolation of
the electrical resistances, it was necessary to stop
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Figure 3.23: Evolution of sensor breakdown (operative sensors in striped pattern).
ystem for two weeks, around day 1975, caus-
loss of 50ºC (Figure 3.20).

tion

were no problems with the behaviour of the
tion system, except minor variations in the
of injection pressure.

ressure measurements in the injection line and
the sensors on the hydration surface were simi-
ntil certain deviations were observed after 500
The explanation for this might be the filling of
by clay, sealing off pressure transmission (Fig-

.21).

der to confirm the THM behaviour of the bar-
some tests were performed on the injection
es to confirm the water inflow through the
xtile into the clay. New instrumentation was
installed to measure the water flow in the lines

hydration system.

acquisition and communications

of the incidents were caused by loss of com-
cation between the DAS, the PLC or the control

PC, due to transmission errors. Resetting of the DAS
mainframe, as established in the operating proce-
dures, recovered the communications and solved
the problem. This objective was accomplished in a
few minutes. Three kinds of incidents are described
below:

� Minor incidents were due to failures in initialis-
ation off the data files. The data lag is estimated
at one data file (4 hours). The system was capa-
ble of overcoming the problem by itself.

� Intermediate incidents did not indicate commu-
nication failures between the DAS frames and
the control PC. These failures produced minor
data lags, lasting from several hours to several
days.

� Major events did not cause any communication
failure signal and caused extensive data lag up
to the next routine control (one or two weeks).

One hardware breakdown occurred during the first
year of the test. Several heavy electrical storms dur-
ing the summer of 1997 caused the PLC serial port
to break down, with loss of communication between
the DAS and the control PC. This did not affect the



functioning of the PLC and the DAS, but transmis-
sion between them was impossible. Replacing the
serial port in the PLC solved the problem.

These incidents do not pose a major problem be-
cause of the duration of the test and the slow trend
that it presents.

3.4.4.3. Sensor performance

Almost all the sensors installed currently continue to
operate, after having been in the bentonite for more
than eight years. The sensors work correctly in spite
of the harsh environmental conditions.

Most of the faulty sensors are temperature sensors
and have been removed from the database. The
faulty pressure and RH sensors remain in the data-
base, in case they might be recovered after some
time and pending confirmation of their failure.

Figure 3.23 shows the evolution of sensor break-
down, by type and year (including events such as in-
stallation and overheating). More than 90% of the
total number of sensors remain operative, but this
percentage is 70% for tangential pressure (PT) and
80% for axial pressure (PZ) and RH. It is not possible
to guarantee their future behaviour.

The instruments associated with the hydration are
operating without problems. The heating system has
lost one sensor in heater A.

3.4.4.4. Sensor data from the clay barrier

The readings from the sensors within the bentonite,
reported in reference [24], are plotted by groups of
measured parameters (temperature, RH, total pres-
sure and fluid pressure), in order to facilitate com-
parison between the sensors of the same kind at dif-
ferent sections.

Temperature

After the first two weeks, the test continued in a
quasi-stationary temperature state. The slight tem-
perature waves are caused by variations due to the
difficulty of conditioning the test room. These fluctu-
ations are evident in the sensors placed in the outer
radii, as expected.

In general the data show good homogeneity
throughout the test. The initial variations observed
between sensors placed on the same radial distance
are less than 2ºC.

The average measurements from section A5 are
shown in Figure 3.24 as an example of temperature
data.

Relative Humidity

The data show good homogeneity throughout the
test. The variations observed between sensors
placed at the same radial distance are not signifi-
cant (Figure 3.25).

A representative evolution of the RH measurements
is presented in Figure 3.26, for section A4.

In general, a drying-wetting process is observed,
with a maximum of three phases. These phases are
different, both in duration and in drying-wetting
rates, depending on the location of the RH mea-
surement (distance to the hydration surface and
thermal gradient imposed on the sensor):

� First, sharply increasing RH values appear, re-
lated to the vapour phase generated by the
heating. Water vapour migrates through the
buffer from the heater to the colder zones. This
phase presents a maximum value that seems to
be due to the limited source of vapour within
the clay. As was expected, the shorter the dis-
tance to the heater surface, the sharper the RH
peak observed (Figures 3.25 and 3.26).

� Second, heat transfer from the heaters causes
drying of the clay, leading to decreasing RH
values. The higher the distance to the hydration
surface, the longer the duration of the drying
phase (Figures 3.25 and 3.26). No drying
phase is observed for the external sensors (ra-
dius =70 cm).

� Third, after some time with almost steady RH
values, hydration reaches the dried zone and
overcomes the drying process, increasing the
RH values measured. Wetting returns. The
greater the distance to the hydration surface,
the lower the wetting rate (Figures 3.25 and
3.26), as expected.

The synchronous evolution of the different RH sen-
sors (Figure 3.25) indicates that their behaviour is a
real process and not an artefact in the RHE (relative
humidity of equilibrium) evolution of the material.
This evolution is shown as a decrease of magnitude
in the more saturated zones of the external ring in
the barrier. From above, the water inflow is radial
and homogeneous, modified only by the intrinsic
THM behaviour of the barrier. This was a specifica-
tion of the design.
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Figure 3.26: Evolution of relative humidity in section A4.
r variations in RH values (Figures 3.25 and
), not in trends, are associated with the more
rtant cooling-heating incidents mentioned
e: day 975, over-heating (day 1390) and heat-
reakdown (day 1975).

resent (more than 7 years from the initial
tion), the “4” sensors (r=70 cm) show a steady
with values close to 100%. The so-called “3”,
nd “1” sensors (r=55, 37 and 22 cm, respec-
are being affected by the wetting process, with

ly different hydration rates.

alues from the sensors placed close to the sur-
of the structure suggest that the bentonite in
xternal zone is fully saturated. In some cases,
aturation seems to affect the measurement.

pressure

r hydration, the bentonite develops a mechani-
ressure by swelling recorded by the total pres-
sensors located at selected radial distances
cm and 66.5 cm), and orientated in the three
directions. The pressures are in accordance

with the swelling pressure values of the bentonite
measured in the laboratory.

The higher-pressure values are located within the
outer ring due to the evolution of the saturation
front. Indeed, the average-pressure values in this
zone and their gradual increase might indicate a
high degree or full saturation and, therefore, high
swelling in the outer part of the buffer. Here, axial
pressure ranges from 5.0 to 10.0 MPa (Figure
3.27), radial pressure has converged in a narrow
range from 7.5 to 8.5 MPa (Figure 3.28) following
the important variations induced by overheating in
the heater zones, and tangential pressure ranges
from 6.0 to 9.0 MPa (Figure 3.29).

On the other hand, the wider range of values and
the lack of pressure uniformity in the inner rings
might indicate two different processes: mechanical
stressing of the buffer by the swelling pressures in
the outer rings or the extension of saturation (Fig-
ures 3.25 and 3.26) into this zone.

The entire data set for the inner ring is presented,
with axial pressure ranging from 2.0 to 11.0 MPa
(Figure 3.30), radial pressure from 3.0 to 12.0 MPa
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Figure 3.28: Evolution of radial pressure in the outer ring.
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Figure 3.29: Evolution of tangential pressure in the outer ring.
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Figure 3.30: Evolution of Z axial pressure in the inner ring.
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Figure 3.31: Evolution of radial pressure in the inner ring.
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Figure 3.32: Evolution of tangential pressure in the inner ring.



(Figure 3.31) and tangential pressure from 1.0 to
11.0 MPa (Figure 3.32). Lower values and higher
relative variations after overheating are encountered
in the zones around the heaters.

Different behaviours may be observed between the
bentonite sections that include the heaters (hot sec-
tions): A3, A4, A6, A7, B3, B4, B6 y B7) and those
without heaters (cold sections): A12, A10, AB, B12
y B10.

Fluid pressure

At the beginning of the test, the measurements are so
low that no conclusion may be drawn. They might be
considered as fluctuations of the equipment.

As the test continues, the measured values cannot
be assigned to water or gas pressure without uncer-
tainty, mainly in the inner ring. Only some variations
seem to be related to the arrival of water, always for
sensors located in the outer rings. In all cases, the
fluctuations seem to be related to temperature vari-
ations (Figure 3.33).

The thermally induced behaviour mentioned above
is also seen in the fluid pressure sensors, separating
the two zones as a function of the temperature field.

Approximately 700 days are required for any increase
to be observed in the fluid pressure within the outer
rings. This gradual pressure increment, which pro-
duces higher and more stable values in the hot zones
(Figure 3.33), might show a dependence on fluid tem-
perature (through water viscosity); for their part the in-
ternal rings show a similar behaviour in both zones,
hot and cold (Figure 3.34) and up to 900 days are
required for any appreciable increase to be observed.

Taking all these facts into account, it seems that the
physico-chemical processes controlling the evolution
of the measured parameters undergo deviations re-
lated to the temperature field generated in the bar-
rier, either as thermal gradient-driven processes
(thermo-hydraulic coupled phenomena), or as pro-
cesses relating to the increased temperature rate
(chemical or of the Arrhenius type).

3.4.4.5. Other sensor data

Temperature sensors on the surface of the heaters

The readings from the sensors installed on the sur-
face of the heaters are close to 100ºC in the control
zone (Figure 3.20), and close to 90ºC in the end
zones.

3. “Mock-up” test design, construction and operation
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Figure 3.33: Evolution of fluid pressure in the outer ring.
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Figure 3.34: Evolution of fluid pressure in the inner ring.
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Figure 3.35: Evolution of external temperatures on the confining structure.



Temperature sensors on the surface of the structure

In general, the changes in the temperature are due
to important and sudden variations in natural cli-
mate conditions. The arrival of summer produces
higher daily temperature variations, which are not
completely compensated for by the air-conditioning
system (within the +4ºC difference).

With these exceptions, the temperature waves on the
structure are within the ±2.0ºC difference, as re-
quired (Figure 3.35).

External sensors and instruments

This section includes the values from the hydration
system: injection pressure in the hydration line, in-
jection pressure on the hydration surface, the mass
of the tanks, and the volume injected (Figures 3.21
and 3.22).

This entire set of parameters has been controlled
within the requirements of the experiment. Since day
500, the only major variation has been the anoma-
lous increasing deviation between the sensors mea-
suring the injection pressure at the hydration surface
and the injection pressure in the hydration line.

The temperature of the test room is also measured
close to the PLC rack (Figure 3.20).

3.4.4.6. Measured THM-parameter distributions

From the data set, distributions of temperature and
RH have been estimated at several different times;
the distribution of suction was also calculated at
these times. The estimates are made by constructing
a regular grid using a linear kriging method with an
anisotropy factor (Figures 3.36 to 3.38).

The thermodynamic relationship between soil suc-
tion, partial vapour pressure of the pore water and
temperature is [25]:
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where:


 Total suction (kPa)

R Gas universal constant [8.31432 (J/mol·K)]

T Absolute temperature [T=273.16+t0 (K)]

t0 Temperature (ºC)

vw0 Specific volume of water [1/�w (m3/kg)]

�w Water density (998 kg/m3 a 20ºC)

wv Molecular weight of water (18.016 kg/kmol)

uv Partial vapour pressure of pore water (kPa)

uv0 Saturated vapour pressure of pore water over
a plane surface at the given temperature.

In calculation, the value inside the ln() operator is
replaced by the estimate obtained from the mea-
sured RHs, the absolute temperature values are esti-
mated from the measured distribution of tempera-
tures and water density is taken as a constant. The
suction is calculated in an element-to-element
scheme and converted to MPa.

Due to the temperature distribution (Figure 3.36),
the zones adjacent to the heater have lost water,
which moves away towards the structure in both the
radial and longitudinal directions. At the same time,
water is coming from the structure (liquid hydration
front, Figure 3.37). The combined effects of these
processes modify the state of total water potential
(suction) within the barrier (Figure 3.38): modifica-
tion of the temperature and the suction gradients,
possible chemical effects on the pore water poten-
tial, irreversible changes in material structure, etc.

Furthermore, in the hot zones, the vapour migrates
towards colder zones where it may condensate to
form almost saturated zones (at least inasmuch as it
is impervious to vapour flow) at intermediate posi-
tions within the barrier. Consequently, the effect is
the reduction of the geometry and the local suction
gradient, precisely in the zone where the core bar-
rier extracts water from periphery. This process
might diminish water-driving potentials (Figure 3.38)
and the associated water intake as the test goes on.

3.5. Test behaviour evaluation
and conclusions

The FEBEX “Mock-up” test run at CIEMAT will con-
tinue for several years, within the EC Integrated Pro-
ject NF-PRO, prior to being dismantled. At present,
certain conclusions may be drawn in relation to the
following:

3.5.1. Operational behaviour of
the components of the experiment

The “mock-up” test is functioning correctly and with
most of the sensors still in operation, even though its
operative design lifetime (3 years) has more than
been exceeded:

95
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� The reliability of the instruments is fairly good.
More than 90% of the sensors remain opera-
tive. However, it is not possible to guarantee
their future behaviour.

� The reliability and performance of the heaters
are sufficiently high. The change in the func-
tioning of the heaters (one resistance with fil-
tered power supply) should extend their life ex-
pectancy and prevent any further damage from
occurring.

� The data acquisition and control systems are
working satisfactorily.

3.5.2. Conclusions on the measurement
of THM parameters

Though seven and a half years have passed since
the beginning of the operational phase of the test,
its final evaluation will be performed only after it is
dismantled. However, some qualitative conclusions
may be established, mainly concerning the differ-
ences in the behaviour between the “hot” and
“cold” zones of the buffer, indicating major implica-
tions of the thermal aspects in the transport pro-
cesses. Also, some large-scale THM couplings have
been identified.

3.5.2.1 Temperature

� The thermal regime is homogeneous and sym-
metric; both with respect to the central section
and the longitudinal axis. Fluctuations are ob-
served near the structure and are due to exter-
nal temperature variations.

� The temperature distribution is controlled by
thermal conduction, due to the slow rate of the
transport processes involved in saturation of
the buffer material.

� The temperature calculation based on thermal
conductivity, tuned by saturation of the mate-
rial, fits well with the data (Chapters 6 and 7).

� A limited number of sensors are enough to dis-
play the temperature distribution and evolution.

3.5.2.2. Relative humidity

� The RH capacitive sensors work well within the
RH and temperature ranges of the test. This al-
lows for monitoring of the hydration process
throughout this experiment.

� The saturation of the bentonite barrier is be-
having as expected, although with slower rates
than foreseen in the preliminary calculations.

� Both, water inflow and water vapour outflow,
occur mainly in a radial direction.

� The saturation of the bentonite barrier is ap-
parently controlled by the hydraulic properties
of the bentonite and the thermal gradient im-
posed by heating.

3.5.2.3. Total pressure

� The measurement of total pressure depends on
the swelling pressure built up in the outer ring
and on the heterogeneous distribution of
stresses in a buffer formed by blocks, with lim-
ited swelling in the inner ring.

� The pressure increases seem to be associated
with the arrival of the hydration front. The mea-
sured values become stable as the buffer mate-
rial saturates and the material reaction chan-
ges its structure.

� Values for the different directions (PR, PZ and
PT) are converging in narrow ranges.

3.5.2.4. Fluid pressure

� The values registered are so close to zero that
they are strongly affected by the fluctuations of
the external temperatures and the thermal
waste due to natural convection on the struc-
ture.

� The fluid pressure measurements seem to be
due to the presence of liquid in the external
rings and to the presence of gas in the internal
rings. It would be necessary to have sufficient
free water (full saturation) within the inner rings
of the buffer material for this pressure value to
be considered as water pressure.

3.5.3. Interaction with models

� In a first phase of the test, hydration advanced
throughout the entire barrier, with higher rates
in the outer ring, apparently controlled by the
hydraulic properties of the bentonite affected
by the local temperatures. The regime was reg-
ular and symmetric and the data and models
show good agreement.

� As the system evolved, there were clear differ-
ences in hydration between the “hot” and
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Figure 3.36: Temperature evolution (ºC) during the experiment.
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“cold” zones of the buffer, verified with mea-
surements of the injected flow. The regime is
regular and symmetric, except for the differ-
ence in magnitude. Modifications of the model
are required to take this behaviour into ac-
count.

� A detailed revision of the test has not detected
any artefacts that might modify the response of
the sensors. Statistical tools have demonstrated
that the observed signals are representative of
the THM behaviour of the system [26, 27].

3.5.4. Database and instrumentation

� The database generated in the “mock-up” is
valuable by itself. In particular, it has verified

most of the hypothesis regarding the THM pro-
cesses in the saturated/non-saturated transition
phase of the barrier material, with water vapour.

� Comparison with actual values obtained from
dismantling of the test will be the definitive trial
of the THM instrumentation in the test, but the
performance of the sensors and the results ob-
tained encourage the continuation of the test
for as long as possible.

� Furthermore, the measurement of relative hu-
midity might provide information on the chemi-
cal evolution of the pore water within the bar-
rier, to be validated with the chemical codes,
allowing better understanding to be obtained
as regards their implication on the HM prop-
erties of the saturated bentonite.
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4.1. General description

The “in situ” test consisted of a full-scale simulation
of a HLW disposal facility, in keeping with the
ENRESA AGP Granito (Deep Geological Disposal,
Granite) reference concept [5]. Performance of this
test implied the placing of two electrical heaters, of
dimensions and weight equivalent to those of the
canisters in the concept, in a 2.28 m diameter drift
excavated in granite, the entire space surrounding
the heaters being filled with blocks of compacted
bentonite to complete the 17.4 m of barrier for the
test section. This test zone was closed with a con-
crete plug.

The test was installed in the underground laboratory
managed by NAGRA, located in Grimsel (Switzer-
land), because it has an excellent infrastructure for
large-scale tests, and because of the similarity be-
tween the Spanish and Swiss reference concepts.

In addition to the clay barrier, made up of 5331
bentonite blocks with a total mass of 115.7 t, and
the heaters, 632 sensors of very diverse types were
installed. The sensors were installed to monitor the
different thermo-hydro-mechanical processes that oc-
cur in both the clay barrier and the surrounding rock
throughout the entire life of the test. A series of artifi-
cial chemical tracers, specimens of different metals
and gas collectors were installed in the test zone for
the study of corrosion and transport phenomena.

A drift was specifically excavated for this test, in an
area previously selected in accordance with the ex-
isting Grimsel laboratory database. To provide ad-
ditional information, two exploratory boreholes were
drilled in the area, practically parallel to the
planned trace of the drift.

Following excavation of the drift, a detailed recon-
naissance of its geometry and geology was per-
formed and 19 boreholes were drilled from its inte-
rior, to instrument the rock mass.

A detailed hydrogeological study of the rock mass
surrounding the drift was performed, using data
taken from the existing boreholes in the area, the
two boreholes made for the study, the walls of the
drift and the 19 boreholes drilled from the interior
of the drift.

The test was designed to function in an autonomous
mode. Supervision, monitoring, and control were
accomplished remotely from Madrid.

The first operational phase comprised five years of
uninterrupted heating at constant temperature, and

finished with the disconnection of the heater closest
to the plug (Heater # 1). The corresponding part of
the test zone was dismantled after a short cooling
period and the remaining part was sealed with a
new sprayed concrete plug. New sensors were in-
stalled in the buffer, and a second operational
phase with the modified layout was started.

The FEBEX “in situ” test included an important com-
ponent of demonstration; therefore, special atten-
tion was paid to the design and fabrication of the
components (heaters, bentonite blocks, etc.), to
transportation and handling within a space of re-
duced dimensions, to excavation of the drift, to the
installation of all the components and to their sam-
pling and status analysis following the first opera-
tional phase.

One objective of the test was to check the predictive
capacity of the THM and THG models, based on the
results from this test. There were, nevertheless, uncer-
tainties relating to the hydraulic system of the rock
mass: heterogeneity, parameters and initial and
boundary conditions. These uncertainties were the
underlying reason for performance of the “mock-up”
test (Chapter 3).

This chapter presents a summarised description of
the design, fabrication, installation, partial decom-
missioning and status analysis of the physical com-
ponents of the test. It also includes a summary of
the two operational phases of the test. The work is
described in detail in references [28, 29, 30, 31,
32, 33, 34, 35, 36].

Also included are summaries of the hydrogeological
characterisation and chemical analyses of the water
at Grimsel, described in detail in references [37, 38].

4.1.1. Grimsel Test Site

The “in situ” test has been carried out at the Grim-
sel Test Site (GTS), operated by NAGRA and located
at an elevation of 1725 m in the Swiss Alps, near
the Grimsel Pass (Figure 4.1).

The laboratory consists of a series of excavated
experimental drifts and caverns connecting with the
main access tunnel for two underground hydroelec-
tric power plants owned by the electricity company
KWO.

The GTS starts at 1.02 km from the portal of the
main access tunnel, at a depth of some 400-m rela-
tive to the surface of the terrain. The laboratory has
a general service area and is equipped with the in-
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Figure 4.1: Location map of GTS.
ructure required for the performance of
e-scale tests.

re 4.2 shows a general view of the laboratory
the location of the FEBEX drift within it.

GTS is accessible by road only from approxi-
ely May/June to October/November, depending
he year. For the rest of the year access is ac-
plished via the KWO service cable car, this lim-
the transportation of heavy loads. This greatly
ted the planning of the different phases of the

ect—the timing of all the installation and dis-
tling operations and, especially, the loading
unloading of materials and/or the use of heavy

ipment—which had to be adjusted to the peri-
during which the GTS was accessible by road.

.2. Test location and layout

2.1. Location and geometry

FEBEX drift starts from the northern entrance of
GTS (Figure 4.2). The location of the drift portal
selected with a view to having an area allowing

for the access of heavy equipment with relative
ease. The alignment and length were selected to
provide a test area that would contribute at least a
minimum amount of water (Section 4.2) and thus
provide the greatest possible degree of saturation in
the bentonite during test performance.

The drift is circular in section with an average diam-
eter of 2.28 m, has a length of 70.4 m, and was
excavated with an ascending slope of 1% to permit
natural drainage. The test zone is located in the last
(dead-end) 17.4 m of the drift (Figure 4.3).

4.1.2.2. Excavation

The drift was excavated using a tunnel-boring ma-
chine (TBM) with a nominal diameter of 2.27 m.
This diameter, slightly less than the 2.40 m of the
AGP Granito reference concept, was dependent on
the availability of this type of machine at the time
the drift was to be excavated.

The drift was excavated between 25 September
1995 and 30 October 1995. Following the excava-
tion, the actual diameters and roughness of the rock
surface were measured with a laser profiler [29], the



result for the test zone being an average diameter of
2.28 m, with a variation of ± 1 cm.

A mechanical rotating saw was used to enlarge the
drift to the extent required for the concrete plug
(Figure 4.3), to prevent damaging the rock around
the drift. The enlargement was achieved by making
a series of cuts perpendicular to the axis of the drift,
using a circular saw, and then removing the inter-
vening rock manually by means of wedges.

4.1.2.3. Test zone

Figure 4.3 shows the final arrangement of some of
the main elements of the test following their installa-
tion in the drift, including the instrumented sections.

During the first operational phase, all the electrical
and electronic equipment for heater power control
and data acquisition and logging was located in the
area known as the service zone. In this zone a con-
crete sill was constructed to facilitate the transporta-
tion and installation of the materials and equipment.

Between the service zone and the concrete plug is
an intermediate zone of 3.5 m in length, designed
to collect possible infiltration water from the test
zone.

4.2. Test site characterisation

4.2.1. Hydrogeological characterisation

This section contains a summary description of the
hydrogeological study of the rock mass in the area
surrounding the FEBEX drift.

The goal of the study was to determine the parame-
ters and the initial and boundary conditions of the
hydraulic system of the rock mass, necessary for the
THM and THG modelling of the test.

The analyses were performed using a three-dimen-
sional numerical model capable of predicting infil-
tration flow into the drift and the piezometric levels
of the surrounding area [37].

The hydrogeological study included and was based
on the following information:

� Geology. This part of the study is based, fun-
damentally, on the mapping of the tunnels and
on the logs of the borehole cores (observations
of fracturing, water circulation, etc.) [39].

� Geophysics. Two radar surveys were carried out,
one between boreholes BOUS-85.001 (BOUS-1),
BOUS-85.002 (BOUS-2), and BOUS-85.003
(BOUS-3), and another between FEBEX-95.001

4. “In situ” test
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Figure 4.2: Schematic representation of the Grimsel underground laboratory
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Figure 4.3: General layout of certain main elements in the test zone after installation, including instrumented sections.
FBX-1) and FEBEX-95.002 (FBX-2). The locations
f the boreholes are indicated in Figure 4.2. Also,
eismic tomography was used between boreholes,
n the plane defined by the alignment of bore-
oles BOUS-1, BOUS-2, and BOUS-3 and the
all of the longitudinal drift of the laboratory.

ydraulic tests. During the different phases of
he project, a great number of hydraulic tests
ere performed (in single boreholes and be-

ween boreholes) with different duration times.
he hydraulic tests were performed in sections
solated by packers, not only in boreholes
OUS (1 and 2) and FBX (1 and 2), but also in
ertain of the 19 boreholes drilled from the in-
erior of the FEBEX drift (Figure 4.23).

ater flow gauging. Water flow measurements
ere made at selected points in the drift area,
s well as in the walls of the drift.

iezometric level measurements. All the sec-
ions (intervals) of the boreholes between pack-
rs were equipped with pressure sensors. The
ressure history during the different phases of

the study was obtained using a datalogger,
and this will continue throughout the entire test.

4.2.1.1. GTS geology

The GTS is excavated in a predominately granite
and granodiorite rock mass that has been affected
by various episodes of fracturing [39]. The following
geologic features may be noted to be relevant to the
regional water flow (Figure 4.4):

� Shear zones S1+ S2, of azimuth of the dip/dip
140-150 / 80-90

� Shear zones K and lamprophyre dikes, of azi-
muth of the dip/dip 205-220 / 80

The shear zones in this area have a thickness of 5 m
to 20 m and oozing may be observed at their inter-
section with the walls of the tunnels, indicating their
relevance as areas of preferential flow. The lampro-
phyre dikes are also thick (up to several meters), but
their role with respect to the flow is not as important
as that of the shear zones. The area of preferential
flow in the dikes is the contact surface between the
lamprophyre and the host rock; it is not surprising,
therefore, that a large number of locations of ooz-
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Figure 4.4: Simplified regional geologic map.
hould be found at the intersections of the dikes
the walls of the tunnels. Minor fractures parallel
e principal direction have been observed in
of the thicker lamprophyre dikes. These frac-

increase hydraulic conductivity in the direction
eir planes and decrease it in the direction per-
icular to them. Consequently, the hydraulic
uctivity of the dikes is anisotropic.

most relevant shear zones and lamprophyre
may be superficially mapped. Figure 4.5

s a geologic cut from the surface to the eleva-
of the tunnels. The FEBEX drift, found in the ex-
e northern part of the GTS, is limited by two
shear zones (Figure 4.4 and Figure 4.5).

1.2. FEBEX drift geology

re 4.6 shows a geological map of the drift,
e the last 17.4 m corresponds to the test zone.
zone (between meters 53 and 70 along the
is broadly characterised by a medium-high

ity of fracturing, together with lamprophyre
and open fractures.

At about meter 20, the drift cuts a set of fractures
with the same azimuth as the shear zones. This set
of fractures is considered to constitute another shear
zone (unmapped at the surface) because of its high
conductivity (with water flow of the order of 30
ml/min for the set of fractures, which is considered
high for the GTS and comparable to other shear
zones).

4.2.1.3. Estimation and measurement
of water flow into the FEBEX drift

The specifications of the project required that the
test zone be selected such that the flow of water into
it would be between 5 and 15 ml/min.

Estimation of flow prior to excavation of the drift

Boreholes FBX-1 and FBX-2 were drilled during the
summer of 1995 for investigation of the area sur-
rounding the planned drift location, in order to fix its
definitive position. Hydraulic tests were carried out
in the boreholes. The results of the tests were used
to estimate the anticipated flow of water to the drift.
The flow of water estimated from FBX-2 (between
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relative to the KWO and GTS tunnels.
rs 62 and 74), interval 3 data, was the one that
met the requirements of the project, as a result
hich it was decided that the FEBEX drift should
cated in the vicinity of this borehole.

surement of drift inflow

basic datum for the hydrogeological study, it
necessary to measure the actual flow of water
the drift following excavation. It was also funda-
tally important that flow be measured during ex-
tion, to determine the actual conditions, and
excavation be terminated when a length (test
) with the required flow had been reached.

traditional methods of measuring flow were in-
quate for the excavation phase. Therefore, a
method was developed to measure the mois-
from the walls of the drift. This method con-

d of placing an absorbent material of known
ht on the wall; this material absorbed water

a known period of time and was then
eighed. The flow of water was the difference in
hts divided by the measured time. The method

uick and of proven reliability; furthermore, it is
tively inexpensive. Its disadvantages are the de-

pendence of the results on the properties of the ma-
terial used, on initial water content and the duration
of the measurements, on the variability of the atmo-
spheric conditions and on the reliability of extrapo-
lating the values to long-term conditions [37].

Considering the various uncertainties inherent to the
method, the range of variations in the values of the
different measurements performed in the 17.4 m
(test zone) of the drift was small from the practical
point of view, 4.5 ml/min to 8.5 ml/min.

4.2.1.4. Hydrogeological analysis
and modelling

The conceptual model included an area of Aare
granite mass, limited by two shear systems (together
called the shear system S1+ S2). These two systems
were taken as boundaries, because of their high
transmissivity and on the assumption that they atten-
uate the effects of all the tests carried out between
them. The rest of the boundaries were selected on
the basis of the same criteria (Figure 4.7).

Fundamentally, the following structures have been
included in the conceptual model:
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Figure 4.7: Plan view of structures represented in the flow models. Boundary conditions.
� Lamprophyre dikes. These are structures of re-
gional scale, identified from geological map-
ping, hydraulic testing, geophysics, etc. It was
observed, with the help of the tests, that the ar-
eas of contact with the host rock are planes of
major transmissivity, this confirming a marked
direction of anisotropy.

� Fracture 1 (fr-1). This fracture was identified in
the hydraulic tests and is located a few meters
from the dead-end of the drift.

� Fracture 2 (fr-2). As in the previous case, this
fracture was identified during hydraulic testing,
and also in the geologic mapping of the drift. It
is the “en échelon” fracture.
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� Fracture 3 (fr-3). The available data (hydraulic
testing, geophysics, mapping) point to this frac-
ture being large scale, although it is not contin-
uous as has been represented in the model.

Five 3-D models were developed previously, using
this conceptual model, for calibration of the five
tests of interference performed in the boreholes
drilled from the interior of the drift. These models
are known as “interference tests”.

In addition to the aforementioned structures, there
are others (fr-4, fr-6, fr-7, and fr-8), of a more local
character, that have been identified fundamentally
from hydraulic testing and with the help of the bore-
hole cores.

Taking this conceptual model as a basis, four differ-
ent models were calibrated, these corresponding to
the four different water flows defined by the follow-
ing conditions:

� Temporary conditions—two different periods of
the project, before and after excavation of the
FEBEX drift.

� Geometric conditions—heterogeneity of the
shear planes used as boundaries. This hetero-
geneity is manifested in areas of less
transmissivity closer to the FEBEX drift.

The four models are called as follows:

� LAR-SIN—homogeneous shear planes, without
drift

� COR-SIN—heterogeneous shear planes, with-
out drift

� LAR-CON—homogeneous shear planes, with
drift

� COR-CON—heterogeneous shear planes, with
drift

In the post-drift phase excavation models, a specific
area measuring 15 m in radius around the test zone
was included. For this area, the results of the inter-
ference test models were included directly, these
having served to better identify the structures, due to
the large quantity of information available for this
area. The rest of the model has been represented as
an equivalent porous medium (rock matrix), with su-
perposition of the few identified fractures (fractures
6 and 8, see Figure 4.7). In this case, the hydraulic
conductivity of the rock matrix engulfs that of the
rest of the existing fractures not included in the
model. In both areas, the rock matrix has been
treated as anisotropic.

Discretisation

The model has been discretised using:

� Triangular prisms for the rock blocks

� Tetrahedral for adaptation of the boundaries of
the tunnel borders

� Triangles in 2-D to represent planes (fractures,
faults, and shear zones)

� One-dimensional elements to represent the
boreholes

After developing a 2-D projection of the entire ge-
ometry to be represented, a 3-D mesh was gener-
ated (Figure 4.8).

Calibration

The results used as initial parameters and prelimi-
nary information for calibration were those obtained
from the models of the interference tests. For the
structures that do not appear in the interference
tests, the results used were those obtained from in-
terpretation of the hydraulic test in which they do
appear.

The models were calibrated assuming steady-state
conditions. A standard deviation of 1 was assigned
for all levels, except for those that are supposed not
to have reached the steady state.

The lines of equal piezometric level, as well as the
differences between the measured and calculated
levels, are shown in Figures 4.9 and 4.10 (for the
pre-drift excavation models) and in Figures 4.12
and 4.13 (for the post-drift excavation models). Fig-
ures 4.11 and 4.14 show the 3-D calculated levels
for the pre and post-excavation models, respec-
tively.

Discussion and results

The parameters obtained with the models are co-
herent. The number of unknown parameters is rela-
tively high compared to the measured levels, which
would have caused the model to produce an unsta-
ble estimate if a good hydraulic characterisation
had not previously been accomplished. In fact, the
quantitative data at regional scale and in the verti-
cal direction are scarce, since the majority of the in-
formation is found near the horizontal plane that
passes through the FEBEX drift.

The quality of the models must be examined by
comparing them at different scales—drift and re-
gional. The piezometric levels in the vicinity of the
drift are well reproduced. Furthermore, the hydraulic
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Principal access
tunnel to KWO

S1+S2 south

West face

X

YZ

Top face

Bottom face

Figure 4.8: 3-D mesh.
ameters estimated under different conditions of
in the large-scale models (LAR-SIN, COR-SIN,

-CON, and COR-CON) are very close one to
other and with respect to those derived from the
rference tests. The calculated flows of water for
FEBEX drift are within the range of those mea-
d, even though they were not used in the cali-

tion.

distribution of piezometric levels in the vicinity of
drift is radial, with local heterogeneities arising

result of the more transmissive fractures. The
ometric gradient at the dead-end of the drift is
large as the infiltration flows concentrate at this
t and decrease toward the entrance.

contact planes of lamprophyre/host rock are ar-
of preferential flow, as may be observed in their
rsections with the drift. Direct observations show
rong anisotropy in the geologic structure, such
otropy having been taken into account in the
e-scale models.

questions are posed in the performance assess-
t (PA) exercises: the possibility of changes in the
e of hydraulic conductivity in a ring around the

drift, and the effect of a “flow barrier” formed by the
desaturation front in the area immediately surround-
ing the drift wall. The answer to these questions was
not within the scope of this study, but some indirect
results have been obtained. Firstly, in the repetition
of tests at intervals following excavation of the drift,
the distribution of pressures and the interpretation of
the interference tests point to a decrease in hydrau-
lic conductivity in the area surrounding the wall of
the drift, although this reduction is not particularly
large (less than an order of magnitude). Secondly,
the ventilation of the drift produces immediate re-
sponses in the intervals that are better connected
with it. From these data it may be inferred that the
desaturation front is unlikely to act as a “flow bar-
rier”; it is more likely that the barrier effect might be
attributed to mechanical effects.

The parameters of the rock mass, the relevant geo-
logical features and the water flow into the drift
have been estimated by means of different models,
at different scales. The piezometric levels and the
measured flow of water into the drift are well repro-
duced by these local parameters; thus it may be
concluded that the characterisation is robust.
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4.2.1.5. Conclusions

The hydraulic regime in the area immediately sur-
rounding the drift (<10 m) is clearly radial and, in
the more homogeneous sections, may be considered
quasi 2-D. At a distance of 10-20 m from the wall of
the drift (in boreholes drilled from the interior of the
drift), the distribution of the piezometric levels loses
part of its “two-dimensionality”, even in the more ho-
mogeneous boreholes. At a distance of 50 m from
the drift the flow is oriented in accordance with the
local regime (Jüchlistock mountain and Aare river),
where the Grimsel tunnels play an important role in
drainage. The vertical and horizontal hydraulic gradi-
ents are very high, as corresponds to the mountain-
ous characteristics of the area and to the low perme-
ability of the medium.

At a distance of 50 m, the hydraulic pressure along
a horizontal plane through the axis of the drift may
be considered as amounting to 0.7 MPa.

The most frequent hydraulic conductivity value in the
tests was 1·10-11 m/s. This value may be considered
as representing the hydraulic conductivity of the rock
matrix.

The main heterogeneities intersecting the drift in the
test zone are as follows, measured from the concrete
plug (along the left wall of the drift): a fractured area
at 16.0 m, the lamprophyre dike at 7.0 m and the
“en échelon” fracture at 2.5 m.

The total flow of water calculated for the entire test
zone (17.4 m) varies from 5 ml/min (in the
COR-CON model) to 8.2 ml/min (in the LAR-CON
model). These values are similar to the measured
flows. The flow into the drift is dependent on the
more important heterogeneities and on the rock
matrix (including the microfractures). The equivalent
hydraulic conductivity required to generate these
flows, assuming a homogeneous rock mass sur-
rounding the drift, may range from 5·10-11 to
8·10-11 m/s.

4.2.2. Hydrochemical characterisation

The water from some of the boreholes drilled from
the interior, or in the vicinity, of the FEBEX drift, was
characterised [38]. Sampling of the hydraulically ac-
tive areas identified in the hydrogeological study
was carried out in July 1996. The boreholes se-

lected were: SF14-31 (representative of the water in
the area of the lamprophyre dike), SF24-1, SB23-1
and SJ5-3 (representative of the water in the area of
Heater #2) and the horizontal borehole BOUS-2-2
(representative of the water in the fractured area).
The locations of the boreholes are indicated in Fig-
ures 4.2 and 4.23.

The boreholes were drilled into little-altered Aare
granite, and cut some lamprophyre, quartz, and apli-
te dikes. The discontinuities between the granite and
the lamprophyre are, in principle, the more signifi-
cant structures, both hydraulically and chemically.

During sampling, precautions were taken to minimise
alterations to the natural condition of the water: sam-
pling was performed in a sealed chamber with a
controlled nitrogen (99.9999% pure) atmosphere;
with pumping from each interval isolated by packers
until the volume of extracted water was equivalent to
at least three times the volume between the packers;
and measurement of the physico-chemical parame-
ters pH, Eh, electric conductivity, dissolved oxygen,
and temperature, until stability was reached.

The analytical results of the samples are presented
in Table 4.1. The water is diluted with low contents
of dissolved salts (<100 µS/cm) and has a pH close
to 9. The composition of the water is bicarbon-
ate-fluoride sodic-calcic, in accordance with the
major components.

4.2.3. Other rock characterisation data

4.2.3.1. Deformability and strength

During the pre-operational stage, unconfined com-
pression tests were carried out on samples taken
from the boreholes drilled from the interior of the
FEBEX drift. The results are shown in Table 4.2.

4.2.3.2. Retention curve

The retention curves for three granite and two lam-
prophyre samples extracted from the boreholes
drilled from the interior of the FEBEX drift were de-
termined. For both materials, air entry values of be-
tween 0.5 MPa and 5.0 MPa were deduced. The re-
tention curves obtained are shown in Figure 4.15.

The porosity accessible to the water, deduced from
the water content in saturated conditions, is of the
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1The first number forms part of the identification of the borehole, and the second indicates the interval between packers where the sample was taken.
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Table 4.1
Chemical composition of water from boreholes drilled from the interior, or in the vicinity, of the FEBEX drift

SF24-1 SB23-1 BOUS-2-2 SJ5-3 SF14-3

Date, in July 1996 11 12 15 16 18

Temperature, in ºC 14.3 15.1 13.8 17.4 17.6

pH-laboratory 8.6 8.4 8.4 8.2 7.3

pH-”in situ” 9.1 9.1 9.3 9.4 8.9

CE “in situ”, in �S/cm 76.3 80.3 83.7 82.7 194.3

CE laboratory, in �S/cm 71.3 74.7 72.7 75.7 86.3

CE calculated, in �S/cm 69.3 72.0 69.5 73.3 79.5

Eh, in mV 15.3 55.3 101.3 84.0 418.0

Alkalinity, in mg/l CaCO3 19.7 20.0 20.1 19.8 19.5

HCO3
-, in ppm 24.0 24.4 24.5 24.1 23.5

Total dissolved solids 61.4 63.9 61.4 63.3 65.3

log P(CO2) -4.789 -4.781 -5.006 -5.104 -4.6045

I(x10-3), in M 1.035 1.08 1.04 1.11 1.105

Charge balance -3.545 -3.31 -3.07 -4.06 0.29

F- , in ppm 3.87 4.47 3.97 4.37 4.23

Cl-, in ppm 0.36 0.56 0.37 0.52 3.93

NO2
-, in ppm <0.1 <0.1 <0.1 <0.1 <0.1

NO3
-, in ppm <0.1 <0.1 <0.1 <0.1 1

NH4
+, in ppm <0.1 <0.1 <0.1 <0.1 <0.1

PO4
3-, in ppb <10 <10 <10 <10 <10

SO4
2-, in ppm 7.37 7.30 7.03 7.80 7.37

Br-, in ppm 0.021 0.056 <0.01 <0.01 0.01

I-, in ppm <0.02 <0.02 <0.02 <0.02 <0.02

SiO2, in ppm 9.53 9.83 9.43 9.67 9.10

Al, in ppm <0.05 <0.05 <0.05 <0.05 <0.05

As, in ppb 0.62 0.42 0.42 0.30 0.26

Ba, in ppb 0.95 0.90 0.82 1.10 1.90

Be, in ppb <0.1 <0.1 <0.1 <0.1 <0.1

Bi, in ppb <0.1 0.8 <0.1 <0.1 0.32

B, in ppm <0.05 <0.05 <0.05 <0.05 <0.05
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Table 4.1 (continuation)
Chemical composition of water from boreholes drilled from the interior, or in the vicinity, of the FEBEX drift

SF24-1 SB23-1 BOUS-2-2 SJ5-3 SF14-3

Cd, in ppb 0.50 0.53 0.61 1.00 0.45

Ce, in ppb <0.1 <0.1 <0.1 <0.1 <0.1

Ca, in ppm 7.17 7.43 6.73 7.40 7.13

Co, in ppb 0.29 0.13 0.10 0.17 <0.1

Cr, in ppb 0.45 0.31 0.12 0.38 0.29

Cu, in ppb 1.7 0.7 1.5 0.4 1.5

Hg, in ppb <0.2 <0.2 <0.2 <0.2 <0.2

La, in ppb <0.1 <0.1 <0.1 <0.1 <0.1

Fe2+, in ppb <50 <50 <50 <50 <50

Fe3+, in ppb <50 <50 <50 <50 <50

K, in ppm 0.21 0.40 0.26 0.33 2.90

Li, in ppb 3.6 3.9 4.5 4.0 4.0

Mg, in ppb 23.3 35.7 38.0 36.0 77.3

Mn, in ppm <0.03 <0.03 <0.03 <0.03 <0.03

Mo, in ppb 52.0 50.0 49.0 51.0 53.0

Na, in ppm 8.4 8.9 9.0 8.8 8.9

Ni, in ppb 1.7 1.0 0.8 1.0 8.0

Pb, in ppb <0.1 <0.1 <0.1 <0.1 <0.1

Rb, in ppb 2.3 2.3 1.8 2.1 4.6

Sb, in ppb 0.5 1.9 0.3 0.6 0.6

Se, in ppb <1 <1 <1 <1 <1

Sn, in ppb 0.6 0.89 0.12 0.2 0.44

Sr, in ppm 0.21 0.23 0.2 0.22 0.24

Th, in ppb <0.1 <0.1 <0.1 <0.1 <0.1

Ti, in ppb 0.5 0.7 0.64 0.86 0.81

Zn, in ppb 20.0 4.6 9.7 7.0 37.0

TOC, in mgC/l 0.6 0.67 <0.5 1.10 5.43

V, in ppb 0.16 0.26 0.39 0.2 0.17

U, in ppb <0.1 <0.1 2.30 0.53 <0.1

Y, in ppb <0.1 0.16 0.22 0.18 0.11
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Table 4.2
Results of unconfined compression tests on the Grimsel rock, performed during the pre-operational stage

Identification
Distance to the drift wall

m
Young’s Modulus E50

GPa
Unconfined compressive strength

MPa

Granite
(borehole SF22) 0.17 to 0.27 61.6 193.5

Granite
(borehole SF22) 0.85 to 0.95 50.8 110.0

Lamprophyre
(borehole SF22) 12.16 to 12.26 49.8 142.0

Lamprophyre
(borehole SF22) 0.70 to 0.80 35.7 85.4
r of 0.4% for the lamprophyre and 0.8% for the
ite.

. Test components

section includes a summary of the most impor-
features of the test components, as well as the
t relevant aspects of their design and construc-
processes.

4.3.1. Bentonite blocks

The blocks used to construct the clay barrier were
fabricated from FEBEX bentonite, the properties of
which are described in Chapters 2 and 5. The con-
struction of the barrier is described in Section 4.4.2.

See report 70-IMA-M-3-3 (Bentonite: Origin, Prop-
erties, and Fabrication of Blocks) [6] for details.
Water content (%)
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Figure 4.15: Retention curves of granite and lamprophyre, near the FEBEX drift.



4.3.1.1. Design

Figure 4.16 shows the geometry of the barrier in the
heater and non-heater areas. In both areas, the
three exterior rings of blocks are equal; in the heater
area the interior crown of this group is in contact
with the steel liner, while, in the non-heater area,
the interior crown is in contact with a core of blocks.

Five types of blocks form this barrier geometry:
BB-G-01, BB-G-02, BB-G-03, BB-G-04, and
BB-G-05. Figure 4.17 and Table 4.3 show respec-
tively the shapes and dimensions of the block types.

The dry density specified in the design of the blocks
was 1.70 g/cm3. This density was determined by
taking into account the probable volume of the con-
struction gaps and the need to have a barrier with
an average dry density of 1.60 g/cm3. For a dry
density of 1.60 g/cm3, the swelling pressure is of the
order of 5 MPa, which is the value proposed in the
AGP Granito. The water content of the blocks is that
specified for the raw bentonite, 12.5% to 15.5%
(Chapter 2).

4.3.1.2. Fabrication

For the fabrication of blocks BB-G-01, BB-G-02,
BB-G-03, and BB-G-04 it was necessary to design
and manufacture moulds, whereas block BB-G-05

was obtained from BB-G-04 by machining the
curved face with a saw. The blocks were fabricated
in the REFRACTA, S. A. plant at Quart de Poblet
(Province of Valencia, Spain), by compaction in a
uniaxial hydraulic press under a pressure of 40 MPa
to 45 MPa. A quality assurance program was ap-
plied in fabrication of the blocks: external appear-
ance, dimensions, water content, and dry density
were controlled.

Table 4.4 shows the average values for the charac-
teristics and the number of blocks fabricated for
each type.

Taking into account the dimensions of the blocks of
each type, the average values of water content and
dry density are 14.4% and 1.69 g/cm3, respectively.
A total of 7568 blocks were fabricated, with a total
weight of 165076 kg.

4.3.1.3. Packing, handling, transport
and storage

Laboratory tests and the study of some blocks
placed in the tunnels of the GTS showed that the
blocks deteriorate quite rapidly when exposed to an
environment of high humidity. For this reason, the
blocks were packed in boxes appropriately pro-
tected by sheets of plastic. Although the blocks have
a good mechanical consistence, they were packed

4. “In situ” test
Heater area Non-heater area

Heater

Block type
BB-G-02

Block type
BB-G-03

Block type
BB-G-01

0.9
70
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Figure 4.16: Geometry of the clay barrier.
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Table 4.3
Dimensions for block fabrication

Type
a

mm
b

mm
c

mm
Thickness

mm
R

mm
r

mm
�

BB-G-01 470 0 5 0
2 0. .

.

� 380 0 4 0

2 0. .
.


� 214 0 3 0

2 0. .
.


� 125 0 2 0

2 0. .
.


� 1133 919 24o

BB-G-02 473 0 5 0
2 0. .

.

� 3610 4 0

2 0. .
.


� 214 0 3 0

2 0. .
.


� 125 0 2 0

2 0. .
.


� 917 703 30o

BB-G-03 478 0 5 0
2 0. .

.

� 330 0 3 0

2 0. .
.


� 214 0 3 0

2 0. .
.


� 125 0 2 0

2 0. .
.


� 701 487 40o

BB-G-04 483 0 5 0
2 0. .

.

� 240 0 3 0

2 0. .
.


� 240 0 3 0

2 0. .
.


� 125 0 2 0

2 0. .
.


� 485 - 60o

BB-G-05 483 0 5 0
2 0. .

.

� 240 0 3 0

2 0. .
.


� 240 0 3 0

2 0. .
.


� 125 0 2 0

2 0. .
.


� - - 60o
xes inside quilted plastic wrapping to avoid im-
amage during their handling and transport.

ppropriately packed blocks were stored away
the GTS, in a warehouse with controlled tem-
re and humidity. During the construction of

arrier, the FEBEX drift was dried, heated, and
ted to keep relative humidity low. Also the
was scheduled such that in the work area at
ortal of the drift, where relative humidity is
the time of exposure was compatible with the

ity of the blocks.

precautions were effective since no damage
bserved in the blocks.

4.3.2. Heating system

4.3.2.1. Heaters

General characteristics

The test used two electrical heaters inserted within a
steel liner. The heaters reproduced the mechanical
characteristics of the AGP Granito canister, simulat-
ing the thermal effects of the waste nuclear fuel.

The external dimensions of the heater were identical
to those of the canister anticipated in the AGP
Granito concept (a cylinder measuring 4.54 m in
Block types BB-G-01,
BB-G-02, and BB-G-03

a

b

c R

r

a

b

c
R

Block BB-G-04

a

b

c
R

Block BB-G-05

Figure 4.17: Shapes of the blocks.
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4. “In situ” test
Table 4.4
Average values of the physical properties and number of blocks fabricated

Type of block

BB-G-01 BB-G-02 BB-G-03 BB-G-04 BB-G-05

Weight per block (kg) 22.1 21.8 21.3 23.1 18.0

Average water content (%) 14.49 14.07 14.87 13.69 13.07

Average dry density (g/cm3) 1.69 1.69 1.69 1.70 1.70

Number of units fabricated 2898 2310 1614 562 184

Total weight (kg) 64046 50358 34378 12982 3312
h with a diameter of 0.90 m) and the weight
f the same order (11 t). Both the material and

hape of the exterior body of the heaters were
r to those anticipated for the canister: carbon
plate measuring 100 mm in thickness.

gards the thermal aspect, the aim of the test
o subject the bentonite, at the point of contact
the steel liner, to a maximum constant temper-
of 100ºC, which is the maximum value antici-
in the reference concept. Nevertheless, in or-
reach this value in a period of time compati-

ith the duration of the test, and maintain it in
olated drift, it was necessary to increase the
r of the heaters beyond the value anticipated
AGP Granito concept for the maximum resid-
ermal power of the canisters, that is 1200 W
ollowing different analyses and modelling exer-
performed during the design phase of the test

he nominal power was fixed at 4300 W per
r. This power would be the maximum required
most unfavourable case of the clay barrier be-
tally saturated, with a certain margin of safety.

anical characteristics

e 4.18 shows a general view of the final design
e heater. The exterior casing consisted of a
d tube with a wall thickness of 100 mm, and
elded end covers of metal plate, each measur-
50 mm in thickness. The casing was of carbon
without any treatment or covering, except

sandblasting of the exterior surface. The mechanic
part of these units was manufactured by the Spanish
company ENSA at its facilities in Maliaño (Santan-
der, Spain).

Inside the casing, the heating elements (electrical
resistances) were wound around a tube or reel mea-
suring 660.4 mm in diameter and 12.7 mm in
thickness. The assembly – reel and resistances – was
covered with a copper sheet measuring 3 mm in
thickness. This covering served to distribute the tem-
peratures more uniformly along the heater and to
provide mechanical protection for the heating ele-
ments during heater assembly.

The thickness and shape of the end covers were
based simply on convenience during assembly of
the interior elements of the heater and did not cor-
respond to the reference concept. The front-end
cover had a total of 24 perforations to allow for the
exit of cables (6 for heating elements and 18 for
control thermocouples) and was fitted with a cylin-
drical, bolted box on the exterior for mechanical
protection of the cable exits. On the front-end cover
there were two key notches located at 36º, to allow
for coupling with the pushing mechanism of the in-
sertion system. The other end cover was solid, and
its outer edge was chamfered to facilitate insertion
into the liner.

The cable exits were sealed with Viton gaskets and
filled with epoxy resin in order to seal the casing
hermetically.
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Section A-A'

(Dimensions in millimeters)

90
0

70
0

Detail "B"

Metallic
reel

Resistor "C"
Resistor "B" Resistor "A"

55 150

Copper sheet
120

Electrical
connections

"B"
90

0
A

A' Longitudinal section

4 540

Front end cover

Weld

Figure 4.18: Construction aspect of the heaters.
ical characteristics

er to increase reliability, the system was redun-
Each heater had three independent heating el-
ts, each of which was capable of supplying indi-
lly the nominal required power of 4300 W. The
nts were of the shielded resistor type and their
characteristics are summarised in Table 4.5.

.2. Steel liner

GP Granito reference concept considers the
nce of a continuous steel liner, common to all
nisters emplaced in the same drift. This steel

consists of a perforated steel tube measuring
m in thickness, the only aim being to provide,

the installation, the space into which the can-
s inserted, so no consideration is given to pos-
deformation due to swelling of the bentonite.

teel liner required for the test had a length of
, corresponding to the length of the two heat-
lus a one-metre separation between them.
11 segments of one metre each were made,

ned to be coupled by means of a male/female
al coupling measuring 100 mm in length, ma-

chined in the ends of each segment (Figure 4.19).
The material of the steel liner was conventional al-
loyed steel of the type used for boilers and pressure
vessels.

The inner diameter of the liner was 940 mm; thus
there were 40 mm of play with respect to the outer
diameter of the heaters, a value that was considered
sufficient for correct insertion of the heaters, taking
into account the normal errors of alignment in an
installation of this type.

4.3.2.3. Power regulation system

Regulation equipment

The power of each of the heating elements was con-
trolled by a static single-phase power regulator
based on thyristors, regulating the effective voltage
applied to the element by adjusting the wave phase
angle.

Each heater had an associated power regulation
control unit consisting of three independent regula-
tion channels, one for each heating element. For
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4. “In situ” test
Table 4.5
Characteristics of the heating elements

Active conductor

Material of the conductor core Ni-Cr 80/20

Length 52 �3% m

Supply voltage 400 V AC

Nominal power 4300 �10 % W

Insulation MgO

Sheath material Inconel 600

External diameter 4.6 mm

Cold terminals

Conductor section 6 mm2

Sheath material AISI 304 L

External diameter 6.4 mm
r security, each of the channels was galvani-
egregated from the main network.

power regulator was governed by a PID-type
ller that received a setpoint assigned from the

ontrol system. This system allowed for constant
r or constant temperature control, depending

control desired at each moment.

Control procedures

The test consisted of two clearly differentiated
phases in which the power regulation of the heaters
was controlled:

1) Initial heating

In this initial phase, the goal was to reach the
constant temperature of 100 ºC in a time pe-
Section MM'

1 000
100

M

M'

95
1

94
0

97
0

50

(Dimensions in millimeters)

Figure 4.19: Steel liner.
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riod of a few weeks, compatible with the total
duration of the test. With a view to simplifying
modelling and allowing for identification of
the thermal response of the system, this initial
heating was performed at constant power, in
various steps.

2) Heating at constant temperature

Once a temperature of 100 ºC was reached
at some point in the steel liner/bentonite inter-
face, the goal was to maintain that tempera-
ture constant, with the lowest fluctuations pos-
sible, this implying continuous power regula-
tion. To accomplish this, a PID-type algorithm
was applied, which was adjusted in accor-
dance with the empirical identification of the
thermal response of the system.

In principle, given the overdimensioning and redun-
dancy of the heating elements, only one element in
each heater was used, the other two remaining in
stand-by.

4.3.2.4. Quality Assurance (QA) program

The detailed engineering of the mechanical compo-
nents and their construction were carried out in
Maliaño, in accordance with a QA program. A simi-
lar QA program was carried out for all the compo-
nents of the power regulation system.

Additionally, the heater was subjected to a helium
test following welding of the end covers. This test
was to check the welding of the front-end cover and
the sealing of the cable exit penetrations. The gas
was left in the interior of the heater both to improve
the thermal conductivity of the internal atmosphere
and to provide some corrosion protection.

4.3.3. Instrumentation and control

4.3.3.1. Sensors

Types and locations

A total of 632 sensors were installed. Table 4.6 in-
dicates the variables measured, the types of sensors
used and the locations of the sensors, distributed by
areas.

The sensors in the clay barrier were grouped in a
series of cross-sections, as indicated in Figure 4.3:
sections A, B1, B2, C, D1, D2, E1, E2, F1, F2, G,

H, I, K, L, M1, M2 and N. The sections with the
same letter had similar sensor configurations.

The boreholes BOUS-1, BOUS-2, FBX-1, and FBX-2
were used, along with the 19 boreholes drilled from
the interior of the drift, for the instrumentation in the
rock, in particular for hydrogeological and mechani-
cal variations (Section 4.4.1.2). Other sensors, such
as psychrometers and TDR probes were installed in
shorter boreholes, drilled from the drift in areas
closer to the wall (up to 2.5 m).

An example of the location of sensors in the clay
barrier is shown in Figure 4.20. Each sensor was
identified by a code of the type:

AA-BCn-DD

where

AA: Code of sensor type (see Table 4.6)

B: Designation of location type: rock, instru-
mented section, etc. (see Table 4.6)

C Designation of section or borehole code

n: Order number of section (where applicable),
borehole or heater

DD: Order number within the section, borehole,
heater, or service area

Characteristics

The sensors, cables and connections between them
were selected to conform to the conditions expected in
each area. The sensors installed in the bentonite bar-
rier had to withstand the harshest environment – tem-
perature up to 100ºC, pressure up to 5 MPa, and
highly corrosive (more than 6000 ppm of Cl– in some
points).

For the same reason, the incorporation of elements
containing active electronics (amplifiers, signal con-
ditioning, etc.) was avoided in the test zone. To ac-
complish this, the cables were made sufficiently long
for the associated electronics of the sensors to be
installed in the service zone, which together with the
required lifetime made it necessary in some cases to
use especially designed and protected sensors.

4.3.3.2. Instrumentation for gas measurement

Gas is generated in the test zone due to the effects
of corrosion and the presence of microorganisms

FEBEX Project. Updated Final Report. 1994-2004
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Table 4.6
Sensors installed during the first phase

Sensor
code

Variable
(or instrument) Type of sensor

Designation of area (*) Total

B S H A

T Temperature Thermocouple 62 91 36 189

P Total pressure in borehole in rock
(3-D) Vibrating wire 4 4

P Total pressure on rock surface Vibrating wire 30 30

P Total pressure on heater Vibrating wire 6 6

Q Hydraulic pressure in borehole in
rock Piezoresistive 62 62

PP Packer pressure in borehole Piezoresistive 62 62

Q Pore pressure in bentonite Vibrating wire 52 52

WC Water content Capacitive 58 1 59

WP Water content Psychrometer 28 48 76

WT Water content TDR 4 20 24

S Extensometer in rock Vibrating wire 2x3 6

SH Heater displacement Vibrating wire 9 9

SB Expansion of bentonite block Vibrating wire 8 8

S Displacement within the bentonite
barrier Potentiometer 2x3 6

IT Clinometer LVDT 6x2 12

3S Crack meter LVDT 1x3 3

GP Gas pressure in the bentonite
barrier Magnetic 4 4

GF Gas flow Manual measure 6 6

AP Atmospheric pressure Piezoresistive 1 1

A Velocity of ventilation air Hot wire 1 1

C Resistor intensity Electric converter 6 6

V Resistor voltage Electric converter 6 6

TOTALS 261 320 36 15 632

(*) B: granite; S: instrumented section in bentonite; H: heater; A: service zone
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in the bentonite. The pressure of the gas gener-
ated, as well as the permeability of the barrier to
this gas, was measured, and samples were taken
for study. For this purpose, two sets of porous ce-
ramic pipes measuring 0.20 m and 3 m in length
respectively were installed at various points in the

granite/bentonite interface, at the steel liner sur-
face and in boreholes drilled within the intermedi-
ate zone of the barrier. All the ten pipes installed
were connected by plastic conduits to the measur-
ing and sampling equipment located in the service
zone of the drift.

FEBEX Project. Updated Final Report. 1994-2004
Figure 4.20: Final location of sensors in instrumented cross-section F1.
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4.3.3.3. Specimens for the corrosion study

To analyse corrosion behaviour under close to ac-
tual conditions, specimens of different metallic ma-
terials were placed in the clay barrier, at points
within the bentonite situated very close to the heat-
ers (Figure 4.20). The specimens were of various
types of steel (both carbon and stainless), titanium,
and copper, as well as welds of the same materials.

4.3.3.4. Chemical tracers

With a view to the dismantling stage, conservative
and non-conservative chemical tracers were placed
at single points in the bentonite barrier and distrib-
uted along its periphery to obtain information on the
geochemical processes and transport mechanisms.

4.3.3.5. Monitoring and control

Goals and structure

The monitoring and control systems were made up
of two sub-systems: the “local system”, located in
the FEBEX drift at the GTS, and the “remote sys-
tem”, located at the AITEMIN office in Madrid, each
one comprising all the necessary electrical and/or
electronic components, computers, and computer
programs.

The main goals of the monitoring and control of the
“in situ” test were: 1) to control the heater power
and to acquire, convert, display and store all the
raw data generated by the instrumentation, all this
being performed in an automatic operation mode
by the “local system”, and 2) to allow, from the “re-
mote system”, the remote supervision and strategic
command of the test via modem, and the analysis,
display and storage of the data obtained into a
master database of the test.

Local system

The local system was composed of the following el-
ements:

� Surge protection

� Uninterrupted supply system (UPS)

� Specific systems for signal conditioning

� Main data acquisition system (DAS)

� Two industrial type computers for supervision
and control (PC1 and PC2)

� Power regulation units for the heaters

� Communication system.

Given the remoteness of the test and the seasonal
difficulty of access, the system was designed to func-
tion automatically without the need for local person-
nel and with a high degree of reliability. To achieve
this, the critical components were duplicated when
possible (see Figure 4.21).

The system was governed by the two main comput-
ers (PC1 and PC2) functioning in a master/slave
setup, with automatic switching in the event of fail-
ure of the master, and running a software applica-
tion of the SCADA type (Supervision, Control, And
Data Acquisition). This software was configured to
perform the functions required for data display and
storage and for heater power control.

Figure 4.22 show an example of the type of visual
data display supplied by this system. To store the
data, each computer saved a log of all the readings
of the sensors in its database every-half hour.

Two additional computers (GRS PC and NAGRA
PC) were installed. The GRS PC was used for the
acquisition of gas pressure and flow instrumentation
data, while the NAGRA PC was used for TDR data
acquisition and processing.

Remote system

In the remote system, the master database was built
upon MS-ACCESS. In view of the gradual evolution
of the parameters, and in order not to increase ex-
cessively the size of the database, only one reading
for each variable was stored daily, this correspond-
ing to a measurement made at approximately noon.
To create the database, the data stored in the local
system were transferred periodically, on demand
from the remote system and including the TDR data
from NAGRA PC. The data stored in the GRS PC
was collected from the GRS offices in Germany.

Periodic data reports were generated semi-automati-
cally from the database, and distributed to all the
project participants. These reports represented graph-
ically the evolution of all the controlled variables. In
addition, numerical data were supplied to the partici-
pants requesting them for different purposes, as
modelling, analysis of sensors performance, etc.

Communications

A conventional telephone network conducted the
data transmission between the remote system and
the local system by means of modems. In the local
system, two independent exterior telephone lines
were used, connected to a dedicated telephone
switchboard for the test.
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Figure 4.21: Local monitoring and control system.
4.3.3.6. Quality assurance and quality control
procedures

With the goal of ensuring the quality and the trace-
ability of the measurements made by the instrumenta-
tion, specific quality assurance and quality control pro-
cedures were applied in all the phases relating to the
supply, tests, and installation of the instrumentation.

Given the short period of time available, no system-
atic calibration of the instrumentation was per-
formed; however, most of the instrumentation was
supplied with calibration certificates from the manu-
facturer or supplier, and in all cases 100% of the
sensors were subjected to reception tests, with at
least one point of measurement being checked with
the calibration certificate.
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4. “In situ” test
Figure 4.22: Visual data display (longitudinal section of temperatures).
Installation

. Preparatory works

.1. Basic services

upplies of ventilation, electricity, and water
taken from those already existing at the GTS.

ir from the GTS central ventilation system has
ntrolled temperature and humidity (approxi-
y 15 ºC and 30% to 40%, respectively). There-
the largest possible airflow was taken to dry
terior of the drift. A dry environment was nec-
to minimise the risks of bentonite block dete-

ion by adsorption of the ambient humidity. To
r dry (and heat) the environment, two electrical
ctors were employed at the working area.

.2. Boreholes

een boreholes were drilled in the test zone
the interior of the drift, for the placement of the
mentation in the surrounding rock mass. The
ation and length of these boreholes were es-

tablished as a function of the specified positioning
for each instrument, and especially of those relative
to the hydraulic parameters. The length of the bore-
holes varied between 7 m and 22 m, with a total of
233 m drilled. Figure 4.23 shows the positions of
these boreholes. Boreholes SG1 and SG2, where
total pressure triaxial cells were installed, measure
146 mm in diameter; the rest, for the hydraulic in-
strumentation, having a diameter of 66 mm.

4.4.1.3. Concrete sill and platform

In the service zone of the drift, a concrete sill was
constructed to permit the installation of the transpor-
tation system and to facilitate the passage of per-
sonnel. This sill was extended 13 m from the portal
of the drift, forming a platform outside it, to facili-
tate the loading and unloading of equipment and to
station the materials handling and transportation
equipment (Figure 4.24).

4.4.2. Clay barrier construction

Due to the lack of previous experience in an instal-
lation of this type, especially in placing the engi-
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Figure 4.23: Boreholes drilled from the interior of the drift.
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neered barriers in a horizontal position, a test instal-
lation was set up in a simulated drift of concrete at
the AITEMIN facilities in Toledo (Spain). This test
was very useful, and served to detect certain impor-
tant aspects associated with the installation. In par-
ticular, these aspects were the stability of the ben-
tonite slices and the accumulative effects of the play
between the blocks themselves and the blocks and
the drift.

The effects of mechanical degradation of the ben-
tonite blocks due to the humidity of the environment
and/or a film of water at the rock surface were stud-
ied by laboratory tests and in a tunnel at the GTS.
As a result of these experiences, the decision was
taken to protect the packages of blocks against hu-
midity; to dry the working area within the drift to the
extent possible and to minimise the time the blocks
were exposed to the GTS environment, where the
relative humidity is practically 100%.

4.4.2.1. Installation procedures

The barrier was constructed manually, in accor-
dance with the scheduled procedure. The sequence
of installation is shown on Figure 4.25. First the
steel liner was placed on a provisional support; sec-
ond, the alignment with the axis of the drift was
checked and adjusted; and finally the barrier was
constructed around the steel liner, in complete verti-
cal slices.

The correct alignment of all the segments of the
steel liner, with respect to one another and to the
drift, is critical as regards avoiding difficulties in in-
serting the heaters. Initially, once aligned, some
points were welded in the joint between the liner
segments, to ensure and maintain their correct posi-
tion until the heater was inserted. Later it was de-
cided that it was easier to ensure this alignment by
introducing the steel liner into the drift already
joined; as a result, up to three joined segments were
installed. Figure 4.26 shows the deposition hole, af-
ter being enclosed by the construction of the barrier
around the steel liner.

In some cases, and especially for the first slices of
the installation, it was necessary to wedge the top
blocks against the rock to ensure the stability of the
slices using granite pieces.

On the other hand, all the play existing between the
blocks, both by design and as a result of manufac-
turing tolerances, accumulates at the top part of
each slice, resulting in this case in a gap of approxi-
mately 2 to 3 cm. Figure 4.27 represents a typical

cross-section of the drift. It may be seen that, for
these reasons, the axis of the steel liner is off-centre,
displaced some 15 mm. Consequently, the heater is
off-centre by some 35 mm, the exact deviation de-
pending on the actual diameter of the drift at each
point.

4.4.2.2. Sensor installation and cabling

The sensors in granite were emplaced before the
clay barrier was installed, whereas the sensors in
bentonite were installed in mechanically made holes
at their pre-assigned positions within the blocks on
completion of each slice.

The cables were carried radially from each sensor to
the rock surface in a machined groove or channel
in the bentonite. All the cables, including those from
the sensors in the granite, were grouped into four
bundles. The bundles were carried along the rock
surface at the crown, the invert, and both springlines
of the drift. To carry each bundle along the rock
face and through the bentonite blocks, a channel
equal to the size of the bundle was made in each
slice. At the crown and the two springlines, the bun-
dles were fastened to the granite. In the invert, a
channel previously made along the entire length of
the test zone was used to carry the heater power ca-
bles and the rest of cables from that zone; this ar-
rangement also avoided high initial compression on
the cables from the weight of the bentonite barrier.
Once all the cables were placed in the invert chan-
nel, it was filled with bentonite powder.

4.4.2.3. Quality assurance and quality control

Control of the dry density of the clay barrier was fun-
damental to its construction. The average dry density
was not to be more than 1.60 t/m3, in order not to
exceed the maximum swelling pressure of 5 MPa
used in the calculations for the test components. On
the other hand, it was required not to be less than
the minimum considered tolerable, 1.4 t/m3. Further-
more, knowledge of the actual dry density obtained
was necessary for modelling, as well as for the inter-
pretation of the test results. For this reason, during
the construction of the clay barrier, the real mass of
bentonite placed and the volume of the drift occu-
pied by each vertical slice of blocks was determined.
From these values, the global dry density as well as
the percentage of construction gaps for each slice
were calculated (Figure 4.28).
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Figure 4.25: Sequence of clay barrier construction.
A total of 136 slices were installed, made up of 5331
blocks and having an overall mass of 115716 kg of
bentonite. The average values of the barrier were a
dry density of 1.60 t/m3 and a volume of construc-
tion gaps of 5.53%. It was assumed that the barrier
maintained the water content (an average of 14.4%)
from the fabrication of the blocks.

4.4.3. Insertion of heaters

For the transportation of the heaters along the drift
and their insertion into the deposition hole, a spe-
cific piece of equipment (heater transport and inser-
tion car) was designed and constructed, in accor-
dance with the scheme shown in Figure 4.29. Basi-
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Figure 4.26: Enclosed space for the heater, after construction of the clay barrier.
0.9
00

0.9
40

2.2
80

0.9
70

1.1
25

1.1
05

0.6
40

O'
O''

O'''

(Dimensions in meters)

O': Center of the drift
O'': Center of the steel liner
O''': Center of the heater

Center of the
steel liner

Center of the
heater

0.030

Z

Y

Figure 4.27: Typical cross section of the clay barrier.
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Figure 4.28: Profiles of dry density and volume of construction gaps in the clay barrier.
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Figure 4.29: Heater transport and insertion car.



cally, this piece of equipment was a car composed
of a main frame supporting lines of rollers and ro-
tating balls, which formed a trough of dimensions
fitting those of the heater. This transport and inser-
tion car ran along a rail system installed along the
entire length of the drift.

The transport and insertion car incorporated a push-
ing system, made up of a cart pulled by chains and
moved by four flanged wheels running along guides
existing in the chassis or main frame. Two flanges
on the face of the pusher cart coupled the ma-
chined notches to the front-end cover of the heater,
avoiding spinning during transportation and inser-
tion of the heater.

The pusher cart was driven by a hydraulic motor
mounted on the transport and insertion car itself.
This unit had a regulation system that allowed the
speed of the pusher cart to be continuously varied.
The hydraulic equipment also made it possible to
reverse the direction of motor rotation, such that the
same system may be used to extract the heater from
its space, if that became necessary.

The rails had a square cross section and were fitted
with an edge up to minimize lateral movements of
the car and ensure correct alignment between the
car and the rails. In the service zone, the rails were
mounted directly on the concrete sill, while in the
test zone, they were laid on metallic ties fixed to the
rock by bolts, allowing them to be easily retrieved as
the next slices of bentonite were placed.

Movement of the transport and insertion car over
the rails was accomplished by means of a cable
pulled by an electrically powered winch located out-
side the drift, with a return pulley situated at the
other end of the rails.

Table 4.7 shows the main characteristics of the car
and winch.

Heater insertion was performed following the se-
quence shown in Figure 4.30. The heater, mounted
on the transport and insertion car, was placed in
front of the deposition hole; the transport and inser-
tion car was anchored to the rails; and then, by
means of the pusher cart, the heater was slid into its
proper emplacement.

Figure 4.31 shows a heater already in place and
also a partial view of the transport and insertion car.

The critical factor for the insertion manoeuvre was
the correct alignment, in the three spatial directions,
of the rolling surface of the trough of the transport
and insertion car with the internal lower surface of
the steel liner. This was accomplished by proper
alignment of the steel liner and satisfactory installa-
tion of the rails.

4.4.4. Concrete plug

The test zone was closed with a concrete plug, the
geometry of which is shown in Figure 4.32. The
plug was designed to resist the swelling pressure of
the bentonite. No specification was included for the
water tightness or gas tightness of the concrete plug.

The plug was constructed with plane concrete, with-
out any reinforcement, to facilitate subsequent dis-
mantling. It was designed to withstand a total force
of 2000 t, which corresponds to a swelling pressure
of the bentonite of 5 MPa [29].

The concrete used had a low value of hydration
heat and minimum shrinkage. Table 4.8 shows the
proportions used for the concrete mix.

4. “In situ” test
Table 4.7
Transport and insertion car and winch data

Car

Total weight 5.2 t

Power of the hydraulic pusher unit 2.98 kW

Pushing force 21560 kN

Maximum velocity of pusher cart 1 m/min

Winch

Pulling force 19600 kN

Velocity of movement 1.6/10 m/min

Power of electric motor 0.67/4.10 kW
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Figure 4.30: Heater insertion manoeuvre.
he plug was concreted in three sections perpendicu-
ar to the axis of the drift, such that the filling of the
pper part could be checked, at least for a part of
he plug. The concrete was pumped from outside the
rift and was compacted by vibration. This method
id not allow for good concreting of the key, where a
oid remained, this subsequently being filled by
eans of injection. Table 4.9 shows the results ob-

ained from the concrete control tests.

he four bundles of cables pass through the con-
rete plug inside 200 mm-diameter plastic pipes.
he pipes were later filled with fine mortar.

.4.5. Comments on the installation phase

he FEBEX “in situ” test was the first real-scale test
f a horizontal disposal of HLW, and for this reason
ome simplifications were introduced in relation with

the real case, the most important being the size of
the bentonite blocks and their method of emplace-
ment.

Different systems and pieces of equipment have
been used for the canister handling operations, such
as transport along the drift and insertion. This
equipment was especially designed and constructed
for this project, and do not represent the equipment
required in a future repository, as the engineering
aspects in the reference concept AGP are not yet
well defined. The construction of some of the com-
ponents was a valuable experience, which has gen-
erated an important amount of data and know-how
for the future.

The successful setting-up of the test was by itself a
preliminary demonstration of the feasibility of the
AGP reference concept in granite, and provided
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4. “In situ” test
Figure 4.31: View of final position of a heater.
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Figure 4.32: Longitudinal section of concrete plug.
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Table 4.8
Concrete mix proportions used in plug construction

Component Type
Proportions

kg/m3

Cement PCO “Sulfacem” (CEM I 32.5 HS) 160

Silica fume Sikafume HR 60

Fine aggregate Grimsel granite, 4 to 8 mm 660

Coarse aggregate Grimsel granite, 8 to 16 mm 430

Sand Quartz 0.1 to 5.6 mm 800

Filler Limestone 170

Water City network 155

Superplasticiser Sikament-12 + 13
a

.

m
p

Table 4.9
Results of concrete control tests

Water/Cement ratio 0.99

Water/total hydraulic materials ratio 0.72

Slump 44 mm

Density (fresh concrete) 2394 kg/m3

Air content (fresh concrete) 0.4 %

28-day strength 47.1 MPa
useful information on potential problem areas
spects still requiring improvement.

First operational phase

operational phase extended from 27 February
, the date identified as “day 0” on the time
, to 28 February 2002, identified as “day
”. These dates correspond to the switching on
th heaters, and the switching off of Heater #1.

1. Start-up procedure

echanical installation tasks, which were the crit-
hase from the point of view of accessing the

GTS by road, were completed in 16 weeks between
1 July 1996 and 15 October 1996, two weeks
ahead of schedule. Given that they were not time
critical issues, the assembly and setting up of the data
acquisition and control systems were prolonged lon-
ger than anticipated, until 27 February 1997, with
11 weeks of effective work in this period.

Apart from some short duration tests, the heating (first
operational) stage began on 27 February 1997, the
date identified as “day 0” on the time scale. The se-
quence of initiation was as follows (Figure 4.33, corre-
sponding to Heater # 1):

� Throughout an initial period of 20 days a con-
stant power of 1200 W per heater was ap-
plied, with the aim of identifying the thermal re-



sponse of the system and adjusting the control
algorithms.

� Over the next 33 days the power was in-
creased to 2000 W per heater and maintained
constant to approximate the temperature of
100 ºC desired at the surface of the steel liner,
but with a limitation on the rate of power in-
crease to reduce thermally-induced stresses.

� Finally, on 21 April 1997 (day 53) the system
was switched to the constant temperature con-
trol mode, allowing the power to fluctuate
freely. Over a period of 8 days, three subse-
quent steps were performed to adjust the pa-
rameters of the control algorithm, the setpoints
of the system being established successively at
95 ºC, 99 ºC, and 100 ºC.

4.5.2. Control and monitoring process

4.5.2.1. Heating control. Operation and events

From day 61 onwards, the power control system au-
tomatically regulated the power in the two heaters
independently, so as to maintain a constant temper-
ature of 100 ºC at the hottest point of the steel
liner/bentonite interface, as originally planned.

The reference used by the power control algorithm
was the highest temperature value in the sensors lo-
cated at the surface of the steel liner, which was al-
ways at the centre of the bottom line of the heater
(Figure 4.34). Due to the shape of the heater cas-
ings, temperatures over 100 ºC were observed at
the lids, but these were discarded, as they were con-
sidered to be unique points.

Only one of the three elements per heater, identified
as Resistor A, was used on each heater on a perma-
nent basis, the other two being kept in stand-by. The
underlying reason for this was to check the opera-
tional life of these elements, which is inversely pro-
portional to their external temperature. In any case,
there were no failures of the elements throughout the
first operational phase. Figure 4.34 shows the tem-
peratures on the surface of the different elements at
the end of this phase, immediately before the discon-
nection of Heater #1 on 28 February 2002.

The power required to maintain a constant tempera-
ture of 100 ºC at the bottom of the steel liner
showed some minor variations throughout the first
operational phase. Initially being about 2280 W for
Heater #1 and 2430 W for Heater #2 (it was al-
ways higher for Heater #2, which was located

4. “In situ” test
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Figure 4.33: Log of temperature and power in Heater #1 during the first 762 days.
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Figure 4.34: View of internal and external temperatures in Heater #1 at the end of the first operational phase.
r in the rock mass), it slowly decreased during
rst 2 years of the first operational phase to
W and 2175 W respectively. This was proba-
e to the drying of the section of the clay buffer
d close to the heaters, which implied a lower
al conductivity. The process was inverted after-
, as deeper parts of the buffer progressively
d in humidity, resulting in a slow, constant in-
e of power in both heaters up to 2121 W and
W, respectively, at the end of the first opera-
phase.

.2. Monitoring and information processing

est was remotely monitored and controlled
the Remote Monitoring Centre (RMC), located

AITEMIN main office in Madrid, throughout
ntire operational stage. Connections via mo-
were made periodically, about twice per week,
eck system status and transfer data from the
computers to the Master Database generated
Madrid system.

aster Database stored one datum value per
nd instrument, corresponding more or less to
lue read at noon. At the end of the first opera-

tional phase, after 1827 days of heating, it con-
tained some 1650000 records, with a total file ex-
tension of over 270 Mbytes. To simplify data trans-
fer and handling by all the participating groups, the
Master Database was built using MS-ACCESS.

Data could be retrieved from the Database in vari-
ous forms for analysis and interpretation. A Sensor
Data Report containing plots of the evolution of
data from all the operative sensors was produced by
AITEMIN every three months, and was distributed
among all the project participants. During this
phase, numerical data were also supplied by
AITEMIN in electronic format to the other groups, as
requested, for further processing.

4.5.3. Incidences

No major events occurred during the first opera-
tional stage in relation to heating control. The most
relevant incidents are as follows:

� One current transducer in Heater #2 started to
give an erroneous indication on 14 October
1997 (day 299). This caused a power increase
up to a maximum value of 103 ºC at some



points of the liner/bentonite interface. The faulty
transducer was replaced and the normal power
level was restored.

� On 20 June 1999 (day 843), the power in
Heater #1 was automatically switched off when
one of the thermocouples in the control loop
failed, providing a temperature reading over
100 ºC. The power was restored after 24 h.
The temperature dropped to 92 ºC at the hot-
test point of this heater during this short cut.

� Two main power failures occurred on 22 Feb-
ruary 1999 (day 725) and 20 February 2000
(day 1088). In both cases the fault lasted less
than one hour and no effect was noticed on
the temperatures.

Other relevant events are listed below:

� Routine maintenance visits were made to the
GTS about three times per year during the first
operational phase. No really important actions
were carried out during these visits, other than
an overall check of the system and the replace-
ment of certain minor faulty parts.

� From February to May 2001, relocation and
rewiring operations of the Local Monitoring
and Control System were carried out at the test
site as one of the preparatory works for the
partial dismantling operation to be carried out
at the end of the first operational phase (see
Section 4.6.3).

� Other preparatory works carried out in autumn
2001 were the installation of the equipment re-
quired for the handling and transport of com-
ponents during dismantling, and the reconfigu-
ration and upgrading of the DAS.

Mentions should also be made of the fact that, dur-
ing this operational phase, water leaked from the sys-
tem through the tubes used to pass the cable bundles
through the concrete plug (especially through the
bottom and right-hand tubes), and also along the in-
side of certain of the cables (especially the psychro-
meter cables, since these sensors were not water-
tight). The amount of water was measured periodi-
cally, and ranged from a minimum of 1.5 l/day to a
peak value of 3.9 l/day. In principle this represented
a significant amount of the estimated total water in-
flow into the drift (about 10 l/day), but it should be
taken into account that this estimate was made be-
fore the instrumentation boreholes were drilled, and,
as was observed during the installation operation,

most of the water channelled along the cable bun-
dles was coming from borehole SI-2.

4.5.4. Evolution of parameters

A great deal of information was obtained from the
sensors installed in the system, since most of them
remained operative at the end of the first opera-
tional phase. Independently of the specific analysis
of these data carried out within the modelling
(Chapters 6 and 7), a global, qualitative assessment
of system behaviour may be derived from the sensor
data, for the main monitored parameters.

4.5.4.1. Temperature

The temperature trend was quite uniform throughout
the first operational phase, and this was the param-
eter showing the best symmetry throughout the test.
A longitudinal section of the test, with the tempera-
tures reached after 1827 days of heating, is shown
in Figure 4.22.

In general, the temperatures in the clay barrier
(buffer) around the heaters reached a stable value
in a short time, whereas those points located far
from the heaters showed a more gradual rising
trend. Some examples are given in Figure 4.35.

Except for the control algorithm reference point,
which was kept constant at 100 ºC at all times, the
temperatures at the surface of the steel liner de-
creased slowly during approximately the first two
years of heating. The trend was then inverted to a
slow increase, reaching at the end of the first opera-
tional phase values similar to the initial ones, and
even higher in some cases (curves 1, 2 and 3 in
Figure 4.35). This behaviour might be coupled with
the slow initial decrease and subsequent increase of
the applied power. Temperature differences of up to
almost 20 ºC were observed along the surface of
the heaters (Figure 4.34).

In the intermediate part of the buffer, temperatures
soon reached values in the range of 50-60 ºC (de-
pending on position) and remained quite stable, or
increasing very slowly at this level (curves 4 and 5,
Figure 4.35).

At the outer part of the buffer (rock contact), the
temperature continued to increase gradually (curves
6, 7 and 8, Figure 4.35). Temperatures in the bot-
tom part of the drift were higher than those in the
roof, in correlation with the temperatures at the bot-
tom and top surfaces of the steel liner.
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Figure 4.35: Evolution of temperature in the buffer during the first operational phase.
buffer sections located further from the heat-
mperatures were much lower but still showed
dual rising trend (curves 9 and 10, Figure
.

the rock mass, the temperature field was
regular. Temperatures depended on the dis-
to the drift, and those points located closest to
wed a fast temperature rise at the beginning,
showing a gradual increase. Points located
r in the rock, on the other hand, showed a
uniform rise trend, although their absolute val-
ere lower.

.2. Humidity

d correlation was found between the readings
ed by the three different methods used to
or changes of humidity within the buffer: ca-
ve sensors, psychrometers, and TDR (Time Do-
Reflectometry).

The evolution of humidity was not as symmetric as
that seen for temperature. However, a common pat-
tern could be seen in different cross-sections along
the length of the buffer, and this is shown for exam-
ple in Figure 4.36, corresponding to the capacitive
sensors in the instrumented cross-section E1:

� The points located in the outer periphery of the
buffer quickly reached high humidity values2 es-
pecially on the right-hand side3 (sensor 07) and
in the top part (sensor 10). The bottom part
(sensor 01) also reached a high humidity in a
short time. On the left-hand side (sensor 08),
hydration progressed at a slower rate but after
two years it also practically reached the level of
the other sensors in the buffer periphery.

� The points located close to the heaters (sensors
03 and 04) dried up quickly as soon as heat-
ing started, but after about one year they
started a slow process of hydration that contin-
ued until the end of the first operational phase.

d be taken into account that the concrete plug was built almost 5 months before Day 0.
in water inflow, borehole SI2, is located in the cable channel on the right-hand side.
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4. “In situ” test
Figure 4.36: Evolution of buffer relative humidity at section E1 in the first operational phase.
he points located in an intermediate position
f the buffer (sensors 02, 05, 06 and 09)
howed an oscillating behaviour, with alternat-
ng drying and wetting periods for approxi-
ately the first year, this having been explained
y the two-phase flow in this zone. After that
eriod, they all showed a steady increase in
umidity content.

ntioned above, this pattern was quite repeti-
long the entire length of the buffer, as a result
ich the following conclusions could be drawn:

he radial channels for the cables of sensors
ntroduced in the inner buffer, and the joints
etween blocks, which could have been a pref-
rential path for water inflow, were sealed very
oon.

he system irregularities (local water inflows, air
aps, cable channels, etc) might have played an

mportant role in producing hydration asymme-
ries, especially during the first year, but these
ere practically limited to the outer ring of
locks. After that period, the humidity field

rended to a more uniform situation.

On the other hand, the humidity sensors placed in
the granite (psychrometers and TDRs) did not yield
any indication of de-saturation in the rock. On the
contrary, many psychrometer readings showed an
increase of saturation in the rock, from the initial sit-
uation of partial de-saturation (the drift was dried
during the installation operation). In the same way,
the readings from TDRs in granite, which were rein-
terpreted manually after the partial dismantling,
showed an increase in the water content of the rock.

4.5.4.3. Total pressure

There were certain doubts as to the absolute values
of the data provided by these sensors from the start
of the test. In fact, the recalibration carried out on
some of them after the partial dismantling operation
made it possible to apply an offset correction to
their data sets.

Regardless of the above, the general trend of total
pressure developed within the buffer may be seen in
Figure 4.37. Following, in some cases, an initial pe-
riod during which negative readings were obtained,
probably due to an installation problem, the pres-
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Figure 4.37: Evolution of total pressure in the buffer during the first operational phase.
increased continuously throughout the first op-
nal phase, in parallel with the general in-
e of the degree of saturation observed in the
.

ighest pressures were observed at the benton-
ck interface, and normally at the bottom part,
ing peak values over 5 MPa at the end of the
perational phase. Values in this range were
bserved at the drift roof in section E2 and at

ner side of the concrete plug (Figure 4.37). At
ift end and the inner side of the concrete plug,
points reached some 3 MPa. Lower values, in
nge of 2 MPa, were measured at the surface
liner, although this might be explained by the

effect of the ring of dry blocks in contact with
ater.

ells installed within the rock mass, in boreholes
and SG2, showed a general trend of increas-
tal pressures, with some fluctuations, reaching
values in the range of up to 5.6 MPa. The
tion was, however, very different depending on
ecific location and orientation of each cell.

4.5.4.4. Other parameters

Pore pressure in bentonite

In general, these sensors provided very low read-
ings. Some positive pore pressure values, in the
range of 0.4 MPa, were observed at those parts of
the buffer having a higher degree of saturation,
such as for instance the outer ring of blocks on the
right-hand side.

Hydraulic pressure in the rock

The hydraulic pressures measured in the radial
boreholes during the first operational phase showed
a general trend of gradual but steady recovery of
water heads in the rock mass, with some fluctuations
in some boreholes.

In the boreholes located outside the drift (BOUS 1 and
2, FBX 1 and 2), no significant variations were ob-
served in general, and the pressure levels remained
quite stable throughout the period, apart from one
temporary drop, probably due to valve misuse.



A hydrotesting campaign and a water sampling cam-
paign were carried out during the first operational
phase, their effects being registered as fast pressure
drops and recoveries in the affected intervals.

Displacements

A number of instruments were introduced in the sys-
tem to monitor different kinds of displacements within
the buffer [29] and [32].

Heater displacements. For those measurements, nine
high sensitivity linear displacement transducers were
used; they were fixed at one end to the rock and at
the other end to the liner. The sensors provided indi-
cations of movements in the range of several mm in
different directions during this operational phase, but
the confidence on the readings obtained from these
sensors was poor. Finally, the readings did not match
with the measures taken during partial dismantling,
and the displacement transducers removed were
found to be severely damaged by corrosion.

Crackmeter. This was a set of three highly sensitive
displacement sensors installed over a fracture in the
gallery wall in section F2. In principle they allowed
opening, shearing and reject movements of the
crack to be measured, but they failed in an early
stage of the first operational phase due to flooding
of the electronics with water. The data recorded be-
fore the failure showed significant values of dis-
placement, which reached a relative magnitude of
two millimetres.

Clinometer. This was a set of six twin-axis capacitive
transducers assembled inside steel cylinders, and in-
stalled horizontally and vertically at the front end of
Heater #1. In principle they allowed rotation along
the cylinder axis and around its centre of gravity to
be measured, but they failed along with the
crackmeter. The measurements taken by the clino-
meters inside the bentonite blocks prior to failure
showed very small dip angle values, of less than 0.5
degrees during the 150 first days. This value corre-
sponded to a differential displacement of about one
millimetre.

Extensometers. Two extensometers were installed in
horizontal and vertical positions at the front end of
Heater #1. Each extensometer consisted of three
resistive transducers allowing individual bentonite
block displacements to be measured in relation to
the gallery wall. The extensometers failed along with
the crackmeter and clinometer. The readings re-
corded prior to failure showed that the displace-
ments in the horizontal position were greater than

the vertical ones, of the order of 20 mm. The trends
detected pointed to a swelling of the external blocks
(close to the wall) due to hydration, shrinkage of the
inner blocks (close to the heater) due to drying, and
minor variations of the intermediate blocks, in good
correlation with the readings from floating displace-
ment transducers and also with the variation of the
water content of the intermediate blocks.

Gas generation, release and migration

Sampling and analysis of gases in the “in situ” test,
performed by GRS [28], started in December 1996,
almost three months prior to switching on of the elec-
trical heaters, and was continued until June 1999 al-
most monthly. The main result concerns hydrogen
concentrations resulting from corrosion of metallic
components, which were observed before the start of
the heating. These decreased after switching on of
the heaters, this indicating that the hydrogen already
present might have escaped through the non-gastight
concrete plug. Afterwards, the concentration in-
creased again, pointing to a continuation of the cor-
rosion processes, as was finally observed in the me-
tallic components located at the most humid parts of
the barrier during partial dismantling.

Posterior increases and decreases in the hydrogen
concentration, detected in the measurements taken
between 2000 and 2002, might have been caused
by variations both in the level of activities carried out
within the service area of the drift and in the ventila-
tion regime, given the non-gas tightness of the plug.

The investigation also indicated that the draining
pipes located close to the rock walls were flooded,
while those in the intermediate ring of the barrier and
in contact with the liner were filled with gas at atmo-
spheric pressure. This was checked again during par-
tial dismantling: those pipes close to the rock were
found to have been crushed by the bentonite swelling
force, while the rest maintained their integrity.

4.5.5. Performance of components

According to the historical records of the test, the
behaviour of the heating system and of the DAS
during the first operational phase was excellent and
only some irrelevant failures were registered.

The data collected from the sensors throughout this
period allowed for the creation of a large database,
which was used to validate the modelling codes.
The results were very positive, with a good correla-
tion between the model predictions and real data.
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Most of the sensors passed well beyond their expected
operational lifetime. By March 2002, before the par-
tial dismantling of the tests, more than 85 % of the
sensors remained operative, after more than 5 years
of operation. At that time it was possible to make a
qualitative assessment of sensor performance:

a) Temperature sensors (thermocouples): the data
obtained seemed to be accurate when com-
pared with measurements from temperature
sensors incorporated in other instruments and
with the expected evolution provided by the
models.

b) Humidity (capacitive type, psychrometers and
TDRs): Capacitive type sensors provided very
valuable data and in general, the readings
provided by each sensor type matched quite
well with the others and also with the predic-
tion from the models.

The psychrometers signals in bentonite became
difficult to interpret and only some of them at
the outer buffer ring reached the measurement
range (above 95 % RH). The psychrometers in
the granite gave reasonable readings (very low
suction).

The readings from the TDRs installed in the
buffer were good, although these sensors pro-
vided an integrated measurement. The perfor-
mance of the TDRs installed in granite was not
so accurate, as they were operating at the
limit of their resolution.

c) Vibrating wire sensors: the rest of the instru-
ments were mostly vibrating wire type. These
sensors were used to measure pore pressure
in the bentonite, total pressure in the benton-
ite, at the rock interface or in boreholes (also
called 3D cells), displacements in rock (exten-
someters), heater displacements and displace-
ment in bentonite blocks.

In general, their behaviour was as good as ex-
pected, that is: high accuracy, long-term stabil-
ity, reduced temperature drift and no hysteresis.
The only difficulty came from the weakness of
the embedded thermistor, which failed in some
cases. That thermistor was used for tempera-
ture compensation of the vibrating wire signal.
Fortunately in all events it was possible to sub-
stitute that temperature with the reading from
another temperature sensor (thermocouple) lo-
cated sufficiently close by.

d) Hydraulic pressure in rock boreholes: internal
packer pressures and borehole interval pres-
sures were measured by means of conventional
pressure transducers installed outside the
sealed area, at the end of nylon type plastic
tubes. These sensors worked under standard
conditions and could be checked or replaced if
necessary, as was the case with some of them.

e) 100 % of the LVDT type clinometers and poten-
tiometers for displacement between the benton-
ite barrier (also called experimental sensors)
failed due to some of them being completely
flooded up to the associated electronics.

4.5.6. Comments and observations
on the first operational phase

The first operational phase lasted exactly five years,
from the switching-on of both heaters, on 28 Febru-
ary 1997, to the switching-off of Heater #1 on 28
February 2002. During this period the test ran in a
continuous mode, with no significant interruptions,
and the information provided by the installed instru-
ments was collected, creating a large experimental
database. Only 12 % of the installed sensors failed
during the first operational phase. In fact, the good
performance of the system components was one of
the reasons supporting the decision to extend the
operational phase of the test.

In relation to the evolution of the test itself, a num-
ber of observations were extracted at this point from
the sensor readings (see Section 4.5.4):

� The temperature field was not yet stabilised af-
ter five years of heating, except for zones very
close to the heaters.

� The hydration of the buffer was in progress at
all points at the end of the period, even in
zones in contact with the heater, which had
showed a drying process during an initial pe-
riod lasting about 200 days. Apparently, satu-
ration was being reached only in zones close to
the rock, and seemed to be faster in the bot-
tom part.

� Total pressures increased in general through-
out the test, especially at the rock-bentonite
contact, and more quickly in the bottom part,
this being in accordance with the observations
from the humidity sensors.

� The important differences in humidity values
observed from the very beginning between
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points located relatively close each other con-
firmed that all the construction gaps and cable
channels sealed very soon.

� This saturation pattern was quite uniform
throughout the entire test, with no relevant dif-
ferences between zones of the drift that were
initially considered as being more humid or
more dry, this indicating that the hydration pro-
cess was being controlled by the bentonite it-
self. No signs of de-saturation were observed
in the rock mass close to the buffer.

4.6. Partial dismantling

4.6.1. Concept

The partial dismantling extended from 28 February
2002 to 26 July 2002. These dates correspond to
the switching off of Heater #1, and the end of the
construction of the first part of the shotcrete plug.

The works consisted basically of removing one of
the heaters, leaving the other in operation for an as
yet undefined period. They were initially planned for
the summer of 2001, but an apparent divergence
was observed in the “mock-up” test between the
model predictions and certain measured parame-
ters, such as water intake, humidity, and total pres-
sure. The works were postponed for one year in or-
der to study this problem and to compare the evolu-
tion of the “mock-up” with that of the “in situ” test,
and also to check whether if the “in situ” test were
left for a longer period it would behave in the same
manner. The partial dismantling took place in the
summer of 2002.

The design and planning of the partial dismantling
was conditioned by three basic objectives:

1. To carry out an intensive sampling programme
in the test components (bentonite, rock, metals,
instruments, etc) located in the area of Heater
# 1. Samples should be taken with minimum
alterations.

2. To perform a canister retrieval exercise in such a
way that information be provided on the poten-
tial technological problems that may be found in
an operation of this kind in the real case.

3. To re-construct the test, with the necessary
amendments and improvements, in order to
continue the heating and hydration phase with
the second heater over a longer timescale.

During dismantling, a large number of samples
from different materials (rock, concrete, bentonite,
water, chemical tracers and metals) were taken for
analysis. The detailed design and planning of the
partial dismantling was undertaken by AITEMIN in
close cooperation with all the partners, and espe-
cially with NAGRA. As result, by March 2001 an ini-
tial version of a Sampling Plan [40] was issued, de-
scribing the samples to be taken during the disman-
tling and the procedures to be adhered to. Similarly,
a document entitled “Sample Identification and
Control within the FEBEX Project” [41] was pro-
duced, the aim of which was to simplify and provide
a uniform sample labelling procedure throughout
the entire project.

The initial plan was to remove the buffer and all
components up to a distance of one metre from
Heater #2 (Section G in Figure 4.3). However, and
in view of the risk of disturbing the non-dismantled
area, it was finally decided to leave one additional
metre of buffer, as a result of which the dismantling
was carried out up to the longitudinal coordinate x
= 7.882 (Figure 4.38). A dummy steel cylinder with
a length of one metre was inserted in the void left by
Heater #1 in the centre of the buffer. Some new
sensors were installed in that one additional metre
of bentonite buffer.

New instruments were installed in the remaining part
of the test, in order to increase the density of mea-
surements in the buffer, and also to extend the life
expectancy of the instrumentation system. These
sensors were introduced in boreholes drilled in the
buffer parallel to the drift.

To simplify this activity, the new concrete plug was
constructed in two phases: An initial temporary plug
measuring just one metre in length, which was built
immediately after dismantling, and a second section
to complete the plug length to the three metres
planned in the design of the test. Unlike the first
plug, the new one was a parallel plug, without keys
excavated in the rock, and was constructed by shot-
creting.

The configuration of the test, after completing the
dismantling operation and construction of the full
plug length, is shown in Figure 4.38.

4.6.2. Overall sequence of activities

Very schematically, the sequence of the main opera-
tions carried out during the partial dismantling oper-
ation was as follows:
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Figure 4.38: “In situ” test configuration after dismantling of Heater #1.
Preliminary tests

Due to a lack of experience regarding some
aspects of the planned operations, a number
of tests were carried out during a preliminary
phase in order to provide inputs for the design
of the operation and to minimise the risks in-
volved to the extent possible. The most rele-
vant tests were the following:

� Cable dismantling tests, focused on the
problem of dismantling without damaging
the instrumentation cables, which were
grouted and embedded in resin into the tu-
bes crossing the plug.

� Bentonite sampling tests, intended to de-
termine adequate sampling procedures for
the bentonite, at different degrees of satu-
ration.

� Bentonite mass extraction tests, necessary
to identify the most operative procedures
for removal of the bentonite buffer and to
estimate dismantling times.

� Shotcreting tests, to assess the feasibility of
constructing a shotcrete plug and obtain
parameters for its design.

b) Preparatory works

A number of works were carried out prior to
the dismantling operation itself, the most im-
portant being:

� Removal of all electrical and electronic
systems installed in the FEBEX drift, which
were moved to a nearby location so as to
clear the drift for the dismantling.

� Installation of a new drift hauling system,
including a new winch and transport and
handling vehicles.

� Upgrading of the DAS.

These works are described in more detail in
Section 4.6.3.

c) Dismantling

The dismantling itself was carried out accord-
ing to the following sequence:

1. Switching off of Heater #1, one month in
advance of plug demolition

2. Rock sampling in the service area

3. Demolition of the concrete plug (sampling)



4. Removal of bentonite up to the front of the
Heater # 1 (sampling)

5. Extraction of Heater #1

6. Removal of liner and bentonite buffer up
to the target point (sampling)

7. Insertion of a one-metre dummy steel cyl-
inder in the central hole

8. Installation of part of the new instruments

9. Construction of the first section of the shot-
crete plug

10. Installation of additional instruments in the
buffer

11. Completion of the shotcrete plug to a total
length of three metres

4.6.3. Preparatory works

Removal of electrical and electronic systems

Previous to any other operation, some of the larger
electrical and electronic systems in the service area
of the FEBEX drift were disconnected, removed,
transported to a new area at the main entrance of
the GTS and reconnected, in order to provide suffi-
cient room for the dismantling operation in the drift.
This included computers, data acquisition systems,
UPS and heater power regulation units.

This was done from February to May 2001, during
the first operational phase. The operation was car-
ried out in such way that both the period of power
interruption and of data loss between disconnection
and reconnection of the sensor cables were mini-
mised.

Installation of handling and transport equipment

New equipment was required for the handling and
transport of components during dismantling. This in-
cluded a new vehicle required to extract the heater
from the deposition hole, a side dump wagon to
transport concrete and bentonite outside the drift
and a new winch to be installed on the concrete
platform outside the drift. This equipment was trans-
ported to the GTS and installed at the FEBEX drift in
autumn 2001.

New hauling system. The main difference with re-
spect to the system used during installation is that in
this case the new winch had fully independent
drums for each direction of movement, with sepa-
rate electric drives and braking system electronically

regulated in order to compensate the tension and
speed in both cable lines (pull/release). The pulling
cable was also renewed and a number of additional
track sections were taken to the GTS, as they were
required to extend the track system during disman-
tling.

Side dump car. This was designed and constructed
to transport the bentonite and the concrete debris
along the drift. It was equipped with a bucket with
an approximate capacity of 1 m3 that could turn on
one side so as to discharge the material along a
ramp fixed to the concrete platform outside the drift.

Reconfiguration and upgrading of the DAS

The DAS had to be reconfigured for the specific
conditions of the second operational phase (single
heater, new distribution of sensor interfaces and re-
duced number of instruments, but longer cable dis-
tances). This required certain modifications to be
made to its structure, adding new components and/
or changing the previous configuration of the system
and upgrading the obsolete ones.

This was done in autumn 2001. The main works
carried out were:

� The main data-logging unit of the test (IMC)
was divided in several parts to simplify the ca-
bling of sensors, using the IMC distributed bus
capability.

� The two control computers were completely re-
newed and the software packages were up-
graded.

� An additional computer was included for dem-
onstration purposes. This computer was linked
with the control system, but could be operated
by non-skilled personnel, such that the status of
the test at every moment might be easily dem-
onstrated to GTS visitors.

� A local network linked the two control comput-
ers and the third one for GTS visitors.

4.6.4. Sampling

4.6.4.1. Design and objectives

The sampling and analysis (see Section 5) of the area
around Heater #1 was aimed at several objectives:

� To assess the behaviour and current state of
the different elements in the “in situ” test after
five years of heating and hydration, and to fur-
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ther understand the processes that took place
within.

� To evaluate the reliability of the data obtained
from the instrumentation by calibrating the re-
trieved sensors, and to compare these data
with the observations made from the samples
taken. The assessment of the data will ultima-
tely serve for comparison with the model pre-
dictions.

� To confirm the expected behaviour of the bar-
rier under heating and hydraulic load.

� To study the corrosion processes in the cap-
sule, liner, “ad hoc” coupons and sensors.

Different analyses, requiring specific samples to be
collected, were proposed by the participants in the
project in order to achieve those objectives. All the
sampling requirements were put together and com-
bined into an intensive and coherent Sampling Plan
[40], which was agreed to by all the participants.
This plan included sampling protocols to be fulfilled
for each type of sample, with precise indications re-
garding the type of collection.

The plan was organised in 32 sampling sections
perpendicular to the gallery axis, and located in the

service area, the concrete plug and the zone of the
barrier to be dismantled. A layout of the gallery with
all the sampling sections and the purpose of the
samples included in each may be seen in Figure
4.39.

Samples from diverse materials were collected with
the following purposes:

� Concrete cores were extracted from the shear
stress zone and from the interfaces with ben-
tonite and with rock, in order to study the me-
chanical behaviour of the material and the po-
tential alterations undergone.

� Bentonite samples of different shapes, from
blocks to cores of various diameters and
lengths, were taken to analyse the physical and
chemical changes experienced, the chemical
evolution of the bentonite porewater and the
flow paths of the different types of chemical
tracers that were installed during the installa-
tion phase (glass ampoules, tracer coupons
and doped filter papers), and also to calibrate
some of the sensors installed in the barrier
(TDR), according to the measurements made
during the dismantling (water content).
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� Rock cores were collected to analyse the evolu-
tion of the physical, mechanical, hydraulic and
geochemical properties of the granite and lam-
prophyre in contact with the clay barrier, with
particular reference to the EDZ.

� Heater #1, liner sections and the corrosion
coupons placed during the installation were
collected as metal samples to analyse the dif-
ferent corrosion processes occurred.

� All the accessible instrumentation within the
dismantled barrier was collected to perform
different analyses and recalibrations, in order
both to assess the reliability of the data stored
throughout the first operational phase and
analyse the causes of the failures.

An appropriate labelling procedure was necessary
to identify each sample by its material, shape and
location. Except for the sensors removed, which
maintained their original labelling as sample code,
each sample collected was identified by a code of
the type:

T-Y-NN-ZZ

where

T: Code of material:
B (bentonite), C (concrete), R (rock), M (metal),
or a combination of two (C/R, C/B)

Y: Sample shape:
H (heater), L (liner), B (block), T (rock core), S
(any other shape including core except for
rock)

NN: Sampling section number:
S0 to S31

ZZ: Correlative sample number for same type of
samples in each section

4.6.4.2. Sampling works

The sampling work started in the service area on 2
April 2002, with the extraction of granite cores per-
pendicular to the gallery axis as blank samples for
comparison with rock affected by the test.

At the concrete plug, concrete and concrete/rock
cores were extracted using the same technique at
the foreseen sections as the demolition operation
progressed. Before finishing dismantling of the plug,
cores from the concrete/bentonite interface were ex-

tracted. The instruments installed on both sides of
the plug were also collected. This sampling was
completed on 28 May 2002, when the plug demoli-
tion was finished.

The sampling of the clay barrier was carried out
subsequently. Each section had been assigned to a
bentonite slice of interest, so that one section per
day was sampled after removing the bentonite slices
previous to the assigned one. Cores of several di-
ameters were extracted from all parts of the barrier
(Figure 4.40). Many of these cores were analysed
“in situ” immediately following extraction, in order
to obtain a profile of the actual water content and
dry density of the barrier at the moment of the dis-
mantling. The rest of the cores, as well as complete
bentonite blocks and other types of samples, were
packed immediately after collection according to
the established procedures, and sent to the involved
participants for laboratory analysis. Rock cores from
granite and lamprophyre were also extracted, after
the gallery was cleared from bentonite.

In those sampling sections corresponding to instru-
mented sections all the accessible sensors were re-
moved and packed.

The complexity of the sampling may be observed in
Figure 4.40, which shows the sampling plan for a
given section and the bentonite slice after the sam-
pling was completed.

The sampling plan was fully accomplished with mi-
nor modifications decided in agreement with the in-
volved partners. Several remarks may be made in
relation to the work:

� The sampling section at the concrete/bentonite
interface had to be reconfigured in order to
avoid the mercury spilled by two damaged to-
tal pressure cells (see Section 4.6.5.2).

� The sensors and their cables were found to be
in good contact with the bentonite and those
close to the rock walls were highly pressed to-
wards the rock. Some of them were found to
be damaged due to this pressure, and also
with rust build up in some cases. No noticeable
changes in sensor positions were found.

� Some of the sensors in the bentonite were
found to be severely corroded, especially at the
front end of Heater #1 (Figure 4.41). Subse-
quent analysis showed that this corrosion had
been produced by sulforeducing bacteria (see
Section 5.4).
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Figure 4.40: Example of sampling section plan and its appearance upon completion.
The ceramic gas flow pipes at the benton-
ite/rock interface, as well as the gas pressure
sensor, were found to be broken and squashed
by the pressure of the bentonite. The pipes at
the heater surface were broken only in large
fragments, and those protected in metallic
tubes remained intact.

4.10 contains a breakdown of all the col-
d samples, by materials and zones.

4.6.4.3. Quality assurance and quality control

The entire activity was carried out under a Quality
Assurance Programme supervised and approved by
the FEBEX Project Quality Assurance service.

All the sampling was adequately documented: logs
were produced for each section sampled and for
each sample collected, containing all the relevant
information. In addition, quality records containing
Table 10
Breakdown of samples

Zone Section Rock Concrete Bentonite Sensors Metal Subtotal

Service area S0 10 10

Concrete plug S1 – S7 56 15 23 94

Clay barrier S8 – S31 23 623 141 6 793

TOTAL 33 56 638 164 6 897
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Figure 4.41: Corrosion effects in a linear displacement transducer at the front end of Heater #1.
results from the “in situ” analysis carried out
produced.

temperature and humidity conditions of both
allery and the sample storage area were mea-
and registered throughout the works.

lly, all the relevant aspects of the works per-
ed were graphically documented with digital
os and video.

5. Dismantling of concrete plug
and buffer

5.1. Switch-off of Heater #1

ughout the first operational phase of the pro-
the temperature at the liner/bentonite interface
maintained at 100 ºC. One of the main con-
ts of the dismantling works was the intention to

mise the effect of such works in the part of the

test that was to remain in place. Therefore, it was
decided to perform the dismantling keeping Heater
#2 in operation at all times.

Temperatures in the area affected by the disman-
tling had to be reduced to a level compatible with
manual work, in the range of 25 ºC to 30 ºC.
Therefore, in accordance with the results obtained
from the modelling of several cooling options, the
power of Heater #1 was switched off on 28 Febru-
ary 2002, one month before the start of the disman-
tling works.

4.6.5.2. Dismantling of concrete plug

The demolition of the plug was carried out with a hy-
draulic splitter. This method was selected instead of
blasting so as to minimise the risk of damaging the
instrument cables passing via tubes through the plug,
and also to disturb the system as little as possible.
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Figure 4.42: Intermediate phase of plug demolition.
starting the concrete breaking, a first borehole
rilled up to the bentonite for pressure release.
as or water outbursts were observed. Figure
shows the plug at an intermediate phase of de-
n.

otal pressure cells located at the contact with
ntonite were damaged during the final stage
demolition. Part of the mercury contained in
was spilled, so a mercury decontamination
ss was required. Special measures were taken
id damaging the remaining cells at that inter-
and also to control the mercury content in the
g environment until the demolition was com-
on 28 May 2002.

l of 11 m3 (26.5 t) of concrete was removed.
ws of water were observed coming from the

nite or from the rock. The concrete presented
mogeneous and dry appearance, with no

and few pores. Two constructive joints could
served, corresponding to the three sections
hich the plug construction was divided (section
). No special weakness was observed at those
even in the cores that crossed them.

4.6.5.3. Dismantling of buffer

Dismantling up to Heater #1

The first task carried out after the removal of the
plug was a long drilling test. The aim was to assess
the feasibility of drilling horizontal boreholes of up
to 8 m in length into the non-dismantled buffer with-
out significant deviations. These boreholes would be
needed to insert new sensors and gas pipes into the
barrier with a view to the second operational phase.
The test was successful.

The dismantling works performed from this point on
were carried out as quickly as possible in order to
reduce the potential changes in the sampled materi-
als, but without jeopardising the quality of the col-
lected samples. The ventilation in the working area
was limited, to avoid excessive evaporation of the
water contained in the bentonite.

During the first stage, until reaching the heater front,
approximately 4.3 metres of buffer were removed.
All the bentonite slices were dismantled one by one
by hand (Figure 4.43).

The bentonite not required for analysis was trans-
ported along the drift using the side dump wagon
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Figure 4.43: Dismantling of bentonite slice.
ribed in Section 4.6.3. up to a large container
de the drift. When filled up, this container was
ported by truck to an authorised dumpsite in
rea. About 54 t of bentonite were dumped dur-
he entire dismantling process.

actual x coordinates from each bentonite slice,
to the left and right walls, were registered by

ns of two laser meters located at the x=0 coor-
te. Also, each bentonite slice was graphically
mented.

antling in the heater zone

the extraction of Heater #1, the buffer disman-
continued up to the planned final position, that
o metres ahead of Heater #2. During this part
e works, approximately 3.5 m of buffer length
dismantled. As in the case of the previous part,
lices were dismantled one by one by hand, but
to the space constraint, this part was more diffi-
to complete (Figure 4.44). Three and a half
ons of liner were removed during this part of
ismantling.

r the previous buffer dismantling, the x local
dinate for each bentonite slice was registered at

both sides of the gallery, and each slice was also
graphically documented.

Observations

The following observations from the dismantling
have been made:

� The measured x coordinates were some centi-
metres smaller than the ones taken during the
construction phase. Small longitudinal grooves
in the direction of the gallery axis could be ob-
served on the bentonite surfaces in contact with
the rock. All these observations might suggest
a displacement or expansion of the buffer, at
least at its exposed part, towards the drift entry.

� In general, no free water was observed at the
bentonite/rock interface, or in the exposed rock,
except for a local water inflow located at the
right-hand side of the large lamprophyre dyke.

� The bentonite showed a solid appearance,
even in the area close to the rock. No mud or
gel was found. The blocks seemed to be quite
dry in the centre, producing dust when drilled,
and more humid in the outer ring, with a no-
ticeably darker colour (Figure 4.45).
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Figure 4.44: Dismantling works in the heater section.
Figure 4.45: Appearance of the same bentonite slice during construction (left) and before dismantling (right).



� All the construction gaps were completely
closed, including the 4-5 cm gap in the top of
the buffer and the different gaps between
blocks, around cable channels, and around
sensors (Figure 4.45).

� The boundaries of the blocks were clearly visi-
ble, except for some joints between those of
the outer ring, which were difficult to observe in
some parts. In any case, even in these zones
the blocks could be separated at the joints and
showed considerable mechanical integrity.

� Deformation could be appreciated in all the
liner sections: The horizontal diameter was
about 5 mm less than the nominal, and the
vertical diameter was about 10 mm in excess
of it. This was an elastic deformation that dis-
appeared when the surrounding bentonite was
removed.

� All welding cords between liner sections, about
10 cm long, were found to be broken. The
liner sections themselves showed a separation
of between 5 mm and 10 mm. The oxidation
at the breaking surface of the welding cord
suggested that the break was not recent.

4.6.6. Heater retrieval

4.6.6.1. Equipment

Design criteria

The equipment used for the extraction and handling
of Heater #1 was designed and constructed specifi-
cally for this task. Many structures and components
of the equipment used in 1996 for the test installa-
tion were used again [42], albeit with important
modifications. The main modifications refer to the
replacement of the hauling winch located on the
concrete platform outside the drift for a new unit,
and to the re-engineering of the heater car so as to
adapt it for the extraction.

When designing the extraction system, a number of
potential problems that might occur during the ex-
traction were considered:

� The cross-sectional position of the heater might
have changed due to differential swelling of the
bentonite buffer.

The vertical displacement transducers fixed to
the liner had showed an apparent sinking of
about 10 mm, but the reliability of these read-
ings was doubtful [43]. On the other hand, ac-

cording to the signals provided throughout the
operational phase by the humidity sensors and
the total pressures against the rock, it was con-
sidered that the movement, if any, would most
probably be upwards, with a maximum dis-
placement of the order of the construction
gaps existing at the top of the buffer (around 5
cm). It was therefore decided to provide a
height adjustment capability in that range for
the heater extraction equipment. For larger dis-
placements it might also be possible to adjust
the position and height of the track system.

� The corrosion of the heater and liner might re-
quire a large pulling force to separate them.

Only limited corrosion was expected, as the hu-
midity in the inner part of the buffer had been
rather low throughout the entire operational
phase. On the other hand, additional problems
might be caused by bentonite parts entering into
the perforated liner. The potential risk of the
liner being deformed by the swelling pressure of
the bentonite was not considered, since the
pressure values recorded at the liner contact
were relatively low (0.4 MPa). In any case, it
was decided to construct a robust extraction sys-
tem with a pulling capacity of 15 t, which
should be sufficient to cope with this kind of
problem (the total weight of the heater is 11 t).

A description of the main characteristics of this
equipment is given in the following sections.

Heater retrieval car

The machine used for extraction of the heater from
the deposition hole and for its transport along the
drift was based on the same piece of equipment that
was used for emplacement (see Section 4.4.3),
which was modified for this new task. The modifica-
tions included replacement of the originally installed
pushing mechanism for a new system, prepared in
this case for pulling from the heater, and the intro-
duction of some capability to adjust the height of
the machine, as mentioned above.

A schematic view of the modified equipment is
shown in Figure 4.46. The chassis, which was basi-
cally the same one that was used for the emplace-
ment, was modified in the bogies zone, in order to
incorporate the possibility of regulating the height of
the rolling bed base line. Instead of having a fixed
connection, the link between the bogies and the
chassis consisted of a series of studs (16 in total)
that provided a height variation capability of ap-
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Figure 4.46: Schematic diagram of the heater extraction equipment.
ximately ± 25 mm, in relation to the original ref-
ce level. Also the clamps used to fix the vehicle

he tracks were made more robust, in order to
orb the potential reaction forces that might have
n generated during the extraction.

pulling system was simple and robust, and was
ed on a hydraulic winch installed on board the
icle that pulled the heater using a steel rope and
turn pulley (Figure 4.46 and Figure 4.47). The
rn pulley was attached to the heater by means of
M20 bolts, using the four threaded holes al-
y existing at the bottom part of the heater front

er, and the winch pulled it using a steel rope
at the other end to the main chassis.

hydraulic power group, which was also installed
board the vehicle, allowed for continuous regu-
n of the pulling force of the winch, such that it
possible to adjust it to the minimum value re-

ed to extract the heater. A tensile load sensor

was installed at the rope attachment point in order
to measure this force.

The main characteristics of the heater extraction ve-
hicle are shown in Table 4.11.

4.6.6.2. Heater extraction

The extraction of Heater #1 took place on 19 June
2002, and was carried out without any specific
problem.

The heater appeared to be dry and with little corro-
sion. Surfaces ground during installation still ap-
peared to be bright, and only some red dust cov-
ered the body of the heater, together with particles
of bentonite fallen from the buffer on top of it. In the
lower sector, the bentonite had penetrated the liner
perforations and was clearly visible from the inner
part of the liner.

The liner did not show any relevant corrosion dam-
age. No significant differences were found as re-
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Figure 4.47: Heater extraction vehicle. The heater attachment plate is visible on top of the front rollers.
s the position of the liner (and heater), the dis-
to the rock floor being basically the same as

ded during installation.

r these conditions, no special difficulties were
ified for extraction of the heater, so the last
ent of tracks, reaching up to the bentonite

, was installed, levelled to the reference posi-
and fixed to the rock floor with spit bolts. The
t of the heater extraction car was adjusted to
ominal level, and it was then introduced into
rift and taken to its position in front of the de-

position hole. Once in position, it was fixed to the
tracks using the clamp located at the rear part (Fig-
ure 4.46).

The return pulley of the pulling system was fixed to
the front cover of the heater by means of screws. To
increase the safety of the attachment, the end plate
of the return pulley assembly was welded at some
points to the front cover of the heater.

Once the return pulley assembly was safely fixed, the
pulling system was put into operation and the heater
Table 4.11
Main characteristics of the heater extraction equipment

Length 4720 mm

Wide 1110 mm

Pulling force (max.) 15000 Kg

Pulling cable diameter 20 mm

Pulling cable speed 0.01 m/s

Electrical power 11 KW
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was extracted without problems (Figure 4.48). The
peak pulling force recorded was about 2 t at the mo-
ment of mobilisation, but decreased later to about 1 t
during the rest of the extraction.

4.6.7. Additional instrumentation

In order to improve the amount of information to be
collected during the second operational phase, it
was decided to install some new additional sensors
in the buffer front before the construction of the first
part of the plug, and subsequently install through
this part of the plug more instrumentation and new
gas pipes within the buffer.

The location of all the boreholes to be drilled into
the buffer was carefully chosen to avoid damaging
the existing sensors. A projection of all the existing
sensors in the remaining test zone and the position
of the new instruments may be seen in Figure 4.49.

A list of all the additional instrumentation installed,
including the sensors installed in the new plug (see
Section 4.6.8.4) and the gas collection pipes, is
given in Table 4.12. A brief description of the instal-

lation of sensors in the barrier is given in the follow-
ing sections.

4.6.7.1. New instrumentation in the buffer front

The first step of this task was carried out immedi-
ately after the dismantling of the last slice of benton-
ite buffer, before spraying the shotcrete onto it.
Three relative humidity sensors were placed in the
buffer at half a metre from the new plug, and two
total pressure sensors were installed at the benton-
ite/plug interface (Figure 4.49). Another total pres-
sure sensor was installed at the rear end of the void
left by Heater #1.

4.6.7.2. Dummy insertion

Immediately after inserting the total pressure sensor,
the void was filled with the dummy canister. This was
a one-metre long carbon steel dummy cylinder with
the same diameter as the heater, designed to sup-
port a maximum swelling pressure of 8 MPa. After
the insertion, a thin steel plate was welded to the
liner to prevent the ingress of shotcrete during con-
struction of the new plug.

FEBEX Project. Updated Final Report. 1994-2004
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Figure 4.48: Heater extraction.
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Table 4.12
Additional sensors installed

Sensor
code

Variable
(or instrument)

Type of sensor
Designation of area (*) Total

B S H A

T Temperature Thermocouple 1 8 9

P Total pressure Vibrating wire 4 9 13

WC Water content Capacitive 21 21

SP Plug displacement LVDT 4 4

GF Gas flow Manual measure 6 6

WS Water sampling Filter 18 18

TOTALS 9 62 71

(*) B: granite or concrete; S: instrumented section in bentonite; H: heater; A: service zone
4.50 shows the final appearance of the ben-
front with the new instrumentation and the

id welded to the liner.

.3. Gas injection/collection pipes

the first part of the new plug was constructed,
new gas injection and collection pipes were
ed in the buffer, in April 2003. Unlike those of
rst operational phase, which were ceramic,
were plastic pipes featuring two stainless steel

ed filters, one of them measuring three metres
gth and another shorter one at the end of the
They were inserted in boreholes drilled across
st part of the plug and into the buffer parallel
drift axis, so that the long filter remained cen-
ith Heater #2, as shown in Figure 4.51.

ess steel tubing runs from the filters to the
panel in the service area, for gas extraction
jection [44].

.4. New instrumentation within the buffer

ing the installation of the gas pipes, the rest of
strumentation was installed. This instrumenta-
onsisted of 18 relative humidity sensors, 8 total
re sensors and 8 thermocouples, as well as 18
sampling devices, all of them installed in plastic
and again inserted into boreholes drilled paral-
the drift axis across the first part of the plug and

into the bentonite buffer, up to the central point of
Heater #2 (instrumented section F2).

Pipes with total pressure sensors and thermocouples
were installed in the inner and intermediate benton-
ite rings, while those including relative humidity sen-
sors and water sampling devices were installed in
the three rings (Figure 4.49 and Figure 4.52). These
devices (filters in contact with the bentonite) were
connected to a valve panel in the service area by
means of plastic tubing, in order to allow water
sampling for chemical analysis at any time during
the second operational phase.

4.6.8. Shotcrete plug

4.6.8.1. Plug design and construction phases

The concrete plug used for the confinement of the
remaining part of the FEBEX “in situ” test was de-
signed as a parallel plug, without keys or anchors in
the rock, constructed by the shotcreting technique.
The justification of this design, the preliminary tests
carried out, and the mechanical model of this type
of solution, are described in [45].

The basic design of the plug is shown in Figure
4.53. It was constructed in two stages: a first section
with a thickness of one metre, and a second of two
metres, up to a total width of three metres. The first
section served as a temporary plug during the pe-
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Figure 4.49: Projection of all sensors already existing in the buffer.
Figure 4.50: New instrumentation on the bentonite front and steel lid welded to the liner, before the shotcreting of the plug.
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(D

Figure 4.51: Structure of pipes for gas injection and collection (only one pipe is represented).
(D

Figure 4.52: Locations for new sensors installed in the buffer (only one pipe of each type is represented).
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Figure 4.53: Design of the new shotcrete plug for FEBEX.
equired to prepare the cable connection boxes
the new instruments to be installed in the re-
ing part of the buffer.

.2. Construction of first plug section

first section of the shotcrete plug was con-
ed in two days, on 23-24 July 2002. The con-
ion was performed according to the specifica-
70-AIT-H-6-03_Rev.2 [46], with some minor
fications that are discussed below.

ormulation of the material used for shotcreting
wn in Table 4.13. This mix was prepared at
ies Brienz AG in Brienz, and transported to the

X site in concrete mixer trucks. The concrete
applied using a wet shotcreting pump located

entrance of the FEBEX area, the total pump-
ngth being approximately 80 m.

nitial plan was to build a total of four shotcrete
s with a thickness of about 25 cm each, mak-

o layers per day, with a delay of about four
between each. However a number of prob-

appeared during the shotcreting:

The first batch of fresh shotcrete delivered at
the site had too high a W/C ratio (0.6) and
was inadequate for shotcreting. Only a thin
shotcrete layer of about two centimetres could
be made with this material. Consequently, the
other three layers were made thicker (approxi-

mately 39, 25, and 30 cm), so as to give a to-
tal average thickness of about 95 cm.

� Problems were detected with the homogeneity
of the accelerant agent in the mix, due to the
type of pump used and the long pumping dis-
tance. This generated a large amount of re-
bound material, which made it very difficult to
work in such a reduced dimension gallery (Fig-
ure 4.54). It was therefore decided to increase
the dosage of accelerant agent to about 8 %.
This made it possible to complete the work, but
also generated some degree of heterogeneity
in the final result.

4.6.8.3. Cable passes through the plug

A total of 388 cables, corresponding to the instru-
ments installed in the remaining test zone, had to be
passed through the plug, without jeopardising the
water tightness of the system.

As in the case of the initial concrete plug, an indi-
vidual solution for each cable (for instance the use
of compression glands) was not possible, as a result
of space constraints. Therefore, it was decided to in-
stall four “cable connection boxes” filled with resin,
which were installed at the rock surface in the area
corresponding to the second section of the plug, be-
fore shotcreting (Figure 4.53).
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Table 4.13
Shotcrete formulation in the first plug section

CEM II A-L 32,5 R 430 Kg/m3

Nanosilica MEYCO MS 660 30 Kg/m3

Steel fibres Dramix ZP 306 50 Kg/m3

Polypropylene fibres 800 g/m3

Superplasticiser GLENIUM T803 1.5 %

W/C 0.40

Aggregate 0-8 mm 1700 Kg/m3

Curing compound MEYCO TCC 735 1 %

Accelerant MEYCO SA 160 E 6 %
ox comprised a metallic plate measuring 1.6 m
gth, which was bolted and grouted to the drift

prevent water flow in between. The cable con-
n box was fixed to this plate at its middle posi-
nd cable pipes protected the cable bundles on
ides (Figure 4.55).

Metal-sheathed cables passed through the box with-
out alteration, but in the case of plastic tubing (poly-
amides), the external surface was activated using a
special chemical compound to guarantee a good
contact with the resin, and a compression gland was
installed on each tubing to increase the resin con-
Figure 4.54: First layer of shotcrete onto the bentonite front.
169
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Figure 4.55: Cable pass assembly with connection box and cable pipes.
Plastic coated cables were peeled off inside the
o guarantee a good copper/resin contact and
nt water leakage across the inner part of the
s.

e 4.56 shows the final appearance of the four
once installed. The front end of the first part of

lug with the cable outlets from the new instru-
s installed in the buffer, and the sampling bore-
(see Section 4.6.8.5) may also be observed.

.4. Concrete plug-final section

shotcrete formulation and trial tests

he construction of the second section of the
rete plug, both the steel and polypropylene

were eliminated from the shotcrete formula-
as in principle fibres would not be accepted in
l repository, because of the difficulties for the
term safety assessment of such components.

e constructing the plug, a new trial test was
rmed in May 2003 at the contractor’s facilities
ngern, in order to test the modified shotcrete
lation and also to solve the operational prob-
encountered when constructing the first part of
lug. In this test, a piston-type shotcreting pump
ntegrated electronic control for accelerant dos-
as used.

were carried out in a circular section room
ructed with prefabricated concrete tube having

a similar cross-section to the FEBEX drift, with the
pump located at a distance of 70 m.

As a result of this test, the shotcrete formulation was
slightly modified, to prevent problems of material
segregation along the pipe flow. The formulation fi-
nally adopted is shown in Table 4.14. The test also
revealed the possibility of constructing shotcrete lay-
ers with thicknesses in excess of 40-50 cm in one
step without problems.

The construction of a 1.20 m long plug was done
without any incident, including very little rebound.
Up to eight cores were drilled after 28 days of hard-
ening. The shotcrete appeared to be very homoge-
neous. Mechanical and hydraulic testing performed
on these cores provided mean values of 26.33 MPa
for mechanical strength and of 8.7 E-11 m/s for
permeability. This test was successful [46].

Plug construction

The second section of the plug was constructed at
the FEBEX drift during the period 23-27 June 2003.
The equipment used, as well as the operating staff,
were the same as in the trial test performed in
Lungern in May 2003 (see previous section).

A layer of MASTERSEAL X345 was first applied on
top of the existing temporary plug. This material is a
sprayable polymer product especially developed for
the impermeabilisation of shotcrete lined tunnels, and
should improve the water and gas tightness of the
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Table 4.14
Shotcrete specification in the second plug section

CEM II A-L 32,5 R 475 Kg/m3

Nanosilica MEYCO MS 660 60 Kg/m3

Superplasticizer GLENIUM T803 1.5 %

W/C 0.46

Aggregate 0-8 mm 1700 Kg/m3

Curing compound MEYCO TCC 735 1 %

Accelerant MEYCO SA 160 E 6 %
layer of approximately 3-4 cm was sprayed,
e final appearance shown in Figure 4.57.

otcrete was then applied in five layers up to a
lug length of about 1.95 m. The first two lay-
re made rather thick (43 and 67 cm respec-

, but this was later reduced to about 30 cm as
minor retraction cracks were observed in the

thicker layers. The specification of the shotcrete was
in all cases the same as that used in the Lungern
trial of May 2003, shown in Table 4.14.

The construction process was much more efficient
than during the first section of the plug in July 2002
(see section 4.6.8.2), with very little rebound mate-
rial and a very good uniformity of the shotcrete.
Figure 4.56: Cable connection boxes and pipes after installation.
171



Some
final
in the
instal
one
last s
nal fr
move
rary i
appe
in Fig

4.6.8

The q
trolle
indep

The
trolle
In the
fast
accel
the f
harde

FEBEX Project. Updated Final Report. 1994-2004

172
Figure 4.57: Impermeable layer on top of the first part of the plug.
additional instrumentation was installed in the
section of the plug. Namely, two pressure cells

contact between the two sections of the plug,
led before spraying the impermeable layer,
thermocouple embedded in the centre of the
hotcrete layer, and four extensometers in the fi-
ont, anchored to the rock to measure potential
ments of the plug (these had been also tempo-
nstalled in the first part of the plug). The final
arance of the plug with these sensors is shown
ure 4.58.

.5. Quality control

uality of every fresh shotcrete batch was con-
d, either on site or at the concrete plant, by an
endent laboratory.

hardening of each shotcrete layer was con-
d with a penetrometer before starting the next.

case of the first part, some areas showed very
hardening due to the high proportion of
erant in these zones. However, the results in
inal part of the plug showed a very uniform
ning, with a calculated compressive strength

of approximately 0.2 MPa after one hour following
the application of each layer.

Cores were drilled for testing in the first part of the
shotcrete plug after 28 days of hardening. In the
case of the final part of the plug, cores were ex-
tracted from sample boxes made from every layer.

The cores from the first part of the plug showed the
presence of some voids and poor quality areas, al-
though they were limited to a few localised zones.
The test results also showed some dispersion in the
strength values, with a mean value of 32 MPa.

Cores from the final part of the plug showed a
higher compressive strength, with a mean value of
39.66 MPa. This is about 50 % higher than the one
obtained in cores drilled at the test in Lungern,
which may be due to the different methods of sam-
pling, but may also be an indication of the sensitivity
of the shotcreting technique to small changes in the
process.

Regarding permeability, tests made on cores from
the first section of the plug showed a mean value of
4.3 E-11 m/s, which is in the same order of magni-
tude as that estimated for the granite matrix, which
is 1 E-11 m/s [47]. Results from the final part of the



plug show a higher mean value, 9.4 E-11 m/s,
which is similar to the value obtained at the Lungern
test and again comparable to the granite matrix.

The shear strength of the shotcrete/rock interface of
the first part of the plug was also tested using an “in
situ” testing method, at four points on the edge of
the last shotcrete layer of the plug. Although the re-
sults obtained were relatively low compared to the
values obtained during the preliminary shotcrete tri-
als, they were still acceptable.

4.6.9. Comments and observations
on partial dismantling

The partial dismantling carried out in the FEBEX “in
situ” test was the first experience of this kind in a
large-scale experiment. The work was complex, be-
cause of the intensive sampling programme and
also because of the need to minimise its impact on
the rest of the test. There was also a significant level
of risk involved, due to the lack of previous experi-
ence, and to the uncertainties existing in areas such
as the actual state of certain components, the be-
haviour of the bentonite buffer during excavation or

the effectiveness of the new concept of shotcrete
plug. In this sense, perhaps the most important out-
come is that the work was carried out as planned,
with no unexpected events, and without affecting to
the rest of the test, which remains fully operative.

The work cannot be considered to be a true demon-
stration of the retrievability aspects of the AGP con-
cept, due to the relatively low degree of saturation
of the inner part of the buffer, however some inter-
esting experience has been acquired in this field.

The main observations that may be drawn from the
partial dismantling are:

� With this degree of saturation, the buffer showed
good mechanical consistency and stability, and
was excavated easily using conventional means.

� The humidity content observed in the buffer
was consistent with the readings provided by
the instruments during the operational phase:
The inner part was still dry, whereas the periph-
ery zone was more humid. The outer ring of
blocks was practically saturated. All construc-
tion gaps were closed. Joints between blocks
were still visible, but sealed.

4. “In situ” test
Figure 4.58: Final appearance of the plug, with displacement sensors installed.
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� Corrosion processes were limited to the areas in
which there was a combination of high humidity
and relatively high temperature. According to
the analysis performed, the corrosion has in this
case an important microbial component.

� The heater was extracted without problems.
The limited corrosion in the heater area, and
the mechanical integrity of the liner, simplified
this task.

� Shotcreting has been demonstrated as an alter-
native method for the construction of concrete
plugs. Some practical problems found during
the construction process were solved satisfacto-
rily. This construction technique may have sig-
nificant practical advantages in some situa-
tions, also in a real repository.

� The effects of cooling were clearly visible in the
area to be dismantled: the total pressures
dropped drastically after the switching off of
Heater #1, and also a redistribution of humid-
ity in the inner and intermediate bentonite rings
was observed.

� Nevertheless, the disturbance caused by partial
dismantling on the remaining part of the exper-
iment has been very small. No significant alter-
ations have been observed in parameters such
as temperature or humidity. Some displace-
ment of the buffer towards the open space was
observed, but seemed to be limited to the zone
close to the free face. The most important vari-
ations have occurred in the stress field, espe-
cially in areas closer to the new plug, in which
a decrease of the total pressure values was ob-
served. These values recovered after the con-
struction of the new plug, over a period that
depends on the distance to the plug (slower at
closer points).

� The new instruments installed in the bentonite
buffer will increase the amount of information
that may be obtained from the experiment in
the coming years.

4.7. Second operational phase

The second operational phase started on 26 July
2002, identified as “day 1975” on the time scale.
This date correspond to the end of the construction
of the first part of the shotcrete plug.

4.7.1. Control and monitoring process

4.7.1.1. Modifications in the DAS

In addition to the changes introduced in the DAS
previous to dismantling (described in section 4.6.3),
it was necessary to introduce certain modifications
and improvements in this system in order to adapt it
to the new configuration of the test:

� Upgrading of the Remote Monitoring System: a
more powerful computer was installed in Ma-
drid to store and manage the test Master Data-
base.

� Changes in the supervision software:

� The monitoring screens were adapted to the
new test configuration, introducing the new
sensors and eliminating the removed ones.

� Additional temperature sensors were introdu-
ced in the heater power control loop at the
start of the second operational phase, in or-
der to compensate for the failed ones. Given
the risk of failure of these sensors, the con-
trol algorithm was modified in the summer of
2004 so as to perform the regulation by
using the heater internal thermocouples ins-
tead of the external temperature sensors.

� A limitation was introduced in the power
control algorithm to avoid overheating in
the event of sensor failure. The power limit
was set to 2600 W.

� Development of the FEBEX website: a website
of the test was created within AITEMIN’s site.
Every project participant was provided with a
user name and password for access to it. The
main features were the possibility of directly
downloading data from selected sensors and
time span, the downloading of quarterly Data
Reports and other relevant documents and ac-
cess to the monitoring screens of all the instru-
mented sections displaying data from any de-
sired date.

The monitoring was carried out upon the same ba-
sis as during the first operational phase, with remote
monitoring from the RMC via modem connection,
and quarterly reports were distributed to all the par-
ticipants.

4.7.1.2. Heating control

After the disconnection of Heater #1, the power re-
quirements to keep a constant temperature of 100

FEBEX Project. Updated Final Report. 1994-2004
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ºC at Heater #2 increased by about 5 % (100 W)
in two months. This increase was slightly smaller
than predicted by the modelling exercise carried out
in advance, which pointed to a value of 10 %.

During the second operational phase, the applied
power has continued to increase but at a very slow
rate, such that in two years another 100 W rise has
been registered.

4.7.2. Incidences and corrective
measures

The following incidents and corrective measures
were registered during this operational phase:

� Short power switch-offs in the heater occurred
on 28 October 2002 (day 2069), and from 19
to 21 November 2003 (day 2456 to day
2458), due to failure of thermocouples in the
control loop, which provided temperature
readings over 100 ºC. In the first case the tem-
perature dropped to about 80 ºC at the hottest
point of the heater, and the power was re-
stored after 29 h. In the second case, the tem-
perature decreased to 93 ºC.

� On 6 February 2003 (day 2170) the power
was cut off in all the GTS due to a snow ava-
lanche that also blocked the access by road.
The cut off lasted more than the autonomy of
the Uninterrupted Power System supporting the
Data Acquisition and Control System. This pro-
duced a total discharge of the batteries, which
were damaged, as a result of which the power
was not automatically restored to the comput-
ers. Hence, the heating was not restarted until
it was possible to switch it on manually on 13
February 2003. No data were registered dur-
ing that period. The temperature used for con-
trol, which had decreased to about 50 ºC, re-
covered quickly.

� In order to make adjustments in the tempera-
ture control loop, the power was manually de-
creased to about 1750 W on 13 November
2002 (day 2085). Three days later it was in-
creased again to a constant power of about
2365 W. After finishing the adjustments in the
temperature control loop, the applied power
was set to temperature control on 27 January
2003 (day 2160).

� Some tests were carried out in April and May
2004, in order to tune the power regulation for

use of the heater internal thermocouples in-
stead of the external temperature sensors.
These tests produced some oscillations in the
applied power [48].

4.7.3. Evolution of parameters

As expected, the disconnection of Heater #1 and
subsequent dismantling produced a transient period
of the main monitored parameters in the zone
around this heater, while small effects were noticed
around Heater #2. A detailed description of the
evolution of the system during this period and in the
second operational phase follows.

4.7.3.1. Temperature

In general the disconnection of Heater #1 caused
the system to start behaving as a single-heater sys-
tem, with a central plane of symmetry on Heater
#2: at the front side of Heater #2 (closer to Heater
#1) temperatures decreased noticeably to equal
those of their equivalent points at the back side, in
section D2. Figure 4.59 shows the evolution of the
temperature at different points of the buffer from
January 2002 to August 2004. Three milestones are
marked, corresponding to the switching off of
Heater #1, the start of the partial dismantling oper-
ations and the start of the second operational
phase.

After this short transient period, temperatures stabi-
lised throughout the buffer, from the heater surface
to the rock, and also at the most distant points.
Apart from that, the temperatures in the bottom part
of the drift continued to be higher than those in the
sides and upper part for each section.

The new thermocouples installed within the buffer
showed values that were coherent with the old ones.

Temperatures in the rock registered only some de-
creases after the disconnection of Heater #1, espe-
cially in boreholes in its area of influence and at in-
tervals closer to the drift. Afterwards, the values sta-
bilised in general.

4.7.3.2. Humidity

As predicted in the preliminary modelling exercises,
the humidity values around Heater #1 were affected
by the cooling period. The change in the thermal
field caused a redistribution of the water content in
the clay buffer, by inversion of the two-phase flow
mechanisms. This was reflected in a decrease of
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values in the intermediate bentonite ring and a fast
increase in the inner bentonite ring.

In the buffer around Heater #2, the water content
continued to increase in general at all points during
the second operational phase, with no influence
from the cooling and dismantling period.

The new capacitive type sensors installed in the
outer part of the buffer reached almost maximum
values in a short period of time, regardless of their
location with respect to the heater.

The values of those installed in the intermediate ring
of blocks also increased, but at a different rate de-
pending on whether they were located in the heater
area or outside the heater zone.

The sensors installed closer to the heater also
showed an increasing trend value, especially on the
lower right hand side and outside the heater zone.

Figure 4.60 shows the values in the inner ring from
the start of the second operational phase to August
2004.

The TDR sensors and psychrometers in the buffer
confirmed the previous observations. The TDR sen-
sors installed in granite, which had showed a con-

stant increase in the water content of the rock dur-
ing the first operational phase, also showed a de-
crease as an effect of the dismantling, this being
more accused in those sensors installed in the area
of influence of Heater #1. The trend towards in-
creasing values was resumed during the second op-
erational phase, although at a lower rate.

4.7.3.3. Total pressure

The switching off of Heater #1 produced a major
drop in the pressure readings around it, and the re-
maining pressure was released as the dismantling
operation progressed. Sensor 1 in Figure 4.61 ex-
emplifies this phenomenon. Again the same three
milestones as for temperature are marked. In the
zone of Heater #2, the stress field was almost unaf-
fected by the cooling and dismantling period.

During the second operational phase, pressures
rose in general throughout the buffer, although at
different rates, reaching values in general of be-
tween 3 MPa and 5 MPa. A brief analysis follows:

� By the end of the first operational phase, the
pressures in the contact bentonite/rock (sensors 7
and 9 in Figure 4.61) had reached values in the
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Figure 4.60: Evolution of humidity in inner bentonite ring in the second operational phase.
Figure 4.61: Evolution of pressure in the buffer during the second operational phase.
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range of 5 MPa. During the second operational
phase, very slow increases were registered.

� At the heater/bentonite contact, pressures also
continued to increase, reaching a value of 3
MPa in instrumented section E2 by August
2004 (sensor 8).

� The pressures in the buffer rose at high rates in
some cases, as is the case of the rear end of
the dummy canister, and at the most distant
points from the heater, with values in the range
of 3 MPa (sensors 4 and 10 respectively).
While the new total pressure cells installed in
the inner bentonite ring in 2003 still showed no
pressure build up by August 2004, those in the
intermediate bentonite ring started to provide
low readings with slow increasing rates, this
probably being caused by their emplacement
method in plastic pipes inserted in boreholes
excavated in the buffer (sensors 5 and 6).

� After the construction of the first part of the
plug, pressures at the concrete/ bentonite con-
tact started to rise at a very high rate, and kept
increasing two years later, reaching values of
between 4 MPa and 5 MPa, higher at the
lower right hand.

� The pressure cells still in operation in the ben-
tonite/rock contact around Heater #1 were left
in place after the dismantling, being covered
by the new shotcrete plug. During the second
operational phase, these cells started to regis-
ter some pressure, in the range of 0.4 MPa.
This may have been caused by the transmission
of the pushing force from the bentonite swell-
ing throughout the concrete mass towards the
rock walls.

The two pressure cells installed between the two sec-
tions of then new shotcrete plug had not registered
any pressure build up by summer 2004.

Pressures in the rock mass decreased during the
cooling period. This decrease was faster for sensors
closer to the drift, and it became even faster during
bentonite dismantling. Subsequently, this trend re-
versed to a general rise by all the sensors, this being
maintained during the second operational phase.

4.7.3.4. Other parameters

Pore pressure in bentonite

All the pore pressure sensors providing positive
readings during the first operational phase, mainly

located at the right-hand side, dropped to zero
around both heaters during cooling and disman-
tling.

During the second operational phase, the pressures
registered by those sensors at the right-hand side
rose again at a slow rate, with maximum values of
the order of 0.2 MPa by summer 2004, and some
positive values also in the rest of the outer bentonite
ring.

Hydraulic pressure in the rock

A general decrease of hydraulic pressures was no-
ticed during the cooling and dismantling period. No
clear trends can be detected during the second op-
erational phase, with pressure stabilised in many of
the boreholes, and increasing slowly in some.

As in the first operational phase, two hydrotesting
campaigns and another two water sampling cam-
paigns were carried out during the second opera-
tional phase. Again, these produced fast pressure
drops and recoveries in the affected intervals.

Displacements

Heater displacements. No effects were noticed from
the cooling and dismantling period. The trends from
the first operational phase were maintained.

Plug displacement. The four displacement sensors
placed at the front end of the shotcrete plug regis-
tered no displacements prior to August 2004.

Gas generation, release and migration

Three gas sampling campaigns were performed be-
tween October 2003 and May 2004. The results
from the analysis of the gas samples showed that
concentrations of the gas components hydrogen,
carbon dioxide and hydrocarbons decreased drasti-
cally with time from the values measured in the first
samples.

In addition to the above, no significant increase of
gas pressure was observed in the draining pipes. All
this might indicate that the plug or the surrounding
host rock is not gas tight.

4.7.4. Performance of components

A total of 188 sensors were removed during the
partial dismantling operation, and another 52 new
ones were installed afterwards for the second opera-
tional phase. Therefore, for this phase 10 % of the
sensors were new and the rest had been in opera-
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tion since the start of the test. Nevertheless, by mid
2004, the percentage of operative sensors was still
over 80 %, which may be considered a very good
performance in general, and particularly for the
original sensors.

Regarding the new sensors installed within the bar-
rier, they provided readings that were coherent both
one with respect to the next and also with respect to
the old sensors, as was the case for the humidity
sensors. This is an important issue since it proves
that the method of emplacement did not have a sig-
nificant effect on the readings obtained. As this
method consisted of installing the sensors in plastic
pipes inserted in boreholes drilled in the barrier, it
may be inferred that the bentonite sealed the gap
around the plastic pipes, providing a good contact
with sensors. The positive values from the total pres-
sure cells are the clearest evidence of this.

The pressure cells installed at the bentonite/concrete
interface also provided good readings, with pres-
sures rising very strongly.

4.7.5. Comments and observations
on the second operational phase

At the moment of preparing this report (October
2004), the second operational phase had lasted
two years and three months, which is the time elaps-
ing since the construction of the first section of the
new plug, in July 2002. In fact, this second phase is
a continuation of the first, since there has not been
any power interruption in the remaining heater from
the beginning of the experiment. In total, the re-
maining part of the test had been in operation for
seven years and eight months at the moment of pre-
paring this report.

The information provided by the instruments during
the second operational phase basically confirms the
observations made at the end of the first phase (see
Section 4.5.6). However, the THM processes have
progressed during this period, and also some new
instruments were added after the dismantling.

The specific observations in this second phase are
the following:

� Having only one heater, the system is trending
to a more symmetric structure in the thermal
field.

� Humidity is progressing at all points, at a simi-
lar rate as in the first period. However, points
located close to the heater are not yet satu-

rated. The information given by the new instru-
ments suggests that humidity is also increasing
at these points, but still at a very gradual pace.

� The disturbances caused in the stress field by
the partial dismantling operation were com-
pensated for over a period of between 100
and 300 days, depending on the proximity to
the new plug. Apparently the original values
and trends have now recovered at all points.

� The total pressure measured at the inner face
of the plug has increased rapidly. No displace-
ment has been measured in the plug front.

� The pressure at the concrete/rock interface in
the plug position has increased significantly,
showing that the plug is transmitting the thrust
of the bentonite buffer to the rock mass, as ex-
pected.

� The water tightness capacity of the new plug is
not easy to assess. No leaks are observed
through the cables, which would suggest that
the cable connection boxes are performing
well. However, some water is present at the
gallery bottom close to the plug, although this
water might also come from the rock around
the plug.

� Gas measurements in the buffer show that the
system is tighter.

4.8. Conclusions

4.8.1. Performance of test components

The overall performance of the test components has
been excellent, including that of those with a short
expected lifetime. This reflects the major effort taken
in planning, selection and design of these compo-
nents, the quality requirements, and the redundancy
introduced in the most critical aspects.

Specifically:

Heaters

The heaters have proven to be very reliable, and no
leaks have been detected in the heater body, the
power cables, or the internal resistors.

Through the conservative design of the resistors and
the stable and smooth operation of the power regu-
lation system, a long operational life has been
achieved. In fact, after more than seven years of op-
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eration, only one of the three redundant sets of re-
sistors existing on each heater has so far been used.

Handling equipment

The systems used in FEBEX are only an initial ap-
proach to the problem, since very relevant aspects
such as radiation protection, productivity and dura-
bility have not been considered in their design.

However, the experience has been positive, the dif-
ferent operations have been carried out without
problems, despite the lack of previous tests, and
valuable information has been obtained for the fu-
ture design of the equipment required in a real re-
pository.

Instruments

The initial assumptions regarding the expected life-
time of many of the instruments, have proven to be
very conservative. The initial estimates were based on
the guarantee given by the manufacturers – which is
usually conservative – and also on the predictions
for an extremely harsh working environment in terms
of temperature, pressure, or corrosion potential,
which, in fact, have been only found together in
some parts of the test.

There have been a wide variety of instruments in-
stalled in the test, both in terms of measuring princi-
ples and types of construction. The large majority of
the instruments have worked well, and have been
operational for periods much longer than initially
expected. This fact was indeed one of the main rea-
sons supporting the decision to extend the duration
of the test.

Most of the sensors installed in the buffer and the
rock were standard, well proven products, although
in some cases they were customised by the manu-
facturer for this specific application, for instance
modifying the casing material or the type of cable.
This is the case of the thermocouples and of the
sensors measuring total pressure, pore pressure,
and relative humidity. It is with these sensors that the
experience has been most positive, both in terms of
durability and accuracy.

The experience has been not so good with sensors
especially developed or adapted for the test, as the
case for some of the linear transducers, crack me-
ters, or inclinometers. Also the mechanical protec-
tion used for psychrometers proved to be ineffective.
A more intensive testing before installation would
have been convenient in these cases. On the positive

side, the TDR system developed for measuring water
content worked well in the buffer, although the infor-
mation provided during the test had to be recalcu-
lated after carrying out the post-mortem calibration.
In any case, it allowed for a crosscheck with other
sensors, such as those used for relative humidity.

The density of measurements has proven to be more
or less adequate, both for the modellers and for the
overall appraisal of system behaviour. However, ad-
ditional redundancy would have been necessary in
some critical points, such as for example the exter-
nal temperature in the middle of the heaters, which
is the reference point for the power control algo-
rithm. On the other hand, some other instruments,
such as the linear displacement ones installed to de-
tect the movement of the heaters or of individual
bentonite blocks, have provided little usable infor-
mation, in some cases due to poor installation.

Monitoring and control system

Given the remote location of the test site, the moni-
toring and control system was especially designed to
enable automatic mode operation with remote su-
pervision via modem from AITEMIN’s office in Ma-
drid. For this reason, hardware and software com-
ponents were selected on the basis of their quality
and reliability, and redundancy was introduced in
the most critical aspects.

The system has shown excellent performance during
the test, providing continuous control of the heating
system and generating a large experimental data-
base that includes more than 115 M records of in-
strument data, at a rate of one datum every 30 min-
utes. The few incidents that have occurred were
caused by external factors, and in particular by
lengthy power shutdowns that exceeded the capacity
of the back-up batteries embedded in the system.
Nevertheless, these incidents did not have any real
impact on the experiment control nor on the conti-
nuity of the database.

The power control algorithm developed to keep a
constant temperature of 100 ºC at the hottest point
of the heater surface has been very effective, provid-
ing a smooth operation of the heaters and a good
adaptation to the changes occurring in the heaters´
environment, such as for instance the progressive
hydration of the buffer or the partial dismantling op-
eration.

The experience so far has been excellent, and as a
result of this, the FEBEX philosophy for control and
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monitoring has subsequently been applied in other
underground tests.

4.8.2. Behaviour of the bentonite buffer

An overall assessment of the behaviour of the ben-
tonite buffer may be made on the basis of the data
provided by the sensors during the experiment, on
direct observations during partial dismantling and
on the analysis carried out on samples taken during
this activity. The conclusions in all cases are the
same, this in itself being a very important conclusion
and a validation of the experimental procedure.

In general terms the behaviour of the buffer has been
as expected. That is, the hydration is progressing
from the outer part in contact with the rock to the in-
ner and hotter part, and this hydration has produced
the closure of all the gaps and joints existing after in-
stallation. Furthermore, these closed very soon at a
relatively low degree of saturation. The rate of
hydration was very much in accordance with the one
initially predicted by THM models during the initial
phases of the experiment; however, after about the
first three years, the hydration seems to progress at a
slower rate than predicted, which means that models
must yet be improved to match reality.

The hydration process seems to be controlled by the
bentonite itself, as the saturation pattern became
quite uniform throughout the test after an initial pe-
riod of less than one year, with no real differences
between humid and dry areas of the test drift. Given
the low relevance of the EDZ under FEBEX condi-
tions, this means that the rock is able to supply the
amount of water required by the suction from the
bentonite at all points, without causing dehydration
in the granite.

4.8.3. Experiences gained
and future developments

The FEBEX “in situ” test was not planned as a full
demonstration experiment, but has provided an ini-
tial practical experience of many aspects related to
the construction of an underground repository ac-
cording to the Spanish reference concept AGP-
Granite. It has also allowed for the identification of
the most critical features for construction and em-
placement, and has shown the way in which future
developments must be oriented.

In this respect, the main lesson learned during the
project is that the Spanish reference concept in

granite AGP is feasible from the construction point
of view; however, some aspects require improve-
ment and others must yet be developed. A more de-
tailed discussion of the experiences gained and the
developments required for the future follows:

1. All the different processes involved in the man-

ufacturing of bentonite blocks starting from
raw clay material have been developed and
demonstrated, including the quality control
procedures. This experience will be extremely
valid for the future, even if a different type of
bentonite is used. However the experience has
been limited to small size blocks, and there-
fore future developments should focus on the
manufacturing of larger blocks, which may
have specific problems for compaction and
mould extraction.

2. The buffer construction method used in the ex-
periment has been adapted to the specific test
constraints and needs, and does not represent
the real case, in which larger blocks must be
used. The future emplacement method must
be designed and developed in parallel with
the definition of the shape and size of the real
blocks. Handling of these large blocks in a re-
duced cross-section drift is not a trivial task,
especially if the process must be robotised or
remotely operated.

Ambient humidity has a high degree of influ-
ence on the mechanical integrity of the ben-
tonite blocks, and this must be taken into ac-
count in the design of the storage, handling,
and emplacement process. Construction gaps
in the buffer do not seem to be a problem, at
least if they are kept at the same level as in the
FEBEX experiment. In the test conditions, these
gaps closed very quickly, preventing the cre-
ation of preferential flow paths for the water.
However, the presence of water in the drift
during the emplacement operation may be a
serious problem, which can even make con-
struction of the buffer impossible. The experi-
ence in FEBEX has shown that a small amount
of water is manageable, but the upper limits
for this are not known.

3. A set of methods and equipment has been de-
veloped for the transport of the heaters along

the drift and the insertion in the deposition
hole. The design and construction of these
systems have been very specific to the testing
requirements and do not necessarily reflect the
methods to be used in the real case. However,

181

4. “In situ” test



the experience has provided interesting infor-
mation that will be very useful for the design of
the future systems. These include aspects such
as alignment, applied forces and speeds, fric-
tions and reactions and the management of
contingencies.

In this sense, the role of the steel liner must be
discussed. The experience obtained shows that
liner alignment is a critical aspect during the
canister emplacement operation, and from
this point of view the liner may be a complica-
tion more than an aid. If larger size blocks are
used, the deposition hole may be mechani-
cally stable and the liner may not be neces-
sary. Possible irregularities in the sliding sur-
face of the deposition hole might be smoothed
by machining the bentonite blocks after em-
placement.

4. The external case of the heaters was the same
as the one planned for the real canister. The
construction of this steel body, carried out un-
der strict quality control, has been a valuable
experience.

5. The hydration of the buffer has progressed
more or less as predicted, although the rate of
hydration after approximately the first three
years became slower than initially predicted by
the THM models. Several explanations have
been given for this, and some of them might
explain this divergence, however this needs to
be checked over a longer period of time.

The hydration pattern is quite uniform along
the test length, with no major differences be-
tween dry or more humid parts of the rock.
This would show that, at least in this case, the
amount of water available in the rock is
greater than what is being taken by the buffer,
and that therefore it is the bentonite that is
controlling the process.

6. The extraction of Heater #1 carried out during
the partial dismantling of the test was an inter-
esting experience, was very easy and posed no
special problems, given the low degree of sat-
uration in the inner part of the buffer. For this
reason it cannot really be considered as being
a representative retrieval operation. In the
case that the buffer is fully saturated the situa-
tion may be quite different and it would prob-
ably be necessary to adopt a completely dif-
ferent approach, possibly requiring the re-

moval of all bentonite in the top part to free
the canister.

7. A very important sampling programme was
carried out during partial dismantling. Differ-
ent sampling techniques were tested and in
some cases improved. This is also a valuable
experience for other experiments and for the
future final dismantling of the test.

8. The corrosion processes have been very lim-
ited to areas with a high degree of humidity
and high temperature. Therefore little corro-
sion has been observed in the canister and the
corrosion probes emplaced close to it. How-
ever some knowledge has been gained in this
area through the analysis of instruments recov-
ered during dismantling.

9. Important experience and know-how have
been gained in the construction of two differ-
ent types of concrete plugs. In particular, the
shotcrete method has a number of advantages
that make it a potential candidate for many
different applications in a real repository, and
should be further developed and tested.

10.Regarding the monitoring and management of

the test, the experience with the test instrumen-
tation has made it possible to establish a num-
ber of criteria for the selection of sensors and
transducers in future experiments. The cable
entries into the system might be a problem in
the event that the future repository has to be
monitored. Future research must be oriented
to wireless instruments or remote sensing sys-
tems.

Also the automatic operation of the test with
remote supervision via modem has been ex-
cellent. Some minor changes should be intro-
duced in this concept to improve the reliability
and the fault-tolerance capacities of the moni-
toring and control equipment.

The management of the data generated by the
experiment has been another valuable aspect
of the project. The adopted data display and
reporting formats have been very well ac-
cepted by the different users, and in fact the
FEBEX formats have later been used in other
underground experiments. The methods used
for the distribution of data and reports, and
the facilities developed for downloading data
via the Internet, have proven to be efficient
and convenient.
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As has been pointed out in Chapter 1, the experimen-
tal work performed during the FEBEX Project has con-
sisted of three main parts: “in situ” testing, testing on a
“mock-up” and a large series of laboratory tests.

The laboratory tests may be classified in the following
types: characterisation tests, thermo-hydro-mechani-
cal (THM) tests, thermo-hydro-geochemical (THG)
tests, gas generation and migration tests, corrosion
studies and the recalibration of sensors.

The basic characterisation tests for the selection and
preparation of the FEBEX bentonite have been de-
scribed in Chapter 2, FEBEX BENTONITE. This chap-
ter includes all the other laboratory tests carried out
during the project.

Some gas generation THM and THG tests were per-
formed in order to study and understand the pro-
cesses occurring in the clay barrier under simple and
controlled conditions and to develop the governing
equations, and required extensive experimental work
and the innovation of experimental techniques. Cer-
tain of the tests performed to obtain the basic param-
eters also required new testing techniques and meth-
odologies.

Most of the previous tests were performed during
the pre-operational and operational stages.

Furthermore, characterisation tests were performed
during partial dismantling of the “in situ” test in order
to study the possible change in the bentonite gener-
ated by hydration and heating, this being accom-
plished by comparing the results with those obtained
from the same tests on untreated material. Corro-
sion studies were carried out on the samples of metal
extracted during dismantling, and a conditions analy-
sis and recalibration on the sensors recovered.

5.1.THM tests

5.1.1. Thermal properties

5.1.1.1. Specific heat

Specific heat was determined only for bentonite S-2
[6]. The relationship between specific heat and tem-
perature fits the following equation, in a range of
temperatures of between 45 and 150ºC:

cs = 1.38 · T + 732.5 (5.1)

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

5.1.1.2. Thermal conductivity

The superficial thermal conductivity of the FEBEX ben-
tonite was determined at laboratory temperature in
compacted specimens at various nominal dry densi-
ties and with different water contents. From these
measurements, it was found that thermal conductivity
(� W/m·K) may be related exponentially to water
content (w %) in the interval studied. This empirical
relation, which also includes the contribution made
by dry density (�d g/cm3), is expressed as follows:

ln � = ln (0.8826 �d – 0.8909) + 0.0333 w (5.2)

Figure 5.1 shows the regression curves of the values
of superficial thermal conductivity as a function of
the degree of saturation, for bentonites S-2 [6] and
FEBEX [16, 49]. A good correlation of the sigmoidal
type (Boltzmann) was obtained for the two bentoni-
tes by means of the following equation:

�� �
�

� �A
A A

e Sr x d x2
1 2

1 0( )/ (5.3)

where � is the thermal conductivity, in W/m·K, Sr is
the degree of saturation, A1 is the value of � for Sr =
0, A2 is the value of � for Sr = 1, x0 is the degree of
saturation for which the thermal conductivity is the
average value between the extreme values, and dx is
a parameter.

The parameters obtained in the fitting of the curves
are as follows:

S-2 Bentonite FEBEX bentonite

A1 0.39 ± 0.08 0.57± 0.02

A2 1.34 ± 0.06 1.28 ± 0.03

x0 0.54 ± 0.03 0.65 ± 0.01

dx 0.15 ± 0.03 0.10 ± 0.02

There is a difference between the curves, this being
more noticeable with lower values for the degree of
saturation. However, taking into account all the points,
there would seem to be very little difference between
the two bentonites as regards this parameter.

5.1.1.3. Coefficient of linear thermal expansion

Measurements of thermal expansion were carried out
on 12 samples of compacted FEBEX bentonite with an
initial dry density of between 1.57 and 1.72 g/cm3
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Figure 5.1: Thermal conductivity as a function of degree of saturation for S-2 and FEBEX bentonite.
water content of between 12.5 and 25.1 per-
[50]. The specimens were located in an isother-
ath with controlled temperature. A latex mem-
kept the overall water content of the soil con-

throughout the heating and cooling processes.
erature varied between 25 and 70 ºC. In each
several cycles of heating and cooling were ap-
to the sample.

vertical strains in the first heating path were
r than the strains measured during the second
subsequent cycles. In addition, in each cycle
rains measured during the heating process are
r than those observed throughout the cooling
and, as a result, an accumulation of irrevers-
trains is observed. The slope of the relation-
between temperature and strain is shown in
e 5.2. This slope increases slightly with temper-
. The following correlations for the linear ther-
xpansion coefficient have been obtained from
gure:

��z/�T = - 0.118·10-4 + 6.5·10–6 T

(first heating)

(5.4)

��z/�T = - 1.265·10-4 + 6.5·10–6 T

(subsequent heating paths)

(5.5)

��z/�T = - 1.538·10-4 + 6.5·10–6 T

(cooling paths)

(5.6)

where �z is the linear strain and T the temperature in
ºC. At temperatures higher than 55ºC, an increase
in the dispersion of the results is observed, due to
experimental difficulties.

5.1.2. Hydraulic properties

5.1.2.1. Water permeability

Saturated permeability

An empirical relationship was obtained, using satu-
rated specimens, for the coefficient of permeability
of the FEBEX bentonite as a function of dry density,
this being expressed by the following equations:
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Figure 5.2: Linear thermal expansion as a function of temperature.
log kw = - 6.00 �d – 4.09 (5.7)

0.97, for �d between 1.30 and 1.47 g/cm3

log kw = - 2.96 �d - 8.57 (5.8)

0.70, for �d between 1.47 and 1.84 g/cm3

kw is the coefficient of permeability for dis-
ater, in m/s, and �d is the dry density, in

[16, 49]. The variation of the values actually
d with respect to these fittings is of the order
ercent. This should be evaluated taking into
t that the values of the coefficient of perme-

are very small, of the order of 10-14.

5.3 shows the regression lines for the coeffi-
f permeability of FEBEX bentonite shown
and the points obtained in different determi-
. The influence of the water used as a
nt was tested, as well as the repercussion of

ection of the measurement, parallel or per-
ular to compaction effort, in the value of the
ient of permeability. None of these aspects
to be relevant, with the exception of the use

of saline water (8 g/L), which yields a higher
hydraulic conductivity.

The data indicate that the FEBEX bentonite is less
permeable than the bentonite S-2 [6]. However, this
is a very small difference: in some cases it is even
less than the scattering shown in the same set of
tests.

The effect of salinity on water conductivity, when the
salt concentration is high, is shown in Figure 5.4
[15]. The values of permeability to salt solutions
have been estimated from oedometric tests on sam-
ples saturated with different solutions. These values
have been compared with the values of the perme-
ability at the same void ratio, measured directly
using deionised water.

The permeability increases slightly in a logarithmic
manner with temperature, as expected from the de-
crease in water kinematic viscosity (Figure 5.5,
[15]). The error bars shown were obtained from
equations (5.7) and (5.8) shown above.

Laboratory tests have shown that the saturated per-
meability of compacted bentonite remained con-
stant for 700 days, and for more than 4 years when
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(the error bars correspond to samples tested at laboratory temperature).
s measured under high hydraulic gradients

nalysis of the bentonite permeability tests proves
dependence between the hydraulic gradient ap-
and the hydraulic conductivity obtained in the
of gradients used in the tests (between 5000

5000). However, there seems to be a tendency
d gradients higher than 0 to have a measurable
around 5000, and even higher, in the case of
ighest densities, which would point out the exis-
of a threshold gradient.

ive permeability and tortuosity factor

turated hydraulic conductivity is highly depend-
n the degree of saturation (Sr) and may be ex-
ed as the product of relative permeability (kr)
the saturated hydraulic conductivity (kw). The

ndence on the degree of saturation is usually
ssed by means of a potential law for the rela-
ermeability: kr=Sr

n.

ater infiltration tests provide data allowing un-
ated hydraulic conductivity and its dependence
e degree of saturation to be obtained. The cal-

ibration of numerical models and the adjustment of
parameters have been done by the back-analysis of
the infiltration tests. In the infiltration tests, com-
pacted blocks of clay are introduced in hermetic
cells and saturated through the top, while thermal
gradients may be applied. After a pre-fixed time, the
cell is disassembled and the water content of clay is
determined at different distances from the hydration
front. By means of parameter identification tech-
niques similar to those used in groundwater engi-
neering and geophysics, intrinsic permeability and
the exponent of the law used to obtain the relative
permeability may be estimated.

From the water infiltration tests carried out by
CIEMAT in Teflon cells (Section 5.1.4.1), the value
of intrinsic permeability obtained was 2.95·10–21 m2

and the exponent of the relative permeability law
was 4.64, for samples with an initial dry density of
1.75 g/cm3.

Similar infiltration tests were carried out at UPC-DIT.
In this case, in order to study the possibility of
desaturation of the surrounding rock at the interface
between the bentonite and the granite, a hydraulic
gradient was prescribed across a specimen of gran-
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ite in contact with another of bentonite (Section
5.1.4.2). From the analysis of these tests, the expo-
nent of the relative permeability law obtained was
3.5, for samples of dry density of 1.76 g/cm3.

From the water infiltration tests described in Sections
5.1.4.1, 5.1.4.2 and 5.1.4.3, the value of intrinsic
permeability obtained was 1.9·10–21 m2 and the ex-
ponent of the relative permeability law was 3, in the
case of samples with an initial porosity of 0.4 (dry
density 1.6 g/cm3).

On the other hand, if the infiltration test is per-
formed under thermal gradients, the tortuosity factor
that is involved in vapour flux modelling may also
be obtained or validated. Using parameter identifi-
cation techniques, values of tortuosity factor be-
tween 0.5 and 2 have been obtained from seven
thermo-hydraulic tests [50]. However, in most of the
cases the measurements can be well reproduced us-
ing a value of this parameter of 0.8.

5.1.2.2. Gas permeability

The gas permeability of the compacted clay has
been determined by CIEMAT using nitrogen gas as
a fluid, injected at a low pressure [16, 49]. Speci-
mens of nominal dry densities ranging from 1.50 to
1.70 g/cm3 and with different water contents have
been tested. The values obtained are plotted in Fig-
ure 5.6, together with the fitting obtained (valid only
for the degree of saturation between 25 and 80 %):

kg = 3.164·10-6 (e (1-Sr))
4.3

(r2=0.82, 39 points) (5.9)

where kg (m/s) is the gas permeability, e the void ra-
tio and Sr the degree of saturation.

The gas permeability for the same degree of satura-
tion is a function of dry density and, for the same
dry density, decreases with the degree of saturation.
In tests performed with the bentonite with hygro-
scopic water content compacted to different dry
densities it was observed that gas permeability de-
creases logarithmically with increasing dry density.

In all the tests performed, the values of intrinsic per-
meability obtained (ranging between 10-16 and
10-12 m/s) are much higher than those obtained
when intrinsic permeability is calculated from hy-
draulic conductivity tests conducted with the clay un-
der saturated conditions (Figure 5.7). This is due to
the different structural disposition of the saturated
and unsaturated specimens, caused by swelling of
the clay as it hydrates. In water flow tests performed

under saturated and confined conditions, the ben-
tonite tries to swell and fill the inter-aggregate
pores. Under these conditions, mean pore diameter
is close to intra-aggregate pore size (see Section
2.3.2 and 5.1.5). In the case of gas flow under dry
conditions, this flow takes place through inter-gran-
ular pores with a diameter of more than 0.2 µm.
This difference in accessible pore size may explain
the different values of intrinsic permeability that have
been derived from water and gas flow.

GRS determined the gas permeability of the benton-
ite in cores machined from bentonite blocks similar
to those used in the “in situ” test. These cores were
installed in a modified Hassler cell to determine per-
meability as a function of gas humidity and confin-
ing pressure. The values obtained vary in the range
between 5�10-16 to 8�10-15 m2. When the confining
pressure is increased from 1 to 11 MPa, the perme-
ability decreases by almost one order of magnitude
due to porosity reduction.

5.1.2.3 .Water retention capacity

Tests on unconfined samples

CIEMAT carried out suction/water content tests for
the FEBEX bentonite, both in compacted and in
trimmed samples. Suction was imposed either by
controlling the relative humidity of the atmosphere
in which the specimens were placed (for suctions
between 400 and 3 MPa) or by applying the axis
translation technique in membrane cells (suctions
between 2 and 0.1 MPa). The relationship between
suction and water content was determined in com-
pacted samples for three different suction values
and, also following wetting, drying and wetting after
drying paths. UPC-DIT tested specimens at suctions
between 3 MPa and 500 MPa following similar wet-
ting and drying paths. Figure 5.8 shows the tests re-
sults grouped according to initial dry density (�d0).
Tests with a dry density of 1.67 and 1.75 g/cm3

were performed by CIEMAT and tests with a dry
density of 1.64 g/cm3 were performed by UPC-DIT
[50]. The relationship between suction (s, MPa) and
water content (w, %) changes, taking into account
the initial dry density (�d0, g/cm3), may be fitted to
the following equation [50]:

w = (45.1 �d0-39.2)-(18.8�d0-20.34) log s (5.10)

The volume variations observed with changing suc-
tion are important. Figure 5.9 shows the relation-
ship between the dry density and the change in suc-
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tion for the different samples tested, grouped ac-
cording to their initial dry densities. The dry density
for values of suction ranging from 400 to 0.1 MPa
may be obtained through the following expression:

� �
d s d� �115 0150 13 0. .. (5.11)

where �do is the initial dry density in g/cm3 and s is
the suction in MPa.

For suctions of between 2.0 MPa and 385.0 MPa,
an empirical equation was determined for the ben-
tonite S-2, independent of initial dry density
(ENRESA 1998)

w = 36.1 – 12.0 log s

(r2 = 0.94, 191 points) (5.12)

where w is the water content in %, and s the suction
in MPa.

Figure 5.10 shows the regression curves for the
bentonites (S-2 and FEBEX) and the points obtained
by CIEMAT and UPC-DIT for each bentonite. The
differences between the two curves are very small,
one or two percentage points in the water content,
depending on the suction value. Nevertheless, it

may be said that exists a difference that is reflected
in the water content in equilibrium with the labora-
tory conditions, as was indicated in Table 2.8. For
all practical purposes, the differences between the
two bentonites are very small, as far as the PA is
concerned.

Tests on confined samples

In unconfined tests, the dry density and structure of
the bentonite undergo important changes during the
hydration process. However, volume changes are
small in a bentonite barrier, and knowledge of the
relationship between suction/water content at con-
stant dry density (characteristic or water retention
curve) is essential to predict the hydration process of
the barrier.

The determination of the retention curve at constant
volume was initially performed by two different kind
of tests. CIEMAT used suction controlled oedome-
ters to hinder swelling of the clay, by adding the ap-
propriate loads [16, 49]. UPC-DIT designed con-
tainers made from sintered metal to fix the volume
of the sample, while the water vapour in the clay
changes with the atmosphere in which the capsule is
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placed [50]. In both cases, minor volume changes
occurred.

The retention curves may be fitted to the van
Genuchten expression:
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or to a modification of this expression that is more
suitable for higher values of suction:

S S S S
s

P

s

Pr r r r� � � �
	



��
�


��

�

�

�
�

�

�

�
� �

�

�

0 0
1 1

0

1
1

0

( )
max

�

�

'

'
�

�
�

�

�
�

�

(5.14)

where Sr0 and Srmax are the residual and maximum
degree of saturation and P0 (MPa), P’0 (MPa), � and
�’ are material parameters.

On approaching saturation, the degrees of satura-
tion obtained were higher than one, because they
were computed by considering the density of the
water as 1.00 g/cm3, what has been shown to be
untrue for high plasticity materials (see Section
5.1.2.4). The values of degree of saturation higher
than one, have been made equal to one for fitting
the curves obtained.

Table 5.1 shows the parameters fitted for the wet-
ting paths, which are plotted together with the ex-
perimental points in Figure 5.11 [50]. Changes in
dry density took place during wetting due to the
swelling that could not be completely counteracted.
The first column of the table gives the range of dry

densities for each curve. These parameters must not
be considered exclusive, because the curves can be
fitted also with slightly different combinations of
parameters.

Figure 5.12 shows the hysteresis effect on samples
that have reached saturation and have subsequently
been dried. The parameters used in the curves re-
flected in this figure are shown in Table 5.2.

The methodology initially used to determine curves
at constant volume presented technical limitations
that made it difficult to perform the tests without fail-
ures. In addition, the possible change of dry density
during wetting was a major drawback. For this rea-
son, special cells were designed at the end of the
first phase, what allowed to determine the retention
curves for different dry densities in a systematic way.

The cell shown in Figure 5.13 consists of a cylindri-
cal body measuring 0.5 cm in thickness, with two
perforated covers joined by bolts. The cell is placed
in a desiccator with a sulphuric acid solution and
vacuum is created. The suction control method is,
therefore, through the control of relative humidity.
The porous stone and the perforated covers allow
for the exchange of water in the vapour phase be-
tween the clay and the atmosphere of the desicca-
tor. This process is very slow – slower than when the
retention curve under free volume conditions is de-
termined in the desiccator – not only because not
the entire surface of the sample acts as an exchange
surface (but only the upper and lower parts) but also
because the process is performed at constant vol-
ume. Once the water content of the clay is stable,
the cell is weighed and the solution in the desiccator
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Table 5.1
Parameters for fitting of the retention curves in wetting paths

Dry density range
g/cm3

Kind of equation
(no. in Figure 5.11)

P0

MPa
� Sr0 Srmax

P’0

MPa
�’

1.75-1.65 van Genuchten (1) 90 0.45 0.00 1.00 - -

1.75-1.65 modified van Genuchten (2) 100 0.45 0.01 1.00 1500 0.05

1.65-1.60 van Genuchten (3) 30 0.32 0.10 1.00 - -

1.65-1.60 modified van Genuchten (4) 35 0.30 0.01 1.00 1500 1.50

1.60-1.53 van Genuchten (5) 5 0.17 0.00 1.00 - -

1.60-1.53 modified van Genuchten (6) 2 0.10 0.01 0.99 1000 1.30
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Table 5.2
Parameters for fitting of the drying paths after saturation

Dry density range
g/cm3

Kind of equation
(no. in Figure 5.12)

P0

MPa
� Sr0 Srmax

P’0

MPa
�’

1.75-1.65 wetting Modified van Genuchten (1) 100 0.45 0.01 1.00 1500 0.05

1.75-1.62 drying van Genuchten (2) 180 0.62 0.00 1.00 - -

1.60-1.53 wetting Modified van Genuchten (3) 2 0.10 0.01 0.99 1000 1.30

1.62-1.53 drying van Genuchten (4) 30 0.15 0.00 1.00 - -
nged by a lower concentration one in order to
m a wetting path.

evice shown in Figure 5.14 has been designed
C-DIT. In order to reduce the time needed to
equilibrium following suction changes, a flow
id air is induced across the porous plates by

s of a peristaltic pump. The humidity of the air
trolled by means of saturated salt solutions.

T carried out the determination of the reten-
urve at constant volume following a wetting

path from 130 to 1 MPa, followed by a drying path
up to 130 MPa for dry densities of 1.60, 1.65 and
1.70 g/cm3. The determination was performed at
20�C. The initial water content of the samples was
the hygroscopic content (about 14 percent). The re-
sults obtained are plotted in Figure 5.15 [15]. Al-
though there are no major differences between the
water content curves for the different dry densities –
probably due to the fact that they are very close val-
ues – at the beginning of hydration the water con-
tent of the samples with a higher dry density is
Sample Porous plate Steel

Figure 5.13: Non-deformable cell for the determination of the retention curve (CIEMAT).



greater for the same values of suction. However,
when lower values of suction are reached, the water
content of the denser samples is lower. This occurs
because the volume of small pores is higher in sam-
ples with a higher dry density, due to the fact that
the volume of large pores is reduced during com-
paction, as a result of which the sample takes up
more water at the beginning of hydration. However,
as suction decreases and water content increases,
the lower total porosity of the samples of greater
density limits their possibility for water uptake [16].
Consequently, the repercussion of initial dry density
on the value of water content reached becomes
more obvious as suction decreases. On the other
hand, the difference between the wetting and drying
paths is significant, although it should be taken into
account that the density change cannot be
controlled during the drying sequence and increases
as the sample dries.

UPC-DIT has used the new cells (Figure 5.14) to de-
termine the water retention curves at 22ºC on speci-
mens compacted with hygroscopic water content at
dry densities of 1.55 and 1.65 g/cm3. Figure 5.16
shows the results obtained in terms of suction-water
content relationship.

The retention curves for wetting paths obtained by
the two laboratories using the methodologies em-
ployed during the two phases of FEBEX (results of
Figure 5.11, Figure 5.15 and Figure 5.16) are plot-
ted together in Figure 5.17. Although the results are
consistent, those obtained at the beginning – using
a less highly developed methodology – are more
scattered.

Figure 5.18 shows how the retention curve differs
significantly, for the same initial conditions of the
material, depending on the volume restriction im-
posed on the sample during determination. The wa-
ter content for a given suction is much higher if the
sample is allowed to swell freely than if its volume
change is constrained.

Influence of solutes

The retention curves of compacted bentonite samples
were obtained following wetting paths. The water con-
tent of the samples was increased progressively by
adding three types of fluid: distilled water and NaCl
solutions with concentrations of 2.5 and 5.5 M. At
each step the total suction was measured using an
SMI transistor psychrometer (approximate measure-

5. Laboratory tests
Soil Porous plate Steel

Figure 5.14: Cell designed by UPC-DIT to determine retention curves at constant volume.
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ment range between 100 MPa and 0.5 MPa). The
samples were initially compacted with hygroscopic
water content to a dry density of 1.65 g/cm³. During
the wetting process, the samples were confined only
laterally in the psychrometric chamber and the vol-
ume changes were not measured. Two types of paths
were performed; in the first (Figure 5.19), the sam-
ples were wetted starting from the hygroscopic water
content and in the second (Figure 5.20), the samples
were dried after compaction in order to start the wet-
ting process from an almost zero water content. In
the samples wetted with saline solutions, at satura-
tion, the total measured suction tends towards the os-
motic pressure induced by each solution (33 MPa in
the case of 5.5 M NaCl and 12.2 MPa in the case of
2.5 M NaCl). Assuming that the osmotic suction, due
to the salinity of natural bentonite water, is small, it is
possible to estimate the matric suction in the tests.
The retention curve computed using this matric suc-
tion tends towards the retention curve obtained in the
sample wetted with distilled water. Also included in
the figures is the empirical expression to describe the
retention curves under unconfined conditions (Equa-
tion 5.10). It should be noted that at low suctions the
water content is affected by the important volume in-

crement of the samples that were not measured in
the tests; these volume changes and the measure-
ment errors of the equipment in the low range of
suctions may explain the discrepancies observed be-
tween the retention curve obtained using the esti-
mated matric suction and the retention curve mea-
sured with distilled water.

Influence of temperature

The suction/water content relationship was deter-
mined both in confined and unconfined samples un-
der different temperatures. Although the sealing ma-
terial will be unconfined only in the outer part of the
barrier, where a void exists between the compacted
blocks and the host rock, the determination of the
suction/water content relationship in unconfined
samples is justified because, being much easier to
determine, it will still be useful in identifying the
influence of temperature.

The retention curve following a drying/wetting path
was determined by CIEMAT in unconfined samples
for temperatures of 80 and 60ºC [15]. In terms of
water content, there are no differences regarding
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Figure 5.20: Retention curves of bentonite in wetting paths using water of different salinity (starting from the dried state).
dry density; however there are differences in
of the degree of saturation (Figure 5.21): for
n temperature and suction, the higher the ini-
y density, the higher the degree of saturation.
rves obtained show hysteresis, the water con-

in the wetting paths being lower than those
d for the same suction with previous drying.
5.22 shows the results obtained for a dry

y of 1.65 g/cm3, compared with those ob-
at 20ºC (see above) for a similar dry density.

etention capacity is higher for the samples
at laboratory temperature, although no differ-
may be appreciated in the drying path be-
the samples tested at 60 and 80�C. The
retention capacity at higher temperature is

r in the case of the wetting after drying path.

5.23 shows the changes in dry density experi-
by specimens with an initial dry density of

g/cm3 during the determination of retention
under unconfined conditions. For suctions
than 100 MPa, volume changes are small

o not depend on temperature. However, for
s lower than 100 MPa, the decrease in dry

density in the wetting path becomes increasingly im-
portant and different for each temperature. Swelling
is greater for specimens tested at room temperature,
in accordance with the results presented in Section
5.1.3.6.

The retention curve at constant volume was deter-
mined by CIEMAT for dry densities of between 1.60
and 1.70 g/cm3 and temperatures of between 20
and 80�C. The curves followed a wetting path,
from suction at 130 MPa to 0.1 MPa, and after-
wards, a drying path to 130 MPa. The initial water
content of the samples was hygroscopic (approxi-
mately 14 percent). To hinder the swelling of clay
during the determination, the samples were com-
pacted in the cells shown in Figure 5.13. These cells
were introduced in vacuum desiccators with a
sulphuric acid solution, which were in turn placed in
an oven at controlled temperature.

The results obtained are plotted in Figure 5.24 [15].
The results show the hysteretic behaviour of clay, the
water contents reached during drying being higher
than those obtained during previous wetting. On the
other hand, the retention capacity at higher temper-
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ature seems to be slightly lower. This is seen in Fig-
ure 5.25, where only the wetting curves have been
plotted.

By applying an approach similar to that presented
by Sánchez [51] to fit the data from these laboratory
determinations, the following empirical equation
may be obtained:
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(5.15)

where w is the water content in percentage terms, n

the porosity, s the suction in MPa, and T the temper-
ature in ºC. The values of the fitted parameters a, b,
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�, n0, �, and T0 are 10.4, 41.89, 12.68 MPa,
, 7.97, 0.4, 0.00647 ºC-1 and 20ºC, respec-

.4 .Water density

the experimentation with the FEBEX bentonite
systematically observed that, at the end of the

tion tests under confined conditions, the mea-
water contents were higher than those corre-
ing to the water content for saturated condi-
assuming that the specific density of the min-
articles is 2.7 and the water density 1.0 g/cm3.
egrees of saturation obtained are higher than
ercent because they were calculated consider-
e density of the water to be 1.00 g/cm3, which
hown to be untrue for high plasticity materials
the water in them is usually adsorbed [16, 52,
4, 55]. The values of average water density ob-

are represented in Figure 5.26, which shows
his parameter increases when the volume of
, and consequently the amount of free water,
ases. The water contents measured may be ex-
d by considering that the microstructural void
s about 0.46, and that the average water den-

sity in the microstructure is about 1.2 g/cm3. From
measurements of specific surface and basal spacing,
Fernández [10] has obtained values for water density
varying from 1.13 to 1.51 g/cm3 for different states
of adsorbed water in FEBEX bentonite (see Section
5.2.1.3).

5.1.3. Mechanical properties

5.1.3.1. Elastic shear modulus

UPC-DIT determined the elastic shear modulus, G,
at minor deformations (10-6

���10-4) for the FEBEX
bentonite. The tests were performed in a resonant
column on 10 specimens compacted at various dry
densities and degrees of saturation [6]. The results
are shown in Table 5.3.

5.1.3.2. Strength: unconfined compression
and triaxial tests

In the years previous to FEBEX, strength was deter-
mined only on samples of bentonite S-2 [6]. Some
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Table 5.3
Elastic shear modulus obtained in resonant column tests

Dry
density
g/cm3

Water
content

%

Degree
of saturation

%
Void ratio

Elastic shear modulus, G, in MPa

�3=0.01 MPa �3=0.1 MPa �3=0.2 MPa �3=0.4 MPa �3=0.8 MPa

1.58 14.7 54 0.757 140 207 245 300 370

1.66 13.6 57 0.668 211 223 270 --- ---

1.54 3.4 12 0.802 78 106 174 208 326

1.56 2.8 10 0.777 89 106 138 --- ---

1.62 24.6 95 0.717 240 270 --- 331 336

1.66 21.3 87 0.677 252 296 370 429 502

1.65 4. 7 19 0.685 74 90 137 190 310

1.72 10.4 47 0.615 200 219 293 381 429

1.68 3.7 16 0.652 61 89 141 200 290

1.62 12.7 50 0.713 122 180 240 299 387



of these data are presented herein for informative
purposes.

The unconfined compressive strength is 2.5 MPa for
samples prepared with hygroscopic water content at
a density of 1.70 g/cm3. It was found that uncon-
fined compressive strength increases exponentially
with dry density.

Various types of triaxial tests were performed, using
saturated and unsaturated samples. Table 5.4 shows
the results from the unconsolidated, undrained tests
performed with unsaturated samples, prepared at dif-
ferent dry densities with the water content at equilib-
rium with the laboratory conditions.

5.1.3.3. Swelling pressure

Swelling pressure tests were performed using con-
ventional oedometers on samples saturated with
deionised water. A regression curve was developed
as a function of dry density for the swelling pressure
of the FEBEX bentonite, as shown in Figure 5.27,
and expressed by the equation [16, 49]

Ps = exp (6.77 �d – 9.07) (5.16)

where Ps is the swelling pressure, in MPa, and �d is
the dry density, in g/cm3. The deviation of the ex-

perimental values with respect to this fitting may be
as high as 25 percent. The dispersion observed in
the values is larger for higher dry densities, this
probably being due to technical limitations, as the
load capacity of the oedometers is almost exceeded
by the swelling pressure.

The repercussion of the direction of the measure-
ment – parallel or perpendicular to the compaction
effort – on the value of swelling pressure has also
been tested (trimmed samples), as has the use of
granitic instead of deionised water. None of these
aspects seems to be relevant.

The swelling pressure values and the regression
curve for bentonite S-2 are also shown in Figure
5.27. The difference in the swelling pressures of the
S-2 and the FEBEX bentonites may be considered to
be negligible for all practical purposes in the PA of
a repository.

5.1.3.4. Swelling capacity

The saturation (or swelling) under load test makes it
possible to determine the strain capacity of the soil
when it saturates under a previously established pres-
sure. These tests were performed using conventional
oedometers on samples of the FEBEX bentonite.

5. Laboratory tests
Table 5.4
Strength parameters obtained in triaxial tests on unsaturated specimens of bentonite S-2 prepared with hygroscopic water content
and at different initial dry densities

�d

g/cm3
Initial Sr

%
Range of �3

MPa
Cohesion

MPa
Friction angle

Degrees

1.6 41 - 47 0.5-3.0 0.7 25

1.6 41 - 47 3.0-10.0 2.8 14

1.6 41 - 47 10.0-30.0 4.4 14

1.7 49 - 60 0.5-3.0 0.8 30

1.7 49 - 60 3.0-10.0 1.0 26

1.7 49 - 60 10.0-30.0 3.5 16

1.8 53 - 59 3.0-10.0 4.3 16

1.8 53 - 59 10.0-30.0 3.6 18

1.9 65 - 79 3.0-10.0 4.5 19
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nce of vertical load and initial dry density

AT carried out tests on specimens with an initial
al dry density of 1.50, 1.60 and 1.70 g/cm3

ted with deionised water under vertical loads
tween 0.1 and 3.0 MPa [15]. The initial water
nt of the bentonite was hygroscopic. Taking
ccount all the results, the following fitting be-
final swelling strain (�, %) and vertical pres-
�, MPa), as a function of initial dry density (�d,
3), was found:

(5.40 �d - 1.32) ln � + (-48.25 �d + 63.69)

(5.17)

DIT performed 21 flooding-under-load tests
ecimens prepared at various dry densities of
en 1.57 g/cm3 and 1.87 g/cm3, with an initial
content of 11.7 percent (water content at

brium with laboratory conditions). The speci-
were saturated with distilled water while being

cted to a predetermined load of between 0.01
and 10 MPa [50]. The strain (�, %) induced af-
turation may be approximately expressed by
uation

� = 46.9 + 19.4 log � - 36.6 �d (5.18)

where � is the vertical load in MPa and �d is the ini-
tial dry density in g/cm3.

As expected, both in the tests performed by CIEMAT
and those carried out by UPC-DIT, the strain under-
gone by the specimens on saturation is higher the
lower the load applied. Likewise, swelling capacity
increases with increasing initial dry density.

Influence of the kind of water

In addition, tests were performed by CIEMAT using
both granitic and saline water for saturation of the
sample. The nominal initial dry density of the FEBEX
specimens was 1.50, 1.60 and 1.70 g/cm3, and
they were saturated under vertical loads of between
0.1 and 3.0 MPa [15]. The initial water content of
the bentonite was hygroscopic. A commercial gra-
nitic water was used, identical to the one used for
saturation in the “mock-up” test. The saline water is
a synthetic product having a chemical composition
similar to that of the bentonite interstitial water, but
simplified to include only the major elements. The
chemical composition of both is shown in Table 5.5.



Final strains as a function of vertical pressure are
represented in Figure 5.28, for the nominal dry den-
sity of 1.50 g/cm3, in Figure 5.29, for the nominal
dry density of 1.60 g/cm3, and in Figure 5.30, for
the nominal dry density of 1.70 g/cm3. The fittings
obtained for the different types of water are also
shown in these figures. Taking into account all the
results, the following fittings between final swelling
strain (�, %) and vertical pressure (�, MPa), as a
function of initial dry density (�d, g/cm3), were
found:

For saline water:

� = 6.47 ln � + (-48.71 �d + 66.13) (5.19)

For granitic water:

� = (-6.49 �d + 16.53) ln � + (-43.59 �d + 58.14)

(5.20)

The final values of strain do not seem to be particu-
larly dependent on the kind of water, although in
the tests performed with saline water they are some-
what higher than in those performed with granitic
water, the values for deionised water being the

highest. This difference becomes less apparent for
higher vertical pressures.

In order to evaluate the effect of salinity on swelling
strains, UPC-DIT performed tests with the FEBEX
bentonite compacted to a dry density of 1.65 g/cm3

and soaked under a load of 0.5 MPa using different
solutions. After soaking, the bentonite was loaded
under oedometric conditions up to 2 MPa, in order
to evaluate its stiffness and permeability. Figure
5.31 shows the results of the soaking under load
tests in terms of changes in vertical strain. Swelling
capacity decreases significantly with salinity. On the
other hand, samples wetted with CaCl2 solutions
swell slightly more than those wetted with NaCl. If
the osmotic pressure of the solution is considered,
the effect of changes in salt concentration may be
compared with the changes measured in suction
controlled oedometers (Section 5.1.3.5): in fact, the
volume changes measured in the suction controlled
oedometer tests during the suction reduction stages
are comparable to the volume changes measured in
soaking tests using salt solutions [15].

On the other hand, the settlements measured upon
application of a vertical load on the saturated sam-

5. Laboratory tests
Table 5.5
Chemical composition and pH of the water used in the tests (mg/L)

Dissolved ions and pH Granitic Saline

Cl- 13.1 3550.0

SO4
2- 14.4 1440.0

Br- 0.1 —

NO3
- 4.8 —

HCO3
- 144.0 —

SiO2 (aq) 22.2 —

Mg2+ 9.4 360.0

Ca2+ 44.9 400.8

Na+ 11.0 253.9

K+ 1.0 —

Sr2+ 0.09 —

pH 8.3 7.0
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ples show that the samples saturated with solutions
containing high concentrations are less deformable
and consolidate more rapidly than the samples sat-
urated with low salinity solutions. Using the
Terzaghi’s 1D consolidation theory it is possible to
obtain the consolidation coefficient (cv), the confined
elastic modulus (Em) and the permeability of the wa-
ter (kw); in addition, from the same curves, the sec-
ondary consolidation coefficient (C�) may be mea-
sured. The values obtained for these parameters are
summarised in Figure 5.32. The increase with salin-
ity of the consolidation coefficient, water permeabil-
ity and stiffness cannot be attributed only to solute
effects; in fact, the different structure (void ratio) of
the samples after saturation plays a significant role
in the value of these parameters. The influence of
salinity on water conductivity has been discussed in
Section 5.1.2.1.

Influence of initial water content

The influence of the initial water content of the ben-
tonite on its swelling capacity was tested by means
of soaking tests similar to those described above.
The granulated bentonite with its hygroscopic water
content (about 14 percent) was mixed with
deionised water in different proportions in order to
obtain different initial water contents: of 17, 20 and
22 percent. This material was compacted to nomi-
nal dry densities of 1.50, 1.60 and 1.70 g/cm3.
Once in the oedometer, vertical pressures of 0.1,
0.5, 1.0 and 3.0 MPa were applied to the samples.

The final strains reached by specimens compacted
at different initial dry densities upon saturation with
deionised water under different vertical pressures
are plotted as a function of initial water content in
Figure 5.33. From the results obtained, an empirical
relation was found between swelling strain (�,, %),
initial dry density (�d, g/cm3), initial water content
(w, %) and vertical pressure (�, MPa), the prediction
capacity being rather good:

� = [(-12.12 ln �d + 1.89) ln � + (36.81 �d – 53.59)]

ln w + (38.27 ln �d – 1.25) ln � + (-149.05 �d +

211.42)
(5.21)

5.1.3.5. Hydro-mechanical behaviour observed
in suction controlled tests

An extensive programme of suction controlled
oedometer tests was performed, the results being
taken into account in the numerical modelling per-
formed during the project [50]. Suction controlled

oedometer tests were performed at CIEMAT (24 tests)
and UPC-DIT (5 tests) on compacted bentonite with
hygroscopic water content and at nominal dry densi-
ties of 1.70 and 1.65 g/cm3, respectively. Three
types of paths were followed. In the first type, simulat-
ing the behaviour of a point near the heater, initial
drying was followed by loading, the bentonite finally
being saturated. In the second type, simulating a
point near the external boundary, an initial path of
suction decrease is followed by an increase in load.
Figure 5.34 shows the measured volume changes in
the tests of these two types. In order to use a logarith-
mic scale, a constant value of 0.1 MPa was added to
all suction values plotted in this Figure. The same
convention was used in the rest of the section. In the
third case, aimed at reproducing a swelling pressure
test, an attempt was made to maintain the height of
the sample constant during the suction reduction
path by applying increments of vertical load. Suction
is applied, with the relative humidity of the air on the
sample being controlled by means of sulphuric acid
or salt solutions in the high suction range, and by the
axis translation technique in the case of suctions
ranging from 0 to 14 MPa.

Paths with constant vertical stress
or constant suction

Table 5.6 presents the initial conditions and the
stress paths of five tests performed at CIEMAT in
which a combination of loading paths at constant
suction and suction change paths at constant load
were applied [16, 49, 56]. The various load or suc-
tion changes were applied in stages, as shown in
Figure 5.35. All the tests started at an applied verti-
cal stress of 0.1 MPa and at a compaction suction
of about 125 MPa. Subsequently, a variation of suc-
tion was applied under constant load, except for
one specimen in which suction was kept unchanged.
Following this the load was increased, also under
constant suction, this being followed by wetting until
saturation (zero suction) was reached. The maxi-
mum vertical stresses under saturated conditions
were either 5 MPa or 9 MPa.

Figure 5.36a shows the variation of void ratio dur-
ing the initial stage of suction modification and sub-
sequent loading. The starting points for the loading
stages are very different because of the large de-
pendence of volumetric strain on the suction applied
at low loads. On loading, the stiffness of the ben-
tonite (i.e. the slope of the void ratio vs. the vertical
stress line plotted on a semi-logarithmic scale) re-
duces slightly as the suction applied during loading
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Figure 5.32: Variation with salinity of parameters obtained from oedometric tests on samples saturated with different solutions
(initial dry density of 1.65 g/cm3).
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Figure 5.33: Final strains reached in soaking tests under different vertical pressures for specimens compacted at different initial dry density
and water content.
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Figure 5.34: Results of suction controlled oedometer tests. a) Initial dry density 1.70 g/cm3, b) initial dry density 1.65 g/cm3.
increases. However, the most noticeable effect of
suction is the shifting of the point at which there is a
change in the slope of these lines, indicated by a
vertical arrow in Figure 5.36a. In the framework of
elasto-plasticity, this change is interpreted as the
crossing of a yield surface, and the load at which it
takes place may be considered as being an appar-
ent preconsolidation pressure. Figure 5.36b shows

the dependence of this preconsolidation pressure on
suction. Large preconsolidation pressure reductions
are apparent at low suction values. According to the
conceptual model of Gens & Alonso [57], the re-
duction of the yield point is due to the irreversible
macrostructural strains induced by microstructural
deformations occurring during the swelling to low
suction values. Yielding was not reached in tests S1
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and S2, and in the plot of Figure 5.36b it is as-
sumed that the preconsolidation stress corresponds
approximately to the vertical stress value reached
during static compaction, about 18 MPa.

The variations in void ratio during the subsequent
stages, at which the vertical stress is maintained con-
stant and suction is reduced, are presented in Figure
5.37a. Large void ratio changes are observed in the
specimens where wetting takes place at 0.1 MPa,
whereas in the samples where wetting takes place at
5.1 MPa and, especially, at 9 MPa load, the volume
changes are quite small. Figure 5.37b summarises this
information in terms of the slope of the swelling line
(on a semi-logarithmic plot) with the vertical stress ap-
plied during wetting. The effects of applied load are
very noticeable.

One of the samples (S5) was subjected to drying to
a suction of 500 MPa before being wetted to a suc-
tion of 0.1 MPa. The measured void ratio changes
are plotted in Figure 5.38. It may be seen that the
drying produces very small volumetric strains. How-
ever, when wetting is continued towards smaller suc-
tion values a large increase in swelling strains is ob-
served, signalling a significant change of behaviour.
Comparison of the results of this test with those of
test S4, which did not undergo this initial drying/
wetting cycle, suggests that such a suction cycle
does not have any noticeable effects on subsequent
behaviour.

An important feature of behaviour concerns the pos-
sible stress path dependency or independency of the
material under generalised stress including suction. In
non-saturated non-expansive soils, it is often found
that behaviour is independent of the stress path if the
trajectories include only loading and wetting (suction
reduction) stages [58]. However, Gens & Alonso [57]
argued that, in expansive soils, there would be irre-
versible macrostructural rearrangements caused by
the swelling of the microstructure on wetting of the
samples. This interaction would be higher when ap-
plied stresses are low. As a result, such macro-
structural changes might result in stress path depend-
ency of volume changes, even in those cases in
which only wetting paths are involved. This issue was
examined in this experimental programme.

Figure 5.39a shows the void ratio variation for two
specimens that share initial and final stress points
but that have followed different stress paths. It may
be appreciated that the final state is different, so
there is a measure of stress path dependency. As
observed in other expansive clays, the final void ra-
tio of the sample wetted under low stresses is
higher. The disruption of the macrostructure would
be more severe in this case because of the larger
swelling strains developed during wetting, inducing
large macrostructural volume changes that cannot
be recovered upon subsequent loading. Figure
5.39b shows a similar plot for a further three speci-
mens with the same initial and final points, where,
again, it may be appreciated that the final void ratio
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Table 5.6
Stress paths of the tests in which a combination of loading paths at constant suction and suction change paths
at constant load were applied. Tests performed at CIEMAT [16, 49]

Test

Initial conditions Path �v (MPa), s (MPa)

�d

(g/cm3)
w

(%)

I II III IV V

�v s �v s �v s �v s �v s

S1 1.72 13.0 0.1 138 0.1 550 5.1 460 5.1 0 0.1 0

S2 1.68 13.7 0.1 126 - - 9.1 127 9.1 0 0.1 0

S3 1.69 14.2 0.1 121 0.1 14 9.0 14 9.0 0 0.1 0

S4 1.71 12.9 0.1 119 0.1 3.7 8.4 4.1 8.4 0 0.1 0

S5 1.72 13.2 0.1 138 0.1 520 0.1 0 5.0 0 0.01 0
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Figure 5.35: Generalised stress paths followed by tests S1 to S5.
s do not coincide. As before, the sample that
etted at the lower applied vertical stress (4

reaches the highest final void ratio.

ant volume paths

ain features of the swelling pressure tests per-
d in the UPC-DIT laboratory are presented in
5.7 [59, 56]. Initially a suction change is ap-
to three of the samples in order to achieve a
of initial conditions for the next testing stage.

g the swelling pressure phase a condition of no
e change is prescribed and suction is reduced
ges under controlled conditions. In this way it is
le to follow the stress path, in terms of suction
rtical stress throughout the tests, as shown in
5.40.

zones may be distinguished (Figure 5.40).
irst corresponds to the stage of high suction
ow applied loads. In this region the vertical
remains below the preconsolidation stress (in
-plastic terms, the stress state has not reached

the yield locus) and the stress path is defined by the
increase of load required to compensate the small
swelling strains due to suction reduction.

Once the preconsolidation pressure (yield locus) is
reached, the second zone is entered and a drastic
change of slope ensues. If the load is sufficiently
high, a collapsing of the macrostructure occurs and
the value of vertical stress tends to reduce to com-
pensate for the compressive strains associated with
this collapse. Naturally, the microstructural swelling
strains also contribute to the compensation of col-
lapse deformation but at this stage they may not be
large enough to offset the reduction of vertical stress.

The points indicating the preconsolidation stress iden-
tified in the suction reduction tests under constant
stress have been added to Figure 5.40 for reference.
In fact, a close coincidence of yield points from the
two types of tests should not be expected because of
the different stress paths followed, which lead to dif-
ferent magnitudes of irreversible strains and, there-
fore, to somewhat different yield surfaces. Generally,
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between the apparent preconsolidation stress and applied suction identified in the loading stages of tests S3, S4 and S5. The

preconsolidation stresses of samples S1 and S2 are assumed to be approximately equal to the static compaction stress.
in the constant load tests, the larger swelling strains
should lead to smaller sizes of yield loci.

Finally, zone III corresponds to the region of low
suctions where microstructural swelling strains ex-
hibit their largest magnitude. Now microstructural

strains overcome any possible collapse strains and
the vertical stress must rise again to compensate for
the large swelling strains. It is interesting to note that
even the rather complex behaviour displayed by the
compacted bentonite during the swelling pressure
tests may be readily explained in the context of a
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b) Influence of applied vertical stress on the slope of the swelling line measured on wetting.
conceptual framework that considers the interaction
between microstructure and macrostructure.

The values of swelling pressure obtained in suc-
tion-controlled equipments agree with those ob-
tained in the conventional tests described in Section
5.1.3.3.

5.1.3.6. Effect of temperature on
hydro-mechanical behaviour

Temperature changes affect the mechanical re-
sponse of the material, which has important impli-
cations for the design of the repository. The experi-
mental information on the effect of temperature on
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ehaviour of expansive materials is still scarce,
for this reason this issue was addressed during
ast phase of FEBEX [54, 55, 15, 60].

ling capacity

influence of temperature on the swelling capac-
f clay was checked by tests of swelling under

vertical load. These tests were performed by
CIEMAT using an oedometer whose cell is placed in
a thermostatic bath with controlled temperature. The
samples had an initial water content of 14 percent
and a dry density of 1.60 g/cm3. After reaching sta-
bilisation at the target temperature, vertical pres-
sures of 0.1, 0.5, 1.5 and 3.0 MPa were applied to
the samples. Immediately afterwards, the samples
Table 5.7
Main features of the swelling pressure tests performed at the UPC laboratory [59]

Test

Initial conditions
Path before swelling pressure test

�v (MPa), s (MPa)
Dry density before swe-

lling pressure test

�d

(g/cm3)
w

(%)

I II
�d

(g/cm3)
�v s �v s

SP1 1.62 14.6 0.11 128 0.11 424 1.65

SP2 1.63 13.2 0.15 146 1.63

SP3 1.62 14.6 0.16 128 0.16 70 1.57

SP4 1.63 14.2 0.15 128 0.15 39 1.50
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were soaked with deionised water at atmospheric
pressure from the bottom porous plate. The swelling
strain experienced by the specimens on saturation
was recorded as a function of time to stabilisation.

The final strains reached are plotted as a function of
the temperature and vertical pressure in Figure

5.41. The strain percentage is calculated as the in-
crease in height with respect to the initial height of
the sample, the negative values indicating swelling
strains. As shown in the Figure, the swelling capacity
decreases with temperature and linear fittings may
be drawn between swelling strain and pressure. Al-
though the fittings come from tests performed at
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ratures ranging from 30 to 80�C, the extrap-
n of lines towards higher temperatures would
r to indicate that the swelling capacity would
for temperatures of around 100�C.

ing pressure

etermination of the swelling pressure as a
on of temperature was performed by CIEMAT
new high-pressure oedometer (Figure 5.42).
ranulated clay with its hygroscopic water con-
as compacted uniaxially and statically at room
rature, to nominal dry densities of 1.60 and
g/cm3. The oedometer allows for the satura-
f the specimen at constant volume and for the
urement of swelling pressure, water intake and
strain.

welling pressure results are plotted in Figure
where the dispersion of data may be attrib-

mainly to the variations in dry density (whose
ge value was in fact 1.58 g/cm3). The error
hown in the figure were obtained from values

ured in tests performed at laboratory tempera-
Section 5.1.3.3). A decrease in swelling pres-

sure, as a function of temperature, is observed. This
would be in accordance with the results obtained in
soaking under load tests, which predict a decrease
in swelling capacity with temperature. However, the
extrapolation of the logarithmic correlation towards
higher temperatures would indicate that swelling
pressures higher than 1 MPa would be developed
even for temperatures of 100�C.

Oedometric behaviour under suction control

CIEMAT performed suction and temperature con-
trolled tests in oedometers in which suction is con-
trolled by means of sulphuric acid solutions. The
equipment experienced recurring breakdowns: some
of the results of the tests performed at high tempera-
ture must be considered preliminary. On the other
hand, the possible effect of sulphuric vapour on the
behaviour of the bentonite is unknown.

The initial dry density of the specimens was 1.70 g/cm3

(except for test EDSC_1, compacted at 1.60 g/cm3).
Once in the oedometer cell, the samples were ini-
tially heated under a suction of 130 MPa (corre-
sponding to the relative humidity of the laboratory)
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vertical pressure of 0.1 MPa. Afterwards, the
ifferent stress paths shown in Figure 5.44 were
ed.

E5 starts by stabilising the sample at the suc-
corresponding to its equilibrium water content
MPa) under a minor load (0.1 MPa). The void
of the tests performed at 50�C increases dur-
is first step, which does not happen in the tests
rmed at 20�C. There is no clear explanation
is observation, which might be due to the ther-
xpansion of the soil or to an experimental arte-
This initial difference determines the subse-

t behaviour of the samples during the tests,
is shown in Figure 5.45. Although the stiffness

e soil, when loaded under hygroscopic condi-
becomes evident for all the temperatures, the
ressibility during loading of samples tested at

is higher than for samples tested at 20�C.
ay be simply a result of the different void ratio
beginning of compression. In saturated mate-

it has been observed that temperature in-
es the compressibility of bentonite. As in satu-
soils, a reduction in the size of the elastic do-
with temperature may be observed [61], the

apparent preconsolidation stress being lower when
the temperature is 50ºC than when it is 20ºC.

The behaviour of the samples during wetting under
a high vertical load was diverse and apparently not
determined by temperature. Overall the initial void
ratios are recovered, although two tests (EDS1_10
and EDSC_8) experienced minor collapse at the
beginning of wetting.

The results of the tests performed following path E6
are plotted in Figure 5.46. The increase in void ra-
tio during the initial wetting under a low vertical
load is important in all tests. No different behaviour
may be observed as a consequence of temperature.
In the subsequent loading, the initial void ratio is not
recovered in any test, due to the irreversible
macrostructural strains induced by the microstruc-
tural deformations that occurred during the previous
swelling to low suction values. The comparison of
the curves obtained during loading at different tem-
peratures and constant suction (tests EDS3_11 at
20�C and EDSC_3 at 60�C) suggests once more
that temperature increases the compressibility of
bentonite and that some reduction in the size of the
elastic domain with temperature takes place.
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Figure 5.44: Stress paths for the suction and temperature controlled oedometric tests.
The two paths tested have approximately the same
initial and final states as regards suction and vertical
stresses. In particular, for test EDS1_13 the path fol-
lowed consisted of loading up to 8 MPa under a
constant suction of 130 MPa and then wetting un-
der this high vertical load (path E5). For test
EDS3_11, the path followed (E6) consisted of wet-

ting under a constant vertical load of 0.1 MPa, fol-
lowed by loading to 9 MPa under a constant suction
of 3 MPa. In Figure 5.47 the final void ratio of each
step of the two tests is plotted against the corre-
sponding suction or vertical load. As both variables
have the same units, they are represented on the
same axis (wetting paths are indicated by bold sym-
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Figure 5.45: Evolution of void ratio in the different steps of the loading and wetting paths performed in suction controlled oedometers at
different temperatures following path E5 (initial nominal dry density 1.70 g/cm3).
bols). It becomes clear that when wetting takes
place under a low vertical load (test EDS3_13), a
large increase in void ratio occurs and the external
load subsequently applied is unable to counteract
this swelling. However, if swelling during saturation
is prevented by previous loading (test EDS1_11), the
final volume change is smaller. These tests are an
example of the irreversible macroscopic deforma-

tion induced by micro-structural swelling, the
magnitude of which (plastic deformation) is stress
path-dependent [57].

The same remarks might be made when comparing
the results of tests EDSC_8 (path E5) and EDSC_3
(path E6), plotted in Figure 5.48. These tests were
performed at temperatures of 50 and 60�C, re-
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Figure 5.46: Evolution of void ratio in the different steps of the wetting and loading paths performed in suction controlled oedometers at
different temperatures following path E6 (initial nominal dry density 1.70 g/cm3, except for EDSC1: 1.60 g/cm3).
spectively. The behaviour of bentonite at high tem-
perature is similar to that observed at 20�C (Figure
5.47), which would suggest that the repercussion of
the stress path on bentonite deformation is higher
than that of temperature. The only significant differ-
ence between the tests performed at laboratory tem-
perature and those performed at high temperature,

is the higher compressibility of quasi-saturated ben-
tonite upon loading at high temperature (test
EDSC_3 with respect to test EDS3_11), which has
been commented on above.

On the other hand, UPC-DIT performed suction and

temperature controlled tests on two bentonite sam-

ples compacted at a dry density of 1.7 g/cm3. The
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tests were performed in controlled-suction oedome-
ter cells specifically designed for accurate tempera-
ture control (Figure 5.49). Soil suction was applied
by prescribing a value of the relative humidity of the
atmosphere in contact with the sample by the use of
solutions of sulphuric acid at various concentrations
or of saturated solutions of various salts. Figure
5.50 shows the generalised stress paths followed in
the experimental programme in a three-dimensional
stress-suction-temperature space.

The vertical strains measured during the different
stages of the two tests are shown in Figure 5.51.
From the evolution of vertical strains and tempera-
ture during the heating stage at constant water con-
tent (stage B-B’, 22 to 70�C), and if the volume
changes due to suction variation are not taken into
account, a value of the linear coefficient of thermal
expansion (�) of 4·10-4 is obtained. This value is
similar to those obtained in the unconfined tests per-
formed during the first phase of the FEBEX project
(Section 5.1.1.3). During the equalisation of suction
at 110 MPa, negligible vertical strains were mea-
sured in the sample tested at 22ºC. However in the
sample tested at 70ºC, an important shrinkage was
observed (vertical strain of 3.5%). This shrinkage
compensates the initial thermal swelling and the re-
sulting dry density is higher than the dry density of
the sample tested at 22ºC.

Afterwards, it may be observed than the compress-
ibility of the bentonite is similar at both temperatures
(stages B’-C). However it must be pointed out that
the sample loaded at 70ºC has an initial dry density
of 1.72 g/cm3, whereas the sample tested at 22ºC
has a dry density of 1.70 g/cm3. Therefore, the in-
crease of compressibility due to temperature that
was observed in other tests is compensated by the
reduction due to the increase in dry density.

During the subsequent suction reduction (stages
C-E), swelling strains were higher in the sample wet-
ted at low temperature. This behaviour agrees with
the results obtained in the swelling capacity tests.

The sample that was loaded and saturated at 22ºC,
was finally heated up to 78�C (stage E-F). In this
case, due to the higher vertical stress applied (8.6
MPa), the thermal expansion is smaller than that ob-
served under a vertical stress of 0.1 MPa. In the
present case, the linear thermal expansion coeffi-
cient is only about 0.4·10-4.

5.1.4. Thermo-hydraulic tests in cells

The thermo-hydraulic (TH) tests in cells consist of
subjecting the bentonite simultaneously to heating

and/or hydration, in opposite directions, for different
periods of time. The back-analysis of infiltration tests
allows for the calibration of numerical models and
the adjustment of parameters that are difficult to ob-
tain by direct measurement. In the infiltration tests,
compacted blocks of clay are introduced in a her-
metic cell and saturated through the top, while ther-
mal gradients may be applied. After a pre-fixed time,
the cell is disassembled and the water content of the
clay is determined at different distances from the
hydration front. If the infiltration test is performed with
thermal gradients, the tortuosity factor that is involved
in vapour flux modelling may also be obtained or
validated.

The response of the FEBEX bentonite under the small-
scale test conditions is very complex, due to the physi-
cal processes and interactions that take place during
the simultaneous heating and hydration of clay under
conditions of practically constant volume. For this rea-
son, coupled THM analysis becomes a requirement, in
order to simulate this problem. The THM formulation
proposed by UPC-DIT [62], was adopted as a general
framework for analysis, and the finite element code
CODE_BRIGHT [63] was used to analyse small-scale
tests as a boundary value problem. The simulations
aim to reproduce the evolution of the main variables
of the tests (water intake and temperature) and also
the experimental data arising from the post-mortem
study. Regarding these studies, it is important to high-
light that most of the constitutive laws and parameters
considered in the analyses are the same as those
adopted for the Operational Base Case (OBC) model
of the ‘mock-up’ test (Chapter 6). In this sense, the re-
sults obtained in this study are model predictions that
allow for increased confidence in the constitutive
equations and parameters used.

On the other hand, the TH tests make it possible to
analyse the properties of the bentonite and its be-
haviour under conditions similar to those that will be
found in a repository, and to clarify what processes
and geochemical changes occur. These processes
may influence the retention and the thermo-hydro-
mechanical properties of the clay barrier.

5.1.4.1. Infiltration tests in Teflon cell

CIEMAT performed isothermal infiltration tests in a
cylindrical cell (diameter of 53 mm and height of
101 mm) made out of Teflon [15]. Four small blocks
(2.5-cm thick) compacted to dry densities of 1.60 or
1.75 g /cm3 were placed in the cell. The tests were
performed at 20 and 60ºC. Figure 5.52 shows the
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1) Silicone oil bath and heater; 2) Soil sample; 3) and 4) Coarse porous disc

Figure 5.49: Schematic layout of the experimental system with simultaneous control of suction and temperature (UPC-DIT).
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Figure 5.51: Summary of volume change experienced by two samples tested in a suction and temperature controlled oedometer .
tion of water intake in the tests. At the beginning
test a rapid infiltration flow was measured,

is associated with the water required to fill the
xisting between the small bentonite blocks and
ll walls. During hydration the initial dry density
bentonite decreased, due to the existence of

voids and to the deformability of the cell. The
urement of profiles of dry density and water
nt at the end of different tests (Figure 5.53) al-

for the determination by back analysis of hy-
c parameters, such as the exponent n in the rel-
permeability law (kr=Sr

n) or the value of intrinsic
ability. A value of n= 4.64 was obtained from

sts performed at 20ºC with an initial dry density
5 g/cm3.

.2. Infiltration tests in triaxial cell

tion tests were carried out at UPC-DIT on ben-
specimens (diameter 38 mm, height 76 mm)

acted with hygroscopic water content at a dry
y of 1.65 g/cm3 and confined in a triaxial cell
confinement pressure of 0.8 MPa. In order to

the possibility of de-saturation of the rock in
ct with the bentonite, a hydraulic gradient was

prescribed across a specimen of granite in contact
with another of bentonite. During the test no change
in water content was detected in the granite, which
acted as a porous interface. At the end of the granite
specimen a backpressure of 0.6 MPa was applied.
Using the parameters derived from the identification
process (n=3.5), Figure 5.54 shows that a good
agreement between measurements and numerical
model predictions is obtained.

5.1.4.3. Tests of prescribed heat flow
with constant water content

A testing device was developed by UPC-DIT to obtain
the data required for the identification of certain
thermo-hydraulic parameters [64]. A controlled heat
flux is applied at one end of a cylindrical specimen
(38 mm in diameter, 76 mm long) while the other end
is maintained at constant temperature. A latex mem-
brane, which allows for deformation and keeps overall
water content constant, and a 5.5-cm thick heat insu-
lating deformable dense foam material surrounds the
specimen. In order to ensure knowledge of the heat
flux crossing the sample, two specimens symmetrically
placed with respect to the heater are used in the tests.
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Figure 5.52: Evolution of water intake in the isothermal tests performed in small Teflon cells.
eater is a copper cylinder (38 mm diameter,
m long) containing five small electrical resis-
s. A constant power of 2.6 W has been used in
sts, allowing steady temperatures in the range
-80ºC to be reached at the hotter end of the
men. At the cold end, a constant temperature
ºC is maintained by flowing water in a stain-
teel head in contact with the soil. Figure 5.55
s the scheme of the equipment used in the

mmetric analyses performed using CODE-
HT allowed the effect of lateral loss of heat to
aluated, this having been estimated at 60 per-
of total heater power. This indicates the impor-

of performing a 2D analysis of the experi-
.

specimens of bentonite compacted at a dry
ty of 1.68 g/cm3 and with water contents of
, 16.9 and 17.1 percent were tested. During
sts, the temperatures at both ends of the speci-
and at three equidistant internal positions are
tored. At the end of the tests, changes in speci-
diameter were measured. Finally, the soil sam-

ples were cut in six small cylinders and the water
content of each was determined.

A fully coupled thermo-hydraulic model was used to
simulate the experiment. The temperatures obtained
under steady-state conditions and the water content
measured at the end of the test have been considered
as input data. In each test, three parameters have
been identified: the thermal conductivity of saturated
bentonite, �sat, needed to obtain the unsaturated ther-
mal conductivity (�=(�sat)

Sr (�dry)
(1-Sr) ); the tortuosity, �;

and the exponent n for the unsaturated (relative) per-
meability law (kr=Sr

n). The thermal conductivity under
dry conditions (�dry) is fixed at 0.47 W/m·K. The pa-
rameters obtained during the identification process
are similar but not identical in the three tests, as
shown in Table 5.8. The values are within the nor-
mal range of these parameters. In addition, the
identification technique provides a systematic and
consistent procedure allowing the parameters that
best reproduce the measurements for the selected
model to be found. The method also provides in-
sight into the model structure and allows the de-
pendence and coupling between parameters to be
detected. In this type of test, analysis of the model
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Figure 5.53: Water content and dry density profiles measured at different times in isothermal infiltration tests in Teflon cells (initial dry
density 1.6 g/cm3, temperature 20ºC).
structure shows that the values obtained for the pa-
rameter n entail a higher degree of uncertainty than
the values for the other parameters. This is in accor-
dance with the relative influence of water flow in liq-
uid and vapour phases.

The optimisation procedure showed that there are a
few combinations of parameters that give similar re-

sults in terms of the objective function. This is rea-
sonable, as measured water content is a global
quantity, and it is difficult to distinguish between wa-
ter transported by liquid flow (controlled by n) and
by vapour diffusion (controlled by �).

Figure 5.56 shows the objective function in terms of
the tortuosity factor (�) and the exponent from the
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Figure 5.55: Scheme of the experimental device used in the prescribed heat flow tests with constant water content.
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Table 5.8
Parameters obtained from different thermal flow tests

Test Water content
Exponent in relative per-

meability law, n
Tortuosity factor, �

Saturated thermal
conductivity �sat W/m·K

1 15.5 3.06 0.56 1.19

2 16.9 1.10 0.74 1.31

3 17.1 1.68 0.90 1.18
e permeability law (n), for one of the con-
heat flow tests. In order to give the same im-
ce to the sets of measurements for tempera-
nd water content, a weighting procedure has
used to define the objective function. Contours
olines of the objective function with different
inations of the parameters. The parameter val-
btained by back analysis are located at the
um of the objective function. The same figure
es points representing the values of the pa-
ers obtained in the other back-analysed tests.

case of the hydraulic tests described previ-
only the exponent n is known. In all cases, the
entative points are located in the same area
objective function, with similar values of error.
llowing set of parameters and laws was se-
for a bentonite porosity of 0.4 taking all the
to account:

kw=2 ·10-21 m2 ; kr=Sr
3 ; �=0.8;

�(W/m·K)=0.471-Sr 1.15Sr

et of parameters (together with the rest of pa-
ers used in numerical modelling of the
-up” and “in situ” tests) was used to solve the
problem and to simulate the water infiltration
eat flow tests. The agreement between the
rements and the model predictions is
ctory.

.4. Tests in ceramic cell

device was developed by UPC-DIT (Figure
in order to run infiltration tests. In order to
the volume changes due to the deformability

flon cells and to reduce the lateral thermal
of metallic cells, the sample was confined lat-
by a cylinder with a ceramic wall. It was possi-

measure the temperatures and swelling
s (vertical and radial) developed during the

infiltration process at several positions of the cell by
means of thermocouples, a load cell and three total
pressure sensors, respectively.

In the preliminary test performed, distilled water was
injected from the top of the cell under a hydraulic
pressure of 0.1 MPa. The initial dry density of the
specimen (70 mm in diameter and 140 mm in
height) was 1.62 g/cm3, and the initial water con-
tent was 13.5 percent. The test was carried out un-
der isothermal conditions at ambient temperature
(22ºC).

Figure 5.58 shows some results of the first prelimi-
nary test performed with this cell. The ceramic cylin-
der, where the soil sample was located during the
test, was broken after approximately seven days
from the beginning of the infiltration process, be-
cause the ceramic did not resist the swelling pres-
sures of the bentonite.

Figure 5.58a shows that the swelling vertical stress
increased sharply; the stress increases more quickly
than in other cases (“mock-up” and “in situ” tests).
This was due to the inexistence of gaps between
bentonite blocks or between the bentonite and the
cell walls.

The test was modelled using the same numerical
approach used to model the operational phase of
the “in situ” and “mock-up” tests. Regarding the
mechanical problem, the constitutive model known
as BBM (Barcelona Basic Model) was adopted. The
model parameters were identified in the preopera-
tional stage of the FEBEX project [47]. Vertical and
lateral mechanical confinement was imposed up to
failure of the ceramic wall; following this, the radial
stresses were reduced in order to simulate the loss
of lateral confinement. Table 5.9 and Table 5.10
show the model parameters used in the analysis.
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Table 5.9
Model parameters related to the thermo-hydraulic problem in the infiltration test in ceramic cell
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Details of A
Teflon “O” ring

Thermo-
couples

Electrical
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Figure 5.57: Schematic representation of the ceramic cell designed by UPC-DIT to perform infiltration tests at different temperatures.
Table 5.10
Model parameters (BBM model) related to the mechanical problem in the infiltration tests in the ceramic cell
(see definition of parameters in Chapter 6)

� 0.05 �s 0.38

� 0.4 �is -0.008

�sp -0.147 �ss 0.00

�o 1.5·10-4 ºC-1 �2 0.00

�0 0.15 pc 0.10 MPa

po* 14 MPa � 0.395

r 0.75 � 0.05

M 1.5 To 20ºC

k 0.1 � 0.2
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Figure 5.58: Evolution of swelling pressure and accumulated water intake in an infiltration test performed in the ceramic cell .
The evolution of computed vertical swelling stress
and water intake is shown in Figure 5.58, whereas
Figure 5.59 shows the profiles of water content and
dry unit weight. A reasonable agreement is obtained
between measured and computed values of the dif-
ferent variables. In particular, the decrease in verti-
cal swelling pressure after the failure of the confin-
ing cylinder was properly reproduced.

5.1.4.5. Tests in 60-cm long cells

These tests were performed by CIEMAT in cylindrical
cells with an inner length of 60 cm and a diameter
of 7 cm ([65], Figure 5.60). The cells are made
from Teflon in order to prevent lateral heat conduc-
tion to the extent possible and are externally cov-
ered with steel semi-cylindrical pieces to avoid the
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Figure 5.59: Water content and dry density profiles at the end of the infiltration test performed in the ceramic cell.
deformation of the cell by bentonite swelling. Inside
the cells, six compacted blocks of bentonite were
piled, giving a total length similar to the thickness of
the bentonite barrier in the “mock-up” test. To pro-
duce these blocks, the clay with its hygroscopic wa-
ter content (around 14 percent) was uniaxially com-
pacted at a dry density of 1.65 g/cm3.

The bottom part of the cell is a plane heater whose
temperature is fixed at 100�C. Above the upper lid
of the cell there is a tank in which water circulates at
constant temperature (20-30�C). In this way, a con-
stant gradient of 1.1-1.3�C/cm between the top
and bottom of the sample is imposed. Granitic wa-
ter with a salinity of 0.02 percent (Table 5.5) is in-
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jected through the upper lid of the cell at a pressure
of 1.2 MPa. This simulates the water that saturates
the barrier in a repository excavated in granitic rock,
and is the same as that employed to saturate the
“mock-up” test.

The duration of the tests was of 6, 12 and 24
months (tests FQ1/2 and HI1/2, FQ1 and HI1 and
FQ2 and HI2, respectively). During the tests, the
temperatures at different positions inside the clay
were measured by means of thermocouples and re-
corded, along with the volume of water intake. The
5 thermocouples, T1 to T5, were placed at 50, 40,
30, 20 and 10 cm from the heater. At the end of
the thermo-hydraulic treatment, the cell was dis-
mounted and the clay blocks extracted. As the
blocks were extracted, they were cut into cylindrical
sections of 2.5 cm in thickness in which dry density
and water content, among others, were determined.
A total of 24 sections were obtained.

The evolutions of temperature at different locations
inside the clay and of the water intake during one of
the 24-month tests are shown in Figure 5.61. The
repercussion of the laboratory temperature on the
temperatures inside the clay was noticeable. The av-
erage temperatures recorded by each thermocouple
for the period between 1000 hours after the begin-
ning of the test and the end of the test are plotted in
Figure 5.62 for three tests of different duration.
There is a sharp temperature gradient in the vicinity
of the heater, the temperature decreasing from
100�C at the heater surface to 50�C at a distance
of 10 cm from it inside the clay. Furthermore, a de-
crease in temperature with saturation (longer tests) is
observed, especially in the wetter zones, i.e. within
the 20 cm closest to the hydration surface. This is
due to the higher heat dissipation of wet clay.

The final distribution of water content for three tests
is shown in Figure 5.63. The water content reduc-
tion due to the temperature effect is similar for the
three tests, which means that desiccation takes
place rather quickly and affects only the 18 cm clos-
est to the heater, where the water contents are lower
than the initial ones, which were around 14 percent.
In the 6-month test, there is a central zone, between
20 and 40 cm, in which the initial water content is
barely modified. The effect of hydration, which is ev-
ident only in the 20 cm closest to the hydration sur-
face in the 6-month test, is noticeable in the upper
40 centimetres at 12 months. Over the next 12
months, the water content increases in these upper
40 centimetres, but does not change in the 18 cm

closest to the heater, probably because in this zone
the thermal effect is still predominant.

The final distribution of bentonite dry density is plot-
ted in Figure 5.64. Dry density decreases from the
heater towards the hydration surface, showing an
approximately linear tendency. In the zones affected
by hydration, dry density decreases below the initial
value (1.65 g/cm3), due to the expansion caused by
saturation. On the contrary, near the heater, dry
density increases, due to the shrinkage caused by
desiccation. Despite the dispersion of data –caused
by the initial non-homogeneities and by the determi-
nation method–, it may be observed that the densities
reached near the hydration surface are lower in the
longer tests, due to the fact that the saturation and,
consequently, the swelling deformation are higher.
Due to this density decrease, the degrees of satura-
tion are lower than what might be expected in view of
the high water content. In fact, a degree of saturation
higher than 90 percent is reached only in the 3 cm
closest to the hydration surface after 6 months of TH
treatment, in 8 cm after 12 months and in 10 cm af-
ter 24 months. On the other hand, near the heater
(18 cm) the density remains the same from 6 to
24 months, and the degrees of saturation decrease
from the initial 55-60 percent to values of around
25 percent in the vicinity of the heater. An overall
decrease of dry density was observed, since the
average value measured was 1.57 g/cm3 for the
6 and 12-month tests and 1.55 g/cm3 for the
24-month tests, whereas the initial dry density of the
blocks was 1.65 g/cm3. This is due to the fact that
the cells are made of Teflon, a material that de-
forms slightly because it is not able to withstand the
high swelling pressure developed by the clay as it
saturates. This overall decrease of dry density is
linked to the hydration of clay, and for this reason,
is more important for the longer tests that have
reached a higher degree of saturation.

Modelling of the TH behaviour

1-D axisymmetric models have been used in the
analysis of the 24-month test. As in the case of the
infiltration test in the ceramic cell, the test was mod-
elled using the same numerical approach used to
model the operational phase of the “in situ” and
“mock-up” tests. The parameters corresponding to
the hydraulic and mechanical aspects of the model
are the same as those indicated in Table 5.9 and
Table 5.10 respectively, except that a value of 28
MPa has been taken for P0, 0.04 for �, 0.25 for �s,
and -0.003 for �is.
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Figure 5.60: Experimental setup for the 60-cm long thermo-hydraulic tests (CIEMAT).
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Figure 5.63: Final distribution of water content for tests of different duration.
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umerical results relating to the hydraulic prob-
re good, as may be seen in Figure 5.65, in
of cumulative water intake and of water intake
As regards the comparisons related to the
ortem analyses, Figure 5.66 presents the dis-
n of temperatures along the sample at the end
test. The comparisons related to the distribu-

f the water content along the cell (Figure 5.67)
that the results are not particularly good, espe-
in zones close the heater. It is important to
ht that the simulation does not take into ac-
the cooling phase to which the samples were
tted during the dismantling of the test (before
termination of the water content values). It is
le that these hot zones might be those most af-
by the omission of this cooling stage. In any

the simulations capture this variable well quali-
y. The effect of the wetting in the lower part of
mple (approximately 10 cm) due to the con-
tion of the water vapour coming from the bot-
f the cell (where the heater is located) may be
ed.

5.68 shows the measured values of clay dry
y together with the model results. A clear den-
duction may be observed in zones close to the

hydration front (due to swelling of the clay), and
higher densities as the distance to the heater dimin-
ishes. The model captures the overall trend of the
test qualitatively; however, as for the case of water
content, the agreements between the model results
and measurements are not good in the zones close
to the heater. The omission of the cooling and un-
load phases in the analyses might be the main rea-
son for the discrepancies in this case also.

Modification of hydro-mechanical properties

At the end of the thermo-hydraulic treatment, the
cells were dismounted and the clay blocks extracted
and cut into 2.5-cm thick cylindrical sections, which
were used for the following determinations: dry den-
sity, water content, swelling capacity, swelling pres-
sure and permeability. All of these determinations
were performed once the samples had cooled
down. Geochemical, mineralogical and fabric stud-
ies – described in Section 5.2.2.3 and in [66] –
were also performed.

For the determination of hydro-mechanical (HM)
properties, the specimens were trimmed from the
bentonite blocks to fit the ring of the permeability or
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Figure 5.65: Computed versus measured values of cumulative water intake and rate of water intake.
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Figure 5.66: Distribution of temperature along the cell at the end of the 24-month test FQ2 (measured and computed values).
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Figure 5.67: Distribution of water content along the cell at the end of the 24-month test FQ2 (measured and computed values).
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Figure 5.68: Distribution of dry density along the cell at the end of the 24-month test FQ2 (measured and computed values).
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oedometer cell, dry density and water content being
preserved as on completion of the TH treatment. As
a result, the specimens from different positions had
different density and water content values at the be-
ginning of the HM determinations, this highly influ-
encing the values obtained [65, 67]. Thus, the anal-
ysis of the hydro-mechanical properties of the clay
after TH treatment is technologically complicated
and difficult to interpret. On the one hand, once
the sample is extracted from the TH cell, it loses its
stress conditions, and on the other the hydro-me-
chanical properties of the clay are modified by dry
density and water content, which differ depending
on the position of the sample inside the cell. Con-
sequently, it is difficult to determine whether the
modifications observed are caused by the TH treat-
ment – and related geochemical variations – or just
by the changes in dry density and water content,
which are merely transitory. To overcome the uncer-
tainties related to these initial differences, some
samples were also tested after remoulding, i.e. dried
under laboratory conditions, ground and com-
pacted at a dry density of 1.6 g/cm3 [65]. However,
this technique proved to be inadequate for study of
the potential modifications, as it increases the swell-

ing capacity of the clay. Consequently, to evaluate
the variation of hydro-mechanical properties after
TH treatment, it is necessary to have a complete da-
tabase on the influence of density and water content
on the properties to be tested.

The measurements of saturated hydraulic conductiv-
ity performed after the TH treatment revealed an in-
crease of saturated permeability with respect to the
untreated sample (although this continued to be
very low) and a strong dependence on dry density
(Figure 5.69).

The swelling pressure and swelling capacity of the
treated clay are influenced by its initial dry density
and water content, and remain at values similar to
those of the untreated clay (Figure 5.70). There is a
suggestion that the swelling capacity under a low
vertical load (swelling under load tests) might be re-
duced after desiccation [67].

5.1.4.6. Tests in 40-cm long cells

These tests were performed by CIEMAT in the cylin-
drical Teflon cells described in the previous section.
The cells were modified in order to give them a final
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l length of 40 cm. Blocks of FEBEX clay com-
with hygroscopic water content at an initial

al dry density of 1.65 g/cm3 were piled inside
ell. Hydration with granitic water takes place
h the upper surface under an injection pres-
f 1.2 MPa. In one of the tests the clay is
through the bottom surface at a temperature
ºC, whereas the other test is carried out un-
thermal conditions (laboratory temperature).

ater intake and the relative humidity and tem-
re evolution at different levels inside the clay
asured as a function of time. The two cells in
ion are shown in Figure 5.71.

olution of temperature and relative humidity
test performed under a thermal gradient

) is shown in Figure 5.72, and under isother-
onditions (I40) in Figure 5.73. Test GT40
d that the permeability to water vapour of dry
ite is very high, since a quick redistribution of

took place when the thermal gradient was es-
ed. The initial hydration of compacted ben-
would seem to take place more quickly under
mal gradient (test GT40) than at laboratory
rature (test I40), since the increase in humidity

registered by the upper sensor (RH1) is higher in test
GT40 than in test I40, whereas the sensor placed in
the middle (RH2) starts to perceive the humidity in-
crease much earlier in the case of infiltration under
a thermal gradient than in the case of infiltration at
laboratory temperature. However, in the case of test
GT40, the humidity recorded by sensor RH2 might
originate in the form of water vapour from the lower
part of the column. Otherwise, the increase in hy-
draulic conductivity with temperature would account
for this possible initial quicker hydration of the test
under the thermal gradient.

However this behaviour is reversed as saturation
proceeds and later the water intake is higher for the
sample tested at room temperature because the hot
zones of the sample tested under a thermal gradient
remain desiccated for a long time. After 27000
hours (more than 3 years) of hydration, the average
relative humidity recorded by the three sensors in
test GT40 is 68 percent, and in test I40 is 85 per-
cent. In fact, the relative humidity inside the benton-
ite submitted to the thermal gradient has remained
quite constant from 20000 hours up to now (28000
hours), whereas the average relative humidity of the
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Figure 5.71: Infiltration cells in operation: isothermal (left) and with thermal gradient (right).
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Figure 5.73: Evolution of relative humidity in the test performed under isothermal conditions (I40) during infiltration (sensor 1 placed 30 cm
from the bottom, sensor 2 at 20 cm and sensor 3 at 10 cm).
e hydrated under isothermal conditions is still
but steadily increasing.

. Microstructural changes
upon loading and wetting

ata on the pore size distribution (PSD) of sam-
ompacted with hygroscopic water content pre-
in Section 2.3.2 indicate a clear presence of

ructural levels in the material: a microstructure
the aggregates and a macrostructure, consti-
y the ensemble of aggregates and inter-aggre-
pores. Microstructure features appear to be
independent from compaction effort. Addi-

information on the soil fabric may be inferred
the examination of retention curves obtained
free swelling and constant volume conditions
5.18). It may be observed that the water re-

at suctions higher than about 15 MPa is inde-
nt from the total void ratio (or dry density). It
plausible that the water retained at those high

ns belongs to the intra-aggregate pores, where
orosity plays no relevant role [68].

In addition, the influence of various mechanical
(loading) and hydraulic (wetting/drying) stress paths
on the pore size distribution of compacted bentonite
was analysed by MIP [15]. Figure 5.74 shows the
porosimetry of a specimen obtained by loading a
bentonite slurry to 1.5 MPa. After the loading/un-
loading path the dry density of the specimen was
around 1.15 g/cm3. The PSD function displays a
clear dominant pore size mode at 430 nm. It may
be observed that inter-granular pores disappear due
to the slurry condition of the sample.

The evolution of the PSD function on wetting speci-
mens initially compacted to 1.65 and 1.40 g/cm3 is
presented in Figure 5.75 and Figure 5.76, respec-
tively. The different final dry densities of the materi-
als are indicated in the figures. It may be seen that
an intermediate pore size mode emerges. Simulta-
neously, and as a result of the constant volume con-
dition during wetting, inter-granular porosity is re-
duced, tending towards occlusion. Due to the limita-
tions of the method, the evolution of the intra-ag-
gregate pore size mode, which is expected to in-
crease on wetting, cannot be registered. The emerg-
ing pore mode displays values of between 350 and
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Figure 5.74: Porosimetry of consolidated slurry; dry density 1.15 g/cm3.
0.000.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

1 10 100 1000 10000 100000 1000000

Pore diameter, D (nm)

�
�

e/
log

(D
)

10

WICU (test 9) 1.43

1.37LWLU (test 10)

As compacted 1.65
Dry density (g/cm )3

Figure 5.75: Evolution of PSD functions on wetting a bentonite specimen with an initial dry density of 1.65 g/cm3 under constant vertical
net stress (test 10) and under constant volume (test 9).
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Figure 5.76: Evolution of PSD functions on wetting a bentonite specimen with an initial dry density of 1.40 g/cm3 under constant vertical
net stress (test 4) and under constant volume (test 3).
nm, similar to those observed in the slurry. It
rs that wetting induces the progressive split-
f the original structure of the pseudomorphs,
are purely smectitic piles (Section 2.3.3). The
ssive subdivision causes an increase in the
r of reactive surfaces and the emerging inter-
te porosity. The changes due to wetting are
vident in samples with a lower density.

matic observation of specimens used for the
sts was performed by means of an environ-
l scanning electron microscope (ESEM) [15].
gh the observations mainly provide qualitative
ation, the use of this technique is of interest
it enhances knowledge of the structural

es due to the wetting and drying paths. Using
pabilities of the equipment, the microphoto-

were made under different environmental
ions of temperature and relative humidity.

fect of sample preparation may be observed in
5.77, where the images of a consolidated
nd a sample compacted at hygroscopic water
t are presented with the same magnification.
nsolidated slurry possesses a more uniform
omogeneous structure (matrix structure), in

which aggregates are not clearly distinguished, in
agreement with the MIP results, which show a clear
predominant pore size of 0.4 µm diameter (Figure
5.74). The compacted sample, displaying an aggre-
gated structure, shows denser aggregates separated
by pores of greater dimensions (inter-granular pores).

The effect of compaction intensity may be observed
in Figure 5.78, where the microphotographs of
samples compacted to 1.40 and 1.65 g/cm3 with
hygroscopic water content are presented. The size of
the inter-granular pores is larger in the less dense
sample. At larger magnification, the differences be-
tween the two samples are less evident.

The structural changes caused by the progressive
wetting of bentonite compacted at an initial dry den-
sity of 1.65 g/cm3 may be observed in Figure 5.79.
Suction changes in isochoric conditions were ap-
plied before the observation in the ESEM. The differ-
ences in final dry density are due to the rebound ex-
perienced by the bentonite after unloading. The
progressive occlusion of inter-granular pores due to
particle swelling is qualitatively appreciable.
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a

b

Figure 5.77: Fabric of bentonite samples. a) Consolidated slurry (�d=1.15 g/cm3); b) Compacted bentonite
with hygroscopic water content (�d=1.40 g/cm3).
a

b

Figure 5.78: ESEM images of bentonite compacted with hygroscopic water content. a)�d=1.40 g/cm3; b) �d=1.65 g/cm3.
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Figure 5.79: ESEM images of bentonite initially compacted with hygroscopic water content at�d=1.65 g/cm3: a) as compacted; b) after
application of a suction of 10 MPa under isochoric conditions (�d final=1.46 g/cm3); and c) after saturation under isochoric conditions

(�d final=1.43 g/cm3).
context of the study of swelling clay behav-
the most relevant feature of the ESEM device is
ossibility of changing the relative humidity of
icroscope chamber in order to change the to-
ction of clay. Nevertheless, it should be taken
ccount that during the observation the samples
ot confined, which makes it difficult to observe
cclusion of inter-granular pores due to the ex-
on of clay aggregates. Figure 5.80 shows the
rance of clay aggregates in a sample com-

d at a dry density of 1.70 g/cm3 and observed
a relative humidity of 50 percent. This sample
rogressively hydrated for 5 hours in the micro-
chamber by increasing relative humidity while

ng the temperature constant. Figure 5.80 also
the final appearance of the same sample un-
relative humidity of 100 percent. A decrease
size of some voids may be observed.

onal photographs of high-density fabrics were
d out in order to complement the information
gregate swelling/shrinkage in a wetting/drying
(Figure 5.81). Measurements of volume chan-
ESEM images were calculated using digital im-

aging techniques, as indicated in Figure 5.82. The
swelling/shrinkage results were complemented with
wetting and drying paths, performed at macroscale,
(specimen with a diameter of 16 mm) using the
vapour equilibrium technique. The reversible and ir-
reversible features of both micro and macroscales
are clearly observed in Figure 5.82 for the same
high-density fabric. At microscale, strains are almost
reversible, due to the reversibility of the physical and
chemical phenomena that take place at particle
level.

5.1.6. Joint behaviour

5.1.6.1. Hydration tests

Hydraulic tests were performed on specimens with
joints, with a view to gaining insight into the influ-
ence of the joints of the clay barrier on its hydraulic
behaviour [50]. The analysis included mainly the in-
fluence of joints on hydration rate, their sealing ca-
pacity and the modification that they induce in hy-
draulic conductivity. Different cylindrical cells with
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Figure 5.80: Image analysis evolution of volume change behaviour referring to a compacted bentonite sample at�d=1.7 g/cm3.
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Figure 5.82: Swelling/shrinkage response at micro and macroscale for high-density fabrics.
inlets were used. The specimens were made
our 2.5-cm thick compacted bentonite blocks
final dry densities ranging between 1.61 and
g/cm3 and initial water contents ranging be-
15.0 and 11.7%), some with vertical diamet-

nts. The main conclusions of this study are as
s:

hen hydration occurs under a given injection
ressure, even if it is low, the volume of water

aken up and its distribution inside the clay is
ontrolled by the existence of joints (fissures),
heir volume and their configuration.

he clay takes the water both from the direct
ydration surface and from the block joints. Fig-
re 5.83 shows the final distribution of water
ontent in two hydrated tests, in which four
alf-sectioned specimens were piled and hydra-
ed from the top, illustrating this observation.

he volume of water initially taken up depends
n hydration pressure.

nce the joints have been filled with water, the
ate of water intake appears not to depend on

injection pressure but on the dry density of the
clay.

� The sealing of a joint, attained after hydration
for 24 hours, is effective against hydraulic pres-
sures of up to 5 MPa.

� Before sealing of the joints is attained, the
strain experienced by every slice on saturation
is that corresponding to its initial dry density.

5.1.6.2. Joint stiffness

In order to obtain the normal stress vs. displacement
on joints between bentonite blocks, four unconfined
compression tests were performed on compacted cy-
lindrical specimens. Joint displacements were evalu-
ated by comparing the measured strain on a speci-
men of 78 mm in length and the measured strain on
two specimens of 39 mm in length, placed face to
face, for the same stress level. The diameter of the
specimens was 38 mm. The strains were measured
by means of two Hall effect displacement transducers
parallel to the longitudinal axis mounted directly on
the lateral surface of specimens in order to avoid the
bedding effects of the equipment.
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Figure 5.83: Water content distribution of the clay after two sealing tests (piling of four slices) performed under a hydration pressure of 0.5
MPa and lasting a) 1 day, b) 7 days (half section).
Three different degrees of saturation (0.15, 0.45
and 0.85) were imposed on the compacted speci-
mens. Two specimens were compacted at Sr= 0.45.
In all cases the bentonite dry density was 1.6 g/cm3.
Figure 5.84 shows the strain-stress relationship
measured in specimens with and without joints com-
pacted at a degree of saturation of 0.45. The nor-
mal stress-displacement in the joint for two of the
tests performed is shown in the Figure 5.85. In Ta-
ble 5.11 the Young modulus and the unconfined
compressive strength of the compacted bentonite
specimens are shown.

5.1.7. Variation of properties
in the bentonite extracted during
partial dismantling

After five years of operation, Heater #1 of the “in
situ” test was switched off (Section 4.6). Following
cooling of the system for one month, the bentonite
barrier was dismantled and the heater extracted.
During dismantling many bentonite samples were
taken and several determinations were carried out
on them. The aim of the thermo-hydro-mechanical
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Figure 5.84: Stress-axial strain relationship in specimens compacted at a degree of saturation of 0.45.
performed on the samples retrieved from the
u” test was twofold: (1) to characterise the ac-
tate of the bentonite and (2) to determine the
le changes in its thermo-hydro-mechanical
rties occurring during the test, due to the com-
effect of temperature, water content, joints

olutes.

o-hydro-mechanical tests were performed on
les from sections S19, S23, S28 and S31 by

CIEMAT, and on samples from section S7, S12,
S19 and S28 by CTU (see Figure 4.39 for location
of sections). In each sampling section, 9 or 12 com-
plete blocks belonging to 3 or 4 different radii were
taken and sent to the different laboratories. Tests on
joints were performed by Euro-Géomat on samples
taken from sections S11 and S29. EIG EURIDICE
performed hydraulic conductivity tests on samples
from sections S12 and S19.
Table 5.11
Strength and stiffness of bentonite specimens compacted at a dry density of 1.6 g/cm3

Degree
of saturation

Compressive strength (MPa)
With joint

Compressive strength (MPa)
Without joint

Young modulus
at �=0.5% ( MPa)

Without joint

0.15 0.82 0.49 78

0.45 2.19 2.18 377

0.45 2.68 2.23 436

0.85 4.43 4.76 601
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Figure 5.85: Stress-normal displacement relationship in the joints of specimens compacted at various degrees of saturation.
5.1.7.1. Physical properties

Porosity

As described in Chapter 4, the bentonite in the bar-
rier experienced an overall increase of volume after
being subjected for five years to repository condi-
tions, which implies an increase of porosity, ex-

plained by the swelling and filling of all the con-
struction gaps. The distribution of pore sizes in the
bentonite samples was studied by mercury intrusion
(CIEMAT) and nitrogen adsorption (INPL and
CIEMAT). Despite the different methods employed,
all the studies have shown that the treated samples
have experienced a decrease in the percentage of
the smaller pores. Furthermore, the mercury intru-
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sion showed an overall homogenisation of pore
sizes and an increase in average pore size. There is
a relative decrease of microporosity with respect to
the untreated sample, since the proportion of large
pores has increased. These variations, which do not
seem to be related to the position of the samples in
the barrier, have given rise to a higher degree of
uniformity in pore size distribution of the samples af-
ter five years of treatment. On the other hand, nitro-
gen adsorption has revealed that the external sur-
face area of the dismantled bentonite has decrea-
sed with respect to the initial area, especially near
the heater (see also Section 5.2.5.7).

The interpretation of these results should be accom-
plished taking into account that, overall, the dry
density of the dismantled bentonite is lower than the
initial dry density of the blocks, whereas the water
content is higher. The saturation experienced by the
samples in the barrier and the associated swelling
and global increase of volume (which implies a de-
crease in dry density from that of the compacted
blocks –1.70 g/cm3– to the average dry density of
the barrier –1.58 g/cm3–, see Section 4.4.2.3) is
probably responsible for the pore size redistribution
[69]

Grain size distribution

CTU determined grain size distribution in samples
taken from different sections at the inner, middle
and outer ring (36 samples) and in a sample taken
from a non-installed block used as a reference [70].
No significant variations were found in the different
samples tested (Figure 5.86).

Plasticity

CTU determined the plasticity index on samples
taken from different sections at the inner, middle
and outer ring (36 samples) and in a sample taken
from a non-installed block used as a reference [70].

All the samples showed an extremely high plasticity,
the liquid limit of these materials being in the inter-
val 107–138 percent and the plasticity index in the
interval 53–85 percent. The latter is closely related
to the water content of the samples and thus to their
position in the barrier, the plasticity index clearly in-
creasing with water content (Figure 5.87). The low-
est values of liquid limit and plasticity index were
obtained from blocks subjected to the highest tem-
perature. This increase in plasticity in samples from
the outer ring of the barrier might be linked to the

5. Laboratory tests
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Figure 5.87: Plasticity index of the dismantled bentonite as a function of water content and position along the radius (CTU measurements).
se in exchangeable sodium that took place
the gallery wall (see Section 5.2.5.3)

.2. Thermal properties

ermal conductivity of intact samples from dif-
sections was measured by CIEMAT and CTU.
esults obtained are plotted in Figure 5.88,
the good agreement between the results ob-
by both laboratories may be appreciated: the

al conductivity is higher in the samples with
r water content, i.e. those that were placed
the gallery wall. Once remoulded and dried,

dismantled bentonite showed the same ther-
onductivity overall, without any tendency re-
to the position occupied by the samples in the
r (Section 4.4.2.4 of [70]).

omparison of the values obtained in intact
les with those expected for untreated samples

same dry density and water content revealed
ain decrease in the original thermal conductiv-
ated to heating (Figure 5.89).

5.1.7.3. Hydraulic properties

Permeability

The saturated permeability of the dismantled ben-
tonite remoulded and compacted to different dry
densities was measured by Euro-Géomat in samples
with and without joints, as well as by CIEMAT and
EIG EURIDICE in intact samples. The values ob-
tained do not correspond to the permeability of the
bentonite at the moment it was retrieved; in the case
of remoulded samples for obvious reasons, and in
the case of intact samples, because they have been
saturated to perform the determination, and perme-
ability depends greatly on the degree of saturation.
The usefulness of this kind of measurements is re-
lated to the discovery of irreversible modifications.
Euro-Géomat found that the permeability of the
samples remoulded from the dismantled bentonite
(both with and without joints) is exponentially related
to dry density [70]. The results obtained by
Euro-Géomat, EIG EURIDICE and CIEMAT are plot-
ted in Figure 5.90, together with the fittings found
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for the untreated bentonite (Equations 5.7 and 5.8,
Section 5.1.2.1). The permeability values measured
are low and strongly dependent on dry density. Both
the values measured by Euro-Géomat in samples
remoulded from the dismantled bentonite and the
values measured by EIG EURIDICE in intact samples
of the dismantled bentonite are higher than those
for untreated samples of similar dry density, espe-
cially for the higher densities. However, for intact
samples of the dismantled bentonite, CIEMAT found
that the permeability has not clearly changed in any
sense after the five years of treatment. On the other
hand, measurements of hydraulic conductivity per-
formed in specimens of FEBEX bentonite that had
been subjected to thermo-hydraulic treatment in
cells for periods of time of between 6 and 24
months revealed a slight increase of saturated
permeability with respect to the untreated sample
(Section 5.1.4.5 “Modification of hydro-mechanical
properties” and [67]).

In summary, the hydraulic conductivity of the dis-
mantled bentonite is clearly related to dry density
and the latter in turn is related to the position of the
block in the barrier. The values of hydraulic conduc-
tivity measured for the samples of lower density

(more hydrated) are of the same order as the theo-
retical values, but for samples of higher densities the
values obtained are widely dispersed and do not
show any clear tendency. This may be due to the
complexity of the experimental techniques applied,
which increases for the higher densities, giving rise
to less accurate values. It is considered that the in-
crease of saturated permeability with respect to the
permeability of the untreated FEBEX bentonite found
by Euro-Géomat in samples remoulded from the
dismantled bentonite, and by EIG EURIDICE in in-
tact samples of the dismantled bentonite, may be a
result of the different methodology employed for its
determination and of the process of remoulding.

Retention capacity

The retention curve was determined for different
samples taken from Grimsel by CIEMAT [70]. The
samples were trimmed from blocks and submitted to
different relative humidities (suctions) imposed by
sulphuric acid solutions. The specimens were un-
confined and at laboratory temperature during the
determinations.
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The samples were initially submitted to a suction of 4
MPa, which for most of them meant an increase in
water content and a decrease in dry density. Subse-
quently, they were progressively dried by applying in-
creasingly higher suctions: 14, 33, 75 and 120 MPa.
The latter value corresponds approximately to the
suction the blocks had prior to their installation in
Grimsel (room temperature and relative humidity.)

The samples closer to the gallery wall had initial
higher water contents and lower dry densities. After
being subjected to a suction of 4 MPa, most of the
samples experienced a density decrease and an in-
crease in water content. In the following suction steps
the water content of all the samples progressively de-
creased and the dry density increased. The evolution
of all the samples was quite similar, regardless of
their positions in the barrier. Moreover, the initial dif-
ferences attenuated for increasing suction.

The results obtained for the samples from section
S23 have been drawn in Figure 5.91 along with the
evolution of water content in wetting paths for un-
treated FEBEX clay obtained with Equation 5.10
(Section 5.1.2.3) for initial dry densities of 1.40 and
1.60 g/cm3. The results obtained for the samples
from section S31 are plotted in Figure 5.92. Al-
though the path followed by the dismantled benton-
ite has been of sudden wetting (from the initial suc-
tion to suction 4 MPa, not shown in the figures) and
subsequent drying to suction 120 MPa, it is clear
that the evolution of water content experienced by
the samples from sections S23 and S31 is of the or-
der of that expected for untreated FEBEX samples of
similar initial dry density. The tendency towards a
higher retention capacity observed in the dismantled
bentonite may be accounted for by hysteresis, since
the water content for a given suction is slightly
higher in a drying after wetting path than in a wet-
ting path [49, 50, 71]. It may be concluded that the
water retention capacity observed in the dismantled
bentonite is similar to that of samples of untreated
FEBEX clay compacted to the same dry density and
subjected to similar suctions.

On the other hand, the relative humidity of some of
the dismantled blocks was measured with capacitive
sensors in the laboratory. The suction values mea-
sured are plotted in Figure 5.93 as a function of po-
sition in the barrier. The values registered by the sen-
sors placed in Grimsel in sections C, E1 and F1 just
before dismantling (Section 4.5.4.2) are also plotted
in the figure. There is good agreement between the
measurements taken in the laboratory and those
taken “in situ” before dismantling, this corroborating

the inertia of the blocks to change their water con-
tents if they are well packed and the reliable perfor-
mance of the “in situ” instrumentation.

The suction values measured in the laboratory have
been related to the water contents determined in the
same blocks and in the same positions and are plot-
ted in Figure 5.94 in the form of a retention curve.
The curve determined for untreated FEBEX bentonite
compacted at dry density 1.60 g/cm3 in constant vol-
ume cells kept in desiccators with sulphuric acid solu-
tions is also plotted in the figure (Figure 5.15). This
curve was obtained following a wetting path, which is
the same process experienced by the dismantled
bentonite. The samples with a dry density lower than
1.60 g/cm3 have higher water contents for the same
suction than the untreated sample with a density of
1.60 g/cm3, whereas the contrary occurs for samples
of higher dry density, which is the expected trend.
Overall, the points obtained for the dismantled
blocks follow closely the curve for the untreated sam-
ples, and no appreciable change of the retention ca-
pacity of the FEBEX clay after five years under reposi-
tory conditions has been detected.

5.1.7.4. Mechanical properties

Swelling capacity

The swelling properties were checked by swelling
under load tests performed with intact samples
(CIEMAT) and by determination of the swell index
and the swelling pressure of remoulded samples
(CTU and Euro-Géomat). All these determinations
may indicate if there have been irreversible changes
in the swelling capacity of the clay, but the values
obtained do not correspond to those of the samples
when they were placed in the barrier, especially
those that have been obtained from remoulded
samples.

CIEMAT performed saturation (or swelling) under
load tests on twelve samples trimmed from different
dismantled bentonite blocks. The samples were sat-
urated in oedometers with deionised water under a
vertical pressure of 0.5 MPa at laboratory tempera-
ture. The swelling strain experienced by the speci-
mens upon saturation was recorded as a function of
time up to stabilisation.

The samples closer to the gallery wall had higher ini-
tial water content and lower initial dry density. The
swelling capacity is related to both, increasing with
initial dry density and decreasing with initial water
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Figure 5.91: Evolution of water content in a drying path for samples from section S23. The lines correspond to untreated FEBEX bentonite
in wetting paths (obtained with Equation 5.10).
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content. For this reason, the final strain of the sam-
ples closer to the heater is higher, as may be seen in
Figure 5.95.

The vertical strains actually measured in the tests are
compared in Figure 5.96 with the theoretical values
obtained with Equation 5.21 (Section 5.1.3.4) for
untreated FEBEX bentonite compacted at the same
initial dry density, with the same water content and
saturated under a vertical load of 0.5 MPa. It may
be observed that the final swelling strains of the dis-
mantled bentonite are of the order of those ex-
pected for the untreated FEBEX bentonite.

The results presented above, obtained from intact
samples, show that after five years of being sub-
jected to repository conditions the swelling capacity
of the bentonite has not irreversibly changed with
respect to the capacity of untreated samples of the
same dry density and water content. The results ob-
tained with remoulded samples point in the same
direction. Swelling pressure was determined for
samples of the dismantled bentonite remoulded and
compacted to different dry densities by CTU and
Euro-Géomat [70]. The results obtained are plotted
in Figure 5.97 together with the correlation deter-

mined by CIEMAT for untreated FEBEX samples
(Equation 5.16, Section 5.1.3.3). In all cases, the
initial water content of the bentonite was hygro-
scopic. Despite the fact that the methods employed
by the different laboratories are quite different, the
swelling pressure values obtained in the dismantled
bentonite are within the expected range of variation
of this property for untreated FEBEX bentonite. The
results obtained by Euro-Géomat refer also to sam-
ples with joints, since they have not found differ-
ences in swelling pressure development in samples
with and without joints.

Compressibility

The blocks installed in the FEBEX “in situ” test at
Grimsel were manufactured by applying uniaxial
vertical pressures of between 40 and 45 MPa (Sec-
tion 4.3.1.2), which would correspond approxi-
mately to the preconsolidation stress of the clay.
However, the modification of the structure of the
sample – for example as a result of hydration under
low load, with which more open structures with
higher levels of porosity are obtained – may cause
the value of preconsolidation to decrease. This may
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be analysed through determination of the apparent
preconsolidation pressure (�p’) in graphs showing
the evolution of void ratio due to increasing load
under constant suction. For this reason, the
preconsolidation pressure of the dismantled benton-
ite was determined under oedometric conditions
and with control of suction.

Twelve samples were trimmed from different dis-
mantled blocks and tested under the suction corre-
sponding to their water content, according to the
water retention curves (Figure 5.25). Suction was set
by means of sulphuric acid solutions. The sample
equilibrates at the target suction under a low vertical
load. Subsequently, the sample is loaded progres-
sively up to 2, 4, 6, 12 and 20 MPa. The tests were
performed at laboratory temperature.

To perform these tests, the sulphuric acid solution
oedometric cells were adapted to withstand the high
pressure supplied by an oedometric frame equipped
with a load cell (Figure 5.98).

One example of the oedometric curves obtained is
shown in Figure 5.99. The preconsolidation pressure
is lower than 10 Mpa for all the samples, and conse-
quently has decreased with respect to the initial

value, this being accounted for by the volume in-
crease experienced by the bentonite during hydra-
tion. Furthermore, the preconsolidation stresses
found are lower the lower the suction applied during
the test, i.e. the higher the water content reached
during the “in situ” test. These values are plotted as a
function of suction in Figure 5.100, in which the ap-
parent preconsolidation stresses found for samples of
untreated FEBEX bentonite compacted initially to sim-
ilar dry densities and subjected to different suctions
are also shown [49, 56]. The latter values corre-
spond to the consolidation of samples initially hy-
drated under low vertical stresses and, since they
have swollen during the wetting more than the dis-
mantled bentonite (which was “confined”), their pre-
consolidation pressures are even lower. On the other
hand, the values of the apparent preconsolidation
stress obtained in the dismantled bentonite are in
agreement with the maximum stresses recorded by
load cells in the “in situ” test (Section 4.5.4.3).

Strength

The uniaxial strength of the dismantled bentonite
– determined by CTU in slightly dried blocks (Figure
5.101) – is higher in the direction of compaction of
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Figure 5.98: Suction controlled oedometer cells installed in the frames for the performance of high-pressure consolidation tests.
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the blocks than in the perpendicular, and tends to
be lower for the samples that were subjected to
higher temperature.

5.2. THG tests

5.2.1. Pore water chemistry
of the bentonite

Knowledge of the pore water chemistry in the clay
barrier is essential for performance assessment,
since the pore water composition is an important
parameter influencing the release and transport of
radionuclides, canister corrosion, dissolution of the
waste matrix, sorption on mineral surfaces, solubility
of radionuclides, etc.

However, the problem of isolating the “true” soil so-
lution to obtain reliable data on the pore water
chemistry in very low permeable and scarce water
content clay systems, has not yet been solved.
Therefore, indirect methods based on geochemical
modelling are applied to deduce the chemical com-
position of the pore water [72, 73, 74, 75, 76, 77,
78, 79, 80, 12, 81].

Thus, the methodology followed to obtain the best
possible estimation of the FEBEX bentonite pore wa-
ter composition under initial repository conditions
and at saturation in the compacted state has com-
bined different pore water extraction methods, a de-
tailed physico-chemical and mineralogical charac-
terisation, and geochemical modelling. It has in-
cluded: a) determination of the physical and
physico- chemical properties of the bentonite; b) de-
termination of the accessory and trace minerals in
equilibrium with the bentonite pore water; c) aque-
ous extracts at different S:L ratios to determine the
concentration of dissolved and exchangeable ions;
d) squeezing tests; e) determination of the cation ex-
change occupancies using different index cations;
and f) determination of selectivity coefficients for the
cation exchange reactions.

This investigation has made it possible to gain in-
sight into the water-bentonite interaction processes
controlling the physico-chemical parameters and the
chemistry of the system and to distinguish between
the types of water and their distribution in the
clay/water system (adsorbed water, interlayer water
and pore water), as well as the respective volumes
accessible to cations and anions.
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5.2.1.1. Bentonite pore water extraction
and analysis: solid-water interaction
processes

A series of bentonite-water interaction laboratory
tests was performed [13] with the aim of providing a
database for the definition of bentonite pore water.
These tests were carried out both with high solid to
liquid (S:L) ratios (squeezing tests) and low S:L ratios
(aqueous extracts tests). In both types of tests, in ad-
dition to the chemical composition, exchangeable
cations were analysed in order to determine the se-
lectivity coefficient of the exchange reactions [12,
10].

Pore water obtained by squeezing

The pore water of bentonite samples equilibrated at
different water contents (23.8, 26.5 and 30.0 per-
cent, equivalent to S:L ratios of 4.2:1, 3.8:1 and
3.3:1, respectively) was obtained by squeezing at 60
MPa. The water contents chosen correspond to the
saturation conditions of the bentonite compacted at a
dry density of 1.65, 1.57 and 1.49 g/cm3, respec-
tively. The contact time of the deionised water and
the bentonite (more than three months) and the ana-
lysed pore water composition have been considered
acceptable, since the results obtained are compara-
ble to those obtained from unaltered core samples
from the FEBEX bentonite deposit (Cortijo de Archi-

5. Laboratory tests
Table 5.12
Chemical composition of FEBEX bentonite pore water extracted by squeezing for three water contents in mg/L

Dissolved species
and physico-chemical parameters

Water content (%)

30 26.5 23.8

Cl- 2200 3600 4000

SO4
2- 603 1100 1260

Br- 4.9 4.9 9.1

HCO3
- (1) 67 131 133

SiO2 10.9 14.4 N.D.

Al3+ 0.34 N.D. 0.12

Ca2+ 295 450 510

Mg2+ 385 410 390

Na+ 800 1725 2100

K+ 7.5 54 15

Sr2+ 6.2 6.9 7.5

pH 7.49 7.29 7.38

Conductivity (µS/cm) 7530 11690 13230

Ionic Strength (M) 0.11 0.17 0.19

Water type Na-Mg-Cl Na-Cl Na-Cl

S:L ratio 3.3:1 3.8:1 4.2:1

(1)Total alkalinity as mg/L of HCO3
-; N.D.: not determined.
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dona, Spain). However, with this method only a
fraction of the total pore water can be extracted.

According to the test results, the pore water of the
FEBEX bentonite is an Na-Cl-type water with a high
content of magnesium and calcium, high electrical
conductivity and neutral pH (Table 5.12).

Aqueous extraction tests

Aqueous extractions were carried out at different low
S:L ratios: 1:1, 1:2, 1:4, 1:8, 1:10 and 1:16 with
deionised and granitic water (the chemical composi-
tion of the latter is shown in Table 5.5), in order to
analyse the possible mineral phases controlling the
aqueous phase and the behaviour of the exchange

cations. The results are shown in Table 5.13 and
Table 5.14.

Discussion

Analysis of the results presented above allows the
following conclusions to be drawn concerning the
processes that govern the water/bentonite interac-
tion [13]:

� The chemical composition of the pore water
depends on the S:L ratios involved in the sys-
tem, and is basically controlled by ion ex-
change reactions and dissolution/precipitation
reactions of the more soluble trace minerals in
the bentonite.

FEBEX Project. Updated Final Report. 1994-2004
Table 5.13
Aqueous extract chemical composition of FEBEX bentonite in contact with deionised water at different S:L ratios
(interaction time = 48 hours) in mg/L

Dissolved species

and physico-chemical

parameters

Solid to liquid ratio

1:1 1:2 1:4 1:8 1:10 1:16

Cl- 754.0 ± 95.5 312.7 ± 27.1 149.6 ± 11.8 73.4 ± 5.4 55.25 ± 5.0 36.33 ± 1.5

SO4
2- 860.5 ± 97.9 415.1 ± 75.1 200.6±20.3 105.7 ± 9.0 85.0 ± 3.4 50.7 ± 2.9

HCO3
- (1) 181.8 ± 16.9 164.6 ± 4.3 154.2 ± 5.6 139.0 ± 5.0 138.3 ± 8.7 133.9 ± 3.3

Al3+ 1.27 ± 0.60 0.26 ± 0.13 0.52 ± 0.62 1.17 ± 0.66 1.90 ± 1.24 2.07 ± 0.34

Ca2+ 47.0 ± 9.6 12.86 ± 2.12 4.27 ± 1.09 3.07 ± 0.06 3.13 ± 0.15 2.70 ± 2.34

Mg2+ 30.3 ± 4.7 7.91 ± 0.59 2.86 ± 0.44 1.51 ± 0.28 1.70 ± 0.14 2.60 ± 0.95

Na+ 820.0 ± 50.8 448.6 ± 24.1 246.0 ± 11.0 146.4 ± 5.4 127.5 ± 5.0 93.7 ± 3.8

K+ 14.0 ± 2.4 9.6 ± 2.1 6.1 ± 2.3 3.7 ± 1.1 6.7 ± 5.6 4.0 ± 0.5

Sr2+ 0.72 ± 0.07 0.20 ± 0.04 0.08 ± 0.01 N.D. N.D. 0.03 ± 0.00

Fe3+ 1.49 ± 2.53 0.10 ± 0.06 0.20 ± 0.18 0.38 ± 0.25 0.49 ± 0.33 0.54 ± 0.11

SiO2 22.1 ± 1.3 20.4 ± 1.1 18.6 ± 1.0 15.8 ± 0.3 16.8 17.4 ± 0.1

pH 8.19 ± 0.17 8.35 ± 0.12 8.73 ± 0.16 9.29 ± 0.13 9.48 ± 0.19 9.64 ± 0.21

Cond. (µS/cm) 4027 ± 398 2018 ± 105 1135 ± 45 678 ± 29 619 ± 24 475 ± 40

Clay mass(2)/
water (g/mL)

20/20 20/40 10/40 5/40 4/40 2.5/40

(1) Total alkalinity as mg/L of HCO3
-; (2) Bentonite mass includes 14% of water content; N.D.: not determined
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5. Laboratory tests
Table 5.14
Aqueous extract chemical composition of FEBEX bentonite in contact with granitic water at different S:L ratios
(interaction time = 48 hours) in mg/L

Dissolved species

and physico-chemical

parameters

Solid to liquid ratio

1:1 1:2 1:4 1:8 1:10 1:16

Cl- 682.5 ± 24.4 331.8 ± 10.6 163.9 ± 3.4 85.0 ± 3.5 70.0 ± 2.7 50.7 ± 8.1

SO4
2- 839.7 ± 70.1 433.0 ± 26.6 207.0 ± 18.1 110.2 ± 1.6 86.7 ± 3.2 68.3 ± 0.6

HCO3
- (1) 285.7 ± 35.0 256.6 ± 10.5 241.9 ± 8.1 224.4 ± 8.1 226.3 ± 6.7 209.3 ± 4.9

Al3+ 1.73 ± 0.23 0.14 ± 0.15 0.43 ± 0.57 0.72 ± 0.48 0.39 ± 0.13 0.31 ± 0.05

Ca2+ 49.75 ± 5.25 16.4 ± 3.29 6.05 ± 1.54 3.30 ± 1.47 4.07 ± 0.21 4.70 ± 1.04

Mg2+ 34.25 ± 1.26 10.34 ± 1.17 3.81 ± 0.29 2.00 ± 0.10 1.80 ± 0.10 1.73 ± 0.06

Na+ 887.5 ± 26.3 508.0 ± 8.4 290.0 ± 13.4 191.0 ± 8.9 180.0 ± 10.0 166.7 ± 20.8

K+ 15.0 ± 0.82 8.96 ± 0.40 7.96 ± 3.24 4.42 ± 0.78 4.93 ± 0.38 12.9 ± 10.5

Sr2+ 0.74 ± 0.04 0.22 ± 0.03 0.09 ± 0.02 N.D. N.D. N.D.

Fe3+ 0.46 ± 0.07 0.05 ± 0.00 0.18 ± 0.17 0.22 ± 0.14 0.05 ± 0.05 N.D.

pH 8.12 ± 0.14 8.31 ± 0.11 8.53 ± 0.07 8.83 ± 0.06 9.01 ± 0.01 9.00 ± 0.01

Cond. (µS/cm) 4445 ± 114 2402 ± 62 1348 ± 68 883 ± 44 835 ± 43 751 ± 67

Clay mass(2)/
water (g/mL)

20/20 20/40 10/40 5/40 4/40 2.5/40

(1) Total alkalinity as mg/L of HCO3
-; (2) Bentonite mass includes 14% of water content; N.D.: not determined
� Chlorides and sulphates, as anions, and so-
dium, calcium and magnesium, as cations, pre-
dominate in the pore water chemistry of the
bentonite. The ion concentrations are controlled
by the dissolution of chlorides, the dissolution/
precipitation of carbonates and sulphates and
cation exchange reactions in the smectite.

� The chloride concentration of the bentonite
pore water may be estimated from both types
of tests, squeezing (high S:L ratios) and aque-
ous extracts (low S:L ratios) indistinctly; since
chloride concentration follows a linear relation-
ship as a function of S:L ratio (Figure 5.102a).
The mineral phase possibly controlling the
chloride concentration in the aqueous phase is
halite and, according to the saturation index
values, all the chlorides must be dissolved in
the pore water (Figure 5.102b).

� The sulphate concentration is controlled by
gypsum solubility. Therefore, the sulphate con-
centration in the bentonite pore water must be
estimated by taking gypsum equilibrium into
account.

� The concentration of bicarbonate in the pore
water is virtually controlled by equilibrium with
calcite, although the partial pressure of CO2

must be taken into account.

� The cation concentrations in the pore water are
basically controlled by the exchange reactions
in the smectite. These reactions seem to be in-
duced by the dissolution of the more soluble
impurities (calcite and gypsum) in the benton-
ite, which in turn depends on the S:L ratio.
Thus, the exchange complex may be modified
by the variation of the pore water in equilib-
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Figure 5.102: a) Chloride concentrations as a function of S:L ratio; b) halite and calcite saturation index as a function of S:L ratio.
rium with the bentonite resulting from the dis-
solution of trace minerals (Figure 5.103).

� The dissolution of calcite produces a rapid ex-
change of sodium with calcium in the ex-
changeable positions of the bentonite. For this
reason, this process must be taken into ac-

count in the experimental procedure to deter-
mine the amount of exchangeable cations,
when a bentonite presents a low content of sol-
uble mineral traces (calcite, gypsum), as is the
case with the FEBEX bentonite (see Sections
2.3.4 and 5.2.1.4).
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(MgX ) = 0.419205 log(s:l) + 16.6498; R = 0.642

(CaX ) = -1.42759 log(s:l) + 18.5269; R = 0.852

(NaX) = 2.26758 log(s:l) + 29.2504; R = 0.93

Figure 5.103: Sodium, calcium, magnesium and potassium content at the bentonite exchange positions (NaX, CaX2, MgX2 and KX)
as a function of S:L ratio.
.2. Pore water obtained by squeezing as
a function of applied pressure

g of FEBEX bentonite were remoulded with
ised water to acquire an initial water content
.9 percent. After stabilisation and homogenisa-
f the solid and liquid phases, 3 months, a
zing test was performed, in which the pressure
creased by steps from 10 MPa to 100 MPa.

ariation of the height of the sample was mea-
during the test by means of an automatic dis-

ment sensor built in to the hydraulic press.
g the test, each pressure step was prolonged

extent required to obtain all the extractable
. A total amount of water of 65.4 mL was
ted after 222 days.

ariation of the dry density of the sample for
pressure step is shown in Figure 5.104, along
mpirical correlations between both variables.
ariation of the water content of bentonite as a
on of its dry density during the squeezing test is
d in Figure 5.105. In this figure, the theoreti-
ter contents needed to fully saturate the ben-
for each dry density are also plotted. The wa-
ntents reached in the squeezing test are similar

to the theoretical water contents at saturation for
each dry density. This implies that the water col-
lected in each pressure step is the excess water that
exists between the saturation water content at an ini-
tial and a final dry density, reached when the
pressure increases.

The variation of the chemical composition of the
pore water as a function of the applied squeezing
pressure is shown in Figure 5.106 and Figure
5.107. The concentration of Cl-, SO4

2-, Na+ and
Ca2+ in each step decreases as a function of pres-
sure. This behaviour is not similar to that obtained
with consolidated clay rocks composed of non-ex-
pansive clays, such as the Opalinus Clay, in which
constant concentration is obtained up to pressures
of 200 MPa [82].

The bicarbonate concentration increases, indicating
some carbonate dissolution process for squeezing
pressures above 70 MPa (Figure 5.108). These wa-
ters are under-saturated in gypsum and oversatu-
rated in calcite and dolomite.

The overall decrease of chemical concentration with
pressure might indicate: i) an ion ultra-filtration
through the clay, or 2) a dilution of the ionic con-
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Figure 5.108: Bicarbonate content and pH as a function of squeezing pressure
tions due to some part of the internal or
minar water being extracted when pressure in-
s. According to the results on the variation of

al/external water as a function of dry density
ection 5.2.1.3; Figure 5.118), the greater
f the water in the bentonite is internal and,
dry density increases, the amount of water in
re space decreases (internal + external). For
ason, it is very likely that during squeezing the
minar water is released, diluting the chemical
osition of the bentonite pore water.

quently, the squeezing technique at high pres-
is not valid for the acquisition of reliable data

pore water chemistry of saturated bentonites
igh expansible smectite contents, since part of
terlayer water is extracted during the tests, di-
the pore water samples even for pressures of
MPa.

.3. Types and distribution of water
in the FEBEX bentonite

modes of clay hydration may be distinguished
ay take place simultaneously with increasing
activity or relative humidity [83]: a) interlamel-

lar hydration (intracrystalline swelling), which involves
the adsorption of limited amounts of water molecules
(interlamellar water) on the internal surfaces of pri-
mary clay particles; b) osmotic or continuous
hydration, which is related to an unlimited adsorption
of water (intra-particle water) on the internal and ex-
ternal surfaces of primary particles; and c) capillary
condensation of free water (inter-particle water) in
meso- and macropores within the clay fabric (i.e. in
the inter-aggregate and intra-aggregate pores).

The textural and structural features and changes oc-
curring during the intracrystalline swelling of the
FEBEX bentonite have been studied by using nitrogen
adsorption volumetry, water adsorption and
desorption gravimetry and X-ray diffraction under
controlled humidity conditions. The results obtained,
combined with the analysis of the water adsorption
isotherms, have made it possible to identify the types,
state and location of water in the FEBEX bentonite.

Nitrogen adsorption/desorption isotherms

Nitrogen adsorption/desorption isotherms of the
bentonite were obtained at 77 K using a discontinu-
ous volumetry sorptometer, Micromeritics ASAP



2010. Before measurement, the samples were
out-gassed by heating to 90ºC under a residual
vacuum of 0.01 Pa. Depending on porosity, ap-
proximately 0.05 to 0.25 grams of sample were
used. The BET micro, meso and total specific sur-
face areas were determined according to t-plot and
Harkins-Jura methods [84, 85, 86].

Figure 5.109 shows the N2 adsorption-desorption
isotherms obtained from the powdered FEBEX ben-
tonite, expressed in terms of the volume of gas ad-
sorbed per unit of mass, Va [10]. The adsorption iso-
therm has the characteristic features of the type-IV
isotherm with a very important hysteresis loop due to
capillary condensation in mesopores formed between
different quasi-crystals. The curves exhibit an H3 hys-
teresis loop in desorption, which is characteristic of
the presence of slit-shaped pores. Table 5.15 shows
the relevant parameters deduced from the BET and
t-plot treatments. The specific surface area calculated
from the BET method is 56.4 m2/g whereas that ob-
tained from the B point (P/Po = 0.057) is 57.0 m2/g.

The procedure developed by de Boer et al. (1966)
[85] was used to analyse microporosity. The original
slope of the t-plot indicates the total specific surface
area, 61.5 m2/g (range t: 0-3.35), whereas a positive

intercept (converted to liquid volume) indicates the
presence of micropores, Vo=8.60·10-3 cm3/g (range
t: 3.35-6.9) and mesopores, Vo=1.20·10-2 cm3/g
(range t: 6.9-12.34) having a total volume i. The
FEBEX bentonite is microporous with microporous vol-
umes accounting for ~43 percent of the BET mono-
layer capacity.

The average number of clay layers per quasi-crystal
was calculated from the nitrogen adsorption data,
assuming that the plates (square parallelepipeds =
3000 Å in the lateral direction and a multiple of the
d001 in height, with a thickness of 9.6 Å) are per-
fectly stacked. It is possible to determine the mean
size of the quasi-crystals using the relationship [86]:

S(m2/g)=56.4=746/n+5.13 � n � 14 layers

When the bentonite is dry, quasi-crystals of about
14 elementary condensed montmorillonite layers
are formed on average. As shown in Section 2.2.1,
when the FEBEX clay powder is brought to equilib-
rium with saturated water vapour, the mean size of
the quasi-crystals (Scherrer equation) remains con-
stant during the filling of the interlayer spaces, and
the size corresponds to particles having a thickness
of some six layers with two or three layers of water
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Figure 5.109: Adsorption-desorption isotherms of nitrogen at 77 K onto FEBEX bentonite.
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Table 5.15
Parameters deduced from BET and t-plot treatment on the adsorption of N2 at 77K

CBET

Vm

(cm3/g)

SBET

(m2/g)

Stot

(m2/g)

Vtot

(cm3/g)

Smicro

(m2/g)

Vmicr

(cm3/g)

Sext micro

(m2/g)

Sext meso

(m2/g)

Vmeso

(cm3/g)

388 1.99·10-2 56.38 61.53 9.6·10-2 20.73 8.6·10-3 35.65 29.35 1.2·10-2

Vm: Monolayer capacity derived from the BET treatment; expressed as liquid; SBET: BET surface area

Stot: Total surface area derived from the slope of the straight line passing through the origin of the t-plot

Vmicr: Liquid microporous volume derived from the ordinate at the origin in the second straight line of the t-plot

Sext micro: Surface area of micropores derived from the slope of the second straight line of the t-plot

Vtot: Total pore volume, derived from the amount of nitrogen adsorbed at P/Po of 0.98

Sext meso: Surface area of mesopores derived from the slope of the third straight line of the t-plot

Vmeso: Liquid mesoporous volume derived from the ordinate at the origin in the third straight line of the t-plot Smicro= SBET - Smeso = SBET-(Sext micro-Sext meso):
Surface area of the micropores
interlamellar space. It seems that during the
tage of water adsorption, the original 14-layer
quasi-crystals are split into smaller ones,
ximately 6 layers thick [86].

nalysis of the isotherms by means of the BJH
d allows the mesopore volume and the pore
istribution functions to be determined. The pore
ter of the FEBEX bentonite has been estimated
the BJH method [87] based on the Kelvin

ion and the t values determined by the
el-Halsey-Hill model (FHH) [88]. By application
Kelvin equation, the minimum radius of pores

ich capillary condensation can take place is cal-
d from the relative pressure at the lower limit of
steresis loop. The main parameters calculated

the mesoporous analysis are summarised in Ta-

ble 5.16, and the distribution of pore size is shown in
Figure 5.110 (desorption branch).

Thermogravimetry and X-ray diffraction analyses

The swelling of the bentonite due to interlaminar
hydration at different water contents and its shrinkage
as a function of temperature were analysed by X-ray
diffraction and thermogravimetry (Figure 5.111). Un-
der ambient conditions (RH = 50-60 %), the
interlayers of the FEBEX smectite contain two layers of
water, as deduced from the measured basal spacing
of around 15.2 Å. In drying experiments, the basal
spacing corresponded to one monolayer of water at
100-110ºC and the structure collapsed at a c-spacing
of 9.6 Å at 150-200ºC, i.e. essentially no water in the
interlayer space. Accordingly, the FEBEX bentonite is
not fully dehydrated at the standard temperatures at
Table 5.16
Main parameters calculated by the BJH method

Desorption branch Adsorption branch Total

Accumulated volume (cm3/g) 1.05·10-1 9.47·10-2 9.60·10-2

Pore surface (m2/g) 69.21 35.47 56.38 / 61.53

Average pore radius (Å) 30.4 53.4 34.0 / 31.2

Modal pore radius (Å) 19.3 216 —

Porosity at �d=1.65 g/cm3 (%) 17.4 15.6 15.8
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Figure 5.110: Pore size distribution from the desorption branch (cylindrical pores).
the water content is determined (105-110ºC),
ne monolayer of water remains at this tempera-
Only at temperatures of above 150ºC
20ºC) is the total interlayer water lost. The
ral water, or dehydroxylation water, is about 4.3
percent, calculated from mass losses between
nd 950ºC, as determined from TG analysis (dis-
ng CO2 and SO2 contents).

diffraction analysis
erent water contents

asal spacing of powdered FEBEX bentonite
es was also analysed as a function of water
t, from an initial water content of 14 percent
the liquid limit of this bentonite, i.e. 102 per-
n these wetting experiments, the FEBEX mont-
nite expands or swells in the c-dimension to
ent equivalent to a maximum of three layers
er in the interlayer space (Figure 5.112).

asal spacing d001 expands due to the
ion of smectite and the formation of succes-
onomolecular layers of water. The sorption of
into interlamellar space is governed by the

hydration energy of the interlayer cations and their
degree of polarisation (charge/size relationship), the
location of the layer charge of the adjacent silicate
sheets, relative vapour pressure, water content and
the salinity of the solutions surrounding the clay par-
ticles [89, 90, 91, 92, 93, 86]. The apparently con-
tinuous change in the c-dimension results from a
random alternation of successive discrete hydrates
[94, 95]. This may be observed in the X-ray diffrac-
tion patterns corresponding to different hydration
states of the FEBEX bentonite (Figure 5.112 and Fig-
ure 5.113). At a water content of 18 percent the
basal spacing is 15.0 Å, which corresponds to two
layers of water. The basal spacing is 15.3, 15.7,
16.6 and 17.3 Å at water contents of 28, 34, 38
and 50 percent, respectively. At a water content of
60 percent the basal spacing is 18.5 Å (three layers
of water), which is maintained at 18-19 Å up to a
water content of 100 percent. This means that, in
wetting experiments, the smectite basal spacing in-
creases as a function of water content from two lay-
ers of water to a maximum of three layers, but
through a continuum of 2º	 distances. Thus, we
observe average values from a lattice that contains
a random alternation of successive discrete hydrates
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Figure 5.111: Evolution of water loss and basal spacing as a function of temperature.
tonite with water contents of from 14 to 100
t. For this reason, the d001 peak may be de-
sed in different populations with quasi-crys-
rmed with two and three layers of water
5.113). It is worthwhile noting that:

ccording to different tests performed, water ad-
rption is also a kinetic process. In samples with
e same water content but equilibrated over six
onths, the basal spacing is higher than in sam-
es equilibrated over one week (Figure 5.112).

s will be seen later, the bilayer state has two
mains. One corresponds to the filling of the
cond solvation shell (with a basal spacing of
15.2 Å) and the other to the filling of the free
loxane cavities (~16 Å).

apour adsorption/desorption isotherms

bentonite samples, ground to a particle size
.1 mm, were heated at 150ºC for 48 h. At
perature the bentonite was completely dehy-

, without reaching dehydroxylation (the mea-
asal spacing of the montmorillonite equalled
Subsequently, 1 to 2 g of the dried bentonite

were placed in crucibles and then in desiccators at
20ºC in a water vapour atmosphere controlled by
means of different saturated salts solutions of differ-
ent chemical compounds. Having reached equilib-
rium (after � 1 to 1.5 months, determined by con-
stant weight), the samples were weighed to deter-
mine the quantity of water adsorbed. Following this,
the basal spacing was immediately determined us-
ing XRD. The water vapour adsorption-desorption
isotherms for the FEBEX bentonite thus obtained are
shown in Figure 5.114 [11, 96, 10].

Types, state and location of waters
in FEBEX bentonite powder

The Frenkel, Halsey and Hill (FHH) formalism was
used [97] to identify and describe the different states
and locations of the water and the mechanisms in-
volved in the water retention phenomenon as a func-
tion of the activity of the water, aw (or P/Po or relative
humidity). The FHH curve is plotted in Figure 5.115,
where six domains – related to the different states
and location of the water – may be distinguished
from an analysis of the slope changes. Moreover,
these domains also correspond to the d001 spacings
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Figure 5.112: Variation of basal spacing, d001, of the FEBEX bentonite as a function of water content.
obtained from XRD measured at each water activity.
The amount of water uptake in each domain was
quantified (Table 5.17) by means of the Dubinin-
Radushkevish equations [98, 99, 87, 88]:
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where, Wo is the total volume of the micropores ac-
cessible to the given adsorbate (mmol/g), W repre-
sents the volume of the adsorbate condensed within
the micropores at temperature T and relative pres-
sure P/Po (P is the partial pressure of the adsorbate,
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Figure 5.113: Decomposition of the d001 peak for samples of FEBEX bentonite with different water contents.
and Po is the saturation vapour pressure of the ad-
sorbate), Eo is the characteristic free energy of ad-
sorption for a standard vapour, which depends on
both the vapour and the pore system, i.e. E varies
with pore size; 
 and n are specific parameters of
the adsorbate. 
 is the similarity coefficient or affinity
coefficient and is the ratio of adsorption potentials

of the adsorbate to a reference adsorbate, for which
a value of 1 has been taken.

Domain A is observed at the lowest values of aw

(0.032-0.069) and corresponds to adsorption on
the external surfaces of the stacks, edges and edge
surface sites. This domain corresponds to the origi-
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Figure 5.114: Water vapour adsorption-desorption isotherm for the FEBEX bentonite powder.
spacing of the montmorillonite in the dry state
virtually no water in the interlayer space (closed
, d001 = 9.8 Å). Based on the analysis of the
, the water adsorption on the external surfaces
0.36 mg/g. Thus, taking into account the ad-
tion isotherm and the calculated value, the ex-
al water has a value of between 3 and 6 per-
. This quantity, ~5 percent, is interpreted as the
water volume and will be used for the model-
of pore water in the as received bentonite.

ain B (aw = 0.069-0.1) corresponds to the ad-
tion of water for the filling of a monolayer of
r in the interlayer space. Water is adsorbed
nd the interlayer cations and the c-spacing in-
ses from 9.6 to 12.1 Å. The amount of

rlayer water in the complete one-layer hydrate is
.4 mg/g, which theoretically covers a surface
of 363 m2/g.

ain C (aw = 0.2-0.58) corresponds to the
ating of interlayer cations (possibly second sol-
n shell) in the two-layer hydrate (d001 = 15.2

The amount of interlayer water in the two layers
83.4 mg/g, which theoretically covers a surface

of 650 m2/g.

Domain D (aw = 0.58-0.97) corresponds to the filling
of free siloxane cavities, where no interlayer cations
exist, and to multilayer adsorption on external sur-
faces. In this domain, the spacings between the unit
layers remain almost constant (d001 = 15.8 Å) but
the system continues to adsorb water. Due to the fact
that multilayer adsorption on exterior surfaces might
occur simultaneously with interlayer adsorption, it is
difficult to determine how much water is present in
the completed two-layer complex between the unit
layers. The total amount of adsorbed water obtained
for this domain is 274.2 mg/g, which theoretically
covers a surface area of 972 m2/g.

Domain E (aw = 0.97-0.99) corresponds to the fill-
ing of the three-layer hydrate (d001 = 18.8 Å) and
the total amount of water adsorbed is 379 mg/g.

Domain F (aw >0.99), the interlayer space is further
filled with water and capillary condensation in
intra-aggregates or inter-aggregates begins to occur.

The FEBEX bentonite is in Domain C under labora-
tory conditions (RH = 50 ±10 %) and, for this rea-
son, the amount of external water present in the sys-
tem corresponds to the adsorbed water in Domain
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onsequently, the as received bentonite contains
mL of water per kg of dry clay.

methods proposed by Cases et al. (1992) [86],
(1999) [93] and Touret et al. (1990) [100]
also been used to obtain the amount and
of water in the FEBEX bentonite.

e Cases model, if the total external surface de-
ined by nitrogen adsorption/desorption iso-
s and the values of the water vapour adsorp-

isotherms are known, the amount of external,
and internal water, Qm(i), per gram of montmo-
ite may be calculated:

Q
S

Next
ext

A

� �
� (5.24)
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i A

( )
int�

2�
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e, Sext is the external surface area, 	 is the sur-
coverage, calculated by means of the ad-

ed water film thickness [101], NA is the Avoga-
number, � is the cross-sectional area of the

r molecule strongly adsorbed on the external

surface (~14.8 Å), �i is the cross-sectional area of
the molecule in the hydrated state considered (be-
ing, 7.8 Å for i=1 (monolayer state) and 8.7 Å (i=2
and i=3 for bilayer and three-layer states, respec-
tively), and Sint is the internal surface area.

The theoretical amount of water in the interlayer
space is 132.5, 239.0 and 358.5 mg/g for the
monolayer, bilayer and three-layer state, respec-
tively. The amount of water on the external surface
varies as a function of relative humidity, but a small
amount of external water always exists in the system.
The results are shown in Figure 5.116. Most of the
water resides in the interlayer space, whereas there
is a small volume of free, external water in the
system.

In Laird’s model, the hydration of Ca and Mg-satu-
rated expandable 2:1 phyllosilicates may be calcu-
lated by means of the following relationship:

�w=0.5·�w·(d-D) (Sh-Sx)+�·Sx� (5.26)

where 	w is the gravimetric water content, �w is the
density of the interlayer water (~1·106 g/m3), d is
the d001 value (m), D is the unit layer thickness
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10-10 m), Sh is the hydratable surface area
), Sx is the external surface area (m2/g), � is

otal amount of water per charge site on exter-
urfaces (7.18·10-22 gH2O/e) and � is the sur-
charge density (e/m2).

irst term in this equation estimates the quantity
terlayer water and the second term calculates

the water retained on the external surfaces. In this
model, a restricted multilayer adsorption of water on
external surfaces is assumed, in contrast to the
Cases model. By applying this model to the case of
the FEBEX bentonite, the amount of interlayer water
is 322 mg/g and the external water is 38 mg/g.
That is, the interlayer water content is ~32 percent
and the external water content is ~4 percent.
Table 5.17
Amount of water (w), surface area (S0), energy (E) and number of water molecules per ion in each domain obtained
by Dubinin’s equations

Domains aw c-spacing (Å) w (%) So (m2/g) E (kJ/mol)
H2O

molecules/ion

A 0.03-0.07 ~9.8 6.0 213.89 10.0285 3.3

B 0.07-0.10 10.3-12.1 10.2 362.83 6.3448 5.6

C 0.20-0.58 15.2 18.3 650.01 3.5521 10.8

D 0.58-0.97 15.8 27.4 971.58 1.5400 14.9

E 0.97-0.99 18.8 38.9 1343.8 0.5502 20.6
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In the case of Touret’s model, the interlayer or inter-
nal water is calculated by the relationship:

W
S M

M
x di�

�
� �( )

( )
1

2
001 10 4� (5.27)

where M is the number of stacked layers in a
quasi-crystal, S is the total specific surface (m2/g),
�d001 is d001-d001dry (Å), and Wi is the internal
water of the particle (g/g). If the total adsorbed wa-
ter and the internal water are known, the inter-parti-
cle water may be calculated. The results are shown
in Table 5.18. According to this model, the quantity
of interlayer water decreases from 0.33 to 0.28 g/g

as the number of stacked layers per quasi-crystal
decreases from 14 to 5. In addition, there is no wa-
ter on the external surfaces up to a relative vapour
pressure of 0.97. This marks a difference with re-
spect to the other models, in which a proportion of
external water always exists.

The main results obtained using the different meth-
ods applied to distinguish the types and distribution
of water in the FEBEX bentonite are shown in Table
5.19. The maximum amount of internal or interlayer
water in the FEBEX bentonite is ~30-36 percent,
once the results obtained with the different methods
have been compared. This amount seems to de-
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Table 5.18
Inter-particle (inter-aggregate and intra-aggregate) water as a function of the number of stacked layers per quasi-crystal (M)

P/Po Total Vadsorbed (g/g) M = 14 M = 7 M = 6 M = 5

1 0.4075 0.082 0.107 0.115 0.13

0.997 0.3680 0.042 0.067 0.076 0.09

0.995 0.4067 0.081 0.106 0.115 0.13

0.97 0.3305 0.005 0.030 0.038 0.05

0.85 0.2268 -0.099 -0.0742 -0.065 -0.05

The negative values indicate the absence of water
Table 5.19
External and internal water obtained by means of different methods (in g/g)

Methods
Total external

water
Total internal

water
One-layer
hydrated

Two-layer
hydrated

Three-layer
hydrated

BET Method — — 0.082 — —

t-plot Method 0.056 0.311 — — —

FHH and
Dubinin 0.03-0.06 — 0.102 0.183-0.274 0.379

Cases’s Model
0.002-0.075 f(aw, �H2O=10.6 Å)

0.003-0.105 f(aw, �H2O=14.8 Å)
— 0.132 0.239 0.358

Laird’s Model 0.038 0.322

Touret’s Model 0.038-0.115 f(M=6) 0.292 f(M=6)

f(aw, �H2O) indicates values as a function of water activity and the cross-sectional area of the water molecule; f(M) indicates values as a function of the num-
ber of stacked lamellae to form a quasi-crystal



pend on the number of stacked layers per
quasi-crystal. There is an amount of external water
of approximately 3-6 percent under the initial condi-
tions (RH=50-60%). This external water may in-
crease up to ~8-11percent as a function of relative
humidity and the number of stacked layers per
quasi-crystal. The Dubinin-Radushkevish equation
and the Cases model allow the maximum amount
of water in the monolayer, bilayer and three-layer
water states to be determined, both results being
comparable. According to the review of the litera-
ture, the most stable state in smectites is two layers
of water, which corresponds to the one formed by
the cation solvation shells (first and second shell)
and the filling of the free siloxane cavities. The total
amount of internal or interlayer water in this state is
around 21-27 percent. However, there is always a
small fraction of external water.

In summary, the different types of waters in the
FEBEX bentonite powder, their state, location and
quantity are shown in Table 5.20 [10]. Uptake of
water occurs in three discrete stages as the mont-
morillonite structure expands. The distribution of wa-
ter in the interlayer or internal space of the FEBEX
bentonite powder may be classified in terms of the
following states:

� monolayer hydrated state, which corresponds
to a water content of 10.2 percent;

� bilayer hydrated state, which may be defined
by two sub-states: i) formation of the second
solvation shell, which corresponds to a water
content of 18.3 percent and, ii) filling of the
free siloxane cavities and possible adsorption
of water on external surfaces, which corre-
sponds to a water content of 21.4 percent;

� three-layer hydrated state, which corresponds
to a water content of 31.9 percent.

Distribution of water as a function of the dry density
of the compacted bentonite

In compacted bentonite, the total porosity may be di-
vided into: i) interlayer porosity and ii) external poros-
ity (external water), which corresponds to free water
plus DDL water. The external porosity is known as ef-
fective porosity [102] or geochemical porosity [103].
The amount of water involved in the geochemical
processes in the engineered barrier corresponds to
the free water, taking into account that the amount of
this water depends on the modifications of the dry
density and the salinity concentration in the system.
Usually, the geochemical or accessible porosity is as-
sumed to be equivalent to the accessible porosity to
chloride in through-diffusion experiments. The chlo-
ride anions are excluded from the interlayer space,
but they do move relatively easily through compacted
bentonite [103, 76, 77].

5. Laboratory tests
Table 5.20
Types, state and location of waters in the FEBEX bentonite powder

Method Type of water Subdivision w (%) E (kJ/mol) d 001 (Å) aw

TG Structural
water — 4.3 ± 0.6 — — —

FHH+Dubinin Interlayer
water

Monolayer of water 10.2 6.34 10-12 0.06-0.1

Bilayer of water:
2nd solvation shell 18.3 3.55 15.2 0.2-0.58

Bilayer of water: Filling of free
siloxane cavities + external

water
21.4-27.4 (1) 1.54 15.8 0.58-0.97

Three layers of water 31.9-37.9 (1) 0.55 18.8 0.97-0.99

FHH+Dubinin External water DDL + free 3-6 10.3 ~ 9.8 0.03-0.06

(1)The values 27.4 and 37.9 percent may be overestimated, since accumulated values may be obtained with this method. For this reason, the value in these two
states has been calculated by subtracting the amount of external water. Thus, the correct values for bilayer and three layer would be 21.4 and 31.9 percent.
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For calculation of the external and internal water in
the compacted bentonite in the saturated state, a
statistical distribution of monolayers of water as a
function of pore volume, fixed by the total porosity,
has been performed (Table 5.21) [104, 10]. To ac-
complish this, the values obtained with the FHH+
Dubinin method have been used. Also, several hy-
potheses have been considered: 1) in the FEBEX
bentonite, a quasi-crystal is formed by seven stacked
lamellae, which implies six interlayer spaces to be
filled with internal water; 2) the volume of water
fixed by the total porosity is distributed between in-
ternal and external water; 3) a proportion of exter-
nal water always exists in the system; 4) the ten-
dency of the bentonite-water system is to fill the
maximum number of internal layers of water, which
is three.

The results of the statistical distribution are shown in
Figure 5.117. As may be observed, the maximum
number of water layers in the interlayer space de-
pends on dry density. The total number of layers
may be filled with three layers of water up to a dry
density of 1.40 g/cm3. At dry densities higher than
1.40 g/cm3, a complete uptake of three layers of
water is not geometrically possible. However, most
of the water is distributed in the interlayer space.

With this distribution, it is possible to determine the
internal or interlayer water expressed as a percent-
age of internal porosity in the system (Figure 5.118)
[10]. The internal water distribution is similar to that
found by Pusch et al. (1990) [102] for the MX-80
bentonite. Also, the amount of external water may
be determined. This quantity may be considered
similar to the water available for the chemical reac-
tions occurring in the inter-particle pores. These re-
sults have been compared to the effective porosity
calculated by means of through-diffusion experi-

ments performed on compacted FEBEX bentonite
samples [105]. Chloride is excluded from interlayer
positions and, for this reason, its concentration de-
pends on the external water (Figure 5.118). The
data differ at low densities, due to saline concentra-
tion and osmosis, since these diffusion tests were
performed with deionised water. Muurinen et al.
(1987) [106] found that effective porosity increases
with the salinity of the injected water in the diffusion
tests. At low densities (in this case < 1.40 g/cm3),
where the efficiency of the bentonite functioning as
a semi-permeable membrane is much lower than
100 percent, the external fluid composition may
have some influence above a certain concentration.
However, at high densities and at membrane effi-
ciencies approaching 100 percent, the re-saturating
fluid composition plays little or no role [76, 107].

If the system re-saturates under constant volume
with dry densities higher than 1.40 g/cm3, the
aforementioned calculations indicate that the swell-
ing resulting from the uptake of different layers of
water is sufficient to fill the available porosity. Thus,
with an increase in water content, the swelling is suf-
ficiently great to virtually fill all the initially air-filled
macroporosity and transform it into predominantly
interlayer space. However, a small fraction of exter-
nal water still exists.

Density of the interlayer water

The density of the adsorbed water may be calcu-
lated from measurement of the c-axis spacing and
the water content, plus the assumption that the sur-
face area is known and that water is spread uni-
formly over the area [108].

In the case of the FEBEX bentonite, the X-ray diffrac-
tion values as a function of P/Po have been used to
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Table 5.21
Amount of interlayer water in a quasi-crystal formed by six interlayer spaces as a function of the number of hydrated layers (g/g)

6T 5T1B 4T2B 3T3B 2T4B 1T5B 6B 5B1b 4B2b 3B3b 2B4b 1B5b

0.319 0.301 0.284 0.266 0.249 0.231 0.214 0.2085 0.2032 0.1979 0.1926 0.1873

6b 5b1M 4b2M 3b3M 2b4M 1b5M 6M

0.182 0.169 0.155 0.142 0.129 0.116 0.102

T = Three layer = 0.37899 – external water; B = Bilayer = 0.27416 – external water (2 nd solvation shell + filling of siloxane cavities); b = 0.182 g/g
(bilayer of water, only 2 nd solvation shell); M = Monolayer of water = 0.10238; External water = 0.06036 g/g (data from Table 5.20)
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ate the density of the adsorbed water by
of this equation. The values of internal ad-
water (Sint) for each P/Po obtained with the

’ model have been used [86]. The results are
in Figure 5.119 and Table 5.22. Villar [16,

und values of adsorbed water of FEBEX sam-
t different water content as a function of the
nsity of the bentonite greater than 1 g/cm3;
ing the water density from 1.094 g/cm3 to

1.225 g/cm3 for dry densities between 1.28 to 1.71
g/cm3 (see Section 5.1.2.4).

5.2.1.4. Additional characterisation
of the solid phase

In order to calculate the FEBEX bentonite pore water
composition, the chloride and sulphate inventories
and the fractional cation occupancies need to be
Table 5.22
Adsorbed water density for each type of water in the FEBEX bentonite

Location State Basal spacing (Å) aw=P/Po �w (g/cm3)

Zone A, i=0 Dry, external water ~9.8 < 0.069 0.97

Zone B, i=1 Monolayer 10.3-12.1 0.115-0.33 1.51

Zone C, i=2 Bilayer 15.2 0.45 1.23

Zone D, i=2 Bilayer + external 15.8 0.58-0.85 1.13

Zone E, i=3 Three layer 18.8 >0.97 1.11
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determined for the as received material. Since these
parameters are critical in calculating pore water
chemistries in compacted bentonite, a series of in-
vestigations were undertaken to measure them once
more at another institute (PSI) using different tech-
niques and procedures.

Chloride and sulphate inventories

The chloride and sulphate contents are 21.9 ± 4
and 10.3 ± 7 mmol/kg, respectively (Section
2.2.2). Normally there are no problems associated
with chloride determinations, but sulphate measure-
ments may be influenced by kinetic and/or S:L ratio
effects, e.g. when calcite and dolomite are present
[109], or by oxidation in the presence of pyrite. The
latter was considered to be a potential open ques-

tion with respect to the sulphate inventory values
given, since the FEBEX bentonite contains pyrite,
and the experiments were performed under atmo-
spheric conditions. Consequently, two sets of sul-
phate extraction tests at an S:L ratio of 0.1 kg/L
were carried out in an inert gas glove box and un-
der atmospheric conditions as a function of time.
The results are given in Table 5.23 and clearly show
that there are no pyrite oxidation effects, and the in-
ventory values given agree well with those taken
from Fernández et al. [12] (Table 2.7).

CEC, exchangeable cations and fractional
occupancies

Different extractions were performed in order to ob-
tain the cation occupancies and cation exchange

5. Laboratory tests
Table 5.23
Results of sulphate extraction tests with distilled water (in mmol/kg) on FEBEX bentonite samples (PSI laboratory)

Time Anoxic Oxic

1 h 10.1 10.1

5 h 10.0 10.5

1 day 10.1 10.4

4 days 10.2 10.5

11 days 10.3 10.2

33 days 10.1 10.6

75 days 10.4 10.3
Table 5.24
Extraction results for several cations using different displacement ions

Cation Ni-en displacement (meq/100g) Cs displacement (meq/100g)

Ca 35.9 35.7

Mg 34.0 32.3

Na 28.9 29.3

K 2.0 2.6

Sr 0.4 0.4

� cations 101.3 100.3
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capacity of the FEBEX bentonite: i) extractions with
Nickel-ethylenediamine (Ni-en) [75] and ii) extrac-
tions with 0.5 M CsNO3. Ni-en is a powerful highly
selective complex that almost immediately displaces
all exchangeable cations from the clay minerals into
solution [110, 111]. This process is more rapid than
solid phase dissolution reactions [112, 113]. Con-
sequently, the extent of mineral dissolution is re-
duced via the common ion effect. Thus, the cations
displaced from the clay minerals will dominate the
solution compositions. Cs may also act as a highly
selective cation, and displaces all exchangeable cat-
ions from the montmorillonite if its concentration is
sufficiently high. The aqueous extracts were carried
out at S:L ratios from ~0.15 to ~0.3 kg/L by
end-over-end shaking for 1 day.

The cation concentrations released in the Ni-en and
Cs extraction solutions are summarised in Table

5.24. These concentrations include contributions
from highly soluble salts e.g. NaCl and sparingly
soluble salts e.g. CaSO4 (note that in these tests the
S:L ratios were such that the whole sulphate inven-
tory dissolved). The cation occupancies for the raw
material, taking into account the corrections for the
contributions from NaCl and CaSO4, are given in
Table 5.25, along with the fractional cation occu-
pancies.

Selectivity coefficients and protolysis constants

The fractional cation occupancies given in Table
5.25 were used together with the concentrations of
Na, K, Mg and Ca measured in each of the aque-
ous extraction experiments (Section 5.2.1.1) to cal-
culate four sets of selectivity coefficients with respect
to sodium, according to the Gaines & Thomas
(1953) [114] convention. The procedure followed is
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Table 5.25
Summary of cation occupancies (in meq/100g) and fractional cation occupancies, NB, calculated for the raw bentonite [11]

Cation PSI CIEMAT NB
(1) values PSI CIEMAT

Ca 33.1 34.6 NCa 0.345 0.340

Mg 33.1 34.0 NMg 0.346 0.334

Na 26.9 31.2 NNa 0.281 0.306

K 2.3 1.9 NK 0.024 0.019

Sr 0.4 NSr 0.004

CEC 96.0 102.0 ± 4.0

(1)
NB=loading cation B/CEC
Table 5.26
Selectivity coefficients for exchange reactions for FEBEX bentonite according to the Gaines-Thomas convention [11]

Exchange reaction
KC

(PSI)
KC

(CIEMAT)

Na-mont + K� K-mont + Na 10.6 ± 0.1 7.6

2Na-mont + Ca� Ca-mont + 2Na 12.8 ± 0.9 5.9

2Na-mont + Mg� Mg-mont + 2Na 10.7 ± 0.8 4.5

2Na-mont + Sr� Sr-mont + 2Na 12.8 ± 0.9 (1)

(1)
The selectivity coefficient of Sr with respect to Na was taken to be the same as the Ca-Na value
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5. Laboratory tests
Table 5.27
Summary of site types, site capacities, and protolysis constants taken for FEBEX bentonite

Site types Site capacities (mol/kg) (1)

 SSOH 2.34·10-3

 SW1OH 4.68·10-2

 SW2OH 4.68·10-2

Surface complexation reaction log Kint
(2)

 � � � �S OH H S OHS S
2 4.5

 � �� �S OH S O HS S -7.9

 � � � �S OH H S OHW W
2 4.5

 � �� �S OH S O HW W -7.9

 � � � �S OH H S OHW W2 2
2 6.0

 � �� �S OH S O HW W2 2 -10.5

(1)The site capacity values for the FEBEX bentonite have been scaled over their CEC value from the MX-80 CEC value (for MX-80: �SSOH= 2.0�10 -3

mol/kg; �SW1OH=4.0 ·10 -3 mol/kg; �SW2OH=4.0 ·10 -3 mol/kg; CEC= 78.7 meq/100g [76])

(2)Surface complexation constants for the MX-80 bentonite taken from Bradbury & Baeyens [109]
me as given in Bradbury & Baeyens [76]. The
ged values are given in Table 5.26, together
he corresponding cation exchange reactions.
ation occupancies, cation exchange capacities
electivity coefficients found by the PSI labora-
11] and those taken from Fernández et al.
which will be used in the pore water chemistry
ations, are compared in Table 5.26 and Table

is a second category of reactive sites associ-
ith montmorillonite that are perceived as be-
rface hydroxyl groups (�SOH) situated along
ges of the clay platelets (edge or broken bond
In the surface complexation model developed
dbury & Baeyens [109] to describe the titra-
ata on SWy1 montmorillonite and the Ni/Zn
on edge and isotherm measurements, two
ysis sites (�SW1OH and �SW2OH) with the
capacities but with different protolysis con-
were required. Here, it has been assumed
e montmorillonite in the FEBEX bentonite has
me characteristics as the SWy1 montmorillo-
able 5.27).

5.2.1.5. Pore water chemistry modelling

In the interlayer spaces and regions where the indi-
vidual montmorillonite stacks are in close proximity,
double layer overlap will occur and anion exclusion
effects will take place. Exclusion will probably be so
large that it is highly unlikely that anions can move
through these regions [115]. However, Cl- anions do
move through compacted bentonite since diffusion
rates have been measured in through-diffusion tests
[106, 116].

If the Cl- anions cannot move through the interlayer
and overlapping double layer regions because of
anion exclusion effects, then it is reasonable to pro-
pose that the free water must provide the diffusion
pathways. Therefore, the hypothesis is that the pore
volume associated with the transport of chloride
(and other anions) is the free water volume and that
this is the pore water in a compacted bentonite.
Thus, the chloride accessible porosity measured in
through diffusion experiments in compacted bento-
nites is usually only a small fraction of the original
total porosity.
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A further hypothesis in the approach proposed is
that highly compacted bentonite can function as an
efficient semi-permeable membrane [117]. This im-
plies that the re-saturation of compacted bentonite
involves predominantly the movement of water mol-
ecules and not of solute molecules. Thus, in a first
approximation, the composition of the external satu-
rating aqueous phase should be a second order ef-
fect that has little influence on the initial compacted
bentonite pore water composition [107].

Even if highly compacted bentonite were to function
as a less efficient semi-permeable membrane than
proposed, there are such large quantities of mont-
morillonite present compared to the low volumes of
free water, that the montmorillonite, together with
the other solid phases, will determine the composi-
tion of the pore water simply because the ion ca-
pacities of the solids are massively greater than
those in the aqueous phase. The high exchange ca-
pacity of the montmorillonite component acts as a
powerful buffer for the composition of the pore
water.

The second category of reactive sites associated
with montmorillonite, which are perceived as being
surface hydroxyl groups (�SOH), has a capacity of
~10 percent of the CEC and may protonate and
deprotonate, such that the concentrations of neu-
tral, protonated and de-protonated edge sites
change depending on pH [109]. Using a similar
reasoning to the one given above, the hydroxyl
groups may function as a powerful pH buffer.

Modelling of the pore water chemistry
of the raw FEBEX bentonite

Once the raw bentonite was removed from the
quarry and throughout the time it was stored on the
surface, it was exposed to atmospheric conditions.
At some point, the raw wetted bentonite was pro-
cessed further on a production line before being
stored again, in powdered form, prior to transport.
The water content of the powdered FEBEX bentonite,
at this stage, had been reduced to about 14 percent
(Section 2.3.1). The preparation procedure has
conditioned the powdered bentonite to be in equi-
librium with air. The cation occupancy data pre-
sented in Section 5.2.1.4 result from this atmo-
spheric conditioning. However, probably the most
significant effect of all is that the pH in the moist
bentonite powder will be that determined by carbon-
ate/sulphate mineral equilibration at air PCO2, i.e.
10-3.5 bar. The result of this is that the amphoteric
hydroxyl groups at the edges of montmorillonite

platelets will also have been conditioned to a state
reflecting this equilibrium. Furthermore, there is no
reason to believe that any subsequent compaction
of the powdered bentonite will alter the charge state
of these sites.

The hypothesis put forward here is that the bentonite
pore water in the compacted material will be buf-
fered to a pH reflecting the protonation/ deprotona-
tion state of the �SOH sites because the masses of
montmorillonite are much larger than the volumes
of free water.

In the calculations it is assumed that there is satura-
tion with respect to calcite, gypsum, celestite and
quartz. The concentrations of K, Mg and Ca are de-
termined with respect to the cation exchange equa-
tions and selectivity coefficients given in Table 5.26.
A further constraint on the system is the mineral in-
ventories, e.g. calcite and gypsum. Clearly, the
quantity of any mineral phase dissolved must be less
than the quantity originally present.

In order to calculate a unique pH for the solution in
equilibrium with the air equilibrated bentonite pow-
der (PCO2

10 3 5� � . bar), a Cl- concentration needs to
be specified. The Cl- content of the FEBEX powder is
21.9 mmol/kg, and the quantity of free water asso-
ciated with the raw powder is ~5 percent, yielding a
chloride concentration of 0.42 M and an S:L ratio
of ~19 kg dry FEBEX bentonite/L. The above infor-
mation, together with the data given in Section
5.2.1.4, allows a unique water chemistry to be cal-
culated for the solution/air equilibrated bentonite
powder system [76, 77]. Such calculations were car-
ried out using the geochemical code MINSORB
[109] together with the thermodynamic data base
compilation from Hummel et al. (2002) [118]. The
chemistry of the water calculated to be in equilib-
rium with the FEBEX bentonite powder is given in
Table 5.28 and the cation loadings and speciation
of the �SOH sites are summarised in Table 5.29.

Modelling of the pore water chemistry of FEBEX
bentonite compacted at a dry density of 1.65 g/cm3

In the compacted bentonite the loadings and condi-
tion of the �SOH sites are taken to be the same as
in the powder. However, the compacted system is
treated as being closed, which is a reasonable as-
sumption for the calculation of the initial composi-
tion of the pore water. As stated previously, the im-
plication is then that the solid phases will determine
the chemistry of the pore water because of the very
high S:L ratio and the absence of air.

FEBEX Project. Updated Final Report. 1994-2004

296



A ma
chem
an ap
buffer
amph
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Table 5.28
Calculated pore water compositions in equilibrium with the bentonite powder under atmospheric conditions (M)

log PCO 2
(bar) -3.50

pH 7.44

Ionic strength 0.66

Na 3.3·10
-1

K 2.6·10
-3

Mg 8.1·10
-2

Ca 6.8·10
-2

Sr 6.1·10
-4

Cl 4.2·10
-1

SO4 1.9·10
-2

Cinorg. 3.1·10
-4

Si 1.8·10
-4
s
is

i
o

Table 5.29
Calculated initial cation loadings and state of the amphotheric �SOH sites in FEBEX bentonite powder in equilibrium with air

Exchangeable cations and �SOH sites Concentration (mol/kg)

Na-mont
K-mon

Mg-mont

Ca-mont
Sr-mont

2.74·10
-1

2.29·10
-2

1.62·10
-1

1.66·10
-1

1.47·10
-3

�S
W1

OH
�S

W1
OH2

+

�S
W1

O
-

�S
W2

OH
�S

W2
OH2

+

�S
W2

O
-

3.0·10
-2

3.4·10
-5

1.0·10
-2

3.9·10
-2

1.4·10
-3

3.3·10
-5

Note: The charge on the �SOH2

+
and �SO

-
sites is compensated by outer sphere complexes that have not been included in the modelling
s balance approach to modelling pore water
try in compacted bentonite was adopted. Such
proach automatically takes into account the
ng effects of the exchangeable cations and the
teric �SOH sites. From the values given in Ta-

ble 5.29, the mass balance inventories may readily
be calculated at any chosen initial dry density. The
solubility limiting phases, cation exchange reactions
and selectivity coefficients were taken to be the same
as those used in the previous section.
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The pore water chemistry of the FEBEX bentonite
compacted at a dry density of 1.65 g/cm3 was cal-
culated assuming that the chloride accessible poros-
ity at this density is 5 percent. This value, 0.0303 L
of water per kg of dry FEBEX bentonite, together
with the chloride inventory, yields a chloride concen-
tration of 0.73 M. The pore water is calculated to
be a Na-Ca-Mg chloride type with a high ionic
strength, 0.90 M, and a pH of 7.44 (Table 5.30).
Thus, pore water chemistries at other initial FEBEX
bentonite dry densities may readily be calculated if
the corresponding chloride accessible porosity val-
ues are available.

Modelling of pore water chemistry for different
bentonite dry densities

The same procedure as described above [76] has
been followed to calculate pore water chemistry as
a function of dry density. The calculations were car-
ried out using the geochemical code PHREEQC2
[119]. The thermodynamic database of the code
was modified in order to take into account the high
salinities that exist in the FEBEX bentonite-water sys-
tem. The activity coefficients were calculated ac-
cording to the Truesdell & Jones equation [120]
(valid for solutions with I<2.5 M), using the a and b

parameters determined by Parkhurst [121] and Kiel-
land [122] [123]. The Setchenow equation was
used for non-charged molecular species, including
Ki parameters found in Langmuir (1997).

The main geochemical processes of the FEBEX ben-
tonite-water system to be considered in the model-
ling come from experimental results obtained from
experiments performed at high (squeezing tests) and
low (aqueous extract solutions) solid to liquid ratios
(Section 5.2.1.1 of [12]):

� Equilibrium with respect to calcite

� Equilibrium with respect to gypsum and celestite

� Equilibrium with respect to chalcedony

� Dilution of chlorides

� Ion exchange reactions

� Surface complexation reactions

� Thermodynamic stability of the clay fraction
(smectite) under the expected pH conditions
(7<pH<11).

The main input data used for modelling purposes
were: i) the chloride inventory; ii) the cation ex-
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Table 5.30
Calculated initial pore water chemistry of FEBEX bentonite compacted at a dry density of 1.65 g/cm3 (M)

pH 7.44

Ionic strength 0.90

Na 3.9·10
-1

K 3.0·10
-3

Mg 9.7·10
-2

Ca 8.2·10
-2

Sr 7.3·10
-4

Cl 7.3·10
-1

SO4 1.7·10
-2

Cinorg. 2.4·10
-4

Si 1.8·10
-4



change population (Table 5.25); iii) the selectivity
coefficients (Table 5.26), and iv) the protolysis con-
stants (Table 5.27).

The external porosity calculated as a function of dry
density (Figure 5.118) has been considered as the
accessible porosity for free water. The volume of
water in the inter-particle pores (external water) and
the chloride concentration as a function of dry den-
sity are shown in Figure 5.120 and Figure 5.121
(referred to as water isotherm porosity). The values
are compared with those obtained from total poros-
ity and chloride accessible porosity determined in
through-diffusion tests [105]. As may be observed,
the water volume in pores calculated by means of
chloride accessible porosity and external porosity are
quite similar, considering dry densities between 1.40
and 1.80 g/cm3. At densities lower than 1.40 g/cm3,
the bentonite water-system is better described by the
calculated external porosity, due to the dependence
of the through-diffusion experiments on the salinity
of the injected water [106]. At densities lower than
1.40 g/cm3, for which the efficiency of the bentonite
functioning as a semi-permeable membrane is
much lower than 100 percent, the external fluid
composition may have some influence above a cer-

tain concentration. As the salinity in the inter-particle
water increases, the interlayer tends to expel water un-
til osmotic equilibrium is reached, increasing the
amount of external water. If the salinity decreases, the
smectite tends to acquire the maximum amount of wa-
ter it can, decreasing the amount of external water.
However, at dry densities higher than 1.80 g/cm3 and
membrane efficiencies approaching 100 percent,
the saturating fluid composition plays little or no
role [76, 107], and other mechanisms seem to be
involved in the compacted FEBEX bentonite-water
system.

The ionic strengths of the FEBEX pore waters are
greater than 3 M at dry densities of more than 1.8 g/
cm3. This poses a conceptual problem as regards
modelling the pore water system and understanding
the chemical equilibrium of the bentonite-water sys-
tem.

The results obtained from the modelling are shown
in Figure 5.122 to Figure 5.125. The pore waters
are of Na-Cl type with ionic strengths ranging from
0.17 to 3.3 M. The pH values vary from 7.57 to
7.46 as a function of dry density. The variation of
sulphate concentration as a function of the free wa-
ter used in the modelling (external porosity or total

5. Laboratory tests
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Figure 5.120: Water volume in inter-particle pores as a function of dry density.
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Figure 5.121: Chloride concentration as a function of dry density for different porosities.
ity) is noteworthy. As was expected, the ex-
eable sodium concentration decreases and
ngeable calcium concentration increases
the pore water volume increases in the ben-

-water system.

rties of the compacted bentonite-water system:
e potential, osmotic potential and swelling
ure

urface potential of the FEBEX smectite and the
le layer thickness in the bentonite-water system
been approximately calculated from the pore
ionic strength and the surface charge density
FEBEX smectite by applying the Diffuse Dou-
yer (DDL) theory. As was expected, the DDL
ess decreases when the ionic strength (Figure
) or the dry density (Figure 5.127) increase. In
acted bentonite systems at dry densities of be-

1.40 and 1.70 g/cm3, the calculated DDL
ess is smaller than that of the Stern layer. For
ason, either the application of the DDL mod-
not valid in these systems, or the DDL water
nd free water cannot be differentiated.

According to thermodynamics, the chemical compo-
sition of the pore water (mobile water), when ex-
pressed in ion activity units, is a measure of the
electrochemical potential of ions in the clay/water
system. At equilibrium, the chemical potential of all
the phases is the same. As the pore water composi-
tion was determined taking into account the entire
bentonite-water system (smectite, solutes, solid
phases, internal water, external water, etc.), the wa-
ter activity determined in the pore water modelling
for each dry density might represent the water activ-
ity of the bentonite-water system. The pore water ac-
tivity as a function of dry density is shown in Figure
5.128. Also, the osmotic potential may be calculated
from the chemical composition of the pore water
(Figure 5.129). Indeed, the osmotic potential in-
creases with water potential (suction). The swelling
pressure of the FEBEX-bentonite system has been cal-
culated taking into account the water activity of the
pore water. The results are shown in Figure 5.130
and compared with experimental data obtained in
oedometer tests (Section 5.1.3.3). As may be ob-
served, the osmotic pressure in the bentonite-water
system explains most of the swelling pressure of the
compacted and saturated FEBEX bentonite with dry



5. Laboratory tests
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Figure 5.122: Ionic strengths and pH of the pore water as a function of dry density.
densities below 1.65 g/cm3. The osmotic pressure is
related to the concentration of the solvated ex-
changeable cations in osmotic equilibrium with the
salinities of the external pore water. At densities
higher than 1.70 g/cm3, another mechanism seems
to occur, which is probably related to the hydration
energy of the exchangeable cations. At these high
densities, some layers in the quasi-crystals are in a

state in which only monolayers of water are present.
Thus, the exchangeable cations cannot dehydrate to
maintain osmotic equilibrium. Their behaviour might
be to uptake water to acquire the second solvation
shell, because the hydration energy of the bivalent
cations is very high (~500-400 kcal/g). For this rea-
son, the energy to be applied to the system for the
bentonite not to be able to adsorb water is very high.
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Figure 5.123: Chemical composition of the pore water as a function of dry density.
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5. Laboratory tests
0.20

0.22

0.24

0.26

0.28

0.30

0.32

0.34

0.36

0.38

1000

me
q/

kg

1200 1400 1600 1800

Dry density (kg/m )
3

Na-mont

Ca-mont.

Mg-mont.

Figure 5.125: Sodium, calcium and magnesium in exchange positions as a function of dry density.
0.0

2.0

4.0

6.0

8.0

10.0

12.0

0.0 1.0 2.0

Ion
ic

str
en

gth
(M

)

3.0 4.0 5.0 6.0 7.0 8.0 9.0

DDL Thickness (1/K, Å)

Total porosity

Cl accessible porosity

Water isotherm porosity

Figure 5.126: Ionic strength versus DDL thickness.
303



FEBEX Project. Updated Final Report. 1994-2004

304
800

1000

1200

1400

1600

1800

2000

0.0 1.0 2.0

Dr
yd

en
sit

y(
Kg

/m
)3

3.0 4.0 5.0 6.0 7.0 8.0 9.0

DDL thickness (1/K, Å)

Total porosity

Cl accessible porosity

Water isotherm porosity

Figure 5.127: Dry density versus DDL thickness in the FEBEX compacted bentonite.
0.80

a w

0.85

0.90

0.95

1.00

1.05

900 1100 1300 1500 1700 1900

Dry density (kg/m )
3

Total porosity

Cl accessible porosity

Water isotherm porosity

Figure 5.128: Water activity as a function of dry density.



5. Laboratory tests
0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

900 1100

Os
mo

tic
pre

ssu
re

(M
Pa

)

1300 1500 1700 1900

Dry density (kg/m )
3

Total porosity

Cl accessible porosity

Water isotherm porosity
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5.2.2. Analysis of solute movement
and pore water chemistry
in thermo-hydraulic cells

The thermo-hydraulic (TH) tests in cells consist of
subjecting the bentonite simultaneously to heating
and hydration, in opposite directions, for different pe-
riods of time. The objectives of these tests are: a) to
analyse the properties of the bentonite and its behav-
iour under conditions similar to those that will be
found in a repository, and b) to make clear what pro-
cesses and geochemical changes occur when ther-
mal and hydraulic gradients are applied to a com-
pacted bentonite: salt migration, modifications in
pore water composition, modification of the cation
exchange complex and changes in the fabric. These
processes may influence the retention properties (cat-
ion exchange capacity and specific surface) and the
thermo-hydro-mechanical properties (permeability
and swelling capacity) of the clay barrier.

Geochemical modelling also requires the perfor-
mance of this type of tests to determine the kinetics
of ion exchange between the clay and hydration wa-
ter under different conditions of salinity and temper-
ature. In addition, these experiments are used for
the improvement, calibration and validation of the
numerical codes developed to obtain predictions re-
garding the long-term THG evolution of the benton-
ite barrier.

On completion of the tests, physical, mineralogical
and geochemical characterisation of the bentonite
was performed. The influence of heating and/or
hydration on the physico-chemical and hydro-me-
chanical properties of the bentonite (hydraulic con-
ductivity and swelling capacity) and the fabric
modifications were also tested.

The tests have been performed in cylindrical her-
metic cells of different dimensions – 60-cm long, in-
termediate cells and small cells – described in the
following sections.

5.2.2.1.Intermediate cells

In these cells, a single bentonite block measuring
13 cm in height and 15 cm in diameter was heated
from the top to 100�C, while being simultaneously
hydrated with deionised or granitic water from the
bottom, with an injection pressure of 1 MPa (Figure
5.131). The dry density of the bentonite was 1.65
g/cm3 and in most of the tests it was compacted
with its hygroscopic water content. The test program
was devised to study the phenomena induced sepa-
rately by the thermal front and the hydration front,
and by the coupling of both fronts, in tests of equal
duration. A summary of the characteristics of the
tests performed in intermediate cells is given in Ta-
ble 5.31 and their detailed description and analysis
are reported in [124].
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Table 5.31
Summary of the tests performed in the intermediate cells

Reference Test type
Duration
(days)

Initial conditions
Water
uptake
(cm3)Mass

(g)
�d

(g/cm3)
Water

content (%)

Degree
of saturation

(%)

CT-22 Heating+Hydration 26 4298 1.65 13.4 57 275

CT-23 Heating+Hydration 183 4294 1.65 13.3 56 486

CT-24 Heating 168 4690 1.62 26.5 100 ---

CT-26 Heating 147 4285 1.65 13.1 55 ---

CT-27 Hydration 148 4247 1.65 13.1 55 390

CT-28 Heating+Hydration 307 4315 1.65 13.9 59 399

CT-30 Hydration 362 4274 1.65 13.9 59 439
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5.132 shows the final distribution of water
t for various tests. Significant changes in dry
were also observed as a consequence of

ion and heating.

the geochemical point of view, and based on
aters extracted by squeezing and the soluble

etermined in 1:4 aqueous extracts, the follow-
evant processes have been identified [13]:

ydration of the bentonite, subjected to heat-
g treatment, produces the dissolution and di-
tion of the more soluble trace minerals in the
entonite: sulphates, carbonates and chlorides.
s a result, saline fronts are generated due to
e different mobility of the dissolved ions. The

hlorides move as a conservative anion. The
ovement of sulphates and bicarbonates must
asically be regulated by gypsum and calcite
quilibrium, respectively.

he heating treatment without hydration, both
ith an initial water content of 14 percent
T-26 test) and an initial water content corre-
onding to saturated conditions (CT-24 test),
ems not to produce a significant movement

of the salts. Only an increase of salinity is de-
tected in the heater zone due to the evapora-
tion of water towards cooler zones.

� No significant changes in mass balance have
been detected at the end of these thermo-hy-
draulic tests.

� Under hydration conditions, there is basically
an advective transport of chloride and sulphate
towards the heater related to hydration front
progression (Figure 5.133, Figure 5.134).
Chlorides show high mobility. Sulphate con-
centrates more slowly than chloride towards the
heating source, consequently this anion must
be affected by gypsum solubility. The dissolu-
tion/precipitation processes of the calcite must
control bicarbonate movement.

� The main counter ion that follows chloride
movement is sodium, which moves following
the same pattern shown by chloride. However,
the implication of sodium in exchange reac-
tions modifies the relative concentration of
both ions: there is an excess of sodium content
with respect to that of chloride in the leached
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zones, and a default close to the heater. As the
hydration front progresses, the dissolution of
carbonates and sulphates produces the libera-
tion of calcium. Consequently, the exchange of
sodium with calcium in the exchange positions
must be induced, changing the relative con-
centration of the sodium in the aqueous ex-
tracts solution. Calcium and magnesium, show
a parallel increase, but their concentrations are
at least 5-10 times lower than sodium (Figure
5.135). This may be fundamentally related to
the different processes in which they are in-
volved: cation exchange reactions and dissolu-
tion/precipitation processes of carbonates and
sulphates.

Similar conclusions were reached in a set of tests
performed in the intermediate cells with the S-2 clay
[125].

The chemical composition of the bentonite pore wa-
ter obtained by squeezing, after being subjected to
heating and hydration, depends on the position with
respect to the hydration front and on the time
elapsed since the process started. There is a deple-
tion of dissolved salts in the more hydrated zones
and an enrichment near the heater. A sodium and
chloride front is developed in parallel to the
hydration front. The sodium content is higher than
the chloride concentration in the leached sections,
as was observed in the aqueous extracts solutions.
The advective transport through the bentonite
changes the initial composition of the pore water
from sodium-chloride type water (I � 0.2 M) to so-
dium-sulphate type water (I � 0.02 M) in the more
hydrated zones; and to sodium-sulphate-chloride
type water (I � 0.07 M) in sections farther from the
hydration surface. The different mobility of sulphate
with respect to chloride seems to be related to the
control of this anion by gypsum solubility. In the dri-
est zone, close to the heating surface, the calcula-
tion of the pore water composition shows that it
must be an Na-Cl type water, with a maximum sa-
line concentration (I � 1.2 M).

The heating applied to an initially saturated benton-
ite block (CT-24 test) did not produce significant
changes in pore water composition. Only the pre-
cipitation of a thin film of anhydrite was detected at
the contact with the heating source.

The exchange processes play a fundamental role in
the bentonite-water interaction during hydration and
heating. The results seem to indicate that there is a
general increase in the content of exchangeable
calcium and an increase in exchangeable magne-

sium in the zone closest to the heater, related to a
decrease in sodium at the exchangeable positions.

5.2.2.2. Small cells

The main purposes of the small cell tests were to
minimise testing time and complement the scale ef-
fect on the geochemical processes study. The tests
performed made it possible to study the effect of the
geochemical environment and the textural modifica-
tions produced during the thermohydraulic treat-
ment of the bentonite on its hydraulic and mechani-
cal behaviour. A detailed description of the tests
and results is given in [126].

The bentonite specimen measured only 2.5 cm in
thickness and 5.0 cm in diameter (Figure 5.136).
Saturation was reached after a few days, under an
injection pressure of 1 MPa. This allowed a large
number of tests of different duration and conditions
to be performed. The initial dry density of the ben-
tonite was 1.65 g/cm3 and the water content was
hygroscopic (around 14 percent). Two sets of tem-
peratures (60-35ºC and 100-60ºC) applied at the
heating and hydration ends were examined, in order
to ascertain the effect of temperature on the ob-
served processes. The influence of the chemistry of
the hydration water on the processes observed was
verified by using two types of water: granitic and sa-
line (Table 5.5). This last has a chemical composi-
tion similar to that of the bentonite pore water under
saturated conditions (Section 5.2.1), but is simplified
to include only the major elements. The duration of
the tests was related to saturation time. The time
needed for saturation was verified previously, and
amounts to 16 days for the tests performed at low
temperature and to 10 days for the tests at high
temperature.

A sodium and chloride enriched water front was de-
veloped during the hydration stage, mainly due to the
advective transport of these ions inside the bentonite.
This process is favoured by an increase in the aver-
age temperature and is not dependent on the type of
water, saline or granitic. The concentration gradient
practically disappeared at complete saturation.

A net decrease in bulk salinity, mainly represented by
sodium and chloride variations, was detected from
the beginning of the hydration process in the small
cells, under both saline and granitic conditions. This
decrease is more significant at higher temperatures.
Diffusion towards the hydration source must be the
predominant transport process after saturation is
reached.
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rent diffusion coefficients (Da) for ions and salts
measured during the homogenisation of con-
tion profiles in the post-saturated stages. Da

s for Cl-, SO4
2-, Br-, Ca2+, Mg2+, Na+, K+,

and Zn2+ were calculated. The values vary in
nge of 1.5·10-10 to 4·10-12 m2/s; the ions Cl-,

and Ca2+ being of higher mobility [127, 128,

other geochemical parameters determined
a high degree of invariance:

icarbonates and pH were quite constant in all
he tests. These parameters are buffered from
alcite equilibrium and their values are 1.5 ±
.3 mmol/ 100g and pH 8.0 ± 0.2, respec-

ively. Calcite was present in all the samples,
nd was detected in slightly higher amounts
ear the heater zone in some tests by X-ray dif-
raction.

he constancy of the atomic proportions of the
+ fixed in the smectite indicates that illite/
mectite inter-stratification did not change dur-
ng the tests.

The external specific surface of the bentonite pres-
ents minor changes at the beginning of treatment,
but in most cases the original values are recovered
when the bentonite becomes saturated.

The fabric of the bentonite observed by polarising
optical microscopy in thin sections is similar in
treated and untreated samples. The optically detect-
able porosity disappears after hydration. Some mi-
cro-fissures (1-mm length) inside the clayish
macro-aggregates and in the bentonite matrix were
identified. They were stained by iron oxides, mainly
in the heater zones at complete saturation. Fine-
grained calcite was also observed around rigid mi-
cro-crystals or vitreous volcanic rock fragments.
Clay orientation was higher around rigid and plastic
interfaces (micro-crystals and clay aggregates),
especially in the longer tests.

Optical microscopy determination of the amount of
calcite precipitates showed that calcite had “spread”
along the sample. This “spreading” effect is possible
by partial dissolution of sparitic crystals and subse-
quent precipitation elsewhere. Calcite seems to be
leached with time in the more diluted granitic
environment.
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Due to the minor modifications in the bentonite
mineralogy, a zero or very low impact on hydraulic
conductivity or swelling pressure should be expected
during the transient hydration and heating stage. In
the short term, a slight increase in the hydraulic
conductivity of the clay was observed after TH treat-
ment at high temperature with granitic and, espe-
cially, saline water. In the case of saline water, this
increase becomes lower with the duration of the
treatment, probably due to the general decrease of
salinity with time. The swelling capacity of the
remoulded clay increases after TH treatment with
granitic water, and remains unchanged when saline
water is used. This increase might be related to the
dissolution of cementing agents by the granitic wa-
ter, which would bring a disaggregation of bentonite
flakes, which seems to be confirmed by the micro-
structural observations. This is also consistent with
the calcite leaching observed by optical microscopy.

5.2.2.3. 60-cm-long cells

The main purpose of the tests performed using the
larger cells was to analyse the properties of the ben-
tonite and its behaviour under conditions similar to
those that will be found in a repository. In these
tests, the thickness of the bentonite and the thermal
gradient were similar to those of the real case. Six
different tests were performed with this type of cells.
Three of them, called FQ, were used to study the ef-
fect of the geochemical environment, produced dur-
ing the TH treatment of the bentonite, on its hydrau-
lic and mechanical behaviour. The others, called HI,
were used to analyse the physico-chemical proper-
ties and the variation of the chemical composition
of the pore water in the bentonite after TH treat-
ment. In addition, the micro-fabric was also ana-
lysed by SEM in order to confirm which mineral
phases contribute significantly to the composition of
the aqueous phase. FQ and HI tests were per-
formed at three different periods of time: 0.5 years,
1 year and 2 years. At the end of the tests, the sam-
ples were sliced in 24 vertical sections, each 2.5 cm
high, numbered from 1 (near the hydration surface,
i.e. the top) to 24 (near the heater, i.e. the cell
bottom).

The experimental setup and results concerning the
evolution of temperature throughout the tests, the fi-
nal distribution of water content and dry density and
the repercussion on the HM behaviour of the ben-
tonite are described in Section 5.1.4.5.

The final distribution of soluble salts in the different
tests is shown in Figure 5.137. Hydration of the
bentonite produces the dissolution and dilution of
the more soluble trace minerals in the bentonite
(sulphates, carbonates and chlorides). As a result,
saline fronts are generated due to the different mo-
bility of the dissolved ions. Chloride moves with wa-
ter by advection as a conservative anion. For this
reason the maximum concentration of chloride in
the bentonite block varies as a function of the dura-
tion of the test. In addition, close to the heater there
is an increase of chloride due to water evaporation.
The chloride concentration is diluted at about 5 cm
from the heater source, where the evaporated water
condenses. This effect depends on the duration of
the test. The movement of sulphates and bicarbon-
ates must be basically regulated by gypsum and cal-
cite equilibrium, respectively. Their movement is
slower than that of chloride. The increase of the bi-
carbonate contents close to the hydration source is
due to the dissolution of carbonates.

The main counter ion that follows chloride movement
is sodium. However, the implication of sodium in ex-
change reactions modifies the relative concentration
of both ions. There is an excess of sodium content
with respect to that of chloride in the leached zones.
As the hydration front progresses, the dissolution of
carbonates and sulphates produces the liberation of
calcium. Consequently, the exchange of sodium with
calcium in the exchange positions must be induced,
changing the relative concentration of the sodium in
the aqueous extracts solution. The other major cat-
ions, calcium and magnesium, show a parallel in-
crease, but their concentrations are at least 5-10
times lower than sodium. These results are similar to
those obtained in tests in intermediate cells (Section
5.2.2.1).

No significant variations have been observed re-
garding the exchangeable cations (Figure 5.138),
neither with time nor as a result of the position of
the samples with respect to the heater.

Regarding the chemical composition of the pore
water extracted by squeezing at 60 MPa, the distri-
bution of solutes follows the same tendency ob-
served in the aqueous extracts (Figure 5.139). There
is an increase of the pore water concentration to-
wards the inner part of the bentonite barrier as a
function of the hydration front. The salinity increases
also with the distance to the heater as a function of
time, in accordance with water movement. In this
case, although the pore waters are of Cl-Na type,
the content of sodium is lower than chloride. The

FEBEX Project. Updated Final Report. 1994-2004

312



5. Laboratory tests
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0 10 20 30 40 50 60 70
Distance to the heater (cm)

FQ-1/2
FQ-1
FQ-2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 10 20 30 40 50 60 70
Distance to the heater (cm)

FQ-1/2
FQ-1
FQ-2

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

0 10 20 30 40 50 60 70
Distance to the heater (cm)

FQ-1/2
FQ-1
FQ-2

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 10 20 30 40 50 60 70
Distance to the heater (cm)

Ca FQ-1/2
Ca FQ-1
Ca FQ-2
Mg-FQ1/2
Mg-FQ1
Mg-FQ2

0.0

0.5

1.0

1.5

2.0

2.5

0

Cl
(m

m
ol/

10
0

g)

10 20 30 40 50 60 70
Distance to the heater (cm)

FQ-1/2
FQ-1
FQ-2

7.6

7.8

8.0

8.2

8.4

8.6

8.8

9.0

Distance to the heater (cm)

pH

FQ-1/2
FQ-1
FQ-2

0 10 20 30 40 50 60 70

HC
O

(m
m

ol/
10

0
g)

3-
Na

(m
m

ol/
10

0
g)

SO
4

(m
m

ol/
10

0
g)

Ca
&

Mg
(m

m
ol/

10
0

g)

Figure 5.137: Distribution of soluble salts and pH obtained in the 60 cm-long cells by means of aqueous extracts at a 1:4 S:L ratio.
mobility of SO4
2- and HCO3

-with respect to that of
Cl- is hindered, because these anions are controlled
by dissolution/precipitation processes of gypsum
and calcite. The pH values are lower than those ob-
tained in the aqueous extracts, the lowest values be-
ing those obtained in the 2-year tests.

Regarding the mineralogy, no significant changes
were found in the smectitic phase (Figure 5.140).

The basal spacing d001 of the smectite did not
change. In all the tests neo-formed feldspars (sanidi-
ne, anortite) were found in the bentonite at the heater
contact, where Na-K-Cl salts were also found in the
1-year test.

A study of the bentonite fabric was performed by
SEM. The most relevant aspect of this study was the
visualisation of the geochemical processes found in
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the chemical analyses of the samples (pore water,
soluble salts, mineralogy). In the hydration zone
(section 1) a leaching of salts is produced, this be-
ing distributed to other sections towards the heater
(section 24). The location of the different salts de-
pends on the duration of the thermo-hydraulic pro-
cess and hence, on the advance of the hydration
front. The chlorides advance with the water front,
followed, at a slower rate, by sulphates and bicar-
bonates, this being because their movement is lim-
ited by the dissolution/precipitation of gypsum and
carbonates.

In the 1 year tests, the highest concentration of chlo-
rides was found at about 23 cm from the hydration
source (section 9, Figure 5.141), which is the far-
thest location to which water has arrived (see Figure
5.63). Silica gel with impregnations of chloride was
also found at this location. The highest concentra-
tion of calcium sulphate was found at about 20 cm
from the hydration source (section 8, Figure 5.142),
although gypsum was found in section 11 (26 cm
from hydration surface). Carbonates have been
identified at 20 cm from the hydration surface (sec-
tion 7, Figure 5.143) and near the hydration sur-

face. In sections 12 and 13 (27-32 cm), there were
idiomorphic crystals of Si, Al and K.

In the 6 month test, the same mineral phases were
observed but at locations closer to the hydration
source. At 9 cm from the hydration surface (section
4), a covering of chloride has been found in some
particles. The highest contents in gypsum are lo-
cated at 8 cm from the hydration surface (section 3,
Figure 5.144), where idiomorphic crystals of Si, Al
and K were also found. In sections 3 and 4, i.e. be-
tween 6 and 9 cm from the hydration surface,
spherical crystals of silica, tridymite type (Figure
5.145) have been identified. Carbonates have been
detected near the hydration surface.

In the 1 and 0.5 year tests, crystals of silica and of
some type of feldspar, which seem to be neo-
formed, have been detected at the heater contact.
In addition, in the 1 year test, bacteria were ob-
served at the surface of the bentonite located at the
contact to the hydration porous plate.

Mineralogical and geochemical analyses of the FQ
tests were also performed at the UAM laboratories.
The results obtained are detailed in [66]. The main
geochemical processes observed are the inter-
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Figure 5.140: XRD pattern of random powder of bentonite samples at different positions after a 2-year test HI2.



5. Laboratory tests
Figure 5.141: K-Na-Cl crystal found in section 9 (22.5 cm from hydration surface) of the 1 year test HI1.
Figure 5.142: Gypsum crystals found in section 8 (20 cm from hydration surface) of the 1 year test HI1.
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Figure 5.143: Ca-Fe carbonates found in section 7 (16 cm from hydration surface) of the 1 year test HI1.
Figure 5.144: CaSO4 crystals found in section 3-4 (6-9 cm from hydration surface) of the 0.5 year test HI1/2.
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5. Laboratory tests
Figure 5.145: Silica surrounded by smectite (left) and neo-formed feldspar crystals (right) found in section 24 (near the heater)
of the 0.5 year test HI1/2.
ge of Na+ with Ca2+ and the dissolution/pre-
tion of calcite. Other possible processes are
issolution of sulphates – whose mobility is con-
ed by anionic exclusion –, the formation of

ids (Fe and Ti oxides) and the formation of
crystalline quartz. No mineralogical changes
detected, except for a slight increase in the size
smectite crystallites.

3. Radionuclide sorption
and migration in bentonite

transport of radionuclides through the com-
d bentonite is a diffusion-controlled process re-
d by sorption, thus, for the performance assess-
calculations of a repository, distribution coeffi-
and apparent and effective diffusion coeffi-
of relevant radionuclides in bentonite are nec-

y. A series of small-scale laboratory tests was
ed to determine these parameters for several
nuclides and, in particular, for all the elements
in the “mock-up” and “in situ” tests (rhenium,
ium, europium, thorium, uranium, neodymium
caesium). Attention focussed on their diffusion

behaviour in clay compacted at 1.65 g/cm3. Apart
from the radionuclides used in these large-scale tests,
other radionuclides of interest were investigated (tri-
tium, chlorine, iodine, calcium, strontium and so-
dium). The diffusion of conservative species, both
neutral and anionic, was studied as a function of clay
density, in an attempt to clarify the possible effects of
anion exclusion. It was observed that the determina-
tion of the accessible porosity is often tricky, espe-
cially when high clay densities are considered. There-
fore, it was very important to analyse different meth-
odologies and compare the results obtained, in order
to understand the limitations of each technique and
finally provide reliable results. Furthermore, the use
of different techniques and the independent determi-
nation of each transport parameter could be used to
validate the results.

The very different nature of the elements studied (from
conservative to highly sorbing) implied the design of
different experimental setups in order to obtain trans-
port parameters. As regards the determination of the
FEBEX bentonite sorption properties, during the first
phase of the project, batch sorption tests on the natu-
ral clay were carried out. Distribution coefficients (Kd)
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were obtained at different S:L ratios. In the second
phase of the project, special cells were designed in an
attempt to determine Kd values also in the compacted
clay. Since the “Kd-approach” does not allow for the
extrapolation of laboratory results to different environ-
ments and limits the description of the processes oc-
curring in the medium to an empirical parameter, a
new approach, based on the mechanistic description
of sorption was also undertaken. The mechanistic ap-
proach is expected to improve the understanding of
transport processes in compacted bentonite and,
therefore, the future predictive capability. Particularly,
in the second phase, the sorption mechanisms of Cs
and U were analysed. Sorption data obtained for
other radionuclides in the FEBEX clay may be found in
[130]. In order to carry out this study, it was necessary
to work with a simplified and very well characterised
system, studying the effects of the most important
physico-chemical parameters such as pH, ionic
strength and radionuclide concentration, independ-
ently. Therefore, purified and homoionised bentonites
were used: the FEBEX clay was used by CIEMAT and
the SWy1 clay by PSI.

Further information and details on the results de-
scribed here may be found in [131, 105, 132, 133,
134, 135].

5.2.3.1. Sorption properties of the natural
FEBEX bentonite

Table 5.32 summarises the results of the sorption
batch tests performed with FEBEX bentonite in water

at different solid to liquid (S:L) ratios. The results
demonstrated that trivalent cations such as europium
and neodymium, along with the tetravalent thorium,
were totally sorbed and that the elements present in
anionic form, such as rhenium (ReO4

-), iodine (I-)
and technetium (TcO4

-), were not sorbed at all. Sele-
nium was not sorbed in its higher valence state (VI,
SeO4

2-), but a slight sorption was observed for sele-
nium in a lower valence state (IV, SeO3

2-). Uranium
showed small sorption, whereas high / very high Kd

values were found for cobalt, strontium and caesium.

These studies showed a dependence of the retention
capability on the solid to liquid ratio, since Kd values
tend to decrease when the solid to liquid ratio in-
creases (except for strontium). This may be due
firstly to the dissolution of salts and impurities con-
tained in the clay, since at higher bentonite contents
there is a higher concentration of HCO3

- and SO4
2-.

These ions are well known complexing agents that
may contribute to the hindering of sorption. Sec-
ondly, with increasing bentonite content there is an
increase also in the ionic strength of the water and
the content of ions, which are potentially competi-
tive to sorption sites. Ionic strength and the presence
of higher concentrations of certain cations in the
water would be very important, particularly if sorp-
tion occurred via ion exchange or if the surface
complexes between the radionuclide and the clay,
were of the outer-sphere type.

In addition, the question as to whether or not the
sorption behaviour is the same in dispersed and
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Table 5.32
Summary of batch tests carried out under oxic conditions on FEBEX bentonite. Kd values in mL/g

Element and concentration
Solid to liquid (S:L) ratio

1/100 1/70 1/50 1/40 1/30 1/20

ReO4
-
, I

-
, SeO4

2-
, TcO4

-
0% sorption (Kd = 0)

[Co] = 1.1·10-8M 1100 800 580 470 360 250

[Cs] = 1.0·10-9M 68500 58000 43000 38000 32000 28800

[Se]IV = 3.34·10-8M 28 25 24 22 20 17

[Sr] = 5.0·10-9M 1735 2050 2310 2311 2360 2178

[U] = 2.27·10-6M 28 26 (1) 23 - - 15

Eu, Nd, Th 100% sorption (Kd > 100000)

(1)

For S:L = 1:80



compacted systems was opened. Under repository
conditions, the solid to liquid ratio will be high (4:1)
and, furthermore the material will be compacted.
This should lead to a further decrease in the distri-
bution coefficient. For this reason, it was considered
necessary to obtain Kd values by means of tests un-
der conditions as similar as possible to those ex-
pected in the repository. Therefore, an attempt was
made to determine the Kd values of Cs, Co, Eu, Se,
Tc, U, Nd and Th in the FEBEX bentonite compacted
to a dry density of 1.65 g/cm3. In order to do so, an
experimental cell was especially designed. The clay
was introduced in the cell between two sinters and
confined by a stainless ring and two Teflon caps.
The cells were located in a vessel filled with water
and the caps were open to allow the water to enter
into the clay. The time needed to hydrate a clay
plug of these dimensions (8x19 mm) is approxi-
mately one month. After this time, the water was la-
belled with the radiotracer, and the concentration in
the liquid phase was periodically monitored to
check tracer uptake. The evolution of the Kd values
obtained during the first year is summarised in Table
5.33.

This method cannot be considered appropriate for
the highly-sorbing radionuclides such as Nd, Th and
Eu, since these elements are extensively and rapidly
sorbed onto the stainless filters and the Teflon cells.
Furthermore, Kd for other less sorbing elements in-
creased with time. This suggested that, even after

one year, sorption equilibrium was not completely
reached.

5.2.3.2. Sorption properties
of the homoionised clay

By means of the simple Kd-approach, it is not possi-
ble to evaluate the effects on the sorption of the dif-
ferent variable geochemical parameters (for exam-
ple the evolution of pore water in the medium). For
this reason, mechanistic studies were undertaken, in
the second phase of the FEBEX project, with Cs and
U. Batch sorption tests were carried out using differ-
ent bentonites that were purified and converted into
an homoionised form using the method proposed
by Baeyens & Bradbury (1997 [136]) and Bradbury
& Baeyens (1997 [109], 1999 [137], 2002a [138]).

The main sorption mechanisms expected in clays
are cation exchange and surface complexation. To
identify and quantify to what extent these two mech-
anisms occur, different types of experimental data
have to be generated. The sorption has to be repre-
sented as a function of pH (sorption edges) at con-
stant ionic strength, and as a function of the radio-
nuclide concentration at a constant pH (sorption iso-

therms). The main objective of these tests is to ob-
tain parameters such as surface complexation con-

stants and selectivity coefficients. These parameters
are required for a (quasi)-mechanistic description of
sorption and they might be very useful for the mod-

5. Laboratory tests
Table 5.33
Kd obtained in compacted bentonite after different periods of time

Element
and concentration (M)

Kd (mL/g)

60 days 120 days 180 days 350 days

[99Tc] = 2.35·10-7 0 0 0 0

[Th] = 2.16·10-8 sorption onto wall and cell, 100% sorption in batch

[Nd] = 3.47·10-6 sorption onto wall and cell, 100% sorption in batch

[152Eu] = 5.63·10-10 sorption onto wall and cell, 100% sorption in batch

[60Co] = 4.72·10-10 18.7�7.7 20.2�3.8 26.3�3.0 29.3�3.0

[137Cs] = 2.43·10-9 101.6�4.1 528.7�33.5 2120�280 17590�1360

[233U] = 3.56·10-7 1.05�0.14 1.77�0.07 2.24�0.13 2.82�0.32

[75Se] = 3.6·10-8 2.04�0.88 0.38�0.94 0.74�1.03 1.11�1.27
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elling of sorption/migration results in the compacted
system, in strong connection with bentonite pore
water studies.

Sorption tests with the homoionised clay were car-
ried out by the two organisations involved in the
second phase (CIEMAT and PSI). The data obtained
for the same radionuclides by different laboratories
were compared taking into account that sorption
values were measured under similar conditions but
on different purified clays (SWy1 and FEBEX, for PSI
and CIEMAT, respectively). The smectite phase of
the FEBEX bentonite is actually made up by an
illite-smectite mixed layer with a 10-15 percent of
illite layers (Section 2.2.1), whereas the SWy1 ben-
tonite contains about one percent of illite [136]. The
content of Cs and U in the FEBEX purified clay is
lower than the detection limit (<0.2µg/L and <1
µg/L, respectively).

Sorption tests with Cs

Caesium sorption isotherms were carried out at pH
6.5-7 and different ionic strengths (from 1·10-3 to 1
M in NaClO4). Cs sorption edges were also carried
out at different ionic strengths and different Cs con-
centrations. Kinetic tests were also carried out.

The sorption of caesium was shown to be non-linear
over the entire range of concentrations both in the
FEBEX and in the SWy1 clay. Since Cs exists in solu-
tion only as Cs+, this behaviour has to be related to
the existence of at least two different sorption sites.
In the FEBEX clay, the first site has high affinity and
low capacity (~3·10-5 eq/kg) and the second has a
much higher capacity (~1 eq/kg ~ CEC ) but lower
affinity. The density of the low-density sites may be
determined from the isotherms, and the inflexion
point coincides with the saturation of these sites.

Since two sites were identified, it was considered
useful to analyse the kinetics of sorption using two
different Cs concentrations. The kinetic behaviour of
Cs sorption in these two regions was different: at
“high” Cs concentration (low affinity) the uptake was
very rapid (hours or less) whereas at “low” Cs con-
centration (high affinity) the uptake was significantly
slower, and the sorption process was completed
within days. This result showed that sorption in the
two different sites might be controlled by different
mechanisms [139].

The pH dependence of sorption was also analysed at
“high” and “low” Cs concentrations. In both cases,
almost no influence of pH was observed. On the
contrary, a clear effect of the background electrolyte

concentration was observed. This uptake behaviour is
characteristic of ionic exchange processes.

However, considering the kinetic tests, the adsorp-
tion of caesium onto the clay seemed to involve a
rapid exchange reaction (hours) and a slower com-
ponent (days), an anomalous behaviour for ion-ex-
change reactions. This slow process may be ob-
served only when very low tracer concentrations are
used (<1·10-9 M), due to the very low density of
these sites (~3·10-5 eq/kg in the FEBEX clay) com-
pared to the bentonite cation exchange capacity.
We interpreted these two processes, in connection
with the high affinity and low affinity sites, as ad-
sorption on planar sites (rapid process) and caesium
diffusion to less available but highly selective sites
(slow process). The existence of “low” and “high”
affinity sites for caesium sorption in clays is usually
explained by considering that it may be exchanged
with hydrated cations in basal/interlayer sites (low
affinity sites). Moreover, it may sorb in a highly se-
lective manner at frayed edge sites (FES) [140,
141]. FES sites are high affinity sites not present in
expanding clays like smectite, but develop in
weathered micas and illite.

The modelling of the data has to be accomplished
taking into account the existence of different sorption
sites. Two different approaches were followed, one
for the FEBEX clay and the other for the SWy1 clay.

A caesium sorption model for argillaceous rocks,
based on the idea that illite dominates the Cs up-
take in clay rocks, was previously developed by
Bradbury & Baeyens [142]. Since the SWy1 mont-
morillonite contains ~1 percent illite, a similar ap-
proach to this model was applied to the SWy1
montmorillonite studied in the FEBEX project. The
first assumption of the model is that Cs sorption in
SWy1 is governed, in addition to the montmorillo-
nite component, by cation exchange reactions on
the illite mineral component. For the purposes of
calculating Cs sorption in the SWy1 system, an illite
is defined with a cation exchange capacity equal to
0.20 eq/kg. Secondly, the uptake of Cs on illite is
envisaged as taking place on three site types, each
having different site capacities and affinities [137].
These are denoted as FES, type II and planar sites.
The relations between these site capacities are ex-
pressed in Bradbury & Baeyens [137] as fixed per-
centages of the illite CEC. These capacities were
scaled to the illite content in the SWy1 system and
fixed. Thirdly, selectivity coefficients for Cs-Na were
taken from Bradbury & Baeyens [137]. The selectiv-
ity coefficients for Cs-Ca were obtained from the
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best fit to the non-linear part of the isotherms. A
summary of the selectivity coefficients used in the
modelling for both the Na- and Ca-SWy1 isotherms
is presented in Table 5.34. The selectivity of Cs-Na
and Cs-Ca on the planar sites of illite are taken to
be the same as the Kc values on the planar sites of
montmorillonite. From the sorption edge and iso-
therm data on Na-SWy1, a selectivity coefficient for
Cs-Na exchange of 15.1 was obtained.

Finally, with all model parameters fixed, the com-
puter code MINSORB was used to calculate the Cs
sorption in Na- and Ca-SWy1 systems. An example
of the modelling of Cs data for Na- SWy1 is given
in Figure 5.146, together with the curve predicted
by the model (continuous line). It may be seen that
the predicted isotherm corresponds very well to
those measured for the montmorillonites. Very good
results were obtained also for data obtained at
other ionic strengths and for data on Ca-SWy1
[134, 139].

Although the results were qualitatively very similar in
the two montmorillonites (SWy1 and FEBEX), an-
other modelling approach was tested for the FEBEX
clay, since the model described above was not to-
tally able to explain the Cs sorption data on FEBEX
bentonite. The existence of smectite-illite mixed layer
may possibly lead to the existence of FES-like sorp-
tion sites in FEBEX bentonite, however the illite in the
illite-smectite mixed layer may not behave exactly in
the same manner as a pure illite phase.

The sorption of caesium on FEBEX bentonite was
therefore interpreted with a 2-site model (2 “ge-
neric” sites) considering ion-exchange with both
“high” affinity and “low” affinity [140]. The selectiv-
ity coefficient value used for the modelling of sorp-
tion in the “low affinity” sites is logNa

Cs
CK = 1.65,

whereas the selectivity coefficient for sorption in the
“high affinity” sites is logNa

Cs
cK = 7.5. As may be

seen in Figure 5.147, with this model, the sorption
at the lowest ionic strengths (1·10-2 and 1·10-3 M) is

over - predicted. It is clear that at very low Cs con-
centrations and, above all, when sorption is very
high, the magnitude of the experimental errors may
be enhanced. However, the deviations observed in
the prediction from the experimental data, especially
at the low ionic strengths, may be due to the com-
petition of ions like K+ that may exist in solution. In
fact, a non-negligible quantity of potassium ions (up
to 2 mg/L) was found in some samples. Therefore,
another modelling attempt was carried out consider-
ing the possible effect of potassium in solution. The
quantity of potassium was fixed to 2·10-6 mol/L for
all the samples at the different ionic strengths. The
modelling at the lower ionic strengths improved
when this contribution was considered.

Sorption tests with U

Sorption edges tests (pH 2 to 11) at different ionic
strengths (from 1·10-1 to 1·10-3 M) were carried out
as well as sorption isotherms ([U]: 1·10-8 to 3·10-3)
at different ionic strengths and different pH. All the
tests were performed in anoxic condition under N2

atmosphere.

Qualitatively, similar results were obtained in the
two clays studied. In sorption edges, two regions
can be clearly distinguished: the first one, at acidic
pH, where sorption strongly depends on the ionic
strength, and a second one, at basic pH, where
sorption does not depend on the ionic strength.
These results clearly indicate that two mechanisms
are taking place. Ionic exchange is predominant at
acid pH, whereas surface complexation seems to be
the main sorption mechanism at high pH. Figure
5.148 shows an example of U sorption edge on
homoionic Na-montmorillonite (SWy1) at 0.01 and
0.1 M NaClO4. Sorption isotherms (obtained at dif-
ferent pH and ionic strengths) showed that sorption
is not lineal over the entire range of concentration
used.

5. Laboratory tests
Table 5.34
Site capacities and selectivity coefficients for illite (CEC = 0.2 eq/ kg)

Site types FES Type II sites Planar sites

Site Capacities: (eq. kg-1) 5 x 10-4 4 x 10-2 1.6 x 10-1

logNa
Cs

cK 7.0 3.6 1.18

logCa
Cs

cK 13.8 9.5 1.46
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clear from the experimental results that the
lling has to be carried out considering both
xchange and surface complexation reactions at
lay surface. In order to model surface complex-
reactions it is important to determine the acid

se properties of the SOH groups, which were
mined both for SWy1 [143] and FEBEX clay
]

.3. Diffusion tests

EBEX clay was compacted at different dry densi-
rom 1.0 to 1.7 g/cm3) to determine the accessi-
orosity (�) and the effective diffusion coefficient
y means of through-diffusion (TD) tests, and the
rent diffusion coefficient (Da) by means of in–dif-

(ID) tests. The elements considered were both
rvative (HTO, 36Cl, Re, I) and non-conservative
85Sr, 137Cs, 45Ca, 22Na, 152Eu, 233U, Nd, Th).

odology

own in Figure 5.149, different experimental
s were used, depending on the radionuclide

and parameter to be determined. All the experimen-
tal cells were designed and built at CIEMAT [144].

In the TD tests (Figure 5.149a and Figure 5.149b),
a cylindrical stainless-steel diffusion cell is con-
nected to two reservoirs (in and out) where the solu-
tion is continuously stirred. The cell contains a ring
with the compacted bentonite placed between two
stainless steel sinter plates. After the saturation of
the clay sample with water, the water in the inlet res-
ervoir is spiked with the tracer and diffusion starts.
Two different configurations are used: the first is the
variable concentration case (TDV), and the second
is the constant concentration gradient (TDC). In the
TDV configuration, using in and out reservoirs of
100 mL, the tracer concentration in both reservoirs
changes with time and is periodically measured. An
example of the results of through-diffusion tests with
variable concentration (TDV), which allowed for De

estimations, is shown in Figure 5.150. The upper
experimental points correspond to the concentration
evolution in the inlet reservoir, and the lower experi-
mental points correspond to the concentration evo-
lution in the outlet reservoir. When the final concen-
trations in the in and out reservoirs are quite differ-
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Figure 5.149: Longitudinal section of the experimental setups used for the determination of diffusion coefficients and accessible porosity
(TD: through-diffusion, ID: in-diffusion, ISD: internal-source diffusion).
but the tracer concentration in the outlet reser-
is significant, it may be ensured that the con-
ation profile in the clay plug pore water is
r (PRO tests).

e first phase of the FEBEX project [131], the
tion of concentrations in the two reservoirs was
reted using the methodology proposed by

rum et al. [145].

second TD configuration is the constant con-
ation gradient (Figure 5.149b, TDC) case, in
h a large (1 L) “in reservoir” and a very small

L) “out reservoir” are used. The “out reservoir”
riodically changed in order to keep the tracer
entration close to zero and, therefore, the con-
ation gradient approximately constant. Figure
1 shows an example of the experimental results
DC tests with Cl- (clay density 1.65 g/cm3)
e the linear fit in the steady-state region and
ime lag value are indicated. The effective diffu-
coefficient may be calculated from the slope of
traight-line fitting the long-term behaviour of
umulative amount of solute that has passed to
out” reservoir. The porosity accessible to the

tracer may be calculated from the intercept of the
fitting straight line to the time-axis, te [146].

In in-diffusion tests (Figure 5.149c, d) the stain-
less-steel diffusion cell is immersed in a reservoir with
water for approximately 2.5 months, this being the
time required for saturation of the samples. Com-
plete water saturation of the samples is verified at the
end of the test by weighing the specimen. After water
saturation, the tracer is added to the reservoir. Two
different setups were used: in the ID_1 configuration
(Figure 5.149c) both sides of the cell are opened so
that the tracer can enter from both sides; whereas in
the ID_2 configuration one side of the cell is blocked
(Figure 5.149d). In in-diffusion tests, after a given
time, the diffusion cell is disassembled, the bentonite
plug cut into slices (approximately 1-mm thick) and
the activity in each slice measured to determine the
tracer profile within the clay and calculate the appar-
ent diffusion coefficient, Da. The ID_1 configuration is
also used to find the accessible porosity by means of
saturation tests (SAT) or to determine the Kd directly in
the compacted clay. In these last two cases, as previ-
ously mentioned, the test ends when the concentra-
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Figure 5.151: TDC test with 36Cl-; clay dry density 1.65 g/cm3. The linear fit of the steady-state region and the time lag are indicated.
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tion within the plug is uniform and equilibrium is
reached.

Figure 5.152 shows the experimental concentration
profile in the sample of an in-diffusion test, for a dry
density of 1.65 g/cm3, and the theoretical profiles
for three values of Da.

Accessible porosities for HTO (for all clay densities)
and 36Cl- (for clay densities up to 1.2 g/cm3) were
directly obtained by means of saturation tests. In
these tests the water-saturated bentonite samples
were introduced in a reservoir with the tracer until
equilibrium concentration was reached. The mea-
surement of the tracer activity in the clay pore water
allowed for direct measurement of the accessible
porosity. Alternative estimations of accessible poros-
ity were accomplished in through-diffusion tests with
constant concentration and concentration profile
tests, which provided redundant, although less pre-
cise, methods for its estimation. Similar values of
accessible porosities were obtained with the three
methods.

Neither through-diffusion or in-diffusion techniques
are appropriate for very sorbing tracers. In the first

case because the tracer does not elute (in a reason-
able time) and in the second because the tracer
usually adsorbs significantly in the test cells and in
the filters before reaching the clay. Internal-Source
Diffusion tests (ISD, Figure 5.149e) were therefore
designed for these elements, but this configuration
may also be successfully used for less sorbing or
conservative elements. In the ISD configuration, the
tracer is introduced within the bentonite sample,
avoiding contact with anything but the clay. A filter
paper or a slice of traced bentonite is sandwiched
between two saturated bentonite clay plugs. In this
configuration, the symmetrical diffusion profiles are
determined at the end of the test after slicing the
bentonite sample.

Results: conservative tracers

The main conservative tracers studied were HTO and
Cl- as representative of neutral and anionic species,
results for I- and SO4

= at dry density of 1.65 g/cm3

are also presented. The study of ions is of special in-
terest because performance assessment calculations
of spent fuel repositories have shown that doses are
mainly controlled by non-sorbing anionic species
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5. Laboratory tests
Table 5.35
Summary of the experimental results for HTO at different clay densities. The experimental method used is indicated.
The last column shows the theoretical porosity at the given density

Dry density (g/cm3)
De(m

2/s)

TDV

Da (m2/s)

ID

	 (%)

SAT

 (%)

1.00 65.4 63.0

1.00 64.5 63.0

1.10 1.92·10-10 — 59.3

1.10 2.01·10-10 — 59.3

1.10 3.3·10-10 59.3

1.20 58.3 55.7

1.20 56.6 55.7

1.30 1.36·10-10 — 51.9

1.30 1.56·10-10 — 51.9

1.30 — 3.1·10-10 51.9

1.40 51.9 48.1

1.40 51.0 48.1

1.50 8.80·10-11 — 44.4

1.50 8.93·10-11 — 44.4

1.50 — 2.6·10-10 44.4

1.60 43.3 40.7

1.60 42.8 40.7

1.65 5.8±0.2·10-11 — 38.9

1.65 5.8±0.2·10-11 — 38.9

1.65 — 1.7·10-10 38.9

1.65 — 1.6·10-10 38.9

1.65 — 1.6·10-10 38.9

1.70 5.76·10-11 — 37.0

1.70 4.57·10-11 — 37.0

1.70 — 2.6·10-10 37.0
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Table 5.36
Summary of the experimental results for Cl-, I- and SO4

= at different clay densities. The experimental method used is indicated

Element Dry density (g/cm3) De(m
2/s) 	 (%)

Da (m2/s)

(calculated)

36Cl- 1.00 2.72·10-11 (TDV) 18.0 (SAT) 1.51·10-10

36Cl- 1.00 3.68·10-11 (TDV) 15.3 (SAT) 2.41·10-10

36Cl- 1.20 1.08·10-11 (TDV) 10.5 (SAT) 1.03·10-10

36Cl- 1.20 2.52·10-11 (TDV) 15.2 (SAT) 1.66·10-10

36Cl- 1.40 2.9·10-12 (TDV) 5.9±1.8 (PRO) 4.9·10-11

36Cl- 1.40 1.7·10-12 (TDV) 3.4±1.4 (PRO) 5.0·10-11

36Cl- 1.60 8.7·10-13 (TDV) 2.4±1.1 (PRO) 3.6·10-11

36Cl- 1.65 1.1·10-12 (TDC) 2.2 (TDC) 5.0·10-11

36Cl- 1.65 7.7·10-13 (TDC) 2.3 (TDC) 3.3·10-11

36Cl- 1.65 — 2.8±0.4 (PRO) —

36Cl- 1.65 — 2.5±0.3 (PRO) —

I- 1.65 8.25·10-13 (TDC) 2.7 (TDC) 3.06·10-11

I- 1.65 8.99·10-13 (TDC) 2.2 (TDC) 4.08·10-11

35SO4
= 1.65 1.84·10-13 (TDC) 4.6 (TDC) 4.00·10-12

35SO4
= 1.65 4.49·10-14 (TDC) 0.8 (TDC) 5.61·10-12
(129I- and 36Cl-). Table 5.35 (HTO) and Table 5.36
(Cl-, I- and SO4

=) summarise the experimental re-
sults, and the methodology used to obtain each
value is also specified. The data in the same row
correspond to results obtained in the same cell.

The results included in Figure 5.153 show that the
measured accessible porosity for HTO is roughly
equal to total porosity in FEBEX bentonite at differ-
ent dry densities. Since total porosity is easy to cal-
culate, if one of the diffusion coefficients (effective
or apparent) is measured, the other coefficient may
be calculated. A simple diffusion model in pore wa-
ter fully explains the experimental results for HTO.

Chloride ions have a very different behaviour from
HTO in the FEBEX bentonite. In fact, even at low
densities only a fraction of total porosity is accessi-
ble for chloride. If dry density increases, the accessi-

ble porosity for chloride decreases rapidly and, at a
density of 1.65 g/cm3, its value is between 2 and 3
percent, whereas the total porosity is close to 40
percent. These results show that significant anionic
exclusion occurs and that its effects are more pro-
nounced when dry density increases. As a result,
only a small fraction of the total porosity is accessi-
ble for chloride.

It is usually accepted that anionic exclusion de-
creases when the ionic strength of the pore water in-
creases. The electrostatic effect may be higher at
lower clay densities because the overlapping of the
double layers of the pore surfaces does not occur,
but at higher clay density the ionic strength effect is
expected to be less significant.

As may be seen in Table 5.35, Table 5.36 and Fig-
ure 5.153, the effective/apparent diffusion coeffi-
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Figure 5.153: Accessible porosities obtained with different methods for HTO and Cl- as a function of clay density.
and the accessible porosity show an exponen-
crease when clay density increases. The de-
is significantly more pronounced in the case
Therefore for each parameter the experimen-

ues may be adjusted using exponential func-
f the type

D A ea e
B d

, � � � �� (5.28)

A and B are constants and �d is the bentonite
nsity. Accessible porosity, apparent and effec-
ffusion coefficients in FEBEX bentonite at any
nsity may, therefore, be easily estimated by in-
tion.

O, the values of Da , De and 	 measured in-
dently satisfy the relation between effective
pparent diffusion coefficients for conservative
(De = Da · �). The consistency of the trans-

arameters measured using different methods
s that these methods are appropriate and

lues obtained are correct.

s: non-conservative tracers

ests were carried out with 85,90Sr, 75Se, 99Tc,
33U, and these tests were analysed by the

Wolfrum et al. [145] method. Also, ID_1 tests were
performed with Cs, Tc, Re and Se, and analysed by
the Put & Henrion [147] method. Clay plugs with
different thickness and compacted at different densi-
ties were used. Se and Tc were also studied under
anoxic conditions.

ISD tests were used to determine the diffusion coeffi-
cients of europium and neodymium as very sorbing
tracers. An example of the experimental results ob-
tained by means of the ISD method is shown in
Figure 5.154.

Through-diffusion tests, performed according to the
Wolfrum et al. [145] method, have proven to be an
excellent technique for the determination of diffusion
coefficients under simple experimental conditions,
fundamentally for slightly sorbing species. In con-
trast, in-diffusion tests seem more suitable for
sorbing species, and ISD method for very sorbing
tracers.

Table 5.37 summarises the apparent/effective diffu-
sion coefficients obtained with compacted FEBEX
bentonite at 1.65 g/cm3 for different radionuclides.
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Figure 5.154: Example of the results obtained with Eu in the ISD configuration.
ethodologies to obtain diffusion
cients

from the completion of the database for trans-
arameters of conservative and non-conserva-
acers, it was considered necessary to develop
ethodologies to simultaneously obtain the ap-

t and effective diffusion coefficient in the same
le, methodologies successfully applied for
m and uranium [133, 132].

larly, in the study performed with caesium, the
d allows for the simultaneous determination of
ve and apparent diffusion coefficients in com-

bentonite without reaching steady-state condi-
Basically, this method consists of an in-diffusion
which the concentration profile in the bentonite
e is used to estimate Da, and the temporal evo-
of the solute concentration in the reservoir is

to estimate De. This method has several advan-
over the typical through-diffusion tests, in par-
: a) the test duration is significantly shorter, b)
lues are measured with greater precision and c)
ot necessary to maintain a constant solute con-
tion in the reservoir. Figure 5.155 shows the

theoretical concentration profiles in the bentonite
sample at the end of the test for different values of
Da(Cs) and De(Cs) using the analytical solutions for
the constant tracer concentration in the reservoir
(continuous line) and the instant injection of a pulse
at t=0 (dotted lines).

The diffusion coefficients of uranium were also de-
termined using a novel methodology. On the one
hand, the comparison of the experimental evolution
of the tracer concentration in the “in reservoir” with
theoretical curves, for a system with the same geom-
etry, makes it possible to estimate the ratio
De/(Da)

1/2. The fact that the tracer does not reach
the “out reservoir” at the end of the test allows for a
conservative estimate for Da. Secondly, by analysing
the concentration profile within the bentonite clay,
an independent estimation of Da may be obtained.
A calculation of the theoretical concentration evolu-
tion in the in and out deposits for different De/Da ra-
tios may be performed, as shown in Figure 5.156.

The range of diffusion coefficients obtained is in
agreement with those obtained with more conven-
tional techniques (Table 5.37), confirming the valid-
ity of the new approach.



5. Laboratory tests
Table 5.37
Summary of the experimental results using different radionuclides. Clay dry density of 1.65 g/cm3

Element Da (m2/s) De (m2/s)

Caesium (I) (0.9 – 3.3)·10-13 (0.1 – 3.0)·10-11

Uranium (VI) (0.1 – 4.0)·10-14 (0.6 – 2.2)·10-12

Strontium (II) (1.0 – 2.0)·10-11 (1.0 – 4.0)·10-10

Selenium (IV) (1.0 – 3.0)·10-13 (6.0 – 8.0)·10-12

Technetium (VII) (2.0 – 4.0)·10-13

Rhenium (VII) (2.0 – 6.0)·10-14

Europium (III) (6.0-9.0)·10-14

Sodium (I) (3.0-6.0)·10-10

Calcium (II) (4.0-7.0)·10-10
0

1E+00

1 2 3 4 5

C(x
)

C(x
=

0)

Depth in the sample (mm)

Pulse injected at t=0

D =5E-14 m /sa
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2

D = 7E-11 m /se
2

D = 2E-11 m /se
2

1E-01

1E-04

1E-03

1E-02

Figure 5.155: Theoretical concentration profile in the bentonite sample for different values of Da and De.
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4. Dissolution processes
at the bentonite-solution interface

performed a set of laboratory tests with the
of measuring the dissolution rates of smectite
accessory minerals, as a function of pH and
erature, and calculating the kinetic parameters

dissolution reactions, in order to evaluate the
ibution of dissolution reactions to the longevity

bentonite barrier. The dissolution reactions of
tite and accessory phases release into solution

waters) different elements that behave in a
le (alkaline and alkaline-earth, Si) or immobile
e) fashion, which may be transported in solu-
or precipitated as secondary phases

oxides, zeolites, CSH gels, etc.).

the most abundant and reactive accessory
s in the bentonite are plagioclase and volca-
lass, these were selected for the dissolution
Plagioclase was hand-picked from the FEBEX
nite under microscope and samples of volca-
lass were collected at the bentonite outcrop.
es, a smectite sample of the 0.5-4 µm fraction,
ated in K+ ions, was used. It is composed of

more than 99 percent of smectite containing 10-15
percent of non-swelling layers.

The flow-through tests allow for the measurement of
the dissolution rate under fixed saturation-state con-
ditions by modifying the flow rate, solid/solution ra-
tio, temperature, pH and composition of the input
solutions. The dissolution tests were carried out in
flow-through reactors designed and constructed for
this purpose (Figure 5.157).

Dissolution rates were calculated based on Al and Si
steady-state concentrations, after correction of mass
of solid dissolved during the dissolution process
[148]. For most of the tests, the dissolution rate er-
ror ranged between 12 and 20 percent and is dom-
inated by the uncertainty of the BET surface area
measurement (±10% for smectite, and ±15% for
glass and plagioclase).

5.2.4.1. Smectite

The variation in composition of the output solutions
in two of the dissolution tests as a function of time is
shown in Figure 5.158. High Al and Si concentra-
tions are observed at the onset of most of the tests.



5. Laboratory tests
V=23 mL

Input

Outputa

b

Figure 5.157: a) Sketch of a flow-through cell for dissolution tests. b) General experimental setup of the entire dissolution test system.
Afterwards, Al and Si concentrations decrease until
a steady state is approached. Figure 5.159 plots log
dissolution rate vs. pH at 25, 50, and 70�C. The
minimum dissolution rate occurs at a pH of approxi-
mately 6.2, and increases with both increasing and
decreasing pH within the range studied (pH 4-10).
The slope of the log rate vs. pH is the dissolution re-
action order with respect to protons (hydroxyls), n.
An increase of the reaction order with temperature
is observed, as was previously the case for other
phyllosilicates [149]. Apparent activation energies

are shown in Figure 5.160. The V-shape of pH de-
pendence on activation energy shows a minimum
value at pH 7 and increases with both increasing
and decreasing pH.

The pH values of the pore waters in the barrier and
in the interface with the granite host rock are in the
range 7-8.5. As was expected, under these condi-
tions smectite dissolution rates are close to the mini-
mum value (~10–14 mol/m2s). In addition, the effect
of temperature on dissolution rate, measured as ap-
parent activation energy, is minimal in the pH range
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Figure 5.158: Variation of pH, Si and Al concentration as a function of time in the output solutions of some smectite dissolution tests.
7-8.5 (Figure 5.159). The dissolution rates esti-
mated at 70�C range from 10–13.7 to 10–13.5

mol/m2s, at pH 7 and 8.5 respectively. It may be
derived that the repository conditions provide a suit-
able environment for preservation of the chemical
stability of the bentonite. Such a situation can only
be modified locally by the proximity of materials that

may induce strong changes in pH, such as alkaline
plumes produced by concrete or acid fronts, or by
the accumulation of organic matter or microorgan-
isms that may contribute to increasing dissolution
through the release of organic acids (ligand-pro-
moted mechanism) or through an increase in
acidity.
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Figure 5.159: pH dependence of the log of smectite dissolution rate at a) 25�C and b) 50 and 70�C. Rates for pH values higher than 11
were included for comparison, as well as those from Zysset & Schindler ([150] at 25�C. Reaction orders were calculated

for rates at 25 and 50 �C.
5.2.4.2. Volcanic glass

The variation of pH, Si and Al in the output solutions
in glass dissolution tests shows a trend similar to that
observed for smectite. Figure 5.161 plots log disso-
lution rate vs. pH at 25 and 50�C. At 25�C there is

a minimum of dissolution rate at a pH value of ap-
proximately 7-7.5. However, the dissolution rates at
50�C seem to follow a single trend. The reaction
orders at 25�C (n=0.39) and 50�C (n=0.36) for
pH>8 are inconsistent, as they decreased slightly
with temperature instead of increasing, as is nor-
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Figure 5.160: Variation of the apparent activation energy of smectite dissolution reaction with pH.
Values for pH>11 were included for comparison.
observed in silicates. Within the uncertainty of
alue, both orders of reaction are the same. This
y improbable, as apparent activation energy in
tes exhibits a minimum close to the minimum
ssolution rate and increases with both increas-
nd decreasing pH [149]. This behaviour is not
and additional data would be required to de-
any dependence of the rate on pH and
erature.

within the pH interval 7.0-8.5 at constant tem-
ure, a minor variation in dissolution rate is ex-
d (approximately 0.2-0.3 orders of magni-
. However, comparing the data at 25 and
, an increase in the dissolution rate of one or-
f magnitude is observed, which is twice that
for the smectite in the same range of temper-

. Consequently, glass dissolution is apparently
sensitive to temperature than smectite dissolu-

ermore, the glass used for these tests consisted
all spheres (1 mm size) of compact texture, as

revealed by the low specific surface area (1.51
). However, the glassy material in the Cortijo
chidona outcrop is a rhyolitic tuff of a compo-

sition similar to the spheres [151]. We do not have
a value of the specific surface area of the tuff. If for
the tuff surface area, a value of two orders of mag-
nitude greater than that of the compact glass is as-
sumed, the corresponding dissolution rates would
also be two orders of magnitude greater. These esti-
mations will be labelled tuff dissolution rates. It indi-
cates that the volcanic glass is a very reactive phase.

5.2.4.3. Plagioclase

The behaviour of plagioclase during dissolution tests
is similar to that observed in smectite and glass. Dis-
solution reaction was frequently non-stoichiometric,
which should be attributed to the non-homogeneity
and zonation of the bulk mineral, and the faster dis-
solution of the calcic plagioclase than of the alka-
line ones [152], this introducing some additional
scattering in the dissolution data.

The plagioclase dissolution rates available are con-
centrated in the pH region between 7 and 9.5 (Fig-
ure 5.162). Only a few differences in rate are ob-
served varying pH or temperature. It is supposed that
they are around the pH value for minimum dissolu-
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Figure 5.161: pH dependence of the log of volcanic glass dissolution rate at 25 and 50�C. Rates for pH values higher than 11
were included for comparison.
ate. In this range, plagioclase dissolves two or
orders of magnitude faster than smectite, mo-
sed computation, which agrees with previous
s.

.4. Conclusions

sts performed allowed us to measure the dis-
on rates of smectite, volcanic glass and
clase. Smectite is the main component of
nite (92 percent in FEBEX bentonite), whereas
clase (3 percent) and volcanic glass (tuff, esti-
1-2 percent) correspond to the most abun-

nd reactive accessory phases.

hange in dissolution rates within the pH range
.5 is small, at constant temperature. Important
ions are observed or expected outside this in-
, corresponding to geochemical conditions not
ered within the scope of the FEBEX Project.
ost important effect of temperature is ob-
in the glass and is very small in plagioclase.

for smectite was it possible to calculate the
ion of the apparent activation energy with the
the solution.

Some conclusions regarding the stability of the ben-
tonite barrier under repository conditions may be
derived assuming that the dissolution rate of the
three phases is a reliable proxy of the bulk benton-
ite, because other accessory phases dissolve much
more slowly and have smaller surface areas (quartz)
or are trace minerals (pyroxenes, amphiboles).

� The smectite dissolves slowly within the pH range
7-8.5 and its dissolution rate increases four times
when temperature rises from 25 to 50ºC.

� The accessory phases, plagioclase and glass,
are more reactive than the smectite, especially
above 25�C. As temperature rises to 50�C,
the volcanic glass dissolves faster (one order of
magnitude) than smectite. The more reactive
accessory minerals being preferentially dis-
solved, the smectite is preserved from chemical
degradation.

� It should be stressed that the dissolution rates
were obtained under conditions far from equi-
librium, that is, the fluid flow was high enough
to prevent the composition of the solution to
equilibrate with smectite. The parameters ob-

339



5.2.

The
the b
test
chem
currin
and
of th

FEBEX Project. Updated Final Report. 1994-2004

340
-13

log
rat

e(
mo

l/m
s)2

-12

-11

6 7 8 9 10 11
pH

Si 25ºC

Al 25ºC

Si 50ºC

Al 50ºC

Si 70ºC

Al 70ºC

Figure 5.162: pH dependence of the log on plagioclase dissolution rate at 25, 50, and 70�C.
tained under such conditions are necessary to
evaluate the effective dissolution rate under
barrier conditions of pH, flow, solution compo-
sition, temperature, etc. However, limited water
flow reduces the dissolution rates by several or-
ders of magnitude as pore water composition
approaches equilibrium with smectite. The hy-
draulic properties of the barrier do not allow
for the flux required to produce and maintain a
massive dissolution initially, and consequently
the smectite should behave as a stable material
under repository conditions.

5. Variation of properties
in the bentonite extracted during
partial dismantling

specific goals of the THG characterisation of
entonite samples retrieved from the “in situ”

dismantling were: 1) to analyse the physical,
ical, mineralogical and textural alterations oc-
g in the clay as a result of the effect of heat

hydration; 2) to analyse the chemical evolution
e bentonite pore water; and 3) to investigate

the geochemical processes and their link to the
THM processes within the barrier system.

The samples analysed were taken from section S7
(interface bentonite-concrete), section S12 (without
heater), sections S19, S28, S29 (around the heater)
and section 31 (bentonite-heater back lid contact)
(see Figure 4.39 for location of sections). The labo-
ratories involved in the THG post-mortem bentonite
analyses were CIEMAT, INPL/LEM and VTT [153,
154, 155] and the results obtained are summarised
in [70].

5.2.5.1. Mineralogy

The mineralogy of the bentonite samples was ana-
lysed by INPL/LEM and CIEMAT by X-ray diffraction.
The XRD patterns obtained show no significant differ-
ences between the treated samples and the reference
FEBEX bentonite. The predominant mineral is a
smectite with basal spacings d(001) at around 15 Å,
which implies a predominance of calcium cations in
the interlayer space. The sample BS31-26, that was
in contact with the heater rear lid and consequently
subjected to the highest temperatures, presents



higher peak intensities. There are also minor quanti-
ties of quartz, plagioclase, K-feldspars, calcite and
cristobalite. A slight increase in carbonates is ob-
served in treated samples.

The basal spacings of the smectite for different treat-
ments were analysed to determine the distribution of
water molecules in the clay layers. The oriented ag-
gregates present the same basal spacing line, cen-
tred around 14.5 Å. With ethylene glycol saturation,
swelling was observed in all the samples, with basal
spacings changing to ~16.9 Å. This means that no
layer charge modification occurred. Some samples
of section S19 were analysed immediately after
sampling and without further treatment, i.e. in their
compacted state and with their original water con-
tent. These samples showed, with respect to the re-
sults obtained in the dried powder, an increment of
water content in interlayer positions, with clay parti-
cles formed by quasi-crystals with a random alterna-
tion of successive discrete hydrates of two and three
layers of water (Table 5.38), especially in the sam-
ple closer to the gallery wall (BB19-1).

Calculation of the band width at half-height for the
(001) lines did not show any evolution in the thick-
ness of clay particles, and did not reveal any modifi-
cation of layer stacking ordering. The crystallite
thickness (calculated using the Scherrer formulation)
is close to 60 Å for treated and untreated samples
(INPL/LEM).

Greene-Kelly tests were performed by INPL/LEM on
Li-exchanged bentonites. The results indicate that
the charge location has not changed for the post-
mortem samples.

INPL/LEM also analysed the mineralogy of treated
samples by infrared spectroscopy. The spectra ob-
tained for samples from section S-29 are shown in
Figure 5.163. No difference was in evidence be-
tween the six treated samples and the reference

sample (F0). Nevertheless, a slight increase in car-
bonates contribution was observed, centered at
1440 cm-1.

The unit-cell formulae of the untreated bentonite
and of a sample at the contact with the heater were
deduced from TEM-EDX analyses by INPL/LEM. The
clay minerals (<2µm fraction) did not show any evi-
dence of variation in the composition of the clay
particles, i.e. the overall chemistry of the montmoril-
lonite remained constant. The calculated interlayer
charge is 1.18 and 1.16 for the untreated and the
treated samples, respectively; whereas the charge
balance is 0.86 and 0.90. In both cases, the
smectite is of the Tatatila & Chambers type. The cal-
culated CEC is 113 and 118 meq/100g for the un-
treated and treated samples, respectively. In addi-
tion, a decrease of the K content at the interlayer
– balanced by an increase in Mg – has been ob-
served in the sample located in contact with the
heater. This release of potassium might be related
with the neo-formation of K-feldspar close to the
heater (see 5.2.5.7).

5.2.5.2. Chemical composition

The chemical composition of the solid phase of
samples from sections S12 and S19 is shown in Ta-
ble 5.39 and Table 5.40. The most significant
changes observed in all the sections are the losses
of reduced species with respect to the original
FEBEX sample. The ferric iron, Fe2O3, is predomi-
nant in the treated samples, with very low FeO con-
tents. CIEMAT has also observed a decrease of total
SO2, and a decrease of divalent cations (Ca, Mg,
Sr, Ba) with respect to the original FEBEX sample. To
illustrate these issues, the chemical composition
(major elements) of samples from sections S12,
S19 and S31 is plotted in Figure 5.164, together
with the results for the untreated sample. In the sam-
ples from external positions (BB19-1) there is an in-

5. Laboratory tests
Table 5.38
Basal spacing d(001) of the smectite (in Å) for non-dried samples of section S19 (CIEMAT)

Sample Position1 Powder Compacted

BB19-1 102 14.65 16.86

BB19-2 81 14.90 15.02

BB19-3 59 15.03 15.37

1Distance to gallery axis, in cm
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5. Laboratory tests
Table 5.39
Chemical composition of the solid phase of samples from section S12 (CIEMAT)

Oxides (%) Element (ppm)

BB12-10 BB12-11 BB12-12 FEBEX BB12-10 BB12-11 BB12-12 FEBEX

Position1 103 81 59 — 103 81 59 —

SiO2 66.37 2 66.19 2 65.23 2 57.89 ± 1.55 Ba 86 95 115 164 ± 25

Al2O3 17.38 17.38 18.31 17.95 ± 0.71 Sr 165 155 123 220 ± 23

FeO 0.08 0.1 0.08 0.25 ± 0.10 Ce 43 48 50 74 ± 6

Fe2O3 3.30 3.32 3.29 2.84 ± 0.12 Co 9.2 9.7 9.4 9 ± 3

MgO 3.5 3.6 3.4 4.21 ± 0.21 Cr 9.2 8.7 14 8 ± 2

MnO 0.04 0.04 0.05 0.04 ± 0.00 Cu 12 13 11 25 ± 9

CaO 0.9 0.92 1.1 1.83 ± 0.10 La 19 22 23 40 ± 3

Na2O 1.2 1.2 1.4 1.31 ± 0.09 Mo <5 <5 <5 —

K2O 1.0 1.0 1.1 1.04 ± 0.05 Ni 16 17 15 20 ± 3

TiO2 0.22 0.24 0.24 0.23 ± 0.01 Sn <10 <10 <10 —

P2O5 0.06 0.07 0.06 0.03 ± 0.01 V 9.9 11 10 16 ± 2

H2O (130ºC) 11.70 11.70 11.30 — W <25 <25 <25

H2O (220ºC) 13.08 12.69 12.69 14.1 ± 0.7 Y 13 13 14 25 ± 3

Loss at 950ºC 2 19.00 18.60 18.40 19.5 ± 1.8 Zn 50 49 45 65 ± 4

CO2 Total 0.51 0.51 0.59 0.61 ± 0.05 Cs 5.9 6 6.9 —

CO2 organic 0.22 0.22 0.37 0.35 ± 0.05 Eu — — — —

CO2 inorganic 0.29 0.29 0.22 0.26 ± 0.06 Se <0.1 <0.1 <0.1 —

SO2 total 0.08 0.08 0.08 0.21 ± 0.10 Li 51.0 50.0 47.0 —

H20
+ (220-950ºC) 5.33 5.32 5.04 4.31 ± 0.41

1 Distance to gallery axis, in cm; 2 Calculated to obtain a sum of oxides of 100%
crease of Fe2O3 and MgO with respect to samples
taken from hotter areas.

5.2.5.3. Exchange capacity

The INPL/LEM and CIEMAT laboratories studied the
ion concentration at exchange positions in the clay.

Figure 5.165 shows the results obtained for different
sections by CIEMAT.

There is an overall increase of Ca content, but es-
pecially at the heater and the bentonite-granite con-
tact. Both increments seem to be related to the in-
crease of the water content due to the evaporation
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Table 5.40
Chemical composition of the solid phase of samples from section S19 (CIEMAT)

Oxides (%) Element (ppm)

BB19-1 BB19-2 BB19-3 FEBEX BB19-1 BB19-2 BB19-3 FEBEX

Position1 103 81 59 — 103 81 59 —

SiO2 58.69 59.16 58.89 57.89 ± 1.55 Ba 138 177 221 164 ± 25

Al2O3 17.47 16.68 16.52 17.95 ± 0.71 Sr 154 163 160 220 ± 23

FeO 0.08 0.08 0.06 0.25 ± 0.10 Ce 58 55 50 74 ± 6

Fe2O3 3.08 2.95 2.98 2.84 ± 0.12 Co 11 11 10 9 ± 3

MgO 3.6 3.4 3.4 4.21 ± 0.21 Cr 6.9 7.2 5.6 8 ± 2

MnO 0.03 0.03 0.03 0.04 ± 0.00 Cu 12 12 12 25 ± 9

CaO 1.0 1.1 1.0 1.83 ± 0.10 La 21 17 16 40 ± 3

Na2O 1.3 1.3 1.3 1.31 ± 0.09 Mo <0.5 <0.5 <0.5

K2O 1.1 1.1 0.99 1.04 ± 0.05 Ni 16 16 9.3 20 ± 3

TiO2 0.24 0.24 0.23 0.23 ± 0.01 Sn <10 <10 <10

P2O5 0.06 0.06 0.06 0.03 ± 0.01 V 10 11 9.4 16 ± 2

H2O (130ºC) 8.2 10.6 11.7 — W <25 <25 <25 —

H2O (220ºC) 9.2 11.92 13.08 14.1 ± 0.7 Y 13 11 10 25 ± 3

Loss at 950ºC 14.4 16.8 18 19.5 ± 1.8 Zn 49 49 47 65 ± 4

CO2 Total 0.48 0.55 0.48 0.61 ± 0.05 Cs 6 6.1 5.5 —

CO2 organic 0.22 0.26 0.26 0.35 ± 0.05 Eu 2 2.2 1.7 —

CO2 inorganic 0.26 0.29 0.22 0.26 ± 0.06 Se <0.1 <0.1 <0.1 —

SO2 Total 0.04 0.06 0.04 0.21 ± 0.10 Li <2 <2 <2 —

H20
+ (220-950ºC) 4.7 4.3 4.4 4.31 ± 0.41

1 Distance to gallery axis, in cm
or accumulation of water in the heater zone and to
the water coming from the granite in the opposite
site, respectively. The increase of water favours the
dissolution of calcite and the subsequent exchange
reaction of sodium by calcite in the smectite, in-
creasing the exchangeable Ca content. Therefore,
different processes – linked to high temperature and

to hydration – might be responsible for the incre-
ment. There is an important increment of potassium
in exchange positions with respect to the initial
value, more stressed in the external and internal
blocks. An increase of sodium and magnesium is
observed in the samples closer to the gallery wall. In
samples from sections with heaters, S19 and S28,
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the exchangeable sodium content decreases close
to the heater contact. INPL/LEM detected an in-
crease of exchangeable magnesium towards the
heater contact, which was not observed by CIEMAT.
An increase of the sum of exchangeable cations has
been detected in most of the samples analysed (Fig-
ure 5.166), especially in the samples at the contact
with the granite, which have a higher water content.
In fact, the CEC values are higher in samples be-
longing to section S12 – out of the influence of the
heater – than in samples belonging to sections
subjected to hydration and heating (S19 and S28).

5.2.5.4. Soluble salts: aqueous extracts

The soluble salts were analysed by CIEMAT in aque-
ous extract solutions at a solid to liquid ratio of 1:4.
The distribution of soluble salts along one radius of
each section analysed is shown in Figure 5.167. In
these figures the results obtained from section S7, at
the contact with the concrete plug, are also shown
(see Section 5.2.5.8).

There is a lixiviation of chloride and sodium in the
bentonite block closer to the gallery wall, the con-
centrations of these ions increasing towards the in-

ner part of the bentonite barrier above their initial
inventories. The maximum values and their location
depend on the existence of a thermal gradient. With
respect to sulphates, there is also leaching in the
most hydrated zones, but sulphate moves more
slowly than chloride. There is an increase of bicar-
bonate both in the bentonite in contact with the
granite and in the heater zone, due to calcite-dolo-
mite dissolution. Both increments seem to be related
to the increase of the water content because of the
evaporation/accumulation of water at the heater
zone and of the water coming from the granite.

Therefore, the hydration of bentonite at the external
blocks in contact with the granite produces the dis-
solution and dilution of the more soluble trace min-
erals in the bentonite (sulphates, carbonates and
chlorides). As a result, saline fronts are generated
due to the different mobility of the dissolved ions.
The chlorides move as a conservative anion. The
movement of sulphates and bicarbonates must be
basically regulated by gypsum and calcite equilib-
rium, respectively (see Section 5.2.2).

The main counter-ion that follows chloride move-
ment is sodium. However, the implication of sodium

FEBEX Project. Updated Final Report. 1994-2004

346
80

85

90

95

100

105

110

115

120

125

130

40

To
tal

CE
C(

me
q/

10
0 g

)

50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

S12
S19
S28
S29
CEC

Figure 5-166: Sum of exchangeable cations along a radius in different sections of the bentonite barrier (the average value for the untreated
sample is shown as a line). CEC: CEC calculated in S29 from the final concentration of the Cl3Co(NH3)6.
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Figure 5.167: Soluble salts measured in 1:4 aqueous extracts in samples taken from different sections. Average values for the untreated
sample (in mmol/100g): Cl -: 1.98, SO4

2-: 0.98, Na +: 5.02, Ca2+: 0.05, Mg2+: 0.05, K +: 0.07, HCO3
-: 1.18) (CIEMAT).
in exchange reactions modifies the relative concen-
tration of both ions. There is an excess of sodium
content with respect to that of chloride in the
leached zones. As the hydration front progresses,
the dissolution of carbonates and sulphates pro-
duces the liberation of calcium. Consequently, the
exchange of sodium by calcium in the exchange po-
sitions must be induced, changing the relative con-

centration of sodium, bicarbonate and the pH in the
aqueous extracts solution.

The other major cations, calcium and magnesium,
show a parallel increase, but their concentrations
are at least 5-10 times lower than that of sodium.
These results are similar to those obtained in tests at
intermediate scale ([156]; Section 5.2.2.1).
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On the other hand, the salt movement seems to be
faster in the heater sections (S19 and S28) than in
the zone without a heater (S12 and S7). The highest
salt contents have been found in section S28, fol-
lowed by section S19 and finally section S12 (with-
out heater). Section S28 has the influence of the two
heaters.

5.2.5.5. Pore water chemistry: squeezing tests

CIEMAT analysed the chemical composition of the
pore water of several blocks taken from a section
subjected only to hydration (S12) and another sub-
jected simultaneously to hydration and heating (S19).
The method used to extract the pore water from the
bentonite was the squeezing technique. As low as
possible squeezing pressures were used to avoid
ultrafiltration and ionic fractionation phenomena. In
turn, the pressure needed to obtain the pore water
was higher the lower the initial water content of the
bentonite. In fact, the low water content of the inter-
nal blocks did not allow pore water to be obtained
by squeezing.

The chemical composition of the water obtained
from samples of sections S12 and S19 is shown in
Table 5.41. Since this extraction technique produces
the expulsion of some amount of the interlayer wa-
ter and, therefore, the dilution of the pore water
samples ([10]; Section 5.2.1.1), it is assumed that
the content of ions in the true pore water would be
higher.

The distribution of solutes in the pore water follows
the same tendency as observed in the aqueous ex-
tracts (Figure 5.168 and Figure 5.169), i.e. the sa-
line fronts detected in the soluble salt distribution
are also observed in the squeezing tests. The chemi-
cal composition of the pore waters extracted in sec-
tion S7 (bentonite slice in contact with the concrete
plug) is also shown for comparison (section 0).
There is an increase of the ionic concentration to-
wards the inner part of the bentonite barrier, linked
to the advance of the hydration front. Hence, there
is an intense mobilisation of ions towards the most
internal part of the bentonite barrier in sections S7
and S12.

The ion concentration of the pore waters obtained
in the more heavily leached zones are similar to
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obtained in the gas pipe lines (Section
.6), except for section S7.

.6. Composition of water obtained
from gas pipes

installed in the “in situ” test a number of ce-
pipes to determine the gas content and the

ermeability of the clay buffer (Section 4.3.3.2).
of these pipes, those at the bentonite/granite

ace, were filled with water, which was sampled
nalysis. The water analysed was collected from
GF-S-L-01, GF-S-L-02 and GF-S-L-03 during
different sampling campaigns: February 1998,
mber 2001 and January 2002 [70].

er diagram of these waters is shown in Figure
, in which they are compared with the granite
dwater obtained at the GTS from different bore-
. The GTS groundwater around the FEBEX drift is
a-HCO3-F

- type, very diluted, with low electric
uctivities (85 µS/cm), low content of dissolved
nd pH values close to 9 [157, 158, 13].

alinities and ionic strength of the waters from
as pipes are far removed from those of a GTS

granite groundwater, showing the influence of the
bentonite barrier. The GF-SL-01 and GF-SL-02 wa-
ters are Na-Cl in type, whereas the GF-Sl-03 water
is of the Na-Cl-SO4 type. They show ion concentra-
tions similar to those of a bentonite pore water (Sec-
tion 5.2.1.5), though slightly more diluted, probably
due to the mixing of both types of waters. The pH is
between 7.7 and 8.4. The dissolution of the car-
bonates from the bentonite has buffered the alkaline
pH of the GTS groundwater, increasing the bicar-
bonate content and the sodium content, the latter
released by exchange reactions.

The results also show a major variation of the chem-
ical composition with time. The content of all cat-
ions and anions increases with time, although the
concentrations are, in general, lower than those
measured in the pore waters squeezed from benton-
ite blocks in contact with the gallery wall. It is worth
noting the different composition of the samples
taken from the gas pipes in December 2001 and in
February 2002, when the dismantling operations
began, mainly with respect to the redox potential
values and Fe(II) contents. The Eh values calculated
for the samples taken in December 2001 were 70,

349



FEBEX Project. Updated Final Report. 1994-2004
Table 5.41
Chemical composition of the pore water obtained by squeezing in samples from section S12 and section S19 (CIEMAT) in meq/L

Species
test conditions

and physico-chemical
parameters

BB12-10 BB12-11 BB19-1 BB19-2

Na+ 33.2 252.3 52.2 100.0

K+ 0.31 0.56 0.33 0.33

Mg2+ 4.28 205.7 5.51 29.0

Ca2+ 4.44 159.7 5.29 22.6

Sr2+ 0.032 0.87 0.039 0.162

Al3+ — — 0.07 0.06

Mn2+ 0.005 — 0.003 0.015

Cl- 24.6 521.8 42.3 110.0

SO4
2- 11.8 54.1 18.4 37.5

Br- 0.02 0.38 0.03 0.09

NO3
- 0.12 — 0.02 0.61

HCO3
- 1.43 1.3 2.57 2.64

Initial w (%) 24.3 18.9 28.7 23.5

Pressure applied (MPa) 25 70 25 70

pH 7.6 7.4 7.5 7.7

Electrical neutrality (%) 5.4 3.0 0.12 0.50

Ionic strength (M) 0.03 0.70 0.06 0.13
100 and 106 mV for the GF-SL-01, GF-SL-02 and
GF-Sl-03 waters, respectively. These values are
much less oxidized than those measured in waters
collected in February 2002.

All the waters are close to equilibrium or over-satu-
rated with respect to calcite, except the first sample
taken in 1998. The calculated partial pressures of
CO2 are in agreement with the CO2 contents mea-
sured in the gas pipes (Figure 5.171). The PCO2

value increased from the atmospheric value during
the initial phase of the “in situ” test, 10-3.5 atm, to
values of between 10-2.5 and 10-1.0 atm, the highest
values being found in the internal gas pipes.

5.2.5.7. Texture

Microscopic analyses

Samples from section S29 were analysed by INPL/
LEM [154] by SEM in order to unravel any modifica-
tion in the clay layer morphology and identify any
new mineral phases that might have been formed
during the “in situ” test.

No modifications with respect to the untreated ben-
tonite were noticed in the sample from the external
block in contact with the granite. However, some
variations in accessory minerals were observed in the
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Figure 5.170: Piper diagram of GTS groundwater and water taken from the gas pipes at the FEBEX “in situ” test .
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sample located in the internal block in contact with
the heater. Potassic feldspars displayed dissolution
crevices (Figure 5.172a). Furthermore, near these
corroded feldspars, neo-formed minerals were ob-
served, which may be considered as automorph crys-
tals of potassic feldspars (Figure 5.172b). The clay
minerals in the vicinity of these feldspars display a fil-
amentous morphology (Figure 5.172b). Biotites are
present, but reveal corrosion gulfs. As these corrosion
marks were observed for this sample only, they might
be explained in terms of this sample being located
close to the heater. Neo-formed feldspars were also
observed at the contact with the heater in the 60-cm
long cell tests (see Section 5.2.2.3).

Nitrogen adsorption/desorption isotherms

Nitrogen adsorption-desorption isotherms were de-
termined by the INPL/LEM and CIEMAT laboratories
in powdered samples [70]. Surface areas were deter-
mined using the standard BET method, the presence
of micropores in the samples and calculations of the
external surfaces were assessed using the t-plot
method and the BJH method was employed for anal-
ysis of mesoporosity and pore size distribution.

Figure 5.173 shows the nitrogen adsorption-desorp-
tion isotherms obtained by CIEMAT. All of them
show the characteristic feature of the type IV iso-
therm with a very important hysteresis loop due to
capillary condensation in mesopores. The curves ex-
hibit an H3 hysteresis loop in desorption, character-
ising the presence of slit-shaped pores [87]. The
volume of gas adsorbed for the samples in contact
with the heater is lower than for the other samples.
Besides, the end of the adsorption branch reaches
higher adsorbed volumes for the treated samples
and the hysteresis is less marked, indicating a more
continuous distribution in pore size.

From t-plot analysis, the specific surface area, which
is equivalent to the non-microporous surface area
(pore radius > 20 Å), for the FEBEX bentonite is
61.5 m2/g (Table 5.15), and lower for the treated
samples, the most substantial differences being
found in the samples in contact with the heater (val-
ues from 38 to 28 m2/g). The reduction of
micropores and of the BET surface area in the
treated samples is also significant. This might be
due to an increase in the number of clay particles
per quasi-crystal due to the effect of temperature.
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Figure 5.172: SEM microphotographs of a sample located close to the heater: a) K-feldspars; b) K-feldspars
and filamentous clays (INPL/LEM).
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LEM observed an overall decrease of the
pore volume and an increase of the mesopore
e in all the treated samples, irrespective of
osition (Figure 5.174).

LEM also performed the adsorption analyses
mpacted, non-powdered samples. Much lower
surface areas were obtained for compacted
les (between 32 and 40 m2/g) than for pow-
samples (between 64 and 75 m2/g).

analysis of mesopores by the BJH method
d an increase in mesopore volume and in the
ge pore radius in all the samples, but espe-
in those close to the heater (Figure 5.174b).

.8. Effect of the interaction with concrete

AT and VTT performed studies on the benton-
m section S7, the one in contact with the con-
plug. The study by VTT was more detailed and
ntrated on the variations observed in the ben-
as a function of the distance to the concrete
e; whereas the CIEMAT study was more exten-
nd attempted to establish the differences with

those sections of bentonite not under the influence
of the concrete.

The fact of being in contact with the concrete may
have altered the mineralogical and chemical char-
acteristics of the bentonite in this section, but also
provided a different hydraulic context, since the con-
tact surface was intensely hydrated during the con-
struction of the concrete plug and has probably be-
haved as a preferential water passageway.

According to the results obtained by CIEMAT, the
bentonite from section S7 has shown several differ-
ences with respect to the other sections analysed
and to the reference bentonite. Although its mineral-
ogical composition is similar to that of the untreated
FEBEX bentonite, an increase of calcite and gypsum,
not observed in other sections, has been detected in
one sample. On the other hand, the chemical com-
position of the bentonite from section S7 is similar
to that of the other sections, except for a clear in-
crease in Al. There is also a noticeable increase of
Ca, Na and K in exchange positions in all the sam-
ples analysed by CIEMAT. The increase is particu-
larly important towards the central part of the bar-
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rier, where it is accompanied by a significant de-
crease in Mg occupation (Figure 5.175). The in-
crease in Ca occupation has also been observed by
VTT, especially in those samples taken from close to
the concrete. These tendencies have been observed
by other authors in tests on the hydrothermal alter-
ation of bentonite by alkaline solutions [159].

However, the main difference observed in section S7
with respect to the other sections is that the salinity of
the pore water obtained by squeezing is much
higher, especially concerning Cl, Ca, Mg and Na
(Figure 5.168 and Figure 5.169). This high salinity
has also been measured in the aqueous extracts (Fig-
ure 5.167). VTT found an increase of Na+, Ca2+
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and SO4
2- in the pore water of the bentonite directly

in contact with the concrete, whereas the content of
Mg2+ decreases considerably (Table 5.42). The pH
values measured close to the concrete interface are
not hyperalkaline.

The studies performed in the context of the
ECOCLAY I and II projects on the alteration of ben-
tonite by alkaline solutions showed that intense min-
eralogical and geochemical modifications of the
clay occur when it is in contact with concrete solu-
tions at high temperatures; for example, there is an
important increase of Mg in octahedral positions
that has not been detected in the dismantled ben-
tonite. The fact that no such important changes
were observed in section S7 may be explained by
the low temperatures experienced by the bentonite
in this position (around 18�C), since the reactivity of
bentonite is clearly dependent on temperature, in-
creasing significantly above 75�C. On the other
hand, it seems that these alterations are localised at
the contact with the concrete.

5.2.6. Tracers distribution
in the “in situ” test

5.2.6.1. Deuterium

Deuterated water (2H2O) was used as a conservative
tracer for the “in situ” test. Deuterium is a stable iso-
tope that has the unique property of forming part of
the water molecule. Therefore, it moves with water

as a conservative tracer. However, it will potentially
participate in processes that might induce its isoto-
pic fractionation. These processes may include: (1)
fractionation due to the water uptake during ben-
tonite hydration; and (2) fractionation due to evapo-
ration/condensation processes in areas close to the
heaters.

Five sources containing deuterium in glass am-
poules were placed in five bentonite blocks at the
external ring of section S29. During dismantling
these blocks were taken, along with the four blocks
above them completing the two central radii. Most
of these blocks were very damaged, probably dur-
ing extraction. The glass ampoules were found in
only three of the five bentonite blocks, and they
were broken, although it is not possible to establish
whether the breakage occurred during dismantling
or during the operation phase of the “in situ” test.

Bentonite pore water was obtained from 18 samples
taken from these blocks using the aqueous extract
method with low S:L ratio (1:4). The test are de-
scribed in [160] and summarised in [70]. The results
of these analyses do not allow clear conclusions to
be drawn due to:

� Data precision. Although the precision of the
deuterium data of aqueous extract samples is
0.8 ‰, this analytical error translates into ma-
jor errors when bentonite pore water values are
computed. If the S:L ratio had been 1:1 instead
of 1:4, the error bands would have been much
smaller.

5. Laboratory tests
Table 5.42
Composition of the pore water squeezed in different slices of the sample C/BS7-16 (meq/L) (VTT)

Sample/slice Position1 pH Eh (mV) Na+ Ca2+ Mg2+ HCO3
- Cl- SO4

2-

16/1 4 8.25 -58 64.0 13.4 3.0 1.4 52.0 26.8

16/2 13 8.25 -115 57.7 10.4 2.8 1.1 50.3 22.4

16/5 48 8.29 -18 54.6 10.6 7.2 1.2 52.9 22.2

16/8 86 8.32 -52 54.9 9.6 10.0 1.2 54.2 21.8

16/10 124 8.28 -74 55.8 11.6 14.0 1.1 60.3 20.2

Uncertainty ±0.1 ±50 ±10 % ±15 % ±15 % ±20 % ±15 % ±15 %

1Distance to the concrete/bentonite interface (mm)
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Figure 5.175: Distribution of exchangeable cations in samples taken along a radius of section S7 (Values for untreated sample
in Table 2.12) (CIEMAT).
� Uncertainties regarding breakage of the glass am-
poules. The most likely thing is that the glass am-
poules broke during the operation phase, because
if they had broken during dismantling, clay sam-
ples near the glass should still show high deute-
rium ratios. However, since the amount of deu-
terated water added was not large enough, there
is no clear evidence of deuterium migration.

There are also uncertainties in the deuterium data
and their interpretation due to the following:

� The preliminary scoping calculations were not
fully realistic because they did not account for
isotopic fractionation.

� The deuterium mass added to the bentonite
blocks was probably not large enough to serve
as a tracer for the “in situ” test.

� The bentonite pore water deuterium concentra-
tion has been derived from aqueous extract
samples. There are uncertainties regarding the
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isotopic transfer (fractionation) between inter-
nal (interlayer) and external water (double layer
water and free water).

� The deuterium analyses were performed in the
liquid phase, and the possibility of measuring
deuterium directly in bentonite samples should
be explored.

5.2.6.2. Iodide

Iodide was placed in filter papers at the outer part
of the barrier, in contact with the granite, in the lam-
prophyre area, which was covered over a length of
3 meters with 120 iodide-doped papers on the
lower right-hand part of the barrier. Three blocks
were retrieved by EIG EURIDICE from sampling sec-
tion S30 during the dismantling operations [161].
Once in the laboratory, 39 samples were taken
from the different blocks. Aqueous extraction of
these samples was carried out and the solutions ob-
tained were analysed with ICP-MS.

The iodide concentration measured in each sample
is plotted in Figure 5.176 as a function of the dis-
tance to the gallery axis, i.e. following a radius of
the barrier. The outer block (in contact with the

I-doped sheet) shows an iodide concentration that
increases in the direction of the heater, while the
highest concentrations are found in the middle
block (BB30-2). This is the expected behaviour for a
conservative tracer that has moved with the water
front, being leached from the filter paper and hav-
ing concentrated in the further zones reached by the
water front.

5.2.6.3. Boron

Block BB-25-2 – located in contact with the gallery
wall – was doped with boron (isotopically enriched
in 10B) contained in a sintered stainless steel plug
placed in the middle of the block. After retrieval dur-
ing dismantling, the block was cut into 14 slices,
one of which contained the source. Only the total
boron concentration has been measured in each
slice, and it seems quite regular over the whole
sampling region. Preliminary analyses indicated an
isotope ratio 10B/11B of 35/65, the natural abun-
dance in the bentonite being 20/80. Further isoto-
pic analyses are needed to characterise the tracer
movement.

5. Laboratory tests
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5.3. Gas generation and migration

The gas production from the bentonite was investi-
gated during the first phase of FEBEX by GRS in lab-
oratory tests performed under defined physical-
chemical conditions created inside gastight am-
poules: temperature (from 20 to 100�C), humidity
(air-dry bentonite or saturated) and type of gas (lab-
oratory air or nitrogen). The duration of the tests
was fixed at 100 days. The experimental details of
this investigation may be found in ENRESA (2000)
[13].

The laboratory measurements on gas release indi-
cated that carbon dioxide is the only gas component
of importance released from the backfill material in
the temperature range between 20 and 100ºC, un-
der aerobic or anaerobic conditions. With decreas-
ing temperature, the velocity of gas generation de-
creased significantly. In the hygroscopic stage of the
bentonite, the amount of carbon dioxide released is
lower by a factor of 3 than in the wet stage. The
question as to whether air or nitrogen was in contact
with the bentonite (aerobic or anaerobic conditions,
respectively) did not influence the generation of car-
bon dioxide. The reason might be that the backfill
material had adsorbed oxygen on the internal sur-
faces of the clay or that air had been trapped in the
pore volume during the fabrication and storage of
the bentonite. This oxygen would then be consumed
by oxidation of the organic material in the benton-
ite, resulting in the generation of carbon dioxide.
This means that for oxidation at 100ºC and over a
time period of 100 days, no external oxygen is nec-
essary for the thermal oxidation of the organic ma-
terial in the clay. Furthermore, carbon dioxide may
also be generated by thermal decomposition of car-
bonates in the bentonite.

The amount of methane released varies in the range
between 2 mL per 1000 kg and 9 mL per 1000 kg.
The storage conditions (temperature, type of gas in
contact with the bentonite and additional water) do
not seem to have an influence on the amount of
methane released. It might be the case that the
methane generated by thermal decomposition of
the organic material is oxidised instantaneously and
that carbon dioxide is generated. Furthermore, the
amount of methane found in the residual volume of
the ampoules is in the range of the lower detection
limit of the analytical system.

During the second phase, GRS continued the stud-
ies of gas release in order to determine the influ-
ence of time and extrapolate the total amount of

gases that might be generated from the bentonite
[162]. The tests were performed in gastight am-
poules kept at 90�C during exposure times of be-
tween 1 and 1000 days. The influence of the quan-
tity of clay employed was investigated, as well as the
influence of the presence of water. Formation water
from the Grimsel Test Site was used for this pur-
pose. In all the tests the bentonite was in contact
with laboratory air.

This investigation indicated once more that carbon
dioxide is the only gas generated and released from
the bentonite at a temperature of 90�C. The results
for the hygroscopic and wet stage as a function of
exposure time up to 1000 days are shown in Figure
5.177. These results indicate that the release of car-
bon dioxide increases with time up to 1.8 m3 per
1000 kg bentonite in the wet stage and up to 0.4 m3

per 1000 kg bentonite in the dry stage. The gas
generation seems to have reached a plateau for the
dry and wet stage. The reason for the difference in
the dry and wet stages might be that in the dry
stage, carbon dioxide is partly adsorbed to the inter-
nal surfaces of the clay. In the wet stage, water is
adsorbed, and carbon dioxide is desorbed and re-
leased into the residual volume. By increasing the
amount of the bentonite in the ampoule from 10 to
100 g the specific amount of the released carbon
dioxide decreases, which means that, with a higher
concentration of carbon dioxide in the residual vol-
ume of the ampoule, back reaction will take place.
It is most likely that carbon dioxide is generated by
oxidation of the organic components in the clay in
the presence of oxygen adsorbed to the clay.

5.4. Corrosion studies

A number of components retrieved during the par-
tial dismantling of the “in situ” test were analysed in
order to identify the corrosion processes undergone
under the same conditions as those predicted for
deep geological disposal in a granitic formation.

The following elements were analysed:

� Heater #1

� Liner

� Corrosion coupons

� Sensors

� Bentonite

A description of the studies performed on each ele-
ment and the results obtained is given below [163].

FEBEX Project. Updated Final Report. 1994-2004
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Figure 5.177: Release of carbon dioxide as a function of time from the bentonite at 90�C in the natural dry and in the wet stage.
1. Heater #1

heater was made out of carbon steel (Section
.1). The sample studied was a section taken
its rear end, consisting of the lid with its welded

s and a 300 mm section of the body. The fol-
g analyses were carried out: visual inspection,

ysis of corrosion products with energy dispersive
trometry (EDS) and X-ray diffraction (XRD),
llographic study with optical microscopy, and
ness study.

rding to the results from the analysis, the heater
rwent very slight generalised corrosion, with ox-
ayers of less than 20-�m in thickness in all the
s examined and no pitting or any other sign of
lised corrosion. The almost complete absence
midity around the heater as a result of heating,
volution towards increasingly anoxic conditions
n the disposal site, as well as the fact that it was
n direct contact with the bentonite, prevented or
ed down the progression of generalised corro-

as well as the start and progression of other
lised corrosion phenomena.

5.4.2.Liner

The liner was made of carbon steel (Section
4.3.2.2). The sample analysed was one of the three
segments retrieved during the dismantling opera-
tion. A visual inspection, analyses of corrosion prod-
ucts, and metallographic studies (Figure 5.178)
were performed.

This element suffered generalised corrosion that did
not advance uniformly, with maximum measured
values of corrosion penetration of approximately
130 and 200 �m on the external and internal sur-
faces, respectively. This penetration was somewhat
greater than that suffered by the heater. The test
conditions of the liner, in direct contact with the
bentonite and with a greater level of humidity in its
surroundings, justify the difference in the extent of
the generalised corrosion. No localised corrosion
phenomena were observed.

5.4.3. Corrosion coupons

Samples of different candidate metals for manufac-
turing of the containers were analysed. These had
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Figure 5.178: Internal surface of the lower part of the liner .
placed in the clay barrier during the test instal-
in order to evaluate their behaviour when

with corrosion phenomena. The corrosion cou-
studied consisted of different sized parallelepi-
grouped by materials:

StE355 type carbon steel (UNE F 6215), in-
luding joints welded by EBW (Electron Beam
elding), FCAW (Flux Cored Arc Welding) and
AGW (Metal Active Gas Welding).

ISI 316L (UNS S31603) austenitic stainless
teel, including joints welded by EBW and
TAW (Gas Tungsten Arc Welding).

itanium alloys Grade 2 (UNS R50400), 7
UNS R52400) and 12 (UNS R53400), includ-
ng joints welded by EBW and PAW (Plasma
rc Welding).

ure copper Cu-ETP (UNS C11000) and
upronickel alloys 70/30 (UNS C71500) and
0/10 (UNS C70600).

group of specimens was mounted on a rack,
ated by Teflon pieces, and inserted in the ben-

blocks closest to the heater at the bottom

side. Four racks were retrieved during the disman-
tling, one for each group.

Again, a visual inspection of the specimens and an
analysis of the corrosion products were carried out.
In addition, corrosion rates were calculated accord-
ing to the ASTM G31 standard “Standard Practice
for Laboratory Immersion Corrosion Testing of Met-
als”, Section 11.

No generalised and/or local corrosion was observed
on the stainless steel and titanium specimens (Figure
5.179). The carbon steel coupons showed no local-
ised corrosion phenomena, and very slight general-
ised corrosion, with corrosion rate values of 0.10
�m/year, whereas in laboratory testing values of up
to 10 �m/year had been obtained with samples of
the same material in contact with saturated bentonite
at temperatures of up to 100ºC. This may be attrib-
uted to the low humidity content of the bentonite
housing the samples, as well as to the almost anoxic
conditions.

However, the Cu-ETP and Cu-10Ni test pieces un-
derwent similar generalised corrosion rates as those
measured in the laboratory tests referred to above.
In this case, whilst the oxygen forms cuprite, which is



a passive protective oxide, the presence of chlorine
– as chloride – generates non-protective species,
such as CuCl2. The analyses of bentonite (Section
5.4.5) showed a significant concentration of chlo-
rides, which would justify the corrosion rate values
obtained. The corrosion suffered by the Cu30Ni al-
loy was negligible.

Finally, it should be pointed out that the humidity
conditions in the bentonite block where the copper
rack was inserted were slightly higher than those of
the carbon steel rack.

5.4.4. Sensors

Some of the sensors used to monitor different pa-
rameters in the “in situ” test were found to be se-
verely corroded during dismantling (Figure 4.41).
Four of these sensors were devoted to corrosion
analysis, namely two extensometers measuring the
horizontal and vertical displacement of Heater #1
at its front end and two thermocouples. The active
element in all cases was protected by an austenitic
alloy tube or sheath, and the thermocouples in-
cluded a magnesia insulating filling. The vertical
extensometer was sent for analysis with the bentonite

surrounding it at the rock side. The anchoring de-
vices to the rock and liner, which included carbon
steel and other metals, were also analysed.

The following analyses were carried out:

� Visual inspection. The extensometers had zones
of damage close to the rock and to the liner
with extensive pitting on the surface and occa-
sional perforation of the tube wall, along with
some cracking in the zone close to the liner.
Diffusion of corrosion products could be seen
in the surrounding bentonite, as well as pus-
tules or deposits of bentonite and corrosion
products built up beneath the sensor surface
(Figure 5.180). Significant corrosion damage
could be seen on the anchoring devices of the
sensors, with significant cracking of the plates
on the rock side, and destruction of carbon
steel components. Both thermocouples ana-
lysed showed some zones of generalised corro-
sion damage and others with more localised
corrosion in the form of pitting. The corrosion
progressed from the outer to the inner periph-
ery, perforating the covering sheath, and ex-
posing the magnesia insulation together with

5. Laboratory tests
Figure 5.179: AISI 316L stainless steel coupon (left) and Cu-ETP copper coupon (right).
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the two wires constituting the thermocouple
(Figure 5.181).

� Analysis of corrosion products and/or deposits:
the most significant result is the presence of
sulphur, sometimes predominant, in almost all
the products analysed.

� Metallographic study: the damaged areas de-
scribed in the visual inspection of the exten-
someters show significant corrosion penetration
of the material, with a clear advance from the
outer to the inner periphery. The cracks de-
tected are typical of the stress corrosion crack-
ing of stainless steels.

The four sensors studied were by far the compo-
nents with the greatest corrosion damage. The most
significant feature shown by analysis of the corro-
sion products generated was a significant presence
of sulphur. Microbiological analysis of the bentonite
surrounding the sensor revealed a significant con-
tent of sulphate reducing bacteria (SRB), which is
even higher in the built-up pustules. Therefore, the
damage observed may be defined as a local corro-
sion phenomenon induced by the sulphides gener-
ated during the metabolic activity of SRB, as these

sulphides create a very corrosive media with the
high water content of the bentonite close to the
rock. The source of sulphates reduced by the SRB is
the bentonite itself. Although the SRB are exclusively
anaerobic bacteria, they can develop in aerobic
conditions if they are located beneath other aerobic
bacterial colonies that create zones deficient in
oxygen, as was the case on the sensor surface.

It is not clear that the metabolic activity of the SRB
has contributed to the progress of the stress corro-
sion cracking observed, but both phenomena are
quite frequently associated.

In the thermocouples, apart form bacterial induced
corrosion, there is corrosion or dissolution of the
metal due to the chlorides in the environment.

5.4.5. Bentonite

As the sealing and packing component of the me-
dium, bentonite plays an important role in the cor-
rosion resistance of the materials that it houses.
Three bentonite blocks were studied, two of them
housing the corrosion coupons and the third sur-
rounding the vertical extensometer. In addition to

FEBEX Project. Updated Final Report. 1994-2004

362
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Figure 5.181: Full view and detail of corrosion damaged thermocouple.
isual inspection, chemical and microbiological
cterisations were carried out.

esults obtained show significant bacterial activ-
ith a major population of SRB, in the block of
nite housing the extensometer which had a
r degree of humidity. On the contrary, no ac-
at all may be found in the bentonite close to
ner, which was considerably drier. This may be
ally attributed to the high temperatures experi-
d, given that most bacteria and microorgan-
usually involved in microbiological corrosion
omena, such as SRB, have a “survival” range
tween 10 and 50 ºC. Furthermore, the ab-
of humidity inhibits the growth of the bacteria,

oes not eliminate them.

. Analysis and recalibration
of dismantled sensors

to the partial dismantling of the FEBEX “in situ”
all the instruments contained in the dismantled
nite buffer section were sampled for analysis. Up
3 measuring devices were obtained. Discarding
evices used for the gas, which are not strictly sen-

sors, 150 sensors of different types were sampled (Ta-
ble 5.43). Of these, 72 (47.7 percent), were out of
order prior to dismantling. A detailed description of
the analysis and recalibration of the sensors may be
found in [164].

The obtained sensors were first checked “in situ” to
determine their positioning, mechanical damage
and corrosion effects (Section 4.6.4.2). The LVDT
type clinometers and potentiometers for heater dis-
placement (so-called experimental sensors) failed
due to the complete flooding of many of them up to
the associated electronics. The remaining sensors
were carefully inspected by types in the laboratory to
determine the reliability of the data obtained for the
operative sensors and the reasons for the failure of
the defective sensors.

Also, the total pressure cells cemented at the rock
surface of dismantled sections D1, E1 and F1 were
checked/calibrated “in situ”.

5.5.1. Temperature sensors

Many of the used thermocouples were in operation
when retrieved, and only a few (only 7 out of 37)
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failed due to corrosion processes. According to the
calibration data, the behaviour of the operative
temperature sensors was excellent and their accu-
racy had not varied since the time of installation
(error below ±1ºC).

5.5.2. Humidity sensors

The results of these sensors by type are as follows:

� The capacitive type sensors have widely sur-
passed the initially expected operative lifetime
(13 sensors out of the 27 were on duty) and
only two of those in operation showed mea-
surement drift. The readings provided by the
remaining operative sensors were still accurate.

� Only four out of the 24 psychrometers re-
trieved were operative. Most of them failed due
to mechanical effects (bentonite swelling or the
dismantling operation itself) and also to salty
water saturation (contamination by salts),
therefore they could not be calibrated.

� The TDRs in the bentonite buffer also proved to
be quite fragile for such an environment: only
two out of 10 were found to be operative. Fur-
thermore, two distorting effects were identified
which have affected the calculated water con-
tent and made data re-interpretation neces-
sary: a shift of the registration window with time
and with increasing water content in the ben-

tonite, and a change with time in the shape of
the reflectogram signals.

5.5.3. Buffer sensors based
on the vibrating wire technique

The analysis of bentonite sensors based on the vi-
brating wire technique (pore pressure sensors, total
pressure cells and displacement in bentonite blocks)
showed that they displayed very good accuracy after
more than five years of operation. Only some small
offset drifts were detected in the total pressure cells,
such that the pressures registered by some of those
sensors were about 3-4 bar lower than the actual
pressures.

In general, the vibrating wire sensors also proved to
be very robust: only 6 pore pressure sensors out of
24 showed problems, 4 total pressure cells out of 8
were out of order, along with the two heater dis-
placement sensors recovered, whereas all the ben-
tonite block displacement sensors were operative
throughout the entire period of operation. The only
common difficulty came from the weakness of the
embedded thermistor, which failed in some cases.
In addition, some corrosion was observed in some
of them, especially for the two heater displacement
sensors, which were found to be severely damaged
by corrosion, this especially affecting the anchoring
pieces.

FEBEX Project. Updated Final Report. 1994-2004

364
Table 5.43
Sampled sensors by types

Sensor type Quantity

Thermocouples 37

Capacitive type humidity sensors 27

Psychrometers 24

TDRs 10

Total pressure cells 8

Pore pressure sensors 24

Heater and bentonite displacement sensors 14

Clinometers 6

TOTAL 150
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5. Laboratory tests

5.5.4. Total pressure cells in rock surface

The tests performed on the rock surface total pres-
sure cells demonstrated a change in the offset (ini-
tial reading for null pressure) with regard to the val-
ues taken during the installation, in some cases. The
application of these new offset values improved the
coincidence of pressure evolution for the cells at the
same sections.

5.5.5. Conclusions

Thanks to the analysis of sensors carried out the
confidence in the recorded and future gathered
data has increased significantly, as the results from

verified-calibrated sensors showed negligible or very
low drift in most cases.

The failure rate for some types of sensors might be
minimised for future experiences under similar con-
ditions by avoiding the use of fragile ceramic or me-
tallic filters and weak plastic parts (or if not avoided
they should be at least well protected mechanically).
The use of corrosion resistant metals (for instance
AISI 316L), or if this were not possible, the use of
non-corrosive external protections will help to ex-
tend the lifetime of several components. Neverthe-
less, the failures of the experimental sensors did not
cause data loss problems, due to the redundancy of
the signals obtained by using well-proven sensors in
parallel.
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6.1. Introduction

The second objective of the FEBEX project is set out
as follows: “the project has sought to study the THM
processes in the near-field, especially in the clay
barrier, and to improve, verify and validate the exist-
ing codes and constitutive equations” (Chapter 1).

The main tool used to achieve this objective has
been the performance of coupled THM analyses
simulating the “mock-up” and “in situ” tests. To this
end, a fully coupled THM formulation and a finite
element code based on it have been developed.
Verification, validation and continuous updating of
the proposed THM framework have been performed
throughout the development of the project.

Important THM phenomena take place in the engi-
neered barrier and in the near field due to the com-
bined actions of heating and hydration. For in-
stance, hydration takes place from the external
boundary inwards driven by the gradient between
the rock water pressure and the suction in the ben-
tonite. Hydration will cause a progressive rise in the
degree of saturation. This affects both the tempera-
ture field, due to the modifications of thermal con-
ductivity, and the stress/strain distribution, due to
suction changes. On the other hand, in the inner
part of the buffer, the applied heat causes a temper-
ature rise that moves outwards. Furthermore, water
evaporation causes drying of the bentonite. Vapour
coming from the inner part of the barrier will diffuse
towards the outer regions where it will condense,
causing a local rise in the degree of saturation. Wa-
ter transfer is also affected by the dependence of
water viscosity on temperature and by porosity
changes arising from variations of stresses and suc-
tion. There are additional significant THM couplings
in this kind of problem, as discussed in the following
sections. Therefore, coupled THM analyses are re-
quired to achieve a satisfactory understanding of
this problem.

From the perspective of the FEBEX project, coupled
THM analyses have been undertaken in a number
of phases:

� Previous modelling, during the design of the
tests.

� Pre-operational modelling prior to the start of
the test.

� Concurrent modelling during the performance
of the test.

� Final modelling, after test dismantling.

Another crucial contribution to a better understand-
ing of these complex tests has been the extensive ex-
perimental program performed to study the THM
behaviour of the engineered barrier components.
The behaviour of FEBEX bentonite has been a mat-
ter of special attention and has included compre-
hensive study of the main THM properties and a de-
tailed examination of its fabric. Effort has been de-
voted to the integration of all these valuable experi-
mental data in a consistent framework via the devel-
opment, parameter determination and experimental
validation of constitutive models for the thermal, hy-
draulic and mechanical aspects of the problem.
These activities include the modelling of oedometer,
swelling pressure, permeability, and small and large
cell tests, among others. The modelling of these
tests is presented in [165]. The final objective has
been to propose advanced constitutive models to
achieve a closer representation of the actual behav-
iour of the material.

The FEBEX experiment is not yet finished, as the
“mock-up” test and the "in situ" test are still opera-
tional. However, during the second phase of the
FEBEX project the "in situ" test has been partially dis-
mantled, with the extraction of one heater and part
of the clay barrier. This has allowed for the perfor-
mance of a number of post-mortem comparisons.
Indeed, the actions associated with partial disman-
tling and continuing "in situ" test operation have pro-
vided new challenges for THM modelling.

This Chapter is organized in six main sections. Sec-
tion 2 introduces the main aspects of the basic THM
formulation and computer code used in the analy-
ses, while Section 3 contains the adopted constitu-
tive laws and equilibrium restrictions. Section 4 pres-
ents and discusses the “mock-up” test numerical
analyses. It focuses on comparisons between model
predictions and experimental results, and also on
the studies undertaken to assist in the interpretation
of some unforeseen aspects of the evolution of the
“mock-up” test. Section 5 presents the "in situ" test
modelling. The comparisons between model predic-
tions and test data are first examined, followed by a
description of the modelling of the cooling, excava-
tion and dismantling processes. Comparisons be-
tween model predictions and post-mortem data ob-
tained during partial dismantling of the test are also
discussed. Section 6 closes the Chapter with the
main conclusions from the THM modelling.
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6.2. Formulation
and computer code

6.2.1. Formulation

A macroscopic approach developed in the context
of the continuum theory for porous media has been
used in the analyses [62]. It is assumed that the po-
rous medium is made up of three phases: solid, liq-
uid and gas. The liquid phase contains water and
dissolved air whereas the gas phase is made up of
dry air and water vapour. The formulation incorpo-
rates basic thermal, hydraulic and mechanical phe-
nomena in a coupled manner. The hydraulic com-
ponent should be understood in a generalized way,
i.e. including both liquid and gas flow.

The formulation has allowed for the performance of
coupled THM analyses within a unified and inte-
grated framework. The approach has also acted as
a repository where new advances and developments
have been incorporated and integrated. During the
development of the project, there has been a grow-
ing understanding of the THM behaviour of the clay
barrier and the near field components. Therefore,
the formulation has been constantly updated as new
physical insights, experimental data and application
results have become available. In this way, new
knowledge does not become a collection of sepa-
rate items but it is related in a rational and trace-
able manner to the existing state of the art. The con-
dition is, of course, that the formulation is open,
flexible and structured in an accessible manner. The
extension of the formulation to double structure me-
dia, with the possibility of considering the clay-fabric
effects in the simulations, is perhaps the most rele-
vant advance in the THM modelling performed [51].
Other developments allow for the inclusion of a
threshold hydraulic gradient or thermo-osmotic
effects in the analysis [51].

In this Section the main parts of the basic THM for-
mulation are presented. New developments are in-
troduced at the relevant point in the Chapter, with
Sections exclusively devoted to explaining them.
Specifically, the basic THM formulation takes into
account the following phenomena:

� Heat transport:

� Heat conduction

� Heat convection (liquid water)

� Heat convection (water vapour)

� Phase changes

� Water flow:

� Liquid phase

� Water vapour diffusion

� Air flow:

� Gas phase

� Air solution in water

� Dissolved air diffusion

� Mechanical behaviour:

� Thermal expansion of materials

� Behaviour of bentonite dependent on stres-
ses, suction, water pressure and temperature

� Granite behaviour depending on stresses
and temperature (water pressure and suc-
tion effects are considered via conventional
effective stress)

The problem is approached using a multi-phase,
multi-species formulation that expresses mathemati-
cally the main THM phenomena in terms of balance
equations, which are introduced below. The other
main parts of the formulation are the constitutive
equations and the equilibrium restrictions, intro-
duced in Section 6.3. Finally, the properties of the
fluid phases appear in the balance equations and in
the constitutive laws. In general, they depend on the
composition of the phase and on the state variables
(temperatures and pressures).

6.2.1.1. Balance equations

The compositional approach has been adopted to
establish the mass balance equations. This ap-
proach consists of balancing the species (mineral,
water and air) rather than the phases (solid, liquid
and gas). In this way the phase change terms do not
appear explicitly, which is particularly useful when
equilibrium is assumed. In the notation, the sub-
script is used to identify the phase (s for solid, l for
liquid and g for gas) and the superscript indicates
the species: w for water and a for air. No symbol is
attributed to the mineral species, because it has
been assumed that it coincides with the solid phase.
The main balance equations are presented in the
following paragraphs, a more detailed description
may be found elsewhere [62].

Balance of mass of water

�

�
� � � �

t
S S fl

w
l g

w
g l

w
g
w w( ) .( )� �� � �j j (6.1)
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where �l
w and �g

w are the masses of water per unit
volume of liquid and gas phase respectively. � is the
porosity and S� is the volumetric fraction of pore
volume occupied by the alpha phase (�=l,g). jl

w

and jg
w denote the total mass fluxes of water in the

liquid and gas phases with respect to a fixed refer-
ence system. f w is the external mass supply of water
per unit volume of medium.

Balance of mass of air

�

�
� � � �

t
S S fl

a
l g

a
g l

a
g
a a( ) .( )� �� � �j j (6.2)

where �l
a and �g

a are the masses of air per unit vol-
ume of liquid and gas phase respectively. jl

a and jg
a

denote the total mass fluxes of air in the liquid and
gas phases with respect to a fixed reference system.
f a is the external mass supply of air per unit volume
of medium. Note that dry air is considered as a sin-
gle species in spite of the fact that it is a mixture of
gases. The gaseous phase is assumed to be a mix-
ture of air and water vapour. Air also dissolves in
the liquid phase.

Balance of energy
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�
� � � ���

t
E

t
E S E Ss s l l l g g g( ) (1 � �

� � � � �.( )i j j jc Es El Eg
Ef (6.3)

The balance of energy has been expressed in terms
of internal energy, where Es is the solid specific in-
ternal energy, El and Eg are specific internal ener-
gies corresponding to the liquid and gas phases re-
spectively. �l and �g are the liquid and gas phase
densities of the medium. f E is the energy supply per
unit volume of medium. The most important pro-
cesses for energy transfer in a porous medium have
been considered in (6.3), which are: conduction,
advection and phase change. ic is the conductive
heat flux. jEs, jEl and jEg are the energy fluxes due to
the motion of phase. In this approach, thermal equi-
librium between the three phases has been as-
sumed, therefore the temperature is the same for
the phases and only one equation of total energy is
required. This assumption is generally valid in low
permeability media.

Balance of mass of solid

� ��

�
� �� � �

t s s( . ( )1 1 0 �� 
�

�
�

�

�
��
�

u (6.4)

where u
�

is the solid velocity vector. The variation of
porosities in terms of changes in solid density and
volumetric deformation of the soil skeleton is ob-
tained from (6.4).

Balance of momentum (equilibrium)

� � �.�t b 0 (6.5)

where �t is the total stress tensor and b the vector of
body forces. In (6.5) inertial terms have been ne-
glected. This assumption is usually accepted be-
cause both velocities and accelerations are small,
yielding terms that are negligible in comparison with
the stress terms. The assumption of small strain rate
is also made. Through an adequate constitutive
model, the equilibrium equation is transformed into
a form expressed in terms of solid velocities, fluid
pressures and temperatures.

6.2.2. Computer code

All the analyses have been carried out using the
computer code CODE_BRIGHT [63, 166]. It is a fi-
nite element code designed to solve thermo-hy-
dro-mechanical problems in geological media. One
unknown (state variable) is associated with each of
the balance equations presented. The unknowns are
obtained by solving the system of PDE’s (Partial Dif-
ferential Equations) numerically in a coupled manner.

The state variables are: solid velocity, u (one, two or
three spatial directions); liquid pressure, Pl ; gas
pressure, Pg ; and temperature T. From state vari-
ables, dependent variables are calculated using the
constitutive equations or the equilibrium restrictions.
Strains are defined in terms of displacements. Small
strains and small strain rates are assumed for solid
deformation. Additionally, advective terms due to
solid displacement are neglected after the formula-
tion is transformed in terms of material derivatives
(effectively, material derivatives are approximated as
eulerian time derivatives).

The numerical approach may be viewed as being
divided into two parts: spatial and temporal
discretisation. The Galerkin finite element method is
used for spatial discretisation while finite differences
are used for time discretisation. The discretisation in
time is linear and an implicit scheme is used. Fi-
nally, since the problem presented here is non-lin-
ear, the Newton-Raphson method was adopted as
the iterative scheme.
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A main feature of the numerical approach is that it
can use a wide library of elements including seg-
ments, triangles, quadrilaterals, tetrahedrons, trian-
gular prisms and quadrilateral prisms. Linear inter-
polation functions and, for some elements, qua-
dratic interpolation functions are available. Analyti-
cal or numerical integration is used depending on
element type. For the mechanical problem, selective
integration is used for quadrilateral and quadrilat-
eral prisms (this means that the volumetric part is
integrated with a reduced integration of one point).

The program has a scheme for the automatic
discretisation of time. A reduction of the time incre-
ment may be caused by excessive variation of un-
knowns per iteration or by an excessive number of
iterations to reach convergence or if the correction
is larger than in the previous iteration [166]. Con-
vergence criteria are established in terms of forces
or flows and of state variables.

Regarding the boundary conditions of the mechani-
cal problem, forces and displacement rate may be
prescribed in any spatial direction and at any node.
In the hydraulic problem, mass flow rate of water
and dry gas may be prescribed at any node, and
liquid/gas pressure may be also prescribed at any
node. Finally, regarding the thermal problem, heat
flow and temperature may be prescribed at any
node of the mesh [63, 166].

6.3. Constitutive laws
and equilibrium restrictions

6.3.1. Constitutive laws

The constitutive equations establish the link between
the unknowns and the dependent variables. There
are several categories of dependent variables de-
pending on the complexity with which they are re-
lated to the unknowns. The governing equations are
finally written in terms of the unknowns when the
constitutive equations are substituted in the balance
equations. Here, some of the basic constitutive laws
are presented, divided into thermal, hydraulic and
mechanical. In spite of this distinction between the
three basic components of the problem, the consti-
tutive equation in fact provides the links that couple
the various phenomena considered in the formula-
tion. In this Section the general expressions of the
main constitutive laws for the thermal, hydraulic and
mechanical problems are presented. Some addi-

tional specific models are introduced when the anal-
yses of the “mock-up” test and the "in situ" test are
presented.

6.3.1.1. Thermal

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

ic T� �� (6.6)

where � is the global thermal conductivity of the po-
rous medium, generally dependent on degree of
saturation and porosity. A general expression, based
on the geometric mean of the thermal conductivities
of the three phases, has been used. The internal en-
ergy for the medium has been computed assuming
that it is additive in relation to the phases [167].

6.3.1.2. Hydraulic

Advective fluxes are computed using generalized
Darcy’s law, expressed as:

q K ga a aP l g� �  �� � �( ); , (6.7)

where P� is the phase pressure, K
�

is the permeabil-
ity tensor of � phase and g is the gravity vector. The
permeability tensor is not constant but depends on
other variables, according to:

K k�
�

��
�� �

k
l gr ; , (6.8)

where k is the intrinsic permeability tensor, �� is the
dynamic viscosity of the � phase and kr� is the �
phase relative permeability. Non-advective fluxes of
species inside the fluid phases are computed
through Fick’s law, which expresses them in terms of
gradients of mass fraction of species through a hy-
drodynamic dispersion tensor that includes both
molecular diffusion and mechanical dispersion
[167]. Finally, the retention curve relates the degree
of saturation with suction.

6.3.1.3. Mechanical

A constitutive equation explicitly showing the contri-
butions of strains, temperature and fluid pressures
may be expressed generically as:

� �
� � � �

� � �D f ts T (6.9)

where � is the constitutive stress (net or effective
stress), � is the strain vector, s is the matric suction
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computed as the difference between gas pressure
and liquid pressure (pg- pl), D is the constitutive stiff-
ness matrix, f is the generic constitutive vectors relat-
ing the changes in the fluid pressures and stresses
and t is the constitutive vector relating stresses and
temperature.

6.3.2. Equilibrium restrictions

It is assumed that phase changes are rapid in rela-
tion to the characteristic times typical of this prob-
lem. Therefore, they may be considered to be in lo-
cal equilibrium, giving rise to a set of equilibrium re-
strictions that must be satisfied at all times. Equilib-
rium restrictions are given for the concentration of
water vapour in the gas phase and for the concen-
tration of dissolved air in the liquid phase.

The vapour concentration in the gaseous phase is
governed by the psychometric law, which may be
expressed as follows:

� �
�

�g
w

g
w w

l

M

R T
�

�

�

�
��

�

�
��( ) exp

( . )
0

27315
(6.10)

where �g
w is the vapour concentration in the gas

phase; (�g
w)0 is the vapour concentration in the gas

phase in equilibrium with a liquid at a flat surface
(at the sample temperature). � is the total water po-
tential of the water (excluding gravity terms); Mw is
the molecular mass of the water (0.018 kg/mol)
and R the gas constant (8.314 J/mol/ºK).

Henry’s law is adopted to define the amount of air
dissolved in water. This law expresses a linear rela-
tionship between the concentration of air in dissolu-
tion and the partial pressure of air in the gaseous
phase [167].

6.4.Analysis of the “mock-up” test

6.4.1. Introduction

A complete description of the “mock-up” test may
be found in Chapter 3. However, it seems conve-
nient to comment here some characteristics that are
very relevant to the numerical modelling of the test.

� The test avoids the heterogeneities of the natu-
ral system (granite formation).

� The test has a clay barrier with an unlimited
availability of hydration water, supplied at con-
stant and controlled pressure.

� The mass of water introduced into the system is
continuously measured and recorded.

� The boundary conditions may be better defined
than in the "in situ" test.

� The initial conditions are quite well known at
the beginning of the heating phase.

� The test is well instrumented, with several sen-
sors located along the barrier registering the
evolution of the main THM variables.

� The test has two electrical heaters, symmetri-
cally placed in relation to the central section of
the test. This allows for checking of the reliabil-
ity of measurements by comparing readings of
symmetrical sections.

These facts allow for easier identification of the
main processes and couplings that take place in a
clay barrier submitted to heating and hydration.

One-dimensional axisymmetric and two-dimen-
sional axisymmetric models have been used in the
simulations of the “mock-up” test. The 1-D analyses
have been helpful in the first stage of the analysis to
examine the basic patterns of thermal, hydraulic and
mechanical behaviour of the test. Some of these
analyses are presented in this section. To obtain a
better estimation of the effect of the real geometry
of the “mock-up” test, THM analyses have been
performed using 2-D axisymmetric longitudinal sec-
tion. In these simulations only one half of the prob-
lem (one heater) is analysed because of symmetry
(Figure 6.1).

The THM modelling presented herein refers mainly
to the analysis of the behaviour of the “mock-up”
test during the operational stage. The evolution of
the test is critically examined by comparing the test
data and the model results. An apparent decay in
the rate of hydration, observed at advanced stages
of the experiment, causes differences between
model output and measurements. Subsequent stud-
ies have been directed towards the identification of
other processes or phenomena that may clarify and
explain, on a sound physical basis, the observed
behaviour of the barrier.

Numerical models have also been used to analyse
some particular aspects related to the operation and
evolution of the “mock-up” test. For instance, analy-
ses have been performed to study the effect of the
loss of one heater over the evolution of the test.
However, the most significant contribution in this re-
spect has been the study of the accidental overheat-
ing that took place on 26 November 2000. The
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Figure 6.1: A 3-D schematic representation of the barrier.
is of this event is very interesting since there
significant effect of this event on the subse-
evolution of the test. In the reference [167]
isode is analysed in more detail.

ection is organised as follows: first, some of
alyses carried out during the preoperational
are presented. Afterwards, the initial analysis
med in the operational stage is presented, to-

with the identification of the apparent
ion deviation observed in the “mock-up” test.
the most significant results of the preliminary

s carried out in order to identify the sources of
dration behaviour are presented. Finally, the

structure framework proposed for a more
ced modelling of the test is presented and the

odel results obtained are discussed.

. Pre-operational modelling

section, a summary of the analysis performed
sults obtained in the preoperational model-
the “mock-up” test is presented. They may be
ered as being the best estimate of test perfor-

with the information available before the
f the test. A full description of the analyses is
ted in [168]. The preoperational analyses
ubject to number of limitations, i.e.:

� The laboratory test data was still limited. For in-
stance, the number of permeability tests was
small and no retention curves had been deter-
mined under conditions of zero volume change.

� The main analyses did not take into account an
initial flooding stage, decided after the perfor-
mance of the computations.

� The procedure for reaching the prescribed
temperature was not fixed at the time of the
analysis.

6.4.2.1. Features of the analysis

The 1-D discretisation includes heater, buffer and
confining structure [169]. The initial conditions indi-
cated here refer to the state of the “mock-up” test
without the initial hydration phase. Therefore, the
initial water content is 14.0%. This corresponds to a
degree of saturation of 58.6% and, from the reten-
tion curve adopted, an initial value of suction of
107.15 MPa [168, 169]. An initially uniform tem-
perature of 21º C is assumed throughout the mod-
elling domain. Finally, for initial stresses, a hydro-
static value of 0.11 MPa has been adopted, ap-
proximately equal to the weight of the bentonite at
the mid-diameter of the buffer. A value of dry den-
sity of �d = 1.7 g/cm3, equal to the value originally
planned, has been adopted as an initial value.



In relation to the boundary conditions, a constant wa-
ter pressure equal to 0.55 MPa was prescribed at the
interface between steel and bentonite (at radius, r =
0.808m). The thermal boundary conditions at: r =
0.15 m, radial coordinate of the heater elements are:

� 0 - 6 days constant power 250 W/heater

� 6 days - t100 constant power 500 W/heater

� > t100 T = 100 ºC

t100 is the time at which the temperature reaches
100 ºC at some point in the bentonite. In the analy-
sis presented it is 15.6 days. Depending on the ana-
lytical assumptions it ranges between 7.7 and 11.1
days. On the external boundary, a radiation/con-
vection condition proposed by CIEMAT was used.
Finally, a stress free boundary was prescribed on the
outer surface of the confining structure of the test.

6.4.2.2. Results and comparisons
with observations

Perhaps the most relevant study in the pre-opera-
tional stage was the parametric analysis performed to
verify the effect of a series of parameters. Table 6.1
lists the sensitivity analysis performed and the param-
eters varied in each case and Figure 6.2 presents a
typical example of the results obtained [168, 169].
The following conclusions were reached:

� Heat is mainly transported by conduction.
Thermal conductivity is the basic parameter
controlling heat transfer.

� Apart from the expected effect of permeability,
hydration is extremely sensitive to the shape of
the retention curve (Figure 6.2).

� Drying of the bentonite close to the heater re-
quires vapour diffusion.

� Mechanical variables (and especially stress de-
velopment) depend strongly on the initial dry
density of the bentonite.

6.4.3. Operational modeling:
the base case

The phase of heating and hydration of the test,
known as the ‘operational stage’, started in Febru-
ary 1997 and is on-going at present (almost seven
years after switching on the heaters). The numerical
analysis presented in this section corresponds to the
model coded as the ‘OBC’ model (Operational
Base Case). The OBC model attempts to incorpo-
rate all available information obtained from labora-
tory testing of the FEBEX bentonite and available at
the beginning of the operational stage. No more
adjustments have been made, and the overheating
episode has not been considered. This is because
the main aim of these analyses is to compare directly
the model results with the experimental data. In that
context the numerical results shown are real predic-
tions of the OBC model that include a more refined
representation of the problem. For instance, the geo-
textile present between the confining structure and
the buffer (installed to ensure a uniform distribution

6. Thermo-hydro-mechanical (THM) analyses
Table 6.1
Parametric study. “Mock-up” test

Analysis code Variables modified

BC Base Case

CT Thermal conductivity

K Bentonite permeability

T Vapour diffusion tortuosity

PR15 Relative permeability of the bentonite

SH Retention curve of the bentonite

KSH Permeability and retention curve of the bentonite

M Dry density of the bentonite
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hydraulic conditions on the external boundary),
en included in the mesh. The properties of this

ial have been reported in [170]. Additionally, a
of sensitivity analyses were carried out in order
ure the independence of the results of the anal-
om the mesh used.

ain sections selected for comparison with ex-
ental data are shown in Figure 6.1. The exper-
l values shown in the comparisons between

l results and experimental data have been
ed by CIEMAT. The last records considered in
hapter were obtained on 18th September
corresponding to day 2417 from the switch-
of the heaters (i.e. about 6.62 years).

.1.Features of the analysis

conditions

itially uniform temperature of 20 ºC is as-
for the entire domain. This is consistent with
T data [171].

tion to the hydraulic problem, the initial water
t of the bentonite is 14 %. Before the start of
ating, the barrier was flooded in an attempt to

achieve closure of the gaps and joints prior to the
performance of the main test [172]. Therefore, the
global degree of saturation of the barrier at the be-
ginning of the heating was close to 0.715. An initial
suction of 105 MPa has been adopted for the whole
barrier, this suction is close to that measured (on av-
erage) in the central and internal zones of the barrier
before the heater was switched on. According to the
retention curve adopted, this implies an initial degree
of saturation close to 0.652. In order to ensure that
the test and the model have the same initial amount
of water at the beginning of the heating, an initial
(isothermal) hydration has been simulated until the
global degree of saturation of the “mock-up” model
reaches the same value of the test (i.e. 0.715).

Finally, for the mechanical problem a hydrostatic
value of 0.11 MPa has been adopted, approxi-
mately equal to the weight of the bentonite at the
mid diameter of the buffer.

Boundary conditions

The thermal boundary conditions at: r = 0.15 m
(radial coordinate of the heater elements) are the
same as indicated in Section 6.4.2.1. On the exter-



nal boundary a radiation-type boundary condition
has been applied [177].

A water pressure of 0.55 MPa is applied in the
geotextile (i.e. at the interface between steel and ben-
tonite) in accordance with CIEMAT data [171]. The
analysis presented herein assumes that the test is air-
tight. Finally, a stress-free outer boundary has been
prescribed on the outside of the steel container.

Constitutive laws adopted in the OBC analysis

The general constitutive laws adopted in the OBC
analysis of the “mock-up” test for the thermal, hy-
draulic and mechanical problems have been pre-
sented above. Here some more specific details are
given.

The following law has been adopted for the thermal
conductivity of FEBEX bentonite:

� � ��


sat dry

Sl Sl( )1

(6.11)

where the values of �sat = 1.15 and �dry = 0.47
W/mºC have been obtained from the experimental
measurements presented in Figure 6.3 [169].

The intrinsic permeability depends on porosity
through:

k�
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I (6.12)

where k0 is the reference permeability at the refer-
ence porosity �0. Figure 6.4 shows experimental
measurements of saturated permeability at different
densities and the model results [167].

Figure 6.5 presents the retention curve adopted
(based on the expression proposed by van Genuch-
ten, 1978) [173] in the OBC analysis, together with
the experimental results obtained for FEBEX benton-
ite under conditions of constant volume.

Finally, the Barcelona Basic Model, BBM [174] has
been selected as the basis for the thermoplastic con-
stitutive model. It is an elasto-plastic law that relates
changes in stresses with changes in strains, history
variables, matric suction and temperature. The
mathematical formulation and model parameters
used in the analysis are presented in [167].

6. Thermo-hydro-mechanical (THM) analyses
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6.4.3.2. Results and comparisons
with observations

In this section, both point variables and global test
parameters are examined. The evolution of the
“mock-up” test is examined considering the thermal,
hydraulic and mechanical problem separately, al-
though, of course, the analysis is fully coupled and
all three aspects are considered simultaneously.
Comparison sections mentioned hereafter are shown
in Figure 6.1.

It may be stated that the model yields good results
regarding the thermal problem. This is reflected in
the evolutions of the power emitted by the heaters, a
global variable of the test Figure 6.6. The long-term
prediction (20 years) indicates a slow increment of
heater power as the barrier is hydrated (Figure 6.7);
this is due to the increase of thermal conductivity as
saturation increases (Figure 6.3). Good results are
also obtained in terms of local variables, such as
the evolution of temperatures at different points of
the barrier (Figure 6.8). Similar behaviour is ob-
served in other sections [167]. The variation of tem-
peratures along longitudinal and transversal sec-
tions is shown in Figure 6.9. It may be noted that
the distribution in front of the heaters is reasonably

uniform but temperature drops quickly outside this
area.

Observing both water entry and the rate of water
entry (hydraulic global variables), it may be stated
that the OBC model predictions may be considered
excellent up to day 900 (approximately), with differ-
ences between the model results and test data being
less than 10% (Figure 6.10 and Figure 6.11). Re-
garding the local variables, a similar comment may
be made, that is, up to day 900 the model offers a
good reproduction of the evolution of relative hu-
midity (Figure 6.12). Up to that time, the overall be-
haviour of the test is as expected, i.e. an increasing
saturation in the zones close to the hydration
boundary and an intense drying in the regions close
to the heaters followed by slow hydration. The be-
haviour of zones close to a radius of 0.37 m shows
an initial wetting, due to the condensation of the
water vapour coming form the inner region, and
then a subsequent drying. From about day 900,
some differences are observed between the hydrau-
lic behaviour of the test and the model predictions.
In terms of water entry, the model results move
away progressively from the experimental data. This
fact may be clearly detected in terms of the rate of
water intake, in which the test data (from day 900 of

6. Thermo-hydro-mechanical (THM) analyses
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Figure 6.6: Evolution of heater power in the “mock-up” test. Observed and computed values. OBC model.
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the test) undergo an important reduction in compar-
ison with the values of the ‘OBC’ model. A recovery
of the observed values of water intake rates may be
seen when the overheating episode, on day 1381,
took place. Finally the tendency observed before
overheating was recovered, i.e. a marked slowing
down of the rate of water intake compared to model
predictions.

In relation to the evolution of relative humidity in
sections involving heaters (for instance, sections A4
and B4, in Figure 6.12) a significant reduction in
the rate of relative humidity increase may be ob-
served. The effects of the overheating may be
clearly noted in these sections, especially just after
this episode has occurred. It seems that the transient
period induced by the overheating was practically
finished by day 1700. The apparent hydration devi-
ation from the predictions in this section is even
more evident when the long-term predictions are
observed; a clear tendency to a very slow hydration
rate in all of the measured radii may be noted.

On the other hand, when sections away from the
heaters are examined (for instance, sections A10
and B10, in Figure 6.12) the hydration deviations
are less perceptible. Note that some minor differ-

ences between model and test results may also be
observed in these sections after day 2000 (approxi-
mately). The apparent slow hydration observed in
Sections A4 and B4 may be also noted in other sec-
tions involving heaters [167].

Figure 6.13 shows the time evolution of stresses in
selected positions of the barrier, where: PT identifies
the tangential stress, PZ the longitudinal stress and
PR the radial stress. Similar trends to those observed
in the hydraulic problem appear in the mechanical
problem. That is, up to day 900 approximately,
there is good agreement between predictions and
observations in sections involving the heaters. From
that moment on, measured stresses respond to the
modifications of the hydration pattern, and a ten-
dency to maintain or reduce the stress values may
be observed. This is attributed to the strong hy-
dro-mechanical coupling of the problem. The over-
heating episode had different influences on me-
chanical behaviour depending on the sections con-
sidered. In sections far from the heaters, the values
and tendency recorded before this event were re-
covered practically immediately (Section A10 and
B10), whereas in sections involving heaters, a more
permanent influence on the evolution of the stress
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Figure 6.10: Evolution of water entry in the “mock-up” test. Observed and computed values (OBC model).
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field may be observed. Stresses are lower compared
to those measured before this event (Sections A6
and B6). Arguments based on double structure con-
cepts are presented in [167] to explain this behav-
iour. Finally, in zones near the ends, the overheating
event has no perceptible effects and the model cap-
tures very well the measured values of stresses (Sec-
tion A12 and B12). The long-term analysis predicts
a maximum stress of the order of 10 MPa. Similar
trends are observed in other sections [167].

6.4.4. Incorporation of new phenomena

Understanding the apparent decay in the rate of
barrier hydration is considered to be an important
aspect as regards the performance of reliable
long-term predictions. Firstly, attempts were made to
determine whether it was possible to explain and re-
produce more closely the global evolution of the
test with minor modifications of the constitutive laws
or their parameters. A far-reaching sensitivity study
was carried out to that end, but it proved to be im-
possible to obtain a set of constitutive laws and ma-
terials parameters (with physical meaning) consistent
with the observations. An important conclusion of
this exercise is that, although changes in some pa-
rameters can lead to better agreements locally for
some variables, it does not appear that such strat-
egy can lead to a global explanation of the behav-
iour that includes all the observations made. Some
of the analyses performed in this context are de-
scribed in [175, 167]. Simulations of the “mock-up”
test performed by ULC (University of La Coruña)
group exhibited difficulties similar to those men-
tioned in the sections above. Even though the nu-
merical codes are different and the determination of
the model parameters was carried out independ-
ently, the same tendency is observed, i.e., a growing
departure between model predictions and measure-
ments, from 900 days onwards [176].

The hypothesis that problems in the hydration sys-
tem might affect the normal water supply to the bar-
rier has also been considered. The possibility of ei-
ther malfunctioning in the hydration system or a
geotextile blockage, that might affect the normal
hydration of the barrier, was examined. It was con-
firmed experimentally that there was no obstruction
in the hydration system or geotextile, and that the
water intake was apparently nearly uniform over the
entire hydration front.

As described in Section 6.4.3.2, sections involving
heaters (identified hereafter as ‘hot-cross section’)

exhibit behaviour quite different from that observed
in sections away from the heater (identified as
‘cold-cross section’). The hot-cross sections are
characterized by a tendency to very slow hydration,
with significant differences between predicted and
measured values; whereas in the cold-cross sec-
tions, the evolution is quite similar to that predicted.
It might be thought that the temperature has an ef-
fect on clay properties, affecting the normal
hydration of the barrier. But there are some aspects
that lessen the possible direct role played by tem-
perature in the unexpected barrier trends. For in-
stance, the departure between the test and model
results is detected when the temperature field is well
established. There are no important changes in tem-
perature evolution since very shortly after the start of
the test (Figure 6.8).

Discarding problems in the water supply and con-
sidering that changes in the materials parameters
might not explain the unexpected behaviour of the
barrier, research was focused on the identification
of possible physical processes that might be respon-
sible for the slowing down of barrier hydration. This
section presents the extension of the THM formula-
tion, and the associated numerical code, to include
other phenomena not considered in the original
framework. The purpose is to use the code as a tool
to investigate the behaviour of the barrier when
these phenomena are considered, especially over
the long term. Three phenomena have been
studied:

� Existence of an hydraulic threshold gradient

� Thermo-hydraulic coupled processes

� Evolution of micro-fabric

The models used in this stage of the analysis are in
fact very simplified and each of the possible causes
has been considered separately. The three models
have been calibrated with the data available on 30th

March 2002, (day 1880 of the test, indicated by a
vertical dashed line in the following Figures), and
the final results of the simulations correspond to 18th

September 2003 (day 2417). This implies that the
results obtained between those dates are model pre-
dictions. It should be noted that all the parameters
of the OBC model are maintained in these simula-
tions, only those affected by the ‘new phenomena’
have been modified (if any). 1-D axisymmetric mod-
els have been used in the analyses. The two charac-
teristic sections mentioned above have been consid-
ered in the analyses. The results of 1-D ‘OBC’ mo-
del are also included in the Figures to allow for
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comparisons between models. In order to be closer
to the actual conditions of the barrier, the analyses
with non-standard flow models incorporate the
overheating episode.

6.4.4.1. Hydraulic threshold gradient

This section considers the possible effect of a limited
applicability of Darcy’s law at low hydraulic gradi-
ents. Some experimental evidence shows that under
low hydraulic gradients (J), Darcy’s simple relation-
ship does not govern the liquid flow in some porous
media, especially in soils containing active clay min-
erals. Arguments based on the strong clay-water in-
teractions have been suggested to explain this
non-Darcian flow behaviour (i.e. Bear, 1972 [177]).
There are many models that may be used to describe
this phenomenon. A well-known law considers two
characteristic gradients (Figure 6.14): the threshold
hydraulic gradient (Jo) and the critical hydraulic gra-
dient (Jc). Jo is the hydraulic gradient below which no
flow occurs. Jc is the hydraulic gradient below which
flow occurs but in a non-Darcian way. If the hydraulic
gradient is higher than Jc Darcy’s law applies.

When low permeability clays are tested, the main
problem is the long time required by the experi-
ments. An established experimental technique to
overcome these problems is the application of large
hydraulic gradients. A drawback of this practice is
that the applied hydraulic gradients are very far
from the one measured (or expected) under actual
conditions. Consequently, the experimental results
obtained may not be realistic in some cases. Dixon
et al. (1999) [179] presents a summary of reported
hydraulic gradients used in the testing of low perme-
ability soils. Figure 6.15 shows the hydraulic gradi-
ent applied and the measured hydraulic permeabil-
ity for the FEBEX bentonite. The figure presents the
results obtained for values of bentonite dry density
of between 1.74 and 1.55 g/cm3 [165].

In the “mock-up” test there is a strong contrast be-
tween the predominant hydraulic gradients in the
two sections analysed. The section involving the
heater presents high hydraulic gradients in zones
close to the heater, compared with those prevailing
close to the hydration front, while the hydraulic gra-
dient is more uniform in sections away from the
heater. The lowest hydraulic gradients are in zones

6. Thermo-hydro-mechanical (THM) analyses
q

Darcy’s law

Figure 6.14: Schematic representation of the hydraulic threshold gradient [178].
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Figure 6.15: Experimental hydraulic gradient vs. saturated permeability [165] and adopted flow model.
he hydration front. Near to day 900 (when the
pancies between the model and the test start
pear) the value of the hydraulic gradient is
2000 [51]. Note that the ranges of the hy-
gradients applied experimentally are higher

the hydraulic gradients computed in zones
to the hydration boundary. For this reason it is
lt to state whether the apparent decay in the
s of hydration of the barrier is due to the exis-
of a threshold gradient. Moreover, the lack of
mental data at low hydraulic gradient compli-
the development of an improved flow model
orating this phenomenon. Therefore, with the
im of exploring the hypothetical influence of
enomenon on the behaviour of the barrier, a
imple model has been proposed, until such
s more experimental data in this respect be-
available. The model corresponds to that pre-
in Figure 6.14. The following considerations
een taken into account:

threshold gradient (Jo) equal to 50 (this is a
ommon value found in the literature).

critical gradient (Jc) close to 2000. This cor-
sponds to the hydraulic gradient computed at
e onset of the discrepancies (at the hydration
oundary).

� A power law for the range of hydraulic gradi-
ents with non-Darcian flow

In Figure 6.15 it may be observed that the model is
consistent with the experimental data available for the
FEBEX bentonite (i.e. for high hydraulic gradient).

Figure 6.16 and Figure 6.17 show (with solid lines)
the results obtained considering the Threshold Gra-
dient (ThG) model in both reference sections. A
good agreement between model and test data may
be seen in the hot section, in zones close to the
heater. The tendency to a reduction in hydration
rate is well captured by the model. The model pre-
dictions are also good for the results from day 1880
onwards. In zones near the hydration front the ten-
dency is not so well captured. Regarding the re-
sponse of the model in the cool sections A10 and
B10, the results are also good. It may be seen that
the model predicts (after the dashed vertical line) the
incipient decay at the inner radii of these sections.
Figure 6.18 presents the evolution of water intake
for the two models analysed. The presence of a
threshold gradient implies a lower rate of water in-
take, compared with the OBC model. This affects
the distribution of water in the barrier and, due to
the strong HM coupling, the stress field is also influ-
enced [167]. Figure 6.19 to Figure 6.21 present
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Figure 6.18: Water intake. Observed versus computed values of ‘ThG’ and ‘OBC’ models.
erm predictions. It may be observed that un-
is hypothesis the barrier does not reach full
tion. Naturally, the relevance of this prediction
ds on the existence of a threshold gradient in
BEX bentonite and, if this is this case, on the
acy of the model and parameters adopted
Therefore, the result obtained should be con-
d only as an exercise with the object of explor-
e hypothetical response of the barrier under
assumptions, until the hypotheses regarding
istence and magnitude of a threshold gradient
dependently confirmed experimentally.

.2. Thermo-hydraulic coupled processes

ydraulic gradient is the main thermodynamic
controlling the movement of water in the soils.
owever, not the only one. Figure 6.22 presents
fferent kinds of flow that may occur in the po-
edia and the corresponding gradient responsi-

r the movements (ignoring the electrical poten-
he word ‘phenomenon’ is used for the diago-

rms associated with the direct flow phenomena,

and the name ‘coupled process’ is reserved for the
non-diagonal ones [177, 180]. The Figure also in-
cludes the names given to some of these flows. The
‘phenomenological coefficient’ that links each flow
with the corresponding driving force must be mea-
sured experimentally [180]. Generally, the non-diag-
onal coefficients are relatively small and negligible
compared to the diagonal terms, and the coupled
process may be safely ignored. However there are
certain problems in which, due to their particular
conditions, the coupled processes may play a more
influential role. For example, the thermal conditions
imposed on the “mock-up” test correspond to a
practically constant thermal gradient during the test
and, consequently, a constant thermo-osmotic liquid
flow associated with it may exist. In contrast, the hy-
draulic gradient is very high at the beginning of the
test, but diminishes with the hydration of the barrier.
The liquid flows associated with these two gradients
have opposite directions. Generally, the advective
flow due to the pressure gradients (Darcy’s law) is the
dominant flow. However, at advanced stages of the
test (when the hydraulic gradient becomes smaller), it
is possible that the flow of liquid due to the coupled
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Figure 6.22: Direct and coupled flow processes.
s (thermo-osmotic flow) might have a notice-
ffect on the behaviour of the test in the hot sec-
causing a tendency for hydration to be slowed
in the hot zones close to the heaters.

The magnitude of this effect will depend on the ratio
between the gradients of the two mechanisms and
on the relationship between the phenomenological
coefficients associated with either flow. To check



whether this coupled process may help to explain
the “mock-up” test observations, a series of analy-
ses including the thermo-osmosis effect were carried
out. Mention should be made of the lack of experi-
mental data for the FEBEX bentonite concerning the
phenomenological coefficient associated with the
thermo-osmotic flow. A thermo-osmotic constant
equal to 2.73 ·10-13 m2/K/s has been adopted. This
falls within the range of possible values found in the
literature [181, 182].

Figure 6.23 and Figure 6.24 show, with solid lines,
the results obtained considering the Thermo-osmotic
Effects (ToE) for the two reference sections; the
dashed lines correspond to the ‘OBC’ case. In the
hot section a somewhat better agreement with the
observations may be noted in zones close to the
heater, but the behaviour in zones near the
hydration front is not so well captured. The re-
sponses of sections A10 and B10 do not change
under this hypothesis. Figure 6.25 and Figure 6.26
present the long-term predictions. It may be ob-
served that, in the hot sections, it is possible that the
clay never reaches full saturation. This fact will of
course depend on the real relevance of this phe-
nomenon for the FEBEX bentonite and on test condi-

tions. As for the case of the threshold gradient, the
results presented should be considered only as an
exercise performed with the aim of investigating the
hypothetical response of the barrier under these as-
sumptions, until more experimental evidence on the
phenomenon becomes available.

6.4.4.3. Micro-fabric evolution

In this section a preliminary exploration of the influ-
ence of the changes on the intrinsic permeability due
to changes in the clay fabric during hydration is con-
sidered. The microstructure of the compacted clay
consists of dense aggregates of clay particles with
intra-aggregate pores (micropores) between them.
The arrangement of these clay aggregates conforms
a granular skeleton of the material with inter-aggre-
gate spaces (macropores). Once hydration starts, the
clay aggregates tend to adsorb water and swell. Due
to the confinement conditions of the test (overall con-
stant volume conditions practically prevail), the ex-
pansion of the microstructure is made possible by re-
ductions of the macropores. This has a significant in-
fluence on the permeability value and hence on the
hydration of the barrier. These phenomena entail a
dynamic character of the clay fabric during wetting,
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Figure 6.26: Relative humidity. Sections A10-B10. Long-term predictions ‘ToE’ and ‘OBC’.
g in a strong coupling between the mechani-
d the hydraulic problem. Assuming that the wa-
w takes place predominately through the
pores, it might be suggested that changes in
porosity might explain the reduction in the
ability at advanced stages of hydration.

fect of the clay-fabric changes on the perme-
of the FEBEX bentonite has been considered,

y, in a very rough manner. The intrinsic per-
lity has been reduced in the external (more
ted) zone of the barrier (up to a maximum of
for suctions lower than 2 MPa). Figure 6.27
gure 6.28 show the results obtained consider-
e Micro-fabric evolution effects (MiE) for the
ference sections studied. It may be observed
is model is capable of reproducing the behav-
bserved in the barrier better than the OBC
. However, the model predictions are not
(after the dashed vertical line) because the
is incapable of reproducing the more marked
in hydration rate. Figure 6.29 and Figure
resent the long-term predictions. One differ-
etween this case and the previous ones is that
aturation of the barrier is predicted for the
erm. As already mentioned, this is a very sim-

plified model and, for this reason, the results pre-
sented here are only qualitative. This phenomenon
is treated again, using a more adequate framework,
in Section 6.4.5.

6.4.4.4. Final remarks

Explaining the departure of hydration observations
from predictions in the “mock-up” test has been ap-
proached in a step-by-step manner. The aim is not
to exclude in advance some of the possible phe-
nomena that might explain the trends observed in
the experiment. A first step of this research is the for-
mulation of the models presented previously. Al-
though they are very simplified, the results obtained
are interesting. In this context, this study allows the
measurements of an actual test to be compared
with the computed barrier response under the hypo-
thetical case in which some of these effects would
be present. However, due to the scarcity of experi-
mental data available to formulate these models,
and given the preliminary objective of this study, the
results presented here can have only a qualitative
value. After all, each of these phenomena does not
exclude the others and it is possible that an explana-
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Figure 6.27: Relative humidity. Sections A4-B4. Observed versus computed values of ‘MiE’ (Microstructure Evolution) and ‘OBC’ models.
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tion for the overall behaviour of the barrier might
require the combination of some or all of them.

These analyses show the need to improve the ‘clas-
sical THM formulation’ when a complex experiment,
such as the “mock-up” test, is studied, especially
when long-term predictions are required. However,
it should be pointed out that one problem associ-
ated with these developments is the scarcity of ex-
perimental data available to formulate and to cali-
brate these new models. New laboratory tests per-
formed with this specific objective should help to de-
velop new models that might incorporate, in a more
realistic way, the phenomena deemed to be most
relevant. Finally, the “mock-up” test itself may pro-
vide relevant information on the phenomena in-
volved, once the consequences of the overheating
event are completely overcome and hydration has
progressed still further.

6.4.5. Analysis of the “mock-up” test
using a THM double structure
framework

6.4.5.1. Introduction

Of the phenomena discussed in the previous sec-
tion, micro-fabric evolution was singled out for fur-
ther study. The preliminary analyses suggest that this
phenomenon might account for the observed
hydration behaviour of the “mock-up” test and, fur-
thermore, independent observations of microfabric
changes during the wetting and/or drying of com-
pacted bentonite have been made.

The structure of the FEBEX bentonite has been stud-
ied using a variety of techniques. For instance, Mer-
cury Intrusion Porosimetry (MIP) observations were
performed to examine the pore size distribution of
the statically compacted material used in the experi-
mental programme. Figure 6.31 shows the mea-
sured incremental pore volume for two samples
compacted to quite different values of dry density
(�d), 1.5 g/cm3 and 1.8 g/cm3. The characteristic
bi-modal pore size distribution of compacted expan-
sive materials may be clearly observed. The larger
voids would correspond to the inter-aggregate pores.
The boundary between the two pore size families ap-
pears to be around 0.13 µm, as pores smaller than
this magnitude do not seem to be affected by the
magnitude of the compaction load. As Figure 6.31
clearly shows, compaction affects mainly the pore
structure of the larger inter-aggregate pores. These

two dominant pore sizes may be associated with two
basic structural levels (Figure 6.32):

� The macrostructure, composed by arrange-
ments of clay aggregates, with macropores be-
tween them.

� The microstructure, which corresponds to the
active clay minerals and their vicinity.

The microstructure is the basis of the basic physi-
cal-chemical phenomena occurring at clay particle
level. These phenomena underlie the behaviour of
expansive soils. On the other hand, deformations
due to loading and collapse will have a major effect
at the macrostructural level. This macrostructural
behaviour may be described by concepts and mod-
els of unsaturated non-expansive soils. A proper
modelling of expansive clay behaviour also requires
consideration of the interactions between the two
basic structural levels considered.

The behaviour of unsaturated expansive clays is po-
tentially very complex, since it results from the inter-
action between the volume change of aggregates
made up from a highly expansive clay mineral
(microstructural level) and the rearrangement of the
granular-like skeleton formed by the aggregates
(macrostructural level). Experimental studies of the
FEBEX bentonite structure and information on the
main mechanisms and phenomena that control the
adsorption of water in expansive clays are presented
in detail in [165] and [10]. Particularly helpful has
been the experimental study related to the changes
in the fabric of the FEBEX bentonite during wetting
and drying. A systematic study of this issue was per-
formed using a Scanning Electron Microscope (SEM)
and an Environmental Scanning Electron Micro-
scope (ESEM).

A key aspect of the behaviour of compacted expan-
sive bentonite is that the clay fabric is not static dur-
ing hydration, but subject to modifications. For ex-
ample, changes in the clay structure originated by
the progressive wetting of compacted bentonite with
an initial dry density of 1.40 g/cm3 may be ob-
served in Figure 6.33. The progressive occlusion of
the inter-aggregate pores due to particle swelling
may be easily noted. Although the observations pro-
vide mainly qualitative information, the use of this
technique allows for improvement of the knowledge
of the structural changes due to hydration. As may
be observed in Figure 6.33, during hydration the
clay fabric exhibits a dynamic character that may
strongly affect the kinetics of hydration, especially if
confined conditions prevail. Single porosity models
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as the OBC model) are not able to handle
rly the potential role of the structure of the
ng clays during hydration. Consequently, and
er to perform a more detailed analysis of the

abric effects on the evolution of the “mock-up”
double structure THM formulation has been

oped.

The aim is to propose a framework suitable for the
simulation of problems in which two different pore
levels (the macro and micro structure of the FEBEX
bentonite) may be clearly distinguished. This ap-
proach would allow a conceptual model to be
adopted for the hydration of the swelling clays
closer to the actual observed behaviour. An addi-
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Figure 6.32: Schematic representation of the two structural levels considered.
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Figure 6.33: Micrographs (SEM, x 6000). a) Compacted with hygroscopic water content to �d=1.40 g/cm3. b) After application of a
suction of 10 MPa under isochoric conditions (�d final=1.46 g/cm3) on bentonite initially compacted under hygroscopic conditions to

�d=1.65 g/cm3 and c) after saturation under isochoric conditions (�d final =1.43 g/cm3) on bentonite initially compacted with hygroscopic
water content to �d=1.65 g/cm3 [165].
l aim is to provide a general theoretical plat-
allowing for the inclusion, in a unified and

stent framework, of other phenomena, such as
ical effects or a threshold gradient. The main
ts of the formulation are presented in the next
n, more details may be found in [51] and

].

.2. THM double structure formulation

xisting fully coupled THM formulation for sin-
orosity media (presented in Section 6.2) has
extended to include double structure media

the aid of double porosity theory [183]. This
y considers the porous medium as two interact-
ontinuous media coupled through a leakage
that controls the mass transfer between them.

od schematic representation of the double po-
theory is presented in Figure 6.34. The expan-
aterial with two different pore structures is di-
into two overlapping but separate continua.

irst is related to the clay particles and the voids
the aggregates identified as medium ‘1’. The

d is associated with the macrostructure, formed

by the clay aggregates (as a whole) and the
macropores between them, identified as medium ‘2’.

The response of the medium overall is obtained from
the contribution of the two overlapping porous me-
dia, which have different properties. Porosity, fluid
pressures, permeability, degree of saturation and
other properties are considered separately for each
continuum. The generalisation of the THM formula-
tion required is conceptually very simple and it makes
it possible to extend most of the well-known laws and
models to the case of double structure media.

Some basic aspects of the formulation are summa-
rised as follows:

� Two overlapping porous media have been
considered, with the definitions of two different
global porosities.

a
V

V
b

V

V
cv v) ; ) ; )� � � � �1

1
2

2
1 2� � � �

(6.13)

where �1 and �2 are the porosities related to
medium one (1) and two (2) respectively, � is
the global porosity. Vv1 and Vv2 are the volume



of voids related to each medium (one and two)
and V is the total volume.

� Multiphase, non-saturated flow is considered
for each domain.

� Mass transfer processes between the two me-
dia are controlled through leakage terms.

� Stress-small strain constitutive laws may be de-
fined for each porous medium.

� Thermal equilibrium between the phases and
the media is assumed, this implies that only
one energy balance equation is required.

� The relevant THM phenomena are considered
in a coupled manner.

� The boundary flow conditions may be pre-
scribed independently for each medium.

The theoretical framework follows the developments
presented in Section 6.2, the complete formulation
is presented in [51]. As an example, the water mass
balance equation for double porosity media is pre-
sented. The equation (6.1) is now expressed as

�

�
� � � �

t
S Slj

w
lj j gj

w
gj j lj

w
gj
w

j w

( ) .( )

( )

� �� � �

�  ��

j j

1 1� f jj
w ; ,� 12 (6.14)

The same notation has been used, but now, a sec-
ond subscript, j, is included to identify the medium
(1 or 2). �w is the term related to the water mass ex-
change between the two media. A simple model for
this term may be expressed as follows:

� w � � � �( )1 2 (6.15)

where � is the leakage parameter and �j ( j=1,2)
represents the variable involved in mass transfer;
e.g. the total water potential when water mass trans-
fer is considered. In (6.15) it is implicitly assumed
that the process of mass transfer has reached a
quasi-steady state [184].

The general framework developed is capable of
handling non-saturated multiphase flow in each po-
rous media under non-isothermal conditions and a
key aspect of the formulation is the treatment of the
strong hydro-mechanical coupling characteristic of
expansive clays. The formulation has been imple-
mented in the finite element code, CODE_BRIGHT
[63,166]), allowing the incorporation of these con-
cepts in the numerical analyses of the FEBEX test.

6.4.5.3. Mechanical constitutive model
for unsaturated expansive clays

Due to the strong influence of the mechanical prob-
lem on the swelling clay behaviour, the mechanical
constitutive law is a central element in the modelling
of these materials. The BBM model presented in
Section 6.4.3.1 is not adequate to describe the be-
haviour of expansive clays. In fact, it was initially de-
veloped to model non-expansive materials although
some subsequent improvements have been made to
allow for the modelling of the swelling behaviour of
soils inside the elastic domain. However, a more ac-
curate analysis of this problem requires an improved
mechanical constitutive law incorporating some ba-
sic characteristics of the behaviour of expansive
soils, such as large swelling under wetting, the effect
of clay fabric and irreversible deformations inside

6. Thermo-hydro-mechanical (THM) analyses
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Figure 6.34: Schematic representation of double porosity concepts
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the macrostructural elastic domain. A mechanical
model for double structure expansive materials has
been developed for this purpose.

The mechanical model may be viewed as being the
core of the double structure framework presented
above. The swelling behaviour of unsaturated expan-
sive clays has often been reproduced through rela-
tively simple and empirical laws, which relate mate-
rial response to suction changes and applied stresses.
However, the model described here integrates the
main aspects of expansive clay behaviour in a unified
and formal framework. The mechanical law is based
on the general approach proposed by Gens &
Alonso (1992) [57] and also considers some of the
improvements proposed by Alonso et al. (1999)
[185]. Particular attention is placed on clay structure
and how it may be incorporated in the constitutive
modelling of expansive soils. Only the main aspects
of the model are presented below, a more extended
description of the model with details of the mathe-
matical framework and its implementation in
CODE_BRIGHT may be found in [51] and [186].

The mechanical model has been developed using
concepts of elasto-plasticity for strain hardening ma-
terials. The model is formulated in terms of three
stress invariants (p, J, �), suction (s) and tempera-
ture (T ), where p is the mean net stress, J is the
square root of the second invariant of the deviatoric
stress tensor and � is Lode’s angle. A characteristic
of this model is the explicit consideration of the two

main structural levels identified above (Figure 6.32),
as well as the interaction between the two structures.
The complete formulation of the model requires the
definition of laws to describe the behaviour of: i) the
macrostructural level, ii) the microstructural level
and iii) the interaction between the structural levels.

The inclusion of the macrostructural level in the
analysis allows for consideration of the phenomena
that affect the skeleton of the material, for instance
deformations due to loading and collapse. These
phenomena have a strong influence on the macro-
scopic response of expansive materials. The macro-
structural behaviour may be described by concepts
and models of unsaturated non-expansive soils,
such as the elasto-plastic Barcelona Basic Model
(BBM) [174]. Figure 6.35a) presents a three-dimen-
sional representation of the BBM in space stress
invariants.

The microstructure is associated with the active clay
minerals, and its behaviour is controlled mainly by
the physico-chemical phenomena occurring at this
level. It is assumed that these phenomena are basi-
cally reversible. The strains arising from micro-
structural phenomena are considered elastic and
volumetric. The microstructural effective stress is
defined as:

� ;p p s s s st t� � � �� 2 0 (6.16)
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where so is the osmotic suction. It is assumed that �
is a constant (� > 0) and that the total suction (st) is
equal to the matric suction (s2), because the effect
of the osmotic suction is not considered in this work.
In (6.16) hydraulic equilibrium between the water
potentials on both structural levels is assumed (this
implies s=s1=s2). The extension of the constitutive
model to handle problems in which this hypothesis is
released is described in [51].

On the p-s isotropic plane, the line corresponding
to constant microstructural effective stresses is re-
ferred to as the Neutral Line (NL), since no
microstructural deformation occurs when the stress
path moves on it (Figure 6.35b). According to this,
the Neutral Line divides the p-s plane into two parts
(Figure 6.35b), identified as:

�

�p� �0 microstructural contraction (MC) ;

�

�p �0 microstructural swelling (MS)

In expansive soils there are other mechanisms addi-
tional to the ones included in the BBM that induce
plastic strains. This irreversible behaviour is attrib-
uted to the interaction between the macro and
microstructures. It is assumed that the microstruc-
tural behaviour is not affected by the macrostructure
but the opposite is not true, i.e. macrostructural be-
haviour may be affected by microstructural defor-
mations, generally in an irreversible manner. An as-
sumption of the model is that the irreversible defor-
mations of the macrostructure are proportional to
the microstructural strains in a way defined by inter-
action functions

Note that the material response will depend strongly
on the direction of the microstructural stress path
relative to the NL, which separates two regions of
different material behaviour. A proper modelling of
this behaviour requires the definition of specific
elasto-plastic laws for each domain, in order to de-
scribe correctly the material behaviour according to
the microstructural stress path followed (MC or MS).
The Generalized Plasticity theory may deal with such
conditions, allowing for the consideration of two di-
rections of different behaviour and the formulation
of proper elasto-plastic laws for each region [186].

In summary, the behaviour of the macrostructure is
modelled in the context of classical plasticity (BBM).
The microstructural effects have been modelled us-
ing a non-linear elastic model. The interaction be-
tween both structural levels has been considered us-
ing the general framework of generalised plasticity
theory. As described in [51] and [186], the govern-
ing small strain-stress equations have been obtained

using a general procedure proposed for multi-
dissipative materials. Finally, the numerical integra-
tion of the model has been performed using a
scheme that includes automatic error control.

Before applying the double structure constitutive law
to the modelling of the “mock-up” test, it is impor-
tant to validate it experimentally. Laboratory tests
carried out in the context of the FEBEX project have
been used for this purpose. Oedometer swelling
tests, swelling pressure tests and tests performed to
study the structure of the FEBEX bentonite have been
used to identify the main model parameters [56].

6.4.5.4. Double structure modelling
of the “mock-up” test

Features of the analysis

The “mock-up” test has been analysed using the
double structure approach presented above. This
analysis is coded ‘Dou’ hereafter. 1-D axisymmetric
models have been developed to analyse the two
characteristic sections of the test (the ‘hot cross-sec-
tion’ and the ‘cold cross-section’). A mesh of one
hundred (100) elements has been used. A sensitivity
analysis has also been carried out to verify that the
model results do not depend on the mesh adopted.
The adequacy of 1-D models has been explored in
[169].

Here, the work is focused on the behaviour of the
FEBEX bentonite during a normal hydration and
heating test, and also on how these processes may
be interpreted in a double structure context (thus,
the overheating event has not been modelled in this
analysis). Two sets of comparisons are shown:
model output versus experimental data and com-
parisons between the long-term predictions of the
‘OBC’ and the double structure model, ‘Dou’. The
first set of comparisons is presented in order to
demonstrate the capacity of the model to reproduce
experimental observations and overall trends of be-
haviour. It is important to remember that the unex-
pected gradual hydration of the barrier is clearly ob-
served at dates before the overheating event. The
second type of comparisons is intended for the
analysis of long-term predictions of these two
different conceptual models under the same test
conditions.

The assumptions of the OBC model have been
maintained for the initial conditions of the mechani-
cal and thermal problem (Section 6.4.3.). As re-

403

6. Thermo-hydro-mechanical (THM) analyses



gards the hydraulic conditions, the initial suction has
been adopted taking into account the records of the
relative humidity sensors of the “mock-up” test. Fi-
nally, the same mechanical, hydraulic and thermal
boundary conditions adopted for the ‘OBC’ model
have been prescribed.

The thermal constitutive laws adopted for the OBC
model are assumed for the double structure model,
but now considering the contributions of the two
structural levels to the thermal behaviour of the me-
dium. Additionally, the specific internal energies of
each medium are explicitly considered in the balance
energy equation.

In relation to the hydraulic problem, it is assumed that
the flow of liquid water takes place mainly through the
macropores. In the proposed double structure ap-
proach it is possible to consider that the water may
also flow through the micro level (pores smaller than
0.13 �m, in the case of FEBEX bentonite, Figure
6.31). However, in this simulation, a very low perme-
ability for the microstructural level has been adopted,
considering that the contribution of this level to the to-
tal water flow is very small. It is also assumed that the
intrinsic permeability is a function of the macro poros-
ity through an exponential law. It is important to bear

in mind that, in the double structure framework, the
evolution of the clay fabric (macro and micro porosity)
is controlled by the changes of the main variables of
the problem (displacements, temperature, macro and
micro suctions), which are considered in a fully cou-
pled manner through the mechanical model. In this
way, the main phenomena that affect the changes in
both pore levels and their mutual interactions are
taken into account.

In the double structure model the water retention
capacity of the soil is obtained considering the water
stored in both pore levels. Figure 6.36 presents the
retention curves adopted for each medium, in terms
of suction and saturation degree of the medium.
Additionally, this Figure shows the modelling results
of a wetting path (at constant volume) in terms of
the global degree of saturation and suction. Even
though this model is very simple, it allows for explicit
consideration of the amount of water stored at each
structural level. This is an active area of research
and the present formulation is left open to the
incorporation of more sophisticated models.

Different laboratory tests have shown that the swelling
of FEBEX bentonite takes place from the very begin-
ning of the wetting process [10, 165]. In the frame-
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work of the double structure model this implies a fast
hydration and swelling of the microstructure. There-
fore, the water transfer from the macrostructure to the
microstructure has been considered as being instan-
taneous. This implies a low value of the leakage pa-
rameter (i.e. � =1 kg s-1 m-3 MPa-1). Based on ex-
perimental observations, a microstructural water den-
sity of 1.15 g/cm3 has been adopted in the analysis
[16].

Results and comparisons with observations

Figure 6.37 to Figure 6.40 show the comparisons
between model results and test data for a hot cross
section and Figure 6.41 to Figure 6.44 present the
long-term predictions of the ‘OBC’ model and of
the Double structure model (‘Dou’). In relation to
the hydraulic problem, it may be observed that the
model is capable of capturing qualitatively well the
evolution of relative humidity, especially in the inner
zones (r = 0.22m and r = 0.37m). In general
terms, it may be noted that the trends of the two
models are clearly different. This is even more ap-
parent in the comparisons between the long-term
predictions of both models. The double structure
model predicts a locking of the hydration that im-

plies that important zones of the barrier remain in a
non-saturated condition. This is qualitatively in
agreement with the tendency observed in the bar-
rier. In relation to the water intake (a global vari-
able), the response of the model is also good when
compared with measurements. In the long-term
analysis, the ‘Dou’ model predicts a lower amount
of water intake compared to the estimation of the
‘OBC’ model.

In this work, expressions such as ‘zones of the bar-
rier will remain non-saturated’ or ‘no full saturation
is reached’ refer to the fact that the rate of water in-
take is so low that the saturation of the bentonite is
delayed for a long time (as may be seen in Figure
6.41 and Figure 6.42). Perhaps, the following in-
formation on global water intake may be useful. The
experimental value of the water intake rate at day
1400 is close to 0.15 Kg/day (weekly average),
while the ‘Dou’ model computes a rate of 0.17
Kg/day (and the one corresponding to the ‘OBC’
model is 0.22 Kg/day). This rate reduces drastically
for the latest test data available (close to day 2417),
with an observed value close to 0.04 Kg/day
(weekly average), whereas the rate computed by the
‘Dou’ model is 0.035 Kg/day (and that estimated
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‘OBC’ model is 0.10 Kg/day). Finally, on the
ay of the analysis (7300) the rate of water in-
computed by the ‘Dou’ model is 7.0·10-6

y. This is a very low value for the water intake
nd implies a very long time to reach the bar-
turation. This result may be exaggerated by
ry low permeability used to characterise the

structural level.

mperature field is also well captured by the
l. Looking at the comparisons of temperatures
e long term, it may be mentioned that no in-
nt in the ‘Dou’ model predictions is observed
ntrast to the OBC model). The ‘Dou’ model

show that practically constant temperatures
aintained over time for different radii. This is
direct consequence of the hydration locking,

implies that the degree of saturation is practi-
constant after day 2000 and, consequently,
ermal conductivity also remains constant.

y, it may be observed that the model captures
rong hydro-mechanical coupling of this prob-
reproducing the clear tendency to maintain a
cally constant value of the stress level (close to
a in the test). Some delay in the prediction of
owing down of stress increment, in relation to

the experiment, may be observed. In the test this
tendency is detected close to day 1000, whereas in
the model it occurs near day 1400. In any case, the
trend of the ‘Dou’ model is closer to the observed
behaviour in the “mock-up” test.

Figure 6.45 and Figure 6.46 show the evolution of
porosity and intrinsic permeability for two extreme
radii computed using the ‘OBC’ model. A higher
porosity (higher permeability for this model) in zones
close to the hydration front and a lower porosity in
more internal zones are obtained.

Figure 6.47 and Figure 6.48 present, for the same
radii, the evolution of the macro porosity, and the
intrinsic permeability associated with it, using the
‘Dou’ model. It may be observed that, in this model,
the response is very different, with a tendency to re-
duce the macro porosity at both locations and, con-
sequently, to reduce also the associated intrinsic
permeability. A more external radius (r=0.75m) is
also included in the Figure, where it may seen that
this effect is more significant in zones near the
hydration front. The break observed in Figure 6.47
and Figure 6.48 for a radius of 0.70m close to day
1400 of the test is due to a macrostructural
collapse. This is further explained below.
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According to this simulation, as the barrier is hy-
drated the pores available for liquid flow undergo
progressive reduction. This is due mainly to the
microstructure swelling under confined conditions. As
a result, full saturation of the barrier is delayed. This
kind of hydration-locking is evident in zones close to
the heater, because the reduction of the permeability
in the zones close to the hydration front reduces the
liquid flow supply to the internal zones that are sub-
jected to the heater-induced drying. The final out-
come is that the hydration is nearly stopped, with an
important zone of the barrier still unsaturated.

Figure 6.49 presents the results obtained in a sec-
tion away from the heater. It may be observed that
the evolution of the relative humidity is not so well
reproduced by the model. In the long-term simula-
tions, full saturation of the barrier is predicted in this
zone (Figure 6.50).

The analysis of the distribution of certain relevant
variables along the barrier computed for different
times may help to achieve a more global view of the
problem. Figure 6.51 to Figure 6.54 present the
isolines of global degree of saturation, macro, mi-
cro and global void ratio at different times for a sec-
tion that includes a heater (‘cross-hot section’). The

microstructure expands in the external zones due to
hydration and contracts in zones close to the heater
due to strong drying. The front of swelled micro-
structure advances progressively inside the barrier as
time goes on. As for the macropores, a swelling be-
haviour may be seen but only at the beginning of
the test and for a very thin zone close to the
hydration front. This is due to a macrostructural suc-
tion reduction and also to the interaction mecha-
nism between structures (in this case microstructural
swelling, ms, at low load implies a macrostructural
expansion). For other times and locations, the val-
ues of macro void ratio are lower than the initial
ones. This is mainly due to the fact, already dis-
cussed, of microstructural expansion under condi-
tions of practically constant volume. The final condi-
tion corresponds to significant reductions of the
macropores across the barrier, which is more
marked in the external zones of the barrier.

Two further aspects should be briefly commented:
the first is that macrostructural collapses may be ob-
served along the barrier that progressively move to-
wards more internal zones as hydration proceeds;
and the second is that zones close to a radius of
0.35 m are strongly affected by the condensation of
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Figure 6.54: Isolines of global liquid saturation along a ‘hot-cross section’.
vapour coming from the inner region of the
(Figure 6.51 to Figure 6.54). This local wet-

so induces a marked macro void reduction in
gion. Regarding the degree of saturation, it
e mentioned that the shape of the hydration
very similar to the evolution of the micro void

This result is in agreement with the adopted
tual model, which considers that a large
t of water is stored in the microstructure.

lobal void ratio is greater in the outer zones
wer in the inner regions. In that sense, as sat-

progresses, the model reproduces a reduc-
clay densities in zones close to the hydration

In contrast to the single porosity model, in this
structure approach, a reduction in clay den-

plies a reduction of the macropores, the pores
ble for the main water flow.

mary, the inclusion in the modelling of the
es in the clay fabric (through the double struc-
proach) has allowed a more detailed analysis

rier behaviour to be performed, including the
tion of the main tendencies observed in the
fferent sections studied (‘hot and cold cross
s’). The numerical results may also be con-
good in quantitative terms (especially in hot

cross sections), although some further improvements
are still possible.

It should be noted that most model parameters have
been obtained independently from the available ex-
perimental data, although they are subject to certain
significant limitations. For instance, as pointed out
above, the conditions under which some of the lab-
oratory experiments were carried out are different
from the actual THM conditions in the “mock-up”
test, especially in the case of the permeability tests.
The long-term behaviour of FEBEX bentonite has not
been explored in sufficient detail either. In this re-
spect, it has been observed that, in expansive clays,
there are some microstructural phenomena which
are subject to very strong time delays, such as the
ageing effects in the microstructure observed by
Marcial (2003) [53]. This phenomenon implies a
progressive reduction of macroporosity as time goes
on. The existence of these two phenomena (thresh-
old gradient and ageing effects in the micro-
structure) might imply additional restrictions for the
hydration of the barrier. If the existence of these
phenomena in the FEBEX bentonite is confirmed ex-
perimentally, the proposed framework is capable of
including them in the simulations.
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6.4.6. Constitutive modeling
of the overheating event

On day 1391 of the experiment an incident involv-
ing an accidental overheating occurred. The heaters
attained a temperature of 300 ºC in some areas
and the contact between the bentonite and the heat-
ers reached a temperature above 200 ºC, (i.e.
100ºC more than the temperature prescribed in the
test). Figure 6.55 and Figure 6.56 present detailed
observations of this event. Some separate symbols
corresponding to a time of 1000 hours after the
event are also shown in the plots.

Figure 6.55 shows the evolution of temperatures at
several radii in the barrier. It may be seen that
points close to the heater reach temperatures near
200 ºC. Afterwards the heaters were switched off
and the barrier cooled down rapidly to temperatures
close to 45 ºC near the heaters. The variation of
temperatures away from the heaters is not so large.
Eventually the prescribed thermal conditions of the
test, i.e. a constant temperature of 100 ºC at the
contact between heaters and clay, were re-estab-
lished. Figure 6.56 shows the evolution of suction
for a point close to the heater derived from the

measured values of relative humidity and tempera-
ture. It may be observed that suction reduces from
110 MPa to 55MPa due to the passage of the
vapour front. Afterwards the thermally induced dry-
ing increases the suction to values close to 165
MPa. Finally, there is a tendency to recover the
value before the event. The evolution of the radial
stress in the barrier is especially interesting. Figure
6.57 shows the evolution of radial stress in two rep-
resentative sections of the barrier during and just af-
ter overheating. At first there is a moderate incre-
ment (from 6.6 MPa to 7.2 MPa) followed by a
strong reduction to around 2 MPa. The radial stress
recovers somewhat subsequently, but remains signif-
icantly below the initial values. The net result is a
large irreversible reduction of radial stress.

A full understanding of the phenomena occurring
during the overheating event requires a coupled
THM analysis. A preliminary step, however, is to ex-
amine whether the mechanical constitutive model is
consistent with the observations of irreversible phe-
nomena just outlined. It should be pointed out that
only the constitutive law is tested, so there are no
time effects due to the transient phenomena occur-
ring in the barrier. The aim is not to reproduce the
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full behaviour of the barrier but to check whether
the main features of the observed mechanical be-
haviour are a natural outcome of the constitutive
model

A synthetic generalised stress path is applied to the
constitutive law, corresponding to four major epi-
sodes: a wetting due to the passage of a vapour
front, an intense drying associated with the increase
of temperature, a subsequent cooling due to the
switching off of the heaters and, finally, the re-es-
tablishment of the prescribed test conditions. The
suction and temperature changes are applied under
conditions of no volume change, mimicking the
confined state of the test [186].

The mechanical model presented in Section 6.4.5.2
has been used in the analysis. Figure 6.58 presents
the model results when the generalised loading stages
are applied. The four stages of the analysis are also
indicated in this Figure. A good correspondence be-
tween measured and calculated values of radial stress
is observed. Finally, Figure 6.59 shows a three-dimen-
sional representation of the four loading stages
adopted and the computed values of radial stress.

The final outcome is that the constitutive model re-
sponse to this complex generalised stress path is a
significant reduction in swelling stress that is not re-
covered when returning to the initial conditions, the
same behaviour as that observed in the test. Natu-
rally, this analysis does not reproduce exactly the
conditions of the test, as it involves instantaneous
application of the thermal and hydraulic loading
without considering the transient phenomena that
have occurred in the barrier. It is therefore not sur-
prising that there is a time lag between the test ob-
servations and constitutive model predictions. In
any case, the main objective of demonstrating the
capability of the model to reproduce irreversible be-
haviour when subjected to a complex THM loading
path has been largely achieved.

6.5. Analysis of the "in situ" test

6.5.1. Introduction

A complete description of the "in situ" test is pre-
sented in Chapter 4. This section presents some
modelling of the pre-operational stage, but focuses
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Figure 6.58: Computed values of radial stress during the stress path.



mainly
up” te
beginn
mode
able f
at the
ties u
projec
This a
ers (H
for an
forme
the di
demo
excava
mode
made
stalled
the ini

This se
sons b
the op
coolin
presen
the te

6. Thermo-hydro-mechanical (THM) analyses
1

0=4
3

2
3

24

0

1

Suction (MPa)

165155
11055

45

90

135

200

2.0
2.2

Temperature (ºC)

�
r(M

Pa
)

3

6.5

8

Figure 6.59: Three-dimensional representation of the applied loading stages.
on the operational analyses. As in the “mock-
st, an operational model was proposed at the
ing of the operational stage. The operational

l attempts to integrate all the information avail-
or the various components of the ”in-situ” test
start of the experiment. One of the main activi-
ndertaken in the second phase of the FEBEX
t was the partial dismantling of the "in situ" test.
ctivity involved the removal of one of the heat-
eater #1) while leaving the other in operation

as yet undefined period. The analyses per-
d include the modelling of the main stages of
smantling, i.e. the switch off of Heater #1; the
lition of the concrete plug; and the step-by step
tion of the clay barrier. A comparison between

l predictions and measurements has been
. After dismantling, new sensors have been in-

in zones of the barrier not monitored during
tial operation.

ction is organised as follows. Firstly, compari-
etween experimental data and the results of
erational model (OBC) for dates prior to the
g, excavation and extraction of Heater #1 are
ted. The aim is to examine the evolution of

st under the design conditions of the test, i.e.

natural hydration and two heaters switched on. Af-
terwards, the main aspects of the modelling of the
cooling and excavation stages of Heater #1 are
presented. Following this, the analysis for dates sub-
sequent to excavation, including the operation of
the test with only one heater, is presented. The com-
parisons between the model and the measurements
obtained in the new instrumented sections are also
examined. Finally, some results of the post-mortem
study are compared with the model predictions.

Numerical modelling has also been used to assist in
devising certain test activities. For instance, model-
ling has supported the planning of Heater #1 switch
off and subsequent excavation. Additionally, some
aspects related to the engineering design have been
studied, for example, the simulation of assisted
hydration to accelerate barrier saturation. These
analyses are not included here.

6.5.2. Pre-operational modelling

As in the analysis of the “mock-up” test, in the
pre-operational stage only limited data from labora-
tory tests were available. Also some of the details of
the test protocol were modified after the analyses
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were performed. Here, some selected results of the
parametric study are presented. Note that the mod-
elling of the "in situ" test has an additional degree of
complexity because of the buffer/host rock interac-
tion. Parametric analyses allow for a better under-
standing of these phenomena and for an assess-
ment of the relative importance of the different con-
stitutive laws and parameters regarding the expected
evolution of the system. The parametric study car-
ried out involved the performance of a significant
number of analyses changing parameters, constitu-
tive and boundary conditions. Table 6.2 presents
the selected results discussed in this section.

The analysis coded KB has been performed using
an intrinsic permeability of 2·10-20 m2, about three
times higher than in the Base Case. The effect of
this higher bentonite permeability is striking. As Fig-
ure 6.60a shows, a strong desaturation of the gran-
ite occurs because the rock is unable to provide the
increased inflow of water demanded by the larger
hydraulic conductivity of the bentonite. At that point
a quasi-impermeable barrier is created that practi-
cally prevents the inflow of water into the buffer. As
time goes on, the rock becomes saturated again
and the progressive hydration of the buffer can then
take place. This process may be clearly seen in Fig-
ure 6.60b, in which the hydration stoppage due to
rock desaturation may be noted. Once resaturation
of the granite is achieved, hydration takes place
more quickly than in the Base Case because of the
greater permeability of the bentonite.

In this context, it is interesting to examine the results
of analysis KBPG in which the higher value of ben-
tonite permeability has been used but rock
desaturation has been prevented by the use of a
high air entry value in the retention curve of the
granite. As Figure 6.61 shows, no hydration delay is
observed and the higher hydraulic conductivity of

the bentonite results is a more hydrated barrier at
the end of the test.

The granite intrinsic permeability used in the base
case, 8·10-18m2, was derived as an average value
taking into account the rock mass as well as the dis-
continuities. Although, the overall water entry value
into the test area is thus preserved, it is implicitly as-
sumed that this inflow takes place uniformly. An alter-
native analysis (KG) has been carried out in which
the permeability corresponding more closely to the
rock mass value (10-18m2) is used. This case would
then be more representative of a zone in which water
inflow from large discontinuities is absent.

The distributions of degree of saturation obtained
using this lower value of rock permeability are
shown in Figure 6.62a. It may be noted that granite
desaturation initially takes place because the rock is
now unable to supply enough water to the benton-
ite. As in the case described above, the rock finally
resaturates and hydration can then proceed (Figure
6.62b). At the end of the analysis, the final state of
saturation of the barrier is only just below that of the
base case. Performance of other sensitivity analyses
has demonstrated that the specific effect of rock
permeability is in fact small.

The intricacy of the interaction between buffer and
host rock becomes strikingly apparent when examin-
ing the effect of the retention curve of the bentonite
using only the dry branch of the basic relationship
used in the preoperational analysis, without consider-
ing any hysteresis effects. The significance of a possi-
ble rock desaturation is clear in this case (Figure
6.63). In analysis SH, desaturation of the granite oc-
curs driven by the high suction values associated with
the new retention curve. As the desaturation is main-
tained throughout the analysis, a very limited amount
of hydration occurs, the average increase of the de-
gree of saturation is only 4.1%. Contrasting results
are obtained in the equivalent analysis where no rock
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Table 6.2
Parametric study, "in situ" test

Analysis code Variables modified

KB, KB1 Permeability of the bentonite

KBPG Permeability of the bentonite-retention curve of the granite

KG Permeability of the granite

PGSH Retention curve of the bentonite-retention curve of the granite
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Figure 6.60: "in situ" test. a) Distributions of degree of saturation at various times. KB analysis. b) Variation of degree of saturation with
time. KB analysis. The results of the 1-D Base Case analysis (grey symbols) are provided for comparison.
desaturation is allowed (PGSH). Now not only
hydration proceeds unimpeded, but also full satura-
tion of the buffer is achieved at the end of the test.
The temperature field is also significantly changed
due to the increased thermal conductivity associated
with saturated bentonite.

In summary, it may be stated that the presence of
the rock increases very significantly the complexity of

the problem, leading sometimes to apparently para-
doxical results. For instance, an increase in perme-
ability may temporarily delay hydration if the en-
hanced water inflow manages to desaturate the
rock. This study has also shown the extreme impor-
tance of the role of the retention curve in the analy-
sis. The effects, however, are totally different de-
pending on whether the rock desaturates or not.
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Figure 6.61: “In-situ” test. Variation of degree of saturation with time. KB (granite desaturation) and KBPG
(no granite desaturation) analyses.
. Operational modelling:
the basic case

stallation of the clay barrier was completed on
er 15th 1996. The phase of heating of the

known as the ‘operational stage’, started on
ary 27th 1997. The design conditions of the
ith two heaters on were kept unchanged until

ary 28th 2002. The model results presented in
ction include two main phases of the test.

n initial isothermal hydration of the barrier of
35 days, to account for the hydration taking
lace in the period between the sealing of the
rift and the start of heating.

simultaneous natural hydration and heating
f the test with two heaters for 1827 days.

umerical analysis presented in this section cor-
nds to the model coded as the ‘OBC’ model
rational Base Case). As in the “mock-up”
lling, the OBC model attempts to incorporate
ailable information obtained from laboratory
f FEBEX bentonite at the beginning of the oper-
l stage. No more adjustments have been
. To obtain a closer reproduction of the real
etry, a 2-D axisymmetric longitudinal section

has been analysed, in which the most important
geometrical features of the "in situ" test are repre-
sented [169]. The mesh distribution has been opti-
mised taking advantage of the experienced gained
in the study of the “mock-up” test. The outer bound-
ary of the model is placed at a distance of 50 m
from the tunnel axis. The geometry also takes into
account the presence of the access drift and the
concrete plug. The various components of the
heater are represented but no gap between liner
and buffer has been considered.

In this section the comparisons between experimen-
tal and model outputs are presented up to
31/12/2003 (day 2498). The numerical results pre-
sented here also include the simulation of the cool-
ing and excavation stage. Therefore, it is possible to
analyse the impact of the dismantling operations
over the remaining clay barrier and the near field.
Long-term predictions are also presented. The de-
tailed modelling of the cooling and dismantling of
Heater #1 is presented is Section 6.5.4.

6.5.3.1. Features of the analysis

The analyses performed start by simulating the exca-
vation of the tunnel and subsequently allow suffi-
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Figure 6.62: “in-situ” test. A) Distribution of degree of saturation at various times. KG analysis. B) Variation of degree of saturation with
time. KG analysis. The results of the 1-D Base Case analysis (grey symbols) are provided for comparison.
cient time for both hydraulic and mechanical equili-
bration. Therefore the initial conditions for the gran-
ite correspond to the situation before tunnel excava-
tion. As regards the mechanical variables, an ini-
tially uniform and isotropic stress field (�r = �� = �z

= 28 MPa) has been assumed. Initial granite poros-
ity is taken as 0.01.

In accordance with the measurements made during
installation, an initial water content of 14% has

been assumed for the clay barrier. This corresponds
to a global degree of saturation of 0.55 and, from
the retention curve adopted, an initial value of suc-
tion of 135 MPa. From the available installation
data, an average dry density of 1.60 g/cm3 has
been adopted for the analysis. The initial stress in
the bentonite is assumed to be isotropic and equal
to 0.5 MPa. An initial uniform temperature of 12ºC
was assumed for the entire domain. A perfect con-
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Figure 6.63: “In-situ” test. Variation of degree of saturation with time. Analysis SH (granite desaturation) and PGSH
(no granite desaturation).
as been assumed between the steel liner and
entonite and between the bentonite and the
According to the observations made, the water
close to the tunnel is mainly radial, tending
ally towards the regional flow direction over a
ce of 50 m. Therefore, it is assumed that the
pressure varies along the boundary, in accor-

e with water pressure measurements made in
ole sections far away from the test. In contrast
“mock-up” test, the experiment is not consid-

airtight and a constant value of gas pressure is
ed.

thermal and mechanical boundary condition
ribed at r = 50m are:

Temperature, T = 12 ºC

Radial stress, �r = 28 MPa

thermal boundary conditions applied at the
r location (radius = 0.385m) are:

0 -21 days Constant power: 1200W/heater

21-42 days Constant power: 2000 W/heater

42 days - t100 Constant power: 2400 W/heater

� t100 - 1827 days T = 100 ºC

where t100 is the time required to reach 100 ºC at
some point in the bentonite (52 days).

The constitutive laws of the bentonite are practically
the same as for the OBC modelling of the
“mock-up” test (Section 6.4.3.1.). It has been as-
sumed that the modelling of the “mock-up” test pro-
vides the most reliable information on bentonite be-
haviour. The only differences in bentonite parame-
ters between the two tests are minor variations to
account for the different initial densities [167].
Therefore the laws for thermal conductivity, intrinsic
permeability and relative permeability of the “mock
up” test have been retained in this analysis.

6.5.3.2. Results and comparison
with observations

Clay barrier

Selected results of the OBC analysis are presented
and compared with observations. Both point vari-
ables and global test parameters are considered. In
fact, the only global test variable available for com-



parison is the power supplied to each heater. The
results show that the heat power is under-predicted
by 18% in Heater #2 and by 10% in Heater #1
[167], approximately. In spite of this, the model
captures well the general trend of the test: after the
switch from power control to temperature control, a
reduction of the power lasting for about 400 days is
observed, then power stabilises and, finally, a slight
tendency to increase in time is observed. Heater #2
maintains the target temperature of 100 ºC at the
hottest point of the contact with the bentonite at all
times. Therefore, to keep this temperature constant
the power requirements at Heater #2 increased by
about 5% after the switching off of Heater #1. As
may be observed in Figure 6.64, the model predicts
well the need for increasing heater power, although
by about 10%.

The overall power evolution is well reproduced by
the model. This suggests that the physical assump-
tions of the model are correct and that the differ-
ences noted might be due to discrepancies in the
parameters adopted, for instance the thermal con-
ductivity of the rock, or, perhaps, some 3-D effects
not properly considered in the axisymmetric model.

In relation to the evolution of temperature, the larger
influence of the cooling of Heater #1 is observed, as
expected, in sections close to this heater (i.e. see Sec-
tions G or I) whereas in sections far from Heater #1
the changes are practically negligible (i.e. Sections
D2). As in the “mock-up” test, a tendency towards a
slight increase of the power of Heater #2 and of the
temperature as hydration progresses is predicted in
the long-term simulations [167].

In relation to the hydraulic problem, the examina-
tion of the evolution of sections C, E1 (results until
just before the cooling of Heater #1) F2 and H (Fig-
ure 6.65) makes it possible to conclude that the re-
sponse of the model is globally satisfactory, taking
into account the possible influence of the
heterogeneities of the natural system on the
hydration of the barrier. Generally the correspon-
dence between computations and measurements is
quite good although at some points near the heater
the drying observed is somewhat stronger than com-
puted. It may be observed that Section F2 is not af-
fected by dismantling operations. In the more inter-
nal sensors of section H, a tendency to a rapid in-
crease in relative humidity may be observed just af-
ter the switching off of Heater #1. This fact might
relate to a condensation of the water vapour due to
the reduction of temperature. The model captures
this tendency and the general evolution of the rela-

tive humidity. Finally, Figure 6.66 presents the
long-term predictions in terms of relative humidity.
In this test there is no clear evidence of the slowing
down of saturation although there may be some
slight indications in the records of the outer relative
humidity sensors of some sections [167]. Observa-
tions extending over longer times are required to
confirm this possibility.

The determination of total stresses in the "in situ" test
is subject to important uncertainties that make it dif-
ficult to establish reliable comparisons with the re-
sults of the analysis. At the beginning, the model re-
sults appear to provide an upper bound to mea-
surements that might be consistent with the fact that
the stress cells started to give readings sometime af-
ter the start of the test. The comparisons between
the time variation of the recorded stresses and those
obtained from the model are presented for sections
C, E1 (results until just before the cooling of Heater
#1), E2, and F2 in Figure 6.67. It is difficult to
quantify the behaviour of the model in this area be-
cause of the variability of the observations made.
The mechanical sensors under operation corre-
spond to sections not significantly affected by the
dismantling operations. The model predicts a maxi-
mum stress of about 4.5 MPa (Figure 6.68).

Host rock

The under-prediction of temperatures observed in
the clay barrier is repeated in the rock mass (Figure
6.69). It is interesting to note that differences vary
depending on the borehole direction, i.e. the ther-
mal field is not axisymmetric. Of course this type of
variation cannot be reproduced by an axisymmetric
model. The effect of the cooling of Heater # 1 is
general and affects the whole near field, being
more relevant in zones and radii closer to that
Heater. The model predicts correctly the measured
temperature decay in the granite. Long-term predic-
tions show a tendency towards a very gradual in-
crease of temperatures in the host medium (Figure
6.70).

Water pressure in the rock is also well described by
the analysis (Figure 6.71). Pressure values are of the
correct order of magnitude and, in particular, rates
of pressure recovery are captured well. The disman-
tling operations do not have a significant effect on
rock liquid pressure and the model does not show
important changes in this variable. The liquid pres-
sures remain practically constant in the long term.
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Figure 6.65: Observed versus computed values of relative humidity. Sections E1, F2, C and H (clay barrier) of the "in situ" test (OBC model).
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Figure 6.66: Long-term predictions of relative humidity Sections H and F2 (clay barrier) of the "in situ" test (OBC model).
Uncertainties also affect total stress measurements
in the rock (Figure 6.72). Some features of the ob-
servations appear, however, to be reasonably
accounted for:

� Differences between the various stress compo-
nents are minor (i.e. stress state is not far from
hydrostatic).

� Rock normal stresses are higher closer to the
buffer, reflecting the variable thermal field.

The measured radial displacements in the rock are
very small (Figure 6.73) making it difficult to discern

a clear trend. Generally the model also predicts
small displacements, although slightly larger than
those measured.

The combined effects over the near field of the cool-
ing of Heater # 1 and the excavation of the clay
barrier may be clearly observed in the mechanical
variables. The model captures well, in qualitative
terms, the reduction measured in stresses and radial
displacements after the dismantling operations (Fig-
ure 6.72 and Figure 6.73). The long-term predic-
tions show a tendency to a slight recovery of these
values as time goes on.
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Figure 6.67: Observed versus computed values of stresses. Sections C, E1, E2 and F2 (clay barrier) of the "in situ" test (OBC model).
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Figure 6.69: Evolution of temperature in the "in situ" test. Sections SF4, SF1, SB12 and SF22 (host rock). Observed versus computed
values including operation after partial dismantling (OBC model).
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Figure 6.71: Observed versus computed values of liquid pressure and long-term predictions including operation after partial dismantling.
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Figure 6.72: Observed versus computed values of stresses and long-term predictions including operation after partial dismantling. Sections
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Figure 6.73: Observed versus computed values of radial displacements and long-term predictions including operation after partial dismantling.
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435



FEBEX Project. Updated Final Report. 1994-2004
1800 1820 1840 1860 1880 1900
Time (days)

20

40

60

80

100

120

0

500

1000

1500

2000

2500

3000

“In situ” test
Cooling down of Heater # 1

Test temperature (section F1)

Model temperature (section F1)

Test heater power # 1

Model heater power # 1

28-02-2002

Tem
pe

rat
ure

(ºC
)

He
ate

r p
ow

er
(W

)

CABLE
CHANNEL

LINERCONCRETE
PLUG

2.28

B2D2E2F2M2IHGNM1F1E1LD1CB1AK

O

53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70504948

HEATER #2HEATER #1

Figure 6.74: Evolution of temperature and power of Heater # 1 during cooling in section F1.
6.5.4. Analysis of cooling
and dismantling

The partial dismantling of the "in situ" test was car-
ried out after five years of continuous heating. The
operation included the demolition of the concrete
plug and the removal of the sections of the barrier
corresponding to Heater #1. The objective was to
carry out the partial dismantling causing minimum
disturbance to the sections of the test in the region
of the second heater, which remained in operation
at all times. A new concrete plug was constructed

immediately after excavation. New instrumented
sections have been incorporated in this stage of the
project (Chapter 4). Finally, it is important to high-
light that the process of data acquisition was main-
tained throughout all the dismantling operations.

A detailed description of the work performed during
the partial dismantling of the "in situ" test may be
found in Chapter 4 and reference [187]. Here, a
summary of the sequence of dismantling operations
is presented as follows:

� Switching off Heater #1, one month before
plug demolition.
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� Demolition of the concrete plug (sampling).

� Removal of bentonite up to the front of the first
heater (sampling).

� Extraction of Heater #1.

� Removal of liner and bentonite buffer up to the
target point (sampling).

� Insertion of a one-metre dummy steel cylinder
in the central hole.

� Installation of new instruments.

� Construction of the shotcrete plug.

After exactly five years of uninterrupted heating,
Heater #1 power was switched off on 28/02/2002.
Based on the results of numerical analysis [175], it
was decided to switch off Heater #1 in a single
stage. Figure 6.74 shows the variation of the power
of Heater #1 and the temperature in the heater/ben-
tonite interface in section F1. It may be observed that
up to day 1827 (28/02/2002) the heating of the test
was controlled, a temperature of 100 ºC being pre-
scribed at the interface. From this date on, this ther-
mal condition was released and this zone of the bar-
rier cooled down. It may also be observed that the
model predicts very well the temperature decay in this
section.

The dismantling operations have been modelled as-
suming the following main stages:

� Start of plug demolition: 02/04/2002 (day
1860).

� End of plug demolition: 28/05/2002 (day
1916).

� Start of bentonite excavation: 29/05/2002
(day 1917).

� Start of Heater #1 extraction: 19/06/2002
(day 1938).

� End of excavation: 19/07/2002 (day 1968).

The dates of the stages considered in the analysis
correspond to those followed in the field [187]. Fig-
ure 6.75 shows schematically the dismantling steps
considered. The excavation of the materials, the in-
clusion of new ones (for instance the dummy canis-
ter and the new concrete plug) and the new bound-
ary conditions have been modelled trying to keep as
close as possible to the actual test conditions.

A specific computational module has been devel-
oped to handle some of the specific characteristics
of this test stage, including, for instance, the large
swelling of the FEBEX bentonite. Figure 6.76) pres-

ents the contours of longitudinal displacement com-
puted in the different excavation stages. It may be
observed that the effect of confinement relaxation is
quite local and affects only zones close to the exca-
vation front.

New instruments were installed in the remaining part
of the test in order to increase the density of mea-
surements in the buffer and also to extend the life ex-
pectancy of the monitoring system. The additional in-
strumentation installed in the buffer consists mainly of
relative humidity and total pressure sensors. Details
regarding the type of sensor, installation and location
may be found in Chapter 4 and reference [187]. The
measurements of the total pressure cell in section G

(at the end of the dummy canister) show a quick in-
crease, while the model predicts a gradual increment
of the longitudinal stress in this zone (Figure 6.77).
This difference might possibly be attributed to the fact
that the model considered a ‘normal hydration’
whereas, in this zone, there might be a faster
hydration due to local water entry associated with the
presence of the lamprophyre or, perhaps, to the ef-
fects of the dismantling operation. On the other
hand, it seems that the total pressure cells in section
F2 are not yet recording load reliably. Finally, Figure
6.78 shows the results from the new relative humidity
sensors; it may be observed that the model predic-
tions in these sections are quite good.

During dismantling a large number of samples were
extracted from the barrier. The sampling operations
and the subsequent transport of the samples were
carried out trying to minimise changes in the speci-
mens. A detailed description of the techniques used
in these activities is presented in Chapter 4 and ref-
erence [187]. The samples obtained from the partial
dismantling have been tested in the laboratory to
examine the state of the FEBEX bentonite after five
years of simultaneous heating and hydration. The
tests were aimed at the study of the main thermal,
hydraulic, mechanical and chemical properties of
this material.

This section focuses on analysis of the water content
and dry density measured during the partial disman-
tling operation and the comparisons of these experi-
mental results with model predictions. All the sam-
pling carried out throughout the dismantling opera-
tions was documented with all the relevant aspects
graphically recorded with digital photos and video.
For example, Figure 6.79 corresponds to a typical
section found during the dismantling process. A
rather homogeneous material may be observed,
with practically complete closure of gaps and joints
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between blocks. This fact has been confirmed exper-
imentally with the measurements performed in the
blocks, because it was not possible to detect any ef-
fect of a possible preferential flow of water through
the joint between blocks. The water content and
density distribution in the blocks follow the pattern
imposed by the radial flow that was observed in all
drift sections [188]. Therefore, it seems that the as-
sumption made in the modelling, considering a po-
rous medium without joints (between blocks) and
gaps, has been experimentally confirmed by the
post-mortem observations.

A complete description of the procedures and the
experimental techniques followed in the laboratory
to measure water content and dry density in samples
of FEBEX bentonite is included in [189, 188] and
the experimental results presented in this analysis
are reported in [188]. As concluded in reference
[188], the distribution of the measurements of water
content and dry density exhibits a clear radial sym-
metry. Only minor changes in water content are ob-
served near the drift wall, probably due to a prefer-
ential flow of water along the contact of the drift
with the transducer wire runs. As an example, Figure
6.80 presents contour maps of water content and
dry density obtained from laboratory data [188], in
which the radial symmetry of the experimental re-
sults may be clearly observed. This implies that the
results computed with the axisymmetric model, pre-
sented before, may be readily compared with the
experimental measurements.

Figure 6.81 and Figure 6.82 present the compari-
sons between experimental and model data in se-
lected sections. The graphs correspond to values of
water content and dry density plotted as a function
of the distance to the tunnel axis. A strong reduction
in dry density may be observed in the 20 cm nearest
to the rock, indicating the swelling of clay in this
area associated with an increase in water content.
These Figures show that the agreement between the
experiment and model predictions is good. Obvi-
ously there are some limited differences that might
be attributed in part to the fact that it is practically
impossible to reproduce exactly with the model the
stress paths followed by the material during the
sampling and transport processes.

Finally, Figure 6.83 shows the contour map of the
degree of saturation obtained experimentally [188]
and the contour map of the degree of saturation
predicted by the model. A good qualitative agree-
ment may be observed also as regards this variable.

6.6. Conclusions

In this Chapter the work carried out regarding the
numerical modelling of the Thermo-Hydro-Mechan-
ical behaviour of the FEBEX experiment has been
presented. The analysis has focused on the two
large-scale tests: the “mock-up” test and the "in situ"
test. One of the main objectives has been to identify
the relevant phenomena and processes that control
the Thermo-Hydraulic-Mechanical behaviour of the
engineered barrier components. A general THM
mathematical approach for the analysis of coupled
problem in porous media has been developed. An
essential aspect of the approach is the description of
material behaviour through appropriate constitutive
laws. Important efforts have been made to develop
these laws for the thermal, mechanical and hydrau-
lic aspects of the general THM problem. The labo-
ratory tests carried out in the context of the FEBEX
project have been used to select the constitutive
equations and to determine the model parameters.

In relation to the “mock-up” test, the operational
model (OBC) was formulated using a full THM ap-
proach for a single porosity medium, in which all
the processes and couplings deemed relevant at the
time were considered. The comprehensive labora-
tory work carried out within the context of the FEBEX
project has allowed for the identification of the main
model parameters required for a ‘standard THM
model’. However, the results obtained with this
model cannot be considered completely satisfactory,
because the simulation over-predicts the hydration
rate of the barrier during the later stages of the test.
Comparing experimental data versus model results,
a slowing down in the hydration kinetics of the test
may be observed. A tendency to maintain a very low
rate of water intake and nearly constant values of
the main variables at different radii of the barrier
may be observed in all the sections of the test, with
a more marked trend in the cross-sections that in-
clude a heater. Changes in the constitutive laws or
their parameters could not reproduce accurately the
test evolution. Similar difficulties were identified by
other groups, using different numerical codes to
simulate the evolution of the barrier.

It is possible that a ‘standard THM model’ may have
some shortcomings when reproducing the barrier be-
haviour described above. Generally, the formulation
considers a progressive increment of hydraulic con-
ductivity as saturation goes on, especially due to the
increment of relative permeability. However, experi-
mental evidence reflects that the behaviour of expan-

FEBEX Project. Updated Final Report. 1994-2004

438



6. Thermo-hydro-mechanical (THM) analyses
Plug demolition
start day 1860

Bentonite excavation
start day 1917

Heater # 1 extraction
start day 1938

End of excavation
day 1968

Step 1 Step 2 Step 3 Step 4

Cooling
day 1827
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Figure 6.77: Computed and measured values of stresses from the new sensors. Sections G and F2 (clay barrier)
of the "in situ" test (OBC model).
sive clays under hydration is more complex. The sim-
ulation difficulties of the “mock-up” test might be as-
cribed to the presence of other processes or phe-
nomena, which were not contemplated in the ‘OBC’
model. A series of developments have been carried
out in order to include in the analyses additional
phenomena that might explain, with physical bases,
the observed barrier behaviour. Each of the pro-
posed mechanisms may explain, to some extent, the
observed response of the experiment.

In this context, a double structure framework has
been developed and applied to the simulation of the

THM behaviour of the “mock-up” test. The explicit
consideration of two structural levels provides an
opportunity to define separate properties and consti-
tutive laws, in order to consider the main processes
that take place in each pore level, and to take into
account the coupling between both pore structures.
In the case of the FEBEX bentonite these two levels
of pores have been identified. The modelling results
may be considered to reproduce satisfactorily to a
large extent the main tendencies of the observed be-
haviour. In this framework, the mechanical constitu-
tive law may be viewed as being the core of the
model, because stresses and void ratios (macro and
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441



micro
the st
ature
meab

The
chang
the e
better
rier e
barrie
the m
tion, m
under
ration
type o
the he
ity in
the li
jected
it is im
has b
tween
ºC) th
tory c
progr

FEBEX Project. Updated Final Report. 1994-2004

442
Figure 6.79: Photograph of a typical section including the position of samples [188].
) are updated using this law when changes in
ate variables of the problem (suctions, temper-
and deformations) occur. In addition, the per-
ility field depends on the pore structure.

analysis shows, in an integrated way, how
es in the state variables of the problem affect

volution of the main variables, and helps to
understand some trends of the observed bar-

volution. According to the model results, as the
r hydration advances, the pores available for
ain liquid flow undergo a progressive reduc-
ainly due to the swelling of the microstructure
confined conditions. As a result, the full satu-
of the barrier is delayed very significantly. This
f hydration-locking is evident in zones close to
ater, because the reduction of the permeabil-
the zones close to the hydration front reduces
quid supply to the inner zones that are sub-
to heater-induced drying. On the other hand,
portant to bear in mind that the temperature

een maintained constant in the contact be-
the heater and the bentonite (equal to 100

roughout the analysis, but, under real reposi-
onditions, the waste temperature will reduce
essively as time elapses. Consequently, the

conclusions of the analysis presented here should
not be directly extrapolated to other situations.

Finally, it may be concluded that standard models,
such as OBC, allow for understanding and repro-
duction of the main THM phenomena in the clay
barrier. This kind of models shows good agreements
with the experimental results, especially in the short
term, and in general the qualitative results are satis-
factory. When medium and long-term responses are
analysed, however, it may be necessary to incorpo-
rate other physical phenomena (i.e. microstructural
changes, threshold gradient, chemical coupling) in
the formulation to achieve a closer representation of
the actual behaviour of expansive clays. The avail-
ability of laboratory tests conducted under similar
conditions to the ones expected in a repository is a
crucial requirement in order to develop models
better adapted to the material behaviour under the
expected THM and geochemical conditions.

The modelling of the "in situ" test has also led to ad-
vances in the understanding of the main THM pro-
cesses and of the phenomena that take place in the
clay barrier and near field under actual field condi-
tions. In this experiment the problem is more com-
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Figure 6.80: Contour maps of water content and dry density obtained from experimental data [188].
plex than in the case of the “mock-up” test due to
the heterogeneities and uncertainties inherent to a
natural system. In any case, the operational model
has been able to explain and to reproduce the main
tendencies observed in the experiment, both in the
clay barrier and in the host rock. It seems that, in

spite of the presence of heterogeneities in the host
medium, the homogeneous axisymmetric model is
capable of satisfactorily predicting the main tenden-
cies observed in the rock. In relation to the clay
barrier, the experiment may show a tendency to a
slower hydration in some sections, similar to that
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Figure 6.83: Contour maps of degree of saturation. Model predictions and experimental data [188].
ved in the “mock-up” test. However, this trend
much less clear, at least as far as the mea-

ents obtained up to the partial dismantling of
st is concerned. Note that the global density of
entonite in this test is lower than that in the
k-up” test. This fact might imply either that
kinds of phenomena are less noticeable or

they appear at more advanced stages of
tion. The difference in geometry might also be
tor. It is expected that the long-term evolution
"in situ" test will help to clarify this issue.

nalysis of the partial dismantling of the "in situ"
as also contributed to a better understanding of
haviour of this kind of system. From a model-

oint of view it was necessary to develop special
rical tools to simulate the excavation of highly
sive materials. Satisfactory model predictions
been obtained in the modelling of the different
of the partial dismantling: cooling, excavation

ost-mortem analysis. This study confirms the re-
y of the formulation and computer code to pre-
he THM behaviour of the engineered barrier
onents under different scenarios and general-
tress-paths. Finally, the dismantling observations
"in situ" test have also confirmed some of the

heses of the modelling of the FEBEX tests, such
assumption of barrier homogeneity and the

symmetry of the problem.

ghout this modelling work, developments af-
g the formulation, code and constitutive laws
been continuous. The basic THM approach

and computer program, initially developed during
the phase of ‘previous modelling’, have been signif-
icantly improved up to the present time. Changes
have centred on the inclusion of new THM phenom-
ena in order to allow for a more complete represen-
tation of the problem, with special attention given to
the possibility of considering the effects of the clay
structure and its evolution.

In summary, it may be stated that the formulation
and computer code used in the analysis are capable
of modelling the THM behaviour in the clay barrier
and near field. This is probably a consequence of
having based the formulation on sound physical
bases and appropriate constitutive laws. The basic
formulation provides a robust nucleus with sufficient
flexibility to incorporate changes as required by the
contrast with reality. Thus, the developments and
modifications introduced during the project have
added to the central core of the formulation and
code in a structured and consistent manner. As a
general outcome of the project, it is possible to con-
clude that a THM model of the experiments with a
very high degree of demonstrated reliability is now
available. Undoubtedly, the good performance of
the two large-scale heating tests spanning a long
period of time (more than seven years), with contin-
uous monitoring of the main THM variables, has
made it possible to check the predictive capability of
the codes and the identification of key THM pro-
cesses on the basis of a large number of relatively
long term observations.
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7.1. Introduction

7.1.1. Objectives of FEBEX
regarding THG

One of the objectives of the FEBEX Project is the
study, identification and modelling of the possible
geochemical alterations that might occur in the ben-
tonite due to the combined effect of high tempera-
tures and water flow [47, 190, 13]. For this pur-
pose, a detailed and extensive laboratory program
was carried out in the first phase of the project in or-
der to provide thermo-hydro-geochemical (THG)
parameters and identify the processes triggered by
temperature and water flow.

Inasmuch as geochemical processes are linked and
affected by other thermal, hydrodynamic and me-
chanical processes, the study, identification and
modelling of geochemical alterations require a cou-
pled THG analysis [47, 190, 13]. In such complex
systems as that of the clay barrier, this analysis must
be performed with THG numerical models, which
must be solved using appropriate THG codes. Sig-
nificant developments have been achieved as re-
gards the capabilities of THG codes for coupled
non-isothermal multiphase water and air flow and
multi-component and reactive solute transport. Exist-
ing codes were improved and a new multiphase
non-isothermal multi-component reactive solute
transport code has been developed.

In the second phase of the project, the objectives
were focused on updating THG conceptual models,
improving THG numerical models and codes, test-
ing such improvements on supporting laboratory ex-
periments, updating the THG models of the
“mock-up” and “in situ” tests and comparing calcu-
lated with measured geochemical data from partial
dismantling of the “in situ” test to validate THG
models.

7.1.2. Approach

The following approach was adopted, with a view to
achieving the objectives of the project. Available
data from FEBEX and other similar projects and ma-
terials were compiled and analysed. Based on this
information, flow, thermal, transport and geochemi-
cal conceptual models were postulated, which were
later tested using lab data. In some cases these data
suggested the rejection of some candidate models.
Only conceptual models not rejected by the experi-

mental evidence were retained. By following this ap-
proach, a THG conceptual model has been postu-
lated which is the basis for the THG numerical mod-
els of the tests carried out within the FEBEX Project.
A significant development in the capabilities of UDC
codes for water flow, heat transfer and reactive sol-
ute transport was achieved in order to solve these
numerical models. Subsequently, different labora-
tory tests were modelled to estimate parameters and
identify processes. For the “mock-up” test THG pre-
dictions of tracer migration were performed for io-
dide, a tracer added with the hydration water, and
also of the THG evolution of the barrier. In the case
of the “in situ” test, THG predictions for tracers
added to the test (deuterium and iodide) and for the
geochemical evolution of the bentonite were per-
formed. Finally, these THG predictions were com-
pared with measured data from the Heater #1 dis-
mantling of the “in situ” test.

7.1.3. Scope

This chapter contains the tasks performed on THG
analyses within the FEBEX project. THG conceptual
models, on which numerical models are based, are
described first in Section 7.2. Major developments
in codes and computing tools are described after-
wards in Section 7.3. Most of the development of
THG models is based on their application to model-
ling lab tests. A wide range of lab tests have been
modelled for the following purposes: a) obtaining
key THG parameters, b) identifying geochemical
and transport processes and c) testing their perfor-
mance. Section 7.4 describes applications of THG
models to lab tests. Sections 7.5 and 7.6 present
THG predictions of tracer migration and the geo-
chemical evolution of both large-scale tests,
“mock-up” and “in situ”, respectively. In the case of
the “in situ” test, the predictions are compared with
geochemical data from partial dismantling of
Heater #1 to validate the THG models. The chapter
ends with a discussion of the main conclusions and
the requirements of future work in Section 7.7.

7.2. THG conceptual models

7.2.1. Flow model

The main features of the conceptual model for wa-
ter flow through the clay barrier are as follows [190,
13, 191]:
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� Darcy’s Law is applicable in its most general
form, that is, written in terms of pressure head
and intrinsic permeability. Compacted benton-
ite may exhibit non-Darcian behaviour espe-
cially under low water potential gradients.
However, the available data do not allow clear
conclusions to be drawn regarding the rele-
vance of this process. Therefore, such non-
Darcian behaviour has not been taken into ac-
count.

� The bentonite is expected to experience an in-
crease in water content, and eventually be-
come fully saturated. Therefore, water flow oc-
curs under variably saturated conditions. Once
the clay barrier is saturated, water flow through
the bentonite occurs under saturated condi-
tions and water velocities are much smaller
than those taking place during the hydration of
the barrier.

� Water flow depends on the degree of satura-
tion and temperature. Heaters induce a ther-
mal gradient across the barrier. The tempera-
ture gradient affects flow parameters such as
hydraulic conductivity (through changes in wa-
ter viscosity and density) and vapour diffusion.

� High temperatures near the heaters cause wa-
ter evaporation during the early and intermedi-
ate stages of the hydration process. Water
vapour diffuses towards cooler areas where it
condenses. This process affects the overall wa-
ter distribution.

� Chemical and thermal osmosis might be two
additional driving forces for water flow. How-
ever, since chemical osmosis pressure is only a
small portion of total liquid pressure, this pro-
cess is not likely to affect water flow.

� Dependence of water flow on water density
variations. Due to the evaporation near the
heater, solute concentrations increase in that
location. Therefore, water density should reach
high values (up to 1.01 or 1.02 g/cm3). How-
ever, for the salinities computed with current
THG models, water density is smaller than
these values. Therefore, the effect of water
density changes on water flow is not relevant
and is not taken into account.

In addition to vapour flow, there is air flow. The rel-
evance of air flow depends on the boundary condi-
tions for the gaseous phase. Under air-tight condi-
tions the air initially present in the bentonite is
trapped and might affect water flow. However, this

effect is expected to be of minor importance in both
the “mock-up” and “in situ” tests and is not consid-
ered.

7.2.2. Thermal model

The major heat transport processes are convection
throughout the liquid and gas phases and conduc-
tion throughout all the phases. The thermal conduc-
tivity of unsaturated bentonite is a volume-weighted
average of the conductivities of pure water and clay.
Heat transfer associated with the gaseous phase
(vapour diffusion) and evaporation and condensa-
tion processes are also significant thermal processes
[47, 206, 13, 207].

7.2.3. Transport model

The main transport processes through bentonite and
granite are [190, 13, 191]:

� Advective transport. This is relevant especially
during the initial stages when water uptake is
more important. There is evidence of the fact
that water may flow through the largest pores
corresponding to the mobile porosity. There-
fore, both single and double porosity models
have been tested.

� Dispersive transport. There are no direct mea-
surements of dispersivities. However, early nu-
merical analyses clearly indicated that mechan-
ical dispersion was not a relevant process [47].
Numerical analyses performed subsequently
also confirm this statement.

� Role of joints between blocks and the voids re-
sulting from the instrumentation of the barrier.
These heterogeneities may act as fast transport
paths as long as they remain open. However,
once joints are sealed, they are no longer pref-
erential pathways.

� Diffusive transport. The relevance of this pro-
cess increases as solute advection decreases.
There is evidence of the possible existence of
restrictions for the diffusion of negatively
charged species. For these, diffusion accessible
porosity is smaller than total porosity. More-
over, cross-diffusion, which affects charge bal-
ance, may also affect the transport of chemical
species. Its relevance has been evaluated in the
model of the “mock-up” test [191].
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The main solute transport parameters for the clay
barrier include: accessible porosity, effective molec-
ular diffusion coefficient and dispersivity. Most of
these parameters have been determined as de-
scribed in Chapter 5.

7.2.4. Geochemical model

Modelling of the variety of tests performed during
the project requires the construction of a sound con-
ceptual model for the most relevant geochemical
processes. The conceptual geochemical model
(CGM) is defined in terms of relevant geochemical
processes and chemical composition of pore water
bentonite at a given water content (usually under dry
conditions of 14%). Special attention has been paid
to the geochemical characterisation of the bentonite
(reported in Chapters 2 and 5) and to the checking
of data consistency.

Different conceptual geochemical models have
been proposed depending on the type of data used
in their construction: squeezing and/or aqueous ex-
tract data (see Chapter 5). The conceptual model
used by UDC initially relied on squeezing data for
the THG modelling of FEBEX tests and is denoted as
CGM-0 [190, 13]. This model was compared with
the geochemical model derived by Ciemat [12] for
the FEBEX bentonite using aqueous extract and
squeezing data. This model is referred to as
CGM-Ciemat. Both models present similar results.

During the second phase of the project, attempts
were made to develop a conceptual model capable
of simultaneously reproducing squeezing and aque-
ous extract data. An alternative model was devel-
oped using only aqueous extract data [191, 192,
193]. This is denoted as model CGM-1. Modifica-
tions were introduced in this model in order to fit not
only aqueous extract but also squeezing data. This
modified model is termed CGM-2. Therefore, up to
four conceptual geochemical models have been
proposed for the FEBEX bentonite, which include
CGM-Ciemat and models CGM-0, CGM-1 and
CGM-2 [191, 192, 193].

The main features of the geochemical conceptual
models are as follows [191, 193]:

� Models CGM-0, CGM-1 and CGM-2 con-
sider the following geochemical processes:
aqueous complexation, acid-base, mineral dis-
solution/precipitation with chemical equilibrium
or kinetics, cation exchange, and gas dissolu-
tion/ex-solution (except for CGM-0).

� The chemical species considered in the three
models are shown in Table 7.1. Primary spe-
cies, aqueous complexes and exchangeable
cations are the same in models CGM-0,
CGM-1 and CGM-2. In relation to minerals,
model CGM-0 does not consider dolomite and
assumes chemical equilibrium for all mineral
phases in the system. The difference between
models GCM-1 and CGM-2 is the assumption
of a gypsum/anhydrite initial concentration in

7.Thermo-hydro-geochemical analyses
Table 7.1
Chemical species considered in models CGM-0, CGM-1 and CGM-2

CGM-0 CGM-1 CGM-2

Primary species H2O, H+, Ca2+, Mg2+, Na+, K+, Cl-, SO4
2-, HCO3

-, SiO2(aq)

Aqueous complexes OH-, CaSO4(aq), CaCl+, MgCl+, NaCl(aq), MgHCO3
+ , NaHCO3(aq), CaHCO3

+, MgCO3(aq), CaCO3(aq),
CO2(aq), CO3

2-, KSO4
-, MgSO4(aq), NaSO4

-, H2SiO4
2-, HSiO3

-

Minerals

Calcite (equilibrium),
Chalcedony (equilibrium)

Gypsum/Anhydrite
(equilibrium, only

precipitation)

Calcite (kinetic),
Dolomite (kinetic)

Chalcedony (equilibrium)
Gypsum/Anhydrite

(equilibrium)

Calcite (kinetic),
Dolomite (kinetic)

Chalcedony (equilibrium)
Gypsum/Anhydrite
(equilibrium, only

precipitation)

Exchangeable cations H+, Ca2+, Mg2+, Na+, K+ (selectivity coefficients)

Gas No condition on CO2(g) Fixed pressure of CO2(g)
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the first and no gypsum/anhydrite present ini-
tially in the second. CGM-0 presents no gas
condition.

� The most relevant solid phases considered in
THG models are calcite, dolomite, chalcedony
and, anhydrite or gypsum. They are assumed
to be present as pure phases.

� The main silica-bearing phases present in the
bentonite are smectite, plagioclase, potassium
feldspar, quartz and cristobalite. The minor dif-
ference in the solubility products of quartz,
cristobalite (the phases which will dissolve in
the rock), and chalcedony and the proximity of
this mineral to amorphous silica (the phase that
will eventually precipitate from the solution) jus-
tifies the assumption of adopting chalcedony as
a reasonable constraint of silica in the system.

� Aluminium-bearing phases have not been con-
sidered in the THG models due to the fact that
data on aluminium concentrations are limited.

� Data on the gypsum and halite content of the
bentonite are available that indicate that these
phases are present in the bentonite, especially
in dry bentonite samples (Chapter 2). Anhydrite
is the stable calcium sulphate at temperatures
above 60 ºC. Therefore, this phase is more
appropriate than gypsum whenever tempera-
tures are above this value. This is the case for
the greater part of the “in situ”, “mock-up” and
thermo-hydraulic tests. For this reason, anhy-
drite was selected as the sulphate-bearing min-
eral phase in the numerical models of these
tests.

� The kinetics of mineral dissolution/precipitation
is not considered to be a relevant process in
reactive transport modelling of the “in situ”,
“mock up” and thermo-hydraulic tests. How-
ever, it has been considered in lab tests of
shorter duration, such as the exchange tests
and the aqueous extracts tests at different times
(up to 30 days) [193].

� For the reactivity of gas phases, and particu-
larly for the role of CO2(g), the bentonite system
is considered in all cases to be closed. This as-
sumption depends on the experimental set up
and particularly affects the carbonate system
and ion exchange behaviour. However, the
closed system environment is not guaranteed
when clay is sampled and squeezed to extract
its water.

7.3. THG codes and numerical tools

7.3.1. Developments

Significant developments have been achieved dur-
ing the FEBEX Project in terms of the capabilities of
UDC codes for water flow, heat transfer and reac-
tive solute transport.

During the first phase two new codes were devel-
oped: CORE-LE-2D v0.0a and FADES-CORE-LE
V0.0a [194, 195, 196, 197, 198].

During the second phase an extended version of
CORE-LE-2D v0.0a was developed, yielding a new
code: CORE2D. Of the different versions of this code,
CORE2D V4 [199] was mainly used in the THG anal-
yses of the FEBEX tests. Other new codes developed
within this phase of the project are: FADES-CORE V1
[200], (an updated version of FADES-CORE-LE
V0.0a); and INVERSE-FADES-CORE V0 [201], (an
updated version of FADES-CORE V1 which consider
the automatic estimation of parameters involved in
reactive transport models).

These numerical tools have been used to: 1) inter-
pret various lab tests for the purpose of proper pa-
rameter estimation, 2) interpret lab tests for the pur-
pose of identifying relevant geochemical processes,
3) predict the transport patterns of artificial tracers
added in the “in situ” and “mock-up” tests, and 4)
predict the thermo-hydro-geochemical performance
of the clay barrier for the “in situ” and “mock-up”
tests.

7.3.2. Code description

7.3.2.1. CORE-LE-2D V0.0a

This is a COde for modelling water flow (saturated
and unsaturated), heat transport and multi-compo-
nent REactive solute transport under Local chemical
Equilibrium conditions [194]. The code is an ex-
tended, widely verified and improved version of a
previous reactive transport code, TRANQUI [195].
Some of the major changes introduced into
CORE-LE-2D V0.0a which are not shared by
TRANQUI are:

� Unsaturated water flow.

� Time varying real recharge and boundary pa-
rameters for both water flow and solute trans-
port.
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452



� A thorough verification of non-isothermal reac-
tive transport.

� Anion exclusion for both saturated and non-
saturated water flow.

� Retardation by means of the Kd concept.

� Modelling of radioactive decay processes.

� Gas dissolution/ex-solution.

� Upwinding numerical algorithm for the solution
of advective-dominated transport problems, in
order to avoid numerical oscillations.

� Implementation of several sequential iterative
approaches (SIA) for solving coupled transport
+ chemistry equations.

The program is able to simulate simultaneously
groundwater flow, heat transport and multi-compo-
nent reactive solute transport under the following
conditions:

� 2-D confined or unconfined, saturated or non-
saturated steady-state or transient groundwater
flow. General boundary conditions are al-
lowed.

� Transient heat transport, considering conduc-
tion, heat dispersion and convection processes.

� Chemical equilibrium, reactions including:
aqueous complexation, acid-base, redox, min-
eral dissolution/precipitation, cation exchange,
surface adsorption and gas dissolution/ex-solu-
tion.

CORE-LE-2D is based on the sequential iteration
approach (SIA) and solves coupled hydrological
transport processes and hydro-geochemical reac-
tions. In this approach the transport and chemical
equilibrium equations are considered to be two dif-
ferent subsystems. These subsystems are solved sep-
arately in a sequential manner in accordance with
an iterative procedure. At any given iteration, the
chemical sink/source term is assumed to be known
(or taken to be equal to the value at the previous it-
eration) for the purpose of solving the transport
equations. This renders the differential equations lin-
ear, which allows for the use of fast numerical meth-
ods for the solving of linear systems of equations.
After solving the transport equations, the set of
chemical equations is solved on a node-basis. Solu-
tion of these non-linear equations is carried out us-
ing Newton-Raphson iterative procedures. After
convergence, the chemical source term is updated.
The whole iterative process (transport + chemistry)
is repeated until overall convergence is attained.

The solute transport processes included in the code
are advection, molecular diffusion and mechanical
dispersion. Solute transport boundary conditions in-
clude: (1) specified solute mass fluxes, (2) specified
solute concentrations and (3) solute sources associ-
ated with fluid sources. The code is capable of han-
dling the following types of reactions under the local
equilibrium assumption: aqueous complexation, acid-
base, redox, mineral dissolution/precipitation, gas dis-
solution/ex-solution, cation exchange and adsorption
via surface complexation (using the constant capaci-
tance model). CORE-LE-2D is capable of taking into
account any number of aqueous, exchanged and
sorbed species, minerals and gases.

The input of aqueous species, minerals, gases and
adsorbed species requires only that their names be
specified. Thermodynamic data and stochiometric
coefficients of the reactions are read directly from a
database. The database is built from the EQ3NR
database [198]. The data for surface adsorption re-
actions are implemented in the database.

7.3.2.2. FADES-CORE-LE V0.0a

The need to cope with multiphase flow (which cannot
be handled by CORE-LE-2D v0.0a) led to the devel-
opment of a multiphase, non-isothermal, multi-com-
ponent reactive solute transport code: FADES-
CORE-LE v0.0a [196]. The code is the result of add-
ing reactive transport to an existing multiphase-flow
code, FADES [197], which in addition to flow ac-
counts for soil deformation and heat transport. Solute
transport and chemical reactions have been added to
the FADES code, resulting in a new code known as
FADES-CORE-LE V0.0a.

FADES-CORE-LE V0.0a shares all the geochemical
capabilities of CORE-LE and provides additional op-
tions for solute transport, such as the possibility of
different molecular diffusion coefficients for each
primary species, and the geochemical effects of
evaporation and condensation.

7.3.2.3. CORE2D V4

CORE2D V4 [199] is a finite element code that
solves for groundwater flow, heat transport and
multi-component reactive solute transport. It ac-
counts for the following chemical equilibrium reac-
tions: aqueous complexation, acid-base, redox,
mineral dissolution/precipitation, cation exchange,
surface adsorption via surface complexation and
Kd-approach and gas dissolution/ex-solution. It also
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considers chemical kinetics for the dissolution/pre-
cipitation of minerals as well as radioactive decay.

CORE2D V4 incorporates a set of additional features
compared to those of the CORE-LE-2D V0.0a which
include:

� Adding kinetics for redox processes, mineral
precipitation/dissolution and sorption reactions.

� Automatic time stepping algorithm.

� An improved Sequential Iteration Approach
(SIA-1).

� Accounting for anisotropic diffusion.

� Accounting for different expressions of diffu-
sion.

� Allowing each chemical species to have differ-
ent transport properties.

� Accounting for solutes undergoing exclusion.

� Improving the checking of mass balance errors.

� Accounting for water evaporation.

� Introducing improvements in the input files.

� Allowing for the use of thermodynamic data-
bases other than those used previously by
CORE-LE-2D V0.0a.

7.3.2.4. FADES-CORE V1

This multiphase, non-isothermal and multi-compo-
nent reactive solute transport code is an updated
version of FADES-CORE-LE V0.0a. Features added
to FADES-CORE V1 during the second phase of the
project [200] are the following :

� Implementing subroutines for mass and charge
balance.

� Incorporating a constitutive law for permeabil-
ity as a function of pore water ionic strength.

� Adding a subroutine to avoid gas pressure os-
cillations when the medium becomes fully satu-
rated.

� Including the chemical kinetics of mineral dis-
solution/precipitation.

� Accounting for Pitzer equations to calculate the
activity coefficient for aqueous solutions of high
salinity.

� Taking into account chemical and thermal os-
mosis.

� Considering double porosity models.

� Implementing the capabilities for solving the in-
verse problem of optimum estimation of any
THG parameter. This has led to the develop-
ment of INVERSE-FADES-CORE V0.

7.3.2.5. INVERSE-FADES-CORE V0

INVERSE-FADES-CORE V0 [201] is an updated ver-
sion of FADES-CORE V1 that solves the inverse
problem by minimising a generalised least-squares
criterion by means of a Gauss-Newton-Levenberg-
Marquardt method.

This code makes it possible to estimate a wide
range of parameters by taking into account different
types of observations, including: 1) liquid and gas
pressure, 2) concentrations of chemical species, 3)
total concentration in the solid and liquid phases, 4)
water inflows, 5) water content, 6) exchanged cat-
ions, and 7) temperature [200].

The following parameters may be estimated: intrin-
sic permeability, parameters of the relative perme-
ability curve, parameters of the retention curve, such
as parameters m, n, and a of the van Genuchten
retention curve, vapour tortuosity and diffusion coef-
ficient, thermal conductivity, dispersivity, accessible
porosity, distribution coefficient, initial concentra-
tions of chemical species including pH and pE,
boundary concentrations of chemical species, selec-
tivity coefficients of exchangeable cations, cation ex-
change capacity (CEC), specific surface of minerals
and initial volume fraction of minerals.

7.4. THG modelling of laboratory
tests

7.4.1. Modelling for parameter
estimation and process
identification

7.4.1.1. Numerical interpretation
of diffusion tests

Different types of diffusion and permeation tests
were carried out by CIEMAT (Chapter 5). These tests
were performed to estimate transport and sorption
parameters, such as total and kinematic porosities,
molecular diffusion coefficients (effective and appar-
ent) and retardation coefficients. The tests were in-
terpreted by means of the available analytical solu-
tions by CIEMAT (Chapter 5). The conditions of
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some tests are not taken into account by these solu-
tions. The use of numerical models for test interpre-
tation overcomes the limitations of the analytical so-
lutions.

Diffusion and permeation tests were interpreted nu-
merically using CORE-LE-2D V0.0 and an improved
version of the code that allows for automatic pa-
rameter estimation [202]. The results of the numeri-
cal interpretation of through-diffusion (TD) and
in-diffusion (ID) tests as well as permeation (P) tests
are shown in Table 7.2.

Two types of diffusion tests have been interpreted.
The first is the so-called through-diffusion test, in
which the clay sample is placed between two water
reservoirs. A tracer is initially added to only one of
the reservoirs (the upstream reservoir). Neither the
clay nor the sinters contain this tracer. The gradient in
tracer concentration induces a diffusive flux from the
upstream to the downstream reservoir through the
clay sample. Several sets of through-diffusion (TD)
tests were performed on clay samples having a total
porosity of 0.56, which amounts to a dry density of
1.18 g/cm3, using tritiated water (HTO). HTO was
used in three TD tests, which lasted about 50 days, a

period of sufficient length for the test to achieve
steady concentrations. HTO tests were used to test
the estimation algorithms and to explore the role of
the sinters. The computed results indicate that the
sinters should be taken into account for proper inter-
pretation of the tests. Otherwise, bentonite diffusion
coefficients may be underestimated by a factor of 3.
Based on this finding, the sinters were considered for
the interpretation of all the tests. In general, the nu-
merical solution is able to reproduce fairly well the
tracer data observed in both reservoirs (Figure 7.1).
Effective diffusion coefficients for tritium range from
1.17 to 1.40·10-10 m2/s, being these values within
the range of published values for this tracer in
bentonites. The best fit is obtained with diffusive po-
rosities ranging from 0.44 to 0.5 (Table 7.2:), which
are slightly smaller than the total porosity. This result
might be an indication of a slight correlation between
the estimates of porosity and diffusion caused by a
weak lack of parameter identifiability. The tortuosity
factor ranges from 0.76 to 0.79.

Four tests were performed using strontium, Sr2+.
This tracer has a large sorption capacity. In fact, the
tracer does not reach the downstream reservoir after
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Table 7.2
Numerical results of the diffusion tests

Species Test number ø(1) De
(2) (m2/s) Da

(3) (m2/s) Kd
(4) (mL/g)

HTO

TD-1
0.56* 1.41·10-10 2.52·10-10

0.50 1.41·10-10 2.82·10-10

TD-2
0.56* 1.24·10-10 2.21·10-10

0.45 1.24·10-10 2.74 ·10-10

TD-3
0.56* 1.18·10-10 2.10·10-10

0.44 1.17·10-10 2.67·10-10

P-1 0.44/0.19 3.50·10-9

P-2 0.60/0.20 2.33·10-9

Strontium

TD-Sr-5
0.56* 1.12·10-9 1.51·10-12 626.0

0.62 1.11·10-9 1.51·10-12 621.3

TD-Sr-6
0.56* 7.57·10-10 1.15·10-12 557.4

0.64 7.61·10-10 1.17·10-12 549.9

TD-Sr-7
0.56* 1.74·10-9 1.46·10-12 975.4

0.52 1.71·10-9 1.46·10-12 995.1

TD-Sr-8
0.56* 8.50·10-10 1.21·10-12 594.0

0.63 8.35·10-10 1.16·10-12 609.1

Cesium

ID-Cs-9
0.42* 8.03·10-10 3.34·10-13 925.1

0.49 8.05·10-10 3.32·10-13 931.8

ID-Cs-10A
0.42* 3.30·10-10 1.37·10-13 924.1

0.49 3.44·10-10 1.43·10-13 924.4

ID-Cs-10B
0.42* 7.57·10-10 3.21·10-13 907.9

0.45 8.81·10-10 3.39·10-13 999.6

Selenium

ID-Se-17
0.42* 4.35·10-13 6.51·10-14 2.41

0.21 1.73·10-13 3.40·10-14 1.87

ID-Se-18
0.42* 1.39·10-13 2.29·10-14 2.17

0.25 1.23·10-13 2.23·10-14 2.02

(1) ø denotes diffusion-accessible porosity; (2) De is the effective diffusion coefficient; (3) Da is the apparent diffusion coefficient, and (4) Kd is the distribu-
tion coefficient in mL/g).
* Means that the parameter is fixed and therefore not estimated
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almost 200 days, even though it has been fully
flushed from the upstream reservoir after that time.
These tests were interpreted in two stages. First, the
porosity was fixed to a value of 0.56 while Kd and
Do were estimated. In the second stage, porosity was
also estimated, resulting in an excellent fit to the
measured data (Figure 7.2). The best fit is obtained
with diffusive porosities slightly greater than total po-
rosity. The mean diffusive porosity is 0.6. Estimated
porosities greater than the total porosity might be
caused by tracer exchange. This hypothesis requires
further testing. Effective diffusion coefficients De range
from 7.6�10-10 to 1.71�10-9 m2/s, with a mean value
of 1.1�10-9 m2/s. The estimated values of Kd also
show a wide range (from 550 to 995 cm3/g) with a
mean of 691 cm3/g. Apparent diffusion coefficients,
which take into account the effect of sorption, show
much lower scatter (from 1.15�10-12 to 1.51�10-12

m2/s) with a mean value of 1.33�10-12 m2/s). These
values are within the range of published values for
this tracer in bentonites. Estimated values of Kd and
De show a positive correlation, i.e., the larger De the
greater is Kd. The fact that the apparent diffusion co-
efficients, Da, obtained from different tests are quite
stable leads to the conclusion that TD tests for

sorbing tracers allow only Da to be estimated. The es-
timates of Kd and De may contain significant uncer-
tainty.

The second type of diffusion tests is the so-called
in-diffusion (ID) test, in which two clay samples of
identical dimensions are immersed in a reservoir
containing a tracer that is initially not present either
on the clay or on the sinters. The gradient in tracer
concentration induces a diffusive flux from the reser-
voir into the clay samples. Several sets of ID tests
were performed on clay samples having a total po-
rosity of 0.42, which amounts to a dry density of
1.57 g/cm3 using radioactive cesium (137Cs) and
selenite, SeO3

2-. Tracer activity in the reservoir was
monitored throughout the duration of the test. At the
end of the test, clay samples were sliced and total
tracer concentration was measured in each slice.

Two cesium tests were available (ID-Cs-9 and
ID-Cs-10). In one of them, the behaviour of the
sample is not symmetric, i.e. the tracer diffuses
more on one of the faces. In this case, data from
each side of the sample were interpreted separately.
The tests were interpreted in two stages. First, the
porosity was fixed to a value of 0.42 while Kd and
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Do were estimated. In the second stage, porosity was
also estimated, resulting in an excellent fit to measured
final concentration data. Some discrepancies are ob-
served in the time evolution of tracer activity in the res-
ervoir, these being attributed to uncertainties in the ini-
tial activity and to the lack of well-mixed conditions in
the reservoir. A detailed sensitivity analysis was per-
formed to evaluate the effects of several sources of
uncertainty, which include: (1) the initial concentration
in the sinters, (2) the appropriate boundary condition
for the reservoir, (3) the initial concentration in the res-
ervoir, and (4) the effective volume of the reservoir.
The results of this analysis indicate that the estimated
parameters are very sensitive to the properties and
conditions prevailing in the reservoir. Therefore, for the
proper interpretation of this type of tests it is suggested
that: (1) only one clay sample should be located in
each reservoir, (2) the initial concentration should be
measured as accurately as possible, (3) special care
should be taken in measuring the activities of the slices
located near the faces of the clay samples. The best fit
is obtained with diffusive porosities slightly higher than
total porosity. Diffusive porosities range from 0.45 to
0.49. The effective diffusion coefficient De ranges from
3.30�10-10 to 8.81�10-10 m2/s. The estimated values

of Kd range from 924.4 to 999.6 cm3/g. Apparent
diffusion coefficients, which take into account the ef-
fect of sorption, show some scatter. They range from
1.37�10-13 to 3.39�10-13 m2/s. These values are within
the range of published values for this tracer in
bentonites. Again, numerical solutions satisfactorily re-
produce the measured data (Figure 7.3).

Two selenite, SeO3
2-, tests were performed on clay

samples of 2.5 cm, half the length of the Cs cells.
Again, the tests were interpreted in two stages. First,
the porosity was fixed to a value of 0.42 while Kd

and Do were estimated. In the second stage, poros-
ity was also estimated, resulting in an excellent fit to
both final concentration data and to the time evolu-
tion of tracer activity in the reservoir. A better fit is
obtained with diffusive porosities, which are much
lower than total porosity. As in the case of what was
observed for tritiated water, this result might be the
result of parameter unidentifiability. Diffusive poros-
ities are equal to 0.21 and 0.25. The effective diffu-
sion coefficients De range from 1.23�10-13 to
1.73�10-13 m2/s. The estimated values of Kd range
from 1.87 to 2.02 cm3/g. Apparent diffusion coeffi-
cients, which take into account the effect of sorp-
tion, range from 2.23�10-14 to 6.50�10-14 m2/s. The

FEBEX Project. Updated Final Report. 1994-2004

458
0

Distance (cm)

0.00

0.05

0.10

0.20

0.15

0.25

1 2 3 4 5

Co
nc

en
tra

tio
n(

Mc
ou

nt/
L)

In-diffusion
(Cesium, Cs-9)

Observations
Model fit

Figure 7.3: Numerical interpretation of in-diffusion test Cs-9 (with cesium). Final total concentrations in the clay sample are shown.



estimated values of Kd, De and Da are within the
range of published values for Se in bentonites.

Contrary to in- and through-diffusion tests, perme-
ation tests involve advective solute transport in addi-
tion to diffusive processes. These tests are intended
to provide information on dispersivities and kine-
matic porosity, which measures the volume of
well-connected pores. Several permeation tests were
performed using tritiated water and Se. Only the re-
sults of the interpretation of HTO permeation tests
are presented here. The results of the Se tests show
unpredictable and difficult to explain patterns. Fol-
lowing the parsimony principle, the classic sin-
gle-porosity model was tested first. For the first per-
meation test (P-1) a convergent but sub-optimal so-
lution is obtained with a porosity of 0.35. The fit of
the second test is very poor, in fact, the estimation
algorithm fails to attain a convergent solution.
Given the limitations of the single-porosity model, a
more complex double-porosity model was also con-
sidered. With this model the fit of the tests is excel-
lent (Figure 7.4). However, since the double poros-
ity model involves four parameters, the issue of pa-
rameter unidentifiability becomes more of a prob-

lem, especially for the parameters of the immobile
phase. Kinematic or mobile porosity is 0.2. The ef-
fective diffusion coefficient in the mobile phase
ranges from 2.32 to 3.50�10-9 m2/s, while that of
the immobile phase is almost three orders of magni-
tude smaller.

The numerical interpretation of diffusion and perme-
ation tests has been useful for the identification of
certain issues that should be analysed in greater
depth in future projects. These issues include: 1) the
role and properties of the sinters, their effective dif-
fusion properties should be measured; 2) the initial
tracer concentration in the reservoirs, which should
be measured as accurately as possible; 3) the effec-
tive volume of the reservoir in in-diffusion tests and
4) the activities of the slices located near the faces
of the clay samples in in-diffusion tests, which
should be measured as accurately as possible; and
5) the appropriate duration of the test which should
depend on the sorbing properties of the tracer.

Some suggestions for future tests are as follows: 1)
only one clay sample should be located in each res-
ervoir for in-diffusion tests; 2) special care should be
taken in measuring the activities of the slices located
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near the faces of the clay samples; 3) the duration
of the tracer pulse should be much smaller than the
duration of permeation tests, otherwise, the concen-
tration of the inflow water should be carefully mea-
sured; 4) additional diffusion tests under non-satu-
rated conditions are required to explore the varia-
tion of anion exclusion (excluded porosity) with wa-
ter content; and 5) radial diffusion tests should be
performed in order to better identify the retardation
coefficients of compacted bentonite.

7.4.1.2. Modelling of exchange tests

Exchange isotherms

Selectivity coefficients depend on a variety of fac-
tors, one of them being the exchanger composition.
Exchange isotherms for the bentonite were deter-
mined in order to improve the modelling of ion ex-
change processes [203]. Homosodic bentonite was
first prepared and then placed in contact with sev-
eral aqueous solutions with different Na/K, Na/Mg,
and Na/Ca ratios, until saturation was reached with
respect to Ca, K, and Mg. To ensure the

reproducibility of the results, two independent series
of batch tests were performed, 10 points per series
and for each of the three isotherms (Na/K, Na/Mg,
and Na/Ca) [203].

Figures 7.5, 7.6 and 7.7 show the Vanselow selec-
tivity coefficients for Na/K, Na/Mg, and Na/Ca ex-
change as a function of the composition of the ex-
change complex. These results were fitted to a
third-order polynomial taking into account the ex-
perimental uncertainty brackets, although equal
weight was assigned to each datum:

lnNa
M

V M M Mk a a E a E a E� � ! � ! � !0 1 2
2

3
3

EM denotes the equivalent fraction of cation M ex-
changing with sodium (M = Ca, Mg, and K) and kV

is the selectivity coefficient according to the
Vanselow convention. Fitting coefficients are given
in Table 7.3.

It may be seen that the exchange coefficients are
not constant. This dependency on exchanger com-
position has to be considered in geochemical mod-
elling. Moreover, the FEBEX bentonite shows the fol-
lowing decreasing sequence of selectivities: calcium,
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Table 7.3
Fitting coefficients and their corresponding standard deviation for the Na/K, Na/Mg, and Na/Ca exchange isotherms

Coefficient Na/K �Na/K Na/Mg �Na/Mg Na/Ca �Na/Ca

a0 2.436 0.174 1.735 0.293 0.959 0.307

a1 -6.035 1.698 0.339 2.518 8.244 2.274

a2 12.288 4.24 -2.387 5.732 -19.055 4.696

a3 -8.187 2.958 2.670 3.710 12.894 2.849
sium, potassium and sodium. Therefore, a
ant release of exchanged sodium (and to a
extent of potassium and magnesium) is ex-
during the test, this being replaced by cal-

aidín - exchange experiments

ge experiments were performed in order to
e possible geochemical alterations of the clay,
sight into the kinetics of cation exchange and
te its temperature dependence [204]. In
five grams of dry powder of bentonite were

inside dialysis bags, which were in turn
inside PFA reactors filled with 125 mL of wa-

a given chemical composition (Moody, Grim-
d bentonitic-granitic type waters). The PFA re-
containing the water and the clay powder
eated to different temperatures (from room

rature up to 80 ºC) for a period of time rang-
m one day to one year. Water was renewed
ing to a prescribed schedule, but not the
hich remained in place throughout the entire
n of each test. After each water renewal, ma-
ions, silica, total inorganic carbon (TIC), and
re analysed. At the end of each test, the ex-
e complex and the CEC of the bentonite were
red.

rical modelling of these tests could have been
using CORE-LE-2D V0.0a [194]. However,
hydrodynamic transport was lacking (water
ot flow in a continuous manner but is instead
d periodically) it was more expeditious to use
rd hydrochemical codes, such as EQ3/6

A conveniently modified version of the
software package was used in which ion ex-

e reactions were formulated as half reactions

It was necessary to take into account the dissolution
kinetics of minerals present in the bentonite (calcite,
dolomite), due to the fact that they play a significant
role in the carbonate-pH system. Calcite and dolo-
mite dissolution are assumed to take place under
kinetically-controlled conditions. Kinetic rate laws
used for calcite and dolomite dissolution/precipita-
tion require knowledge of their reactive wet surface.
No measurements of the reactive surface area of
calcite and dolomite in the bentonite are available.
Therefore, an educated guess was made and a sen-
sitivity analysis was performed on the results, due to
this uncertainty.

These tests were modelled using the measured data
on the initial composition of the exchange complex
for each sample, which vary from one sample to an-
other and may not coincide with reported average
values [204, 205].

Highly soluble salts such as sulphates and chlorides
were assumed to dissolve instantaneously during ini-
tial contact between the water and the bentonite,
causing a sharp increase in dissolved calcium, so-
dium and sulphate. This process takes place only
once at the beginning of the test.

Since the chemical composition of all the renewal
waters is constant and always undersaturated with
respect to calcite and dolomite, these never reach
equilibrium within the renewal period. Consequently
they always dissolve. However, the amount of car-
bonates present in the bentonite guarantees that,
even for the longest tests, they are never exhausted.

Cation exchange tests were performed at several
temperatures and using different types of waters.
The experimental data indicate that cation exchange
is nearly independent of temperature. For the pur-
pose of examining chemical processes and testing
THG models, only a few tests performed at 20 ºC



were modelled. Here modelling results are shown
only for tests performed with Moody water.

Figures 7.8 and 7.9 illustrate the time evolution of
dissolved and exchanged Ca, respectively. It may be
seen that Ca is depleted from the solution and en-
riched in the bentonite. The rate of such depletion in
the water is higher during the first 40 days than
later. This is due to the lack of equilibrium between
the initial water and the bentonite. As ion exchange
proceeds, the bentonite approaches a state of equi-
librium with water. The inflexion point, located after
40 days, coincides in time with the balance between
dissolved sodium and the sodium in the bentonite
(Figures 7.10 and 7.11). Since Ca has a greater se-
lectivity for the bentonite than either magnesium, so-
dium or potassium, these cations are displaced from
the exchanger by calcium, at a slow rate.

The measured data and computed results show that
during the first 40 days sodium is displaced from the
exchanger by both dissolved Ca and Mg, because
both have greater selectivity than sodium. During
this time magnesium competes with calcium in de-
pleting the sodium in the bentonite. However, once
sodium reaches equilibrium with water, the higher
selectivity of calcium with respect to magnesium

causes a depletion of exchanged magnesium in the
bentonite (Figures 7.12 and 7.13 for the time evo-
lution of magnesium in the water and bentonite, re-
spectively). Potassium shows a rather similar pattern
of evolution (Figures 7.14 and 7.15).

Since PFA reactors behave like a closed system,
CO2 has been modelled accordingly. The effect of
calcite and dolomite dissolution under kinetic con-
straint is quite striking (Figure 7.16), resulting in a
characteristic saw-tooth pattern with a period of 7
days (the renewal period).

In general, the model results agree fairly well with
the experimental data, especially for dissolved cat-
ions. The computed values of exchanged concentra-
tions also reproduce the measurements, although in
some cases they deviate from them. Such deviations
are partly attributed to the effect of ionic strength on
the values of the selectivity coefficients, for which
there are no data. Experimental data should be col-
lected to confirm such ionic strength dependence. If
so proved, numerical THG models should then ac-
count for such dependence. In other cases, devia-
tions might be caused by measurement uncertainties
in exchanged cation concentrations.
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0

Time (days)

-0.01

0.00

0.01

0.03

50

"
K (

me
q/

12
5 m

L)

150 250 350100 200 300 400

0.02

Experimental data

Model data

Figure 7.14: Time distribution of �K in the solution (Kwater-KMoody). Bars represent uncertainty brackets.



7.Thermo-hydro-geochemical analyses
0

Time (days)

K
(m

eq
/1

00
g)

0.0

2.0

4.0

8.0

10.0

6.0

50 100 150 200

Experimental data

Model data

Figure 7.15: Time distribution of K in the bentonite. Bars represent uncertainty brackets.
0

Time (days)

pH

0

1

2

4

50 150 250 350100 200 300 400

3

Experimental data
Model results

Figure 7.16: Time distribution of �pH (pHwater-pHMoody). Bars represent uncertainty brackets.
467



The fact that the numerical results reproduce the ob-
served patterns of the exchange tests indicates that
the conceptual model adopted is appropriate. Some
features of the geochemical evolution of these tests
also take place in the “mock-up” and “in situ” tests.
Therefore, understanding and modelling of the CSIC-
Zaidín exchange experiments has proven to be most
useful for the development of THG models.

7.4.1.3. Modelling of aqueous extraction
and squeezing tests

A methodology based on different conceptual geo-
chemical models (CGM) described in Section 7.2.4
has been developed to interpret the chemical analy-
ses of FEBEX bentonite pore water obtained by
squeezing and aqueous extraction tests for different
S/L ratios performed by CIEMAT (see Chapter 5,
Tables 5.12 and 5.13).

Figure 7.17 to Figure 7.22 show the computed re-
sults of aqueous extracts tests for different S/L ratios
with distilled water using model CGM-1 [191, 193].
The computed values of chloride in Figure 7.17 fol-
low a straight line, indicating that this species is con-

servative. The model reproduces all the measured
data except that of 1:1. Sulphate also shows conser-
vative behaviour (Figure 7.18). Ca2+, Mg2+, Na+

and K+ are affected by mineral dissolution/precipi-
tation and cation exchange. Therefore, their trends
deviate from the straight lines of conservative spe-
cies. The computed values for these cations match
the measured data (Figure 7.19 to Figure 7.22).

Figure 7.23 illustrates that computed bicarbonate
concentrations show a trend opposite to that of
measured data, possibly due to sample CO2(g) de-
gassing during aqueous extract tests. Degassing
causes calcite precipitation and a decrease of bicar-
bonate concentration. It should be pointed out that
the model considers a fixed pressure of CO2(g) dur-
ing the test and, therefore, cannot reproduce mea-
sured bicarbonate data. This figure also shows the
sensitivity of computed bicarbonate to changes in
CO2(g) pressure. The measured data are between
the curves corresponding to CO2(g) pressures of
10-4.4 y 10-3 bar. These results tend to indicate that
measured bicarbonate at different S/L ratios might
be reproduced by using different gas pressures for
each S/L ratio.
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Figure 7.21: Na+ computed and measured aqueous extract data at different S/L ratios.
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Figure 7.24 shows that calculated pH agrees well
with the measured data at high S/L ratios, however,
at low S/L ratios the computed values deviate from
experimental data, possibly also due to CO2(g) de-
gassing. Current THG models assume either a con-
stant CO2(g) pressure or no gas flow. None of these
assumptions seems to hold under the conditions of
the aqueous extracts tests. Future studies should ad-
dress this limitation of current THG models.

When model CGM-1, which is based on aqueous
extract data, is used to model squeezing data at w
= 23.5 and 30% it is found that the computed sul-
phate concentrations largely over predict the mea-
sured squeezing data (Figure 7.25), due possibly to
an excessive dissolution of gypsum.

In order to overcome this discrepancy, a modified ver-
sion of model CGM-1 was postulated which assumes
that initially no gypsum is present in the clay sample at
w = 14%. In this modified model, which is denoted as
CGM-2, the concentration of sulphate at w = 14% is
assumed to be smaller than that of model CGM-1
[191, 193]. Optimum concentrations of other species
at w = 14% were derived by trial and error hy-
dro-geochemical modelling using CORE2D V4 [199].

Chloride, calcium and magnesium concentrations at
w = 14% for CGM-2 are greater than those of
CGM-1.

Figure 7.25 to Figure 7.31 show the comparison of
concentrations computed with models CGM-1 and
CGM-2 at different S/L ratios and their fit to the ex-
perimental data. Figure 7.25 shows the results for
sulphate. While model CGM-1, which considers the
presence of gypsum in the system, is able to fit
aqueous extract data, it fails to match measured
squeezing data. On the other hand, the concentra-
tions of sulphate computed with model CGM-2,
which does not consider gypsum in the system (al-
though it allows for its precipitation), match the
measured squeezing data but largely under predict
measured aqueous extract data. For chloride both
models give similar results, although model CGM-1
under predicts squeezing data (Figure 7.26).

In general, model CGM-2 fits better the aqueous ex-
tract and squeezing calcium and sodium data than
does model CGM-1 (Figure 7.27 and Figure 7.30).
The curves of computed calcium concentrations for
models CGM-1 and CGM-2 cross each other at a
ratio of S/L = 6, which corresponds to w = 16.6%.
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at different S/L ratios for models CGM-1 and CGM-2.
esium shows a similar pattern (Figure 7.28).
7.30 clearly illustrates that even though the

concentration (at w = 14%) is similar in both
s, the evolutions of sodium concentration with
sing S/L ratios predicted by the two models
fferent. Figure 7.31 illustrates that both mod-
dict a decrease of bicarbonate concentration
creasing S/L ratio.

mary, model CGM-1, derived from aqueous
t data, fits the measured data at different S/L
for most of the chemical species. However, it
reproduce the trend of bicarbonate, possibly
changes in the pressure of CO2(g), which are
nsidered in the model. The results computed
odel CGM-1 show slight deviations for the

ata of chloride, sodium and potassium. In
l this model cannot fit squeezing data [191,

l CGM-2 fits simultaneously aqueous extract
ueezing data, although it presents some clear

ions for sulphate and bicarbonate. The mea-
data tend to reject the hypothesis of a con-
ressure of CO2(g) during the tests. This hy-
is needs to be revised in the future [191,

7.4.1.4 Modelling of bentonite porewater
chemistry

One of the major uncertainties in the geochemical
conceptual model is the chemical composition of
the FEBEX bentonite pore water at 14% water con-
tent. This is the chemical composition needed for
THG modelling of the large tests. Geochemical
characterisation of clays can be performed in-situ
(field techniques) and ex-situ by means of laboratory
techniques (squeezing and aqueous extraction tests).
The problem of isolation of the “true” pore water to
obtain reliable data on pore water chemistry has not
yet been solved. A great deal of effort has been
made by CIEMAT to improve the water extraction
methods, and by UDC in developing numerical in-
terpretation methods, in order to achieve consis-
tency between the analytical evidence (obtained af-
ter squeezing clay samples or from aqueous extrac-
tion tests) and geochemical knowledge of the pro-
cesses taking place in the bentonite (based on min-
eralogy, exchange complex composition, selectivity
coefficients or exchange isotherms, determination of
the correct hypothesis regarding openness/closeness
of the geochemical system, relevance of chemical
kinetics, etc). These processes governing pore water



chemistry in the bentonite are the same, regardless
of whether they take place in the thermo-hydraulic
cells, in the “mock-up”, at the “in situ” barrier, in
exchange tests or in the tests conducted to extract
the pore waters from the bentonite.

Squeezing at high pressures and aqueous extracts,
which have been used to obtain pore water from
compacted FEBEX bentonite, may alter the wa-
ter-clay system in several ways and introduce sam-
pling artefacts in measured data. Squeezing at high
pressures may induce the oxidation and dissolution
of accessory minerals of the bentonite, the
deggassing of CO2(g), and chemical fractionation.
Furthermore, squeezing does not allow pore water
to be extracted from bentonites with water contents
below 20%. The squeezing method cannot be used
to characterise bentonite under ambient conditions
with a water content of 14%. For these conditions
the aqueous extract technique must be used.

The aqueous extract technique provides a method
for quantification of the total content of soluble salts
because it works with a low solid-to-liquid ratio. A
1:R aqueous extract test consists of adding to a
mass M of clay sample a mass of distilled water
equal to R times M [191, 193]. The mixture of solid
and water is allowed to react over a period of time
(usually 2 days). Subsequently, the liquid and solid
phases are separated by centrifugation. Chemical
analyses are performed on the supernatant solution.
It should be pointed out that the solid-to-liquid ratio
S/L is equal to the aqueous extract ratio 1:R when
the clay sample is completely dry. If the clay sample
has an initial gravimetric water content, w0, then the
ratio S/L is given by [191, 193]:

S

L w R w
�

� �

1
10 0( )

(7.1)

During the extraction, the mineral dissolution of var-
ious soluble minerals (halite, carbonates and gyp-
sum) and cation exchange processes take place, af-
fecting the concentrations of the dissolved species.
These processes complicate the interpretation of
aqueous extract data.

Since the laboratory techniques used to obtain ben-
tonite pore water may alter the geochemical system
and introduce sampling artefacts, indirect methods
based on hydro-geochemical modelling are needed
in order to infer the chemical composition of ben-
tonite pore water. Different methods have been de-
veloped to interpret chemical analyses of FEBEX
bentonite pore water obtained by aqueous extract
tests. These methods have been applied to model
different aqueous extract tests carried out by
CIEMAT on intact FEBEX bentonite samples at the
following 1:R ratios: 1:1, 1:2, 1:4, 1:8, 1:10 and
1:16 with distilled and granitic water (see Chapter
5, Tables 5.13 and 5.14). Tests were also per-
formed with different reaction times, ranging from 2
to 30 days, for a 1:4 ratio in order to evaluate the
kinetics of mineral dissolution/precipitation. The re-
sults obtained from these tests were compared to
values derived from squeezing tests carried out by
CIEMAT (see Chapter 5, Table 5.12).

The initial bentonite pore water chemical composi-
tion was obtained by inverse hydro-geochemical
modelling using the reactive transport code CORE2D

V4 [199]. Starting with the initial chemical composi-
tion of bentonite pore water at a water content of
14%, distilled water is added until the appropriate
S/L ratio of the test is attained. The distilled water
added to the bentonite samples has a pH of 7 and
the chemical concentration of all species is 10-20

mol/L. CO2(g) is fixed at atmospheric pressure
(10-3.5 bar). Cation exchange was modelled using

7.Thermo-hydro-geochemical analyses
Table 7.4
Selectivity coefficients and cation exchange capacity used in the model

Selectivity coefficients Exchangeable cations (meq/100g)

NaX 1 26.95

KX 1.43·10-1 2.29

Mg2X 4.40·10-1 33.15

Ca2X 5.63·10-1 33.1

HX 8.40·10-6 1
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selectivity coefficients calculated in accordance with
the Gaines-Thomas convention. Table 7.4 shows
selectivity coefficients and cation exchange capacity
(CEC) values.

Tables 7.5 and 7.6 show the chemical compositions
of FEBEX bentonite pore water under ambient (w =
14%) and saturated conditions (w = 23.8%) inferred
with different conceptual geochemical models
CGM-0, CGM-1 and CGM-2 [191, 193]. These
chemical compositions were derived from hydro-geo-
chemical modelling of different aqueous extracts and

squeezing tests. These tables also contain the values
calculated using model CGM-Ciemat. In general,
the inferred concentrations at w = 14% with different
models are similar. At saturation, w = 23.8%, there
are discrepancies, which are significant for sulphate,
bicarbonate and calcium [191, 193].

7.4.2. Modelling permeability tests

The experimental column used for the permeability
test consists of a stainless steel cell in which a sam-
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Table 7.5
Inferred chemical composition (mol/L) and pH of FEBEX bentonite pore water at 14% water content obtained
with different conceptual geochemical models

CGM-0 CGM-1 CGM-2 CGM-Ciemat

Cl- 1.8·10-1 1.55·10-1 1.85·10-1 1.6·10-1

SO4
2- 2.1·10-2 3.1·10-2 2.2·10-2 3.2·10-2

HCO3
- 5.7·10-4 3.9·10-4 4.1·10-4 4.1·10-4

Ca2+ 1.1·10-2 2.1·10-2 2.5·10-2 2.2·10-2

Mg2+ 1.4·10-2 2.2·10-2 3.2·10-2 2.3·10-2

Na+ 1.8·10-1 1.28·10-1 1.28·10-1 1.3·10-1

K+ 1.6·10-3 2.3·10-3 2.3·10-3 1.7·10-3

pH 7.86 7.62 7.62 7.72
Table 7.6
Inferred chemical composition (mol/L) and pH of FEBEX bentonite porewater at 23.8% water content obtained
with different conceptual geochemical models

CGM-0 CGM-1 CGM-2 CGM-Ciemat

Cl- 1.12·10-1 1.10·10-1 1.39·10-1 1.13·10-1

SO4
2- 1.27·10-2 4.37·10-2 1.65·10-2 4.30·10-2

HCO3
- 6.45·10-4 4.15·10-4 4.55·10-4 1.54·10-3

Ca2+ 6.34·10-3 1.92·10-2 1.66·10-2 1.54·10-2

Mg2+ 8.82·10-3 2.14·10-2 2.16·10-2 1.94·10-2

Na+ 1.14·10-1 1.20·10-1 1.06·10-1 1.29·10-1

K+ 1.04·10-3 2.15·10-3 1.64·10-3 1.24·10-3

pH 7.94 7.65 7.69 7.43



ple of compacted clay is subject to water flow (Fig-
ure 7.32). The internal diameter of the cell is 5 cm
and the length is 2.5 cm. An HPLC pump injects a
solution at a pressure of 4 MPa through a porous
stainless steel filter, providing a flow rate that after
stabilisation reaches a nearly constant value of ap-
proximately 2.0�10-3 L/month. The out-flowing water
emerges through another stainless steel filter, is re-
covered at the end of the compacted clay and sam-
pled inside a syringe [191, 206, 207]. The main
characteristics of this test are listed in Table 7.7.

The chemical composition of the inflow granitic wa-
ter is listed in Table 7.8 [206]. The initial pore water
chemical composition of the FEBEX compacted ben-
tonite at a dry density of 1.65 g/cm3 depends on

the conceptual geochemical model used in THG
modelling.

Hydrodynamic and chemical data were monitored
throughout the duration of the experiment. Nearly
2�10-3 L were needed for a complete chemical anal-
ysis; therefore samples could only be taken once the
cell delivered a sufficient amount of water. The first
sample of 2�10-3 L was obtained after 69 days, the
second after 107 days and the rest of the aliquots
were obtained, regularly, each month with an ap-
proximate flow rate of 2�10-3 L/month.

The clay sample has a dry density of 1.65 g/cm3 and
a porosity of 0.39. A total volume of 9.113�10-2 L
was collected after 1177 days. The quasi steady-state
hydraulic conductivity of the clay is 2.7�10-14 m/s.

7.Thermo-hydro-geochemical analyses
Table 7.7
Main characteristics of the permeability test

Initial time
Initial dry density

(g/cm3)
Initial gravimetric
water content (%)

Total clay weight
(Kg)

Pore volume
(m3)

Injection
pressure (MPa)

29/9/98 1.65 23.1 9.97·10-2 1.909·10-5 4
Syringe

Stainless steel cell

25
mm

50 mm

Injection point

O- Ring

Porous stainless
steel filter

Granitic
water

HPLC
Pump

P=40 bar

Compacted
Clay

Figure 7.32: Schematic design of the permeability test [206].
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Table 7.8
Chemical composition (mg/L) of the inflow granitic water (1)

Cations Concentration Anions Concentration

Na+ 11.5±0.7 F- 0.20

K+ 1.0±0.00 Cl- 13.5±0.7

Ca2+ 40±7.1 Br- <0.10

Mg2+ 8.9±0.7 NO2
- <0.10

Sr+ 0.09±0.01 NO3
- 4.3±0.7

Ba+ 0.04±0.01 HCO3
- 144.5±0.7

Cs+ 5.6·10-3 SO4
2- 14±0.0

Al3+ 80·10-3 PO4
3- <0.10

B3+ 31·10-3±41·10-3 SiO2 22.1±0.1

Mn2+ <0.03 I- 10.7·10-3±3·10-3

(1) pH=8.15±0.21; Eh=262 mV; EC=291 �S/cm.
lectrical conductivity of the effluent water de-
d from 15536 in the first aliquot to 700 �S/cm
last. Most chemical species show clear dilution
, which are shown below. Chloride, for in-
, decreases from 3500 to 64 mg/L [206].

.1. Uncertainties in interpretation
of the permeability cell test

are uncertainties in interpretation of the per-
ility test related to the conceptual geochemical
l. The test was modelled using the three con-
l models. The modelling results with these
conceptual geochemical models reproduce
neral trends of the measured data. The mod-

il, however, to capture the long tails of most
s. The concentrations of some species are
timated from 200 to 600 days. There are un-
ties in the initial concentration of some spe-
uch as calcium. These limitations were over-
by estimating initial concentrations and diffu-
oefficients. Another uncertainty is related to

adsorption/desorption. Numerical results
that proton adsorption/desorption is very im-

portant for pH evolution over time, while this is not
the case for bicarbonate (Figures 7.33 and 7.34).
Another source of uncertainty is related to the rele-
vance of double porosity.

7.4.2.2. Numerical model and results

Single porosity model: forward model

In the single porosity model, the system is divided
into two material zones, one for the bentonite and
another for the stainless steel filter. The parameters
used for these two material zones are summarised
in Table 7.9. Transport porosity, density and satu-
rated hydraulic conductivity were taken from the ex-
perimental results. Diffusion coefficients were taken
from those used for the coupled thermo-hydro-geo-
chemical models of the “mock-up” and “in situ”
tests [13, 191, 206, 207]. Dirichlet flow boundary
conditions have been used. The calculated water
outflow is compared to the measured outflows in
Figure 7.35. For solute transport a Neuman trans-
port boundary condition was used, according to
which solute flux is equal to the product of solute
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concentration times water flux. The permeability test
was modelled using CORE2D V4 [199]. Using model
CGM-0 and considering protonation/deprotona-
tion, a forward reactive transport model has been
performed [207].

Single porosity model: inverse model

Chloride, which undergoes anion exclusion, was
analysed separately by estimating its accessible po-
rosity and diffusion coefficient. The estimation results
are shown in Table 7.10. Breakthrough curves of
chloride computed with and without anion exclusion
are compared to measured data in Figure 7.36. Al-
though the overall fit of the model results to the mea-
sured data is good, a semi-log plot of concentrations
(Figure 7.37) reveals that this model does not repro-
duce well the long tail of the curve. The model tends
to underestimate concentrations later in time.

The inverse problem was modelled using IN-
VERSE-CORE2D V1 and solved in two steps. In the
first step, the initial concentrations of Ca2+, Mg2+,
Na+, K+, SO4

2- and HCO3
- were estimated. In the

second step, initial concentrations of Ca2+, Mg2+,
Na+, K+, SO4

2-, HCO3
- together with the diffusion

coefficient were estimated simultaneously. Table
7.11 shows the estimated initial concentrations and
effective diffusion coefficient for these two steps.

Model results improve by estimating initial concen-
trations and effective diffusion coefficients. However,
there are discrepancies for bicarbonate, which are
especially noticeable in the early stages. As stated
above, bicarbonate concentrations are very sensitive
to changes in CO2(g) pressure. The reason for the
poor fit of the bicarbonate data is, therefore, related
to an inadequate definition of CO2(g) pressure in
the model.
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Table 7.9
Parameters of FEBEX compacted bentonite and stainless steel filter

Parameters Bentonite Stainless steel filter

Saturated hydraulic conductivity, m/s 2.93·10-14 2.93·10-8

Total transport porosity 0.39 0.80

Molecular diffusion coefficient, m2/s 5.70·10-11 5.70·10-11

Longitudinal dispersivity, m 0.01 0.01

Transverse dispersivity, m 0.01 0.01

Dry density, g/cm3 1.65 1.20

Tortuosity �7/3 / �
2 (1) �7/3 /�2 (1)

(1) where � is water content and � is porosity
Table 7.10
Estimated effective diffusion coefficient and accesible porosity for chloride

Parameters Estimated values

Effective diffusion coefficient, m2/s 6.33·10-12

Accesible porosity 0.237
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Figure 7.35: Modelling results of cumulative water outflow volume with Dirichlet flow boundary condition.
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Figure 7.37: Breakthrough curve of chloride on a semi-logarithmic scale.
e porosity model

rally the term ‘double porosity’ is used to rep-
a conceptual model in which, based on the

scopic heterogeneities, the medium is divided
o or more domains, coupled by an interac-
rm for the modelling of flow and solute trans-

port. This kind of conceptual model may be called
‘dual-domain’, ‘dual region’, ‘multi-region’, etc.,
and the sub-regions may be two or more mobile re-
gions or one mobile region and one immobile re-
gion [191, 206, 207]. Dual or double porosity
models assume that a porous medium consists of
two separate but connected continua. Of these, one
Table 7.11
Estimated effective diffusion coefficient (m2/s) and initial concentrations (mol/L)

Parameters Estimated values in step 1 Estimated values in step 2

Effective diffusion coefficient - 9.51·10-12

Ca2+ 1.64·10-2 1.44·10-2

Mg2+ 2.00·10-2 1.80·10-2

Na+ 1.14·10-1 1.04·10-1

K+ 5.74·10-4 5.94·10-4

SO4
2 4.04·10-2 3.84·10-2

HCO3
- 6.45·10-2 6.85·10-3



continuum is associated with a system or network of
fractures, fissures, macropores, or intra-aggregate
pores, while the other continuum involves the po-
rous matrix blocks or soil aggregates. Hence, dual
porosity models usually involve two flow/transport
equations, coupled by means of a sink/source term
to account for water/solute transfer between the
pore systems.

The dual-porosity concept has been commonly used
to describe the preferential movement of water and
solutes at the macroscopic scale, a phenomenon
that is widely believed to occur in most natural (un-
disturbed) media. This double porosity model has
been used to predict water flow in fractured reser-
voirs or solute transport during both steady-state
flow and transient flow.

Compacted clay also exhibits a double porosity be-
haviour. As shown in Figure 7.38, the double po-
rosity model includes two parts: macro-pores
through which water flows, this consequently being
considered the mobile part, and micro-pores
through which there is no flow, which may be con-
sidered as the immobile part. An increased level of
complexity may be built into the single porosity
model by assuming that equilibrium is not reached

between the mobile part (macro-pores) and the im-
mobile part (micro-pores which may not be well
connected). Furthermore, it is assumed that almost
all of the water flows through the mobile part, al-
though mass transfer (by molecular diffusion) exists
between the mobile and immobile parts. In order to
account for the two regions in CORE2D V4 [199],
three material zones were defined: material 1 which
corresponds to the mobile part; material 2 for the
immobile part, while material 3 is used to model the
two stainless steel filters located upstream and
downstream of the clay sample (Figure 7.39).

Let fm and fim be the fractions of the total volume of
the sample occupied by the mobile and immobile
domains, respectively. By trial and error we esti-
mated that fm = 0.3 and fim = 0.7. In other words,
the mobile zone occupies 30% of the total volume
of the sample, while the immobile zone of the clay
sample is 70%.

It should be noticed that in our formulation of the
double porosity, model porosities for mobile and
immobile zones (materials 1 and 2) are not global
porosities, but relative porosities. Let �m and �im be
the relative porosities of the mobile and immobile
zones, which are defined as the ratio of void volume

7.Thermo-hydro-geochemical analyses
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Figure 7.38: Schematic representation of the ‘macro-pores’, and ‘micro-pores’ in the double porosity model [207].
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Material 2 immobile part

Material 1 mobile part

Material 3 steel filter

Figure 7.39: Mesh used in the double porosity model.
total volume of each domain. According to
pproach, the total porosity of the sample is
by �=�mfm+�imfim. Parameters �m and �im

a clear physical meaning, although they are
o measure. It should be noticed that the over-
rosity of the mobile region may be computed
fm. Similarly, �imfim represents the overall po-
of the immobile region. According to our ex-
ce, this way of parameterising double porosity

affected by the geometry adopted in the
l. Therefore, the values �mfm and �imfim are in-
dent of the model geometry. The hydrody-

parameters used in the double porosity
l, and the corresponding physical values, are
in Table 7.12.

ouble porosity behaviour of chloride was stud-
st. Based on the measurement of chloride, to-
rosity for each domain was estimated, this be-
ed for the rest of the species. In addition, the
ve diffusion coefficient and accessible porosity
loride of each domain were estimated. Anion
ion was considered for chloride in both the
e and immobile parts. Effective diffusion coef-
s for chloride are shown in Table 7.13. The
ve diffusion coefficient of the mobile domain

is very similar to the values measured by CIEMAT
[191, 205]. The double porosity model leads to re-
sults that are better than those of the best inverse
single porosity model (Figure 7.40).

There are several uncertainties regarding the double
porosity behaviour of reactive species, mineral
phases and exchangeable cations for each domain.
However, as a first attempt, diffusion coefficients for
each reactive species were estimated (Table 7.13).
The modelling results are compared with the best
results of the single porosity model in Figure 7.40 to
Figure 7.47. Some figures are shown on a
semi-logarithm scale to illustrate the calculation of
the tails of the curves.

7.4.3. THG modelling of heating
and hydration cells

A large number of laboratory tests have been con-
ducted by CIEMAT in thermo-hydraulic CT cells (see
Chapter 5, Table 5.31). These tests reproduce the
effect of simultaneous heating and hydration of ben-
tonite under conditions similar to those of the “in
situ” and “mock up” tests. However, some differ-
ences are observed between the numerical results
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Table 7.12
Material zone parameters for double porosity models

Material
K1

(1)

(m/s)
K2

(1)

(m/s)
�, �m, �im

(1) DSL
(1)

(m)
DST

(1)

(m)

1 9.75·10-14 9.75·10-14 0.7 2.50·10-3 5.00·10-4

2 2.93·10-17 2.93·10-17 0.257 2.50·10-3 5.00·10-4

3 2.93·10-7 2.93·10-7 0.8 1.00·10-3 1.00·10-3

Physical value 2.93·10-14 2.93·10-14 0.39 2.50·10-3 5.00·10-4

(1) K1 is hydraulic conductivity in the direction of the flow while K2 is the conductivity in the transverse direction. �, �m , �im are total porosity, porosity of mobile

domain and porosity of inmobile domain, respectively. DSL and DST are longitudinal and transverse dispersivities.
e

s

2
T

o

l
s

Table 7.13
Effective diffusion coefficients for the double porosity model

Species
Effective diffusion coefficients, m2/s

Material 1 Material 2 Material 3

H+ 8.86·10-11 3.25·10-17 1.48·10-8

Ca2+ 8.86·10-11 3.25·10-17 1.48·10-8

Mg2+ 8.86·10-11 3.25·10-17 1.48·10-8

Na+ 8.86·10-11 3.25·10-17 1.48·10-8

K+ 8.86·10-11 3.25·10-17 1.48·10-8

Cl- 1.35·10-12 7.29·10-15 1.48·10-8

SO4
2- 8.86·10-11 3.25·10-17 1.48·10-8

HCO3
- 8.86·10-11 3.25·10-17 1.48·10-8
CT cells and the “in situ” and “mock up”
These differences may be attributed to scale
(both in space and time). Tests performed on

, CT-23 and CT-24 were modelled [190, 13,
08]. Here only the results of thermohydraulic
-23 are presented.

the initial FEBEX work, the modelling of
-hydraulic cell CT-23 was performed using
-CORE-LE V0.0a [196]. As a general proce-

or modelling CT cells, first a two-dimensional
was run in order to calibrate flow and trans-
ing the available data and parameters. Once
ermo-hydraulic (TH) model had been cali-

brated, a one-dimensional numerical model was
used for the purpose of full thermo-hydro-geochem-
ical (THG) modelling. In addition to the base or ref-
erence model, sensitivity analyses were also per-
formed with respect to key parameters such as diffu-
sion coefficients, vapour tortuosity, and selectivity
coefficients.

The most relevant transport processes occurring in
the cell may be deduced from the behaviour of a
conservative species such as chloride (Figure 7.48).
For the purpose of better illustrating the transient
behaviour of water flow, solute transport and geo-
chemical reactions, space and time have been nor-
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Figure 7.40: Modelling results for chloride with single and double porosity models.
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Figure 7.41: Modelling results for sodium with single and double porosity models.
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Figure 7.42: Modelling results for potassium with single and double porosity models.
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0 200 400 600 800 1000 1200 1400 1600

Time (days)

Ca
(m

ol/
L)

2+

Ca measurements2+

Single porosity model
Double porosity model

Figure 7.43: Modelling results for calcium with single and double porosity models.
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Figure 7.44: Modelling results for magnesium with single and double porosity models.
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Figure 7.45: Modelling results for sulphate with single and double porosity models.
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Figure 7.46: Modelling results for pH with single and double porosity models.
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malised from 0 to 1. The values computed at the
end of the experiment, that is at 183 days, (t = 1)
are compared to the available data [190, 13].

This conservative anion increases its concentration
close to the heater (right part of Figure 7.48) due to
water evaporation (the vapour condenses at a cer-
tain distance from the heater, thus diluting the local
chloride content). Near the water inlet, concentra-
tions decrease due to water hydration. Both pro-
cesses develop a concentration gradient that trig-
gers back-diffusion of chloride from the hot end to
the cold side. This diffusion takes place in the oppo-
site direction from advective flow. This is the reason
why this diffusion is known as backwards diffusion.

At the end of the test the concentration profile along
the cell is still not flat, meaning that the system has
not yet reached chemical and transport steady-state.
Computed values at the end of the test capture the
trends of experimental data.

Transport mechanisms for other chemical species
are similar. However, their concentration patterns
are more complex, as these species are affected by
dissolution/ precipitation and ion exchange.

The THG model of thermo-hydraulic cell CT-23 was
improved and updated by UDC during the second
phase of FEBEX [191]: 1), this including the updat-
ing of TH parameters according to the THG model
of the “mock-up” test, 2) debugging oscillations in
gas pressures, 3) checking mass and charge bal-
ance errors, 4) evaluating the relevance of Pitzer
equations for the calculation of activity coefficients
and 5) performing sensitivity analysis to determine
diffusion coefficient and accessible porosity. The
code INVERSE-FADES-CORE V0 [201] was used to
estimate the following parameters: accessible poros-
ity, diffusion coefficient and vapour tortuosity [191,
201]. Given the uncertainties in the thermal condi-
tions along the external surface of the cell, the up-
dated TH model considers only the central part of
the cell.

Table 7.14 shows the parameters and boundary
conditions of the previous and updated TH. The
computed values of water content and cumulative
water inflow are shown in Figures 7.49 and 7.50,
respectively.

Oscillations in gas pressures were observed in the
TH models under two conditions: 1) the medium be-

FEBEX Project. Updated Final Report. 1994-2004

492
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

10
-3

10
-2

10
-1

10
+0

10
+1

10
+2

10
-4

10
-5

Dimensionless distance

Cl
(m

ol
al

ity
)

-

t = 0
t = 0.011
t = 0.126

t = 0.569
t = 1
t = 1 measured

Dimensionless time

Figure 7.48: Spatial distribution of chloride in the pore water at different times for cell CT-23. Space and time have been normalised from 0
to 1. Computed values at the end of the experiment (t=1) are compared to available data. Note that the water inlet corresponds to x=0.



comes
the ga
model
reason
switch
progra
der no
oscilla
pressu
and IN

When
mass
time. T
solved
be com

Nume
pressu
code.
and w
as is s
Oscilla
the TH
not ha
conten

The a
large
The po
numer
and c

7.Thermo-hydro-geochemical analyses
Table 7.14
Parameters and boundary conditions of previous and updated TH models of cell CT-23

Parameters/boundary condition Updated TH model Previous TH model

Intrinsic permeability
of liquid

2.75·10-21 m2
k kil il� !

�

�
��

�

�
��!





�

�
��

�

�
��

0

0

3

0

2
1
1

�

�

�

�

with k il
0 2010�  m2 and �0=0.41

Retention curve
S l� 

� ! 

( / ) /

( ( ) )

.

/ . .

1 1100000

1 5 10

1 1

5 1 0 82 0 18

�

�
S l� � ! 1 1 143 10 4 1 0 65 0 35/ ( ( . ) )/ . .�

Porosity 0.43 0.41

Grain density (g/cm3) 2.693 2.78

Heat boundary condition 83 oC 75 oC
fully saturated; 2) a closed system is used for
s phase. Such problems were found in the TH
s of cell CT-23 and in the “in situ” test. The

for this oscillation is that when the medium
es from non-saturated to fully saturated, the
m continues to calculate gas pressures as un-
n-saturated conditions. In order to avoid such
tions, a subroutine for the calculation of gas
re was implemented in FADES-CORE V1 [200]
VERSE-FADES-CORE V0 [201].

the medium is fully saturated, neither the
nor the volume of dissolved air change with
hus, changes in the absolute pressure of dis-
air, Pa, due to changes in temperature T may
puted from the following equation:

P
T

T
Pa a2

2

1
1� (7.2)

rical solutions are free of oscillations in gas
res by implementing this equation in the
It should be noticed that both water content
ater inflow are affected by such oscillations,
hown in Figures 7.49 and 7.50 [191, 201].
tions in gas pressures were observed also in
model of the “in situ” test. However, they do

ve a large effect on the model results of water
t.

nalysis of computed concentrations reveals
mass balance errors for chloride and sulphate.
ssible reasons for such errors, include: 1) the

ical scheme used for solving of the transport
hemical equations (sequential partly iterative

approach, SPIA, versus the general sequential itera-
tive approach, SIA), 2) the correction term used to
update the activity of water and 3) the process of
anion exclusion, which is relevant for chloride. It
should be remembered that only 75% of total po-
rosity is accessible to chloride. Mass balance errors
for chloride are found to be small when SIA is used
and the correction term is fixed to a value equal to
1. However, charge balance errors are still large
[191, 209].

The numerical analysis of the effect of cross-diffusion
processes and anion exclusion on charge balance in-
dicates that anion exclusion is the main cause of
charge balance errors. Cross-diffusion phenomena
affect computed concentrations, but do not improve
charge balance [191, 210].

Since the ionic strength of pore water near the
heater may reach values too high to make the use
of Debye-Huckel equations valid for the calculation
of activity coefficients, Pitzer equations were imple-
mented in FADES-CORE V1 [200] and INVERSE-
FADES-CORE V0 [201]. The effect of using Pitzer
equations on the model results was evaluated.

Activity coefficients computed with Pitzer (P) and
Debye-Huckel (DH) equations generally have similar
values. The largest differences occur for Ca2+ and
Mg2+. Activity coefficients which would be near one
for an infinitely diluted solution, take values of
around 0.8 for monovalent ions such as H+, Na+,
K+, Cl- and HCO3

-, and are usually smaller for di-
valent anions (SO4

2-) and cations (Ca2+ and Mg2+).
Attention is called to the extremely low activity coef-
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Figure 7.49: Comparison of modelling results of water content prior to and after debugging. The measurements are the data measured
at a radial distance of 3.75 cm from the centre of the sample.
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ficient of SO4
2- near the heater at both 80 (Table

7.15) and 180 days.

Figure 7.51 shows the time evolution of ionic
strength near the heater, which is where this param-
eter reaches its highest values [191]. Here ionic
strength increases with time and reaches a maxi-
mum value after 80 days. The peak value for
Debye-Huckel equations is slightly higher than that
of Pitzer equations. The computed concentrations at
the end of the experiment with Debye-Huckel and
Pitzer equations do not show significantly difference
for most of the monovalent ions. For Ca2+ and
Mg2+ there are noticeable differences. Figures 7.52
and 7.53 are presented in order to better illustrate
the difference in the results obtained using
Debye-Huckel and Pitzer equations. These figures
show the ratios of computed concentration with
Debye-Huckel (CDH) and Pitzer (CP) equations for
anions and cations. The Mg2+ and Ca2+ concentra-
tions obtained using Debye-Huckel equations are
around 15 to 30% higher than those computed with
Pitzer. For other ions, the differences are smaller
than 10%.

It is well known that Pitzer equations are relevant for
highly concentrated solutions with ionic strengths
greater than 1 M. Since the ionic strength of the
pore water solution in cell CT-23 is lower than 0.3
M in most of the cell except at the contact with the
heater, the use of Pitzer equations to calculate activ-

ity coefficients leads to almost the same results as
those given by the Debye-Huckel equation.

Diffusion coefficient and accessible porosity are the
key transport parameters in the THG modelling of
CT-23. Taking advantage of the recent develop-
ment of the code INVERSE-FADES-CORE V0 [201]
(which solves the inverse problem of non-isothermal
multiphase flow), optimum values of the diffusion
coefficient and accessible porosity were obtained for
Cl-. Figure 7.54 shows the comparison of Cl- spatial
distribution model results with measured squeezing
and aqueous extract data [191].

There are some differences in the concentrations
computed in the initial phase of FEBEX [190, 13]
(Figure 7.48) and those computed using the up-
dated model in the second phase (see Figure 7.54),
these being related to changes in TH parameters,
diffusion coefficient and accessible porosity.

The model results indicate that concentrations are
more sensitive to D0 and �a than they are to vapour
tortuosity. The results of the inverse model lead to a
(pure water) diffusion coefficient of around
2.08�10-10 to 2.61�10-10 m2/s and an accessible
porosity equal to 80% of total porosity for chloride.
These values provide an effective diffusion coeffi-
cient for chloride under saturated conditions which
ranges from 3.2�10-11 to 4.0�10-11 m2/s. These val-
ues are an order of magnitude larger than those

7.Thermo-hydro-geochemical analyses
Table 7.15
Activity coefficients calculated with Debye-Huckel and Pitzer equations at 80 days at a point located at radial distance
of 0.074 m from the water inlet

Species �DH �Pitzer

H2O 0.998 0.998

H+ 0.843 0.779

Ca2+ 0.440 0.335

Mg2+ 0.478 0.354

Na+ 0.797 0.786

K
+ 0.785 0.780

Cl- 0.785 0.820

SO4
2- 0.397 0.384

HCO3
- 0.797 0.794
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Figure 7.51: Time evolution of ionic strength at a point located at a radial distance of 0.139 m from the water inlet (near the heater).
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obtained by CIEMAT from diffusion experiments per-
formed on small saturated samples (see Chapter 5).
This discrepancy seems to indicate that chloride dif-
fusion may be faster in partly-saturated bentonite
than in fully-saturated bentonite. Such a discrepancy
might be overcome by using a double porosity
model.

7.5. THG modelling
of the “mock-up” test

7.5.1. TH model

The hydration of the barrier in the “mock-up” test
commenced with water filling all the joints and
macro gaps (in the periphery, between blocks and
in the bentonite due to machining for the locations
of cables and sensors, etc.). To accomplish this, the
clay barrier was flooded with water under pressure.
Available water on the external surface of the clay
barrier can flow uniformly in the radial direction or
can take a preferential path through the joints be-
tween blocks. Water will flow through the joints as
long as they remain open. The time period during
which joints are open depends not only on the
hydration process, but also on the swelling of the
bentonite in the blocks. Once joints are closed,
bentonite hydration takes place, fundamentally from
outside to inside. The laboratory tests performed by
CIEMAT on sealing of the blocks clearly show that,
during the beginning of the test, a significant part of
the injected water flowed along the joints, flooding
them, and causing their sealing. This means that af-
ter the sealing of the joints by the swelling of the
bentonite, the water can only flow from the periph-
eral surface.

During the initial phase of FEBEX a boundary condi-
tion of constant pressure flow equal to 0.55 MPa
was adopted for the periphery of the clay barrier.
The conceptual hydration model assumed that, dur-
ing the first 6 days, 550 L of water entered through
the transversal block joints (which represent the ma-
jority of the volume of gaps and are those that show
the greatest spatial continuity). After the initial pe-
riod of hydration, it is assumed that the joints are
sealed and, therefore, that from that time hydration
may take place only radially from the external sur-
face of the barrier [47, 190, 13].

The thermo-hydrodynamic model of the “mock-up”
test during the initial phase was constructed based

mainly on the parameters and constitutive laws pro-
posed in the pre-operational report [47]. Some pa-
rameters were later adjusted once data from the
“mock-up” test were available. The adjusted param-
eters include: gas and liquid intrinsic permeabilities,
gas boundary condition (open or closed conditions),
the retention curve and the thermal conductivity of
the bentonite. The model is sensitive to variations in
these parameters. This allows for good calibration
of the model parameters. The optimum parameter
values adopted for the reference model are: intrinsic
permeability of bentonite for liquid 2.75�10-21 m2,
intrinsic permeability of bentonite for gas 5�10-10

m2, vapour tortuosity 0.5, the exponent of the Irmay
equation 3 and open-to-gas boundary conditions.

The reference model leads to results which repro-
duce well the observed water inflows (Figure 7.55),
water flow rates, temperatures and relative humi-
dities. This result is a clear indication of the “valid-
ity” of the TH model. However, the possibility of
other parameter combinations leading to similar fits
cannot be precluded.

Predictions of the rate of hydration of the “mock-up”
test were performed up to 10 years. After this time
the barrier is almost under saturation conditions, al-
though full water saturation is not yet reached.

7.5.1.1. Analysis of unexpected trends

The TH model of the “mock-up” test reproduces the
trend of measured cumulative water inflow for al-
most the first 800 days of hydration, as is shown in
Figures 7.55 and 7.56 [190, 13]. However, since
November 1999 (almost 3 years after the beginning
of the hydration) the measured cumulative water in-
flow increased at a slower rate than computed val-
ues (Figure 7.56). Such unexpected deviations were
also partly confirmed by relative humidity data. In
order to explain such deviations, during the second
phase of FEBEX [191], the following hypotheses
were postulated and analysed:

� Variation of intrinsic permeability with ionic
strength

� Coupled fluid transport process such as chemi-
cal and thermal osmosis

Variation of intrinsic permeability with ionic strength

The diffuse double layer theory and some experi-
mental results indicate that hydraulic conductivity
may be influenced by the concentration of dissolved
species in the permeating liquid. In FEBEX, the ben-
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Figure 7.55: Comparison of computed and measured cumulative injected water volumes in the “mock-up” test.
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tonite pore water concentration decreases due to
the inflow of less saline granite water. A variation of
intrinsic permeability with ionic strength may ac-
count for the discrepancy in water inflow. Expres-
sions relating hydraulic conductivity to ionic strength
were reviewed from published references [191,
210]. Subsequently, during the second phase these
expressions were implemented in FADES-CORE V1
[200]. Finally, the THG model of the “mock-up” test
was run using a constitutive law of variable intrinsic
permeability as a function of ionic strength. The
published data may be fitted to the following gen-
eral expression with homogeneous dimensions
[191]:

K
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where K is the liquid intrinsic permeability, I is the
ionic strength, K0 and I0 are reference values of K

and I, and a is a dimensionless constant having a
value close to 1. Several values of the exponent n

have been proposed within the range of 0.5 to 1.8.
Two possible alternatives for this expression were
tested, with different values for a and n, the value of
K0 being 2.75�10-21 m2 for the FEBEX compacted

bentonite at a dry density of 1.65 g/cm3 at I0 of
pore water under dry ambient conditions of 0.2578
M. The following two possible alternatives for the
constitutive law of variable intrinsic permeability as a
function of ionic strength were tested:
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Figure 7.57 to Figure 7.61 show model results tak-
ing into account constant and variable permeability
using Equation (7.5). The discrepancy between
computed and measured water inflow occurs at
1250 days (Figure 7.57). Figure 7.58 to Figure
7.61 illustrate computed and measured relative
humidities. Near the heater (Figure 7.58), numerical
results underestimate the measured data. In the cen-
tre of the bentonite buffer, the numerical results re-
produce the trend of the measured data.

To provide a better picture of how the bentonite
buffer hydrates, plots of the time evolution of volu-
metric water content were prepared. It should be
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Figure 7.58: Measured and computed relative humidities with constant and variable permeability (Equation 7.5)
at a radial distance of 0.22 m in the “mock-up” test.
0 2000 4000 6000 8000 10000 12000

Time (days)

Re
lat

ive
hu

mi
dit

y (
%

)

0

20

40

60

80

100

Sensor V_A3_2
Sensor V_A4_2
Sensor V_A6_2
Sensor V_A7_2
Sensor V_B4_2
Sensor V_B6_2
Sensor V_B7_2
Modelling result with constant permeability
Modelling result with variable permeability

Figure 7.59: Measured and computed relative humidities with constant and variable permeability (Equation 7.5)
at a radial distance of 0.37 m in the “mock-up” test.
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Figure 7.60: Measured and computed relative humidities with constant permeability and variable permeability (Equation 7.5)
at a radial distance of 0.55 m in the “mock-up” test.
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Figure 7.61: Measured and computed relative humidities with constant permeability and variable permeability (Equation 7.5)
at a radial distance of 0.70 m in the “mock-up” test.



noted that the numerical model solves for liquid and
gas pressure, Pl and Pg, respectively. Suction,
-(Pl-Pg), is computed from relative humidity RH
through:

Pl-Pg=ln (RH) x �l RT/Mw (7.6)

where �l is liquid density (kg/L), R is the gas constant
(8.314 J/mol/K) and Mw is the molecular mass of
the water (0.018 kg/mol).

The degree of liquid saturation is related to suction
through the retention curve:
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where a, b, c and d are experimental parameters of
the retention curve. It should be noticed that the tem-
peratures have to be known in order to calculate wa-
ter content. Given the symmetry of the temperature
field in the “mock-up” test, the average temperatures
of sections T_A5 and T_B5 were used to calculate

the temperatures at sections V_A3, V_A4, V_A6,
V_A7, V_B3, V_B4, V_B6, V_B7 (see Chapter 3).

The measured data on relative humidity, RH, are
translated into saturation degree values by using
equations 7.6 and 7.7. These saturation values are
then expressed as volumetric water content. Such
water contents are here called pseudo-measured
water content data. Figure 7.62 to Figure 7.65
show the comparison of computed and pseudo-
measured water content data at several locations
within the barrier for the model of variable perme-
ability as a function of ionic strength (see Equation
7.4). Near the heater, the model results with con-
stant permeability overestimate the pseudo-mea-
sured water content data, while those computed
with a variable permeability underestimate pseudo-
measured water contents. In the centre of the bar-
rier, the model results reproduce water content
data. It may be seen that the patterns of water con-
tent are similar to those of relative humidity.

Effect of chemical and thermal osmosis

It is well known that clays can act as semi-perme-
able membranes when double layers of adjacent
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Figure 7.62: Recalculated and computed water content with constant and variable permeability (using Equation 7.4)
at a radial distance of 0.22 m in the “mock-up” test.
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Figure 7.63: Recalculated and computed water content with constant and variable permeability (using Equation 7.4)
at a radial distance of 0.37 m in the “mock-up” test.
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Figure 7.64: Recalculated and computed water content with constant and variable permeability (using Equation 7.4)
at a radial distance of 0.55 m in the “mock-up” test.
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Figure 7.65: Recalculated and computed water content with constant and variable permeability (using Equation 7.4)
at a radial distance of 0.70 m in the “mock-up” test.
articles overlap and both cations and anions
xcluded from pores, but water and uncharged
s have free access to all pores. The flux of wa-
duced by chemical osmosis may be expressed
plying an analogue of Darcy’s law modified by
ection coefficient, �. Possible expressions relat-
smotic pressure to porewater chemical compo-
have been reviewed [191].

al osmosis is another coupled process that
roduce a fluid flux. Significantly mass transport
gh clay membranes due to temperature gradi-
as been observed in laboratory experiments.
coupled processes, thermal and chemical os-
have been implemented in FADES-CORE V1

.

ey parameter for chemical osmosis is the re-
n coefficient, which measures the non-ideality
membrane and is defined as the ratio of the
d osmotic pressure to the hydraulic pressure

oped after equilibrium is reached (i.e. at zero
on flux). An ideal membrane has a reflection
cient of one, whereas for non-ideal mem-
s its value varies between zero and one. Mea-
values of reflection coefficient � range from

0.001 to 0.03 for bentonite, while theoretical values
might range from 0.002 to 0.27 [191].

Numerical analyses of the THG model of the
“mock-up” test performed with reflection coefficients
equal to 0.002, 0.02 and 0.2 indicate that chemi-
cal osmosis does not have a significant effect on liq-
uid flow in the bentonite. The explanation of this re-
sult is that under non-saturated conditions, osmotic
suction accounts only for a very small proportion of
total suction (Figure 7.66). In the greater part of the
bentonite barrier, osmotic suction accounts for less
than 1% percent of the total suction, even when the
reflection coefficient is equal to 2.

Due to the uncertainty in thermo-osmotic permeabil-
ity, several values have been tested in the THG
model of the “mock-up” test. Figure 7.67 shows
computed water inflow with thermo-osmotic per-
meabilities of 1�10-13, 5�10-13 and 1�10-12 m2/K·s.
Figure 7.68 shows the computed relative humidity
at a radial distance of 0.22 m with a thermo-os-
motic permeability of 5�10-13 m2/K·s. It may be seen
that the computed water inflow and relative humidity
may be improved significantly by properly adjusting
thermal permeability. When thermal osmosis is con-
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Figure 7.66: Ratio of osmotic suction to total suction at 1825 days.
d, the water inflow rate decreases (Figure
the concentration of chloride increases only
[191].

2. Modelling the overheating episode

verheating episode occurred in November
(days 1392 and 1393), as is explained in
er 3. After overheating, the temperatures de-
d up to day 1397, recovering the values ex-
prior to overheating. At the same time, relative
ities and fluid pressures decreased sharply af-
erheating. At day 1395 they reached their
values, subsequently increasing and recover-

e values existing prior to overheating. This
ating phenomenon was simulated by modify-
e thermal boundary condition of the THG
of the “mock-up” test.

uted temperatures, water inflow and relative
ities have been compared to measured data.
7.69 to Figure 7.72 show model results for

rature at some selected points. In general, the
results reproduce the measured data. Near
ater, however, the model results underesti-

the peak measured temperature and overesti-

mate the minimum value. Computed cumulative
water inflow is the same with and without consider-
ation given to overheating. During overheating, the
large increment of vapour transport slowed down
the infiltration of water. However, since overheating
lasted for only two days, water inflow was almost
unaffected.

Figures 7.73 and 7.74 show model results for rela-
tive humidity with and without overheating. Near the
heater (Figure 7.73), the model results reproduce
the sharp decrease and the recovery phase of the
measured data. In the centre of the barrier (Figure
7.74), the model results fail to capture the slow re-
covery phase of the measured data. The numerical
model of the overheating episode indicates that this
episode affected hydrodynamic conditions, although
only slightly because of its short duration. The
model captures the trends of measured tempera-
tures, although it lacks the capacity to reproduce the
sharp temperature profile. The model reproduces
the trend of measured relative humidities. In the
middle part of the barrier, however, the model fails
to reproduce the slow recovery phase following
overheating.
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Figure 7.67: Computed cumulative water inflow considering thermal osmosis with different thermo-osmotic permeabilities.
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Figure 7.68: Measured and computed relative humidities with and without thermal osmosis at a radial distance
of 0.22 m in the “mock-up” test.
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Figure 7.69: Computed and measured temperature during overheating at a point located at a radial distance of 0.22 m.
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Figure 7.70: Computed and measured temperature during overheating at a point located at a radial distance of 0.35 m.
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Figure 7.71: Computed and measured temperature during overheating at a point located at a radial distance of 0.55 m.
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Figure 7.72: Computed and measured temperature during overheating at a point located at a radial distance of 0.75 m.
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Figure 7.73: Computed and measured relative humidity at a point near the heater (r= 0.22 m) with and without overheating.
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7.5.2. Numerical modelling
of tracer migration

In order to obtain information on the geochemical
processes and transport mechanisms, conservative
and non-conservative artificial chemical and isoto-
pic tracers were placed at single points, in the inte-
rior, and distributed along the periphery of the ben-
tonite barrier in both large-scale tests [211, 212].
These tracers include: iodine, rhenium, selenium,
boron, deuterium, europium, cesium, thorium, ura-
nium, and neodymium. Selected tracers include
conservative and non-conservative tracers. Iodide
and borate may be partially retained and are not
considered to be fully conservative. Selenate and
perrhenate, in addition to being sensitive to the re-
dox process, may be excluded from a part of the to-
tal porosity. The rest of the tracers are clearly non-
conservative, as indicated by their large Kd values.
Iodide and deuterium were added with the hydration
water. The rest of the tracers were emplaced using
the following methods: within sintered metallic cap-
sules, SSS; mixed with bentonite in plugs of com-
pacted bentonite, CP; and in impregnated filter pa-
per, FP [211, 212].

During the first phase of FEBEX two possible types of
boundary conditions were adopted for modelling of
the transport of the tracers added to the hydration
water [190, 13]. The first of these conditions con-
sists of assuming that the mass flow of the injected
tracer is equal to the product of the volume of water
flow and the concentration of the tracer in the in-
jected water. The second type of boundary condition
is of the Dirichlet type, where the concentration at
the exterior limit of the barrier is assumed to be con-
stant and equal to that of the injected water.

The concentration of iodide in the water used to hy-
drate the bentonite buffer of the “mock-up” test was
of 0.0133 mol/L. A one-dimensional mesh of axial
symmetry was used for the modelling of iodide
transport, adopting a boundary condition of mixed
transport or Cauchy type (mass flow of tracer intake
is given by the advective flow of the tracer). Figure
7.75 shows the spatial distribution of the iodide ion
concentration after 1100 days, for two values of the
distribution coefficient (Kd = 0 and Kd = 0.73
mL/g). The effect of the iodide undergoing retention
is shown by the great delay. For Kd = 0, the tracer
front penetrates almost 40 cm into the barrier,
whereas with Kd = 0.73 mL/g, the tracer penetrates
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Figure 7.75: Spatial distribution of the iodide ion in the clay barrier at 1100 days. For two values of Kd.
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only 15 cm in the same time period. Furthermore,
the tracer concentration in the pore water of the
bentonite is approximately three times less when the
effect of delay is considered, due to the fact that an
important part of the tracer is retained in the solid
phase.

For the point tracers (those applied in the form of
capsules or plugs), two-dimensional meshes were
used. Figure 7.76 shows the spatial distribution of
the concentrations calculated for the perrhenate ion
at 50 and 1100 days.

During the second phase, predictions of iodide mi-
gration using a Dirichlet boundary condition have
been updated using the revised TH model [191]. In
this model, molecular diffusion coefficient and acces-
sible porosity are those estimated by the inverse
model for iodide migration for the “in situ” test (see
Section 7.6.2.2). The molecular diffusion coefficient
is 2.27�10-11 m2/s, accessible porosity is equal to
56% of total porosity (0.41) and the effective diffu-
sion coefficient is 10-12 m2/s. Figure 7.77 shows the
iodide model predictions at different times using a Kd

= 0. It should be noticed that the predictions of mi-
gration performed during the first phase were ob-

tained with a model that assumed neither vapour
flow nor evaporation near the heater. This is the
main reason for the large differences in the predicted
concentration profiles of Figures 7.75 and 7.77.

7.5.3. THG model

During the initial FEBEX work, predictive modelling of
the geochemical evolution of the “mock up” test was
performed using the parameters, processes, solid
phases, and reactions identified in small-scale labora-
tory heating and hydration cells (CT-18 and CT-23).

THG predictions for the “mock-up” test have been
updated during the second phase [191, 213]. Sev-
eral improvement have been introduced in the THG
model of the “mock-up” test, including: 1) account-
ing for the dependency of permeability on ionic
strength, 2) updating cation exchange data, which
are listed in Table 7.16, and 3) using Pitzer equa-
tions for the calculation of activity coefficients.

Selectivity coefficients corresponding to the ex-
changeable cation data of Table 7.16 are listed in
Table 7.17. Model CGM-0 was used for updating
THG predictions (see Section 7.2.4).
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Table 7.16
Exchangeable cations in FEBEX bentonite in meq/100g

Cations Deduced at w=14%

NaX 31.18

CaX2 34.62

MgX2 34.01

KX 1.94

CEC 102
Table 7.17
Calculated selectivity coefficients from exchangeable cation data in Table 7.16

Species Selectivity

Ca2+ 0.292

Mg2+ 0.288

Na+ 1

K+ 0.138
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7.78 shows the THG predictions of chloride
ntrations computed during the initial phase.
predictions were updated during the second
(see Figure 7.79). It may be seen that the

ecent predictions show sharper concentration
s because the value of the diffusion coefficient
ed in the second phase is an order of magni-
maller than that used in the initial phase.

n of chloride concentration is induced by the
flooding and hydration, while near the heater
e concentration increases due to the conden-
caused by the evaporation of bentonite pore
These are the two main processes that lead
spatial distribution of this conservative spe-

After four years, chloride concentration de-
s near the heater due to the combined effect
arrival of the hydration front, which dilutes
ite pore water, and molecular diffusion.
ared with the prediction of the first phase
13], chloride concentrations near the heater
rger when the variable permeability function is
because less water enters into the bentonite
r and consequently the water content near the

is lower. At 30 years the chloride pattern is

flat. For the same reason, the time needed to reach
the steady state is longer than the prediction of the
first phase. In the previous model, steady-state con-
centration was achieved in 10 years [190, 13]. In
the updated model, steady concentrations are at-
tained after 20 years (Figure 7.80).

Dissolved cations (Ca2+, Mg2+, Na+, K+) generally
show similar patterns to those of Cl-. Even though
these species are subject to chemical reactions
(mineral dissolution/precipitation and cation ex-
change), these processes are not sufficiently strong,
compared to dilution and condensation processes,
for their concentration patterns to be changed. (Fig-
ure 7.81 to Figure 7.84).

Figure 7.85 shows the THG predictions of sulphate
spatial distribution. Sulphate concentration of ben-
tonite pore water decreases due to the dilution ef-
fect of inflow granitic water. Near the heater, the
combined effect of water evaporation and anhydrite
precipitation produces a depletion of dissolved sul-
phate. After 10 years, when the hydration front
reaches the vicinity of the heater, anhydrite dissolves
(time 30 years in Figure 7.85) and the sulphate
content of bentonite pore water increases.
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in the “mock-up” test in the initial phase.
7.86 shows THG predictions of bicarbonate.
carbonate content of bentonite pore water un-
es a sudden increase during the first 6 days
the initial flooding with water for filling of the

(630 L) during the first 10 days. This injection
nitic water has a bicarbonate concentration
r than the initial bentonite pore water. After
ys when heaters are switched on, bicarbonate
ntrations show a pattern in which concentra-
ecrease towards the heater. This is due to two
: 1) The fact that the hydration water has a bi-
nate concentration greater than the initial ben-
pore water, and 2) Calcite solubility de-

s with increasing temperature. Therefore, cal-
ssolves near to the hydration side and precipi-
ear the heater (Figure 7.88).

redictions of pH (Figure 7.87) show an initial
dilution (increase in pH) of bentonite pore

due to the inflow of granitic water with a lower
concentration than the initial bentonite pore

After 10 days the granitic hydration water that
the system is responsible for pH increasing,

near the heater pH decreases due to calcite
itation (Figure 7.88) and proton concentration
the evaporation of bentonite pore water. Af-

ter four years pH increases near the heater due to
the combined effect of the arrival of the hydration
front, which dilutes bentonite pore water, and mo-
lecular diffusion.

The spatial distribution of computed exchanged cat-
ions (Na+, K+, Ca2+ and Mg2+) at different times is
shown in Figure 7.90 to Figure 7.93. The changes
in the composition of the bentonite exchange com-
plex used in the “mock-up” test are greater near the
heater than near the hydration side. Anhydrite and
calcite precipitation (due to evaporation) induce a
depletion of dissolved calcium, which is compen-
sated by calcium released from the exchange com-
plex (Figure 7.92). This release of exchanged cal-
cium causes a gain in exchanged sodium (Figure
7.90). After 10 years, when the hydration front
reaches the vicinity of the heater, anhydrite dissolves
(time 30 years in Figure 7.89) and the calcium con-
tent of bentonite pore water increases. This leads to
an increase in exchanged calcium (Figure 7.92) and
a decrease in exchanged sodium (Figure 7.90) at
30 years. Exchanged magnesium (Figure 7.93) and
potassium (Figure 7.91) show similar behaviour to
calcium and sodium, respectively.
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Figure 7.87: Spatial distribution of computed pH at different times.
0 0.2 0.4 0.6 0.8

Radial distance (m)

Ca
lci

te
(m

ol/
Ls

olu
tio

n)

-0.6

-0.4

-0.2

0

0.2

0.4

t=0
t=4
t=10
t=30

Heater

Time (years)

Figure 7.88: Spatial distribution of computed cumulative calcite dissolution (negative)/precipitation (positive).



7.Thermo-hydro-geochemical analyses
0 0.2 0.4 0.6 0.8

Radial distance (m)

An
hy

dri
te

(m
ol/

L s
olu

tio
n)

0

2

4

6

t=0
t=4
t=10
t=30

Time (years)

Heater

Figure 7.89: Spatial distribution of computed cumulative anhydrite dissolution (negative)/precipitation (positive).
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Figure 7.93: Spatial distribution of computed exchanged magnesium at different times.
THG modelling
of the “in situ” test

HG model for the “in situ” test shares most of
atures of the THG model for the “mock-up”
he same bentonite parameters and processes
equally well to both tests. The main difference
en the models is related to the external
ary condition of the clay buffer. While in the
-up” test such boundary conditions are con-
artificially, in the “in situ” test they are im-
by the surrounding granitic rock mass.

. TH model

H model of the “in situ” test performed during
rst phase of FEBEX is based on the same
o-hydrodynamic parameters and assumptions

bentonite as the TH model for the “mock-up”
he parameters and boundary conditions for
anite were derived from available data [47].
ver, some of the parameters were slightly
ied during the calibration process in order to
uce the observed thermal and hydrodynamic
ion of the test. The parameters calibrated in-

clude: intrinsic permeability for liquid and thermal
conductivity of the granite. The model is highly sen-
sitive to variations in these parameters. The base or
reference model was calibrated with an intrinsic per-
meability of 5.38 ·10-17 m2 for water and a thermal
conductivity of 4.6 W/m ºC for the granite [208].
Both of these parameters are within the range of the
measured data.

The model properly captures the temperatures and
relative humidities in the bentonite and reproduces
the observed spatial distribution of temperatures in
the granite after 250 days (Figure 7.94), although
at later times computed temperatures tend to slightly
overestimate the measured values [208].

During the second phase, both the thermal parame-
ters and the boundary conditions were slightly modi-
fied during the calibration process in order to repro-
duce the observed thermal and hydrodynamic evo-
lution of the test [191]. Computed temperatures are
sensitive to the thermal conductivity of granite. Its
optimum value of 1.5 W/m·ºC was determined by
model calibration and assuming a prescribed tem-
perature of 97 ºC at the heater surface. This value
is within the range of the published thermal conduc-
tivities for granite.
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odel properly reproduces temperatures in the
ite and granite at 1827 days, which coincides
e date on which Heater #1 was switched off
7.95), but overestimates temperatures near

ater at 1930 days, corresponding to disman-
igure 7.96). After 1930 days, the model cap-

he observed relative humidities at the bentonite
, although it overestimates the relative humidity
e heater (Figure 7.97).

7.98 shows a comparison of modelling results
ter content with measured data for hot and

ections in the “in situ” test. The measured data
an increase in water content above the value
ponding to 100% saturation (23%) due to ben-
swelling. The current TH model does not ac-
for swelling and cannot, therefore, reproduce
rge water content values near the granite-ben-

interface (right part of the figure) in the hot and
ections after 1930 days, at dismantling. The
tends to overpredict the water content near the
(left part of the figure). This is due to the fact
e model is 1-D axisymmetric and has a fixed
rature at the heater which is equal to the aver-
alue of measured temperatures at the heater
e, which range from 75 to 100 ºC. Imposing a

higher temperature of 100 ºC at the heater-bentonite
interface, the model provides a better fit to measured
water contents near the heater [191, 214].

7.6.2 Numerical modelling of tracer
migration

Similar to what occurred in the “mock-up” test, in
the “in situ” test artificial chemical and isotopic trac-
ers were placed at single points inside the bentonite
barrier and distributed along its periphery, in order
to obtain information on the geochemical processes
and transport mechanisms. Both conservative and
non-conservative tracers were used, including: io-
dine, rhenium, selenium, boron, deuterium, euro-
pium and cesium [212, 215]. In this Section THG
predictions of deuterium and iodide migration are
presented and compared with measured data.

7.6.2.1 Deuterium

Sampling of selected bentonite blocks (BB29-5 to
BB29-13) was carried out at CIEMAT in October
2002. It should be pointed out that glass ampoules
were found only in three of the five bentonite blocks:
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BB29-7, BB29-8 and BB29-9. Most of the selected
bentonite blocks were very damaged, probably dur-
ing in situ extraction at Grimsel. Glass ampoules, if
found, were broken. All the pieces of the glass am-
poule were found only in the case of block BB29-7
[160]. Bentonite pore water for deuterium isotopic
determination was obtained from 18 samples of the
blocks BB29-7, BB29-12 and BB29-11 using the
aqueous extract method with a low solid to liquid
(S/L) ratio (1:4). The supernatant solutions were sent
for isotopic and chemical analysis. Two additional
water samples, one from another section (BB19-14)
without deuterium and another of the bidistilled water
used in the aqueous extracts, were analysed. Deute-
rium concentrations (�D values performed with Iso-
tope Ratio Mass Spectrometry) of aqueous extract
samples at 1:4 ratio were transformed into �D values
of bentonite pore water [160]. Figure 7.99 shows
that the error bands for a 1:4 ratio are excessively
large. The error bands would have been smaller if
the samples had been prepared with a 1:1 ratio

Testing predictions with inferred deuterium data

Glass ampoules containing deuterium were located
at the centre of five blocks. They were found broken

in bentonite blocks BB29-7, BB29-8 and BB29-9. It
is not possible to ascertain whether the ampoules
broke during dismantling or during the hydration
phase. Due to this uncertainty in sampling, predic-
tions of deuterium transport were made in accor-
dance with two hypotheses. In the first it is assumed
that the ampoules broke during the early stages of
the “in situ” test, while the second hypothesis as-
sumes they broke during dismantling. The predic-
tions assume that deuterium is conservative and suf-
fers no isotopic fractionation.

The best estimate of �D (deuterium ratio referred to
SMOW standard) for the bentonite porewater is
-31‰. This value corresponds to a D/H ratio of
1.5213·10-4. Similarly, the granitic porewaters have
a �D of -90‰, which amounts to a D/H ratio of
1.4287·10-4. Deuterium predictions were obtained
using the TH model calibrated with data from the
“mock-up” test and using a longitudinal dispersivity
of 0.03 m for the bentonite and the granite and a
molecular diffusion coefficient (in water), of
1.59·10-10 m2/s. Predictions were also made by as-
suming that 10 mL of deuterium having a D/H ratio
of 2.355·10-4 were added initially at the centre of
the external block. Adding this mass is equivalent to
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specifying an initial ratio of 3.66·10-4. A deuterium
pulse develops in addition to the isotopic dilution
caused by the flow of granitic water into the benton-
ite. Predictions of deuterium derived with both hy-
potheses, assuming ampoules broke during disman-
tling and at an early time, are compared to mea-
surements in Figure 7.100.

The available deuterium data do not allow clear
conclusions to be drawn because of their precision.
Although the precision of the deuterium data on
aqueous extract samples is 0.8 ‰, this analytical
error translates into large errors for bentonite pore
water values. There are uncertainties regarding the
breakage of the glass ampoules. Only three were
found broken. The most likely thing is that the glass
ampoules broke during the test, because if they had
broken during dismantling, clay samples near the
glass should still show high deuterium ratios. How-
ever, since the amount of deuterated water added
was not large enough there is no clear evidence of
deuterium migration [160].

7.6.2.2. Iodide

Iodide was emplaced in a filter paper located in the
outer rings of the bentonite barrier at the central
section of Heater #1. During the initial phase of
FEBEX, a 1-D mesh of axial symmetry was used for
the model predictions of the migration of this tracer
in the “in situ” test [190, 13]. Figure 7.101 shows
the spatial distribution of the concentration of the
ion iodide at 1100 days for the two hypotheses of
the magnitude of anionic exclusion (no exclusion
and 50% exclusion) and of the distribution coeffi-
cient (Kd = 0 and Kd = 0.73 mL/g). Iodide retention
leads to a large retardation. In fact, for Kd = 0, the
position of the peak of the tracer penetration curve
is almost 10 cm farther into the barrier than for the
case of Kd = 0.73 mL/g. Furthermore, the concen-
trations of iodide in the pore water are much
smaller when adsorption of the tracer is considered.
If an anionic exclusion of 50% (one-half of the vol-
ume of the pores are not accessible to the iodide)
and a Kd = 0 are considered, the iodide tracer is
displaced much more rapidly (the peak of the curve
penetrates 10 cm farther into the barrier than in the
case in which exclusion is not considered) and
shows weaker dispersion (caused by the reduction in
the effective diffusion coefficient). The effect of an-
ionic exclusion depends on the value of the distribu-
tion coefficient. For Kd = 0.73 mL/g, the effect of
anionic exclusion results in a tracer penetration
curve that is more peaked (less diffusion), although

the position of the peak almost coincides with that
corresponding to the hypothesis of non-exclusion.

During the second phase, model predictions of io-
dide migration in the “in situ” test were updated
based on the revised TH model [191]. It was as-
sumed that the tracer was readily available to mi-
gration through the bentonite at t = 0. This was
achieved by assigning a high initial iodide concen-
tration to the nodes located at the bentonite-granite
interface.

There are uncertainties regarding the value of the
diffusion coefficient, D0, and accessible porosity, 	a.
Published effective diffusion coefficient De ranges
from 7.7�10-13 to 5�10-10 m2/s. A set of sensitivity
runs was performed around the reference values of
D0 = 8.3�10-12 m2/s and 	a = 0.75·	, where 	 is
total porosity (0.41), corresponding to a value of De

of 9.7�10-13 m2/s, which is the average of these two
measurements in Table 5.36 of Chapter 5. Model-
ling results are more sensitive to accessible porosity
than to the diffusion coefficient.

An inverse model (inverse model 1) was used to de-
rive optimum estimates of the diffusion coefficient
and accessible porosity. It should be noted that ac-
cessible porosity is expressed as its ratio to total po-
rosity, for example, 0.614 means accessible poros-
ity is 61.4% of total porosity (0.41). In inverse
model 1, the tortuosity of vapour was taken to be
equal to 0.5. It should be noted that the code esti-
mates the value of molecular diffusion coefficient in
pure water D0 instead of the effective diffusion coef-
ficient De. In the numerical model, De is calculated
using the equation: De = 	a·
a·D0, 
a being
tortuosity for transport. The estimated values are D0

= 1.6�10-11 m2/s and 	a = 0.56·	 (corresponding
an effective diffusion coefficient of 7.0·10-13 m2/s).
The modelling results are shown in Figure 7.102.

The results of this run indicate that there is too much
evaporation near the heater. Therefore, a new in-
verse run was performed in which, in addition to the
diffusion coefficient and accessible porosity, vapour
tortuosity was also estimated (inverse model 2). The
estimated parameters in this case are tortuosity
equal to 0.1, D0 = 2.27�10-11 m2/s and 	a =
0.56·	, which amount to an effective diffusion coef-
ficient of 7.0·10-13 m2/s. This value is consistent with
the diffusion coefficient derived by CIEMAT from dif-
fusion experiments performed on small bentonite
samples (see Chapter 5). Figure 7.103: shows in-
verse modelling results.
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By reducing vapour tortuosity from 0.5 to 0.1, water
evaporation near the heater is greatly reduced and
the computed iodide concentration near the heater
approximates to the measured values. Computed
concentrations capture the peak of the tracer distri-
bution. There are, however, some discrepancies
near the bentonite-granite interface that might be
attributed to the initial iodide concentration in the
bentonite. The initial concentration of iodide in the
bentonite and granite is 20 ppb, which amounts to
2.87�10-3 mg/kg of bentonite. However, the sensi-
tivity analyses at the initial concentration indicate
that the discrepancies near the bentonite-granite in-
terface are not caused by an inadequate initial con-
centration of iodide in the bentonite. Other possible
processes which might explain the high iodide con-
centration near the bentonite-granite interface
include:

� The double porosity behaviour of bentonite.
The transfer of iodide mass from macro-pores
to relatively stagnant micro-pores might lead to
a high iodide concentration in micro-pores.

� Bentonite swelling. The water involved in clay
swelling is not available for solute transport.

These limitations might be overcome by using a
THMG double porosity model.

7.6.3. THG model

During the initial phase of FEBEX, predictive model-
ling of the “in situ” test was carried out using the
same parameters, processes, solid phases, and re-
actions as those of the “mock up” test [190, 13].
However, there is a minor difference in the initial
temperature of both tests which affects the initial
geochemical conditions. Figure 7.104 shows the
spatial distribution of chloride. There is important di-
lution at the granite/bentonite interface due to water
hydration. Similar to the heating and hydration cells,
the concentration of most of the ions increases
around the heater, due to water evaporation. In-
ward displacement of the hydration front, together
with diffusion processes, leads to rather homoge-
neous – but still not flat – concentration profiles at
the end of the modelling period (1550 days, i.e.
four years and three months). This result is an indi-
cation of the fact that the transport and chemical
processes have not yet reached the steady state.

7.Thermo-hydro-geochemical analyses
Cl
(m

ola
lity

)
-

Bentonite

0

0.1

0.2

0.3

0.4

0.5

Distance (m)

0.40 0.60 0.80 1.00 1.20

Gra
nit

e

Time (days)

t = 0
t = 100
t = 400
t = 1550

Figure 7.104: Predicted time evolution of the spatial distribution of chloride concentrations in pore water in the “in situ” test.
531



It should be noted that the THG model assumes that
the fractured granitic rock may be represented by an
equivalent porous medium having a low porosity of
0.01. This assumption makes the backward diffu-
sion of ions from the clay barrier to the rock very
unlikely.

7.6.3.1. Measured geochemical dismantling
data

During the second phase, supernatant solutions of
aqueous extract tests performed on samples from
sections 29 and 12, which are situated respectively
in hot (surrounding the heater) and cold (far from
the heater) areas, were subjected to chemical analy-
sis (Chapter 5).

7.6.3.2. Inferred chemical composition
of bentonite pore water

The chemical composition of bentonite pore water
at different water contents was estimated using an
inverse methodology [191, 193, 201]. Tables 7.18
and 7.19 show the inferred pore water chemical
composition of bentonite samples BB29-7/1-12 and
BB29-11/2-3 with water contents of 26% (almost
saturated) and 14.2% (similar to ambient condi-
tions), respectively, together with calculated aque-
ous extract data. All the conceptual models are ca-
pable of reproducing the measured data, except for
model CGM-1 which is unable to accurately repro-

duce the bicarbonate calculated concentration
[191, 214]. This model shows some limitations
when used for the interpretation of the “in situ” test
data. It should be noticed that all models lead to
similar inferred results for all chemical species, ex-
cept for bicarbonate and sulphate. Models CGM-0
and CGM-2, which were derived from squeezing
data [191, 193], provide similar results except for
bicarbonate. For this species, the inferred concen-
trations obtained with model CGM-0 are almost
two orders of magnitude greater than those of mod-
els CGM-1 and CGM-2. Following a similar proce-
dure to that of section 29, the chemical composition
of samples of section 12 was inferred from aqueous
extract data. The inferred chemical concentrations
are shown in Tables 7.18 and 7.19 for section
BB29.

7.6.3.3. Comparison of THG predictions
with inferred geochemical data

THG predictions are compared to geochemical
data inferred from the data collected during the dis-
mantling of Heater #1 of the “in situ” test. Such a
comparison is the way to test and validate current
THG models of the engineered barrier system [191,
214].

In hot areas, aqueous extract data are available in
sections 30, 29, 28 and 19. There are some differ-
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Table 7.18
Inferred (26% water content) and calculated and measured aqueous extract resulting data (1:4 ratio) chemical composition (mol/L)
of bentonite sample BB29-7/1-12

CGM-0 CGM-1 CGM-2

Inferred Calculated Inferred Calculated Inferred Calculated Measured

Ca2+ 8.3·10-3 2.5·10-5 7.8·10-3 2.7·10-5 6.3·10-3 2.4·10-5 2.5·10-5

Cl- 1.9·10-2 9.2·10-4 2.0·10-2 9.7·10-4 1.9·10-2 9.2·10-4 9.3·10-4

HCO3
- 4.6·10-2 2.2·10-3 1.1·10-4 7.2·10-4 1.7·10-4 1.2·10-3 2.2·10-3

K+ 1.1·10-3 7.6·10-5 1.1·10-3 8.0·10-5 1.0·10-3 7.6·10-5 7.6·10-5

Mg2+ 1.5·10-2 4.4·10-5 1.5·10-2 4.9·10-5 1.3·10-2 4.6·10-5 4.5·10-5

Na+ 1.2·10-1 8.0·10-3 1.2·10-1 8.4·10-3 1.0·10-1 8.1·10-3 8.0·10-3

SO4
2- 5.7·10-2 2.7·10-3 6.0·10-2 2.9·10-3 5.7·10-2 2.7·10-3 2.7·10-3
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Table 7.19
Inferred (14.2% water content) and calculated and measured aqueous extract resulting data (1:4 ratio) chemical composition (mol/L)
of bentonite sample BB29-11/2-3

CGM-0 CGM-1 CGM-2

Inferred Calculated Inferred Calculated Inferred Calculated Measured

Ca2+ 5.1·10-2 1.9·10-4 4.3·10-2 2.0·10-4 5.0·10-2 2.1·10-4 2.0·10-4

Cl- 3.2·10-1 9.8·10-3 3.2·10-1 9.8·10-3 3.2·10-1 9.8·10-3 9.8·10-3

HCO3
- 6.7·10-2 2.1·10-3 1.4·10-4 8.2·10-4 1.4·10-4 9.1·10-4 2.0·10-3

K+ 2.5·10-3 1.8·10-4 2.4·10-3 1.8·10-4 2.5·10-3 1.8·10-4 1.8·10-4

Mg2+ 5.1·10-2 2.1·10-4 4.0·10-2 2.2·10-4 4.6·10-2 2.1·10-4 2.2·10-4

Na+ 1.7·10-1 1.3·10-2 1.6·10-1 1.3·10-2 1.7·10-1 1.3·10-2 1.3·10-2

SO4
2- 3.5·10-2 1.9·10-3 2.0·10-2 2.0·10-3 3.3·10-2 1.9·10-3 2.0·10-3
between the measured data in these sections
rrant additional analysis.

us extract data from section 29, located in
ddle of Heater #1, were inferred and used for
rpose of testing THG predictions because

data were the first to be delivered. Additional
om sections 30, 28 and 19 became available
ompletion of the THG model. A preliminary
is of data from these four sections reveals cer-
gnificant differences between the data in dif-
sections, which should be analysed in the fu-

squeezing pore water chemistry data are not
ble at this section, data from section 19 were
where data from both techniques, aqueous
and squeezing, are available [216]. As re-

the cold section, aqueous extract and squeez-
ta of section 12 were used.

redictions of the “in situ” test have been per-
using INVERSE-FADES-CORE V0 [201], a

which preserves all the capabilities of
-CORE V1 [200] and is capable of perform-
tomatic parameter estimation.

ermal and hydrodynamic parameters of the
odel were calibrated from TH data from the

-up” and “in situ” tests. A longitudinal
sivity of 0.03 m was used for the bentonite
e granite [191].

THG predictions were performed with the three con-
ceptual geochemical models CGM-0, CGM-1 and
CGM-2 described in Section 7.2.4. A comparison
of the modelling results for water content with mea-
sured data for hot and cold sections in the “in situ”
test after 1930 days, at dismantling, has been
shown in Figure 7.98 (see Section 7.6.1).

Predictions of concentrations were performed by as-
suming the same diffusion coefficient (in pure water)
for all chemical species, equal to 2�10-10 m2/s. Al-
though the diffusion coefficient may be smaller for
species undergoing anion exclusion, such as chlo-
ride, the sensitivity runs performed with smaller diffu-
sion coefficients and anion exclusion provide worse
results (not shown here).

Comparison of THG predictions with inferred
geochemical data in hot areas

Figure 7.105 to Figure 7.110 show THG predic-
tions after 1930 days of heating (which corresponds
to the dismantling date) in the hot section [191,
214]. These predictions are compared to data in-
ferred from aqueous extracts at section 29 [216]. In
addition, the values obtained at section 19 are
shown, at which both squeezing and aqueous ex-
tract data are available. Table 7.20 shows a com-
parison between the measured chemical composi-
tion using squeezing and inferred aqueous extract
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Table 7.20
Comparison of chemical composition at section 19 as obtained by squeezing and inferred aqueous extract.
Concentrations in mol/L

BB19-1
(Squeezing)

BB19-2
(Squeezing)

BB19-13/2.1
(Aqueous extract)

w (%) 28.7 23.5 26.9

pH 7.5 7.7 7.65

Na+ 5.21·10-2 1.00·10-1 8.67·10-2

K+ 3.32·10-4 3.32·10-4 9.40·10-4

Mg2+ 2.75·10-3 1.45·10-2 1.14·10-2

Ca2+ 2.65·10-3 1.13·10-2 4.26·10-3

Cl- 4.22·10-2 1.10·10-1 5.26·10-2

SO4
2- 9.20·10-3 1.87·10-2 4.00·10-2

HCO3
- 2.57·10-3 2.64·10-3 3.63·10-4
t section 19. By comparing samples BB19-1
zing) and BB19-13/2.1 (inferred aqueous ex-
which have similar water contents, it may be
at the squeezing method leads to lower con-

tions for sulphate, magnesium, sodium, and
ium than those of the aqueous extract
d.

mparison of THG predictions and re-calcu-
ata indicates that for the most part the THG
reproduces the trends of the inferred data.

de concentrations are larger near the heater
ecrease with radial distance (Figure 7.105).
gh the model tends to overpredict chloride
trations near the granite interface at section
ailable data at section 19 fall closer to the
of values computed with models CGM-0,
1 and CGM-2. Calcium (Figure 7.106)
similar trends to those of chloride. Aqueous
data from section 29 show an increase of

concentrations near the granite-bentonite
ce. Such an increase, however, is not ob-
at section 19. Models CGM-1 and CGM-0

to fit the measured calcium data better than
CGM-2.

red aqueous extract data from samples lo-
near the bentonite-granite interface show ex-

ceedingly large cation concentrations that, accord-
ing to CIEMAT, might be an artefact caused by col-
loidal particles.

Magnesium (Figure 7.107), sodium (Figure 7.108)
and potassium (Figure 7.109) also show a general
pattern of higher concentrations near the heater and
lower concentrations at the bentonite-granite inter-
face. The results computed with models CGM-0,
CGM-1 and CGM-2 reproduce the general trends
of measured data. The available data at section 19
fall closer to the band of values computed with the
three models. Only squeezing values for potassium
at section 19 are smaller than expected, for reasons
yet to be ascertained. Sulphate aqueous extract data
(Figure 7.110) show different trends. Model predic-
tions are more coherent with squeezing data from
section 19 than with aqueous extract data. The un-
certainties of the conceptual geochemical models
for sulphate should be borne in mind [191,193].

Comparison of THG predictions with inferred
geochemical data in cold areas

Figure 7.111 to Figure 7.117 show THG predic-
tions after 1930 days of heating (which corresponds
to the dismantling date) in the cold section [191,
214]. These predictions are compared to data in-
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Figure 7.105: Comparison of predictions of Cl- with inferred aqueous extract data at section 29 (symbols) after 1930 days of heating.
Also shown are the values obtained at section 19 with squeezing (horizontal lines) and aqueous extract (symbol).
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ferred from aqueous extracts at section 12 [216].
Squeezing data obtained at this section are also
shown in the figures.

Chloride (Figure 7.111) concentrations are higher
near the heater, but lower than in Figure 7.105 for
hot section, and decrease with radial distance. Near
the granite interface the available squeezing data
fall closer to the band of values computed and
re-calculated with models CGM-0, CGM-1 and
CGM-2. The predictions reproduce the general
trend of the measured data, but overestimate ob-
served concentrations at the interface granite-ben-
tonite, which might be attributed to the underestima-
tion of water content (Figure 7.98) or to anion ex-
clusion. In the central part of the bentonite barrier,
all three models overestimate measured data.

THG predictions of Ca2+ (Figure 7.112) with model
CGM-0 do not fit the measured data, but those per-
formed with CGM-1 and CGM-2 reproduce the
trend of these data. Such a discrepancy might be re-
lated to the role of anhydrite.

Measured Mg2+ concentrations fall within the band
of predictions with three CGM’s (Figure 7.113). It
should be noted that the CGM obtained from

squeezing data (CGM-0) reproduces the squeezing
data, while the models obtained from aqueous data
(CGM-1 and CGM-2) reproduce aqueous extract
data. Here attention is called to the differences in
concentration provided by squeezing and aqueous
extract method.

Predictions of Na+ concentrations reproduce the
general trend of aqueous extract data and fall within
the band of squeezing data (Figure 7.114). Predic-
tions of K+ concentrations reproduce the measured
data at the granite interface but overestimate them
in the middle of the bentonite barrier (Figure
7.115).

The computed sulphate results underpredict the
re-calculated data (Figure 7.116). The re-calculated
aqueous extract data for sulphate do not show any
clear trend. Model predictions are more coherent
with squeezing data from this section 12 than with
aqueous extract data, as in the case of the hot sec-
tions. Uncertainties regarding bicarbonate (Figure
7.117) calculation are significant not only in the in-
ference of aqueous extract data but also in THG
prediction.
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Figure 7.111: Comparison of predictions of Cl- with inferred aqueous extract data at section 12 (symbols) after 1930 days of heating.
Also shown are the values obtained at section 12 with squeezing (horizontal lines).
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Figure 7.112: Comparison of predictions of Ca2+ with inferred aqueous extract data at section 12 (symbols) after 1930 days of heating.
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Figure 7.113: Comparison of predictions of Mg2+ with inferred aqueous extract data at section 12 (symbols) after 1930 days of heating.
Also shown are the values obtained at section 12 with squeezing (horizontal lines).
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7.7. Conclusions

7.7.1. Major achievements

A significant improvement in Thermo-Hydro-Geo-
chemical (THG) modelling of the clay barrier has
been achieved during the FEBEX Project. The THG
codes available at the beginning of the project were
capable of handling only non-isothermal multiphase
flow and transport with no geochemical processes
or isothermal saturated flow and reactive transport.
Novel numerical methodologies and sophisticated
THG codes have been developed during the course
of the project, capable of handling in a general
manner the observed thermo-hydro-geochemical
couplings, and account for the most relevant fea-
tures of the THG conceptual model. Such codes are
at the cutting-edge of coupled THG models for po-
rous media. THG models have been constructed us-
ing such codes and relying on: 1) Data provided by
a wide range of small-scale lab tests; 2) Thermal
and hydrodynamic data from the “mock-up” test
and; 3) Thermal, hydrodynamic and geochemical
data from partial dismantling of the “in situ” test.
The ability of the models to reproduce most of the
observed THG patterns under such a large number
of conditions enhances confidence in their predictive
capabilities.

Modelling in future stages should address the needs
described in the last section (7.7.8) of this chapter.
There are major expectations that, by so doing, it
might be possible to construct numerically verified,
scientifically sound and thoroughly tested THG com-
puter codes and numerical models.

7.7.2. Conclusions on THG parameters

A large number of laboratory tests performed for the
purpose of deriving THG parameters have been in-
terpreted numerically, including: 1) Batch tests to
derive distribution coefficients, 2) Through- and
in-diffusion tests to estimate accessible porosity, dis-
tribution coefficients and effective diffusion coeffi-
cients, 3) Permeation tests aimed at exploring dual
porosity structures and dispersive parameters, 4) In-
filtration tests devised to estimate relative hydraulic
conductivity, and 5) Exchange isotherm tests. Data
from the two large-scale tests have also been used
to derive hydrodynamic and thermal parameters.

The interpretation and THG numerical analysis of
the FEBEX tests allows the following conclusions to

be drawn regarding water flow, heat transport, sol-
ute transport and geochemical parameters:

1 Relative hydraulic conductivity (Kr) of the ben-
tonite is a key bentonite parameter that cannot
be measured directly. It must be derived indi-
rectly from the interpretation of lab tests. Sev-
eral functions such as those of Irmay and van
Genuchten have been tested and compared.
In general they provide different results in
terms of water fluxes and solute distributions.
The automatic numerical interpretation of infil-
tration tests leads to the conclusion that
Irmay’s model is more consistent with actual
water fluxes than the van Genuchten model.

2 Vapour tortuosity controls the amount of water
evaporation near the heaters, which in turn in-
duces sharp increases in solute concentrations.
Several assumptions regarding vapour tortuosity
were tested numerically. Numerical analyses of
the “in situ” and “mock-up” tests lead to appar-
ently conflicting conclusions regarding vapour
tortuosity. On the one hand, large tortuosity
factors lead to iodide tracer concentrations
much higher than the values measured near the
heater of the “in situ” test. On the other hand,
the best fit to observed relative humidities in
both “in situ” and “mock-up” tests are obtained
with vapour tortuosities ranging from 0.5 and 1.

3 Available data on gas pressures and
permeabilities are conflicting in some cases.
The current understanding of the role of the
gas phase in the overall THG behaviour of the
clay barrier is as yet inadequate.

4 Diffusive solute transport is the most relevant
transport process after the early stages of
hydration. Diffusion and permeation tests per-
formed with a wide range of tracers and
radionuclides on water-saturated samples
have been effectively interpreted using an au-
tomatic interpretation method. Contrary to
standard analytical methods, which fail to ac-
count for some experimental conditions such
as the presence of porous sinters, numerical
methods allow for efficient, fast and optimal
interpretation of these tests. It has been found
that failing to account for some experimental
conditions may lead to misleading effective
diffusion coefficients. Numerical methods have
proven to be useful for the detection of experi-
mental flaws, pin-pointing identification prob-
lems and suggesting possible improvements in
experimental conditions.
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5 Molecular diffusion is a process that depends
on a large number of properties of bentonite:
thermal (temperature), mechanical (bulk den-
sity, porosity), physical (tortuosity, connectivity),
hydrodynamic (water content) and chemical
(surface charge phenomena, ionic strength,
size, charge and type of species). While the
dependence of molecular diffusion on most of
these parameters has been already incorpo-
rated in current THG models, available data
on some hydrodynamic and chemical param-
eters are limited. There is a clear lack of diffu-
sion data for non-saturated bentonite.

6 Most reactive transport models assume that all
chemical species have the same diffusion coef-
ficient. However, it is well known that major
chemical species have different diffusion coeffi-
cients. Accounting for different diffusion coeffi-
cients requires considering cross-diffusion terms
in order to preserve charge balance. The rele-
vance of cross diffusion has been evaluated nu-
merically for the heating and hydration test
CT-23 and the “mock-up” test. The numerical
results indicate that model results change sig-
nificantly due to cross diffusion. Cross diffusion
coefficients are especially relevant for chloride
and sodium. However, accounting for cross-dif-
fusion terms does not always ensure charge
balance preservation.

7 In the bentonite pore water the concentrations
of most species are greater than those of the
hydration water. Therefore, diffusion of solutes
against the direction of water flow (backward
diffusion) is likely to occur. Backward diffusion
has been demonstrated numerically to be rele-
vant for lab heating and hydration experiments
and the “in situ” test.

8 Anionic tracers such as Cl, I and Re show very
low diffusion coefficients due to significant an-
ion exclusion effects. These effects, which have
been observed under saturated conditions, are
expected to play a more significant role under
the partly-saturated conditions prevailing in
the clay barrier during the hydration phase.
Several conceptual models have been postu-
lated and tested using chloride data. It has
been found that anion exclusion is a relevant
process for chloride transport. Models without
exclusion fail to reproduce the observed data.
Measured data for iodide, an artificial tracer
added in the “in situ” test, also attest to anion
exclusion effects.

9 Similar to other clays, bentonite exhibits a
complex porosity structure. Two types of po-
rosities may be distinguished: a kinematic or
mobile porosity along which pore water flows,
and an immobile porosity, where water does
not flow. The results of permeation and
long-term permeability tests performed on sat-
urated samples indicate that for large and
moderate water fluxes corresponding to Peclet
numbers greater than 0.1 (this number mea-
sures the ratio of advective to dispersive trans-
port), the bentonite behaves as a double-po-
rosity medium. For a small water flux and a
sufficiently large time (of the order of months),
the clay behaves as a single-porosity medium.
Except for permeation and permeability tests,
most THG models of the clay barrier carried
out within the project assume a single porosity
for bentonite.

10 Types of water in bentonite. Bentonite can hold
different types of water, including: 1) interlayer
water, 2) double-layer water and 3) free or
pore water. There are major differences re-
garding the role of each of these waters on re-
active solute transport. While adhesive water is
strongly tight to clay surfaces, pore water may
flow under the presence of a hydraulic gradi-
ent. Although significant progress has been
achieved in the FEBEX project on experimental
characterisation and quantification of their
amounts on powder clay samples, there are no
conceptual models yet available for the interac-
tions between these different types of water for
compacted bentonite under the dynamic condi-
tions of the clay barrier. So far, THG models
have been based on the assumption that mea-
sured values of water content represent the
amount of free water.

7.7.3. Conclusions of THG conceptual
model

Lab tests performed by CIEMAT and CSIC-Zaidín to
identify hydrochemical processes and geochemical
alterations have been useful for deriving appropriate
THG conceptual models. These experiments include:
1) Cation exchange tests, 2) Heating tests devised to
study the effect of temperature on chemical pro-
cesses, 3) Hydration tests to analyse chemical pro-
cesses triggered by dilution, 4) Long-term permeabil-
ity tests to investigate transport parameters and
chemical processes and 5) Heating and hydration
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tests on small and medium cells aimed at exploring
the geochemical behaviour of the bentonite and pos-
sible alterations under the simultaneous effects of a
thermal gradient and hydration.

Laboratory exchange tests indicate that cation ex-
change is a fast process which shows no temperature
dependence. The exchange complex is enriched in
Ca+2, while it is depleted in K+, Na+ and Mg+2. De-
pletion in K+ means that no illitisation takes place.
One of the contributions of the project has been the
derivation of global selectivity coefficients for Ca+2,
K+, Na+ and Mg+2 exchange, which were obtained
from exchange isotherm tests.

Quantitative characterisation of the chemical com-
position of bentonite pore water is a fundamental
requirement for THG modelling. Two methods have
been tested for two different solid-to-liquid ratios: 1)
Sample squeezing by strong compaction and 2) Sat-
uration extraction methods based on mixing a clay
sample with a larger mass of water (usually four
times the mass of the sample). The former is thought
to provide more representative results because the
solid-to-liquid ratio is similar to that of real condi-
tions. However, squeezing tests last too long, can be
used only for samples near water saturation and
sample only a fraction of the total pore water. Ex-
traction tests are much faster, but their results are
more prone to interpretation errors.

Different conceptual geochemical models (CGM)
may be derived depending on the type of data used
to construct them: squeezing and/or aqueous ex-
tract data. Three CGM’s have been developed to
account in a realistic manner for the experimental
conditions of the laboratory methods. The first
model (CGM-0), which relies only on squeezing
data, was used during the early stages of the pro-
ject. An inverse numerical method has been devel-
oped for the interpretation of aqueous extract tests,
which accounts for the geochemical processes expe-
rienced by clay samples during the extraction tests.
A second conceptual geochemical model, CGM-1,
has been derived from aqueous extract tests of vari-
ous durations and solid-to-liquid ratios. Model
CGM-1 adequately reproduces the measured data
of tests performed at different durations (up to 30
days). Most chemical species reach steady concen-
trations before 10 days. Therefore, calcite and dolo-
mite kinetics are rather fast. Although model
CGM-1 fits measured extraction data at different
solid-to-liquid ratios, it fails to reproduce bicarbon-
ate and pH data and cannot fit squeezing data.

Based on model CGM-1, a modified model
CGM-2 has been derived in order to fit simulta-
neously squeezing and aqueous extract data. Model
CGM-2 does not consider initial gypsum in the sys-
tem but its precipitation is allowed. This model
CGM-2 fits simultaneously both squeezing and
aqueous extract measured concentrations for most
chemical species, although it presents some clear
deviations for sulphate. Measured data tend to re-
ject the hypothesis of a constant pressure of CO2(g)

during the tests.

The major geochemical processes controlling the
chemistry of the clay barrier during the hydration pro-
cess are acid-base reactions, aqueous complexation,
cation exchange, proton surface complexation, disso-
lution/ex-solution of CO2 and dissolution/precipita-
tion of calcite, dolomite, chalcedony and gypsum/
anhydrite. All these processes have been assumed to
take place under equilibrium conditions. Exchange
tests carried out by CSIC-Zaidín indicate clearly that
cation exchange is not affected by temperature. This
is not the case for mineral dissolution-precipitation,
which shows a significant dependence on tempera-
ture.

The interpretation of a long-term permeability test
has been performed numerically with single and
dual porosity models and using three conceptual
geochemical models. The model results lead to the
following conclusions:

1 Measured data fall within the bands of com-
puted breakthrough curves with conceptual
models CGM-0, 1 and 2 and using a single
porosity model.

2 Major discrepancies between model results
and measured data are found for bicarbon-
ate. They might be related to changes in the
pressure of CO2(g) which have not been con-
sidered in the THG model.

3 Chloride and sodium data are coherent with a
double porosity model. The relevance of dou-
ble porosity for other species remains to be
ascertained.

The analysis and numerical interpretation of heating
and hydration tests reveals that the main
hydrochemical processes taking place during heat-
ing and hydration are:

1 During the early stages the thermal pulse
causes the precipitation of calcite, dolomite
and gypsum because their solubilities de-
crease with temperature. The behaviour of
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chalcedony is the opposite because its solubil-
ity increases with temperature.

2 At intermediate stages, water entering the sys-
tem, which has much lower solute concentra-
tions, causes dilution, which in turn induces
the dissolution of all minerals.

3 In the early and intermediate stages, water
evaporation near the heater causes a strong
increase in solute concentrations, which in turn
causes mineral precipitation. Large concentra-
tions near the heaters cause the solutes to dif-
fuse away from the heater.

4 As hydration progresses, the effect of dilution
and mineral dissolution extends to most of the
cell. Once the hydration front reaches the vi-
cinity of the heater, precipitated minerals start
to re-dissolve.

5 During the final stages, when the cell reaches
water saturation, concentration gradients dissi-
pate due to the effect of molecular diffusion.

7.7.4. Achievements on THG codes

A significant development in the capabilities of UDC
codes for water flow, heat transfer and reactive solute
transport has been achieved during the FEBEX pro-
ject. Starting from the original code CORE-LE-2D
v0.0a [194], updated versions of the code were de-
veloped such as CORE V1 [200] and FADES-
CORE-LE V0.0a [196]. The latter is capable of solv-
ing for coupled multiphase non-isothermal flow and
reactive transport. The most recent and powerful
version, INVERSE-FADES-CORE V0 [201], can solve
both direct and inverse coupled THG problems.
These codes have been used to: 1) Interpret differ-
ent lab tests for estimating parameters and identify-
ing relevant geochemical processes, 2) Predict
transport patterns of artificial tracers added in the
“in situ” and “mock-up” tests and 3) Predict the
THG performance of the clay barrier.

THG predictions of the “in situ” test have been per-
formed with INVERSE-FADES-CORE V0 [201], a
code which preserves all the capabilities of
FADES-CORE V1 [200] and is capable of perform-
ing automatic parameter estimation. In addition to
extensive code debugging, thorough verification
against TOUGH-REACT and detailed checking of
mass and charge balance, the following improve-
ments have been implemented in INVERSE-
FADES-CORE2D: 1) Different diffusion coefficients
for each dissolved chemical species, 2) Cross-diffu-

sion processes, 3) Additional constitutive laws for
bentonite thermal conductivity as a function of water
content and bentonite permeability as a function of
the ionic strength of the porewater, 4) Pitzer equa-
tions to calculate activity coefficients for high ionic
strength porewaters, 5) Chemical osmosis, 6) Ther-
mal osmosis, 7) Double porosity models and 8) So-
lution of the inverse problem for automatic estima-
tion of THG parameters.

7.7.5. Conclusions derived from
the THG model of the “mock-up” test

2-D and 3-D axisymmetric THG models of the
“mock-up” test have been constructed which have
been used to calibrate key thermal and hydrody-
namic bentonite parameters. While the model re-
produces the observed trends of cumulative water
inflow and relative humidities for the first 1000
days, model predictions after this date systematically
overestimate measured inflows and humidities. Pos-
sible explanations for these discrepancies have been
evaluated including: 1) The implementation of a
constitutive law for intrinsic permeability as a func-
tion of ionic strength; 2) Chemical osmosis and 3)
Thermal osmosis. It has been found that chemical
osmosis is not relevant for the conditions of the
“mock-up” test. Thermal osmosis is a process that
might explain the observed behaviour. However,
there are no measured data on thermal osmosis co-
efficients, which are extremely difficult to measure.

A THG model with a variable permeability as a
function of ionic strength improves the fit of cumula-
tive water inflow and relative humidity. However,
discrepancies still remain. It is believed that the
combination of dual-porosity and swelling of clay
(not accounted for in current THG models) has the
potential to overcome such discrepancies.

The overheating episode, which occurred in No-
vember 2000, has been modelled. The model re-
sults indicate that the overheating affected the hy-
drodynamic conditions only slightly, due to its short
duration. The model captures the trends of mea-
sured temperatures and relative humidities. In the
middle part of the barrier, however, it fails to repro-
duce the slow recovery phase after overheating.

Long-term predictions of tracer migration and hy-
drodynamic and hydrochemical evolution of the
barrier have been updated using the revised THG
model. With the updated model, steady concentra-
tions are attained after 20 years. Except for bicar-
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bonate, chemical species show patterns similar to
those of chloride, even though such species are
subject to chemical reactions. Changes in the ben-
tonite exchange complex are largest near the
heater.

7.7.6. Conclusions derived from the THG
model of the “in situ” test

The THG model of the “in situ” test has been re-
vised and updated by incorporating the conclusions
drawn from the model of the “mock-up” test. The
predictions of the “in situ” test have been compared
to measured tracer and geochemical data collected
after dismantling of Heater #1.

Available tracer data for deuterium and iodide have
been interpreted numerically. Deuterium data do
not allow clear conclusions to be drawn regarding
deuterium migration due to: 1) Low data precision,
2) The insufficient mass of added deuterium, 3) Un-
certainties regarding the breakage of the glass am-
poules (only 3 out of 5 were found broken; the most
likely thing is that the glass ampoules broke during
the test, because, if they had broken during disman-
tling, clay samples near the glass should have
shown deuterium ratios higher than those measured
after dismantling) and 4) Isotopic fractionation be-
tween interlayer and external water.

Iodide is a tracer which was added at the benton-
ite-granite interface. Iodide data clearly show a
peak located 40 cm inwards from this interface,
thus confirming the advective migration of iodide
due to water inflow towards the heater. These data
have been used to solve the inverse problem and
derive optimum estimates of accessible porosity, ef-
fective diffusion and vapour tortuosity. The optimum
estimate of tortuosity is 0.1, a value that is 5 times
smaller than that derived from the THG model of
the “mock-up” test. A tortuosity of 0.5 would lead to
computed iodide concentrations near the heater
much greater than the measured values.

THG predictions of the “in situ” test have been com-
pared to measured geochemical data collected af-
ter dismantling of Heater #1 in sections 29 (hot
area) and 12 (cold area). The available data in-
clude a few squeezing data (which take a long time)
and aqueous extract data, which contain uncertain-
ties associated with the fact that aqueous extract
tests must be interpreted by means of geochemical
models to account for the geochemical processes
undergone by bentonite samples during aqueous

extraction. Noticeable differences have been found
between squeezing and aqueous extract chemical
data obtained at the same location, especially in
section 12. Additional geochemical data from sec-
tions 19, 28 and 30 became available after com-
pletion of the THG model. A preliminary analysis of
such data reveals significant differences between
sections.

Measured aqueous extract data from samples lo-
cated near the bentonite-granite interface show ex-
ceedingly large cation concentrations that, accord-
ing to CIEMAT, might be an artefact caused by col-
loidal particles.

Three conceptual models have been used to inter-
pret aqueous extract data. All three models repro-
duce measured data, except for CGM-1, which is
unable to accurately fit bicarbonate data. All models
lead to similar inferred results for all chemical spe-
cies except for bicarbonate and sulphate. Models
CGM-0 and CGM-2, which were derived from
squeezing data, provide similar results except for bi-
carbonate.

The re-interpreted aqueous extract concentrations of
most species near the heater are larger than in the
granite-bentonite interface, where dilution is much
more pronounced. Dissolved cations (Ca2+, Mg2+

Na+, K+) show trends similar to those of chloride.
Although these species are subject to mineral disso-
lution/precipitation and cation exchange reactions,
these reactions are not sufficiently strong compared
to the dilution and evaporation processes to pro-
duce concentration patterns different from those of
chloride.

THG model predictions of the “in situ” test performed
with three conceptual geochemical models have
been compared to the measured data. The compari-
son of predicted and inferred values using data from
a section at the heater location (29) and a section far
from the heater (section 12) indicates that:

1 Thermo-hydrodynamic predictions of the “in
situ” test capture the general trends of mea-
sured transient temperatures and relative
humidities. The model accurately represents
the trend of measured water contents after dis-
mantling, but underestimates measured values
near the bentonite-granite interface and over-
estimates measured water contents near the
heater. These discrepancies are caused by
clay swelling/shrinking phenomena which are
not taken into account in current THG models
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2 Geochemical predictions capture the general
trend of aqueous extract and squeezing data
of most chemical species in hot and cold ar-
eas, except for sulphate and bicarbonate data.
THG predictions reproduce the chemical dilu-
tion pattern caused by bentonite hydration.

3 Predicted concentrations systematically overes-
timate measured values near the heater and
show gradients which are sharper than those
of measured data in section 29. This deviation
of chemical predictions from measured data
might occur only in this section because the
available data on sections 19, 28 and 30 do
not show such a trend.

4 The fact that predicted concentrations near the
heater systematically overestimate measured
values and show gradients much sharper than
those of measured values may point to water
evaporation being overestimated by the THG
model. This is consistent with the results of the
interpretation of iodide data, which indicate
that current THG models may overestimate
vapour tortuosity.

5 Predicted chloride concentrations near the gran-
ite-bentonite interface at section 29 overestimate
measured values. This discrepancy might be as-
sociated with the fact that the THG model does
not account for changes in porosity caused by
swelling/shrinking phenomena. However, com-
puted values in section 19 are close to the
aqueous extract and squeezing data.

6 The computed results for magnesium, sodium
and potassium obtained with the three models
reproduce the general trends of aqueous ex-
tract data in sections 29 and 12.

7 No clear conclusion may be drawn on which
CGM performs the best. CGM-1 shows limita-
tions for the interpretation of bicarbonate
data. While models CGM-0 and CGM-1 fit
calcium data in hot section 29 better than
model CGM-2, models CGM-1 and CGM-2
perform better in cold section 12. Such a dis-
crepancy might be related to the role of gyp-
sum/anhydrite.

8 Predicted sulphate concentrations are consis-
tent with squeezing data, but systematically
underestimate aqueous extract data.

The fact that THG models derived from small-scale
lab tests reproduce the overall trends of measured
concentrations for most chemical species in the “in

situ” test provides an indication of the lack of scale
effects

7.7.7 Uncertainties

Partial dismantling of the “in situ” test provided a
unique opportunity to test the predictive capabilities
of the THG models. The models of the “in situ” test
accurately represent measured water content and
temperature data and capture the trends of most
chemical species. However, some discrepancies be-
tween predictions have been observed which may
be attributed to a combination of the following fac-
tors: 1) Overestimation of water evaporation at the
heater-bentonite interface, 2) Clay swelling/shrink-
ing phenomena that are not taken into account in
current THG models and 3) the need for a dual-po-
rosity model.

Parameters and processes which require additional
characterisation include:

1 Relative hydraulic conductivity (Kr). Additional
infiltration tests with the injection of tracers
should be performed to derive appropriate rel-
ative conductivity functions. These tests should
be repeated at various temperatures to derive
the variation of Kr with temperature.

2 Gas phases. Evaluating gas flow parameters
such as gas permeability and vapour tortuosity
and studying the role of gaseous phases such
as CO2(g) in chemical processes. The detected
contradictions on vapour tortuosity values de-
rived from calibration of the TH model of the
“mock up” test and iodide data from the “in
situ” test should be further analysed.

3 Molecular diffusion coefficients under partly
saturated conditions. Diffusion tests should be
performed under non-saturated conditions to
make up for the current lack of solute diffusion
data for non-saturated bentonite.

4 The relevance of cross-diffusion processes re-
quires further analysis.

5 Additional diffusion tests should be performed
to characterise the dependence of diffusion co-
efficients on ionic strength, ion size and charge.

6 Additional diffusion and permeation tests
should be designed and performed in order to
avoid parameter identification problems. Per-
forming radial diffusion tests is highly recom-
mended for future stages of the project.
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7 Anion exclusion. Additional diffusion tests are
needed to quantify anion exclusion under
non-saturated conditions.

8 Proton surface complexation. Tests performed
during the second phase of the FEBEX project
have provided firm evidence of the relevance
of proton surface complexation for buffering
pH. Future THG models should account for
this process.

9 Uncertainties still remain regarding the cou-
plings of THG and mechanical processes.

10 Types of water in bentonite. Current THG
models assume that measured values of water
content represent the amount of free water.
However, multiple-porosity models, in which a
distinction is made between intra-aggregate
and inter-aggregate water, will be needed to
explain model deviations in water inflow and
relative humidities of the “mock up” test and
in geochemical data of the “in situ” test.

11 A detailed analysis of geochemical data col-
lected after dismantling of Heater #1 is re-
quired to ascertain the differences observed in
different sections.

12 There are uncertainties related to CO2 condi-
tions (open or closed system), the role of
K-feldspars and the effect of heater corrosion,
which have not been yet considered in THG
models. There is experimental evidence indi-
cating a decrease of exchanged cations near
the heaters, which might be attributed to the

exchange of certain corrosion products, such
as Cu and Zn. Additional experimental data
are needed in order to understand and model
the interaction of corrosion products and ben-
tonite.

7.7.8. Future needs

Future THG models should incorporate mechanical
and geochemical couplings (thus leading to fully
coupled THMG models) and account for porosity
changes caused by swelling phenomena. They
should also consider more sophisticated conceptual
geochemical models in which a distinction is made
between intra-aggregate and inter-aggregate water
for the purpose of hydro-geochemical modelling.
Dual porosity models using the dual continuum
model (DCM) approach should be developed. Such
models should consider two transport equations with
a coupling interaction term to describe solute trans-
fer across the interface of macro- and micro-pores.

Most of the THG analysis effort has been devoted to
constructing thermo-hydro-geochemical models for
the main geochemical processes controlling the
geochemical evolution of the clay barrier in terms of
major ion composition, pH and alkalinity. There are
some processes which are relevant for performance
assessment such as redox and the interactions of
corrosion products which have not been addressed
in the FEBEX project. Experimental data as well as
numerical analyses on the role of these processes
should be undertaken in the future.
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8.1. Introduction
The test drift is 70.40 m long and has a circular cross
section of 2.28 m in diameter. It was excavated in
1995 using a tunnel-boring machine (TBM). The test
area (heated zone) was isolated from the rest of the
drift (service area) by a 2.70 m-thick concrete plug
placed at a distance of 17.40 m from the drift
dead-end. The drift is intersected by two lampro-
phyre dikes in the test area, intruded in the granite
rock mass (for a detailed description, see Chapter
4).

After the partial dismantling of the “in situ” test, a
study was performed on the mechanisms of creation
of the potential damaged zone around the test drift
and its evolution after a period of more than five years
of heating, within the framework of the second phase
of the project. The research program included labora-
tory and in-situ investigations as well as the numerical
modelling of the observed phenomena.

8.2. Laboratory investigations
Several types of tests were performed on the core
samples taken from the test area (heated zone), and

from the service area: microfracturing and porosity
tests, gas permeability tests and acoustic investiga-
tions.

8.2.1. Microfracturing and porosity tests

The objective of the work performed was to analyse
the porosity and microfracturing (Figures 8.1, 8.2
and 8.3), both quantitatively and qualitatively. The
14C-PMMA (14C-polymethyl-methacrylate) technique
was applied for study of the spatial distribution of
porosity. In addition, complementary microscopy
and scanning electron microscopy (SEM) studies
were performed for qualitative investigation of the
pore apertures and minerals in porous regions.

No clear increased porosity zone was found adja-
cent to the drift wall with the 14C-PMMA method in
the granite samples. The total porosities of the sam-
ples varied between 0.6-1.2%. Grain boundary
pores and trans-granular porosity were detected.
The samples from the unplugged region did not dif-
fer from the samples from the plugged region.

A clear increase in porosity to depths of 10-15 mm
from the drift wall was detected in lamprophyre

8. EDZ (Excavation Damaged Zone) studies in the drift of the “in situ” test
Figure 8.1: Photo image of granite (left) and corresponding autoradiograph (right) from the unplugged region in the FEBEX drift.
The excavated surface is on top. Sample width is 10.6 cm.
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Figure 8.2: Porosity is calculated with respect to the distance from the drift wall and presented as a porosity histogram.
Figure 8.3: Photo image of the granite (left) and corresponding auto-radiograph (right) from the unplugged region in the FEBEX drift.
The excavated surface is on the left. Sample width is 14 cm



samples. The EDZ consisted of micro fractures per-
pendicular to the drift wall. Strong fracturing was
found in some lamprophyre samples at depths of
several cm from the drift wall. Some samples con-
tained quartz inclusions, where plenty of micro frac-
tures transacted the mineral grains parallel to the
drift wall and numerous intra-granular fissures trans-
acted the quartz grains. The quartz grains were
found to be porous, having a porosity value of
0.5%. The granite matrix, which was surrounded by
the quartz inclusion adjacent to the drift wall, had
clearly higher total porosity (i.e. 1.3-1.5%) than the
granite matrix at depths of 10 cm from the drift wall,
which was 0.9-1.1%.

According to the SEM/EDX analyses, the EDZ in the
granite matrix extended to depths of 1 - 3 mm from
the wall surface. A few quartz grains were crushed
and some micro fractures were found. Some trans-
granular fissures were found parallel to the wall sur-
face, with apertures of around 5-30 �m. The mi-
cro-fracture apertures varied between 20-50 �m in
the EDZ of lamprophyre samples, trending to depths
of 5-25 mm from the drift wall.

8.2.2. Gas permeability test

The permeability measurement (Figures 8.4 and
8.5) is a good indicator for assessment of the exis-

tence and evolution of the EDZ. Gas permeability
tests were carried out on two core samples measur-
ing approximately one metre in length, each taken
from the granite wall perpendicular to the drift. The
first sample was cored in the service area distant
from the heated zone and the second at the level of
Heater #1. Core samples were first machined in or-
der to obtain hollow cylinders with an internal diam-
eter of 24mm. The tests were performed at constant
gas pressure by setting a steady-state radial flow
through a section of one centimetre in width iso-
lated by means of four mini-packers. By moving the
mini-packers along the sample, the profile of gas
permeability may be established according to the
length of the core.

The magnitude of the permeability measured ranges
between 6.5·10-18 and 8.4·10-19 m2, pointing to the
absence of marked damage. The highest value is
obtained on the sample taken in the service area
and corresponds to a natural sealed joint.

Although the flow rate profile corresponding to the
sample taken from the heated area shows an in-
crease in permeability over the first 20 centimetres,
this evolution cannot be linked to the existence of a
damaged zone. Indeed, whereas natural rock
heterogeneities provide greater variation, the maxi-
mum discrepancy in terms of permeability continues
to be less than one order of magnitude.
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Figure 8.4: Gas permeability measurement set-up.
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. Acoustic investigations

rements of the travel times of ultrasonic
through a cylindrical granite block have been
ed. The aim of this test has been to quantify

riations in propagation velocities of acoustic
through the rock. The cylindrical granite

was taken from the service area, and mea-
38.8 cm in diameter and 40 cm in length
the drift wall towards the rock mass). For this
the block was analysed along 2D transversal
s in six radial directions (section 1 (R1-R7)
es with the FEBEX drift direction). More than
easurements were taken by combining differ-
sitions of the transmitter-receiver pairs.

nt inverse tomographic strategies have been
o analyse the measured data. By studying sig-
pagation velocities through horizontal trajec-
(Figure 8.6), a preferential direction R2-R8
gher velocities may be observed, although the
y differences are not significant. The 2D
raphic inversion (Figure 8.7) shows some het-
eity in propagation velocity through the gran-

owever, no special decrease of velocity to-
the drift wall (top part of the sections) is ap-

preciated. Therefore, no evidence of the existence
of an EDZ has been found in the analysed sample.
The anomalous highest velocities are associated
with measurement artefacts, since there were broken
parts in the granite sample where measurements
were not taken.

The results have been contrasted with those of the
FEBEX site geologic characterisation report [217].
The sampled block is not intersected by any of the
fracture traces of the cartography of the FEBEX drift
(Figure 8.8 left), and a visual analysis of this granite
block does not show any fracture or fissure. More-
over, pole distributions of the fracture families (Fig-
ure 8.8 bottom) are not correlated with the pole of
the preferential direction R2-R8. Therefore, this pref-
erential direction might be due to any heterogeneity
in the fabric of the granite.

8.3. In situ investigations

To characterise the hydraulic connectivity of the po-
tential fracture networks in the drift near field and to
determine the permeability distribution along artifi-
cial/natural fractures intersecting the tunnel, the BGR



8. EDZ (Excavation Damaged Zone) studies in the drift of the “in situ” test
180º

FEBEX gallery direction

R1 R2 R3
R4R11

R12

P1

P2

P3

P4

P5

P6

P7

90º

270º

0º

Measuring points

Measuring system set up

Transmitter Receiver

Ultrasonic ray trajectory

Figure 8.6: Measuring system set up with a static transmitter and a portable receiver (left), and measuring points grid
in the granite sample (right).
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surface packer system was developed and used in
the FEBEX drift.

On the basis of the geological circumstances and
from the viewpoint of the possible mechanical influ-
ences of the excavation processes, seventeen loca-
tions, including granite matrix and lamprophyre
dykes in the heated area (11) and in the service
zone (6) have been selected and tested. In the ma-
trix area with lower permeability a pulse test was
carried out, using pressurised air with stepwise pres-
sure increases, to determine gas entry pressure. In
the fractured area, a gas constant flow rate injection
test was conducted.

Only two locations with higher permeability were
detected: one is a natural fracture in the lampro-
phyre dyke and the other is the interface between
the lamprophyre and granite. To interpret the exper-
imental results, the numerical code RockFlow for
one and two phase flow was applied. The perme-
ability measurements obtained on the granite wall
are comparable to those corresponding to the un-
disturbed rock mass (<5.0·10-19 m2).

The thermal (temperature on the tunnel wall of
about 40 ºC) and mechanical (swelling pressure of
about 4 MPa) loadings during the heating period
and hydration have no significant influence on hy-
draulic parameters (permeability and porosity) but
may affect the residual water saturation of the gran-
ite in the EDZ and long-term re-saturation. However
the distribution of the hydraulic parameters around
the tunnel cannot be correlated with the re-distribu-
tion of the stress state. The investigations show that
attention should further be focused mainly on the
natural fracture system with relative higher perme-
ability, which intersects the drift.

8.4. Numerical investigations

2D and 3D thermo-hydro-mechanical and thermo-
mechanical analyses have been performed in order
to assess the effects of the excavation and the heat-
ing phases on the possible development of an EDZ
around the drift.

In the 2D analysis, the main hypotheses adopted
were as follows:

1. Homogeneous porous medium

2. Isotropic mechanical state conditions

3. Axisymmetric conditions

It may be observed (Figure 8.9) that the maximum
developed stresses are around 22 MPa after the ex-
cavation phase and 62 MPa at the end of the hypo-
thetical worst case heating phase, leading to the
conclusion that no mechanical reason exists for the
development of an EDZ in the FEBEX drift.

In order to take into account the strong anisotropy
of the initial state of stress, a 3D modelling was per-
formed. According to the in-situ measurements, the
compressive tectonic regime leads to a horizontal
stress 4 or 5 times larger than the vertical lithostatic
pressure (9-12 MPa). In addition, there is a differ-
ence of more than 10 MPa between the minimum
and the maximum horizontal stress, forming an an-
gle of 60º with the drift axis. The rock mass, con-
crete plug, heaters and bentonite buffer were mod-
elled. The excavation phase, followed by the
thermo-mechanical loading of the test drift were
simulated.

The maximum stress developed around the drift wall
compared to the yielding criterion (Drucker Prager)
shows (Figure 8.10) that the state of stresses in-
duced by the excavation and the heating phases re-
mains far below the critical curve.

8.5. Conclusions

All the experimental results show that the granite
matrix has not been damaged either by the excava-
tion or by the THM loading experienced by the rock
mass. Except for a zone of about three millimeters in
depth, underlined by the SEM/EDX analyses, the
granite seems to preserve its mechanical and hy-
draulic properties. The evidence of a potential EDZ
concerns only the lamprophyre area and the inter-
face between the lamprophyre and granite.

The absence of an EDZ in the Grimsel granite matrix
is also confirmed by the numeric simulation, which
shows that the maximum stress developed is much
lower than the minimum resistance of the rock. Even
some uncertainty may exist regarding the behaviour
of the natural joints at the local scale, the creation of
a continuous pathway for radionuclide migration
along the drift seems to be highly improbable.
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Figure 8.9: Results of 2D thermo-mechanical calculation: Von Mises stresses after excavation (top)
and after more than five years heating period (bottom).
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Figure 8.10: Stresses around the test drift compared to Drucker Prager yielding criterion.
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9.1. General

Although the FEBEX project (throughout its several
phases) was basically an R&D project, ENRESA de-
cided to apply a Quality Assurance (QA) Program-
me to it for the reasons given below.

QA programmes are usually implemented in large
manufacturing processes or in large engineering
projects. The requirements of Quality Assurance
must be in proportion to the degree of complexity of
the project. In general, the intent in applying a
quality programme is to ensure that the work is ac-
complished in a planned and systematic manner in
order to decrease the probability of errors and mal-
functions resulting from the complex interrelations
existing between the various organisations partici-
pating in the project.

The QA programme applied to the project is de-
scribed in summary below. For details of the
programme applied in the first phase of the project,
see reference [218].

9.2. Quality assurance in ENRESA

ENRESA is a Spanish public company whose mission
is the management of radioactive wastes; therefore,
it has established a quality assurance system based
on nuclear regulations. The application of this sys-
tem is obligatory only to the activities related to nu-
clear safety and radiological protection of the instal-
lations operated by the company, as well as to the
transportation of radioactive wastes. Furthermore,
ENRESA is registered as an AENOR certified firm,
since its quality system is also based on the UNE-
EN-ISO-9001 standard, which has a broader appli-
cation. ENRESA is also in possession of an environ-
mental system management certification.

From the above, it may be concluded that applica-
tion of the quality system at ENRESA is mandatory or
voluntary depending on the nature of the project.
Generally speaking the ENRESA R&D projects, in
general, are not subject to a quality assurance sys-
tem. Nevertheless, application of the quality system
to the FEBEX project was decided, for the following
reasons:

� During the operational stages of this experi-
ment it would be impossible to maintain, repair
or replace some of the fundamental compo-
nents of the two large-scale tests. Under these
conditions, it was considered advisable to ap-

ply a QA programme in order to increase the
quality control in the fabrication and in the in-
stallation of the two phases of components of
the tests, and thus reduce the probability of
failures during the operational stages.

� The complex interrelations existing among the
numerous participating organisations (this
number was actually increased in the second
phase of the project), in the phases of design,
fabrication, installation, testing and interpreta-
tion of the results. As a tool for project man-
agement, it was considered advisable to imple-
ment a QA programme to regulate the activi-
ties and relations between the working groups.
In the second phase of the project Work Pack-
age Leaders were appointed, thus achieving
the decentralisation of responsibilities in several
project management activities.

� High financial cost.

9.3. Quality assurance
in the FEBEX project

The basic aim of the project QA programme was to
increase the probability of success being achieved in
reaching its demonstration and of modelling objec-
tives. However, since the decision to apply the QA
system was taken after the project had begun, some
difficulties were experienced in its implementation,
as indicated below.

9.3.1. Anticipated difficulties

The following difficulties were taken into account in
relation to the implementation of the QA
Programme:

� Suspicion of a probable lack of familiarity (sub-
sequently confirmed) by the majority of the or-
ganisations participating in the first phase of
the project, and the new second project phase
participants, with the Quality Assurance pro-
grammes, requirements, and procedures.

� Potential difficulties were anticipated in the
supply of elements required to be subjected to
QA controls, due to the lack of commercial
availability of such elements with the specified
characteristics. The actual difficulties proved to
be fewer than anticipated.
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� The uncertainties in defining some of the nec-
essary characteristics of the instrumentation for
the large-scale tests (isolation, expected life,
range of measurements, etc.).

� The uncertainties in determining the type and
values of stresses and other variables for the
design of the large-scale tests.

� The uncertainties in determining the values of
some parameters or constants to be used in
the modelling.

� The difficulties in managing the interrelations
between the different organisations participat-
ing in the project.

� Application of the programme once the project
had started.

9.3.2. Elements of the quality assurance
system

As has previously been stated, ENRESA decided to
apply a QA programme to the FEBEX project after
the design of many of the project components had
begun. In fact, the application of the programme
was initiated in the last quarter of 1995. The Test
Plan of the “in situ” test [1] had been issued in June
1995, and that of the “mock-up” test [2] was practi-
cally complete by that time.

A QA programme must contain the elements for the
control of the design; consequently it should have
been issued prior to the commencement of the
work. It is quite clear that this condition has not
been met. Other aspects, such as supply controls,
etc. were similarly affected.

In summary, it was not possible to apply a QA pro-
gramme in its entirety. Nevertheless, from the begin-
ning of its implementation, consideration was given
to the method of applying the basic elements, such
that to the greatest possible degree it would be possi-
ble to meet the goal of a quality programme: “work
performed in a systematic and planned manner”.

For this reason, the criteria of quality assurance
were applied simultaneously with development of
the project. As a result, application of the program-
me was prioritised on the basis of the necessity of
the work, rather than in the habitual order. The dif-
ferent elements of the system are described below,
in the chronological order of application.

This problem did not occur in the second phase of
the project. The Monitoring System panel re-installa-

tion, and installation of the second “in situ” test after
partial dismantling were completely covered by the
QA programme in their instruments design and sup-
ply phases.

9.3.2.1. Document control

First, the procedure for project documentary control
was issued. The intent was to achieve the highest
possible degree of homogeneity and systematisation
in the coding, issuing, distribution, use and cancel-
lation of the documents issued by the different par-
ticipating organisations. This had become urgent
due to the large volume of documentation being
generated. Furthermore, it was necessary to make
the distribution of the documentation among the dif-
ferent participating organisations for information or
comments a systematic affair. Therefore, this proce-
dure was applied prior to the issuing of the QA
programme for the project.

This procedure was revised during the project sec-
ond phase, in order to include the new second
phase participants and the new project stages cre-
ated with the second phase of the FEBEX project:
monitoring system panels removal and re-installa-
tion, first cooling, partial dismantling, second instal-
lation (instrumentation, second shotcrete plug, and
second heating into the second operational stage).

During the second project phase a Sample Control
procedure was also issued in order to control the
partial dismantling sample extraction, handling,
storage, and transportation processes.

9.3.2.2. QA Programme

Following the Document Control procedure, the QA
Programme was written and was issued in January
1996 in rev. 0, following revision by the participat-
ing organisations.

The QA Programme is based fundamentally on the
capability already acquired by ENRESA from its own
quality system. The rest of the participating organi-
sations (particularly the universities and research or-
ganisations) did not, in general, have their own
quality systems. The FEBEX programme is, there-
fore, based on the ENRESA system and extended to
the rest of the organisations. In the case of the
non-Spanish organisations (in particular, GRS and
G.3S, since the participation of ANDRA, from the
quality point of view, was limited to the acquisition
of instruments for measuring humidity), the
programme was delivered to them, but the quality of
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their work was their own responsibility and is not de-
scribed herein.

Throughout the rest of the project, the participating
Spanish organisations developed their own proce-
dures (in accordance with the procedure for docu-
ment control described above) to a greater or lesser
extent depending on the volume of their activities.
Only in the case of AITEMIN was an in-house qual-
ity manual, based on the UNE-EN-ISO-9001 stan-
dard, approved and implemented during this initial
stage of the project.

The QA Programme was also revised with the sec-
ond phase of the project in order to include the new
participating organisations, and the new stages of
the project. As several non-Spanish organisations
were added in the second phase, a new approach
was tried in order to subject Quality Assurance uni-
formly to their activities. The main new feature of
this revision was to include a requirement for every
participating organisation (new and old) to draw up
a specific Quality Plan for the activities assigned
within the project second phase to each of them.
Thus, specific Quality Plans were issued by GRS,
VTT, CEG, CIEMAT, BRGM, CSIC, CT, PSI and
UPC. As in the first stage of the project, AITEMIN is-
sued global Quality Plans in the format of Inspec-
tion Points Programmes for the several activities led
by them, included in this second phase of the pro-
ject, and consisting mainly of the removal of the
monitoring panels from the tunnel, partial disman-
tling and the second installation.

The main aspects that were intended to be covered,
and that are included in the QA Programme, are
described below.

The project organisation was defined, including the
lines of communication and authority to be used by
the various participating organisations. In general,
the information had, in the first phase, been satisfac-
torily centralised by the Technical Secretariat of the
project. In the second phase of the project informa-
tion was first gathered and filtered by the Work Pack-
age Leaders, prior to the final coordination activities
performed by the Technical Secretariat.

In addition, the QA Programme includes a descrip-
tion of the project responsibilities (principal or sec-
ondary) of the participating organisations in the var-
ious phases of the project. This has made it possi-
ble to determine the main responsible figure for
each activity.

The programme includes not only the scope of QA
requirements applicable to each of the successive

stages of the project, but also explains in detail the
significance of each of the requirements and how
they are to be applied to the project and to what
applicable participating organisations.

The programme contains other useful information,
such as:

� Description of the interventions of the ENRESA
Quality Management Department (which has
undertaken to carry out the non-conformance
and audit control functions for the entire pro-
ject, due to the aforementioned lack of quality
organisations within the participating organisa-
tions)

� Definition of the quality records to be gener-
ated by the project, etc.

9.3.2.3. Administrative procedures

Drafts of administrative procedures were subse-
quently issued by ENRESA, the aim being for each
participating organisation to be able to prepare its
own procedures, adapted to its idiosyncrasies and
particular circumstances. One exception was the pro-
cedure for document control that, as explained
above, was issued by ENRESA for application to all
the participating organisations, with a view to ensur-
ing the highest possible level of uniformity. The other
exception was the procedure for sample control, also
issued by ENRESA, to ensure that all the participating
organisations designated the samples uniformly and
were able to maintain their traceability.

It was not possible to implement QA design control
of the physical components, since a large part of
the design had been performed prior to issuing of
the QA Programme. Procedures for software control
were, however, issued by the universities in charge
of the modelling. Design control activities were im-
plemented however for the second concrete plug in
the second phase of the project.

AITEMIN implemented procedures for supplies con-
trol that were applied to the main components of
the “in situ” test. CIEMAT, on the other hand, had
the suppliers implement a quality control in the fab-
rication of some of the components of the “mock-
up” test.

Procedures for the control of tests and control of
measuring, and testing equipment were established
by the various organisations responsible for these
activities.

For the documentation governing the installation of
the two large-scale tests, the panel movement, the
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partial dismantling and the second installation, as
well as the corresponding equipment reception, cal-
ibration, and functional and acceptance tests, the
decision was taken to use Quality Plans (Inspection
Point Programmes, IPP) as a guide for the perfor-
mance of these activities. Their use proved to be
satisfactory during the implementation of these ac-
tivities

9.3.2.4. Design control

Since some of the designs had already been com-
pleted [1, 2] when the QA Programme was ap-
proved, the only option open to ensure quality was
review of the design by ENRESA. Basically this re-
view was directed at analysing the design inputs, the
standards applied, and the calculation methods
used. A summary of these aspects in the design of
the components for the two large-scale tests is pre-
sented below.

The drift design specification and the hydro-geologi-
cal boring specification for the “in situ” test were
performed based on pre-existing information, and in
general, through the analysis and design conditions
of the ENRESA generic Granite Deep Geological
Waste Repository (AGP) project design, performed
in accordance with a QA programme. The design
of the heaters was intended also to be very similar
(in dimensions and weight) to those of the reference
canisters of the “AGP” project.

There was no detailed design for the concrete plug
in the “AGP” project. The preliminary design was
made by UPM. The detailed design, developed by
AITEMIN with expert help, was reviewed by ENRESA.

The second concrete plug (installed after the partial
dismantling of the first heater), was not anchored to
the drift, as was the first, but instead opposed the
“in situ” test internal pressure resting on the friction
forces developed between the wall of the drift and
the plug. Another difference with respect to the first
plug was the use of shotcrete instead of conven-
tional concrete. This new design complemented the
original demonstration objective of the FEBEX pro-
ject with a more realistic installation procedure in
the real repository. In this case the basic design was
assigned to DM Iberia, the detailed design and fab-
rication specification again being assigned to
AITEMIN, as in the case of the first plug. The new
design of the plug proved to be effective to in stop-
ping the leakage across the cable penetrations suf-
fered by the first plug.

For the instrumentation, the selection (type), range
of conditions, expected life – i.e., the capacity to
withstand the environmental conditions (and isola-
tion) – suitability, and calibration possibilities were
reviewed and discussed. The cabling was designed
with a Teflon cover for isolation from the surround-
ings. In general, and due to the lack of commercial
precedents, no formal control of the instrument de-
sign could be established. The instruments installed
in the second installation profited from the lessons
learned in the dismantling analyses, especially with
regard to anti-corrosion performance.

Neither were there any precedents in relation to the
design of the electric power system. The main design
input in this case was not the real power of the fuel
elements, but the boundary condition of constant
temperature at the surface of the heaters. AITEMIN
performed the detailed design of the power control
and of the monitoring and control systems for the “in
situ” test. There were three resistances in both of the
two heaters.

Certain modifications were made to the design,
such as, for instance, the diameter of the drift. The
diameter was reduced by a few centimetres in order
to allow for the use the tunnelling machine (TBM)
available at the desired time.

For the “mock-up” test, also lacking in precedents,
CIEMAT had to develop the mechanical design from
the basic data, such as, for example, the design
pressure (obtained by adding the swelling pressure
to the water injection pressure).

Consequently, the confining structure and the heat-
ers of the “mock-up” test were designed, in accor-
dance with the basic data mentioned above and us-
ing Division 2 of Section VIII of the ASME code. The
tanks of the hydration system also were designed in
accordance with Section VIII of the ASME code.
Given the aforementioned problem of scheduling,
an internal review by ENRESA replaced formal con-
trol of the design.

Both the instrumentation and the power control sys-
tem have characteristics similar to those of the “in
situ” test, although there are major differences in
the solutions adopted in each case for the power
control, this allowing a comparative analysis to be
performed at the end of the project. The “in situ”
solution has proven to be more convenient (power
control based on wave chopping on a single oper-
ating resistance) than the one used in the
“mock-up” (power control based on time chopping
on the three resistances operating simultaneously).
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For the monitoring and control system, the same
basic design was used as in the “in situ” test.

9.3.2.5. Control of Suppliers

The ENRESA QA Department evaluated the quality
of the Spanish organisations participating in the
project. As has been pointed out above, with the
exception of AITEMIN, the participating organisa-
tions did not have their own quality systems; conse-
quently, the evaluation was fundamentally directed
at checking the availability of procedures, material,
and human resources for the performance of their
activities. The evaluations indicated that the level of
quality was satisfactory for the characteristics of the
project.

In addition, the intention was to implement procure-
ment control, but only in relation to the acquisition
of the main components of the two large-scale tests.
In the case of the “in situ” test, the main compo-
nents subjected to QA were the drift; the steel liner;
the heaters; the bentonite blocks; the concrete plug;
the instrumentation (excluding the TDR’s, that are
experimental in nature); the cabling; and the power
control, monitoring and control and data acquisition
systems. For the “mock-up” test, the main compo-
nents were the same as in the “in situ” test, except
for the obvious lack of the drift, the concrete plug,
and the steel liner, but with the addition of the con-
fining structure and its hydration system.

For the “in situ” test, AITEMIN implemented quality
control using their internal administrative proce-
dures. It should be noted that the heaters and the
steel liner were fabricated in accordance with a QA
programme and in accordance with IPP’s complying
with Division 1 of Section VIII of the ASME code.
The plan for the assembly and testing of the control
panels for the power control system was revised to
incorporate additional tests aimed at improving
quality in manufacturing. The purchase orders for
the instrumentation were revised to incorporate re-
quirements related to isolation, calibration, and sta-
bility in harsh environments. The fabrication of the
bentonite blocks was subject to specifications and
fabrication procedures issued by AITEMIN.

As a result of scheduling constraints, revision of the
supply plans relating to the “mock-up” test was pos-
sible only once the manufacturing of the main com-
ponents was already in progress. In all cases, cor-
rective actions were implemented whenever features
possibly susceptible to problems were detected. The
confining structure for the “mock-up” test was fabri-

cated in accordance with an IPP that complied with
Division 1 of Section VIII of the ASME code. The
heaters were fabricated according to the code, but,
in order to perform weld radiography and thus as-
sure the quality of the welding, it was necessary to
modify the design of the welds between the heater
shell and its back end cover. The hydration system
tanks were fabricated in accordance with Division 1
of Section VIII of the ASME code, and tested in ac-
cordance with the Spanish regulations for pressure
vessels (“Reglamento de Aparatos a Presión”). Pur-
chase orders for the instrumentation were revised to
add requirements relating to calibration and stability
in harsh environments. The fabrication of the ben-
tonite blocks was subject to quality control.

9.3.2.6. Installation of the two large-scale tests

As has already been commented above, the instal-
lation of both tests was documented using IPP´s.
These programmes made reference to the installa-
tion procedures and/or to tests to be performed and
proved to be particularly useful: first, as an aid in
the planning and independent review of all the tasks
and, second, for clarification and documentation of
the implementation of those tasks.

Prior to beginning the installation of the physical
components of the “in situ” test, some activities hav-
ing quality implications were performed. One of
these activities was the installation of a concrete
replica of a drift section to verify the viability of ben-
tonite block installation. Reception inspections and
calibrations of the instrumentation, as well as the
preliminary assembly of the control panels, were
also performed. Another documented activity with
quality implications was the chronological shipping
of all the necessary material to Switzerland, follow-
ing careful planning,

The installation of the physical components of the
“in situ” test commenced in early summer, 1996,
and, as the site is accessible by road only from May
to November, the final date for transporting the
equipment was in November 1996. For this rea-
son, the planning was very important, especially in
view of AITEMIN’s needs concerning coordination
with other participating organisations, such as GRS,
G.3S, and NAGRA.

The installation activities with major quality implica-
tions were as follows:

� Documentation of the location of the instru-
mentation, as well as its verification both be-
fore and after installation.
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� Documentation of the density of the bentonite
installed in the slices of blocks.

� Installation of the steel liner segments and their
alignment.

� Reduction of the humidity in the drift environ-
ment, to avoid swelling of the bentonite during
its installation.

� Insertion of the heaters into the steel liner.

� Construction of the concrete plug, including
tests for controlling the concrete, and the pene-
trations for cable bundles.

� Connection of the cables to the control panels,
their functional testing, the tests on the moni-
toring and control system and the final overall
tests.

� Determination of the parameters of the power
control system.

During the spring of 2001 the panels of the moni-
toring and control system, originally situated in the
drift immediately in front of the plug, were removed
and re-installed out of the drift. This operation was
performed to allow for the removal without interfer-
ences of the first heater during the partial disman-
tling phase to be performed the following year. The
disconnection of the electrical cables from the cabi-
net terminals and subsequent reconnection, the
functional checks and the recording operations were
of considerable quality importance for the success
of the test in its partial dismantling stage. An IPP was
followed for these activities.

The switching-off of the heaters took place in Janu-
ary 2002. Later in the spring of that year, the partial
dismantling of the “in situ” experiment began. The
dismantling activities with major quality implications
were as follows:

� Careful demolition (to avoid harming instru-
ments) of the first concrete plug.

� Selective acquisition of samples (including in-
struments, and the first heater).

� Handling, packaging, temporary storage and
shipping of samples.

� New instrumentation installation.

� Second 3 m-long concrete plug installation.
(Only 1 m was constructed in 2002. The rest of
the plug was installed during the summer of
2003).

All these activities were guided by the use of the ap-
plicable IPP´s, and in the case of the sample acqui-
sition the process was also governed by the “Sam-
pling Plan”, a document issued by AITEMIN, where
samples and instruments to be retired in each sec-
tion were described, along with specific integrity in-
structions for the removal of samples and instru-
ments. Format records for each section were also
included in the Sampling Plan.

During partial “in situ” experiment dismantling, “in
situ” measurements of water and moisture content
of bentonite samples for each section were per-
formed, in order to achieve results quickly, before
alteration of the samples could occur.

In the installation of the “mock-up” test, the activi-
ties with major quality implications were the follow-
ing:

� Hydration system tests.

� Documentation of the location of the instru-
mentation, as well as its verification both be-
fore and after installation.

� Documentation of the density of the bentonite
installed in the slices of blocks.

� Insertion of the heaters.

� Cable penetrations through the confining struc-
ture and its sealing.

� Connections of cables to the control panels,
functional testing, testing of the monitoring and
control system and the final overall tests.

� Flooding of the clay barrier.

� Determination of the parameters of the power
control system.

The only design modification worth mentioning oc-
curring in the “mock up” test consisted of installing
flow integrators in the hydration system in order to
be able to determine the water mass actually swal-
lowed.

All the details of the previously described features
are in the Final Data Dossiers for the “in situ” test
phases and for the “mock-up” test.

9.3.2.7. Maintenance and periodic calibration
plans

From a quality point of view, operation manuals for
the two large-scale tests were needed in the opera-
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tional stages. As periodical instrument calibrations
were impossible to perform, the maintenance plans
focused mainly on the power supply systems for
both tests. In fact, the power supply and power con-
trol systems are the systems in which most of the
Non-Conformances appeared during the opera-
tional stages of both tests, all of which were conve-
niently resolved.

9.3.2.8. Modelling

Procedures have been issued for the software design
control documentation. These procedures describe
the issue of the Requirements and Design specifica-
tions of the different modelling codes developed by
the modelling organisations, their plans for their
verification and validation, the reports on these ac-
tivities and the user manuals. The procedures were
issued by the organisations in charge of the devel-
opment of the models and of the modelling activi-
ties: UPC-DIT and UPM, for the THM and EDZ
modelling and ULC for the THG modelling.

Many modelling predictions and activities were per-
formed during the pre-operational and operational
stages. The cooling and the second heating after
partial dismantling of the “in situ” experiment, as
well as several operational transients such as the
overheating and underheating “mock-up” tran-
sients, provided additional opportunities for model
validations against experimental data. The results
obtained are detailed in the Modelling Chapters of
this report.

Several modifications have been implemented on
the THM and THG codes, concerning not only pa-
rameter adjustments but also improvement of the
constitutive equations. New capabilities have also
been incorporated into the codes.

A configuration control of the status of the codes
has also been performed by the modelling organi-
sations.

9.3.2.9. Laboratory tests

During both project phases, laboratory tests were
performed for the determination of modelling pa-
rameters. From the point of view of quality, each
laboratory test is subjected to test control, this imply-
ing its documentation through the testing procedure,
the conservation of its generated records and the
implementation of controls relating to the inspec-
tion, measurement and testing equipment.

Post-mortem laboratory analyses for the samples
obtained in the partial dismantling of the “in situ”
test have also been performed. The results are de-
tailed in the Tests Chapter of this report.

9.3.2.10. Periodic interventions of the ENRESA
QA Department

The QA Department of ENRESA, in accordance with
the QA Programme of the project, has received the
assignment of performing the internal audits within
ENRESA and the external audits of the Spanish partici-
pating organisations. The Non-Conformances found
during the experiments have been resolved satisfacto-
rily in all cases.

A special audit has been performed on the “in situ”
partial dismantling sample gathering process. This
special audit has focused on all the organisations
participating in partial dismantling and has been per-
formed by an appointed inter-organisational audit
team formed by SKB, RAWRA, and ENRESA. This
audit was performed in June 2002, with satisfactory
results.

In addition, this department has undertaken supervi-
sion and inspections during the fabrication of the
major components of the large-scale tests (confining
structure of the “mock-up” test and heaters for both),
the calibrations of the instrumentation, the assembly
and testing of the control panels and the installation
and final testing of the two large-scale experiments,
instrument panel movement, dismantling activities
and the installation of the two concrete plugs.

The QA Department has managed the documented
non-conformances generated during the project.

9.3.3 Problem areas

As had been anticipated, difficulties were detected
in the application of the QA programme. This was
due, in many cases, to the haste imposed in the
performance of the project; in others, the difficulties
appeared due to the lack of information on the new
fields to which it was applied.

Perhaps the greatest difficulty affecting the project,
from the quality point of view, was the lack of famil-
iarity by those participating in the project with the
terminology, elements, procedures, activities, and
programmes of Quality Assurance. During the sec-
ond phase of the project this lack of familiarity af-
fected only some of the new participants, since
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those participating in the first phase had by then ac-
quired quite a lot of quality experience.

The difficulties in implementing the quality program-
me have led to problems, such as those summarised
below:

� Use of out-of-date standards for design and/or
fabrication.

� Minor discrepancies in the fabrication stan-
dards requirements, caused by a deficient flow
of information.

� Problems in the design of the heaters, relating
to compliance with certain standards require-
ments.

� Selection of Teflon as the protection for the ca-
bles. The Teflon solved the problem of the
chemical interaction with the environment but
caused problems in sealing of the cable pas-
sages.

� Design for the cables passing through the first
concrete plug. This problem was resolved with
the new concrete plug terminal connections
design within the second concrete plug.

� Problems with the “mock-up” power control
system design choice. Problems with the electri-
cal isolation of the power supply conductors of
the “mock up” heater resistances.

� Managing to get some almost exclusive suppli-
ers to meet certain requirements or interna-
tional standards.

� Changes in design that caused information to
be lost between participating organisations,
since no formal design control existed.

� Change in the form of initial hydration of the
clay barrier in the “mock-up” test.

� Difficulties in achieving the expected Quality
Control requirements specified in the fabrica-
tion specification, during the two different in-
stallations of the second concrete plug.

� Progressive loss of instruments & sensors due
to the actual operational lifetime of both tests
exceeding that projected. These lost sensors
have had very little impact on the overall per-
formance of both tests. Possibly the worst case
was the loss of one of the two thermocouples
responsible for the power control of the “in
situ” test. The applicable corrective action con-
sisted of provisions for a possible substitution

with a different thermocouple with a different
setpoint.

All the difficulties and problems that were encoun-
tered during the project have constituted an oppor-
tunity to learn and have in all cases been satisfacto-
rily resolved.

9.4. Conclusions

From the experience obtained in applying a QA
programme during the two phases of the FEBEX pro-
ject, a set of conclusions was drawn that should be
useful as a lesson learned for other R&D projects.
Among the most important conclusions are the fol-
lowing:

1. It has been confirmed that a quality program-
me is applicable to an R&D project, even
though its application was initially in doubt.
However, the peculiarities of a research pro-
ject and those of the working groups dedi-
cated to this type of activity can, and must, be
taken into account in working out future R&D
activities subjected to a QA programme.

This conclusion is particularly relevant, since
any research project, whose results are to be
used as input data for a project subjected to
quality assurance, should also be subjected to
such a requirement.

2. The QA Programme has been very useful in
the FEBEX project, specifically in the following
three aspects:

� As an aid to project management, particu-
larly due to the regulation of documents,
coding of samples, and definition of the in-
terrelations among groups.

� Achieving a reasonably good Quality Assu-
rance & Control in the design, fabrication,
and installation of main components in the
two large-scale tests.

� Achieving a systematic procedure for the
application of Preventive and Corrective
Actions following the appearance of opera-
tional Non-Conformances.

Although the programme was initiated after
the design had started, the degree of success
in its application has been greater than antici-
pated.

FEBEX Project. Updated Final Report. 1994-2004

570



571

9. Quality assurance/quality control programme

3. The application of the programme in the pro-
ject has evidently contributed to the quality of
the results from the installation and operation
of both large-scale tests, the laboratory tests,
model development, and the modelling of the
two large-scale tests.

4. It is evident that, for its goals to be to accom-
plished, a quality programme should be ap-
plied from the very beginning of the project
(conceptualisation Phase).

5. The application of a Quality Assurance Pro-
gramme in all cases implies an increase in the
project budget that has to be conveniently

analysed during the programming phases of
an R&D project.

6. Both large-scale tests remain operational and
will continue to be useful for the validation of
other R&D projects that will not be subjected to
quality assurance. Nevertheless the database
information gathering for both large scale tests
and their final dismantling are the two remain-
ing areas in which a QA programme applica-
tion would greatly profit from the application of
the FEBEX QA Programme, especially from the
FEBEX project QA records generated.
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10.1. Conclusions relating to
the first objective
(demonstration of handling
and construction of the EBS)

10.1.1. Feasibility of constructing the
engineered barriers system (EBS)

The design, fabrication, handling and installation of
the various components of the “in situ” test accom-
plished a major part of the initial objective of the ex-
periment – demonstration of the feasibility of con-
structing the EBS in accordance with the Spanish ref-
erence concept for crystalline rock (AGP Granito).
Specifically it has been demonstrated that it is feasi-
ble to fabricate and handle the bentonite blocks, on
an industrial scale, that a clay barrier can be con-
structed with the average dry density required and
that, consequently, the average volume of the con-
struction gaps between the blocks, canisters and rock
may be predicted and are of magnitudes compatible
with the swelling of the bentonite, such that the bar-
rier has the specified swelling pressure and perme-
ability.

10.1.2. Experience acquired in relation
to the design of a repository

Although, as stated in Chapter 1, the “in situ” test is
not an exact replica of the AGP Granito concept
(especially in the size and weight of the bentonite
blocks and the installation method), the experience
acquired is described below, since it may be useful
in some aspects for the design of a future repository.

� The disposal drift diameter of 2.40 m, as in the
AGP Granito, is quite limiting. It is considered
that a drift of this diameter is viable, but will re-
quire a very refined design for the handling
and transportation equipment. The equipment
must be very compact, while at the same time,
accurate, powerful and robust.

� The majority of the specifications and proce-
dures adopted in FEBEX for the industrial fabri-
cation of the bentonite blocks are, in principle,
applicable to blocks of greater dimensions
(properties of raw bentonite, characteristics of
the molds, fabrication tolerances, quality assur-
ance system, etc). Although the FEBEX blocks
have an approximate mass of only 25 kg, the

experience acquired during the fabrication and
handling of these blocks leads to the conclusion
that larger blocks are feasible without any spe-
cial problems. In fact, O-ring shaped blocks of
compacted bentonite with an inner diameter of
1.07 m, an outer diameter of 1.65 m, a height
of 0.5 m and a weight of more than 1000 kg
have been manufactured by SKB for its KBS-
3-Prototype Repository design project. The tech-
nical feasibility of these large size blocks, as re-
gards handling, have also been tested within the
framework of the Prototype project.

� The handling required for the installation of lar-
ger sized blocks may present difficulties. The in-
stallation equipment (by robot or remotely oper-
ated) for the blocks must be designed such that
the blocks are subjected to compression stresses
compatible with their strength (2 to 3 MPa) and
to basically zero tension. Even more importantly,
the gap between the blocks and the steel liner,
especially in the lower part, is practically non-
existent, as a result of which the equipment must
hold each block only by its front face.

� A very important factor that must be taken into
account is the influence of relative humidity on
the mechanical integrity of the bentonite blocks.
Adequate control of this humidity is necessary at
the storage sites and during the handling and in-
stallation of the blocks. This issue must be stud-
ied in detail, to establish the allowable humidity
limits as a function of exposure time. The pres-
ence of a film of water on the walls of the drift
does not, however, seem to produce any prob-
lems from the point of view of the installation.

� A critical factor during insertion of the canisters
is the alignment of the steel liner with respect to
the axis of the drift. For this reason, the liner
may be a hindrance rather than an aid as re-
gards insertion of the canister. This aspect of
the barrier should be studied, since in the case
of a real repository it would be constructed us-
ing larger size blocks.

� The type of concrete plug performed during the
first phase required special attention as regards
the following two aspects: the form of over ex-
cavation for the key and the concreting, to ob-
tain a good contact between the plug and the
rock across the entire peripheral surface. For
these reasons, the plug developed following
the dismantling of Heater #1 was made of
shotcrete; this may prove to be an adequate
solution, although further tests will be required.
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A part of the demonstration objective was to gain
insight into the state of the barrier after it has been
subjected to hydration and heating. This part of the
objective has been attained during the dismantling
of Heater # 1 of the “in situ” test. In general terms,
the behaviour of the buffer has been as expected.
That is, the hydration is progressing homogenously
from the outer part in contact with rock to the inner
and hotter part, and this hydration has produced the
closure of all the gaps and joints existing after the
installation. Also, the state of the instrumentation
system has been evaluated during the partial dis-
mantling. The laboratory analysis of the instruments
retrieved indicates that they still operate correctly,
without any loss of accuracy.

Laboratory and in situ tests as well as THM model-
ling indicate that, to all practical intents and pur-
poses, there is no EDZ in the FEBEX drift.

Also the studies have shown that there has been no
modification in the original hydraulic properties of
the rock as a result of either the excavation or the
test.

10.1.3. Experience acquired in relation
to the behaviour
of the instruments during
the two large-scale tests

Various areas entailing problems or uncertainties
were considered during the design and installation
of the two large-scale tests (Chapter 1). Among
these, consideration was given to the possibility of
failure of the heating system (heaters, temperature
sensors and cables) and the instrumentation system
(sensors and cables).

In both tests, however, the behaviour of the heating
system has been excellent. The clay barrier and
rock instrumentation systems have also shown a
high degree of reliability, higher in fact than was ex-
pected by the suppliers. After five years of heating
and hydration, 80% of the instruments in the “in
situ” test and 90% in the “mock-up” continue to be
operational.

The data acquisition and heater control systems
have also operated correctly, including the remote
control system for the “in situ” test.

The good behaviour shown thus far by these systems
does not, however, allow their final duration to be
predicted. Given the impossibility of making such
predictions, the advisability of having information

with respect to this issue and the good behaviour ob-
served to date, it would be recommendable to con-
tinue with the large-scale tests as long as possible.

10.1.4. Quality Assurance (QA)
Programme

Another part of the first objective is the development
and implementation of a QA programme. Although
the application of the programme was initiated after
a large part of the physical components had been
designed, it has contributed to improving quality
control during the fabrication and the installation of
the components for the two large-scale tests. Never-
theless, it is obvious that for this part of the project
the application of a QA programme is similar to
that of any industrial process. Its application was
necessary to reduce the probability of failure of the
fundamental elements, since they would be inacces-
sible in the event of malfunctioning for either repair
or replacement.

The most important conclusion is the confirmation
that a QA programme is applicable to all the re-
search process. However, due to the peculiarities of
a research process and, consequently, of the scien-
tists and engineers in charge of its development, the
quality programme must include mechanisms allow-
ing for adaptation to the discoveries and innova-
tions that occur during the process. This conclusion
is important, since, if the results are used as design
data for another project that must be subjected to a
quality assurance programme, then the research
project must also be subjected to that requirement.

10.2. Conclusions relating
to the second objective
(THM modelling)

The study of the THM processes in the near field (es-
pecially the clay barrier) was the second objective of
the project. The ultimate objective was to develop
and validate a numerical model capable of quanti-
tatively describing and predicting the THM pro-
cesses occurring.

The numerical model used is CODE-BRIGHT, de-
veloped prior to FEBEX. During the project, formu-
lation of the model and the code were modified and
significantly improved, although the core, based on
a solid formulation of physical laws, has not re-
quired any change. Laboratory tests carried out dur-
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ing the project have been used for the improvement
of the model.

From the beginning of the project to the end of the
first phase of FEBEX, three complete modellings of
the two large-scale tests have been carried out.

The conclusion of the first, performed at the begin-
ning of the project with few real data on the benton-
ite parameters, did however make it possible to un-
derstand the THM processes, determine heater power
and define the distribution of the sensors for mea-
surement of the THM variables of interest.

The second modelling was carried out at the end of
the pre-operational stage (that is to say, before any
test monitoring data was available). In this case,
characterisation parameters were already available
for the clay barrier and the rock mass (for the “in
situ” test). This modelling led to two conclusions: on
the one hand determination, by means of sensitivity
analysis, of which laws and parameters had the
greatest influence on the results, this making it possi-
ble to develop a laboratory testing program suitable
for the demands of the model; and on the other, us-
ing the parameters and laws considered to be most
realistic with the information available at the time,
prediction of the behaviour of the large-scale tests
(“blind” prediction), with a view to subsequently con-
trasting the results with the monitoring data.

The last modelling of the first phase was performed
after checking the degree of fitness between the pre-
vious “blind” prediction and the monitoring data,
obtained after almost two years of hydration and
heating of the two large-scale tests. The “blind” pre-
diction reproduced all the processes well, albeit with
quantitative deviations with respect to the monitor-
ing data, due to the fact that, as of the date of mod-
elling, adequate results on certain critical parame-
ters were not yet available from the laboratory test-
ing. This third modelling was performed using the
parameters and information obtained from labora-
tory testing over two years of the operational stage.
In fact, modelling was performed until the best pos-
sible fit with the monitoring data was achieved, with
the condition that the values of the parameters were
within the range of those obtained from laboratory
testing. The conclusion of this modelling was that
with CODE-BRIGHT it is possible to reproduce with
reasonable accuracy the results of the measures
performed during the two large-scale tests and,
consequently, increase the degree of confidence in
its capacity to predict the near-field THM behaviour
of a repository.

Naturally there were still uncertainties, but the mod-
elling performed, using the available data, led to
the conclusion that to bracket the uncertainties de-
tected it was necessary to complete the foreseen
program of laboratory tests and, if possible, the per-
formance of other specific tests. It was also con-
cluded that it would be particularly useful to prolong
the operational stage of both large-scale tests for as
long as possible, since it was seen that with time, as
the degree of saturation of the barrier increases, the
dispersion of the measure of certain variables (such
as pressures) decreases. This would allow a more
reliable contrast to be made between the monitoring
data and modelling results. The conclusions of the
analyses performed on the results of this modelling,
finally, led to a second phase of FEBEX.

Various overall modellings of the two large-scale
tests were also performed during the second phase.

The first was performed using the previous model,
the aim being to compare the results with the moni-
toring data obtained after almost three years since
the beginning of heating. The results of the “mock-
up” modelling led to a surprise regarding the hy-
draulic problem: up to approximately day 900 of
the test, the modelling provided a suitable repro-
duction of the data on water ingress into the
“mock-up” and the distribution of relative humidity;
as from this moment, however, differences were ob-
served between the hydraulic behaviour of the test
and the model predictions. It was concluded that
analysis of these differences should receive prefer-
ential attention: understanding and explaining the
apparent reduction in the actual rate of hydration
was considered an important aspect relating to the
long-term prediction capacity.

Following several initial attempts, the research fo-
cused on the identification of other processes not
considered in the model available. The following
lines of research were explored: the existence of a
threshold gradient, the effects of thermocoupling
and evolution of the microfabric. In view of the re-
sults obtained it may be stated that, to some extent,
each of these phenomena explains the unexpected
response of the test. However, the changes in the
microfabric are considered to be the most promising
phenomenon as regards explanation of the behav-
iour of the bentonite barrier; consequently, a more
detailed analysis was performed on the effects of
changes in the fabric of the clay, using the dou-
ble-structure concept. The results of the modelling
are fairly satisfactory, inasmuch as the main trends
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observed in the behaviour of the test have been re-
produced.

At the end of the second phase – after more than six
years of heating and hydration on the “mock-up”
and more than seven on the “in situ” test – overall
modellings were performed. In addition, the over-
heating of the “mock-up” has been modelled, along
with the stage of cooling and excavation of the par-
tial dismantling of the "in situ" test.

In summary, and as a final conclusion, it may be
stated that CODE-BRIGHT is capable of modelling
the THM behaviour of the clay barrier and the near
field of the rock. However, there are still some gaps
in knowledge of the processes, as is demonstrated
by the persisting differences between the monitor-
ing data and the results of the modelling as regards
the trend of relative humidity, especially in the most
hydrated zone of the barrier. Consequently, it is
necessary to continue investigating these divergen-
ces – which may have consequences for other vari-
ables depending on hydration – unless they are
shown to be irrelevant.

10.3. Conclusions relating
to the third objective
(THG modelling)

This objective refers to study of the THG processes
in the near field and to their effects on the hydrody-
namic, mechanical and hydrochemical properties of
the bentonite. The ultimate aim is to develop analy-
sis tools and methods, among them the construction
and validation of a THG numerical model as a tool
for application to evaluation of the geochemical be-
haviour of the near field.

The probability assigned to achievement of this ob-
jective was lower than those of the other two, due not
only to the greater complexity of the geochemical
processes but also to the lower degree of initial de-
velopment of the THG model, compared to the
THM. Nevertheless, to date great progress has been
made in developing a THG model, in understanding
and evaluating the processes involved and in param-
eter acquisition by means of the laboratory tests.

The laboratory testing program was drawn up and
has been performed in coordination between exper-
imenters and modellers, such that the results serve
as a basis for construction and partial validation of
the THG model; furthermore, certain laboratory

tests by themselves allow certain conclusions to be
drawn in relation to the possible chemical and min-
eralogical transformation of the bentonite and the
composition of the pore water in the clay barrier.
Perhaps the most important result is that obtained
from the ion exchange tests. These tests have dem-
onstrated that there is no potassification of the ben-
tonite, this being the first step towards transforma-
tion into illite. Consequently, it may be stated that,
at least for temperatures of up to 80oC (the maxi-
mum test temperature), montmorillonite does not
transform into illite. During these tests (and also dur-
ing the hydration and heating tests in small-scale
cells), it has been seen that the exchange complex is
modified: calcium or magnesium increases and so-
dium and potassium decrease in the hottest areas.
This exchange complex modification does not, how-
ever, appreciably influence the mechanical and hy-
draulic properties of the bentonite (swelling and per-
meability), as has been demonstrated through test-
ing of samples from the cells. Progress has been
made also in determining sorption and transport
processes and parameters and in the chemical anal-
ysis of the pore water.

The THG codes have been continuously improved
from TRANQUI (developed prior to FEBEX) to
CORE-LE and FADES-CORE-LE (first phase of the
project), finishing in the second phase with the most
recent and powerful version: INVERSE-HFADES-
CORE. These codes have been applied to the fol-
lowing analyses: 1) interpretation of various labora-
tory tests for parameter estimation; 2) interpretation
of laboratory tests for the identification of relevant
geochemical processes; 3) prediction of the trans-
port patterns of the artificial tracers positioned in the
two large-scale tests; and 4) prediction of the THG
behaviour of the clay barriers in the “mock-up” and
“in situ” tests.

From the aforementioned application of the codes it
may be concluded that in general they reproduce
fairly well most of the observed patterns of geo-
chemical behaviour of a large number of laboratory
tests and of the results obtained from the laboratory
analyses on samples taken during partial disman-
tling of the “in situ” test, this generating confidence
in their predictive capacity. The models have been
constructed on the basis of small-scale tests and for
system states in specific discrete times. There is no
geochemical instrumentation in either the small or
large-scale tests. However, the fact that THG mod-
els derived from small-scale lab tests reproduce the
overall patterns of measured concentrations for
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most chemical species in the “in situ” test provides
an indication for the lack of the scale effects.

Nevertheless, certain discrepancies have been ob-
served between the modelling results and the data
on behaviour of the clay barrier. Among these is
the same hydraulic problem described in relation to
THM modelling. From the chemical point of view,
mention should be made of the major disagreement
between the prediction and the measurement data
for sulphate and carbonate. There are also certain
processes that were not taken into account.

In conclusion, it is considered that future THG mod-
els should incorporate mechanical and geochemical
couplings (thus leading to fully coupled THMG
models) and account for porosity changes caused
by swelling phenomena. They should also consider
more sophisticated conceptual geochemical models
in which a distinction is made between intra-aggre-
gate and inter-aggregate water for the purpose of
hydrogeochemical modelling. Dual porosity models
using the dual continuum model (DCM) approach
should be developed. Such models should consider
two transport equations with a coupling interaction
term to describe solute transfer across the interface
of macro- and micro-pores.

Most of the THG analysis effort has been devoted to
constructing thermo-hydrogeochemical models for
the main geochemical processes controlling the
geochemical evolution of the clay barrier in terms of
major ion composition, pH and alkalinity. There are
some processes that are relevant for performance
assessment, such as redox and the interactions of
corrosion products, which have not been addressed
in the FEBEX project. Experimental data as well as
numerical analyses on the role of these processes
should be undertaken in the future.

There are major expectations that by acting in ac-
cordance with what is recommended above it might
be possible to construct numerically verified, scien-
tifically sound and thoroughly tested THG computer
codes and numerical models.

10.4. Conclusions
of a general nature

The most relevant general conclusions drawn are
methodological in nature.

There is confirmation of ENRESA’s idea that, following
the partial research carried out in previous R&D plans,
with a view to establishing the viability of the reference
concept and making progress in the understanding
and evaluation of behaviour in the near field (espe-
cially the clay barrier), it was necessary to perform a
very complete experiment such as FEBEX (Chapter 1).
There is a demonstrated synergy achievement from the
simultaneous, integrated performance of tests on three
scales within the FEBEX project: real-scale testing un-
der natural conditions; testing at almost real scale and
eliminating the complexities of the rock mass; and lab-
oratory tests of a type and complexity adapted to the
requirements of the overall experiment. In other words,
the combination of the three experimental scales and
the modelling has been seen not only to provide a
more complete database but also to multiply the infor-
mation obtained from each test or group of tests.

It might be argued that complementary information
could also be obtained by means of different inde-
pendent research projects. However, this is not so
effective, for various reasons. On the one hand, the
type and number of the small-scale laboratory tests
have been modified during the project as the process
of interpretation, by modelling the behaviour of the
large-scale tests, defined those constitutive laws or
parameters that were most critical due to their effects
on the results. In certain cases it has even been nec-
essary to carry out specific tests that were unthinkable
previously, such as those performed in order to take
the decision regarding the initial hydration of the
“mock-up”. Furthermore, the coordination and inte-
gration of the information generated by the different
working groups with experimental or modelling re-
sponsibilities is difficult enough within one same pro-
ject, and impossible in the case of independent,
non-simultaneous projects.
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