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Sinopsis

FEBEX tiene el múltiple objeto de demostrar la facti-
bilidad de fabricar, manejar y montar las barreras
de ingeniería y de desarrollar códigos para la eva-
luación del comportamiento termo-hidro-mecánico
y termo-hidro-geoquímico del campo próximo de
un repositorio geológico profundo de residuos ra-
dioactivos de alta actividad. Estos objetivos requieren
un trabajo integrado de desarrollo teórico y experi-
mental. El trabajo experimental consiste en tres par-
tes: un ensayo "in situ", un ensayo en "maqueta", y
una serie de ensayos de laboratorio. 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 compac-
tada a gran densidad. En los dos ensayos a gran es-
cala, el efecto térmico del residuo se simula median-
te calentadores; la hidratación es natural en el
ensayo "in situ" y controlada en la "maqueta". Los
ensayos a gran escala, con sus sistemas de monitori-
zación, están en funcionamiento desde hace más de
dos años. La demostración se ha conseguido en el
ensayo "in situ" y existe una gran expectativa de con-
seguir modelos numéricos suficientemente validados
para la evaluación del comportamiento del campo
próximo.
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Abstract

FEBEX has the multiple objective of demonstrating
the feasibility of manufacturing, handling and cons-
tructing the engineered barriers and of developing
codes for the thermo-hydro-mechanical and ther-
mo-hydro-geochemical performance assessment of
a deep geological repository for high level radioac-
tive wastes. These objectives require integrated
theoretical and experimental development work.
The experimental work consists of three parts: an "in
situ" test, a "mock-up" test and a series of labora-
tory tests. The experiment is based on the Spanish
reference concept for crystalline rock,, in which the

waste capsules are placed horizontally in drifts su-
rrounded by high density compacted bentonite
blocks. In the two large-scale tests, the thermal ef-
fects of the wastes were simulated by means of hea-
ters; hydration was natural in the "in situ" test and
controlled in the "mock-up" test. The large-scale
tests, with their monitoring systems, have been in
operation for more than two years. The demonstra-
tion has been achieved in the "in situ" test and there
are great expectations that numerical models suffi-
ciently validated for the near-field performance as-
sessment will be achieved.
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Prefacio

El proyecto FEBEX pretende demostrar la factibili-
dad técnica y estudiar el comportamiento de
componentes del campo próximo de un repositorio
de residuos de alta actividad en roca crístali na. El
proyecto consiste en un ensayo "in situ", un ensayo
en "maqueta" y una serie de ensayos de laboratorio
complementarios, así como en trabajos de modeli-
zación.

El proyecto está coordinado por ENRESA (España)
con la colaboración de NAGRA (Suiza) para ciertos
aspectos y el trabajo está siendo realizado por las
siguientes instituciones:

a CIEMAT, AITEMIN, UPC-DIT (CIMNE), ULC,
CSIC-Zaidín y UPM (ESPAÑA)

Q ANDRA y G.3S (FRANCIA)

a GRS (ALEMANIA)

El trabajo está cofinanciado por la Comisión Eu-
ropea.

Este documento incluye una descripción sintética del
proyecto desde su conceptúa I ización hasta aproxi-
madamente dos años después de la terminación del
montaje de los dos ensayos a gran escala (media-
dos del año 1994 hasta principios de 1997, etapa
preoperacional, y etapa operacional hasta el 30 de
junio de 1999). La información detallada se presen-
ta en una serie de documentos específicos, cuyos tí-
tulos se incluyen en el Capítulo 9, References.

Aunque cada grupo participante ha escrito la parte
correspondiente a su trabajo, la edición técnica del
documento ha sido hecha por P. Fariña y J. Farias
(Secretaría Técnica, ST) bajo la dirección de F.
Huertas (Jefe de proyecto, ENRESA). Se ha pretendi-
do, de esta forma, hacer una descripción integrada,
concordante con la forma en que se ha realizado el
proyecto. No obstante, en el texto se indica la contri-
bución de cada institución responsable.

Además de este prefacio y el resumen que le si-
gue, el documento está estructurado en nueve ca-
pítulos, cuyo contenido general se indica a conti-
nuación.

En el Capítulo 1 se describen, en rasgos generales,
las diferentes partes de que consta el proyecto, su
justificación, objetivos, resultados esperados e incer-
tidumbres previsibles. Este capítulo ha sido redacta-

do por la ST con la colaboración de CIEMAT, pero
recoge las ideas de todos los grupos de trabajo.

El Capítulo 2 contiene una síntesis de los resultados
de ensayos de caracterización de la bentonita
FEBEX, que se ha utilizado en la construcción de las
barreras de arcilla de los dos ensayos a gran escala
y se está utilizando en los de laboratorio. CIEMAT,
CSIC-Zaidín y UPC-DIT han hecho los ensayos de
caracterización, pero la contribución de CIEMAT es
mayoritaria.

En el Capítulo 3 se incluye la descripción del ensayo
en "maqueta". CIEMAT ha tenido a su cargo el dise-
ño, fabricación, montaje y operación del ensayo.

El Capítulo 4 se refiere al ensayo "in situ". Se des-
cribe el diseño, la fabricación, montaje de los com-
ponentes físicos, y la operación del ensayo. Esta
parte del proyecto ha sido realizada por AITEMIN.
El capítulo incluye también la caracterización hidro-
geológica e hidroquímica del macizo rocoso en el
entorno de la galería FEBEX; el estudio hidrogeoló-
gico ha sido realizado por la UPC-DIT, con la con-
tribución de CIEMAT en su contenido geológico;
CIEMAT se encargó además del muestreo y análisis
químico del agua.

Los Capítulos 5 y 6 incluyen el resumen de las mo-
delaciones termo-hidro-mecánica (THM) y termo-h¡-
dro-geoquímica (THG), respectivamente. La primera
realizada por la UPC-DIT y la segunda por la ULC.

La descripción del programa de garantía de calidad
aplicado al proyecto es el objeto del Capítulo 7. El
programa se ha basado en el sistema de calidad de
ENRESA, que durante el trabajo se ha extendido a
las instituciones participantes. El departamento de
Gestión de Calidad de ENRESA ha elaborado las
bases del programa y ha gestionado su aplicación.

El Capítulo 8 incluye conclusiones globales y reco-
mendacions, deducidas en estas dos etapas, en re-
lación con los objetivos del proyecto.

Como Capítulo 9 se considera la lista de referen-
cias. Únicamente se incluyen como referencias los
informes específicos en los que se describe en deta-
lle el trabajo realizado hasta ahora, y algún docu-
mento más que se ha considerado imprescindible.
Sin embargo, en el trabajo se ha utilizado un gran
número de referencias bibliográficas; todas ellas es-
tán incluidas en los documentos específicos.
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Resumen

Introducción
El FEBEX (Full-scale Engineered Barriers Experiment)
consta de un ensayo "in situ", en condiciones natu-
rales y escala real; un ensayo en "maqueta", a es-
cala casi real; y una serie de ensayos de laboratorio
para complementar la información de los dos ensa-
yos a gran escala.

El propósito del proyecto es el estudio del compor-
tamiento de componentes del campo próximo de
un almacenamiento de residuos radiactivos de alta
actividad en roca cristalina. Específicamente se han
planteado los tres objetivos siguientes:

Primero: Demostración de la factibilidad de
manejo y construcción de un sistema
de barreras de ingeniería.

Segundo: Estudio de los procesos termo-hidro-
mecánicos (THM) del campo próximo.

Tercero: Estudio de los procesos termo-hidro-
geoquímicos (THG) del campo próximo.

La complejidad del proyecto se justifica porque
—después de estudios de caracterización integral de
macizos graníticos y del comportamiento térmico,
hidráulico, mecánico y geoquímico de materiales
para la barrera arcillosa, en planes de I + D anterio-
res- ENRESA llegó a la conclusión de que un avan-
ce relevante en el conocimiento del comportamien-
to del campo próximo sólo se puede conseguir por
medio de un experimento muy completo, como es
el FEBEX.

El objetivo de demostración se pretende conseguir
fundamentalmente en el ensayo "in situ". También
los procesos THM y THG deben ser estudiados, en
último término, en el ensayo "in situ", que es el re-
presentativo de un almacenamiento real. Sin em-
bargo, el estudio de procesos y variables y el desa-
rrollo, verificación y validación de los modelos de
cálculo requieren sistemas gradualmente menos
complejos que el natural: "maqueta" y ensayos de
laboratorio muy simplificados y controlados.

El experimento se basa en el concepto de almace-
namiento español de residuos radiactivos en roca
cristalina (AGP Granito): las cápsulas con el residuo
acondicionado se depositan horizontalmente en ga-
lerías, y se rodean con una barrera de arcilla for-
mada por bloques fabricados con bentonita com-
pactada a alta densidad.

El proyecto fue inicialmente planificado para un
plazo de 7 años (1994-2001). Sin embargo, basa-
dos en la experiencia obtenida hasta ahora, se ha

decidido prolongar el proyecto hasta finales del
2003. Su ejecución se ha dividido en cuatro eta-
pas: preoperacional (planificación, diseño, caracte-
rización de la bentonita, instalación y modelación);
operacional (calentamiento, monitorización, enfria-
miento y verificación de predicciones); desmantela-
miento (extracción, inspección, muestreo y estudio
de los materiales); evaluación final de los resulta-
dos y verificación de los modelos.

Este documento recoge la descripción sintética de
los trabajos realizados en la etapa preoperacional
(mediados del año 1994 hasta principios de 1997),
y de la etapa operacional hasta junio de 1 999.

Bentonita
La bentonita utilizada en el FEBEX procede del yaci-
miento Cortijo de Archidona, explotado por Minas
de Gádor, S.A. en la zona de Serrata de Níjar (pro-
vincia de Almería, España). De este yacimiento,
ENRESA tiene una extensa base de datos proceden-
tes de estudios anteriores al FEBEX. Se adquirieron
unas 300 t de bentonita debidamente homogenei-
zada y tratada, para la fabricación de los bloques
de las barreras de los dos ensayos a gran escala y
para todos los ensayos de laboratorio.

Algunas propiedades que caracterizan esta bentoni-
ta son las siguientes:

• Contenido de montmorillonita (%): 92 ± 3

• Límite líquido (%): 102 ± 4

• Peso específico: 2,70 ± 0,04

Q Presión media de hinchamiento para densidad
seca de 1,60 g/cm3: 5 MPa

Q Conductividad hidráulica saturada media para
densidad seca de 1,60 g/cm3: 4 • 1014 m/s

El material a granel preparado para la fabricación
de los bloques es un granulado de bentonita con
un contenido inferior al 5% de granos mayores de 5
mm y superior al 85% de granos inferiores a 74
jUm, con humedad del 12,5 al 1 5,5%.

Ensayo en "maqueta"
El ensayo en "maqueta" se está realizando en las
instalaciones de CIEMAT (Madrid). Los componentes
físicos del ensayo consisten en cinco unidades bási-
cas: la estructura de confinamiento con su sistema
de hidratación; el sistema de calentamiento; la ba-
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rrera de arcilla; la instrumentación; y los sistemas de
adquisición de datos y de control de los calentadores.

Se han hecho modelaciones predictivas del com-
portamiento THM y THG durante la etapa preope-
racional y modelaciones durante la etapa opera-
cional y su confrontación con los valores de moni-
torización del ensayo.

Estructura de confinamiento y sistema
de hidratación
El conjunto estructura de confinamiento-sistema de
hidratación pretende simular la galería y la aporta-
ción de agua del macizo rocoso del entorno, pero
en condiciones bien conocidas y controladas.

La estructura de confinamiento es un cuerpo cilin-
drico de acero con una longitud útil de 6,00 m y un
diámetro interior de 1,62 m. El sistema de hidrata-
ción suministra agua granítica, a presión, a la peri-
feria de la barrera de arcilla; consta de dos tanques
y una serie de tuberías conectadas a 48 boquillas
de la estructura de confinamiento, que está revesti-
da interiormente con varias capas de geotextil para
repartir uniformemente el agua de inyección a la
superficie de la barrera.

Sistema de calentamiento
En el ensayo se han instalado dos calentadores
eléctricos, separados 0,75 m entre sí, concéntricos
con la estructura de confinamiento, en contacto di-
recto con la bentonita; es decir, sin tubo guía como
existe en el ensayo "in situ". Cada calentador tiene
1,625 m de longitud, 0,34 m de diámetro y una
masa de unos 600 kg.

Cada calentador tiene tres resistencias, capaces de
suministrar una potencia térmica de 930 W por uni-
dad, es decir, una potencia total de 2800 W por
calentador. En el ensayo se mantiene una tem- pe-
ratura constante de 100cC, en el contacto calenta-
dor-bentonita, mediante el sistema de control de los
calentadores. El sistema es redundante: cada resis-
tencia puede suministrar una potencia térmica su-
perior a la necesaria.

Barrera de arcilla
La barrera de arcilla está formada por bloques de
bentonita compactada, de unos 25 kg de peso. Los
bloques fabricados tienen unos valores medios pon-
derados de 13,6% y 1,77 g/cm3 de contenido de

humedad y de densidad seca, respectivamente. La
densidad seca media de la barrera después de cons-
truida es 1,65 g/cm3 y la barrera tiene un porcentaje
de huecos de 6,25. Se han colocado 908 bloques,
en 48 rebanadas, con una masa total de 22,5 t.
Existe un hueco sistemático entre la barrera de arcilla
y el revestimiento de geotextil, que es, como máxi-
mo, de 1,5 cm en la parte superior.

Instrumentación
Se han instalado 507 sensores, entre la barrera de
arcilla y los demás componentes del ensayo, para
medir las siguientes variables: temperatura, hume-
dad, presión de fluido, presión total, deformación
de la estructura de confinamiento y presión de la in-
yección de agua.

Cerca de los calentadores se han colocado mues-
tras de diferentes metales para estudio de la corro-
sión. En el agua de inyección y en diferentes puntos
de la barrera de arcilla, se han añadido trazadores
químicos conservativos y no conservativos, con el
objeto de estudiar procesos geoquímicos y meca-
nismos de transporte.

Sistemas de adquisición de datos
y de control de los calentadores
El sistema de adquisición de datos (SAD) comprende
todos los componentes eléctricos y/o electrónicos, y
los programas de ordenador necesarios, para super-
visar, registrar y almacenar en un soporte magnético
seguro el conjunto de datos extraídos del ensayo,
de una forma autónoma. Dispone de las capacida-
des necesarias para el almacenamiento, análisis y
presentación de los datos obtenidos.

El sistema de control de los calentadores (SCC)
comprende todos los componentes eléctricos y/o
electrónicos, y los programas de ordenador necesa-
rios, para realizar las siguientes funciones: supervi-
sión del funcionamiento de los calentadores y con-
trol de la potencia que se les suministra;
adquisición de datos y su envío al SAD; y activación
de los procesos y alarmas en caso de fallo de algún
componente.

Instalación
Después de instalada la estructura de confinamien-
to en el anejo del edificio n° 1 9 de CIEMAT, espe-
cialmente construido para este ensayo, se colocó el
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geotextil que reviste la superficie interior de la
tructura.

es-

La barrera de arcilla se construyó manualmente,
por rebanadas completas, incluso en las zonas de
calentador, hasta completar su alojamiento. Los
sensores y sus cables se colocaban después de ter-
minada la rebanada correspondiente, alojados en
huecos y ranuras mecanizados en los bloques; los
cables atraviesan la pared de la estructura de confi-
namiento por 1 86 orificios dotados con un meca-
nismo de cierre hermético.

Los calentadores se insertaron a presión en el re-
ceptáculo preparado durante la ejecución de la ba-
rrera de arcilla, con la ayuda de una mesa de rodi-
llos para alinear el calentador con su alojamiento.

Los componentes del sistema de adquisición de da-
tos están instalados en un espacio adyacente, a ni-
vel superiora la estructura de confinamiento.

La fabricación de componentes y el montaje han esta-
do sujetos a un programa de garantía de calidad.

Etapa operacional del ensayo
Después de una serie de pruebas y de la hidrata-
ción inicial (inundación de los huecos de la barrera
de arcilla), el calentamiento y la hidratación definiti-
vos (etapa operacional) comenzaron el día 4 de fe-
brero de 1 997. La instrumentación y los sistemas de
hidratación y calentamiento han funcionado satis-
factoriamente. El 94% de los sensores siguen ope-
rativos y las escasas incidencias que se han produ-
cido se han corregido con rapidez y no han tenido
consecuencias en los datos.

Se dispone de una base de datos de los valores de
todas las variables medidas. Además, cada tres me-
ses se han editado informes de monitorización, que
han sido distribuidos a todos los grupos de trabajo.

Modelaciones THM y THG
Utilizando el CODE-BRIGHT, desde el comienzo
del proyecto se han hecho tres modelaciones THM.
La primera, para el diseño, se hizo con pocos datos
reales, pero permitió comprender los procesos
THM, determinar la potencia de los calentadores y
definir la distribución de sensores. La segunda se
realizó al final de la etapa preoperacional (predic-
ción "ciega"), utilizando datos de laboratorio de ca-
racterización de la barrera de bentonita; con esta
modelación se consiguió identificar las leyes y pará-
metros con influencia más crítica en los resultados

y así elaborar un programa de ensayos de labora-
torio más adecuado a las exigencias del modelo;
además esta predicción "ciega" tenía por objeto
producir unos resultados que se confrontarían pos-
teriormente con los datos de monitorización. La
predicción "ciega" ha reproducido bien todos los
procesos, pero con desviaciones cuantitativas res-
pecto de los datos de monitorización, debido a que
en la fecha de modelación no se disponía de resul-
tados adecuados de ensayos de laboratorio de al-
gunos parámetros críticos.

La última modelación (modelación operacional) se
realizó después de la comparación anterior; ha
consistido básicamente en conseguir el mejor ajuste
posible con los datos de monitorización, con la
condición de que los valores de los parámetros es-
tuviesen dentro del entorno de los obtenidos en los
ensayos de laboratorio. Con esta modelación se ha
comprobado que el CODE-BRIGHT puede repro-
ducir con aproximación razonable los resultados de
las mediciones. Aunque todavía quedan ¡ncertidum-
bres, se ha incrementado notablemente el grado de
confianza en la capacidad predictiva del código.

Hasta ahora se han desarrollado y verificado dos
códigos THG: CORE-LE y FADES-CORE-LE. En la
etapa preoperacional la modelación se redujo al
análisis del transporte de los trazadores químicos
que se han colocado en la barrera de arcilla. Sin
embargo, sus resultados y el trabajo hecho sobre
los modelos condujeron a la elaboración de un
programa de ensayos de laboratorio integrado en-
tre los grupos de experimentalistas y modelistas. Los
códigos desarrollados se han aplicado, en la etapa
operacional, al análisis e interpretación de ensayos
de laboratorio y a la modelación de los ensayos de
gran escala.

De esta aplicación se concluye que los códigos re-
producen bastante bien las pautas observadas del
comportamiento geoquímico de un gran número de
ensayos de laboratorio, lo que ha generado buenas
expectativas en su capacidad predictiva. Pero toda-
vía no se ha realizado un verdadero contraste entre
la predicción numérica y resultados de ensayos, es-
pecialmente con los de gran escala, puesto que no
existe monitorización geoquímica y la información
se obtendrá en la etapa de desmantelamiento.

Ensayo "in situ"
El ensayo "in situ" se está realizando en una nueva
galería excavada en la zona norte del laboratorio
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subterráneo GTS, que NAGRA gestiona en Grimsel
(Suiza). Los componentes físicos del ensayo consisten
en cinco unidades básicas: la galería; el sistema de
calentamiento; la barrera de arcilla; la instrumenta-
ción; y el sistema de monitorización y control.

Como para el ensayo en "maqueta", se han hecho
modelaciones predictivas del comportamiento THM
y THG en la etapa preoperacional y modelaciones
en ia etapa operacional y su confrontación con los
valores de monitorización del ensayo. Para obtener
los datos hidráulicos del macizo rocoso, necesarios
para las modelaciones, se realizó un estudio hidro-
geológico del entorno de la galería.

Galería
La galería tiene 70,4 m de longitud y 2,28 m de
diámetro. Se excavó, del 25/09/95 al 30/10/95,
con una máquina tuneladora de sección completa
(TBM) en un macizo granítico. En los últimos 1 7,4
m de la galería (zona de ensayo), se han instalado
los calentadores, la barrera de arcilla y la instru-
mentación. Esta zona se ha cerrado con un tapón
de hormigón. El sistema de monitorización y control
está instalado en la llamada zona de servicio, entre
el tapón y la boca de la galería.

Sistema de calentamiento
Los elementos principales del sistema de calenta-
miento son dos calentadores colocados dentro de
un tubo guía instalado concéntricamente con la ga-
lería y separados 1,00 m entre sí. Los calentadores
simulan las cápsulas a escala real: 4,54 m de lon-
gitud; 0,90 m de diámetro; 0,10 m de espesor de
pared; 1 1 t de peso; y están fabricados con acero
al carbono.

El objetivo térmico es mantener constantemente una
temperatura máxima de 100°C en el contacto tubo
guía-bentonita, que es el valor previsto en el con-
cepto AGP de referencia. Cada calentador tiene
tres resistencias eléctricas independientes, capaces
de suministrar una potencia térmica de 4300 W por
resistencia. Esta es la potencia nominal requerida,
con un factor de seguridad, para alcanzar la tempe-
ratura 100°C en un tiempo inferior a dos meses, en
el caso más desfavorable de suponer la bentonita
saturada. El sistema es redundante, con el objeto de
aumentar la seguridad de su funcionamiento duran-
te el tiempo de ensayo.

El otro elemento básico del sistema de calentamien-
to es el equipo y procedimientos de regulación de

la potencia de los calentadores para mantener la
temperatura de consigna.

Barrera de arcilla
La barrera de arcilla está formada por bloques, de
20 a 25 kg de peso, de bentonita compactada. Los
valores medios ponderados de la densidad seca y
de la humedad de todos los bloques fabricados son
1,70 g/cm3 y 14,4%, respectivamente. Para la
construcción de la barrera se han utilizado 5331
bloques, lo que supone una masa de 1 15,7 t. La
barrera tiene una densidad seca media, determina-
da durante la construcción, de 1,60 g/cm3 y un vo-
lumen de huecos de 5,53%. Existen huecos (separa-
ciones de magnitud variable) entre bloques de una
misma rebanada, entre bloques y el tubo guía, y
entre rebanadas; y existe sistemáticamente un hue-
co, entre la barrera y la roca, de anchura creciente
desde la parte inferior hasta la coronación, donde
llega a ser de hasta 3 cm.

Instrumentación
Se han instalado Ó32 sensores de diversos tipos, en
la barrera de arcilla, el macizo rocoso, los calenta-
dores y la zona de servicio, para medir las siguien-
tes variables: temperatura, humedad, presiones to-
tales, desplazamientos, presión del agua y otras.

Además se ha instalado un sistema de tubos cerá-
micos porosos con el objeto de captar gases, medir
su presión y tomar muestras para su análisis quími-
co. Cerca de los calentadores, embebidos en blo-
ques de bentonita, se han colocado muestras de di-
ferentes metales para el estudio de la corrosión. Y,
con el objeto de conseguir información sobre pro-
cesos geoquímicos y mecanismos de transporte, se
han colocado, en diferentes puntos de la barrera de
bentonita, trazadores químicos conservativos y no
conservativos.

Monitorización y control
Se hace mediante dos sistemas: uno situado en la
galería FEBEX del GTS, denominado "sistema lo-
cal"; y el otro situado en Madrid, en el llamado
RMC (Remote Monitoring Center), que se denomina
"sistema remoto". Ambos sistemas están conecta-
dos vía módem.

El "sistema local" comprende todos los componen-
tes eléctricos y/o electrónicos, y los programas de
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ordenador necesarios, para la adquisición de da-
tos, supervisión y control del ensayo de una forma
autónoma. El "sistema remoto" está constituido por
todos los equipos informáticos y los programas de
ordenador necesarios para la supervisión y control
a distancia del ensayo, así como para el almacena-
miento de los datos obtenidos, su análisis y presen-
tación. El sistema remoto actúa como "maestro" del
conjunto, proporcionando las reglas de control y
las órdenes necesarias al sistema local.

Instalación
Previamente a la construcción de la barrera y a la
colocación de los calentadores, se realizó una serie
de labores preparatorias y de infraestructura: venti-
lación, suministro eléctrico y de agua, y construc-
ción de una solera de hormigón en la galería, pro-
longada en una plataforma al exterior como muelle
de carga y descarga y estacionamiento de equipos
auxiliares de manejo y transporte de materiales.

También se perforaron previamente 19 sondeos
desde el interior de la galería, en la zona de ensa-
yo, en los que se instalaron los instrumentos del
macizo rocoso. Los sondeos tienen longitudes de 7
a 22 m, con un total perforado de 233 m.

La barrera de arcilla se instaló manualmente, por
rebanadas. En las zonas de calentador, se montaba
primero el tubo guía con un soporte provisional
para su correcta alineación; la barrera se construía
después a su alrededor, por rebanadas completas,
hasta acabar el receptáculo del calentador. Los
sensores se colocaban una vez terminada la reba-
nada en donde estaba prevista su instalación. Los
sensores y los cables están alojados en orificios y
ranuras mecanizados en los bloques de bentonita.
Los cables se colocaron radialmente para reunirlos
en cuatro mazos en contacto con la roca, en los ex-
tremos de un diámetro horizontal y otro vertical, a
lo largo de la zona de ensayo.

Para la inserción de los calentadores, se diseñó y
construyó un carro especial de transporte dotado
con un dispositivo de empuje. El carro rodaba so-
bre vías diseñadas para evitar movimientos trans-
versales y mantener así una correcta alineación
entre el carro y las vías. El calentador, sobre el ca-
rro anclado a las vías, enfrentado a la embocadu-
ra del tubo guía, se empujaba hasta su posición fi-
nal por medio del mecanismo mencionado. El
factor crítico para la inserción de los calentadores
es la correcta alineación de la generatriz inferior in-
terna del tubo guía y la de apoyo del calentador, si-

tuado sobre el carro de transporte. Esto está fijado
por la correcta alineación del tubo y el adecuado
montaje de las vías.

El hormigonado del tapón que cierra la zona de en-
sayo, se hizo en tres tramos con encofrados de ma-
dera en la cara extema y bombeando el hormigón
desde fuera de la galería. Este método no permite
un buen hormigonado de la clave, donde quedaba
un vacío, que se rellenó posteriormente mediante
inyección. Los mazos de cables atraviesan el tapón
de hormigón alojados en cuatro tubos de plástico.

La instalación de la zona de ensayo se inició el
1 /7/9Ó y se terminó el 15/10/96.

La instalación de los equipos de monitorización y
control, en la zona de servicio de la galería, la co-
nexión de los cables y las pruebas funcionales se
terminaron el 27 de febrero de 1 997. Este mismo
día se inició el calentamiento, es decir, la etapa
operacional.

Tanto a la fabricación de los componentes como al
montaje, se le ha aplicado un programa de garan-
tía de calidad.

Caracterización hidrogeológica
El objetivo fundamental del estudio era determinar
los parámetros y las condiciones iniciales y de con-
torno del sistema hidráulico del macizo rocoso, ne-
cesarios para las modelaciones THM y THG.

El análisis se ha hecho mediante un modelo numé-
rico tridimensional, capaz de predecir el caudal de
infiltración a la galería y la piezometría del entorno.

El estudio incluye y está apoyado en la base de da-
tos del GTS, en sondeos perforados con este objeto
(en los que se han hecho ensayos hidráulicos), en
observaciones hechas en la propia galería, en me-
didas de niveles piezométricos y en un estudio geo-
lógico.

Además del objetivo fundamental, el estudio hidro-
geológico tenía otros dos objetivos: determinar la
ubicación de la galería dentro de una zona previa-
mente asignada al norte del GTS; y fijar la zona de
ensayo y, consecuentemente, la longitud de la gale-
ría, durante su excavación, mediante la observación
de las condiciones hidrogeológicas reales.

Los resultados del estudio indican que la conducti-
vidad hidráulica equivalente del macizo rocoso
considerado homogéneo es de 5-10"" a 8 -10"
m/s, mientras que la de la matriz es del orden de
1-1 O " m/s. La presión hidráulica inicial al nivel
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de la galeria es de 0,7 MPa; y el caudal de infiltra-
ción a la galería está comprendido entre 7 y 12
I/día.

En sondeos representativos, de acuerdo con el estu-
dio hidrogeológico, se tomaron muestras de agua
de las que se han hecho análisis químicos.

Etapa operacional del ensayo
Aparte de una serie de pruebas de corta duración,
la etapa de calentamiento (etapa operacional) co-
menzó el 27 de febrero de 1997. Los sensores, ca-
lentadores y sistemas de adquisición de datos y
control han tenido un comportamiento muy satisfac-
torio, incluido el sistema de control remoto (oficina
de AITEMIN, en Madrid). Se han producido peque-
ñas incidencias de funcionamiento, que se han re-
suelto fácilmente y no han tenido influencia en los
datos. El 94% de los sensores sigue operativo.

Se dispone de una base de datos completa de los
valores de todas las variables medidas. Además de
la base de datos en soporte magnético, utilizada
por los grupos de modelación, trimestralmente se
han elaborado informes gráficos con la evolución
de todas las variables, que han sido distribuidos a
todos los grupos de trabajo.

Modelaciones THM y THG
Para el ensayo "in situ" se han hecho modelaciones
THM y THG del mismo tipo que para el ensayo en
"maqueta". La única diferencia entre los dos ensa-
yos es el mayor grado de complejidad del "in situ"
debido a la presencia del macizo rocoso. Por lo de-
más, los resultados obtenidos son similares a los del
ensayo en "maqueta".

Ensayos de laboratorio
Además de los dos ensayos a gran escala, FEBEX
incluye un programa específico de ensayos de labo-
ratorio. Este programa comprende ensayos de ca-
racterización básica, termo-hidro-mecánicos y ter-
mo-hidro-geoquímicos. Los dos últimos grupos son
los que tienen un mayor contenido de innovación
experimental, aunque también la determinación de
algunos parámetros básicos requieren nuevas técni-
cas y metodologías de ensayo.

En este programa destacan los ensayos en celdas
termohidráulicas, ensayos edométricos y triaxiales

con control de succión y temperatura, ensayos para
la determinación de los parámetros de transporte y
ensayos de cambio iónico.

Garantía de calidad
Los proyectos de I + D no están, generalmente, suje-
tos a programas de garantía de calidad, pero
ENRESA decidió su aplicación al FEBEX por varias
razones: sus resultados pueden ser datos de partida
para la evaluación del comportamiento (PA) de un
almacenamiento; imposibilidad de reparación de
algunos componentes de los ensayos a gran escala
después de instalados; interrelaciones complejas
entre los grupos de trabajo participantes; y el eleva-
do coste del proyecto.

La aplicación del programa se inició después de
terminado el diseño de muchos componentes. Sin
embargo, el programa ha sido muy útil tanto para
la gestión del proyecto como para el control de ca-
lidad de fabricación, adquisición y montaje de com-
ponentes de los dos ensayos a gran escala.

Conclusiones
Del análisis de los resultados obtenidos durante la
etapa preoperacional y de unos dos años de la
operacional, se han obtenido las siguientes conclu-
siones (expresadas de forma muy resumida):

• Se ha demostrado la factibilidad de la cons-
trucción de las barreras de ingeniería para el
almacenamiento horizontal de las cápsulas en
galerías. Específicamente se ha demostrado
que es factible la fabricación y manejo de
bloques de bentonita a escala industrial y que
se puede construir la barrera de arcilla con
una densidad seca media especificada, para
conseguir la permeabilidad y presión de hin-
chamiento requeridas para la barrera. Ade-
más se ha adquirido información muy útil
para el diseño de un repositorio en aspectos
relacionados con el tamaño de las galerías,
especificaciones y procedimientos para la fa-
bricación y manejo de los bloques de bento-
nita y características básicas de los equipos
de construcción de la barrera de arcilla y de
inserción de las cápsulas de residuo. Por otra
parte, se ha adquirido buena información
acerca del comportamiento del sistema de ins-
trumentación, del que ha fallado hasta la fe-
cha solamente el ó% de los sensores. También
se ha demostrado que es aplicable un Sistema
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de Garantía de Calidad, no sólo para la fabri-
cación e instalación de los componentes físicos
del experimento, sino también para el trabajo
de investigación de procesos, parámetros y
modelización.

• El modelo numérico THM CODE-BRIGHT es
capaz de reproducir con aproximación razona-
ble los resultados de las mediciones de los dos
ensayos a gran escala. Durante este período
ha sido necesario modificar solamente peque-
ños detalles del modelo, porque se ha com-
probado que su núcleo tiene una formulación
sólida de leyes físicas. El avance fundamental
se ha producido en el desarrollo de aparatos,
técnicas y métodos de laboratorio para la de-
terminación de leyes constitutivas y parámetros
requeridos por el modelo. En resumen, aun-
que la validación completa nunca es posible,
las comprobaciones hechas han incrementado
notablemente el grado de confianza en la ca-
pacidad predictiva del modelo para el análisis
del comportamiento THM del campo próximo
de un repositorio.

• En el desarrollo de herramientas de cálculo y
métodos de análisis THG se han hecho gran-
des progresos, tanto desde el punto de vista
experimental como de modelación. Se han de-
sarrollado y verificado dos códigos THG:
CORE-LE y FADES-CORE-LE. Estos códigos re-
producen bastante bien las pautas de compor-
tamiento geoquímico de un gran número de
ensayos de laboratorio, lo que ha generado

una razonable expectativa en su capacidad
predictiva. No obstante, por falta de monitori-
zación geoquímica en los dos ensayos a gran
escala, no se pueden contrastar las prediccio-
nes de los modelos con los datos reales hasta
después del desmantelamiento. En ensayos de
laboratorio se han hecho grandes progresos
en relación con la determinación de procesos
y parámetros de sorción y transporte y en el
análisis químico del agua de los poros. Parti-
cularmente importante es la comprobación he-
cha de la no transformación de la montmori-
llonita a ¡lita, al menos hasta 80°C, y la no
modificación de las propiedades de permeabi-
lidad e hinchamiento de la bentonita por los
efectos de hidratación y calentamiento.

• El avance progresivo hecho hasta ahora, ha
creado una gran confianza en la posibilidad
de conseguir todos los objetivos de FEBEX. No
obstante, al mismo tiempo, se ha identificado
una serie de incertidumbres, especialmente re-
lacionadas con la geoquímica. La interrelación
entre estas dos lecciones básicas aprendidas
ha conducido a la decisión de prolongar el
tiempo (unos 2 años) del experimento y añadir
algunas nuevas actividades experimentales y
de modelación (FEBEX II). La actividad experi-
mental más relevante propuesta para el FEBEX
II es el diseño, construcción y ensayo de una
"maqueta geoquímica" dotada de instrumen-
tación para la medición de determinadas va-
riables geoquímicas.

NEXT PAGE(S)
left
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Preface

The FEBEX project aims at demonstrating the techni-
cal feasibility and studying the behaviour of
near-field components of a high level radioactive
waste repository in crystalline rock. The project con-
sists of an "in situ" test, a "mock-up" test and a se-
ries of complementary laboratory tests as well as
modelling work.

The project is co-ordinated by ENRESA (Spain), as-
sisted by NAGRA (Switzerland) for certain aspects
and the work is being executed by the following or-
ganizations:

• CIEMAT, AITEMIN, UPC-DIT (CIMNE), ULC,
CSIC-Zaidfn, and UPM (SPAIN)

• ANDRA and G.3S (FRANCE)

• GRS (GERMANY)

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

This report includes a synthesized description of the
project from its conception until approximately two
years after completion of the installation of the two
large-scale tests (from the middle of 1 994 to the be-
ginning of 1 997, pre-operational stage, and opera-
tional stage up to 3O'h June 1999). The project is
described in detail in a series of specific reports.
Chapter 9, References, includes the titles of these
reports.

Although each participating group wrote the sec-
tions on their particular work, this report is the result
of the technical review, and editing carried out by P.
Farina and J. Farias (Technical Secretariat, ST) un-
der the direction of F. Huertas (Project Director,
ENRESA); however, in the text, the contribution
made by each responsible participating group is in-
dicated.

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

Chapter 1 describes, in general terms, the different
parts of the project, as well as the justification, ob-
jectives, expected results, and anticipated uncertain-
ties. This chapter has been written by the ST, with

the collaboration of CIEMAT, but the ideas are
those of all the participating groups.

Chapter 2 contains the synthesis of the results from
the characterization tests performed on the FEBEX
bentonite used in the construction of the clay barri-
ers of the two large-scale tests, and currently being
used also for the laboratory tests. CIEMAT, CSIC-
Zaidin, and UPC-DIT performed the characteriza-
tion tests, but CIEMAT contributed 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, as well as test oper-
ation. This part of the project was the responsibility
of AITEMIN. The chapter also includes the hydro-
geological and hydrochemical characterization of
the rock mass surrounding the FEBEX drift; the
hydrogeological study was performed by UPC-DIT,
with CIEMAT contributing to its geological content
and undertaking responsibility for sampling and
chemical analysis of the water.

Chapters 5 and 6 summarize the thermo-hydro-
mechanical (THM) and thermo-hydro-geochemical
(THG) modelling, respectively. The first was carried
out by UPC-DIT, and the second by ULC.

The Quality Assurance Program applied to the pro-
ject is described in Chapter 7. The program was
based on the ENRESA Quality Assurance system,
and was extended to the participating institutions
during performance of the work. The ENRESA Qual-
ity Management Department drew up the general
procedures for the groups and managed implemen-
tation of the program.

Chapter 8 includes the overall conclusions and rec-
ommendations drawn during these two stages, in
relation to the objectives of the project.

Chapter 9 consists of a list of references. Although
a large number of bibliographic references have
been used in this project, each included in the co-
rresponding specific reports, the only references in-
cluded herein are the specific reports detailing the
various tasks performed to date, plus a few other re-
ports considered to be essential.

NEXT PAGE(S)
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Introduction
The FEBEX (Full-scale Engineered Barriers Experi-
ment) consists of an "in situ" test performed under
natural conditions and at full scale; a "mock-up"
test, at almost full scale; and a series of laboratory
tests to complement the information from the two
large-scale tests.

The aim of the project is 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
—following studies of the characterization of the
granite rock mass and of the thermal, hydraulic,
mechanical, and geochemical behaviour of the ma-
terials 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 experiment, such as FEBEX.

The demonstration objective is expected to be at-
tained primarily in the "in situ" test. The THM and
THG processes also need 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 is based on the Spanish reference
concept for disposal of radioactive waste incrystalline
rock (AGP Granito), in which the canisters enclosing
the conditioned waste are placed horizontally in
drifts and surrounded by a clay barrier constructed
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 to date, the decision has been
taken to extend the project to the end of the year
2003. Its performance has been divided into four
stages: pre-operational (planning, design, charac-
terization of the bentonite, installation, and model-

ling); 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.

This report covers the work performed during the
pre-operational stage (from the middle of 1 994 to
the beginning of 1997) and during the operational
stage, up to June 1 999.

Bentonite
The bentonite used in FEBEX comes from the Cortijo
de Archidona deposit, exploited by Minas de
Gador, S.A., in the zone of Serrata de Nijar (Prov-
ince of Almeria, 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:

Q Montmorillonite content (%): 92 ± 3

• Liquid limit (%): 1 02 ± 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 1 0'14 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 /im, and with a water
content of 12.5% to 15.5%.

"Mock-up" test
The "mock-up" test is being conducted in the facili-
ties of CIEMAT (Madrid). The physical components
of the test consist of five basic units: the confining
structure, with its hydration system; the heating sys-
tem; the clay barrier; the instrumentation; 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
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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 steel cylindrical 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 concentri-
cally in the confining structure in direct contact with
the bentonite, 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 100°C 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. The "mock-up" test has a sys-
tematic 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 have been installed to
measure the following variables: temperature, hu-
midity, fluid pressure, total pressure, deformation of
the confining structure, and injection pressure of the
water.

Samples of different metals have been placed in the
bentonite near the heaters to study corrosion. In ad-
dition, at different points in the clay barrier and in
the injection water, both conservative and non-con-
servative chemical tracers have been added to study
geochemical 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 1 9 in the
facilities of CIEMAT, which was especially con-
structed for this test, the confining structure was
ined 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 preassigned positions in mechanically made
holes and grooves within the appropriate bentonite
blocks. The cables exited the confining structure
through 1 86 hermetically sealed perforations.

A table with rollers was used to align the heater with
its prepared space, and the heater was then inserted
under pressure.
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The components of the DAS are installed in an area
adjacent to, and above, the confining structure.

The fabrication of the components and their installa-
tion have 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. 94% of the sensors continue to be opera-
tive 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.

THM and THG modelling
Three THM modelling phases have been carried out
since the beginning of the project, using
CODE-BRIGHT. The first , for the design, was per-
formed using few real data, but made it possible to
understand the THM processes, determine 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 lab-
oratory data for bentonite barrier characterization.
This modelling made it possible to identify the laws
and parameters with the most critical influence 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 which
would subsequently be contrasted with the monitor-
ing 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
certain critical parameters. The last modelling (oper-
ational modelling) was carried out following the
previous comparison. It 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 ob-
tained in the laboratory tests. This modelling has

served to demonstrate that CODE-BRIGHT is capa-
ble of approximating reasonably the results of the
measurements performed. Although uncertainties
still exist, there has been a significant increase in the
degree of confidence in the predictive capacity of
the code.

To date, two THG codes have been developed 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 re-
sults obtained and the work performed on the
models led to the drawing up of an integrated lab-
oratory testing program by the experimentalists and
modellers. During the operational stage, the codes
developed have been applied to the analysis and
interpretation of the laboratory tests and to model-
ling of the large-scale tests. From this application it
has been concluded that the codes reproduce fairly
well the geochemical behaviour patterns observed
in a large number of laboratory tests, this having
generated high expectations as regards its predic-
tive capacity. However, to date no true contrast has
been made between the numerical prediction and
the results of the tests, especially the large-scale
tests, since there is no geochemical monitoring and
the information will be obtained during the dis-
mantling stage.

"In situ" test
The "in situ" test is being performed within a new
drift which was excavated in the northern zone of
the underground laboratory (GTS) managed by
NAGRA at Grimsel (Switzerland). The physical com-
ponents of the test consist of five basic units: the drift,
the heating system, the clay barrier, the instrumenta-
tion, and the monitoring and control system.

As in the case of the "mock-up" test, predictive
modelling has been carried out in relation to THM
and THG behaviour during the pre-operational
stage, and modelling was performed during the op-
erational stage, the values obtained being contrasted
with those arising from test monitoring. In order to
obtain the hydraulic data on the rock mass, required
for modelling, a hydrogeological study was per-
formed of the area surrounding the drift.

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

31



FEBEX. Final report

October 1995, with a tunnel boring machine (TBM)
in a predominately granite mass. In the last 1 7.4 m
of the drift (test zone), the heaters, the clay barrier,
and the instrumentation have been installed. This
zone has been closed with a concrete plug. Between
the concrete plug and the portal of the drift is the
service zone, where the monitoring and control sys-
tem has been installed.

Heating system
The main elements of the heating system are two
heaters, separated horizontally by 1.00 m, which
simulate full-sized canisters. 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 0.1 0 m and weighs 11 tons.

The objective of the heating is to constantly main-
tain a maximum temperature of 100°C 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 1 00°C in
a period of less than two months, with a factor of
safety, considering the most unfavourable case of
bentonite saturation. The system has redundancies
to increase the probability of its functioning through-
out the entire 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 is formed by blocks of highly com-
pacted bentonite weighing 20 to 25 kg each. The
weighted average values of the dry density and wa-
ter 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 has an aver-
age dry density of 1.60 g/cm3, determined during
construction, and a volume, when installed, of con-
struction gaps (separations of variable magnitude)
of 5.53%. The gaps exist: 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.

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.

Monitoring and control
There are two systems: the "local system", situated
in the FEBEX drift in the GTS, and the "remote sys-
tem", situated at the Remote Monitoring Centre
(RMC) in Madrid. The two systems are connected by
modem, with the remote system acting as the master
by furnishing control rules and commands to the lo-
cal 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 align-
ment; then the barrier was constructed around it, in
complete slices, until the space for the heater was
enclosed. As the slices were installed, the sensors
and their corresponding cables were placed in their
preassigned 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 main-
tain 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 push-
ing mechanism. The correct alignment of the steel
liner and the proper installation of the rails allowed
this to be accomplished, since the critical factor dur-
ing heater insertion 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 1sl July and
terminated on 15lh 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
fabrication of the components as well as to their in-
stallation.

Hydrogeological characterisation
The objective of this study was to determine the pa-
rameters, initial conditions and boundary conditions

of the hydraulic system of the rock mass, necessary
forTHM and THG modelling.

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

In addition to the fundamental objective, the hydro-
geological study had a further two goals: to deter-
mine the location of the drift, within a zone
previously assigned in the northern part of GTS; and
to establish the test zone, and consequently, the
length of the drift, by observing the actual hydro-
logic conditions of the drift during excavation.

The results of the study indicate that 5-1O11 to
8-10'11 m/s is the equivalent hydraulic conductivity
of the assumed homogeneous rock mass, while that
of the matrix is in the order of 1 -1 0"n m/s. The infil-
tration into the drift is between 7 and 1 2 I/day and
the initial hydraulic pressure at the level of the drift
is 0.7 MPa.

Samples of water were taken, in representative
boreholes, and subjected to chemical analysis.

Operational stage ot 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. 94% of the sensors con-
tinue to be operative.

A complete database is available, containing the
values 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 variables, and have been distributed among the
different working groups.

THM and THG modelling
THM and THG modelling has been performed for
the "in situ" test, this being of the same type as for
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the "mock-up" test. The only difference between the
two tests is the higher degree of complexity of the
"in situ" test, due to the presence of the rock mass.
Apart from this, the results obtained are similar to
those of the "mock-up" test.

Laboratory tests
In addition to the two large-scale tests, FEBEX has a
specific laboratory program, which includes 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 have 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.

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 work-
ing 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, and installation
of the components of the two large-scale tests.

Conclusions
The following conclusions have been drawn from
analysis of the results obtained during the preopera-
tional stage and some two years of the operational
stage (these are briefly summarised below):

• The feasibility of constructing engineered barri-
ers for the horizontal storage of canisters
placed in drifts has been demonstrated. Spe-
cifically it has been demonstrated that the

manufacturing and handling of bentonite
blocks is feasible at industrial scale and that
the clay barrier may be constructed with a
specified average dry density, in order to
achieve the permeability and swelling pressure
required for the barrier. Furthermore, highly
useful information has been obtained for the
design of a repository, in relation to the size of
the drifts, the specifications and procedures for
the manufacturing and handling of the benton-
ite blocks and the basic characteristics of the
equipment for construction of the clay barrier
and insertion of the waste canisters. In addi-
tion, useful information has been obtained re-
garding the behaviour of the instrumentation
system, of which only 6% 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.

a The CODE-BRIGHT numerical THM model is
capable of reasonably approximating the mea-
sured results of the two large-scale tests. Dur-
ing this period it has been necessary to modify
only minor details of the model, since it has
been seen that its core is based on solid physi-
cal laws. The 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.

Q 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. Two THG codes have
been developed and verified: CORE-LE and
FADES CORE-LE. These codes reproduce fairly
well the geochemical patterns of a large num-
ber of laboratory tests, this having generated
reasonable expectations as regards their pre-
dictive capacity. Nevertheless, due to the lack
of geochemical monitoring of the two
large-scale tests, it will not be possible to con-
trast the predictions made by the models with
real data until after dismantling. Important
progress has been made in laboratory testing
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in relation to the determination of sorption and
transport processes and parameters and in the
chemical analysis of pore water. Particularly
important is the demonstration that montmoril-
lonite is not transformed into illite, at least up
to 80 °C, and that the properties of permeabil-
ity and swelling of the bentonite is not modified
as a result of hydration and heating.

Q The progress made to date has generated great
confidence in the possibility of achieving all the
objectives of FEBEX. Nevertheless, at the same

time, a series of uncertainties has been identi-
fied, especially in relation to geochemistry. The
interrelationship between these two basic les-
sons learned has led to the decision to extend
the experiment (by some 2 years) and to add
certain new experimental and modelling activi-
ties (FEBEX II). The most relevant experimental
activity proposed for FEBEX II is the design,
construction and testing of a "geochemical
mock-up", equipped with instrumentation for
the measuring of certain geochemical variables.
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1. Introduction

1.1 General
The aim of FEBEX (Full-scale Engineered Barriers Ex-
periment) is to study the behaviour of components in
the near-field for a high-level radioactive waste
(HLW) repository in crystalline rock. The experimen-
tal work consists 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 disposal of radioactive waste in
crystalline rock (AGP Granito): the waste canisters
are placed horizontally in drifts and surrounded by a
clay barrier constructed from highly-compacted
bentonite blocks [5].

The project was initially planned to last some 7
years (1994 through 2001). However on the basis
of the experience acquired to date, the decision has
been taken to extend the project until the year 2003
(Chapter 8). Project performance has been divided
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, charac-
terization of the clay, installation, and modelling); op-
erational (heating, monitoring, cooling, and verifica-
tion of predictions); dismantling (extraction, inspection,
sampling, and study of the materials); and final evalu-
ation of the results and verification of the models.

This report is a summary of the work performed dur-
ing the pre-operational stage (from the middle of
1994 to the beginning of 1997), and the opera-
tional stage up to June, 1 999.

The engineered barriers (waste, canister, and clay
barrier) are key elements in the final disposal con-
cept for HLW. The matrix of the spent fuel acts as a
reducing barrier that minimizes solubility; the canis-
ter isolates the wastes for a certain time and contrib-
utes to the reducing environment. The clay barrier
has the multiple purpose of providing mechanical
stability for the canister, by absorbing stress and de-
formations; 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 can-
ister 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
mechanical, hydraulic, and geochemical properties
as a result of the combined effects of heat gener-
ated by the radioactive decay and of the water and
solutes contributed by the surrounding rock. There-
fore, it has been considered of fundamental impor-
tance 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 has 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 character-
ization studies of granite masses have also been
carried out. As a result of these studies, and given
the fact that to date there has not been any
large-scale experiment in granite with the waste
canisters emplaced horizontally in drifts, ENRESA
has reached the conclusion that the next step, in es-
tablishing the viability of the concept and in pro-
gressing in the comprehension and evaluation of
the behaviour of the near-field (especially of the clay
barrier), is the performance of a very complete ex-
periment, such as FEBEX.

Therefore, the FEBEX experiment has the multiple
objectives of demonstrating the feasibility of fabri-
cating and assembling the engineered barriers and
of developing methodologies and models for evalu-
ation 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 laboratory tests. These tests constitute the main
parts of the experiment, according to the program
designed by ENRESA.

Fundamentally, the objective of the demonstration is
expected to be attained in the "in situ" test, which
operates under natural conditions with components
constructed with the actual design dimensions of a
repository drift. The demonstration objective has less
importance in the "mock-up" test.

The objectives of checking the predictive capacities
of the THM and THG numerical models will be sup-
ported by the program of laboratory tests designed
to study and comprehend 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 initial and boundary conditions, will serve
to verify the predictive capacity of the coupled nu-
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merical models and serve also as a reference for the
evaluation of discrepancies, if they exist, and for ad-
justment of the models predicting the behaviour of
the clay barrier under more heterogeneous condi-
tions, such as those in the existing natural system of
the "in situ" test.

The underground laboratory managed by NAGRA
(Grimsel, Switzerland) has been selected for perfor-
mance of the "in situ" test, due to the similarity of the
Spanish and Swiss reference concepts for the reposi-
tory and the suitable laboratory conditions for this
test. The "mock-up" test is being performed at the
CIEMAT facilities (Madrid, Spain). The laboratory
programs are being performed at various research
facilities (UPC-DIT, CSIC-Zaidfn, CIEMAT, and GRS).

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
each. Other relevant specifications are that the
maximum temperature at the clay barrier/steel liner
interface is to be 1 00°C 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) [6],

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.

1.3 Previous experimentation-clay
barrier

As pointed out above, the material of the clay bar-
rier has been selected and investigated in the labo-
ratory within the framework of previous ENRESA
R&D plans. Industrial characterization and the feasi-
bility of fabricating and installing the blocks in
drilled wells have also been studied.

Steel liner

Bentonite barrier

— Canister

! / Granite

Steel liner Bentonite plug / / Access drift

Concrete plug

2.40

500.5
(Dimensions in meters)

Figure 1.1. Longitudinal section of a disposal drift in the Spanish reference concept, AGP Granito.
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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-Zaidin, UAM
and CIEMAT. The most important sources of
smectite clay are basically associated with two ar-
eas: Cabo de Gata (Almeria) 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 Nijar,
Almeria) and Cerro del Aguila-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,
acceptable thermal conductivity and good corm-
pactability.

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 montmori -
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 mold 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 mea-
suring 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 report 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-Zaidin, UAM
and CIEMAT laboratories, at various concentrations
of salinity, temperatures, and time intervals, to de-
termine the reaction kinetics. CSIC-Zaidin has es-
tablished an equation that governs the transforma-
tion of montmorillonite to illite; the equation
indicates that, at a temperature of less than 120°C,
transformation takes place over a period from hun-
dreds of thousands to millions of years, depending
on the quantity of potassium available in the envi-
ronment. The UAM studies did not find any relevant
transformation that would affect the saponite for
temperatures of below 200°C, but did establish ki-
netic equations that control the transformation of
the accessory minerals (sepiolite) into saponite and
that indicate that transformation occurs in decades.

CSIC-Barcelona has studied the bentonite of Alme-
ria to obtain thermodynamic and kinetic information
on the process of dissolution/precipitation.

1.3.5 Studies of the processes generated
by thermohydraulic flow

CIEMAT has performed an experimental program
aimed at identifying the processes originated by
thermohydraulic flow in compacted bentonite speci-
mens and at determining the consequences for its
properties and behaviour [7], Conclusions have
been drawn in reference to temperature distribution
within the clay; the velocity of water intake; the dis-
tribution of moisture and density; mechanisms for
the transport of salts (of those, three have been dis-
tinguished: advection, advection/convection, and
diffusion) and the influence of heating on the ex-
change complex, the specific surface, porosity and
the composition of the pore water.
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1.3.6 Studies of
thermo-hydro-mechanical behavior

CIEMAT studied the thermo-hydro-mechanical be-
haviour of the compacted bentonite by means of lab-
oratory tests with controlled suction, and UPC-DIT
performed the modelling. A determination has been
made of the relation between suction and water
content and of how it is influenced by the initial dry
density and moisture of the clay. Oedometric tests
with controlled suction have been 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 program and their probability of
achievement, in the following way:

First Demonstration of the feasibility of con-
structing the engineered barriers system
(EBS). The demonstration consists of: veri-
fying the feasibility of fabricating, handling
and installing the components of the engi-
neered barriers, including the industrial
fabrication of highly-compacted bentonite
blocks; the development and application
of a satisfactory Quality Assurance/Qual-
ity Control (QA/QC) program and the
development and use of an acceptable
instrumentation system. Experience is to
be acquired and criteria developed for
the techniques of waste disposal, not only
during the construction of the large-scale
tests but also during dismantling, by ob-
servation and study of the barriers. Fur-
thermore, there is an opportunity to study
the capacity of non-destructive tools
(geophysical) for the characterization of a
rock mass, by comparing the conditions
encountered in the boreholes and in the
FEBEX drift with the results of the geophys-
ical studies performed in the area during
previous investigations.

Second Study of the thermo-hydro-mechanical
(THM) processes in the near-field. The
project seeks to study the THM processes
in the near-field, especially in the clay

barrier, and to improve, verify and vali-
date the existing codes and constitutive
relations.

Third Study of the thermo-hydro-geochemical
(THG) processes in the near-field. The
study seeks to identify, evaluate and
model the possible mineralogical and
geochemical alterations in the clay bar-
rier, caused by high temperatures, mass
transport and water flow. Also the effect
of these alterations on the hydrodynamic,
mechanical and hydrochemical proper-
ties of the bentonite will be studied., This
objective also includes study of the gen-
eration 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 is manual. For obvious reasons, neither
the size of the blocks nor the installation system can
be equal to that of the reference concept; neverthe-
less, the proposed objective might be achieved and
the planned demonstration might provide very use-
ful 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 is clear
that these objectives would have a lower probability
of being achieved than the demonstration objective;
also it was thought that in view of the greater com-
plexity and lower degree of current development of
the THG modelling, compared to THM, the degree
of success would be higher for THM modelling than
for THG.

1.5 General description of FEBEX
The project includes experimental and modelling
works. The experimental work consists on an "in
situ" test, a "mock-up" test, and a series of labora-
tory tests. The modelling work has the endeavour of
developing and validating THM and THG models
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for the performance assessment of the near-field be-
haviour.

1.5.1 "In situ" test

The "in situ" test is being performed in a new drift ex-
cavated in the northern zone of the underground lab-
oratory at Grimsel (Grimsel Test Site, GTS). Figure
1.2 represents the test schematically. The physica
components of the test consist of five basic units: the
drift, the heating system, the clay barrier, the instru-
mentation, 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 1 7.4 m of the drift, the basic elements of the
test have been installed and the section has been
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 fabri-
cated with an average water content of 14.4% and
an average dry density of 1.70 t/m3. The clay bar-
rier has an average dry density of 1.60 t/m3 and a
percentage 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.

1.5.2 "Mock-up" test
The "mock-up" test is located in an annex to Build-
ing 19 at the CIEMAT facilities in Madrid. The

Bentonife blocks

Steel liner

Heater (diameter 0.9)

Granite
Service zone-control and

Granite data acquisition system
Concrete Principal access tunnel to KWO

(OimeasioK in meters)

Figure 1.2. General scheme of the "in situ" test.
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physical components of the test consist of five basic
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. Figure 1.3 shows the test
schematically.

The confining structure is a cylindrical steel body
with a useful length of 6.00 m and an inner diame-
ter of 1.62 m. The hydration system, that supplies
granitic water under pressure to the periphery of the
clay barrier, consists of two tanks with their connec-
tions to the confining structure.

The main elements of the heating system are two
heaters located concentrically in the confining struc-
ture and horizontally separated by 0.75 m. Each
heater has a length of 1.625 m and a diameter of
0.340 m. In this test, there is no steel liner between
the clay barrier and the heaters.

The clay barrier is formed from highly-compacted
bentonite blocks. The blocks were fabricated with an
average water content of 1 3.6% 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 in-
cludes a specific program of laboratory tests. This
program consists of basic characterization, as well
as thermo-hydro-mechanical, thermo-hydrogeoche-
mical, and gas generation tests; these Iqst groups of
tests require a great deal of experimentation and of
innovation in experimental techniques. Some tests,
performed to obtain the basic parameters, also re-
quired new techniques and testing methodologies.
An important part of the testing program consists
of jointly contemplating the thermal, hydraulic, me-
chanical and geochemical aspects of the system.

Confining structure

Bentonite barrier

Geotextile

Heater

Heater control and data
acquisition systems

Hydration tanks Confining
structure

Heaters
Bentonite

barrier
(Dimensions in meters)

Figure 1.3. Genera! scheme of the "mock-up" test.
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Attention should be brought to the tests performed
in thermohydraulic cells, the oedometric and triaxial
tests with controlled suction and temperature and
tests to determine transport and ionic exchange pa-
rameters. These tests are being performed in paral-
lel to the large-scale tests.

The characterization tests will continue throughout
the dismantling stage in order to analyze the possible
changes occurring in the bentonite barrier.

1.5.4 Modelling work
Ideally, the objective of the modelling work is to
achieve 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 pro-
gramme.

Theoretical development is an on-going task
throughout the project. The application to the tests
is 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. Subsequently,
at the end of the pre-operational stage, a "blind"
prediction was made of the behaviour of the two
large-scale tests. This prediction was checked
against the data from monitoring of the operational
stage. Subsequent modelling exercises will be per-
formed simultaneously with the monitoring, and a fi-
nal modelling will be 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 operational stage,
CORE-LE and FADES-CORE-LE, and have been
used for the modelling of a series of laboratory tests

and for predictions regarding the two large-scale
tests. Given that there is no geochemical monitoring
of the large-scale tests, checking of the predictive
capacity of the code is possible only on the basis of
the results of laboratory tests performed on samples
obtained during dismantling. These models will con-
tinue to be developed up to the end of the project.

1.6 Results expected
from the experiment

It is hoped that, on the one hand, FEBEX would sup-
ply valid information for the design and construction
of the clay barrier, as well as criteria for the em-
placement of the canisters. On the other hand, it is
expected that FEBEX would provide a better under-
standing of the THM and THG processes occurring
in the near-field and the capacity for quantitative
prediction of these process by numerical models.
Specifically, it is hoped that the experiment 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 con-
trol of the bentonite, from excavation to prep-
aration as a raw material with the required
properties.

• 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
handling of the blocks, to prevent their dete-
rioration.

Q 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.

a 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.
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• Information on the characteristics of the clay
barriers before and after the period of hydra-
tion/heating: gaps between the different blocks,
between blocks and other elements of the bar-
riers and between the heaters and the steel
liner; state of the barriers immediately after
their emplacement; state of the barriers after
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.

• 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 ionic 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 (migration
of salts, modification of the exchange complex
and modification of the pore water) occurring in
the bentonite, by means of hydration and heat-
ing-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 characterization 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 of the two large-scale
tests; 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 identified are the fol-
lowing:
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• Heating system (heaters, temperature sensors,
and cables). If, after installation, the system
would have ceased to function, it would not
have been possible to repair it due to its inac-
cessibility. To minimize the risk of malfunction-
ing, 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 fabrication and installation. How-
ever, it was impossible to guarantee function-
ing, especially during the scheduled three years
of the original operational stage. It was clear
that if the heating system totally failed in a rela-
tively 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 partially, since the
changes due to heating would not be ob-
tained). Nevertheless, an isothermal test could
be operated that would provide important in-
formation relative to hydration. It is hoped that
with the redundancies designed and the quality
control performed there would be a high prob-
ability of achieving heating throughout the op-
erational stage of the test.

• 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 in such a harsh
environment. Although the cables and their
connections are also elements of uncertainty,
reasonable measures were taken to reduce the
possibility of failure. In any case, a large num-
ber of sensors were installed with the hope of
obtaining an acceptable level of information.
Even in the event that a large number of sen-
sors failed, but the heaters functioned correctly,
the demonstration objective would be achieved
and the other two objectives would be partially
attained since, even if a significant quantity of
intermediate data was lost, the initial and final
states would still be available; the final state
will be defined by the laboratory tests on sam-
ples of bentonite taken during dismantling.

• 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 effects
of desaturation produced by ventilating the drift
during the installation of the physical elements
of the test. Although a detailed hydro-geolo-
gical characterization was made of the zone ad-
jacent to the drift, it is probable that there are
uncertainties existing due to undefined effects in
the far field, to the previous existence of the ac-
cess tunnel, the drifts of the laboratory, the in-
vestigative boreholes and the heterogeneity of
the rock mass itself; consequently, the accuracy
of the hydraulic data may be limited. Since
study of the zone disturbed by the excavation of
the drift was not an objective of this experiment,
its properties and extent have been assumed
based on experiments performed elsewhere.
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 current
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
behavioral laws of the materials and the mod-
elling of anisotropy and heterogeneities.

• Samples. Another problem area is the acquisi-
tion of representative samples of the clay bar-
rier immediately before the initiation of cool-
ing, in the large-scale tests. The aim of taking
these samples is to analyze the changes that
have occurred during heating, that might be
masked during the cooling phase.
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The FEBEX project focuses fundamentally on investi-
gation of the clay barrier. This chapter summarizes
the results obtained from the studies and laboratory
tests performed during the pre-operational and op-
erational stages for the purpose of selecting, pro-
cessing, and characterizing the bentonite used in the
FEBEX project. A summary is also included reporting
the results of the characterization studies carried
out, prior to FEBEX, on bentonite samples from the
same deposit.

The tests have been performed by various organiza-
tions participating in the project (CIEMAT, CSIC-
Zaidin, UPC-DIT, and GRS). In this chapter, the re-
sults obtained by each organization are differenti-
ated and, therefore, the reproducibility of the com-
mon tests may be compared and evaluated. When
no specific organization is indicated, it shall be un-
derstood that the tests were performed by CIEMAT.

In the reference [6], the characterization work per-
formed during the pre-operational stage is pre-
sented in detail. The following references provide
additional detailed data obtained during the opera-
tional stage: [8], [9], [10], [11], [12], [13], [14],
[15], [16], and [17].

2.1 Origin and general properties

2.1.1 Origin and general aspects
The FEBEX bentonite (also called "Serrata" clay in
some FEBEX reports) has been extracted from the
Cortijo de Archidona deposit, exploited by Minas de
Gddor, S. A., in the zone of Serrata de Nfjar
(Almeria, 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 se-
lection being its very high content of montmorillonite,
large swelling 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 ben-
tonite (called bentonite S-2 in reports and publica-
tions), numerous characterization and behavior
(thermal, hydraulic, mechanical, and geochemical)
studies were performed. As a result, there is an ex-
tensive database on the properties of this bentonite.
These data were used in the preliminary modelling
for the design of the two large-scale tests of the
FEBEX project.

Approximately 300 tons of suitably homogenized
and conditioned bentonite were stocked for FEBEX.
Based on the experience acquired in the aforemen-
tioned studies, the selected raw bentonite was re-
quired to meet the following specifications:

• Fraction of particles of more than 5 mm, less
than 5%, and fraction of particles smaller than
74 jJm, greater than 85%.

• Liquid limit greater than 90%.

• Swelling pressure between 3 MPa and 7 MPa,
for a dry density of 1.60 g/cm3.

Q Water content, after conditioning, between
12.5% and 15.5%.

The conditioning of the bentonite in the quarry, and
later in the factory, was strictly mechanical (homog-
enization, rock fragment removal, drying, crumbling
of clods, and sieving) to obtain a granulated mate-
rial 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 (about 1300 kg each). During
the packaging, a sample of 8 to 10 kg was taken ev-
ery 2.5 tons of bentonite, for laboratory testing.

However homogeneous it might be, a bentonite de-
posit has both horizontal and vertical spatial varia-
tions. For a research project such as FEBEX, a mate-
rial as homogeneous as possible must be used and,
furthermore, its properties must be determined by
specific tests on samples of the same material. Ho-
mogenization reduces the uncertainties in model-
ling, in laboratory results and in the final interpreta-
tion of the entire test. For performance assessment
(PA) purposes, however, knowledge of the range of
variations in the relevant properties of a massive
source of bentonite supply is needed. Thus, it is im-
portant to compare the properties of clays (known
as S-2 bentonite in the earlier studies and FEBEX
bentonite in this test) obtained from the same de-
posit but in two study phases separated by more
than five years.

Comparison of the results of the two sets of charac-
terization tests— S-2 bentonite and FEBEX benton-
ite—indicates that the deposit is very homogeneous.
Consequently, it was possible to use certain param-
eters from the tests on S-2 bentonite for the
pre-operational stage modelling. However, there
are some differences between the average values of
the properties from the two sets of tests, which allow
the range of variations to be evaluated. This evalua-
tion may be used to establish realistic limits in mod-
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elling sensitivity analyses, and, thus gain insight into
the consequences for the PA of a repository. During
the operational stage a detailed characterization of
the FEBEX bentonite was performed, in order to re-
duce the uncertainties in the final evaluation of the
overall results of the test.

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

2.1.2 Mineralogical, chemical
composition, and fabric

2.1.2.1 Mineralogical composition
The bentonite from the Cortijo de Archidona deposit
has a very high content of montmorillonite- type
dioctahedric smectite. Furthermore, from the mineral-
ogical point of view, the deposit is very homogeneous,
since the montmorillonite content of the bentonites
(S-2 and FEBEX) varies only between 89% and 96%.

Based on X-Ray diffraction, the smectitic phases are
actually made up of a smectite-illite mixed layer,
with 10-15 percent of illite layers.

In spite of the high smectite content (Table 2.1), the
FEBEX bentonite contains numerous accessory min-
erals (Tables 2.1, 2.2, 2.3, and 2.4). Some of them
are neoformed minerals, and others are remains of
the original volcanic rock, which appear nearly un-
altered.

Attention is brought to the content of chlorides, sul-
fates and carbonates present in the bentonite as
trace minerals, due to their influence on the chemis-
try of the pore water [10].

2.1.2.2 Chemical composition
Table 2.5 shows the average content values of the
major elements of the FEBEX and S2 bentonites.
Generally speaking, the content of the major ele-
ments obtained at the CIEMAT and CSIC-Zaidin
laboratories is very similar for both bentonites. Thus,
a high degree of homogeneity is observed in the
chemical composition of the different samples ana-
lyzed. However, the difference in the Na2O and SO2

values between the S2 and FEBEX bentonites is sig-
nificant.

Table 2.6 shows the average values of the minor and
trace elements of the FEBEX bentonite. The content of
chlorides and sulfates is worthy of mention.

Table 2.7 shows the average content values of the
exchangeable cations, along with the cation ex-
change capacity (CEC). The total cation exchange
capacity of the FEBEX bentonite is high, as expected
for a montmorillonite-rich smectite. The exchange-
able cations for the FEBEX bentonite are similar for
the two laboratories, although, there are relatively
large differences between the results for the S2 and
FEBEX bentonites obtained at CSIC-Zaidin.

2.1.2.3 Fabric of the FEBEX bentonite
Thin sections of a compacted FEBEX bentonite were
prepared for study by polarizing optical microscopy.

The textural heterogeneity itself is the main feature
in the sample. The FEBEX bentonite is mainly com-
posed of clay aggregates that may occur as dark
isotropic poorly crystalline crystals and/or present a
preferred orientation and relatively large (sub-
micrometric) bright crystals. There are also glassy

Table 2.1
Content of the main minerals obtained by X-Ray diffraction analysis, in %.
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Mineral

Smectite

Quartz

Plagiodase

Cristobalite

K-Feldspars

Tridymite

Calcite

Bentonite S-2

92 ± 4

2 ± 1

3 ± 1

2 + 1

—

—

1 ± 1

FEBEX Bentonite

92 ±3

2 + 1

2 ± 1

2 + 1

Traces

Traces

Traces
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Table 2.2
Accessory minerals of the FEBEX bentonite determined by weight from dense concentrates and SEM identification, in %.

Mineral Global content (%)

Mica (biotite, sericite, muscovite),

Chlorite,

Non-differentiated silicates (AI,K,Fe,Mg, Mn),

Augite-diopside,

Hypersfhene,

Hornblende,

Oxides (ilmenife, rufile, magnetite, Fe-oxides), and

Phosphates (apatite, xenotime, monacite) and non differentiated of titanium and rare earth "•"

Table 2.3
Accessory minerals of the FEBEX bentonite determined by a normative calculation and SEM identification, in %.

Mineral

Organic Matter (expressed as C02)

Carbonates (calcite, dolomite)

Soluble sulfotes (gypsum)

Low soluble sulfates (barite, celestite)

Sulfurs (pyrite)

Chlorides (halite)

Content (%)

0.35 ± 0.05

0.60 ±0.13

0.14 ±0.01

0.12 ± 0.05

0.02 ± 0.01

0.13 ±0.02

Table 2.4
Poorly ordered minerals of the FEBEX bentoiiite determined by selective chemical methods, in %.

Amorphous Phases

SiO2

Al2o3

FeA

CSIC-Zaidin CIEMAT

1.48 ±0.11 0.038 ±0.005

0.035 ± 0.005 0.035 ± 0.005

0.105 ±0.009 0.105 ±0.009

materials, volcanic rock fragments and single acces- The quanti f icat ion of textural elements in the FEBEX

sory minerals (quartz and feldspars). Calcite is usu- bentonite has been performed by a semiautomatic

ally present as esparitic crystals, which replace fe ld- measure of the areas of these elements. This has

spars, and less frequently as isolated micritic been performed with the aid of the image analysis

cements. Figure 2.1 shows the general appearance software LEICA Q W I N ® . The results of these mea-

of the untreated air-dr ied compacted clay. surements may be seen in Table 2 .8 .

53



FEBEX. Final report

Table 2.5
Chemical composition of S-2 and FEBEX bentonites, in %.

Oxides

SiO2

AI203

Fe2O3 total

MgO

MnO

CaO

Na2O

K20

TiO2

P2O5

H2O-

H 2 0 +

C02 org

C02 inarg

S02 total

f-

Bentonite S-2

CSIC-Zaidin

59.90

18.70

3.60

5.80

—

2.00

2.20

0.70

—

—

—

6.70

0.70"

—

—

CIEMAT

57.30

19.60

3.90

4.70

<0.03

2.90

1.90

1.40

0.30

0.10

—

5.70

0.19

0.20

0.05

0.16

FEBEX Bentonite

CSIC-Zaidin

58.92 ±1.74

19.48 ±1.05

3.48 ± 0.63

4.83 ± 0.27

0.06 ± 0.02

2.51 ± 0.09

2.28 ±0.11

1.21 ± 0.08

0.27 ± 0.06

0.06 ± 0.02

5.07 ± 0.76

—

0.19 ±0.04

0.52 ± 0.07

—

0.21 ± 0.03

CIEMAT

58.71 ± 1.89

17.99 ± 0.71

3.13 ±0.11

4.21 ± 0.21

0.04 ± 0.00

1.83 ±0.10

1.31 ± 0.09

1.04 ±0.05

0.23 ± 0.01

0.02 ± 0.01

6.58 ± 2.52

6.38 ± 0.33

0.35 ± 0.05

0.26 ± 0.06

0.21 ± 0.10

0.16 ±0.04

(*)CO2 total

Table 2.6
Minor and trace elements of the FEBEX bentonite, in ppm.

Ni

21 ±3

Zn

65±4

Ba

164±25

Sr

220 ±23

Zr

43±0

Co

9±3

Cu

25±9

Cr

8±2

Rb

41 ±2

cr

774 ±140

sot
984 ±65

Pore size distribution has been determined in differ-
ent types of samples of the FEBEX bentonite. Ben-
tonite powder, ground to a grain size of less than 1
mm, was examined by N2-adsorption isotherms, and
blocks of bentonite with a dry density of approxi-
mately 1.75 g /cm 3 were tested by the mercury intru-
sion method.

The results are shown in Table 2.9 and Table 2 .10 .
The mesopore region (0 .050-0 .002 /jm) is the best
represented.

2.1.3 Identification properties
The data presented in Table 2.11 are the so-called
identification properties (according to the terminol-
ogy of geotechnical engineering) this being because
on the basis of simple tests they give an initial idea
of the type of physico-chemical behavior to be ex-
pected in clay.

The values of the liquid limit for the S-2 and FEBEX
bentonites are very similar in the tests performed by
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Table 2.7
Average values of cation exchange complex, in meq/lOOg.

Exchangeable cations Bentonite S-2
andCEC CSIC-Zaidin

Ca2+ 31 ± 6

Mg2+ 33 ± 6

Na+ 30 ± 3

K+ 3.0 ± 1 . 0

CEC —

CIEMAT

41 ± 7

31 ±7

22 ±3

2.5 ±1.0

—

Table 2.8
Area quantification of textural elements in the FEBEX clay.

Clay aggregates

Quartz

Plagiodase

Feldspar

Opaques

Micas

Piroxene/amphiboles

Calcite

Volcanic glass

Rock fragments

Matrix-voids (remaining area)

Table 2.9
Pore size distribution of the bentonite powder.

Method(*)

Area

81.35 ±18.71

0.43 ± 0.03

3.63 ± 0.04

0.37 ± 0.02

0.16 ±0.01

0.057 ± 0.01

0.70 ±0.17

0.92 ± 0.09

1.45 ±0.06

1.23 ±0.79

9.70

Pore diameter

(H

FEBEX Bentonite

CSiC-Zaidin CIEMAT

43 ± 5 42 ± 3

32 ± 3 32 + 2

24 ± 4 25 + 2

2.1 ± 0.2 2.5 ± 0.3

101 ± 4 102 ± 4

Mean equivalent diameter
/urn

462.9

80.0

108.5

77.7

54.7

40.8

100.7

75.6

87.2

318.8

—

Quantity
(%)

Nj-odsorption

Bentonite powder

0.150 to 0.045

0.045 to 0.020

0.020 to 0.006

0.006 to 0.003

3 6 ± 8

2 5 ± 4

2 0 ± 4

11±4

< 0.003 8±2

(*): the pore size distribution has been cokulated to add 100%
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Table 2.10
Pore size distribution of a compacted sample (pd~1.75 g/cm3).

Method(*)

Mercury intrusion

Comancted blocks

Pore diameter
(A/m)

200 to 6

6 to 0.1

0.1 to 0.006

(*): the pore size distribution has been wkuloted to add 100%

Table 2.11
Identification properties.

Property

Quantity
(%)

2 3 ± 6

2 6 ± 6

50±10

Bentonite S-2

CSIC-Zaidin

Water content in equilibrium with the air
in the laboratory, in %

Liquid limit, in %

Plastic limit, in %

Plasticity index

Specific weight

Grain-size distribution, in %

Fraction less than 74 fa.m
Fraction less than 2 pan

Specific surface, in m2/g

Total

External, BET

—

—

—

—

93 ± 3
82 ± 6

614 ± 7 4 0

CIEMAT CSIC-Zaidin

10 to 13 —

105 ± 1 0 —

— —

— —

2.78 —

86 —
65 ± 1 —

516 =t 37<2' 649 ± 5 " )

37 —

Mode
(jum)

18±8

0.8+0.6

0.016±0.006

FEBEX Bentonite

CIEMAT UPC-DIT

13.7 ±1.3 13.3 ±

102 ± 4 93 ±

53 ± 3 47 ±

49 ± 4 46 ±

2.70 ± 0.04 —

92 ± 1 87
68 ± 2 45

725 ± 470 _

32 ± 3 —

1.3

1

2

2

<v Determined by the Keeling hygroscopicity method
ra Determined by the methylene blue method

CIEMAT, in contrast to those obtained by UPC-DIT
for the FEBEX bentonite, which are somewhat lower.
In any case, whichever value is considered, it is far
too low for a bentonite with such a high content of
montmorillonite and which also has a relatively high
concentration of sodium as exchangeable cation.
The liquid limit is an indication of the mechanical
behavior of clays, and, in relation to mineralogy, a
low liquid limit basically implies that the physical be-
havior of this bentonite does not correspond to its
mineralogical characteristics.

Regardless of the differences in the grain-size distri-
butions between the S-2 and FEBEX bentonites, it

should be noted that the results obtained from
CIEMAT and UPC-DIT differ considerably as regards
the content of the < 2 jjm fraction (clay size). The
proportion of the clay size fraction obtained de-
pends on the previous treatment of the bentonite for
the determination of its grain-size distribution. The
differences may be explained by the fact that a very
strong dispersion procedure, including ultrasounds,
was used by CIEMAT, while UPC-DIT employed
standard geotechnical techniques.

The value obtained for the external specific surface
(BET) is somewhat lower than the average values for
smectites (found in the scientific literature).
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Figure 2.1. Febex clay: unsatumted appearance (enlargement x 37.5).

The low content of the < 2 jJm 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 vol-
canic material). This would make dispersion of the
clay, and consequently separation of the < 2 fJrn
fraction, more difficult. This argument is supported
since the most of the silt-sized material, and some of
the sand-sized, is formed by "pseudomorphs" of vol-
canic grains transformed into smectite. The "pseudo-
morphs" are relatively stable and would moderate
the physical behavior of the bentonite: they function
as smectite from a chemical point of view, but do
not have the physical effects of the bentonite.

(Section 2.5.4, of [6]). Some of these data are pre-
sented herein for informative purposes.

The unconfined compressive strength is 2.5 MPa for
samples prepared with a water content at equilib-
rium with the air in the laboratory (laboratory condi-
tions) and at a density of 1.70 g/cm3. It was found
that unconfined compressive strength increases ex-
ponentially with dry density.

Various types of triaxial tests were performed, with
saturated and unsaturated samples. The results from
the unsaturated samples, prepared at different dry
densities with the water content at equilibrium with
the laboratory conditions, are presented in Table
2.12.

2.2 Parameter determination tests

2.2.1 Mechanical properties

2.2.1.1 Strength—unconfined compression
and triaxial tests

In the years previous to FEBEX, strength had been
determined only on samples of the bentonite S-2

2.2.1.2 Compressibility-oedometric tests
Oedometric tests have been performed on samples
of the bentonite S-2 for initial dry densities of 1.40
g/cm3 and 1.60 g/cm3. Table 2.13 shows the pa-
rameters resulting from the oedometric tests.

2.2.1.3 Swelling pressure
Swelling pressure tests were performed using con-
ventional oedometers on samples saturated with
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Table 2.12
Strength parameters obtained in triaxial tests on unsaturated specimens of bentonite S-2 prepared with a water content
in equilibrium with the laboratory conditions and at different initial dry densities.

Pd
g/cm3

1.6

1.6

1.6

1.7

1.7

1.7

1.8

1.8

1.9

Initial Sr

%

41-47

41-47

41-47

49-60

49-60

49-60

53-59

53-59

65-79

Range of a 3

MPa

0.5-3.0

3.0-10.0

10.0-30.0

0.5-3.0

3.0-10.0

10.0-30.0

3.0-10.0

10.0-30.0

3.0-10.0

Cohesion
MPa

0.7

2.8

4.4

0.8

1.0

3.5

4.3

3.6

4.5

Friction angle
Degrees

25

14

14

30

26

16

16

18

19

Table 2.13
Oedometer parameters.

Pd
g/cm3

1.4

1.6

c
0.38

0.38

cs

0.20

0.33

a,
mVkN

2.5 - 1 0 5

2 . 3 - 1 0 s

m,
mVkN

1.7 10 5

1.4 • 1 0 s

k
m/s

4.7 101 2

1.3-10-"

distilled water. A regression curve was developed as
a function of dry density for the swelling pressure of
the FEBEX bentonite, as shown on Figure 2.2, and
expressed by the equation (Section 3.1.1 of [8])

Ps = exp (6.0 pd- 9.07)

where Ps is the swelling pressure, in MPa, and pd is
the dry density, in g/cm3. The deviation of the exper-
imental values with respect to this fitting may be as
high as 25 %. 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 swelling pressure values and the regression
curve for the bentonite S-2 are also shown in Figure
2.2. The difference in the swelling pressures of the
S-2 and the FEBEX bentonites, may be considered
negligible for all practical purposes in the PA of a
repository.

2.2.1.4 Swelling under load
These tests were performed using conventional
oedometers on samples of the FEBEX bentonite.

During the pre-operational stage, CIEMAT carried
out tests with distilled water on specimens with a
nominal dry density of 1.60 g/cm3. Four of these
tests were performed under a load of 0.5 MPa and
the other three under a load of 0.9 MPa. Subse-
quently, several series of swelling under load tests
were performed, in which samples having a nominal
dry density of 1.60 g/cm3 were submitted to differ-
ent loads between 0.1 and 3.0 MPa. Both granitic
and saline water were used to saturate the sample.
A commercial granitic 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 benton-
ite interstitial water, but simplified to include only the
major elements. The chemical composition of both
is shown in Table 2.14.
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Figure 2.2. Swelling pressure as a function of dry density.

Table 2.14
Chemical composition of the water used in the tests (in mg/l), and pH.

Dissolved ions and pfi

ci-

S05"

Br"

NÔ

HCO-

SiO2(aq)

Mg2 +

Ca2+

Na+

K+

Sr2+

pH

Granitic

13.1

14.4

0.1

4.8

144.0

22.2

9.4

44.9

11.0

1.0

0.09

8.3

Saline

3550.0

1440.0

—

—

—

—

360.0

400.8

253.9

—

—

7.0
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In addition, some tests have been performed with
specimens compacted to nominal dry densities of
1.70 and 1.50 g/cm3 saturated with granitic water,
and some others with specimens compacted to
nominal dry densities of 1.70 g/cm3 and saturated
with saline water.

As expected, the specimens compacted to a dry
density of 1.50 g/cm3 undergo strain, on saturation,
with granitic water somewhat lower than in the case
of specimens compacted to a dry density of 1.60
g/cm3, while the specimens compacted to a dry
density of 1.70 g/cm3 experience higher strain un-
der the same load, in the tests with both saline and
granitic water.

Figure 2.3 shows the final strain of the clay in the
tests performed with samples compacted to nominal
dry densities of 1.60 g/cm3 and saturated with differ-
ent kinds of water, along with the fitting for the tests
performed with both granitic and saline water.

The final values of strain do not seem to be partic-
ularly dependent on the kind of water, although in
the tests performed with saline water they are
somewhat higher than in those performed with gra-
nitic water, the values for distilled water being the
highest.

Strain (e, %) as a function of vertical load (a, MPa)
may be approximately expressed by the following
equations:

= .9.4 )5.9/s

14.4 • a

for granitic water

for saline water

UPC-DIT performed 21 flooding-under-load tests
on specimens prepared at various dry densities of
between 1.57 g/cm3 and 1.87 g/cm3, with an initial
water content of 1 1.7% (water content at equilib-
rium with laboratory conditions). The specimens
were saturated with distilled water while being sub-
jected to a predetermined load between 0.01 MPa
and 10.00 MPa.

The strain (s, %) induced after saturation is shown in
Figure 2.4 and may be approximately expressed by
the equation

8 = -46.9- 19.4 Ig a + 36.6 pd

where a is the vertical load in MPa and pd is the ini-
tial dry density in g/cm3.

The strain values obtained with this equation for a
dry density of 1.60 g/cm3 are slightly higher than
those obtained with the fitting used by CIEMAT for
tests performed with granitic water, the discrepancy

-60 —

1.10 1.00

Vertical load (MPa)

10.00

Figure 2.3. Swelling strain of specimens compacted to dry density 1.60 g/cm3 on saturation under vertical load with different kind of water.
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10.00

Vertical load (MPa)

Figure 2.4. Swelling strain for different applied vertical loads with the value of initial dry density, in g/cm3 indicated for each point.

being more appreciable for low loads, with a maxi-
mum difference of 5 percentage points. This would
confirm that swelling under saturation with distilled
water is somewhat higher than that expected when
saturation takes place with granitic water.

2.2.1.5 Elastic shear modulus, G
UPC-DIT determined the elastic shear modulus, G,
at small deformations (1 O6<Y<1 CH) for the FEBEX
bentonite. The tests were performed in a resonant
column on 10 specimens compacted at various dry
densities and degrees of saturation (Section 4.4.1.
of [6]). The results are shown in Table 2.15.

2.2.1.6 Joint rigidity
UPC-DIT performed unconfined compression tests
on specimens of the FEBEX bentonite to obtain the
relationship between normal stress and displace-
ment in the joints between blocks.

The joint displacements were calculated by comparing
the average deformations in two specimens for the
same level of load: one a single specimen with a
height of 7.8 cm and the other formed by two pieces,
each 3.9 cm in height, placed one on top of the

other. Each specimen was tested with three different
degrees of initial saturation (Section 4.4.1. of [6]).

Figure 2.5 shows the value of the decrease in dis-
tance between the joint surfaces of two blocks as a
function of the normal load applied, for different
degrees of saturation.

2.2.2 Hydraulic properties

2.2.2.1 Saturated hydraulic conductivity
An empirical relationship has been obtained, using
saturated specimens, for the coefficient of permeabil-
ity of the FEBEX bentonite as a function of dry density,
this being expressed by the following equations:

logk = - 6.00 p d - 4.09

r2 = 0.97, 8 points,
for pd between 1.30 and 1.47 g/cm3

log k = - 2.96 pd- 8.57

r2 = 0.70, 26 points,
for pd between 1.47 and 1.84 g/cm3

where k is the coefficient of permeability for distilled
water, in m/s, and pd is the dry density, in g/cm3
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Table 2.15
Elastic shear modulus obtained in resonant column tests.

Dry
density
g/cm3

Water Degree V o j ( j
content of saturation ..

n/ n/ ratio

Elastic shear modulus, G, in MPa

o3=0.01 a 3 =0.1 a 3 =0 .2 o 3 =0.4
MPa MPa MPa MPa

a 3 =0 .8
MPa

1.58

1.66

1.54

1.56

1.62

1.66

1.65

1.72

1.68

1.62

14.7

13.6

3.4

2.8

24.6

21.3

4.7

10.4

3.7

12.7

54

57

12

10

95

87

19

47

16

50

0.757

0.668

0.802

0.777

0.717

0.677

0.685

0.615

0.652

0.713

140

211

78

89

240

252

74

200

61

122

207

223

106

106

270

296

90

219

89

180

245

270

174

138

—

370

137

293

141

240

300

—

208

—

331

429

190

381

200

299

370

—

326

—

336

502

310

429

290

387

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

/

1 •

/
/
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1 /
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/ /*
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/
/

Degree of initial saturation

— * — S, = 0.85

_ - & _ . s, = 0.45

— o — Sr = 0.15
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Joint displacement (mm)

0.20

Figure 2.5. Displacement between joint surfaces for different degrees of saturation.
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(Section 2.3 of [8]). The variation of the values actu-
ally obtained with respect to these fittings is of the
order of 30 %. This should be evaluated taking into
account that the values of the coefficient of perme-
ability are very small, of the order of 10 ' 4 .

Figure 2.6 shows the regression lines for the coeffi-
cient of permeability of FEBEX bentonite shown
above and the points obtained in different
determinatins. The influence of the water used as
permeant has been tested, as well as the repercus-
sion of the direction of the measurement, parallel or
perpendicular to the compaction effort, in the value
of the coefficient of permeability. None of these as-
pects seems to be relevant, with the exception of the
use of saline water, that yields a higher hydraulic
conductivity.

The data indicate that the FEBEX bentonite is less per-
meable 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.

2.2.2.2 Relative permeability

Unsaturated hydraulic conductivity is highly depend-
ent on the degree of saturation (Sr) and may be ex-

pressed as the product of relative permeability (kr)
times the saturated hydraulic conductivity. The de-
pendence on the degree of saturation is usually ex-
pressed by means of a potential law for the relative
permeability: kr=Sr".

The water infiltration tests carried out by CIEMAT
(Section 3.3. of [8]) in small teflon cells provide
data allowing unsaturated hydraulic conductivity
and its dependence on the degree of saturation to
be obtained.

In the tests, water content throughout the specimen
was measured at different times after initiation of the
infiltration process. By means of parameter identifi-
cation techniques similar to those used in ground-
water engineering and geophysics, intrinsic perme-
ability and the exponent of the law used to obtain
the relative permeability may be estimated.

The values obtained were 2.95 • 1 O21 m2 (for a po-
rosity of 0.4) and 4.64 respectively, in the case of
samples with an initial dry density of 1.75 g/cm3.

Similar infiltration tests have been carried out at
UPC-DIT. In this case, in order to study the possibil-
ity of desaturation of the surrounding rock at the in-
terface between the bentonite and the granite, a hy-

1.0x10'

1.0x10"

1.0x10""

1.0x10"

1.0x10-"

r

A

A

m

•

A
A

A
O

D

a

•

X

A

A

Distilled water

Perpendicular to compaction

Parallel to compaction

Granitic water

Saline water

1.10 1.30 1.50 1.70

Dry density (g/cm3)

1.90

Figure 2.6. Saturated hydraulic conductivity as a function of dry density.
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draulic gradient was prescribed across a specimen
of granite in contact with another of bentonite [14].

The test was carried out in a triaxial cell with a con-
finement pressure of 0.8 MPa. Specimens were ini-
tially compacted at a dry density of 1.76 g/cm3

and a water content of 1 3%. No change in the wa-
ter content of the granite was detected during the
test. However, the measurements of water content
in the bentonite allow a new value to be estimated
for the exponent in the relative permeability law.

Figure 2.7 shows how good agreement is achieved
between the measurements and numerical model
predictions, with the parameters derived from the
identification process.

In addition, the unsaturated water conductivity may
be estimated in thermo-hydraulic experiments with
prescribed heat and water flows (Section 2.3.1.1).
The summary of values obtained for the parameter
"n" in the relative permeability law (k,=S") is shown
in Table 2.16.

26
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§ 20

s
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16
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\

\

ô*

—-• - h ^ -A
- - .*

- - • - - Estimated

—•— Measured at t =

••—A Measured at t =

— A — Measured at t =

7 days

2 days

1 day

3 4 5

Distance to granite contact (cm)

Figure 2.7. Measured and computed water content in infiltration tests.

Table 2.16
Exponent in relative permeability law obtained from different types of tests.

Test

Water infiltration in small teflon cells

Water infiltration in bentonite in contact with granite

Heat and water flow experiment 1

Heat and woter flow experiment 2

Heat and water flow experiment 3

64

Value of n, in kr=Sr"

4.64

3.50

3.06

1.10

1.68
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2.2.2.3 Suction/water content relationship
at20°C

Tests on unconfined samples

CIEMAT has carried out suction/water content tests
for the FEBEX bentonite, both in compacted and in
trimmed samples. The relationship between suction
and water content was initially determined in com-
pacted samples for three different suction values and,
subsequently following wetting, drying and wetting af-
ter drying paths. UPC tested specimens at various
temperatures and suctions between 3 MPa and 700
MPa following similar wetting and drying paths. Fig-
ure 2.8 shows the tests results grouped according to
initial dry density (pdo)' 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 per-
formed by UPC-DIT. The relationship between suc-
tion (s, MPa) and water content (w, %) changes, tak-
ing into account the initial dry density (pd0, g/cm3),
may be fitted to the following equation [1 5]:

w = (45.1 Pd0 - 39.2} - (18.8pd0 - 20.34) log s

The volume variations observed with changing suc-
tion are important. Figure 2.9 shows the relation-

ship between the dry density and the change in suc-
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:

pd= 7.75sa i3"»-a i5

where pdo 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 (Section
2.5.10. of [6])

w = 36.1 - 12.0 log s r2 = 0.94 191 points

where w is the water content in %, and s the suction
in MPa. Figure 2.10 shows the regression curves for
the bentonites (S-2 and FEBEX) and the points ob-
tained by CIEMAT and UPC for each bentonite.

As may be seen, 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 dif-
ference that is reflected in the water content in equi-
librium with the laboratory conditions, as was indi-

50

40

30

20

10

( p ^ = 1.67 g/crn^T

/ f t o= 1.75 g/cm)

(pd0 = 1.64g/cm3 ^

0.01 10 100

Suction (MPa)

Figure 2.8. Suction/water content relationship in tests on unconfined samples, for FEBEX bentonite.
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Suction (MPo)

Figure 2.9. Relationship between dry density and suction in tests on unconfined samples, for FEBEX bentonite.
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O FEBEX bentonite values
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— — Bentonite S-2 correlation

Suction (MPa)

Figure 2.10. Suction/water content relationship in tests on unconfined samples, for S-2 and FEBEX bentonites.
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cated in Table 2.11. For all practical purposes, the
differences between the two bentonites are very
small, as far as the PA is concerned.

In the low range of suction, water contents deter-
mined at a temperature of 72°C are higher than
those determined at 20°C. However, the results are
limited and more tests will have to be performed to
quantify the effect of temperature on suction/water
content relationship.

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 determine the retention curve, two kinds of tests
have been performed. CIEMAT used suction con-
trolled oedometers to hinder swelling of the clay, by
adding the appropriate loads (Section 2.5.2 of [8]).
UPC designed containers made from sintered
metal to fix the volume of the sample, while the
water vapor in the clay changes with the atmo-
sphere in which the capsule is placed [14]. In both
cases, minor volume changes have occurred.

The retention curves may be fitted to the van
Genuchten expression:

V-Vmox 'rOl

or to a modification of this expression that is more
suitable for higher values of suction:

where S^ and Srmox are the residual and maximum
degree of saturation and Po (MPa), Ps (MPa), A, and
A.s are material parameters.

Table 2.1 7 shows the parameters fitted for the wet-
ting paths, that are plotted together with the experi-
mental points in Figure 2.11.

Figure 2.12 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 2.18.

New tests performed at different temperatures are
required to describe the thermal effects on the reten-
tion curve.

2.2.2.4 Gas permeability

The gas permeability of the compacted clay has
been determined using nitrogen gas as a fluid, in-
jected at a low pressure (Section 2.4 of [8]). 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 2.13, together with the fitting obtained (valid
only for the degree of saturation between 25 and
80%) [15]:

Kg = 3.164-10-6(e(l-Sr))
4-3

(V2=0.82, 39 points)

where Kg (m/s) is the gas permeability, e the void ra-
tio and Srthe degree of saturation.

Table 2.17
Parameters for fitting of the retention curves.

Dry density range
g/cm3

1.70-1.75

1.70-1.75

1.60-1.65

1.60-1.65

1.58-1.59

1.58-1.59

Kind of equation
(no. in Figure 2.11)

Van Genuchten (1)

modified van Genuchten (2)

Van Genuchten (3)

modified van Genuchten (4)

Van Genuchten (5)

modified van Genuchten (6)

Po
MPa

90

100

30

35

4.5

2.0

X

0.45

0.45

0.32

0.30

0.17

0.10

0.00

0.01

0.10

0.01

0.00

0.01

1.00

1.00

1.00

1.00

1.00

0.99

P,
MPa

—

1500

—

4000

—

1000

—

0.05

—

1.5

—

1.3
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Figure 2.11. Measured and fitted retention curves in wetting paths performed at confined samples. In parentheses the number
of the equation used in Table 2.17.
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Figure 2.12. Hysteresis effect on the wetting-drying paths under confined conditions. Bold symbols correspond to wetting paths.
In parentheses the numbers of the curves indicated in Table 2.18.
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Figure 2.13. Gas permeability measured in specimens of FEBEX bentonite compacted to different dry density and with varying woter content.

Table 2.18
Parameters for fitting of the drying paths after saturation.

Dry density range
g/tm3

1.70-1.75 drying

1.70-1.75 wetting

1.58-1.59 drying

1.58-1.59 wetting

Kind of equation
(no. in Figure 2.12)

Van Genuchten (1)

Modified von Genuchten (2)

Van Genuchten (3)

Modified van Genuchten (4)

Po
MPa

180

100

30.0

2.0

X

0.62

0.45

0.15

0.10

0.0

0.01

0.0

0.01

^rmax

1.0

1.0

1.0

0.99

P,
MPa

—

1500

—

1000

—

0.05

—

1.3

The gas permeability for the same degree of satura-
tion is a function of dry density and decreases with
the degree of saturation, for the same dry density. In
tests performed with the bentonite equilibrium water
content compacted to different dry densities it was
observed that gas permeability decreases loga-
rithmically with increasing dry density.

In all of the tests performed, the values of intrinsic
permeability obtained (ranging between 1016 and
10'2 m/s) are higher than those obtained when in-
trinsic permeability is calculated from hydraulic con-
ductivity tests conducted with the clay under satu-
rated conditions (Figure 2.14). 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 un-
der saturated and confined conditions, the bentonite
tries to swell and fill the interaggregate pores. Under
these conditions, mean pore diameter is close to
intraggregate pore size (about 0.01 /Jm). In the case
of gas flow under dry conditions, this flow takes
place through interaggregate pores with a diameter
of more than 1 jjm. This difference in accessible
pore size may explain the different values of intrinsic
permeability that have been derived from water and
gas flow.
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Figure 2.14. Intrinsic permeability of the compacted clay obtained from saturated water flow and from unsaturated gos flow tests. In gas
flow tests, the accessible void ratio indicates the ratio between gas accessible pore volume and particle volume (e(l-Sr)).

2.2.3 Thermal properties

2.2.3.1 Specific heat
Specific heat has been determined only for benton-
ite S-2 (Section 2.5.11. of [6]). The relationship be-
tween specific heat and temperature fit the following
equation, in a range of temperatures of between
45°Cand 150°C:

cs = J .38 -T+ 732.5

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

2.2.3.2 Thermal conductivity
The superficial thermal conductivity of the FEBEX
bentonite has been determined in compacted speci-
mens at various nominal dry densities and with dif-
ferent water contents.

Figure 2.15 shows the regression curves of the val-
ues of superficial thermal conductivity as a function
of the degree of saturation, for bentonites S-2 (Sec-
tion 2.5.11. of [6]) and FEBEX (Section 2.2. of [8]).
A good correlation of the sigmoidal type (Boltzmann)

was obtained for the two bentonites by means of the
following equation:

A — A

where X is the thermal conductivity, in W/m-K, Sr is
the degree of saturation, A, is the value of A. for Sr

= 0, A2 is the value of X 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:

Bentonite S-2

A, 0.39 ± 0.08

A2 1.34 ± 0.06

x0 0.54 ± 0.03

d, 0.15 ±0.03

FEBEX bentonite

0.57± 0.02

1.28 ±0 .03

0.65 ±0 .01

0.10 ± 0.02

There is a difference between the curves, this being
more noticeable with lower values for the degree of
saturation. No clear evaluation of the differences is
possible, on the one hand, because thermal con-
ductivity increases not only with the water content
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Figure 2.15. Thermo! conductivity as a function of degree of saturation.

but also with dry density; and on the other because,
for the bentonite S-2, there are only two points for
the lower degrees 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.

2.2.3.3 Coefficient of linear thermal expansion
Measurements of thermal expansion have been car-
ried out on 12 samples of compacted bentonite with
an initial dry density of between 1.57 and 1.72
g/cm3 and a water content of between 12.5 and
25.1 % [14]. The specimens (38 mm in diameter,
76 mm in height) were located in an isothermal
bath with controlled temperature. A latex membrane
keeps the overall water content of the soil constant
throughout the heating and cooling processes. Tem-
perature varies between 25 and 70 °C. In each test,
several cycles of heating and cooling are applied to
the sample.

The vertical strains in the first heating path are
higher than the strains measured during the second
and subsequent cycles. In addition, in each cycle
the strains measured during the heating process are
higher than those observed throughout the cooling

path and, as a result, an accumulation of irrevers-
ible strains is observed. The slope of the relationship
between temperature and strain is shown in Figure
2.16 [15]. This slope increases slightly with temper-
ature. The following correlations for the linear ther-
mal expansion coefficient have been obtained from
this figure:

«
Ae2/A7 = - 0. J18-10-" + 6.5-10~6 T

(first heating)

AeJAT = - 1.265-1 a* + 6.5-10~6 T
(subsequent heating paths)

AeJAJ = - 1.538-10-4 + 6.5-105 7
(cooling paths)

where £z is the linear strain and T the temperature in
°C. At temperatures higher than 55°C, an increase
in the dispersion of the results is observed. This dis-
persion is due to experimental difficulties, such as
equipment calibration and specimen sealing.

2.2.4 Chemical composition
of the FEBEX bentonite pore water

For performance assessment purposes in a nu-
clear waste repository, knowledge of the chemistry

71



FEBEX. Final report

l .OxlO3

8.0x10" —

6.0x10"

s 4.0x10"

I

2.0x10"

0 . 0 x 1 0 '

if
w>

1

0 m X

i

0

V.

0.0^0

n

X
0

°

Degree
of saturation
56-64%
81-83%
91-98%

X
. — _ .

Heating Cooling
path path
• D
• O
o o

First heating

Cooling paths

First heating paths

Subsequent heating paths

20 30 40 50

Temperature (°C)

60 70

Figure 2.16. Linear thermal expansion as a function of temperature.

of the porewater in the clay barrier is essential.
The composition of the porewater controls the
processes involved in the release and transport of
the radionuclides: corrosion of the canisters, oxida-
tion-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 porewater chemis-
try in very low permeable and scarce water-content
clay systems, has not yet been solved. Therefore, a
methodology has been followed, combining the fol-
lowing tools:

1) different porewater extraction methods,

2) physico-chemical and mineralogical bentonite
characterisation and

3) geochemical modelling.

This makes it possible to:

• Evaluate the water-bentonite interaction pro-
cesses controlling the physico-chemical param-
eters and the chemistry of the system.

• Obtain, with the available tools, the best possi-
ble estimation of bentonite porewater composi-
tion under initial conditions of water content

(13.6% in the "mock-up" test, and to 14.4 %
in the "in situ" test).

2.2.4.1 Tests methodology and results
A series of bentonite-water interaction laboratory
tests has been performed, with the aim of providing
a database for the definition of bentonite porewater.
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 have been analysed in order to determine
the selectivity coefficient of the exchange reactions.
This parameter is important for modelling purposes.
Full details are reported in the technical report
70-IMA-L-0-44 [10].

Extraction of porewater by squeezing at a pressure
of 60 MPa

The differences in the chemical composition of the
porewater have been studied at several clay mass
water contents: 23.8%, 26.5% and 30%, equivalent
to s:l ratios of 4.2:1, 3.8:1 and 3.3:1, respectively.
The values of 23.8%, 26.5% and 30% correspond
to saturation conditions of the bentonite blocks
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compacted at 1.65 g/cm3, 1.57 g/cm3 and 1.49
g/cm3 of dry density, respectively. The contact time
between the distilled water and the bentonite (more
than three months) and the analysed porewater
composition have been considered acceptable,
since the results obtained are comparable to those
obtained from unaltered core samples from the
FEBEX bentonite deposit (Cortijo de Archidona,
Almeria, Spain). However, with this method the
porewater may be extracted only for high degree of
specimen saturation (above 20% of water content
for a fix applied pressure of 60 MPa) and, in any
case, only a fraction of the total water may be ex-
tracted.

According to the test conditions, the porewater of
the FEBEX bentonite is a Na-CI-type water with a

high content of magnesium and calcium, high elec-
trical conductivity and neutral pH (Table 2.19).

Aqueous extraction tests
Aqueous extracts tests were carried out at different
low s:l ratios: 1:1, 1:2, 1:4, 1:8, 1:10 and 1:16
with deionized and granitic interaction water, in or-
der to analyse the possible mineral phases control-
ling the aqueous phase and the behaviour of the ex-
change cations. The results are shown in Tables
2.20 and 2.21.

Discussion of the results obtained at high
(squeezing) and low (aqueous extracts) s:l ratios
The concentration of chlorides both at high and low

s:l ratios, follows a lineal relationship, as a function

Table 2.19
Chemical composition of FEBEX bentonite porewater extracted by squeezing for three water contents, in mg/l.

Dissolved contituyens
and physico-chemical parameters

a-
soj-

Br

HCOJC)

SiO2

Al3+

Ca2+

Mg2+

Na+

K+

Sr2+

pH

Conductivity (nS/cm)

Ionic Strength (M)

Water type

s:l ratio

30%

2200

603

4.9

67

10.9

0.34

295

385

800

7.5

6.2

7.49

7530

0.11

Na-Mg-CI

3.3:1

Wafer content

26.5%

3600

1100

4.9

131

14.4

N.D.

450

410

1725

54

6.9

7.29

11690

0.17

Na-CI

3.8:1

23.8%

4000

1260

9.1

133

N.0.

0.12

510

390

2100

15

7.5

7.38

13230

0.19

Na-CI

4.2:1

(*) Total alkalinity as mg/l of HC0~}

N.D.: not determined
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Table 2.20
Aqueous extract chemical composition of FEBEX bentonite in contact with distilled water at different s:l ratios
(interaction time = 48 hours), in mg/l.

Dissolved
ions

ci-

soj-

Hcojn

Al 3 +

Ca2+

Mg^

Na+

K+

Sr2+

Fe3+

SiO,

pH

Cond. (nS/cm)

Clay massf'/water

1:1

754.0 ± 95.5

860.5 ± 97.9

181.8 ± 1 6 . 9

1.27 ± 0.60

47.0 ± 9.6

30.3 ± 4.7

820.0 ± 50.8

14.0 ± 2 . 4

0.72 ± 0.07

1.49 ±2 .53

22.1 ± 1.3

8.19 ±0 .17

4027 ± 398

20g/20ml

1:2

312.7 ± 27.1

415.1 ± 75.1

164.6 ± 4 . 3

0.26 ±0.13

12.86 ±2.12

7.91 ± 0.59

448.6 ± 24.1

9.6 ± 2.1

0.20 ± 0.04

0.10 ±0.06

20.4 ± 1 . 1

8.35 ±0.12

2018 ± 1 0 5

20g/40ml

Solid to liquid ratio

1:4

149.6 ±11.8

200.6 ±20.3

154.2 ± 5.6

0.52 ± 0.62

4.27 ±1.09

2.86 ± 0.44

246.0 ±11.0

6.1 ± 2.3

0.08 ± 0.01

0.20 ±0 .18

18.6 ± 1.0

8.73 ±0 .16

1135 ± 4 5

10g/40ml

1:8

73.4 ± 5.4

105.7 ± 9.0

139.0 ± 5.0

1.17 ±0.66

3.07 ± 0.06

1.51 ± 0.28

146.4 ± 5.4

3.7 ± 1.1

N.D.

0.38 ± 0.25

15.8 ± 0 . 3

9.29 ±0 .13

678 ± 29

5g/40ml

1:10

55.25 ± 5.0

85.0 ± 3.4

138.3 ± 8 . 7

1.90 ±1 .24

3.13 ±0.15

1.70 ±0 .14

127.5 ± 5 . 0

6.7 ± 5.6

N.D.

0.49 ± 0.33

16.8

9.48 ±0 .19

619 ± 2 4

4a/40ml

1:16

36.33 ± 1 . 5

50.7 ± 2.9

133.9 ± 3 . 3

2.07 ± 0.34

2.70 ± 2.34

2.60 ± 0.95

93.7 ± 3.8

4.0 ± 0.5

0.03 ± 0.00

0.54 ±0.11

17.4 ±0.1

9.64 ± 0.21

475 ± 40

2.5rj/40ml

(*) Total alkalinity as mg/l ofWC0~;
(**)Bentonite mass includes 14% of woter content;
N.D.: not determined

of s:l ratio (Figure 2.1 7-a). The mineral phase pos-
sibly controlling the chloride concentration in the
aqueous phase is halite and, according to the satu-
ration index values, all the chlorides must be dis-
solved in the porewater (Figure 2.1 7-b). As a result,
the chloride content, related to dry bentonite mass,
may be calculated from both types of tests, squeez-
ing and aqueous extracts, indistinctly. The chloride
content determined at the different s:l ratio, and the
average value (21.85 ± 3.96 mmol/kg) are shown
in Table 2.22. If this average value is expressed as
NaCI, the solid phase in the bentonite corresponds
to 0.13% (Table 2.21). The differences found in the
values may be related to the heterogeneity of the
bentonite. The behaviour of sodium is different at
high and at low s:l ratio and its concentration is not
strictly related to that of chloride in stoichiometric
form (Figure 2.18-a). Sodium concentrations are

lower than those of chloride at high s:l ratios
(squeezing tests) and there is an excess of sodium
with respect to chloride at low s:l ratios (aqueous ex-
tracts). Therefore, NaCI dissolution is not the only re-
action governing sodium concentration in the
porewater, this also being necessarily controlled by
cation exchange reactions in the bentonite.

Sulphate concentration as a function of s:l ratio and
the gypsum saturation indexes as a function of sul-
phate concentration describe the solubility curve of
the gypsum (anhydrite) mineral phase (Figure 2.19).
Therefore, this mineral seems to control sulphate
concentration in the aqueous phase. At low s:l ra-
tios (aqueous extracts), the sulphate concentration
follows a linear relationship as a function of the s:l
ratio (Figure 2.19-a). The gypsum saturation in-
dexes show that the porewaters in the squeezing
tests are very close to gypsum equilibrium, while the
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Table 2.21
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
ions

ci-

so;-

HCDjp)

Al3+

Ca2+

Mg2+

Nc+

K+

Sr2+

Fe3+

pH

Cond. ((aS/cm)

Clay mass("'/water

1:1

682.5 ± 24.4

839.7 ± 70.1

285.7 ± 35.0

1.73 ± 0 . 2 3

49.75 ± 5.25

34.25 ± 1 . 2 6

887.5 ± 26.3

15.0 ± 0 . 8 2

0.74 ± 0.04

0.46 ± 0.07

8.12 + 0.14

4445 ± 1 1 4

20g/20ml

1:2

331.8 ± 1 0 . 6

433.0 ± 26.6

256.6 ± 1 0 . 5

0.14 + 0.15

16.4 + 3.29

10.34 ± 1 . 1 7

508.0 ± 8.4

8.96 + 0.40

0.22 + 0.03

0.05 + 0.00

8.31 +0.11

2402 ± 62

20g/40ml

Solid to liquid ratio

1:4

163.9 + 3.4

207.0 + 18.1

241.9 ±8 .1

0.43 + 0.57

6.05 + 1.54

3.81 + 0.29

290.0 + 13.4

7.96 + 3.24

0.09 + 0.02

0.18 + 0.17

8.53 + 0.07

1348 ± 6 8

10g/40ml

1:8

85.0 ± 3.5

110.2 + 1.6

224.4 + 8.1

0.72 ± 0.48

3.30 ±1.47

2.00 ±0.10

191.0 + 8.9

4.42 ± 0.78

N.D.

0.22 ±0 .14

8.83 ± 0.06

883 + 44

5g/40ml

1:10

70.0 + 2.7

86.7 ± 3.2

226.3 + 6.7

0.39 ±0 .13

4.07 ± 0.21

1.80 ±0 .10

180.0 ± 10.0

4.93 ± 0.38

N.D.

0.05 + 0.05

9.01 ± 0.01

835 ± 43

4g/40ml

1:16

50.7 ± 8.1

68.3 ± 0.6

209.3 + 4.9

0.31 + 0.05

4.70 ± 1.04

1.73 ±0 .06

166.7 ±20 .8

12.9 ± 10.5

N.D.

N.D.

9.00 ± 0.01

751 ± 67

2.5g/40ml

(*) lotal alkalinity as mg/l of HC0~;
(**)Bentonite mass includes 14% of woter content;
N.Q.: not determined

aqueous extracts are far from this equilibrium (Fig-
ure 2.1 9-b). Therefore, all the sulphate content is
dissolved in the aqueous phase only at low s:l ratio,
and the soluble sulphate concentration, related to
the dry bentonite mass may be calculated from the
aqueous extracts tests (Table 2.23).

The average sulphate content of the Febex bentonite
is 10.26 ± 0.68 mmol/kg of dry bentonite; if ex-
pressed as CaSO4 solid phase, this corresponds to
0.14% (Table 2.3). At high s:l ratios only a partial
dissolution of this mineral is attained, in accordance
with the quasi-equilibrium of the squeezed pore-
waters with respect to gypsum. The corresponding
dissolved mass of sulphate is shown in Table 2.24.

When the relation between the SO;;" and Ca2+ con-
centrations is analysed (Figure 2.18-b), gypsum
stoichiometry is preserved at high s:l ratios (squeez-
ing tests). However, there is a significant default in
calcium with respect to sulphate for gypsum
stoichiometry at low s:l ratios (aqueous extracts).

This may be explained if consideration is given to
the fact that the calcium liberated from gypsum dis-
solution may be exchanged by sodium from benton-
ite exchange positions. This agrees with the excess
of sodium in the aqueous phase with respect to
chloride observed in the aqueous extracts.

The concentration of bicarbonate maintains a rela-
tively constant value both at high (squeezing tests)
and low (aqueous extracts) s:l ratios (Figure 2.20-a),
and the saturation indexes are close to equilibrium
with calcite for all water solutions (Figure 2.1 7-b).
Therefore, bicarbonate concentration must be con-
trolled by calcite dissolution/precipitation. The dis-
solved bicarbonate mass per unit of dry bentonite,
as a function of s:l ratio, is shown in Figure 2.20-b.
From this figure it may be seen that the bicarbonate
concentration per unit of dry bentonite increases
considerably when the s:l decreases due to calcite
dissolution. The calcium concentration is very differ-
ent with respect to the bicarbonate concentration, as
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Table 2.22
Chloride concentration measured in the squeezing tests and aqueous extracts as a function of s:l ratio, in mmol/kg of dry bentonite.

S:l 4.2:1 3.8:1 3.3:1 1:1 1:2 1:4 1:8 1:10 1:16 Chloride inventory

26.85 26.91 18.62 27.18 21.32 19.79 19.15 17.95 18.84 21.85+3.96

Table 2.23
Sulphate concentration measured in the aqueous extracts as a function of s:l ratio, in mmol/kg of dry bentonite.

s:l ratio 1:1 1:2 1:4 1:8 1:10 1:16 Sulphate inventory

11.45 10.44 9.79 10.18 10.19 9.48 10.26 ± 0.68

Table 2.24
Sulphate concentration measured in the squeezed porewaters as a function of s:l ratio, in mmol/kg of dry bentonite.

s:l ratio 4.2:1 3.8:1 3.3:1

so;- 3.13 3.03
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Figure 2. / 9. a) Sulphate concentration as a function ofs:l ratio, b) Gypsum saturation index as a function of the sulfate concentration.

is to be expected in accordance with calcite
stoichiometry. There is a calcium default with re-
spect to bicarbonate at low s:l ratios and an excess
at high s:l ratios.

At low s:l ratios (aqueous extracts), when the amount
of water increases the calcium liberated, due to cal-
cite dissolution interchanges with the sodium in the
smectite exchange positions (Figure 2.21). As a re-
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suit, sodium concentration increases and calcium
concentration decreases in the aqueous extracts so-
lutions (Figure 2.1 8-a and b). These processes are
supported by the following dissolution-exchange re-
action, which implies the observed pH increase (Fig-
ure 2.20-b):

CaCo3 + H+ + 2NaX CoX2 + Na+ + HCO3"

All the results indicate that, in addition to the disso-
lution/precipitation reactions of the more soluble
trace mineral phases of the bentonite, the cation ex-
change reactions must play a fundamental role in
porewater chemistry. This is in agreement with the
sodium and calcium concentration measured at the
exchange positions (NaX and CaX2). The composi-
tion of the exchangeable cations of the bentonite
varies as a function of s:l ratio (Figure 2.21). It is
considered that the modifications in the composition
of the exchangeable cations are induced by the vari-
ation of the porewater in equilibrium with the
smectite, as a result of the dissolution of the more
soluble mineral traces of the bentonite. These modifi-
cations of the exchange complex are fundamentally
observed at low s:l ratios. Since at low s:l ratios the
chlorides and sulphates are completely dissolved, the
main process that seems to control the exchange re-
actions is the progressive dissolution of calcite.

The composition of the exchange complex at high
s:l ratios has been determined using standard meth-
ods, which do not guarantee that carbonates and
other soluble salts cannot be dissolved. Thus, the
values of exchangeable cations determined do not
follow the trend with respect to s:l ratio, and the ex-
changeable calcium values may be overestimated.
For this reason, a fitting curve has been used to ob-
tain the exchangeable cations for high s:l ratios and
for the FEBEX bentonite with the 14 % of water
content (Figure 2.21). The results appear in Table

2.25. These values will be used in the determina-
tion of porewater under initial conditions (14% of
water content), due to the uncertainties in ex-
changeable cation determination at high s:l ratios.

Conclusions

a The chemical composition of the porewater

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.

• Chlorides and sulphates, as anions, and so-

dium, calcium and magnesium, as cations,

predominate in the porewater chemistry of the

bentonite. The ion concentrations are controlled

by the dissolution of chlorides, dissolution/precip-

itation of carbonates and sulphates, and cation

exchange reactions in the smectite.

• The chloride concentration of the bentonite

porewater may be estimated from both types of

tests, squeezing (high s:l ratios) and aqueous

extracts (low s:l ratios) indistinctly, since chlo-

ride concentration follows a linear relationship

as a function of s:l ratio.

Q The sulphate concentration is controlled by

gypsum solubility. Therefore, the sulphate con-

centration in the bentonite porewater must be

estimated by taking gypsum equilibrium into

account.

Q The concentration of bicarbonate in the

porewater is virtually controlled by equilibrium

with calcite, although the partial pressure of

C O 2 must be taken into account.

• The cation concentrations in the porewater are
basically controlled by the exchange reactions
in the smectite. These reactions seem to be

Table 2.25
Cation exchangeable content as a function of S:l ratio calculated from fitted curves, in meq/lOOg.

s:l ratio

Water content

NaX

CaX2

MgX2

KX

3.3:1

30%

30.43

35.57

33.73

2.00

3.8:1

2 6 . 5 %

30.57

35.40

33.79

1.99

4.2:1

23 .8%

30.66

35.27

33.82

1.98

7.1:1

14%

31.18

34.62

34.01

1.94
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induced by the dissolution of the more soluble
impurities (calcite and gypsum) in the bentonite.

• 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.

2.2.4.2 Bentonite porewater composition under
the initial conditions of the manufactured
clay blocks (14% of water content)

The water content of the bentonite under the initial
conditions of the manufactured clay blocks [~]4%
of water content and s:l = 7.1:1) is lower than the
content required to extract porewater by squeezing.
For this reason, geochemical modelling based on
the physical, mineralogical and chemical properties
of the bentonite has been performed in order to de-
termine the composition of the bentonite porewater
with a water content of 1 4%.

The program used is PHREEQC2 [18]. This pro-
gram is designed to perform a wide variety of aque-
ous geochemical calculations: speciation and satu-
ration-index calculations, reaction-path, inverse mo-
delling and 1 D-transport calculations; involving re-
versible reactions (which include aqueous, mineral,
gas, solid solution, surface-complexation and ion-
exchange equilibria) and irreversible reactions
(which include transfers of reactants, kinetically con-
trolled reactions, mixing of solutions and tempera-
ture changes).

The steps applied in the geochemical modelling are:

Q Definition of the geochemical processes in the
bentonite-water system

• Definition of the initial conditions: content of
the more soluble minerals of the bentonite in-
fluencing porewater chemistry and exchange-
able cation content of the smectite

Q Determination of the selectivity coefficients for
the exchange reactions

a Equilibration of the entire system with pure water

According to the experimental results, the main pro-
cesses considered in the bentonite-water system are:

a Dissolution-precipitation of the carbonates

Q Dissolution-precipitation of the sulphates

Q Dissolution of the chlorides and, possibly, pre-
cipitation at very low water content zones

a Ion exchange reactions

Q Equilibrium with atmospheric CO2 partial pres-
sure P(CO2 HO 3 - 5 )

Q Dissolution-precipitation of chalcedony

Q Thermodynamic stability of the clay fraction (at
7<PH<11)

The initial conditions are shown in Table 2.26. The
values are also expressed in mol/l due to program re-
quirements. The volume of water accessible to the sol-
uble minerals has been considered to be 14%, equal
to total water content under the initial conditions.

If the calculated values for the exchangeable cations
in the FEBEX bentonite obtained from the fitting
curves are used (Table 2.25), the initial conditions
change (Table 2.27). These values are referred to
as "extrapolated" values, and the FEBEX bentonite
reference values (Table 2.26) as the "reference",
hereafter.

Special attention has been given to the determina-
tion of the exchangeable cations and to estimation
of the selectivity coefficients, since the exchange re-
actions play a fundamental role in water/bentonite

Table 2.26
Initial conditions for the geochemical modelling at s:| of 7.1:1 (14% of water content), expressed in % and in mol/l.

CaS04

%

0.14

CaSO<
mol/l

7.35 - TO2

CINa
%

0.13

CINa
mol/i

1.59-101

CaCO3

%

0.6

CaC03

mol/i

4 .29-10 1

CaX2

%

41

CaX2

mol/l

1.471

MgX2

%

31

MgX2

mol/l

1.120

NaX
%

25

NaX
mol/l

1.751

KX
%

2.5

KX
mol/l

0.175
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Table 2.27
Initial conditions for geochemical modelling at s:l of 7.1:1 (14% of water content) using the extrapolated values
for the exchangeable cations, expressed in % and in mol/l.

CaSO4

%

0.14

CaSO4

mol/l

7.35 - 10 2

CINa
%

0.13

CINa
mol/l

1.59-10-'

CaC03

%

0.6

CaCO3

mol/l

4 .29-101

CaXj
%

34

CaX2

mol/l

1.225

MgX2

%

33

MgX2

mol/l

1.190

NaX
%

30

NaX
mol/l

2.171

KX
%

1.90

KX
mol/l

0.136

interaction. An approximate thermodynamic formu-
lation to the exchange processes is based on the se-
lectivity coefficients, in which the activity of the ex-
changeable ions is replaced by equivalent fractions.
These selectivity coefficients are not "true" thermo-
dynamic constants but conditionals, and may, there-
fore, depend on the experimental conditions.

There are different formulations to calculate these
coefficients for the exchange reactions. The Gaines-
Thomas (GT) convention has been considered, due
to requirements of the PHREEQC2 program.

Selectivity coefficients have been obtained for high
and low s:l ratios from the squeezing and aqueous
extraction tests. In these tests, there is a variation in
the ionic strength of the aqueous solution, which
ranges from 0.19 M (high s:l ratios) to 0.009 M
(low s:l ratios). However, the equivalent fractions do
not change significantly across the range of s:l ra-
tios analysed. The calculated average values may
be used as experimental selectivity coefficients for
the exchange reactions (Table 2.28), in the small in-

terval of equivalent fractions analysed in this study,
which nevertheless include both high and low s:l
ratios and high and low ionic strengths. The set of
selectivity coefficients obtained from these tests is
quite similar to the constants found in the literature
for the exchange reactions. Furthermore, these se-
lectivity coefficients reproduce the experimental
porewaters fairly well (additional information may
be found in [10]).

The results of the composition of the modeled ben-
tonite porewater, exchangeable cations and mineral
phases, under the initial conditions of the manufac-
tured clay blocks (=14 % of water content) are
shown in Tables 2 .29, 2.30 and 2 . 3 1 .

From all the assumptions taken into account, all the
chloride salts are dissolved in the porewater, and
gypsum and calcite are present as mineral traces in
the bentonite at 14% of water content (Table 2.31).
However, evaluation of the effective water content
for the dissolution and mobilisation of the trace min-
erals remains an open question.

Table 2.28
Exchangeable cations, equivalent fractions (EJ and average selectivity coefficients for exchange reactions (KGT).

Cations

No+

K+

Mg2+

Ca2+

CEC

Reference values

meq/lOOg

25 ± 2

2.5 ± 0.3

32 ± 2

42 ± 3

102 ± 4

E,

0.2451

0.0245

0.3137

0.4118

Extrapolated values

meq/lOOg

31

1.9

34

35

102 ± 4

Ei

0.3057

0.0190

0.3334

0.3394

Average
LogKGr(Na/M,)

o.ow

0.878

0.655

0.774

'" ka/x = ' - f t as ddiwd for the state of reference
K^: Selectivity coefficients in the Goines-Jhomos convection

81



FEBEX. Final report

Table 2.29
Chemical composition of FEBEX bentonite porewater under initial conditions of 14% of water content depending on the selected
exchangeable cations: reference or extrapolated values, in mg/l.

Reference values

Extrapolated values

pH

7.72

7.78

Ca2+

917

761

Mg'+

568

601

Na+

2981

3531

K+

66

50

Cl

5637

5637

sor
3132

4013

HCO;

25

28

SiO2

16

16

Table 2.30
Exchangeable cations and total cation exchange of FEBEX bentonite under initial conditions of 14% of water content depending
on the selected exchangeable cations for the modelling, in meq/1 OOg.

Reference values

Extrapolated values

NaX

26

31

KX

2.49

1.93

MgX2

31

33

CaX2

42

36

X

102

102

Table 2.31
Mineral phases of FEBEX bentonite at 14% of water content depending on the selected exchangeable cations, in %.

CINa (Halite)

CaSO4 (Gypsum)

CaCO3 (Calcite)

Final

Saturation index (SI)

Final

Saturation index (SI)

Final

Saturation index (SI)

Reference

0.0

-3.58

0.078%

0.0

0.6%

0.0

Extrapolated

0.0

-3.51

0.060%

0.0

0.6%

0.0

In order to analyse the sensitivity of the modelled
porewater composition with respect to the selected
selectivity coefficients, another set of constants for
exchange reactions has been used.

This set of selectivity coefficients has been determined
by means of exchange isotherms tests. In these tests,
the ionic strength of the aqueous solution is fixed and
the equivalent fractions of the system are ranged
from 0 to 1. The resulting values are fitting curves of
the selectivity coefficients as a function of the equiv-
alent fraction of the exchangeable cations (Chapter
6). The obtained selectivity coefficients for the ben-
tonite are shown in Table 2.32.

The results of the modelling with these selectivity co-
efficients are shown in Table 2.33.

The results seem to indicate some variations in the
modelled porewater with respect to the selected se-

lectivity coefficients. Therefore, the selectivity coeffi-
cients of the exchange reactions are an important
parameter for modelling of the porewater, and
should be taken into account in future work. The dif-
ferences in the selectivity coefficients calculated from
both types of tests may be found in the experimental
conditions under which they were obtained. Never-
theless, significant changes in porewater composi-
tion and in the ionic strength of the aqueous phase
are expected in the bentonite/water system, rather
than in the exchangeable cation composition of the
smectite and, consequently, in the equivalent frac-
tions.

2.2.5 Sorption capacity and diffusion
coefficients

Since the hydraul ic gradient is required to be low
under repository condi t ions, the con taminan t m ig ra -
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Table 2.32
Selectivity coefficients (KGT) from exchange isotherms tests as a function of the equivalent fractions ft).

Cations

Na+

K+

Mg2+

Ca2+

CEC

meq/]00g

25 ± 2

2.5 ± 0.3

32 ± 2

42 ± 3

102 ± 4

Reference values

E,

0.2451

0.0245

0.3137

0.4118

LogKGr(Na/M()

0.0

0.997

1.109

1.280

meq/lOOg

31.18

1.94

34.01

34.62

102 ± 4

Extrapolated values

E,

0.3057

om%

0.3334

0.3394

LogKGr(ND/M,)

0.0<«

1.010

1.111

1.279

mKm/x= 1.0, as defined for the state of reference
Ka: Selectivity coefficients in the Gaines-Jhomas convection
Jhe relationship

has been used to transform the selectivity coefficients from Vanselow convention (KY) to Gaines-Jhomas convention (KST). u and v are the valencies of cat-
ions A (No*) andB (Co2*, Mg2*) in an exchonge reaction. KV = ̂ J f°r potassium.

Table 2.33
Chemical composition of FEBEX bentonite porewater under initial conditions of 14% of water content using exchange isotherms
as a function of the equivalent fractions, in mg/l.

Reference values

Extrapolated values

pH

7.82

7.88

Ca2+

665

566

Mg'+

469

504

Na+

4202

5000

K+

73

54

ci-

5634

5630

soj-

4692

6038

HCO-

31

36

SiO2

16

16

tion process in compacted bentonite is expected to
be controlled by diffusion, and generally retarded by
sorption. The determination and understanding of
both the diffusion and sorption properties of the clay
barrier are key issues for the analysis and evaluation
of many processes that may affect the safety of an
underground nuclear waste disposal facility. Sorp-
tion and diffusion parameters are, in fact, critical in
the general transport equation and their determina-
tion is required to describe the migration processes
in the clay barrier.

Diffusion and sorption laboratory tests serve as sup-
port for the interpretation of "mock-up" and
"in-situ" tests. The chemical elements that have
been used in these tests are those which are usually
considered to be the most important for the safety
assessment of a radioactive waste repository.

Distribution coefficients (Kd) were determined mainly
by means of sorption batch tests and determinations
of Kd have also been carried out in the compacted

material. Retardation factors (Rj) and apparent diffu-
sion coefficients (D) were determined with different
experimental set-ups. Factors that may influence
sorption, such as ionic strength and the concentra-
tion of sorbent or sorbate, have been investigated in
batch tests, and the effect of the degree of compac-
tion has been studied in diffusion tests. More details
on the experimental setups, methods and results
may be found elsewhere [12].

2.2.5.1 Sorption batch tests
Table 2 . 3 4 summarizes the results of the sorpt ion
batch test per formed with loose FEBEX bentoni te at
different sol id to l iquid (s:l) rat ios. The results d e m -
onstrated that tr ivalent cat ions such as eu rop ium
and n e o d y m i u m , a long with the tetravalent t ho r i um,
were total ly sorbed and that the elements present in
an ion ic f o rm as rhenium (ReO^), iod ine (l~) and
technet ium (TcO^) were not sorbed at a l l . Selenium
was not sorbed in its h igher va lence state
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Table 2.34
Summary of batch tests under oxic conditions carried out on FEBEX bentonite. Kd values in ml/g.

Element
and concentration

ReO,,|-,SeO;-,TcO;

[Co] = l.lE-8M

[Cs] = 1.0E-9M

[Se]w = 3.34E-8M

[Sr] = 5.0E-9M

[U] = 2.27E-6M

Eu,Nd,Th

1/100

1100

68 500

28

1735

28

1/70

800

58000

25

2050

26'

Solid to liquid (s:l) ratio

1/50 1/40

0% sorption (Kd = 0)

580

43000

24

2310

23

100% sorption (Kd:

470

38000

22

2311

—

> 100000)

1/30

360

32 000

20

2 360

—

1/20

250

28800

17

2178

15

(*) Ford =1:8

but a slight sorption was observed for selenium in a
lower valence state (SeO^). Uranium showed small
sorption, while high/very high Kd values were found
for cobalt, strontium and cesium.

These studies demonstrated that the retention capa-
bility depends to a large extent on the solid to liquid
ratio, since Kd values tend to decrease when the
solid to liquid ratio increases (except for strontium).
There are different reasons that may account for a
lower retention capability when the solid to liquid
ratio is highest. Firstly, it may be due to the dissolu-
tion of the salts and impurities contained in the clay,
since at higher bentonite contents there is a higher
concentration of HCOg and SO^~. These ions are
well known complexing agents that may contribute
to the reduction of sorption. Secondly, with increas-
ing bentonite content there is an increase also in the
ionic strength of the water and the content of ions,
which are potentially competitive to sorption sites.
Ionic strength and the presence of higher concentra-
tions of certain cations in the water would be very
important, particularly if sorption occurred via ion
exchange or if the surface complexes between the
radionuclide and the clay, were of the outer sphere
type. However, in the case of selenium, for example,
where ionic strength does not play a relevant role
on sorption, the values of Kd still decreased with in-
creasing bentonite content. This result suggests that
there is a possibility for other phenomena to take
place when clay content is increased, possibly lead-
ing to a lower "accessibility" of sorption sites and to
a consequent apparent decrease in the concentra-
tion sites. This point is now under study.

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 de-
crease in the distribution coefficient, as has effec-
tively been demonstrated in this study. Kd was evalu-
ated in compacted bentonite by means of different
experimental techniques, and again it has been ob-
served that among the elements studied, cesium is
the one presenting the highest adsorption values on
FEBEX bentonite. Strontium showed high Kd values
and selenium lower values. In any case, the Kd val-
ues evaluated in compacted bentonite are always at
least an order of magnitude lower that those evalu-
ated in batch experiments. Since the Kd values ob-
tained in compacted bentonite are more conserva-
tive, they are the most reliable for performance
assessment of the clay barrier.

2.2.5.2 Diffusion tests
Different experimental approaches have been used
to obtain diffusion parameters in compacted ben-
tonite simulating the repository conditions. Perme-
ation, fhrough-diffusion and in-diffusion tests have
been carried out, and a scheme of these experi-
ments is shown in Figure 2.22. Table 2.35 summa-
rizes the results obtained from the different experi-
ments performed with compacted bentonite.

Permeation tests
Permeation tests were carried out with tritiated water
(HTO) as a conservative tracer for previous hydrody-
namic characterization of the column, with selenium
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Permeation

Figure 2.22. Diagram of the different tests performed in order to determine migration parameters in compacted hentonite.

as a slightly sorbing element and strontium as a
highly sorbing element. Retardation factors (Rf) and
distribution coefficients (Kd) were determined. With
these permeation tests, effective porosity varies from
20-26 %, that is approximately half of the nominal
value. This means that only less than half of the
pores may be used for migration, even for a
non-interacting element like HTO. Determination of
the effective porosity of the different radionuclides is,
therefore, a very important issue for the interpreta-
tion of the diffusion tests. In fact, the accessible po-
rosity by diffusion is different for each species and de-
pends not only on the degree of compaction of the
specimen but also on the elec- trie charge and mo-
lecular weight of the element, as well as on the ionic
strength of the pore water.

Through-diffusion (TD) tests
HTO, 90-strontium, 75-selenium and 99-techne-
tium have been selected for through- diffusion tests,
and clay plugs with different thickness and com-
pacted at differeni densities have been used. Sele-
nium has also been studied using this method under
anoxic conditions.

Generally, in the experimental set up for through- dif-
fusion-type tests, the concentration of the tracer in the

inlet reservoir is kept constant during the tests. In this
study, an alternative method for the determination of
diffusion coefficients from through-diffusion tests has
been used; this was based on Fick's second law and
was proposed by Wolfrum et al. [19]. This method
allows for temporal concentration variations in both
reservoirs (Figure 2.23) and for estimation of the
diffusion coefficient, D.

Wolfrum's method is based on a non steady-state
method, which makes the calculated diffusion coef-
ficient an apparent diffusion coefficient. This method
allows for differentiation between the processes due
to the loading and diffusive phases. The coefficient
that depends only on the diffusive phase, if a steady
state is reached, may be considered as an effective
diffusion coefficient. A more conventional steady-
state method was also used to determine the diffu-
sion coefficient of HTO.

ln-diffusion (ID) tests
In-diffusion tests have been performed with cesium,
technetium, rhenium and selenium. The evolution of
the concentration of the tracer in the water is peri-
odically monitored. On completion of the experi-
ment, the clay plug was sliced and the bulk concen-
tration in the clay measured.
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Table 2.35
Summary of results obtained from tests in compacted FEBEX bentonite.

Element Method Density
g /c i r

Diffusion coefficient
mVs

Rf d
ml/g

HTO

TD

TD

TD

TD (steady state)

Kj in compacted clay

Permeation
Experimental

Permeation Model

TD

TD

ID

TD

1.18

1.36

1.62

1.65

1.65

1.18

1.18

1.36

1.62

1.65

1.62

(9.66±0.58)-10"

(7.75±0.58)-10"

(5.86±0.08)-10-»

4.4-10"(De)

(2.66±0.39)-1012

(3.79+1.38)-1012

(6.25+2.94)-1014

(1.56±0.34)1013

7.18-10-'2

2.93±0.39

3.67+0.81

0.6

0.38±0.02

0.61 ±0.21

11.53±2.00
3.35±1.50

Selenium
oxic conditions

Selenium anoxic
conditions 1.65 ( )

(2.63 ± 0.10)-10»
0.98±0.56
0.18±0.05

Strontium

Kj in compacted clay

Permeation
Experimental

Permeation Model

TD

1.65

1.18

1.18

1.39 (6.16±2.72)-10-12

475±48

666±89

1365±130

94±2

148+19

Rhenium
oxic conditions

Technetium
oxic conditions

Technetium anoxic
conditions

Cesium

TD

ID

TD

ID

ID

ID

1.65

1.65

1.65

1.65

1.65

1.65

(4.80±0.81)-1012

(3.91±2.19)-10-14

(2.98±0.79)-1013

(3.49±1.58)-1014

1.40-1014

(3.29±0.50)-10-13

0.22 ± .05(*)

7.1

823±121

(*) Calculated using e = 0.05. For the other ̂  determined from ID experiments s = 0.2.

2.2.5.3 Summary of results

According to the results obtained with the previous
methods, an increasing degree of compaction leads

to a decrease in the porosity accessible by diffusion.
The effect of the degree of compaction has been
very clearly observed with HTO, which has the high-
est accessible porosity, due to its conservative be-
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Figure 2.23. ConcenMon evolution in IN and OUI reservoirs for HTO. The thickness of the clay plug is 5.3 mm and the density 1.18 g/crrt3.
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figure 2.24. Example of a concentration profile in the clay column. In-diffusion tests.
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haviour. Selenium showed a very small retention ca-
pacity in compacted bentonite: the Kd determined
directly by means of permeation experiments is very
similar (0.4-0.6 ml/g), whereas it is higher when es-
timated by in-diffusion tests (3-1 1 ml/g). In this type
of tests, the experimental curve cannot be fitted un-
less two different diffusion coefficients are used.

This suggests that selenium is present in different
oxidation states and forms complexes within the
bentonite with different diffusion coefficients. Par-
ticularly, two different fractions have been identi-
fied, with diffusion coefficients different by approxi-
mately one order of magnitude. The same
behaviour has been observed for selenium both
under oxic conditions and in an anoxic envi-
ronment, with very small differences in the diffusion
coefficient estimated.

Technetium and rhenium behave very similarly, as
expected, presenting very small values of sorption in
compacted bentonite and anionic exclusion effects.
The Kd of technetium was estimated to be approxi-
mately 0.2 ml/g under oxic conditions, and slightly
higher under anoxic conditions (7.1 ml/g). The ap-
parent diffusion coefficients calculated for these ele-
ments are quite low, indicating that the Tc (Re) -
complexes that may be formed within the bentonite
are quite immobile.

Through-diffusion tests, performed according to the
Wolfrum et a/, method [1 9], have proven to be an
excellent method 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 high
sorbing species.

Mention should be made to the fact that the diffu-
sion coefficient differs systematically depending on
whether calculation is performed using the in-diffu-
sion or the through-diffusion method, this difference
amounting to approximately one order of magni-
tude. This has already been observed by other au-
thors. For this reason, a broad experimental ap-
proach to diffusion problems must be considered.
Both kinds of tests may be influenced by the pres-
ence of sintered steel filters contained in the clay
plugs, although the effect of the sinters may be min-
imized by using an appropriate experimental set-up,
particularly using clay plugs of a greater thickness
(in-diffusion tests). However, a more precise evalua-
tion of their influence is required, especially in
through-diffusion tests [20] and preliminary studies
on this subject have been already performed by
means of numerical methods [21].

2.2.6 Microbiological characterization

In order to determine microbial concentration and
its possible effect on the physio-chemical conditions
of the FEBEX clay, several microbiological analyses
were carried out on loose and compacted clay. The
compacted clay had been subjected to simultaneous
heating and hydration (samples from thermo-hy-
draulic cells, Section 2.4.1., CT1 7 and CT23) prior
to the microbiological analysis. The complete results
may be seen in [13].

The microbial characterization consisted of estimat-
ing the number of different kinds of bacteria (more
probable number method, with specific culture media)
along with microbial activities (MC-Glucose) and
studies of the effect of aerobic bacteria on the distri-
bution coefficients, Kd (clay/granitic water) of differ-
ent radionuclides (137Cs, 75Se, "Tc).

The bacteria groups found in the clay samples were
aerobic heterotrophic, microaerophilic, anaer- obic
heterotrophic, nitrate reducing, denitrificans, sulfur
oxidizing, sulfide oxidizing and sulfate reducing (Ta-
ble 2.36).

The studies of the effects of aerobic bacteria from
the FEBEX clay on the distribution coefficients, per-
formed under aerobic conditions, have detected a
low influence of the number of bacteria on the Sele-
nium (IV) sorption capacity of the clay, but a more
precise evaluation is still necessary. No influence
has been observed in the sorption capacity of Ce-
sium and Technetium (VII).

The effect of temperature on the number of aerobic
bacteria present in loose clay, which was incubated
in a culture medium, is illustrated in Figure 2.25. At
an incubation temperature of 60°C, the number of
bacteria decreases drastically.

Analysis of samples from thermohydraulic cells has
determined that the compaction of the clay, the
scarcity of available water and high temperature
have a negative influence on the number of bacte-
ria and on bacterial activity. The lowest number of
bacteria was found in the heating zone, where the
temperature had risen to 50°C; however, despite
these extreme conditions, a small number of bacte-
ria managed to survive. A more precise evaluation
is needed to determine the capacity of microorgan-
isms to reduce the clay environment and the corro-
sion capacity of sulfate reducing bacteria. The re-
sults obtained from thermohydraulic-cell (CT23) are
shown in Table 2.36.
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Figure 2.25. Bacteria number variation vs. incubation time and temperature.

2.3 Thermo-hydro-mechanical tests

2.3.1 Tests for calibration of models
by backanalyses

2.3.1.1 Backanalysis of thermohydraufic
bentonite properties from laboratory tests

A general methodology has been developed for the
performance of systematic backanalysis of labora-
tory tests involving the thermohydraulic behaviour of
bentonite. The procedure is based on a maximum
likelihood approach, which defines a probabilistic
framework in which error measurements and the re-
liability of the parameters identified can be esti-
mated. With a view to identifying the model param-
eters, an objective function incorporating the
differences between measured data and model pre-
dictions is minimized [14]. The method is applied to
the identification of certain thermal and hydraulic
properties of a bentonite specimen, using tempera-
ture and water content measurements as input data.
The finite element code "CODE BRIGHT" (V2.0)
has been used to model the thermohydraulic behav-
iour of clay. Although the code allows the mechani-

cal behaviour of soils to be studied in a coupled
manner, only the thermal and water flow capacities
of the code have been used.

A new testing device has been developed to obtain
the data required for the identification of certain
thermohydraulic parameters. A controlled heat flux
is applied at one end of a cylindrical specimen (38
mm in diameter, 76 mm long) and the other end is
maintained at constant temperature. A latex mem-
brane, that allows deformation and keeps overall
water content constant, and a 5.5 cm thick heat in-
sulating deformable foam surrounds the specimen.
In order to ensure knowledge of the heat flux cross-
ing the sample, two specimens symmetrically placed
with respect to the heater are used in the tests. The
heater is a copper cylinder (38 mm diameter, 50
mm long) with five small electrical resistances inside.
A constant power of 2.6 W has been used in the
tests, allowing steady temperatures in the range of
70-80 °C to be reached at the hotter end of the
specimen. At the cold end, a constant temperature
of 30°C is maintained by flowing water in a stain-
less steel head in contact with the soil.

Axisymmetric analyses performed with CODE BRIGHT
allowed the effect of lateral loss of heat to be evalu-
ated, this having been estimated at 60% of total
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Table 2.36
Most probable number (MPN) of bacteria from clay without heating and from clay that had been subjected to simultaneous
heating and hydration before microbial analysis (Number of bacteria/g of dry clay).

Temperature

Aerobic (Pept.)

Lim 95 %**

Aerobic (Plates)

Anaerobic

Lim 9 5 %

Miaoaerophilic

Lim 95 %

Sulfur oxidizing

Lim 9 5 %

Sulfide oxidizing

Lirn95%

Sulfote reducing

Lim 95 %

Denitrificans

Lim 95%

Nitrate reducing

Lim 95%

Without Heating

20-25°C

100000'

18000-363000"

90000

1400

260-5600

78200

12000-398000

2600

400-11000

28

2-140

48

8-200

<2.2

28000

5200-96000

Hydration zone

35-40°C

290

47-1428

33000

1016

203-2982

77

20-244

156

27-813

29

5-142

10165

2033-29816

3

0,4-156

51

9-157

Intermediate zone

40-50°C

469

85-1631

23814

556

90-2356

15

3-43

21.4

3-103

11

2-59

37

7-113

3

< 0,3-19

3150

441-13630

Heating zone

50-80°C

101

17-525

=58

170

3 0-570

<1.3

10

2-52

10

2-52

+
<1.3

17

< 0,2 - 9

19

3-92

(*) Most probable number (MPN)
(**) lower-upper limits (95% confidence)

heater power. This indicates the importance of per-
forming a 2D analysis of the experiment.

During the tests, the temperatures at both ends of
the specimen, and at three internal points located at
regular intervals, are monitored. At the end of the
tests, changes in diameter were measured at some
points of the specimen, with an accuracy of up to
0.01 mm. Finally, the soil samples are cut in six small
cylinders and the water content of each is determined.

Three specimens of bentonite compacted at a dry
density of 1.68 g/cm3 and with water contents of
15.3,16.9 and 17.1 % were tested. The tempera-
tures measured during the heating period for one of
the specimens are shown in Figure 2.26 Tempera-
ture reaches a quasi-steady regime 10 hours after
the start of the test.

A fully coupled thermo-hydraulic model has been
used to simulate the experiment. The temperatures

obtained under steady-state conditions and the wa-
ter content measured at the end of the test have
been considered as input data. In each test, three
parameters have been identified: the conductivity of
bentonite under saturated conditions, A,sat, needed
to obtain unsaturated thermal conductivity (A=(AsJ

Sr

(A.drv)
(1"Sr)); the tortuosity, x, and the exponent "n" for

the unsaturated (relative) permeability law (kr=Sr
n).

The thermal conductivity under dry conditions (X6ly)
is fixed at 0.47 W/m°C. The parameters obtained
during the identification process are similar but not
identical in the three tests, as shown in Table 2.37
The values are within the normal range of these pa-
rameters. In addition, the identification technique
provides a systematic and consistent procedure al-
lowing the parameters that best reproduce the mea-
surements for the selected model to be found. The
method also gives an insight into the model struc-
ture, and allows the dependence and coupling be-
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Figure 2.26. Evolution of temperature in a prescribed beat flow test.

Table 2.37
Exponent in relative permeability law obtained from different thermal flow tests.

Test

1

2

3

Water
content

15.5

16.9

17.1

"n"
\nkr=Sr"

3.06

1.10

1.68

Tortuosity
factor " i "

0.56

0.74

0.90

Saturated thermal conductivity
AsalW/m°C

1.19

1.31

1.18

tween parameters to be detected. In the present type
of test, analysis of the model structure shows that
the values of the parameter "n" that has been ob-
tained entail a higher degree of uncertainty that the
values of the other parameters. This is in accordance
with the relative influence of water flow in liquid and
vapour phases.

The optimization procedure showed that there are a
few combinations of parameters that give similar re-
sult in terms of the objective function. This is reason-
able, as measured water content is a global quan-
tity, and it is difficult to distinguish between water
transported by liquid flow (controlled by "n") and by
vapour diffusion (controlled by t).

Figure 2.27 shows the objective function in terms of
the tortuosity factor "T " and the exponent "n" from
the relative permeability law, for one of the con-
trolled heat flow tests. In order to give the same im-
portance to the sets ol measurements for tempera-
ture and water content, a weighting procedure has
been used to define the objective function. Contours
are isolines of the objective function with different
combinations of the parameters. The parameter val-
ues obtained by backanalysis are located at the
minimum of the objective function. The same figure
includes points representing the values of the pa-
rameters obtained in the other backanalyzed tests.
In the case of the hydraulic tests described in Sec-
tion 2.2.2.2 only the exponent "n" is known. In all
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parameters
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Exponent in relative permeability law (n)

Figure 2.27. Contour map of objective function in the case of thermal flow test 1 (see details in fable 2.37). Jbe same graph shows the
parameter values obtained by backanalyzing different tests.

cases, the representative points are located in the
same area of the objective function, with similar val-
ues of error. The following set of parameters and
laws has been selected taking all the tests into ac-
count:

ksat(porosity=0.4) = 2 -/O"2 ' m 2 ;

kr = S r
3; T = 0.8; X (W/m°Q = 0.47'* 1.15s'

This set of parameters (together with the rest of pa-
rameters used in numerical modelling of the "mock
up" and "in situ" tests) has been used to solve the di-
rect problem and to simulate the water infiltration
and heat flow tests. Figures 2.28 to 2.31 show that
the agreement between the measurements and the
model predictions is satisfactory.

Additional tests, with different ranges of degree of
saturation and initial dry densities, must be per-
formed in order to increase the reliability of the se-
lected parameters.

2.3.1.2 Study of mechanical properties:
oedometric tests with controlled suction

Suction controlled oedometer tests have been per-
formed at CIEMAT (24 tests) (Section 4.1 of [8]) and

UPC (5 tests) [14] on compacted bentonite with a
water content in equilibrium with the laboratory con-
ditions, and at dry densities of 1.7 and 1.65 g/cm3

respectively. Three types of paths have been fol-
lowed. In the first type, simulating the behaviour of
a point near the heater, an initial drying process is
followed by a loading path, and finally the bentonite
is 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. In the
third case, aimed at reproducing a swelling pressure
test, an attempt was made to maintain the height of
the sample constant during a 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 sulfuric acid
or salt solutions in the high suction range, and by
the axis translation technique in the case of suctions
ranging from 0 to 1 4 MPa.

Figure 2.32, reproduces the results of two of the
tests carried out at CIEMAT (EDS3_9 and EDS5_5).
The volume changes measured reflect the typical
behaviour of compacted clay. It may be observed
that for a small value of vertical load the vertical
strains on saturation are higher than when a high
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Figure 2.28. Measured and computed degree of saturation in small cell infiltration tests carried out in CIEMA T, using the final selected
parameters.
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Figure 2.29. Measured and computed water content in bentonite-granite infiltration tests carried out at UPC, using the final
selected parameters.
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Figure 2.30. Measured and computed temperature in prescribed heat flow tests, using the final selected parameters.
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Figure 2.32. Typical results in two suction controlled oedometer tests on compacted bentonite with an initial dry density of Ug/cm3.

load is applied. At the same time, the strain under
the loading path is higher when the soil is in satu-
rated conditions after reaching important swelling
strains. Figure 2.33 and Figure 2.34 show the ex-
perimental results in the case of suction decrease
paths with different values of applied vertical load
and load increase paths with different values of con-
trolled suction.

With a view to obtaining the hydromechanical pa-
rameters of the constitutive model used to model the
large-scale tests, modellers have used a trial and
error technique to reproduce the results of both the
swelling pressure and swelling under load tests de-
scribed in Sections 2.2.1.3 and 2.2.1.4. Reports
[22 and 23]) include a description of the mechani-
cal constitutive model and the value of the param-
eters used in the modelling. Figure 2.35 shows a
high level of agreement between the numerical
model predictions and the swelling strains measured
at the CIEMAT and UPC laboratories.

Using the parameters obtained from the swelling
tests, the suction controlled oedometer tests may be
modeled as a boundary value problem, using
CODE BRIGHT. Figure 2.36 shows the results of
both experimental and numerical model predictions
in the case of wetting paths under different values of

applied vertical stresses. Good agreement has been
obtained between the measurements and the model
predictions.

Some general comments may be made concerning
the behaviour of the clay when subjected to different
stress paths:

Q As a result of equipment limitations, the com-
paction load of the 'Specimens (about 20 MPa)
has been higher than the highest external load
applied in the oedometers (9 MPa). Further-
more, the samples have shown minor collapse
(with suction decreasing to values of between
15 and 5 MPa) only when a high vertical load
(9 MPa) is applied. Both factors indicate that in
most of the tests, the bentonite is inside the
loading-collapse yield surface (elastic region)
of elastoplastic constitutive law used in numeri-
cal modelling (Alonsoetal. 1990). [24].

• High swelling strains have been measured in
suction reduction paths in response to minor
vertical stresses. The hydration process opens
the bentonite structure (pore volume increases)
developing irreversible swelling strains, and sub-
sequently an important decrease in stiffness is
measured when a vertical load is applied. In
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Figure 2.33. Volume changes measured in suction controlled oedometer tests, in wetting paths under different loads.
Initial dry density Ug/cm3.
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Figure 2.34. Volume changes measured in suction controlled oedometer tests, in loading paths under different suctions.
Initial dry density 1.7 g/cm3.
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figure 2.35. Comparison between swelling strains measured at the GEM T and UPC laboratories and computed strains obtoined from
constitutive equations used in numerical modelling (initial dry density 1.60 g/cm3).
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these cases, the yield point in the loading paths
may be observed at relatively small vertical
loads (Figure 2.34). This indicates a movement
of the initial loading-collapse yield surface to-
wards the point of origin, and a reduction in
the size of the elastic region. This behaviour is
described in the conceptual framework pre-
sented by Gens and Alonso [25].

a Drying of the sample beyond suctions of 120
MPa, does not imply a significant decrease in
volume. Furthermore, under suctions higher
than this value the external load does not pro-
duce any important consolidation of the sam-
ple, which remains very stiff. After a drying/wet-
ting cycle the swelling pressure of the clay
remains almost unchanged, in keeping with the
fact that plastic strains are small in suction in-
crease paths.

• The results of numerical modelling, using a
modification of the Alonso et al. model [24]
show a good level of agreement with experi-
mental results.

2.3.2 Tests to advance knowledge of the
THM behaviour of expansive clays

2.3.2.1 Hydraulic tests on joints

Hydraulic tests have been performed on specimens in
which joints were present, with a view to gaining in-
sight into the influence of the joints of the clay barrier
on its hydraulic behavior (Section 4.2. of [8]). The
analysis included mainly the influence of joints on
hydration rate, their sealing capacity and the modifi-
cation that they induce on hydraulic conductivity.
Different cylindrical cells with water inlet/outlet
were used. The specimens were made from four
compacted bentonite slices (with final dry densities
ranging between 1.61 and 1.23 g/cm3 and initial
water content ranging between 15.0 and 11.7%),
some with vertical diametral joints. The main con-
clusions of this study are as follows:

Q When hydration occurs under a given injection
pressure, even if it is low, the volume of water
taken up and its distribution inside the clay is
controlled by the existence of joints (fissures),
their volume and their configuration.

Q The clay of the specimens takes the water both
from the direct hydration surface and from the
block joints. Figure 2.37 shows the final distri-
bution of water content in two hydrated tests, in
which four half-sectioned specimens were piled

and hydrated from the top, illustrating this ob-
servation.

a The volume of water initially taken up depends
on hydration pressure.

• Once the joints have been filled with water, the
rate of water intake appears not to depend on
injection pressure but on the dry density of the
clay.

Q The sealing of a joint, attained after hydration
for 24 hours, is effective against hydraulic
pressures 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.

2.3.2.2 Suction and temperature controlled
oedometer tests

Four oedometer tests including suction decrease and
increasing vertical load paths have been performed
by CIEMAT (Section 4.1.3 of [8]) at temperatures of
40 and 60 °C on bentonite compacted at a water
content in equilibrium with laboratory conditions and
at dry densities of 1.7 and 1.6 g/cm3. Figure 2.38
shows the evolution of the void ratio during wetting
paths starting at a low range of suction (14 MPa),
under a vertical stress of 5MPa, and at a high range
of suction (120-450 MPa), under a vertical load of
0.1 MPa. Figure 2.39 shows the effect of tempera-
ture on clay stiffness.

It is difficult to draw definitive conclusions regarding
the effect of temperature on the mechanical behav-
iour of clay on the basis of the limited number of
tests carried out to date. More experimental re-
search is required in the future to improve the labo-
ratory techniques and increase the volume of experi-
mental results.

2.3.3 Tests in thermo-hydraulic cells
The object of these tests is to analyse the properties
of the bentonite and its behaviour under conditions
similar to those that will be found in a repository;
that is, to subject the material simultaneously to
heating and hydration, in opposite directions, for
different periods of time.

The tests have been performed in cylindrical her-
metic cells of different dimensions:

Q Large cells, in which the thickness of the ben-
tonite and the thermal gradient are similar to
those of the real case, and the experimentation
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Figure 2.37. Water content distribution of the day 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).

times are 0.5, 1 and 2 years. Six blocks of
bentonite, compacted with the same water
content (13.6%) and at the same dry density
(1.77 g/cm3) as the blocks used in the
"mock-up" test, are piled in each cell, in order to
simulate the joints between blocks. A tempera-
ture of 100 °C is applied, with hydration occur-
ring simultaneously on the opposite side with
granitic water, with an injection pressure of 1
MPa. No results are yet available.

• Intermediate cells. As saturation will probably
not be reached in the large cells, cells of inter-
mediate dimensions have also been used. In
these cells, a single bentonite block measuring
13 cm in height and 15 cm in diameter is
heated on top to 1 00 °C, while being simulta-

neously hydrated with distilled or granitic water
at the bottom, with an injection pressure of 1
MPa (Figure 2.40). The initial dry density and
water content of the bentonite are 1.65 g/cm3

and approximately 14 %, respectively. The
quantity of sample is sufficient to allow the
bentonite to be sliced into five sections follow-
ing the test (Figure 2.41), in order to extract
the bentonite porewater by squeezing and carry
out physical and geochemical characterisation
of the solid phase (dry density, water content,
soluble salts, exchangeable cations). The test
program is devised for study of the phenomena
induced separately by the thermal front and the
hydration front, and by the coupling of both
fronts, in tests of equal duration.
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Figure 2.38. Wetting paths in suction controlled oedometer tests carried out at different temperatures.
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Figure 2.39. Loading paths in suction controlled oedometer tests carried out at different temperatures.
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Figure 2.40. Schematic design of the intermediate cells for JHG tests.
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Q The data obtained in these cells have been
used to calibrate THG modelling (chapter 6).

• Small cells. In this case, the bentonite speci-
men measures only 2.5 cm in thickness and
5.0 cm in diameter (Figure 2.42). Saturation is
reached after a few days, under an injection
pressure of 1 MPa. This has allowed a large
number of tests of different duration and condi-
tions to be performed. The initial dry density of
the bentonite was 1.65 g/cm3 and the water
content was that of the bentonite at equilibrium
under the laboratory conditions (around 14 %).
Two sets of temperatures (60-35°C and
100-60°C) applied at the heating and
hydration ends have been examined, in order
to ascertain the effect of temperature on the
observed processes. The influence of the
chemistry of the hydration water on the pro-
cesses observed has been verified by using two
types of water: granitic and saline (Table
2.14). This last has a chemical composition
similar to that of the bentonite porewater under
saturated conditions (Section 2.2.4), but is sim-
plified to include only the major elements. The
duration of the tests has been related to satura-
tion time. The time needed for saturation has

been verified previously, and amounts to 16
days for the tests performed at low temperature
and to 1 0 days for the tests at high temperature.

On completion of the tests, physical, mineralogical
and geochemical characterisation of the bentonite
in different sections parallel to the heating front 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 the swelling capacity) and the fabric
modifications were also tested.

2.3.3.1 Intermediate cells
The main object ive of these tests is to understand the

predominan t mechanisms of water f low and solute

transport occurr ing in a compac ted bentoni te sub-

jected to s imul taneous heat ing a n d hydrat ion. A lso ,

the chemica l evo lu t ion o f the bentoni te porewater

and the hydrogeochemica l processes involved in the

system (dissolut ion/precipi tat ion a n d cat ion exchange

reactions) are studied. A comple te detai l is reported

in the FEBEX technical report [ 11 ] .

Dif ferent tests have been p e r f o r m e d , a n d some are
still in progress (Table 2 .38 ) . The results presented
be long to the transitory state, since saturated c o n d i -

Watet circulation
Water injection at constant T

Heating and hydialion systems

| **. -| Stainless steel

Bentonite sample (25 mm high)

Teflon with 2 5 % glass fiber

iting device Control system

Figure 2.42. Schematic design of the small cells for JH6 testss.
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Table 2.38
Tests performed with the intermediate cells.

2. FEBEX bentonite

Test
number

Test
type

Test time
(days) Mass

(g)
Pi

Initial conditions
Uptake water

Wafer content Saturation degree (cm3)

a-22

CT-23

CT-24

CT-26

CT-27

CT-28

CT-30

Heating+Hydration

Hearing-I- Hydration

Heating

Heating

Hydration

Heating 4-Hydrafion

Hydration

26

183

168

147

148

302

302

4298

4294

4690

4285

4247

4315

4278

1.65

1.65

1.62

1.65

1.65

1.65

1.65

13.4

13.3

26.5

13.1

13.1

13.9

13.9

56.7

56.4

100

55.4

55.4

58.8

58.8

275

486

—

—

390

In progress

In progress

tions have not been reached at the end of the
thermohydraulic tests performed. Tests up to satura-
tion are still in progress.

Figures 2.43 and 2.44 show the distribution of tem-
perature and water content in each section ana-
lysed, for various tests. The heating source is at the
top of the cell (at the right of the following figures)
and the hydration supply is at the bottom (to the left
of the figures).

Significant changes in dry density, and therefore in

porosity, are observed as hydration is induced in

these experiments, probably due to the swelling of

the bentonite (a slight deformation of the cell, with

an increase of volume of the compacted bentonite

block, was observed). Consequently, samples with

water contents (Figure 2.44) above the saturation

water content of the bentonite block initially com-

pacted to a dry density of 1.65 g/cm3 (23.6 % of

water content) are obtained.

From the geochemical point of view, and based on
porewaters extracted by squeezing and the soluble
salts determined in 1:4 aqueous extracts, the follow-
ing relevant processes have been identified:

• Hydration of the bentonite, subjected to heating

treatment, produces the dissolution and dilution

of the more soluble trace minerals in the ben-

tonite: sulphates, carbonates and chlorides. As

a result, saline fronts are generated due to the

different mobility of the dissolved ions. The chlo-

rides move as a conservative anion. The move-

ment of the sulphates and bicarbonates must ba-

sically be regulated by gypsum and calcite

equilibrium, respectively.

• The heating treatment without hydration, both

with an initial water content of 13 .1% (CT-26

test) and an initial water content corresponding

to saturated conditions (CT-24 test), seems not to

produce a significant movement of the salts.

• 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, and related to hydration front progres-

sion (Figures 2.45 and 2.46, and Table 2.39).

Chlorides show high mobility. Sulphates concentrate

more slowly than chlorides towards the heating

source, consequently anion must be affected by

gypsum solubility. The dissolution/pre- cipitation

processes of the calcite must control bicarbonate

movement. The anion mass balance in the whole

bentonite block is shown in Table 2.39.

The main counterion that follows chloride move-
ment is the sodium ion (Figure 2.47). Sodium
moves in accordance with the same tendency as
that shown by chloride. However, the implication of
sodium in exchange reactions modifies the relative
concentration of both ions: there is an excess of so-
dium content with respect to that of chloride in the
leached zones, and a default close to the heater. 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 in-
duced, changing the relative concentration of the
sodium in the aqueous extracts solution.
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Table 2.39
CT-23 test: Distribution of dissolved anions in each section measured in 1:4 aqueous extracts solutions and mass balance
in mmol/mass of bentonite in each section.

C!"

soj-

HCO3

Dissolved anions

measured value

reference value1'1

measured value

reference value''1

measured value

reference value'"'

Section 5

1.73

15.42

2.72-

7.63

16.32

• 9.23

Section 4

2.72

16.05

10.09

7.94
1

12.11

9.60

Section 3

2.54

16.16

9.96

7.99

11.93

9.67

Section 2

6.62

16.69

13.92

8.26

10.36

9.98

Section 1

63.02

10.39

6.53

5.14

3.54

6.22

2 mass

76.64

74.71

43.22

39.96

54.26

44.70

<*> Reference values are the initial values of the bentonite in each section before beating and hydration treatment. (Average values of anions in the EEBEX

bentonite measured in 1:4 aqueous extracts solutions are: Ch: 1.979 mmol/lOOg of dry bentonite; SO]': 0.979 mmol/WOg of dry bentonite; HC0~3:

1.184 mniol/WOg of dry bentonite)

The other major cations, calcium and magnesium,
show a parallel increase, but their concentrations
are at least 5-10 times lower than sodium (Figure
2.48). This may be fundamentally related to pro-
gressive leaching, due to the hydration front trans-

porting the porewater ions, and to the cation
exchange processes.

All the aforementioned processes have been ob-
served in the soluble salts analysed in 1:4 aqueous
extracts solutions and in the porewaters extracted by
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Figure 2.48. Calcium and magnesium concentration (mmol/JOO g of dry bentonite) measured in a 1:4 aqueous extract solution.

squeezing. The chemical composition of the benton-

ite porewater, after being subjected to heating and

hydration (CT-23 test as an example), depends on

position with respect to the hydration front and on

the time elapsed since the process started (Figure

2.49). There is a depletion of dissolved salts in the

more hydrated zones, and their 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 advecfive transport through

the bentonite changes the initial composition of the

porewater from sodium-chloride type water (I ~ 0.2

M) to sodium-sulphate type water (I ~ 0.02 M) in

the more hydrated zones (section 5 to section 3);

and to sodium-sulphate-chloride type water (I ~

0.07 M) in an upper section (section 2).

The different mobility of the sulphate, with respect to

chloride, seems to be related to the control of this

onion by gypsum solubility. In the driest zone, close

to the heating surface (section 1), porewater extrac-

tion by squeezing is not possible, due to the low wa-

ter content (<20%, see Section 2.2.4), and its com-

position has been deduced from the aqueous

extracts solutions obtained (Table 2.39). Calcula-

tion of the porewater shows that it must be an

Na-CI type water, with a maximum saline concen-

tration (I » 1.2 M), with respect both to the whole

porewaters extracted in the compacted bentonite

block and fo the reference porewater under satu-

rated conditions, without thermohydraulic treatment.

The single heating process performed with an ini-

tially saturated bentonite (CT-24 test) has not pro-

duced significant changes in the porewater, which

has been analysed by sections. Only, the precipita-

tion of a thin film of anhydrite was detected at the

contact with the heating source.

In Table 2.40, different porewater compositions ob-

tained after hydration and heating of a compacted

bentonite block are compared to the saturated refer-

ence porewater of the bentonite (Section 2.2.4). Un-

der saturation conditions, and with a single heating

treatment (CT-24 test), the porewater composition is

constant in all the sections of the compacted block,

and practically the same as that of the reference.

The salt front is not developed under static saturated

conditions and under the same temperature gradi-

ent, in contrast to what has been described for the

CT-23 test, where the bentonite was subjected to si-

multaneous heating and hydration.

107



FEBEX. Final report

50.0

40.0

30.0

20.0

10.0

0.0

/

>

/ Section 4 Section 3

»-i

Section 2

0

«
•

Se
cti

on
 1

Porewater type:
From section 5 to 3: sodium-sulfote
From section 2: sodium-sulfote-chloride
Section 1: sodium-chloride (not in the figure)

0.0 3.0 6.0 9.0

Distance fo the hydration source (cm)

12.0 13.0

Figure 2.49. CI-23 test: porewaters extracted by squeezing from compacted bentonite subjected to simultaneous heating and hydration.

Table 2.40
Chemical composition of the FEBEX hentonite porewater obtained by squeezing under different conditions, in mg/l.

Dissolved
ions

a-
soj-

HCO3C)

Ca2+

Mg2+

Na+

K+

PH

FEBEX 23.8%
(reference)

4000

1260

133

510

390

2100

15

7.38

CT-24testO
(saturated initially+heating)

4451 ± 504

1325 ± 1 4 8

140 ±36

424 ± 99

418 ±110

2226 ± 208

14±1

7.34

CT-23 test<2)
(leached zones, heating+hydrafion)

545 ± 256

1039 ± 455

158±18

86 ± 4 2

59 ±28

722 ± 258

24 ±16

7.42

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.

However, these processes should be studied using
more accurate methodologies.

2.3.3.2 Small cells
The main purposes of the small cell tests are to
minimise testing time and complement the scale ef-
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feet on the geochemical processes study. The tests
performed have made it possible to study the effect
of the geochemical environment and the textural
modifications, produced during the thermo-hydrau-
lic treatment of the bentonite, on its hydraulic and
mechanical behaviour.

A sodium and chloride enriched water front is devel-
oped during the hydration stage, mainly due to the
advective transport of these ions inside the bentonite.
This stage gives the same result as the transient stage
in the intermediate cells. This process is favoured by
an increase in the average temperature and is not
dependent on the quality of the water, saline or gra-

nitic. (Figure 2.50). The concentration gradient has
practically disappeared at complete saturation.

A net decrease in bulk salinity, mainly represented
by sodium and chloride variations, is 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.
As might be expected, diffusion towards the
hydration source would be the predominant trans-
port processes after saturation is reached.

The influence of the scale factor (small dimensions)
on the reliability of the geochemical results in the
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small cells should be analysed in the "intermediate"
and in the "large cells", this being in progress.

The other geochemical parameters determined
show a high degree of invariance:

Q Bicarbonates and pH are quite constant in all
the tests. These parameters are buffered from
calcite equilibrium and their values are 1.5 ±
0.3 mmol/lOOg and 8.0 ± 0.2 pH units, re-
spectively. Calcite is present in all the samples,
and has been detected in slightly higher
amounts near the heater zone in some tests by
XRD diffraction.

Q The constancy of the atomic proportions of the
fixed K+ in the smectite indicates that i I lite/
smectite interstratification does not change dur-
ing the tests.

The tests performed with granitic water present minor
changes in the specific surface (BET external surface).
There is a significant decrease (of 10 m2/g) in the
bentonite in contact with the heater only at the begin-
ning of the hydration process, but this effect disap-
pears when the bentonite becomes saturated. The
tests performed with saline water present a general
decrease of specific surface at the beginning of

hydration, but this increases again with time, espe-
cially at high temperature. The relatively constant
value of the specific surface area agrees with the
constancy in the pore size distribution compared to
the untreated powder of bentonite (pore size distribu-
tions were measured in <1 mm degassed powders).

Thin sections of the treated samples have been pre-
pared for polarising optical microscopy studies. The
samples are embedded in an acrylic resin (LR-White)
after freeze-drying. The fabric is similar in the
treated and untreated samples. The shape and
aspect of the aggregates are the same. Logically,
the optically detectable porosity disappears after
hydration. Some micro-fissures (1 mm length) inside
the clayish macroaggregates and in the bentonite
matrix have been identified. They are stained by
iron oxides, mainly in the heater zones at complete
saturation (Figure 2.51). This fact and the existence
of fine-grained calcite around rigid microcrystals or
vitreous volcanic rock fragments should be studied
in greater detail, in relation to the transport of "mo-
bile" porewater in the bentonite.

Clay orientation increases around rigid and plastic
interfaces (microcrystals and clay aggregates) in the

Figure 2.51. Fissure pattern in a birefringent clay (thick arrows) aggregate: staining of iron oxides (thin arrows) near the heater zone after
a 10-day test with granitic water at high temperature (enlargement xlSO).
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bentonite, as confirmed by the white tones present at
these interfaces, i.e. increase of birefringence (Figure
2.52). An increase of white tones towards the
hydration zone is observed in the 10-day test and a
general increase in the 50-day test.

This effect is related to the redistribution of low-
density matrix materials that flow under the com-
pression due to swelling of higher density
macroaggregates. A microstructural rearrangement
possibly occurs also inside the aggregates, as they
have a significant influence in the whole birefrin-
gence analysis. This effect is not so clearly observed
at low temperatures or under saline conditions,
where the relative changes between the different
slices of bentonite are not very important. Figure
2.53 is a sketch of the microstructural evolution of
bentonite when hydrated and heated.

Optical microscopy determination of the amount of
calcite precipitates has been performed in more
than 200 fields per test (40 fields per slice). Both
sparitic cements on feldspars and micritic deposits
have been quantified. All the measurements on
treated samples have calcite crystals with greater ar-
eas than in the original bentonite. At high tempera-
tures, greater amounts of calcite have been ob-
served near the heater, especially in the test with

granitic water. Calcite may be redistributed by dis-
solution-precipitation. This does not necessarily
mean that bulk calcite content has increased, since
calcite can "spread" along the sample. This
"spreading" effect is possible by partial dissolution
of sparitic crystals and subsequent precipitation at
sites not far from the original position. Calcite
seems to be leached with time in the more diluted
granitic environment.

Due to the minor modifications in the bentonite
mineralogy none or very little 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 con-
ductivity of the clay is observed after TH treatment at
high temperature with granitic and, especially, saline
water. In the case of saline water, this increase be-
comes lower with the duration of the treatment, prob-
ably due to the general decrease of salinity with time.
The swelling capacity of the remoulded clay increases
after TH treatment with granitic wafer, and remains
unchanged when saline water is used (Figure 2.54).
This increase might be related to the dissolution of
cementing agents by the granitic water, which would
bring a disaggregation of bentonite flakes, which
seems to be confirmed by the microstructural obser-

Figure 2.52. detail of the aspect of oriented "bright clay" (blue arrows) between the interface of two day aggregate (enlargement x 150).
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Primary texture Hydrated texture

Figure 2.53. Idealised sketch ofhydration effects in the clay. Black fragment: vitreous volcanic rock; polygonal fragment: miaocrystal; gray
to whiteijray fragment: smectite aggregate; tines and dots: oriented and random arrangements.
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vations. This is also consistent with the calcite leach-
ing observed by optical microscopy.

The influence of thermohydraulic treatment on the
behaviour of the clay seems to be affected mainly by
the kind of water used to saturate the sample and,
to a lesser extent, by the temperature applied during
saturation. For the periods of time studied (up to 80
days), no influence of the duration of the treatment
on the subsequent physical behaviour of the clay
has been detected.

2.3.4 Interaction between bentonite
and granitic solutions. A cation
exchange study

2.3.4.1 Introduction
Previous studies on the stability of Spanish bento-
nites, carried out by the CSIC-Zaidin research group
[26,27] showed that the early stage of smectite
transformation consists of cation exchange with the
surrounding solution. The preliminary results ob-
tained in relation to this process indicated that in the
presence of solutions where potassium is the only
cation, the exchange occurs in steps and at different
rates for the several interlayer cations present. Dur-
ing a second stage, under appropriate solution and
temperature conditions, smectite may undergo
transformation to illite, with the loss of the original
favourable properties of bentonite.

Hence, the process of cation exchange in bentonite
is of great interest in radioactive waste repositories,
due to modification of the boundary chemical con-
ditions in the near-field.

For this reason, the decision was taken to study the
bentonite-solution interaction in a system similar to
that of actual repositories, where potassium is not the
only cation in solution, and to study the kinetics of
the process. This study fits with the FEBEX Project be-
cause the duration of the project is too short to show
mineralogical changes in the system, but appropriate
to reveal interactions between the interlayer cations
of smectite and the granitic percolating water, with
the condition that water saturation is achieved. The
interaction will be favoured by a high water flow.

2.3.4.2 Objectives of the study
The objectives are the following:

Q To study the ion exchange process between
granitic solutions and the interlayer cations of
smectite.

Q To perform a kinetic study of the aforemen-
tioned process at different temperatures and
with granitic solutions of different ion composi-
tion and concentration.

• To simulate two types of flow of the percolating
solutions.

These studies will make it possible to determine the
smectite selectivity for each cation, the effect of tem-
perature on the exchange process and the rate of
exchange of each cation. These results will help in
correct modelling of the chemical environment of
the "near-field" and its evolution with time, this be-
ing necessary for the PA of a repository.

2.3.4.3 Methodology and work plan
The starting material is a previously characterized
FEBEX bentonite (Section 2.1.2).

The bentonite (bulk sample) was placed in dialysis
bags, which allow for ion flow through their walls
while confining the bentonite particles. The bags
were then placed in PFA reactors and immersed in
granitic solutions with different ion concentrations
over different periods and at different temperatures.
The bags were extracted every seven days and the
solutions were analyzed and replaced with a new
fresh solution. (Also, shorter exchange times have
been investigated.) This procedure simulates a "fast"
percolation flow. A different part of the study simu-
lated a "slow" flow by renewing the solutions every
six months.

["Blank" tests have also been run, in which the
set-up was identical except that there was no
bentonite in the dialysis bags. The aim of these tests
was to detect any possible effect of the materials used.
The results showed that the contribution of these mate-
rials is below the analytical detection limit. Also, the
analytical errors have been studied and found to be
2% of the determined values or lower.]

The working conditions were the following:

• Temperatures: 20, 40, 60, and 80 °C.

• Times: 1, 5, 7, 14, 28, 56, 168, and 364 days
for fast flow, and 1, 2, and 3 years for slow flow.

Q Types of flow: "fast" flow, with renewal of the so-
lution every seven days; and "slow" flow, with so-
lution renewal every six months. These conditions
simulate higher flows than those that may be ex-
pected in the repositories, but allow equilibrium
to be reached in a short time in the laboratory.

Q Bentonite/solution ratio: 1/25 (5 g/125 ml).
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• Granitic solutions: Three types of synthetic solu-
tions were used. The "A" solution is of the gra-
nitic-bentonitic type and has been described by
CIEMAT. The "B" solution is a standard granitic
solution described by Moody (1982) [28]. The
"C" solution is percolation water from the
Grimsel repository, Switzerland. Each of these
solutions was synthesized at three different lev-
els of ionic strength. Hence, the total number
of solutions is nine. Although Na+ is the most
concentrated cation in all the solutions, solution
"A" is comparatively rich in magnesium, while
"C" and, especially, "B", are richer in calcium.

The solids have been analyzed by means of X-ray
diffraction for cation exchange capacity and ex-
changeable cations (calcium, magnesium, sodium
and potassium). The solutions have been analyzed
for pH, electrical conductivity, sodium, potassium,
calcium, magnesium, and silica.

2.3.4.4 Experimental results
The analytical results for exchangeable cations
(Na+, K+, Ca2+, Mg2+) are in meq/lOOg in the solid.
For pH, electrical conductivity and silica in solution
the values are normalized, that is, they show the dif-
ference between the measured value and the value
in the initial solution. For silica, the units are parts
per million in the equilibrium solution.

Fast flow
In all cases the synthetic solutions are enriched in
sodium and potassium after interaction with bento-
nite. Initially, the amounts of these cations in solu-
tion increase due to the presence of small amounts
of soluble salts in the bentonite. Their concentra-
tions decrease as the number of solution renewals
increases. In the solids, sodium and potassium are
always partially removed and replaced by alka-
line-earth cations (Figures 2.55 and 2.56, and Ta-
ble 2.41). Potassium is never preferentially ad-
sorbed on clay particles; hence, any "potassi-
fication" process of smectite may be discarded.

Calcium is the cation preferentially adsorbed in the
"B" and "C" solutions (magnesium is preferentially
adsorbed in solution "A"), due to the fact that it is
present in higher concentrations in the granitic solu-
tions. Specifically, calcium occupies 87 and 65 % of
the total exchange positions in the solids after con-
tact with the solutions "B" and "C", respectively
(Figure 2.57, and Table 2.41). Calcium desorption
during the interaction with "A" solutions shows simi-
lar behaviour to sodium and potassium.

In the case of "A" solutions, magnesium shows con-
stant decrease for every renewal solution, indicating
that it is been adsorbed by the smectite. This is cor-
roborated by the exchange cation data for the solid,
which show an important increase of interlayer mag-
nesium with a decrease of sodium and calcium (Ta-
ble 2.41). Magnesium occupies over 70% of the to-
tal exchange positions in the solid, following
interaction between the bentonite and "A" solutions,
due to its relatively higher concentration in the re-
newing solutions (Figure 2.58, and Table 2.41). This
fact differentiates the "A" solution from the others,
where the predominant cation is calcium. In the "B"
and "C" solution series, magnesium desorption
shows a similar trend to sodium and potassium.

Following cation exchange between the "A" solution
and the bentonite (Table 2.41), the interlayer so-
dium is reduced by a factor of 6, potassium by a
factor of almost 2 and calcium by a factor of 2.
Magnesium, on the other hand, is twice as abun-
dant in the interlayer after the process.

The charge and cation balance confirms the good
fit of the experimental results. For "B" and "C" solu-
tion series (Table 2.41), sodium is reduced by fac-
tors of 2 and 3/2, respectively; magnesium changes
from 1/3 of the total exchange sites to 1/25 and
1/5, respectively.

A perfect agreement has been found between all the
analytical data from solutions and solids, underlin-
ing the consistency of the experimental work.

Chloride and sulfate analyses also show an initial
increase in solution, due to the presence of soluble
salts in the bentonite. The conclusion is that anion
exchange is practically absent in these systems, this
being corroborated by charge balance calculations.

The pH values of the equilibrium solutions show
similar behaviour overall. There is a slight increase
in pH during the first few days. Subsequently, pH
decreases once more, with some oscillations, finally
reaching the value of the renewal solution (Figure
2.59). Electrical conductivity behaves similarly, with
an initial increase and a subsequent gradual de-
crease (Figure 2.60). Both results are related to the
presence of soluble salts in the bentonite and with
the dissolution of very small amounts of calcite, also
present in the bentonite.

The experiments have shown that silica is mobilized
by the solution (positive values in Figure 2.61). Ini-
tially, the amount of silica in solution is large, de-
creasing asymptotically subsequently towards a low
value. This is probably due to the dissolution of ac-
cessory silicate phases and of the smectite particles
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Figure 2.55. Variation of exchangeable Ha* in solids as function of time for Cl solution fast flow.
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Figure 2.57. Variation of Ca2* in solids as function of time for B3 solution fast flow.
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Figure 2.58. Variation ofMg2* in solids as function of time for A1 solution fast flow.
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Table 2.41

Variations of exchangeable cations with time and solution and flow types.

Solution
type

- n
A,

A2

A3

B,

B2

B3

c,

c2

Q

B,

B2

• B 3

c,

c3

Contact time

days

—

168

168

168

168

168

168

168

168

168

365

365

365

365

365

365

Flow

type

—

FAST

FAST

FAST

FAST

FAST

FAST

FAST

FAST

FAST

LOW

LOW

LOW

LOW

LOW

LOW

Ca 2 +

meq/lOOg

43

29

30

26

78

89

87

60

73

65

55

68

72

50

51

50 '

Mg*+
meq/lOOg

32

67

66

70

17

3

3

37

16

17

31

18

12

30

26

22

N a +

meq/lOOg

24

3

4

4

4

8

10

3

10

17

12

13

15

18

22

27

K+
meq/lOOg

2.1

1.5

1.6

1.5

1.7

1.7

1.6

2.2

1.9

2.0

2.3

2.0

1.9

2.6

2.4

2.4

(*) Initial exchangeable cations in smectite ftefore tests).

(values corresponding to the stage of stationary dis-
solved silica).

The entire set of silica data allowed for more

in-depth study. It is considered that, once it be-

comes stationary, the silica in solution is due to

smectite dissolution, because the other accessory

mineral phases would be expected to contribute very

little, due to their low concentration and surface

area. The rate constants of silica dissolution depend

on temperature, according to the Arrehnius equa-

tion. The corresponding calculated activation en-

ergy is: Ea = 31 .5±1 .5 kJ/mol (pH = 8). The rate

constants are about 1 O14 mo! rrr2 s-1 for the consid-

ered temperatures.

Temperature does not have any noticeable effect on

the ion exchange process, for either cations or an-

ions. However, increasing temperature causes

higher values of dissolved silica.

Finally, X-ray diffraction analysis of bentonite follow-

ing the treatment seems to indicate that the small

amounts of interstratified illite disappear during the

long-term experiments, and that the clay material

becomes a pure smectite.

Slow flow

The results show that the difference between fast and

slow flow with respect to the cation exchange process

is due to the number of solution renewals, rather

than to the bentonite-solution contact period. In fact,

the results corresponding to one year of slow flow,

with two solution renewals, are similar to the four-

teen-day fast flow experiments, whose solutions

were also renewed twice. This indicates that solid

and solution reach equilibrium in a very short time

and that no other process exists, other than cation

exchange and mineral dissolution. The trends for all
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Figure 2.59. Variation ofpH in solution as function of time. B3 solution fast flow.
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Figure 2.60. Variation of conductivity in solution as a function of time. Cl solution fast flow.
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Figure 2.61. Variation of silica in solution as a function of time. Cl solution fast flow.

cations are qualitatively similar to those for fast flow,
with the only difference being contact time. It was
observed that only the alkaline earth cation present
in solution in the highest concentration was selec-
tively adsorbed by the smectite. Potassium was never
preferentially adsorbed. Temperature did not notice-
ably influence these results for slow flow.

Silica is also dissolved as a function of temperature.
Its solution concentration is higher initially and sub-
sequently drops and becomes constant.

It may be concluded that the flow rate and the chem-
ical compositions of the solutions, i. e. the rate of
cation supply, are more important than the contact
time between bentonite and granitic solutions.

2.3.4.5 Conclusions
Q The process of cation exchange between ben-

tonite and granitic solutions, under the working
conditions, is fast (taking a matter of days). An-
ion exchange is practically absent.

• Temperature does not affect ion exchange, at
least between 20 and 80°C.

• The modification of the smectite exchange com-
plex depends on the chemical composition of the

granitic solution. The most abundant alkaline
earth cation in the solutions is the one preferen-
tially adsorbed by the smectite.

• Any process of smectite "potassification" should
be discarded. Potassium was in no case ad-
sorbed by any of the granitic solutions used.
Consequently, the transformation of smectite to
illite should also be discarded, since "po-
tassification" is the first stage for illitization.

• Bentonite performance improves during pro-
longed contact with granitic solutions, because
the interstratified illite component seems to dis-
appear.

• The rate of the ion exchange process depends
on the flow rate of the granitic solutions.

• Independently of the exchange process, silica is
released during the experiments. Accessory
minerals and smectite contribute to this phe-
nomenon.

a All the results show a change in the bentonite
composition during its interactions with granitic
waters. This fact must be considered in model-
ling the "near-field" evolution in PA exercises,
taking into account the differences between ex-
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perimental and actual water flow rates in the
repository.

2.4 Gas generation, release
and migration tests

The gas production from the bentonite and the
petrophysical parameters of the highly compacted
bentonite blocks were investigated by GRS in labo-
ratory tests performed at defined physical-chemical
conditions (temperature, humidity, contact with air
or inert gas).

Ampoules with a volume of 500 ml were used to in-
vestigate gas generation and release from the back-
fill material. The ampoules were filled with 100
grams of the ground highly compacted bentonite
blocks. In the residual volume of 30 of the ampoules
was the laboratory air that remained after filling with
the bentonite. In another 30 ampoules the residual
volume was flooded with nitrogen. 1 00 ml of water
were added to the residual volume of 1 5 of the am-
poules with air and 15 with nitrogen, while the others
remained in the natural dry stage. Afterwards the
ampoules were welded gas tight.

All the ampoules were placed in an oven. Five repli-
cates for each set of physical-chemical conditions
were exposed at temperatures of 20, 50, or 100 °C
for 100 days. Afterwards the ampoules were with-
drawn for analysis of the gases generated in the re-
sidual volume, using a gas chromatograph.

In order to determine the gas permeability of the
backfill material in the laboratory, cores of 50 mm
diameter and 100 mm length were machined from
the highly compacted bentonite blocks with a turn-
ing lathe. These cores were installed in a modified
Hassler cell to determine permeability as a function
of gas humidity and confining pressure.

The laboratory measurements on gas release indi-
cated that carbon dioxide is the only gas compo-
nent of importance released from the backfill mate-
rial in the temperature range between 20 and 100°
C, under aerobic or anaerobic conditions.

During a storage period of 100 days at 100° C, up
to 0.1 m3 carbon dioxide per 1000 kg bentonite in
the natural dry stage and up to 0.35 m3 per 1000
kg in the wet stage were released. With decreasing
temperature, the velocity of gas generation de-
creased significantly.

In the natural dry stage of the bentonite the amount
of carbon dioxide released into the residual volume

is lower by a factor of 3 than in the wet stage, when
adding 100 ml of water to 100 g of bentonite. The
reason might be that in the dry stage, carbon diox-
ide is partially adsorbed to the internal surfaces of
the clay. In the wet stage, water is adsorbed, and
carbon dioxide is desorbed and released into the re-
sidual volume.

Whether air or nitrogen was in the residual volume
of the ampoule (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 fabrication and storage of the
bentonite. This oxygen would then be consumed by
oxidation of the organic material in the bentonite,
resulting in the generation of carbon dioxide. This
means that for oxidation at 1 00° C and over a time
period of 100 days, no external oxygen is necessary
for the thermal oxidation of the organic material in
the clay. Furthermore, carbon dioxide may also be
generated by thermal decomposition of carbonates
in the bentonite.

Additional investigations of the origin of carbon di-
oxide and the influence of the physical-chemical
conditions, especially storage time, are considered
important.

The amount of methane released varies in the range
between 2 ml per 1000 kg (0.000002 m3 per 1000
kg) and 9 ml per 1000 kg (0.000009 m3 per 1000
kg). The storage conditions (temperature, gas in the
residual volume of the ampoule and additional wa-
ter) do not seem to have an influence on the
amount of methane released. It might be the case
that the methane generated by thermal decomposi-
tion of the organic material is oxidised instanta-
neously and carbon dioxide is generated. Further-
more, 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.

As regards the gas permeability of the highly com-
pacted bentonite blocks, the investigation indicated
that its values vary in the range between 5-1 01 6 to
8-1015m2. When the confining pressure is increased
from 1 to 1 1 MPa, the permeability decreases by al-
most one order of magnitude. The investigation with
water saturated gas indicated that the bentonite
blocks could not be saturated within a reasonable
time. In order to saturate the bentonite blocks with
water, liquid phase water has to flow through the
material.

120



3. "Mock up" test
design, construction

and operation



3. "Mock-up"test design, construction
and operation



3. "Mock up" test design, construction and operation

3.1 General description
The "mock-up" test simulates, at almost full scale,
components of the engineered barriers system (EBS)
in accordance with the ENRESA AGP Granito refer-
ence 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 facili-
tates the verification of the predictive capacity of the
numerical codes developed for analysis of the be-
havior of the near-field, as only the behavior of the
clay barrier is considered. This verification by com-
parison only with the behavior of the clay barrier is
a necessary step prior to comparing the model re-
sults with the behavior 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 conceptualization
of the two large-scale tests is very similar, there are
major differences: 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 with a prac-
tically 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 in the facilities of
CIEMAT (Madrid), in a building constructed for this
purpose.

The heating and hydration (operational) stage com-
menced in February 1 997, and was planned to last
about three years. According to new plans (Chapter
8), the operational stage will last longer. The test is
functioning automatically, regulated by the heater
control system (HCS), and produces information
from about 500 installed sensors. The information is
being stored and managed by the data acquisition
system (DAS).

At the end of the operational stage, it is planned to
proceed to the dismantling stage-extraction, inspec-
tion, sampling, and study of all the installed materi-
als. The aim is to use the results from the disman-
tling stage to gain insight into the final state of the
instruments, the intensity of corrosion induced in the

metals and, especially, the geochemical modifica-
tions produced in the bentonite.

A summary description of the design, fabrication,
and installation of the physical components of the
test are presented in this chapter. It also includes a
summary of the operational stage of the test.
CIEMAT performed all the work and the detailed
description is in references [29] and [30].

3.2 Components of the test
The test is installed in an annex, constructed exclu-
sively for this purpose, to Building 1 9 at the CIEMAT
facilities in Madrid, Spain. The building is air-condi-
tioned, so that the temperature is maintained almost
constant (20±2°C).

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 stain-
less steel. It consists of two cylindrical bodies joined
by a central flange and closed by two metallic 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:

Q Inner diameter: 1.615 m

Q Inner length: 6.00 m

• Wall thickness: 0.070 m of carbon steel/0.005
m of stainless steel

• Design pressure: 9 MPa

• Total empty mass (estimated): 30 000 kg
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Figure 3. i. General scheme of the "mock-up" test.

In each end cover there is an exit for the power and
temperature sensor cables from the heaters. The cy-
lindrical surface of the confining structure is perfo-
rated in 234 points: 48 for water injection and 186
for the exit of sensor cables.

The materials used were received with their corre-
sponding quality certificates.

CIEMAT performed the inspections and tests consid-
ered necessary to monitor and control the materials
and construction techniques used. The most signifi-
cant examinations were by X-rays and by penetrant
liquids; the acceptance of an inspection point pro-
gram (IPP) and the performance of two hydraulic
tests, one structural in character and the other to
detect leaks (performed with water under pressure,
up to 1 12 bars).

3.2.1.2 Hydration system
This system supplies water for hydration of the benton-
ite mass, at a constant and controlled pressure.

The system consists of two tanks with a total capac-
ity of approximately 1.3 m3, under pressure from the
top nitrogen supply line, supplying water through 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, to reduce the dead volume of the sys-
tem (Figure 3.1).

The basic elements of the system are as follows:

• Nitrogen line under 4.0 MPa pressure

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

O Material: Stainless steel

O Height: 3.0 m

O Diameter: 0.8 m

O Wall thickness: 0.012 m

O Working pressure: 3.5 MPa

O Internal volume (estimated): 0.660 m3

O Total empty mass (estimated): 550 kg
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Q Weighting system for measurements

Q 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 homogenize the water supply along 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 hy-
draulic test at 1.5 times the nominal design pres-
sure (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 45° and
connected io 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 over the entire
test period. Furthermore, it 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 /iS/cm.

Monitoring and control of the hydration water
supply

The mass and injection pressure of the water sup-
plied to the conf in ing structure are control led by
load cells and pressure sensors. The values ob -
tained are sent directly to the data acquisit ion sys-
tem (DAS).

The mass of water introduced into the system is
measured by continuously weight ing the hydration
tanks. The weight ing system for each tank consists
of the fo l lowing elements:

• Three flexural load cells HBM Z 6 F C 3 / 5 0 0 (500
kg, connected to 6 wires, 2 mV/V, precision
C 3 , protection IP67), with assembly modulus
K-Z6/MS550KG (anti-spin, anti-overturning, and
over load protection).

• Shunt connect ion box HBM VKK2, to add the
three load cells,

• Measurement amplifier/indicator HBM MVD2510
( 0 . 1 % precision) with ana log output (from 0 to
10 VDC) directly connected to the DAS.

Each tank is suspended by three metall ic lugs, at
1 2 0 ° , on the tank body. These lugs are over the
load cells, which are seated on the three legs (Fig-
ure 3.2).

Using the values f rom the weight ing system and the
nitrogen pressure of the hydrat ion tanks, the in-
jected 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
the conf ining structure are continuously logged. The
measured values are registered directly by the DAS.

Tabla3.1
Composition of the hydration water, in mg/l.

Element

Concentration

Element

Concentration

Ca2+

38

SiO2

21.8

Mg 2 +

9.4

Ba

0.05

Na+

14

Cd

0.05

K+

1.3

Mn

0.05

ci-

15

Ni

0.04

1-

2.1

Pb

0.07

HC03

152

Sr

0.09

NO3

5.0

Zn

0.12

soj-

15

Al

0.09
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Figure 3.2. Hydration tanks, details of weighting system.

The measuring system is composed of the following
elements:

Q Digital manometer HBM Digibar 300 (20 bar)
on the exit line from the tanks.

Q Two transmitters DRUCK PCX1400 (20 bar,
4-20 mA) installed in two orifices of the cable
exits, one in each half of the confining struc-
ture.

3.2.1.3 Quality assurance/quality control
The design of the confining structure and hydration
system was developed by CIEMAT. The confining
structure was constructed by Talleres VICALDE,
Llodio (Alava, Spain). The hydration tanks were
manufactured by TAM, S.A., Madrid (Spain) and the
nitrogen line and connections between the tanks
and the confining structure were made by DTA, S.L.,
Madrid (Spain).

The following activities were carried out in accor-
dance with the quality assurance program applied:
issuing of the IPP and performance of inspections
during manufacturing; drafting of the quality report
on the confining structure; obtaining the 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. In Section
3.3.3 the construction of the barrier is described.

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 forms 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.
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Figure 3.3. Geometry of the barrier.

Block type A Block type B Block type C Block type E

Figure 3.4. Forms and dimensions of the blocks.
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Table 3.2
Construction dimensions of the blocks.

Block

A

B

C

D

R

795

475

475

r

480

170

Radius mm

e

645

325

645

fi

26

26

26

h

25

25

25

Angle
degrees

30

60

60

60

a

411 ± 2

475-2

473-2

450±2

Dimension mm

b

248±2

170±2

250 i 2

225±2

c

315±2

305±2

225±2

225±2

Thickness
mm

124-1

124±!

124-'

124*'

This final value of the dry density corresponds to the
design criterion of the AGP Grani te The water con-
tent of the blocks is that specified for the raw benton-
ite, from 12.5% to 15.5%.

3.2.2.2 Fabrication

Molds were designed and manufactured for fabrica-
tion of the block types A and B. Some of the B-type
blocks were machined to have a plane interior face
for C type blocks. Then the B mold was modified
(ears removed) to obtain intermediate blocks (D-type)
which were then machined to obtain E-type blocks.

A single-acting, uniaxial hydraulic press was used to
fabricate the blocks, the compaction force being
provided by three successive strokes of 40 MPa to
50 MPa pressure. Both fabrication of the molds and
compaction of the blocks were performed by Jesus
Castro, S.L., Torrejon de Ardoz (Madrid, Spain).

The quality assurance program was applied to the
fabrication process: in each block the weight, di-

mensions, external aspect, dry density and water
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 of the water content and dry density are
1 3.6% and 1.77 g/cm3, respectively.

3.2.2.3 Packaging, transporting, handling,
and storing

The laboratory tests indicated that the blocks deteri-
orate rather quickly when exposed to a high humid-
ity environment. Therefore, the blocks were pro-
tected with plastic sheets, then packed in wooden
boxes until used.

The temperature and relative humidity in the interior
of the confining structure were controlled during
construction. No major variations in the average en-
vironmental conditions (temperature of 20°C and rel-
ative humidity of 60%) were observed.

Table 3.3
Average values of the physical properties and number of blocks fabricated.

128

Weight per block (kg)

Average water content (%)

Dry density (g/cm3)

Number of fabricated units

Total weight (kg)

A

25.8

14.2

1.77

598

15428

Type of block

B+C

25.2

13.2

1.76

322

8114

D(E)

25.3 (D)

13.1

1.82

92

2328
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There was no deterioration of the blocks produced
by excessive dampness; some were rejected due to
damage during handling. The percentage of block
rejection during machining and installation was less
than the 10% anticipated.

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 ele-
ments (resistors), capable of individually supplying
the thermal power necessary to maintain the tem-
perature of 100°C in the heater/bentonite inter-
face, in accordance with the AGP Granito require-
ments.

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 in the heater design were: that it
is not possible to effect repairs/replacements after
installation and that the maximum temperature in
the heater/bentonite contact is to be 100°C, distrib-
uted as homogeneously 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 a heater (1.625 m long
and 0.34 m in diameter) were selected faking 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
refereg nee waste canister (4.54 m lonand 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 unfavorable condition of the bentonite 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 20°C 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 are inserted the resis-
tors. The set (reel and resistors) is protected by 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).

The principal characteristics of each heater are as
follows:

Q External diameter: 0.34 m

• Length: 1.625 m

Q Material: Carbon Steel

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

Q Working pressure: 9.0 MPa

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

Q Nominal maximum power: 2800 W

Q 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 0, resistance 2.0 Q/m, 220 VAC/50
Hz). The length of the elements is 6 m of cold ends
and 26 m of hot zone. They are protected by a
stainless steel sheath, AISI 304L, with external con-
nections of CM25 (150 W/m, to 200°C) type.

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°C. The core is
insulated from the sheath by MgO powder, this in-
creasing dielectric resistance, heat transfer and the
lifetime of the element.

To ensure a high probability of power being sup-
plied throughout the entire test, each heater has
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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. All safety elements for protection of the per-
sonnel and minimization of the possibility of danger
to the equipment have been 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 noted:

• 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 confro/ temperature sensor locations:
perforations were made in both the reel and
the casing; those of the reel measure 10 mm in
diameter, while those of the casing are
threaded M l 2 . The sensors are distributed in
three sections: one in the central area and an-
other section near the end-where the cables exit
(front end cover), each of which have four loca-
tions distributed at 90°; the section at the other
end has only one location.

Assembly
The assembly was performed carefully in a sequen-
tial process, since the resistors are particularly frag-
ile. In each step, the functioning of the assembled
components was verified:

Q Reel wrapping: the three resistors in each
heater are wound helicoidally in the grooves
machined on the reel of the heater, with a sep-
aration of 1 8.66 mm between centers and with
a total of 27 turns per element. The separation
between spirals on any one element is 56 mm.
This should give a uniform thermal power dis-
tribution along the hot zone of the heater. An
output of Loctite was used, which is an adhe-
sive of high thermal conductivity used in elec-
tronics, and light pressure was then applied to
the resistors until they adhered to the reel.

• Encasing: the insertion of the reel into the cas-
ing was accomplished with the help of an anti-

corrosion grease (Loctite 7671 anti- seize), ap-
plied on the reel to facilitate sliding and to
ensure a good thermal contact between the
two parts.

• Installation of the temperature sensors: the
power control temperature sensors were in-
stalled in locations machined in the reel and in
the casing, inserted in specifically designed
screws. Once the perforations of the casing
and reel were correctly aligned, the screws
were installed from the exterior of the casing.

Q Power supply and sensor cables passage
through the front end cover: following installa-
tion 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 suffi-
cient to exit the casing of the heater, pass
through the protection pipe, and reach the
junction box to the control unit outside the con-
fining structure.

a Heater closure: after the cables were passed
through the pipe, the front end cover was af-
fixed. The sealing of the front end cover was
obtained by closing it with a special Viton
O-ring and a triangular 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 internal temperature distributions to be ob-
served.

Main elements of the heater control system

The HCS is composed of the following subsystems:

a 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.

Q 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.

C Electronic power regulation system
This system is designed to control the electric
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 inte-
rrupter, 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.

a Heater protection system
There is an alarm system designed to detect
the possible failure of either 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
activates the alarm and automatically compen-
sates for the loss. In the event triac failure, the
system activates the alarm and a relay opening
signal is sent, preventing over- heating.

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 authorized 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 tem-
perature neared the setpoint temperature
(100°C) at any point in the heater/bentonite
interface, the regulation mode was switched to
a constant temperature mode, implying contin-
uous power regulation in response to system
demands.

As has already been pointed out, all the heating el-
ements are used simultaneously. This scheme pro-
vides the advantage of not subjecting any of the re-
sistors to excessive load, which is important in view
of the anticipated duration of the test and the guar-
anteed mean lifetime of these resistors. This scheme
also allows for an instantaneous increase in power
without there being an excessive increase in temper-
ature 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
verification of materials, assembly and verification of
components and performance of preliminary tests.
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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 visualizes 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 100°C, 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 prudent measure, the
cable length is such that it is the minimum required
to reach the processing units of the DAS located
outside the confining structure.

Table 3.4 summaries 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
automatically registered, while another 19 signals,
relating to deformation, are obtained manually. A
further four values are obtained from the PLC cal-
culations. 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:

Q Temperature: thermo-resistance PtlOO, 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.

• Tofal pressure: semiconductor strain gages,
Kulite 0234, 50 bar SG range, 200% over-pres-
sure, range compensated for temperatures
-207100°C. Constructed of AISI 3161 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 -207100°C. Constructed of AISI 3161
steel with Teflon cable and high pressure cable
gland. Outer protection of AISI 31 6L with filter.

• Relative humidity: temperature and RH trans-
mitter, Vaisala HPM233, with capacitive sensor
HUMICAP (0 to 100% RH range) and tempera-
ture sensor PtlOO 1/3 (to 120°C). Constructed
in ABS plastic with AISI 31 6L filter and Teflon
cable. Outer protection of AISI 316L steel and
epoxy.

Q Exterior strain gages: strain gages, HBM; 350
D. impedance, length of 6 mm, 12 DC volt ex-
citation. Located at 90° and in a Vi bridge
configuration. Protected by a sheet of PVC and
aluminum.

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 includ-
ing Heater A (Zone A) and the other with 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).

3.2.4.3 Sensor coding
Cylindrical co-ordinates were selected to describe
the distribution of the sensors within each instru-
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Table 3.4
Installed instrumentation.

Parameter

Temperature

Room temperature

Type of sensor
or instrument

RTDPtlOO

RTDPtlOO

Benfonite

328

Area

CS*

20

Exterior

1

Total

348

1

Injection pressure

manometer

water pressure DRUCK1400PTX

Mass of hydration tanks MVD2510

Total pressure 50

radial
tangential

oxial

KULITE BG0234
KULITE BG0234

KULITE BG0234

14
14

22

Fluid pressure

RH + temperature

Deformation (strain gages)

KULITE HKM375

VAISALA HMP233

HBJW

20

40

19

20

40

19

PLC values

temperature
average temperature

power

RTOPHOO
calculated

calculated

18
2
2

18
2
2

DC voltage

Totals 438 41 28 507

*(Sis the confining structure
RH is relative humidity

mented section. In this co-ordinate system (R, 8, and
Z), the point of origin O has been taken as the in-
tersection of the central vertical plane AB with the
longitudinal axis of the confining structure (axis Z).
In accordance with the rules of this co-ordinate sys-
tem, values of R increase from axis Z, values of 6 in-
crease from the reference radius (upper vertical ra-
dius 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
confining structure, and outside the confining struc-
ture.

Sensors in the clay barrier

The sensor coding used in the clay barrier is indi-
cated below. Each installed sensor is identified by
an alphanumeric code of the fol lowing type:

aa nn k I

a a : 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).

pp.- Designation of the locat ion—A (Zone A), B
(Zone B), and AB (central plane AB).
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Central plane

Zone A ZoneB

12 11 10 9 8 7 6 5 4 3 2 1 1 2 3 4 5 6 7 8 9 10 11 12

Figure 3.5. Distribution of instrumented sections.

Plane AB

Figure 3.6. "Mock-up" test coordinate system.
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nn: Numbering of instrumented section as installed
in each zone—from 1 to 12, increasing with
the distance from the central plane AB.

k: Numbering of the radial order within the cor-
responding instrumented section—from 1 to
4, increasing as the radius increases. In the
distribution of the pressure sensors, as a spe-
cial case, the maximum number is 3, corre-
sponding to the different areas within the in-
strumented section: core (1), interior crown
(2) and exterior crown (3).

/: Numbering of the angular order within the
corresponding instrumented section—from 0
to 7, increasing as the angle increases. In
the distribution of the pressure sensors, as a
special 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 90° 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#_a

C_PT: Temperature point on the heater

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

a: 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 a #

T: Temperature

a: A or B corresponding to Zone A or Zone B

# : Numbering of the 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 analyze 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-
tian, Spain) and were mounted on a Teflon rack.

3.2.4.5 Tracers

To obtain complementary information on the hy-
dration in the clay barrier, on water/bentonite inter-
action, 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 dis-
mantling. (Information on the tracers used, place-
ment form, location, etc. is given in Chapter 6.)

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 analog signals from the transducers
into numerical data and performs data analysis, dis-
play and storage over the long time period (years)
that data are being acquired.

The system is expected to:

Q Acquire, adapt, display and register all the
data generated by the installed instrumenta-
tion, in real time.
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• Cause the test to function automatically, with-
out full-time personnel.

• 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 analog/digital converter and controls the near-
est signals.

DAS elements
The DAS is composed of the following main elements:

Processing units of the DAS

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

• 1 8-bit analog/digital converter,

• 1 40 channels for measuring DC voltage, and

• 400 channels for measuring thermoresistances.

The stations have a microprocessor with both RAM
and ROM memory, providing local intelligence. 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 and identical PC in reserve for possible failures, du-
plicating the equipment and program configurations.
In the reserve PC, the database is periodically repro-
duced, as is indicated 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 informa-
tion from the heater. An uninterrupted power system
(UPS) is used to guarantee the stability of the elec-
tricity supply and to secure the data against supply
surges or failures.

The DAS PC functions independently, although peri-
odically it is connected to a local network to allow
for maintenance and file transfer operations.

Signal conditioning, surge protection and/or electricity
supply systems

The basic data acquisition system accepts inputs/
outputs (I/O) in standard format (stress, current,

DAS PC

RS-232C

DAS processing units

APPLICATIONS :LI
OUTPUT:

Temperature
Pressure
Deformation
Voltage

Current
Resistance
Flow
Frequency

Alarms Motors
Relays
Valves
Controllers

Figure 3.7. Structure of DAS processing units: interface application-Control PC.
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Up to one km

2281A

2281A

r~—j^> Output
Input

Output

Input

Output

czz^y Output

~j Input

Up to 15 chasis connected for
Moximum expansion

1500 channels of I/O with
remote analog/digital converters

Figure 3.8. DAS structure: general system configuration.

Insulating
transformer

Heater
resistors

Triac
and power
electronics

HCS PC

V

Signal
conditioning

—I

"II PLC

Figure 3.9. General scheme of heater control system (HCS).

137



FEBEX. Final report

thermoresistances) and is connected directly to the
DAS PC by a special serial link. Some sensors need
specifically adapted signal conditioning subsystems.

The electrical protection of the instrumentation
against supply line surges is obtained through a
UPS. Furthermore, each piece of signal conditioning
equipment has an adequate protection against
surges: each of the metallic elements is connected
to its own ground line.

The UPS used is the COMET 511 5 kVA by MER-
LIN-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 scheme reduces distur-
bances 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 auxil-
iary batteries to maintain autonomy for approxi-
mately two hours in the event of power failure.

Communication system

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

The HCS PLC has another serial port connected to
another PC (for control of the heaters), which dis-
plays the alarms and other parameters of the PLC
that are not transmitted to the DAS. This PC is
equipped with software for the transmission of in-
structions directly to the PLC, as well as of a new
work program for autonomous 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 generic
commercial client-server system SCADA (Supervi-
sion, Control, And Data Acquisition) called FIX
DMACS by INTELLUTION, Inc. (USA). In addition,
the FIX DMACS also performs the following func-
tions to provide all the data:

Test supervision and display

The graphical characteristics of FIX DMACS allow
for the creation of personalized screens to display

the test parameters and to supervise the test. These
screens may be reproduced to document the pro-
cesses, and other information such as parameters in
real time, alarm summaries, histograms, and other
graphics may be included 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 frequency of 30 minutes
(SCADA does not permit readings to be stored for a
longer period of time). The program has its own in-
ternal database that is periodically reproduced in
identical form in the reserve computer.

The characteristics of FIX DMACS allow for the
multiple activities of processing, transmitting, and
backing up of historic data without destroying ei-
ther the data log or the alarm management in
progress.

The historic files permit the logging, storage and
display of process data and analysis of the relation-
ships between variables. The stored data are distrib-
uted as periodic reports for the study of processes.

The transferred data are treated with the MICRO-
SOFT EXCEL 5.0 program.

Communications

There have been specific protocols developed for
communication between the DAS PC, the principal
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),
that holds the pertinent quality certificates. The fabri-
cator of the DAS supplied the characteristics certifi-
cate, guaranteeing that the equipment meets the
specifications. 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
performed, but the majority were received with cal-
ibration certificates from the manufacturer or the
supplier.

Each sensor was inspected on reception. At least
one point of measurement was checked in the labo-
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Inlellulion MXView
File View Alarms Commands Applications Options Help

Afarnna de RTD

Fuente cfe Alimentacion

' - 1 Anornalia en caiefaccion

2 3 . 0 fuentecte24V

1 0 . 0 FuenfedelOV

Figure 3.10. Example of test control screen: doto and accessible elements.
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Figure 3.11. Example of screen showing data and accessible elements of heaters.
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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
connection 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 in-
stalled during the construction of the building an-
nex, which was designed especially for the test. A
foundation plate of special characteristics was con-
structed, 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, that were leveled before the placement of the
convening structure, were seated on th 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 the resi-
due of adhering liquids, greases, and solids, espe-

figure 3.12. Installation of confining structure.
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daily on the inner surface and in the perforations.
After cleaning, the structure was protected with plas-
tic sheets until installation of the internal compo-
nents began.

3.3.2.3 Connection of hydration system
and leakage 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 blowing ni-
trogen under high pressure, using the same nitrogen
as for the leakage tests.

Afterwards, the tanks were filled with water and then
emptied, under pressure, through the nozzles. This
filling allowed the total capacity of the system (660
liters each tank) to be checked, along with the re-
sponse 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 0 stainless steel with equivalent pores of 100
and 60 microns, respectively); covered by a 20 mm
0 stainless steel disk, of mesh 100; and finally, by
another disk, 25 mm 0, 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 homogenize the hydration of the
clay barrier.

The geotextile lining of the inner cylindrical surface
of the confining structure has a thickness of some 6
mm and is composed of four overlapping, alternat-
ing layers designed to avoid both the formation of
preferential paths for the water and for the exit of
the bentonite.

During the installation, supports were used to main-
tain the cylindrical configuration of the geotextile lin-
ing and its contact with the inner surface of the con-

fining structure. Special care was taken to avoid
contamination of the geotextile during installation,
using in all cases a protective cover that was pro-
gressively removed as the process advanced.

The geotextile had perforations made with a
sawtooth bit (30 mm 0) 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—being aware of and correcting
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,
serving to: optimize the positioning process and as-
sembly of the blocks; check the stability of the ben-
tonife slices; decide how to initiate the installation;
and evaluate the diametrical gap that accumulates
in the upper area of the barrier, due to the effect 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
block installation 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-
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Figure 3.13. Sequence of installation of a slice ofbentonite blocks.

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 1 B to 24B). In total, there were
908 blocks, with a total mass of bentonite of almost
22 500 kg.

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

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 1 86 pre-drilled perfora-
tions. The majority of the sensor cables are located
in the contact between the bentonite blocks.
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Slices in non-heater areas, between heaters

Slices # 1 and # 3 Slice # 2

Slices in heater areas

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

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

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

Figure 3.14. Installation method for slices of blocks.
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Figure 3.15. Heater insertion: table with rollers (top), Heoter A (bottom left) and Heoter B (bottom right).

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 co-ordinate 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 3.1 6).

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),
where the conditions of humidity and temperature

may be more critical. As with sensor positioning, the
corresponding blocks (in slices B9 and BIO) were
machined to place the racks containing the speci-
mens, and the resulting spaces were later filled with
bentonite powder (Figure 3.1 7).

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); and 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.
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Figure 3.16. Installation detail of pressure sensors.

Figure 3.17. Instaktion of corrosion specimens.

figure 3. / f i . Method of installation of tracers in capsules.
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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 variation of these parameters are
known throughout 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.

After the installation a visual control was performed
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-
formed prior to the establishment of the operational
conditions for both systems (hydration and heating).

3.4.1 Hydration of the clay barrier
Unlike the "in situ" test, the "mock-up" test has al-
lowed the initiation of the hydration of the clay barrier
to be controlled. Actions were planned to eliminate
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the greatest possible number of heterogeneities and
to obtain detailed insight into the initial and stable
boundary conditions. In keeping with these objec-
tives, actions were taken to eliminate the air existing
between blocks and between these and the struc-
ture, 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.

Prior to initiating the hydration operation, the be-
havior 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 weighting system), and the
safety elements.

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
1 5 bars for this initial phase, to have 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 assure 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 have been 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 permit the passage of
the water and allow the exit of air from the interior,
while the rest of the valves of the system 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 by 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 pressurized 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 stabilized again.

The pressure in the nitrogen supply line is controlled
by a mechanical regulator installed in the mouth of
the bottle. The pressure at the tank exit is displayed
by a digital manometer installed at the connection
to the piping network. This pressure value is re-
corded (and stored) in the DAS.

Once the pressures were stabilized, the system was
ready to start water injection. This operation was
performed by simultaneously opening all the lower
valves (2 per hydration ring, 1 2 in total) and leaving
two upper valves open to purge the system. When
the water reached the upper valves, the lower valves
and the valve connecting the tank to the distribution
network were closed, and two pressure sensors were
installed in the valves which had been used for
purging. These sensors will indicate the hydration
water pressure in the confining structure during the
test.

The operation described (filling of the joints) lasted
180 minutes and 634 liters of water were injected,
which was in accordance with the previously per-
formed calculation of the volume of gaps. After fin-
ishing this operation, all the valves were closed
and the tank used was depressurized 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
weighting system and by the digital manometer. The
water mass injected is obtained from the weight val-
ues of the tanks after depressurization.

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 provoke the swelling of the
bentonite blocks and, as a consequence, closing of
the joints.
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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 during the entire testing pe-
riod was initiated.

The injection pressure of the water was established
between 5.0 and 5.5 bars. This value will be main-
tained practically constant throughout the entire op-
erational stage.

Given that the hydration system was purged after
initial hydration, hydration proceeded as follows: the
tank was pressurized by applying the established ni-
trogen pressure; the connection between the tank
and the distribution network was opened and the
pressures were stabilized. After pressure stabiliza-
tion, the entry valves to the confining structure were
successively opened, from the lower to the upper
end of each hydration ring, this completing initiation
of definitive hydration.

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

The instantaneous values of the weight of water
injected 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. This inspection is to detect
any leak that may be produced by failures in con-
nections 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 have been taken to
ensure 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 in
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
It was planned to reach the 100°C constant tem-
perature of the operational stage by progressive
heating 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 stabilization 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 95°C. From that mo-
ment on, the power control was regulated by the
temperature at the heater/bentonite interface, and
the power supply was automatically modified in ac-
cordance with the control program.

The heating and hydration of the operational stage
of the test started on February 4, 1 997.

3.4.2.3 Constant temperature heating
As has been pointed out, after a temperature of
95°C was reached at the heater/bentonite interface,
the HCS was switched to the automatic control
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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 constant
temperature of 100°C, with slight variations in the
power oscillating between 475 and 425 W/heater
and with a tendency to slowly decrease.

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°C, 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°C is ob-
tained. If any of the heating elements fail, heating
power is maintained by the rest.

3.4.2.4 Anticipated emergencies

Accidental shutdowns
The electricity supply for the PLC and the associated
electronics passes through an uninterrupted power
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 pe-
riods 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 it-
self. No consideration is given either to the total de-
struction of the three resistors of a heater, because 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°C. Although
the electronics are designed to function up io
40°C, it is very important, as a safety measure,
that the ventilation works without malfunctions.

Q 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 indicates that
the equipment is operating. Flashing lights indi-
cate the existence of alarms, located in the DE-
BUG of the PLC, where they are recorded.

• Observing the red lights marked Rl , 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 in 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 it is not possible to calibrate the tempera-
ture sensors, due to their location, 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, the peri-
odic calibration of the power measurement is per-
formed, since for power determination the program
uses an algorithm in which are included the follow-
ing: the number and value of the resistors in service,
the period between heating processes, the heating
time and the voltage value. All of these are parame-
ters 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-
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fied, depending on the necessities of the test. The
data are managed by the software described above
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
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 was recorded.

The following standards has been adopted to keep
the size of the database from increasing unneces-
sarily, taking into account the slow 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 analyzed 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 is used, the files
passing through the network installed in the building
(Ethernet). All the computers use the same program
versions, adapted to the operating system installed
in each. Access to each computer is protected by
means of a password.

3.4.3.3 Data processing

Finally the data are filed in MS-EXCEL 5.0 format.
From these files, paper reports are generated semi-
automatically. CIEMAT distributes 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 are issued
every three months.

Upon request, the numerical data in the database -
in MS-EXCEL format - for the group of sensors
and/or time period may also be sent to the working
groups. This may 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 conclusions.

3.4.4.1 Operation test control

Power supply
The power supplied to maintain the temperature at
100 °C 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
average value has ranged from 450 to 475
W/heater. Important changes in the external tem-
perature have produced only small increases in
heating power during this phase (up to day 650).
The power increase was estimated to be less than
10% (Figure 3.20).

From day 650 onwards, the power supplied has in-
creased to an average value of about 550
W/heater after a loss of power supply lasting 6
hours.

Hydration
The hydration system has not been affected by major
changes. The spare tank, with only 400 litres, re-
placed the water tank in operation during day 300.

An increase of nitrogen pressure has been necessary
on occasions to regulate the injection pressure in
the hydration line. The pressure value was modified,
from 5.0 to 5.2 bars, on July 1 1th 1998 and on
September 28th 1998. Changes have been ob-
served in this value, due to external temperature
variations. Finally, it was decided to set the pressure
close to 6 bars to obtain a more constant pressure
value (Figure 3.21).

The total volume injected from the start-up of the
test is shown in Figure 3.22. No variations were ob-
served in the hydration trend.

Data acquisition and communications
The DAS has worked as expected. The data set has
been recorded as foreseen.
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3.4.4.2 Incidents

Power supply

The heating system has experienced minor failures
in the general power supply, with a loss of less than
10°C. There were no major consequences and
these failures do not appear in the daily readings.

After the start-up of the test, the Industry Authorities
required an annual check of the general power sup-
ply and electrical systems inside CIEMAT. The major
incidents were produced by these annual technical
shutdowns, required to obtain the corresponding
authorizations.

In order to cope with these minor events, the reset
procedure of the heating system was performed, in
order to reach the target temperature as soon as
possible. In general, this objective was accom-
plished in 8 hours.

• The first stop (day 240, 1997) exceeded the
estimated duration (6 hours) by 2 hours, caus-
ing the UPS to discharge completely and turn-
ing the DAS and control system off. As was
foreseen, when the power supply came back,
the DAS and the system control started to oper-
ate once more, while the protections of the

heating system prevented overheating by keep-
ing the resistances turned off. This operation
caused a loss of heating power for 50 hours,
without major consequences.

• The second stop (1998) lasted about 6 hours
with a temperature decrease at the heater sur-
face of 20°C. Temperature recovery was ac-
complished so quickly that it does not appear
in the 12 P.M. data.

Hydration

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

The pressure measurements in the injection line and
from the sensors on the hydration surface are simi-
lar, and only some deviations are observed after
500 days.

Data acquisition and communications

Most of the incidents were caused by loss of commu-
nication between the DAS, the PLC or the control PC,
due to transmission errors. Resetting of the DAS main
frame, as established in the operation procedures,
recovered the communications and solved the
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problem. This objective was accomplished in a few
minutes. Three kinds of incidents are described below:

• Minor incidents are due to failures in initializa-
tion off the data files. The data lag is estimated
in one data file (4 hours). The system is capable
of overcoming the problem by itself.

• Intermediate incidents do not indicate commu-
nication failures between the DAS frames and
the control PC. These failures produced minor
data lags, from several hours to several days. In
the first case, the data lag affected three data
files (about 12 hours), corresponding to the loss
of data on April 6th 1998 (day 426). In the sec-
ond case, a similar problem between the last
two frames of the DAS net affected the data be-
tween October 1 7-19th 1 998 (days 620-622).

• Major events do not cause any communication
failure signal and cause extensive data lag up to
the next routine control (about one week). The
data from September 4-11th 1 998 (correspon-
ding to days 578-583) were lost in this way.

One hardware breakdown occurred during the first
year of the test. Several heavy electrical storms during
the summer of 1997 caused the breakdown of the
PLC serial port, with loss of communication between
the DAS and the control PC. This did not affect the
functioning of the PLC and the DAS, but transmission
between them was impossible. The problem was
solved by replacing the serial port in the PLC.

3.4.4.3 Sensor performance
Almost all the sensors installed currently continue to
operate, after having been in the bentonite for more
than two 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 can be recovered after some time
and pending confirmation of their failure.

Temperature
More than 94% of the temperature sensors remain
operative.

Relative humidity (RH)
Only RH sensor V_B6_4 has been sending anoma-
lous values, since February 21st 1998, the constant
current value sent by the sensor being zero. It is
probably fully saturated, supposedly because it is af-

fected by water, this causing anomalous functioning
at the external electric contacts.

More than 97% of the RH sensors remain opera-
tive.

Total pressure
More than 93% of the total pressure sensors remain
operative.

Fluid pressure
Only fluid pressure sensor H_B3_3 shows anoma-
lous operation. More than 97% of the fluid pressure
sensors remain operative.

External sensors and instruments
The instruments associated with the hydration and
heating systems are working without problems.

3.4.4.4 Sensor data from the clay barrier
The readings from the sensors within the bentonite
are plotted by groups of measured parameters (tem-
perature, RH, total pressure and fluid pressure), to
facilitate comparison between the sensors of the
same kind at different 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 2°C.

The average measurements from section A5 are
shown in Figure 3.23 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 significant (Figure 3.24).

A representative evolution of the RH measurements
is presented in Figure 3.25, 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
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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. The shorter the distance to the heater
surface, the sharper the RH peak observed
(Figures 3.24 and 3.25), as expected.

• Second, heat transfer from heaters produces
drying of the clay, this causing decreasing RH
values. The higher the distance to the hydration
surface, the longer the duration of the drying
phase (Figures 3.24 and 3.25). 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 smaller the wetting rate (Figures 3.24 and
3.25), as expected.

At present, the "A" sensors (r=70 cm) show a
steady state with values close to 100%. The "3", "2"
and "]" sensors (r=55, 37 and 22 cm, respectively)
are being affected by the wetting process, with
slightly different hydration rates.

The sensors placed at the outer rings may yet be
surrounded by saturated material. In the case of
sensor V_B6_1, this saturation seems to affect the
measurement.

Total pressure

As expected, the observation of a continuous in-
crease in the pressure values, with the higher-pres-
sure values at the outer ring, is caused by the evolu-
tion of the saturation front. Axial pressure ranges
from 4.5 to 9 MPa (Figure 3.26), radial pressure
from 5 to 7.5 MPa (Figure 3.27) and tangential
pressure from 5 to 9 MPa (Figure 3.28).

Large variations of pressure in the inner rings are
been meassured. The whole data set for the inner
ring is presented, with axial pressure ranging from 0
to 8 MPa (Figure 3.29), radial pressure from 0.5 to
1 0 MPa (Figure 3.30) and tangential pressure from
0.5 to 10 MPa (Figure 3.31).
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No conclusions can be drawn from the pressure be-
haviour to date, only the following observations
might be mentioned:

• The present slower rate of pressure increase,
and its high degree of uniformity in the outer
rings, indicates a high degree of saturation,
and, therefore, high swelling in the outer part
of the buffer.

• In the inner rings, however, the small increase
or even decrease of water content (Figures 3.24
and 3.25) prevents building up of swelling pres-
sures. Basically, the values measured are due to
the mechanical stressing of the buffer by the
swelling pressures in the outer ring.

• The lack of pressure uniformity in the inner ring
is probably due to the irregular pressure trans-
ference on a blocky mass. This generates local
high pressure concentrations, and even no
pressures in some places.

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

As the test continues, these pressure variations
seem to be related to the arrival at different times
of water at the sensor locations in the outer ring:
460 days in section AB and 600 days in sections
A10, A6, A3, B6 and B12 (Figure 3.32). In any
case, at this stage the pressure values cannot be
assigned to water or gas pressure without uncer-
tainty.

In all other cases the fluctuations seem to agree with
the changes in pressure related to temperature vari-
ations (Figure 3.33), this mainly being the case for
the sensors in the inner ring.

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 1 00°C in the control
zone (Figure 3.20), and close to 90°C in the end
zones.

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-
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mate conditions. The arrival of summer produces
higher daily temperature variations, which are not
completely compensated for by the air-conditioning
system (within the +4°C difference).

With these exceptions, the temperature waves on the
structure are within the ±2.0°C difference, as re-
quired (Figure 3.34).

External sensors and instruments

This section includes the values from the hydration
system.

The parameters from the hydration system are in-
jection pressure in the hydration line, injection
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
anomalous increasing deviation between the sen-
sors measuring 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 Test behaviour evaluation
and conclusions

The FEBEX "Mock-up" test at CIEMAT is still to con-
tinue for several years (Chapter 8) before the dis-
mantling stage. At present, only certain preliminary
and qualitative conclusions may be drawn in rela-
tion to the following:

Operational behaviour of the experiment components
• The reliability of the instruments is good, better

than expected. More than 94% of the sensors
remain operative. However, it is not possible to
guarantee their future behaviour.

a The reliability and performance of the heaters
and the power regulation systems are suffi-
ciently good. The operation of the heaters
(three resistances simultaneously, without vibra-
tions) may extend beyond their life expectancy.

Q The data acquisition and control systems are
working satisfactorily, with only minor faults,
mainly transmission errors.
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Measurement of THM parameters

Q Temperature

ri> The thermal state is homogeneous and
symmetric, both with respect to the central
section and to the longitudinal axis. Tem-
perature fluctuations are observed near the
structure and are related to external chan-
ges.

•^ The temperature distribution is controlled by
thermal conduction, due to the slow trans-
port processes involved in the saturation of
the buffer material.

Q Relative humidity

<> The saturation of the bentonite barrier is
behaving as expected, although with slo-
wer rates than foreseen in the preliminary
calculations. The process is apparently
controlled by the hydraulic properties of

the bentonite and the thermal gradient im-
posed by heating.

^ The RH sensors are working well, within the
RH and temperature ranges of the test. This
allows for tracking of the hydration process.

Total pressure

' * The total pressure measurement depends
on the swelling pressure build up in the ou-
ter ring and on the lack of uniformity of
stresses distribution in a blocky buffer, with
no swelling in the inner ring.

Fluid pressure

'-> Values close to zero are clearly related to
fluctuations in the external temperatures.
The measurements seem to be due to gas
pressure values.

•^ Some sensors are beginning to measure hig-
her pressures. This may be related to the
hydration front, but it is not sure at this time
if they are measuring water or gas pressures.
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4. "In situ" test design, construction and operation

This test includes an important component of dem-
onstration; therefore, special attention was paid to
the design and fabrication of the components (heat-'
ers, bentonite blocks, etc.), to transportation and
handling within a space of reduced dimensions, to
excavation of the drift and to the installation of all
the components.

The objective of checking the predictive capacity of
the THM and THG models is expected ultimately to
be met, based on the results from this test. There
are, nevertheless, uncertainties relating to the hy-
draulic system of the rock mass: heterogeneity, pa-
rameters and initial and boundary conditions. These
uncertainties are the underlying reason for perfor-
mance of the "mock-up" test (Chapter 3).

This chapter presents a summarized description of
the design, fabrication, and installation of the physi-
cal components of the test. It also includes a sum-
mary of the operational stage of the test. The work
has been performed by AITEMIN, with contributions
from GRS, G.3S, ANDRA and NAGRA, and is de-
scribed in detail in references [17], [31], [32], [33],
[34], and [35],

Also included are summaries of the hydrogeological
characterization and chemical analyses of the water
at Grimsel, described in detail in references [36]
and [37].

4.1 General description of the test
and of the Grimsel test site
(GTS)

The "in situ" test consists 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 im-
plied the placing of two electrical heaters, of dimen-
sions 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 1 7.4 m of barrier for the test section.
This test zone was closed with a concrete plug.

The test has been installed in the underground labora-
tory 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
occur in both the clay barrier and the surrounding
rock throughout the entire life of the test. In princi-
ple, a heating/cooling stage of more than three
years is planned, followed by dismantling of the test
for performance of the appropriate tests and analy-
ses (Chapter 8). A series of artificial chemical trac-
ers, specimens of different metals, and gas collec-
tors 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 has been designed to function in an auton-
omous mode. Supervision, monitoring, and control
are accomplished remotely from Madrid.

The underground laboratory managed by NAGRA,
known as the GTS (Grimsel Test Site), is located at
an elevation of 1,725 m in the Swiss Alps, near the
Grimsel Pass (Figure 4.1).

The laboratory consists of a series of excavated ex-
perimental drifts and caverns connecting with the
main access tunnel for two subterranean hydroelec-
tric power plants owned by 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-
frastructure required for the performance of large-
scale tests.

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

The GTS is accessible by road only from approxi-
mately May/June to October/November, depending
on the year. For the rest of the year access is
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Figure 4.1 Location map of GTS.

km 1.750

Figure 4.2. Underground laboratory manoged by NAGRA in Grimsel.
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accomplished via the KWO service cable car, this
limiting the transportation of heavy loads. This
greatly affected the planning of /the project—the
timing of all the installation operations and, espe-
cially, the loading and unloading of materials
and/or the use of heavy equipment—which had to
be adjusted to the period that the GTS was accessi-
ble by road.

4.2 Characteristics of FEBEX drift

4.2.1 Location and geometry
The FEBEX drift starts from the northern entrance of
the GTS (Figure 4.2). The location of the drift portal
was 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 4.3) and thus provide the
greatest degree possible of saturation in the benton-
ite 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 ex-

cavated with an ascending slope of 1 % to permit
natural drainage. The test zone is located in the last
(dead-end) 1 7.4 m of the drift (Figure 4.3).

4.2.2 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
1 995 and 30 October 1 995. Following the excava-
tion, the actual diameters and roughness of the rock
surface were measured with a laser profiler [31], 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 (Fig-
ure 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.

70.39

: ^

Cable channel Steel liner

0 1 2 3 m

Concrete plug Concrete sill

Concrete H Lamproprtye

Bentonite .'-'.' Granite

Figure 4.3. General disposition of some principal elements in the test zone.
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4.2.3 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.

All the electrical and electronic equipment for heater
power control and data acquisition and logging is
located in the area known as the service zone. In
this zone a concrete sill was constructed to facilitate
the transportation 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.

4.3 Site characterization

4.3.1 Hydrogeological characterization
This section contains a summary description of the
hydrogeological study of the rock mass in the area
surrounding the FEBEX drift, carried out by UPC-DIT.

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 [36].

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

• Geology. This part of the study was performed
by CIEMAT and is based, fundamentally, on
the mapping of the tunnels and on the logs of
the borehole cores (observations of fracturing,
water circulation, etc.) [38].

• 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
(FBX-1) and FEBEX-95.002 (FBX-2). The loca-
tions of the boreholes are indicated in Figure
4.2. Also, seismic tomography was used be-
tween boreholes, on the plane defined by the
alignment of boreholes BOUS-1, BOUS-2,
and BOUS-3 and the wall of the longitudinal
drift of the laboratory.

• Hydraulic tests. During the different phases of
the project, a great number of hydraulic tests

were performed (in single boreholes and be-
tween boreholes) with different duration times.
The hydraulic tests were performed in sections
isolated by packers, not only in boreholes
BOUS (1 and 2) and FBX (1 and 2), but also in
certain of the 1 9 boreholes drilled from the in-
terior of the FEBEX drift (Figure 4.30).

• Water flow gauging. Water flow measurements
were made at selected points in the drift area,
as well as in the walls of the drift.

a Piezometric level measurements. All the sections
(intervals) of the boreholes between packers
were equipped with pressure sensors. The pres-
sure history during the different phases of the
study was obtained using a datalogger, and this
will continue throughout the entire experiment.

4.3.1.1 G3TS geology
The GTS is excavated in a predominately granite
and granodiorite rock mass that has been affected
by various episodes of fracturing [38]. The following
geologic features may be noted to be relevant to the
regional water flow (Figure 4.4):

• Shear zones SI + 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-
ing should be found at the intersections of the dikes
with the walls of the tunnels. Minor fractures parallel
to the principal direction have been observed in
some of the thicker lamprophyre dikes. These frac-
tures increase hydraulic conductivity in the direction
of their planes and decrease it in the direction per-
pendicular to them. Consequently, the hydraulic
conductivity of the dikes is anisotropic.

The most relevant shear zones and lamprophyre
dikes may be superficially mapped. Figure 4.5
shows a geologic cut from the surface to the eleva-
tion of the tunnels. The FEBEX drift, found in the ex-
treme northern part of the GTS, is limited by two
main shear zones (Figures 4.4 and 4.5).
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Shear K

Shear SI + S 2

Lamprophyre (measured)
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Tunnels and drifts

Giimsel granodiorite
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figure 4.4. Simplified regional geologic map.
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1700 I

Principal access tunnel to KWO

• j Aare granite (AGr)

_ _ I Transition zone (AGr-GrGr)

I | Grimsel granodiotite (GrGr)

" GTS (plan view)

figure 4.5. Geologic section of the Grimsel area, showing the major geological structures and their positions relative to the KWO nd GTS tunnels.
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4.3.1.2 FEBEX drift geology

Figure 4.6 shows a geologic map of the drift, where
the last 1 7.4 m corresponds to the test zone. This
zone (between meters 53 and 70 along the drift) is
broadly characterized by a medium-high density of
fracturing, together with lamprophyre dikes 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 frac-
tures is considered to constitute another shear zone
(unmapped at the surface) because of its high con-
ductivity (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).

4.3.1.3 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 1 995 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
meters 62 and 74), interval 3 data, was the one that
best met the requirements of the project, as a result
of which it was decided that the FEBEX drift should
be located in the vicinity of this borehole.

Measurement of drift inflow

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

The traditional methods of measuring flow were in-
adequate for the excavation phase. Therefore, a
new method was developed to measure the mois-
ture from the walls of the drift. This method con-
sisted of placing an absorbent material of known
weight on the wall; this material absorbed water over
a known period of time and was then re-weighed.
The flow of water was the difference in weights di-
vided by the measured time. The method is quick

and of proven reliability; furthermore, it is relatively
inexpensive. Its disadvantages are the dependence of
the results on the properties of the material used, on
initial water content and the duration of the measure-
ments, on the variability of the atmospheric condi-
tions and on the reliability of extrapolating the val-
ues to long-term conditions [36].

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.

4.3.1.4 Hydrogeological analysis and modelling

The conceptual model includes an area of Aare
granite mass, limited by two shear systems (together
called the shear system SI + S2). These two systems
have been taken as boundaries, because of their
high transmissitivity and on the assumption that they
attenuate the effects of all the tests carried out be-
tween them. The rest of the boundaries were se-
lected on the basis of the same criteria (Figure 4.7).

Fundamentally, the following structures have been
included in the conceptual model:

• 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 transmissitivity, 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 echelon" fracture.

• Fracture 3 (fr-3). The available data (hydraulic
testing, geophysics, mapping) point to this frac-
ture being large scale, although it is not con-
tinuous 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
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Aore granite

Lamprophyre dikes

Quartz veins,
quartzfeldspar
inclusions

Fractures with fillings
of biotite, moscovite,
chlorite, epidotite

Fractures "en echelon"

"Echelons"

Veins filled by
quartz-feldspar, biotite,
moscovite, chlorite or calcite

Azimuth of FEBEX drift from
meters 0 to 70 = 258.3°

Figure 4.6. Geologic map of FEBEX drift.
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50 m

Area of
interference

tests

Lamprophyre

x FEBEX
drift

Fracture 6

8OUS2 5 Complete interval of
I — 1 packed section (interval 5)

of borehole BOUS-2

Observation point in
packet section (interval ] )
of borehole BOUS-2

B0US2-1

Figure 4.7. Flan view of structures represented in the flow models. Boundary conditions.

from hydraulic testing and with the help of the bore-
hole cores.

Taking this conceptual model as a base, 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 het-

erogeneity is manifested in areas of less trans-
missitivity closer to the FEBEX drift.

The four models are called as follows:

Q LAR-SIN—homogeneous shear planes, without
drift

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

• LAR-CON—homogeneous shear planes, with
drift
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• COR-CON—heterogeneous
with drift

shear planes,

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.

Discretization

The model has been discretized using:

• Triangular prisms for the rock blocks

• Tetrahedra 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 preliminary
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 re-
sults used were those obtained from interpretation 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). Figures
4.11 and 4.14 show the 3-D calculated levels for the
pre and post-excavation models, respectively.

'riiuipol
mess
unnel

, oKWO

Figure 4.8. 3-D mesh.
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COR-SIN

50 m

Fracture 6
Complete interval of packed
section of borehole

+ Observation point in packed
section of borehole

Levels in meters above sea level

Figure 4.9. Curves of equal piezometrk levels and residuals (differences between the measured and calculated levels) obtained
with the Mff-S/W (bottom) and COR-SIN (top) models (plan view, at elevation of drifts).
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COR-SIN

LAR-SiN

_ _ i6 Fracture 6
Complete interval of packed section of borehole

+ Observation point in packed section of borehole
(BOUS-2-4) Packed interval 4 of borehole BOUS-2

Levels in meters above sea level
50 m

Figure 4.10. Curves of equal piezometric levels and residuals calculated for the IAR-SIH (bottom) and COR-SIH (top) models (vertical
section, passing through the axis of the FEBEX drift).
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+ 2 ( 1 5 )
(F121) FEBEX

drift

LAR-CON

COR-CON

_ i - ' Fracture 6
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figure 4.12. Plan view of the calculated piezometric levels and residuals with the models COR-CON (bottom) and IAR-C0N (top).
The numbers within brackets are non-stabilized measurements.
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Figure 4.14. Calculated piezomehic levels with ihe IAR-C0N (top) and COR-CON (bottom) models.
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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 characterization
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 com-
paring them at different scales—drift and regional.
The piezometric levels in the vicinity of the drift are
well reproduced. Furthermore, the hydraulic parame-
ters estimated under different conditions of flow in the
large-scale models (IAR-SIN, COR-SIN, LAR-CON,
and COR-CON) are very close one to the other and
with respect to those derived from the interference
tests. The calculated flows of water for the FEBEX drift
are within the range of those measured, even
though they were not used in the calibration.

The distribution of piezometric levels in the vicinity of
the drift is radial, with local heterogeneities arising as
a result of the more transmissive fractures. The
piezometric gradient at the dead-end of the drift is
very large as the infiltration flows concentrate at this
point and decrease toward the entrance.

The contact planes of lamprophyre/host rock are ar-
eas of preferential flow, as may be observed in their
intersections with the drift. Direct observations show
a strong anisotropy in the geologic structure, such
anisotropy having been taken into account in the
large-scale models.

Two questions are posed in the performance as-
sessment (PA) exercises: the possibility of changes
in the value of hydraulic conductivity in a ring
around the drift, and the effect of a "flow barrier"
formed by the desaturation front in the area imme-
diately surrounding the drift wall. The answer to
these questions was not within the scope of this
study, but some indirect results have been ob-
tained. 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 hydraulic 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 responses in the intervals
that are better connected with it. From these data it

may be inferred that the desaturation front is un-
likely to act as a "flow barrier"; 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 characterization is robust.

4.3.1.5 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 consid-
ered 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 homogeneous boreholes. At a distance of 50
m from the drift the flow is oriented in accordance
with the local regime (JOchlistock mountain and
Aare river), where the Grimsel tunnels play an im-
portant role in drainage. The vertical and horizontal
hydraulic gradients are very high, as corresponds to
the mountainous characteristics of the area and to
the low permeability 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 -TO-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 con-
crete plug (along the left wall of the drift): a frac-
tured area at 16.0 m, the lamprophyre dike at 7.0
m and the "en echelon" 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" to
8-10" m/s.
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4.3.2 Hydrochemical characterization
The water from some of the boreholes drilled from
the interior, or in the vicinity, of the FEBEX drift, was
characterized [37]. Sampling of the hydraulically ac-
tive areas identified in the hydrogeological study was
carried out by CIEMAT in July 1996. The boreholes
selected 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 frac-
tured area). The locations of the boreholes are indi-
cated in Figures 4.2 and 4.30.

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

During sampling, precautions were taken to minimize
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 physiochemical parameters
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 juS/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.

4.3.3 Other rock characterization data

4.3.3.1 Deformability and strength
During the pre-operational stage, unconfined com-
pression tests were carried out by UPC-DIT on sam-
ples taken from the boreholes drilled from the inte-
rior of the FEBEX drift. The results are shown in
Table 4.2.

4.3.3.2 Retention curve
UPC-DIT determined the retention curves for three
granite and two lamprophyre samples extracted

from the boreholes drilled from the interior of the
FEBEX drift. For both materials, air entry values of
between 0.5 MPa and 5.0 MPa were deduced. The
retention 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
order of 0.4% for the lamprophyre and 0.8% for the
granite.

4.4 Design and fabrication
of the test components

4.4.1 Blocks for the clay barrier
This section includes a summary of the most impor-
tant aspects of the processes of designing, fabricat-
ing, quality control, packing, handling, transporting,
and storing of the compacted bentonite blocks used
to construct the clay barrier.

The blocks were fabricated from FEBEX bentonite,
the properties of which have been described in
Chapter 2. The construction of the barrier is de-
scribed in Section 4.5.2.

See report 70-IMA-M-3-3 (Bentonite: Origin, Prop-
erties, and Fabrication of Blocks) [6] for details.

4.4.1.1 Design
Figure 4.16 shows the geometry of the barrier in the
heater and non-heater areas. In both areas, the three
exterior crowns of the 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 inte-
rior 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 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).

The first number forms part of the identification of the borehole, and the second indicates the interval between packers where the sample was token.
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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.

Date, in July 1996

Temperature, in °C

pH-laboratory

pH-"in situ"

CE "in situ", in nS/cm

CE laboratory, in |aS/cm

CE calculated, in nS/an

Eh, in mV

Alkalinity, in mg/i CaC03

HCO3, in ppm

Total dissolved solids

log P(CO2)

l(x!0-3),inM

Charge balance

F", in ppm

Ch, in ppm

NOj, in ppm

NO,, in ppm

NHJ, in ppm

PO'", in ppb

SO,", in ppm

Br, in ppm

I- in ppm

SiO2, in ppm

Al, in ppm

As, in ppb

Ba, in ppb

Be, in ppb

Bi, in ppb

B, in ppm
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SF24-1

11

14.3

8.6

9.1

76.3

71.3

69.3

15.3

19.7

24.0

61.4

-4.789

1.035

-3.545

3.87

0.36

<0.1

<0.1

<0.1

<10

7.37

0.021

<0.02

9.53

<0.05

0.62

0.95

<0.1

<0.1

<0.05

SB23-1

12

15.1

8.4

9.1

80.3

74.7

72.0

55.3

20.0

24.4

63.9

-4.781

1.08

-3.31

4.47

0.56

<0.1

<0.1

<0.1

<10

7.30

0.056

<0.02

9.83

<0.05

0.42

0.90

<0.1

0.8

<0.05

BOUS-2-2

15

13.8

8.4

9.3

83.7

111

69.5

101.3

20.1

24.5

61.4

-5.006

1.04

-3.07

3.97

0.37

<0.1

<0.1

<0.1

<10

7.03

<0.01

<0.02

9.43

<0.05

0.42

0.82

<0.1

<0.1

<0.05

SJ5-3

16

17.4

8.2

9.4

82.7

75.7

73.3

84.0

19.8

24.1

63.3

-5.104

1.11

-4.06

4.37

0.52

<0.1

<0.1

<0.1

<10

7.80

<0.01

<0.02

9.67

<0.05

0.30

1.10

<0.1

<0.1

<0.05

SF14-3

18

17.6

7.3

8.9

194.3

86.3

79.5

418.0

19.5

23.5

65.3

-4.6045

1.105

0.29

4.23

3.93

<0.1

1

<0.1

<10

7.37

0.01

<0.02

9.10

<0.05

0.26

1.90

<0.1

0.32

<0.05
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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 (continuation).

Cd, in ppb

Ce, in ppb

CD, in ppm

Co, in ppb

Cr, in ppb

Cu, in ppb

Hg, in ppb

La, in ppb

Fe2+, in ppb

Fe3+, in ppb

K, in ppm

Li, in ppb

Mg, in ppb

Mn, in ppm

Mo, in ppb

Ha, in ppm

Ni, in ppb

Pb, in ppb

Rb, in ppb

Sb, in ppb

Se, in ppb

Sn, in ppb

Sr, in ppm

Tli, in ppb

Ti, in ppb

In, in ppb

TOC, in mgC/l

V, in ppb

U, in ppb

Y, in ppb

SF24-1

0.50

<0.1

7.17

0.29

0.45

1.7

<0.2

<0.1

<50

<50

0.21

3.6

23.3

<0.03

52.0

8.4

1.7

<0.1

2.3

0.5

<1

0.6

0.21

<0.1

0.5

20.0

0.6

0.16

<0.1

<0.1

SB23-1

0.53

<0.1

7.43

0.13

0.31

0.7

<0.2

<0.1

<50

<50

0.40

3.9

35.7

<0.03

50.0

8.9

1.0

<0.1

2.3

1.9

<1

0.89

0.23

<0.1

0.7

4.6

0.67

0.26

<0.1

0.16

BOUS-2-2

0.61

<0.1

6.73

0.10

0.12

1.5

<0.2

<0.1

<50

<50

0.26

4.5

38.0

<0.03

49.0

9.0

0.8

<0.1

1.8

0.3

<1

0.12

0.2

<0.1

0.64

9.7

<0.5

0.39

2.30

0.22

SJ5-3

1.00

<0.1

7.40

0.17

0.38

0.4

<0.2

<0.1

<50

<50

0.33

4.0

36.0

<0.03

51.0

8.8

1.0

<0.1

2.1

0.6

<1

0.2

0.22

<0.1

0.86

7.0

1.10

0.2

0.53

0.18

SF14-3

0.45

<0.1

7.13

<0.1

0.29

1.5

<0.2

<0.1

<50

<50

2.90

4.0

77.3

<0.03

53.0

8.9

8.0

<0.1

4.6

0.6

<1

0.44

0.24

<0.1

0.81

37.0

5.43

0.17

<0.1

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 Young's Modulus E50

m 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

• Lamprophyre

A Granite

0.2

Water content (%)

0.3 0.4

Figure 4.15. Retention curves of granite and lamprophyre, near the FEBEX drift.

4.4.1.2 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 molds, 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.
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Block type
BB-G-01 - ^ ^

Block type
BB-G-02 — — A

Block type I—

BB-G-03 p

w
Heater • V

Steel liner " " ' ^

s^~~\ 7^\

^^ Block type

S 1 L i \ \ \ / ^ / 1 ) I BB-G-03
\ \ XT^V—-^><^//~ Bl ktv
\ V j p 3 ^ / > \ BB"G"04

^ L_-—-^"^ Rlnrl h/no

BB-G-05

Heater area Non-heater orea

(Dimensions in meters)

Figure 4.16. Geometry of the clay barrier.

Block types BB-G-01,
BB-G-02, and BB-G-03

Block BB-G-04 Block BB-G-05

figure 4.17. Shapes and dimensions of the blocks.
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Table 4.3
Dimensions for block fabrication.

Type

BB-G-01

BB-G-O2

BB-G-03

BB-G-04

BB-G-05

a
mm

470.0:25°0

473.0:25°0

478.0:25°0

483.01™

483.0t2
5°0

b
m m

380.0+_2
4°0

361.0+_2O
o

330.0*°,

240.0+_20
0

240.0+_20
0

c
mm

214.0*°,

214.0*°,

214.0+_2
3°0

240.0+_2
3°0

240.0+_20
0

T h i c k n e s
m m

125.0+_2
2°0

125.0+_2
2°

125.0*°

i25.o:2;

125.0*°

R
mm

1 133

917

701

485

—

r
mm

919

703

487

—

—

a

24°

30°

40°

60°

60°

Table 4.4
Average values of the physical properties and number of blocks fabricated.

Weight per block (kg)

Average water content (%)

Average dry density (a/cm3)

Number of units fabricated

Total weight (kg)

BB-G-01

22.1

14.49

1.69

2 898

64 046

BB-G-02

21.8

14.07

1.69

2310

50 358

Type of block

BB-G-03

21.3

14.87

1.69

1614

34 378

BB-G-04

23.1

13.69

1.70

562

12 982

BB-G-05

18.0

13.07

1.70

184
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Taking into account the dimensions of the blocks of
each type, the average values of water content and
dry density are 1 4 . 4 % and 1.69 g / c m 3 , respectively.
A total of 7 5 6 8 blocks were fabr icated, with a total
weight of 165 0 7 6 kg.

4.4.1.3 Packing, handling, transporting,
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 high, unconfined compressive strength (of the or-
der of 2.5 MPa), they were packed in boxes inside
quilted plastic wrapping to avoid impact damage
during their handling and transport.

The appropriately packed blocks were stored away
from the GTS, in a warehouse with controlled tem-

perature and humidity. During the construction of
the barrier, the FEBEX drift was dried, heated, and
ventilated to keep relative humidity low. Also the
work was scheduled such that in the work area at
the portal of the drift, where relative humidity is
high, the time of exposure was compatible with the
stability of the blocks.

Since no block was observed to have deteriorated
as a result of the aforementioned causes, these pre-
cautions were confirmed to be effective.

4.4.2 Heating system

4.4.2.1 Heaters

General characteristics
The test uses two electrical heaters inserted within a
steel liner. The heaters reproduce the mechanical
characteristics of the AGP Gran i to canister, simulat-
ing the thermal effects.
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The external dimensions of the heater are identical
to those of the canister anticipated in the AGP
Granito concept (a cylinder measuring 4.54 m in
length with a diameter of 0.90 m) and the weight is
of the same order (11 t). Both the material and the
shape of the exterior body of the heaters are similar
to those anticipated for the canister: carbon steel
plate measuring 100 mm in thickness.

As regards the thermal aspect, the aim of the test is
to subject the bentonite, at the point of contact with
the steel liner, to a maximum constant temperature
of 1 00°C, which is the maximum value anticipated
in the reference concept. Nevertheless, in order to
reach this value in a period of time compatible with
the duration of the test, and maintain it in an iso-
lated drift, it was necessary to increase the power of
the heaters beyond the value anticipated in the
AGP Granito concept for the maximum residual
thermal power of the canisters, that is 1 200 W [5].
Following different analyses and modelling exer-
cises, performed during the design phase of the ex-
periment [1], the nominal power was fixed at
4,300 W per heater. This power will be the maxi-
mum required in the most unfavorable case of the
clay barrier being totally saturated, with a certain
margin of safety.

Mechanical characteristics
Figure 4.1 8 shows a general view of the final design
of the heater. The exterior casing consists of a
forged tube with a wall thickness of 1 00 mm, and
two welded end covers of metal plate, each measur-
ing 150 mm in thickness. The casing is of carbon
steel without any treatment or covering, except
shot-peening of the exterior surface.

Inside the casing, the heating elements (resistances)
are wound around a tube or reel measuring 660.4
mm in diameter and 12.7 mm in thickness. The as-
sembly -reel and resistances- is covered with a cop-
per sheet measuring 3 mm in thickness. This cover-
ing serves to distribute the temperatures more
uniformly along the heater and to provide mechani-
cal protection for the heating elements during
heater assembly.

The thickness and shape of the end covers are
based simply on convenience during assembly of
the interior elements of the heater and do not corre-
spond to the reference concept. The front end cover
has a total of 24 perforations to allow for the exit of
cables (6 for the heating elements and 1 8 for the
control thermocouples) and is fitted with a cylindri-
cal, screw-on box on the exterior for mechanical

4 540

Section A-A' Detail "B"

Resistor "A"

(Dimensions in millimeters)

Figure 4.18. Construction aspect of the heaters.
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protection of the cable exits. On its outer face there
are two key notches located at 36°, to allow for
coupling with the pushing mechanism of the inser-
tion system. The other end cover is solid, and its
outer edge is chamfered to facilitate insertion into
the liner.

The exterior casing is hermetically sealed. The cable
exits were sealed with Viton gaskets and filled with
epoxy resin, as shown in Figure 4.1 9.

Electrical characteristics
In order to increase reliability, the system is redun-
dant. Each heater has three independent heating ele-
ments, each of which is capable of supplying individ-
ually the nominal required power of 4300 W. The
elements are of the shielded resistor type and their
main characteristics are summarized in Table 4.5.

Each heating element is helicoidally wound on the
internal reel of the heater, with a total of 25 wind-
ings per element and a separation between coils of
the same element of 1 65 mm.

Since temperature is key to the expected life of the
elements, 1 8 thermocouples were installed on the
internal reel of the heater to measure the surface
temperature of the heating element.

For reliability reasons, all types of electrical connec-
tions were avoided in the interior of the heater. The
cold terminals of the heating elements are suffi-
ciently long to exit the body of the heater, pass
through the concrete plug, and reach the service
zone without any electrical connection being made.
These terminals, together with the shielded cables of
the thermocouples, were placed in a continuous,
seamless tube of corrugated Teflon, which extends
from the front end cover to the service zone. This
tube protects the set of cables against mechanical
and corrosive action; it has sufficient flexibility to al-
low for a certain magnitude of heater movement
produced by differential settlement or swelling of the
bentonite.

4.4.2.2 Steel liner

The "in situ" test faithfully reproduces the AGP
Granito reference concept, which considers the exis-
tence of a continuous steel liner, common to all the
canisters emplaced in the same drift. This steel liner
consists of a perforated steel tube measuring 15
mm in thickness, providing the space into which the
canister is inserted. Given that in the actual design
of the AGP Granito concept no consideration is

External face

Encapsulated
with epoxy ^

resin

Sheoth 6.4 O

116

Resistor terminal
AIS1316LType"C"

Internal face

Thermocouple terminal
AISI316LType"T"

(Dimensions in millimeters)

Figure 4.19. Cable run sealing system.
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Table 4.5
Characteristics of the heating elements.

Active conductor

Material of the conductor core

Length

Supply voltage

Nominal power

Insulation

Sheath material

External diameter

Conductor section

Sheath material

Ni-Cr 80/20

52 ± 3 % m

400 VAC

4 300 ± 1 0 % W

MgO

Inconel 600

4.6 mm

6 mm2

AISI304 LCold terminals

External diameter 6.4 mm

given to the retrievability of the canisters, the func-
tion of the steel liner terminates when the canister is
introduced; therefore, the deformation of the liner
due to swelling of the bentonite is not important.

The steel liner required for the test has a length of
1 0 m, corresponding to the length of the two heat-
ers plus the 1-m separation between them. Thus, 11
segments of 1 m each were made, designed to be
coupled by means of a male/female conical cou-
pling measuring TOO mm in length, machined in the
ends of each segment (Figure 4.20). The material of
the steel liner is conventional alloyed steel for boil-
ers and pressure vessels.

The inner diameter of the liner is 940 mm; thus
there is 40 mm of play with respect to the outer di-
ameter 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 operation of this type.

4.4.2.3 Power regulation system

Regulation equipment

The power of each of the heating elements is 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 has an associated power regulation
control unit, the basic scheme of which is repre-
sented in Figure 4.21. This consists of three inde-

pendent regulation channels, one for each heating
element. For greater security, each of the channels
is galvanically segregated from the main network.

Each power regulator is governed by a PID-type
controller that receives a value assigned from the
general test control system. This system allows for
constant power or temperature control, depending
on the control desired at each moment.

Control procedures
The test consists of two clearly differentiated phases
in which the power regulation of the heaters is con-
trolled:

1) Initial heating

In this initial phase, the goal is to reach the
constant temperature of 100°C in a time pe-
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 1 00°C is reached at
some point in the steel liner/bentonite inter-
face, the goal is to maintain that temperature
constant, with the lowest fluctuations possible,
this implying continuous power regulation. To
accomplish this, a PID-type algorithm is ap-
plied, which is adjusted in accordance with the
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Section MM1

(Dimensions in millimeters)

Figure 4.20. Steel liner.

W/230V
50 Hz

ifl

RemolB
commends r—P5T1-- -

PIB
contiollerc

t=ra

Power regubtion

unit

i- F4B

Healer

3 x 4 300 W

f/ffure 4.21. Basicscheme of the power regulation equipment.
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empirical identification of the thermal response
of the system.

In principle, given the overdimensioning and
redundancy of the heating elements, only one
element in each heater needs to be, and is,
used to provide the necessary thermal power,
the other two elements being kept in reserve.
The reserve elements start to function only in
the case of failure of the first element.

4.4.2.4 Quality Assurance (QA) program
The basic design of the heaters was developed by
AITEMIN. The detailed engineering of the mechani-
cal components and their construction were carried
out by the firm EQUIPOS NUCLEARES, S.A., at its
factory in Maliano (Province of Santander, Spain), in
accordance with a QA program.

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 corrosion protection.

All the components of the power regulation system
were also subjected to a QA program.

4.4.3 Instrumentation and control

4.4.3.1 Sensors

Types and locations

A tota\ of 632 sensors were installed. Table 4.6 indi-
cates the variables measured, the types of sensors
used and the locations of the sensors, by areas.

The sensors in the clay barrier were grouped in a
series of cross-sections, as indicated in Figure 4.22:
sections A, B l , B2, C, D l , D2, El , E2, F l , F2, G, H,
I, K, L, M l , M2 and N. The sections with an identical
letter have similar sensor configurations.

The boreholes BOUS-1, BOUS-2, FBX-1, and FBX-2
were used, along with the 1 9 boreholes drilled from
the interior of the drift, for instrumentation the rock,
in particular for hydrogeological and mechanical
variations (Section 4.5.1.2. Boreholes). Other sen-
sors, such as psychrometers and TDR probes were in-
stalled in smaller boreholes, drilled from the drift in ar-
eas closer to the wall (up to 2.5 m).

Two examples of the location of sensors in the clay
barrier and in the surrounding rock are shown in

Figures 4.23 and 4.24, respectively. Each sensor is
identified by a code of the type:

M-BBn-CC

where

AA: Code of sensor type, in accordance with Ta-
ble 4.7.

BB: Designation of location type (borehole, in-
strumented section, etc.).

n: Order number of section or borehole (where
applicable).

CC: Order number within the corresponding sec-
tion or borehole.

The final location of all the sensors is identified by
their coordinates, in the local reference system XYZ
indicated in Figure 4.24.

Characteristics
The sensors, cables and connections between them
have been selected to conform to the conditions ex-
pected in each area. The sensors installed in the
bentonite barrier have to withstand the harshest en-
vironment—temperature up to 100°C, pressure up
to 5 MPa, and highly corrosive (more than 6000
ppm of Ch 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.

These conditions, together with the lifetime re-
quired for the instruments (more than 3 years), lim-
ited the use of sensors available in the market and,
in some cases, required a special design or the de-
velopment of specific elements and/or methods of
protection.

4.4.3.2 Instrumentation for gas measurement
Gas is generated in the test zone due to the effects of
corrosion and the presence of microorganisms in the
bentonite. The pressure of the gas generated, as well
as the permeability of the barrier to this gas, has
been measured and samples taken for study.

The installation, carried out according to GRS specifi-
cations and procedures, consists of a set of porous
ceramic pipes, connected by plastic conduits to the
measuring and sampling equipment located in the
service zone of the drift. Four 0.20 m-long pipes with
a 60 mm external diameter were installed at various
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Table 4.6
Installed sensors.

Variable (or instrument)

Temperature

Total pressure in borehole in rock (3-D)

Total pressure on rock surface

Total pressure on heater

Hydraulic pressure in borehole in rock

Packer pressure in borehole

Pore pressure in bentonite

Water content

Woter content

Water content

Extensometer in rock

Heater displacement

Expansion of bentonite block

Displacement within the bentonite barrier

Clinometer

Crack meter

Gas pressure in the bentonife barrier

Gas flow

Atmospheric pressure

Velocity of ventilation air

Resistor intensity

Resistor voltage

TOTALS

Type of sensor

Thermocouple

Vibrating wire

Vibrating wire

Vibrating wire

Piezoresistive

Piezoresistive

Vibrating wire

Capacitive

Psychrometer

TDR

Vibrating wire

Vibrating wire

Vibrating wire

Potentiometer

LVDT

LVDT

Magnetic

Manual measure

Piezoresistive

Hot wire

Electric converter

Electric converter

G

62

4

30

62

62

28

4

2x3

1x3

261

Area( * )

B C

91 36

6

52

58

48

20

9

8

2x3

6x2

4

6

320 36

S

1

1

1

6

6

15

" Total

189

4

30

6

62

62

52

59

76

24

6

9

8

6

12

3

4

6

1

1

6

6

632

(*) G: gronite; B: bentonite; C: heater; S: service zone

points in the granite/bentonite interface. Six more
pipes, of the same diameter but measuring 3 m in
length, were installed (Figure 4.23) at the gran-
ite/bentonite interface (3 pipes), at the steel liner
surface (1 pipe) and in boreholes drilled within the
intermediate zone of the barrier (2 pipes).

4.4.3.3 Specimens for the corrosion study

To analyze corrosion behavior under close to actual
conditions, specimens of different metallic materials
were placed in the clay barrier. The specimens are
of various types of steel (both carbon and stainless),
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70.3?

2.575 4.540 1.020 4.540 4.325
* n ^ « — * 4 »;.<

C Bl A K

Instrumented sections

0 1 2 3m . ; Concrete

• Bentonite

I lamprophyie

, Granite

Figure 4.22. Disposition of instrumented sections.

titanium, and copper, as well as welds of the
same materials. The specimens were located at
points within the bentonite situated very close to
the heaters, this corresponding to the position that
the metals would occupy in a real repository (Fig-
ure 4.23).

4.4.3.4 Chemical tracers
To obtain information on the geochemical pro-
cesses and transport mechanisms, conservative
and non-conservative chemical tracers were placed
at single points in the bentonite barrier and distrib-
uted along its periphery. (Information on the tracers
used, placement method, location, etc. is given in
Chapter 6.)

During the dismantling stage, samples will be taken
to analyze the tracer distribution and to study wa-
ter/tracer/clay interactions.

4.4.3.5 Monitoring and control

Goals and structure
The monitoring and control of the "in situ" test have
the following main goals:

• Acquisition, conversion, display, and storage of
all the data generated by the installed instru-
mentation, in real time

• Control of heater power, depending on the
strategy required in each moment

• Automatic test performance, without the need
for personnel at the GTS

Q Remote supervision of the test from the
AITEMIN offices in Madrid

• Generation of a master database for the test

Q Treatment and post-processing of the data, for
the reports that are distributed to the different
groups participating in the project.

The monitoring and control systems are made up of
two subsystems: one located in the FEBEX drift at the
GTS itself, known as the "local system"; and the other
located in Madrid in the RMC (Remote Monitoring
Center) at the AITEMIN office, known as the "remote
system". The two systems communicate via modem.

The local system consists of all the electrical and/or
electronic components and the necessary computer
programs for autonomous data acquisition, supervi-
sion, and control of the test.
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T-SFl-04

WP-SF1-15

Q-SF1-04

WP-SF1-04

WC-SF1-04

T-SFl-03

T-SF1-02

SB-SF1-01

A: Corrosion specimens
B: Gas collecting pipes

Figure 4.23. Final location of sensors in instrumented cross-section Fl.
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Q-BF21-01 - 0-BF21-02 / PP-BF24-02

-BF24-01

T-BF24-01

Q-BF24-01

PP-BF22-03 —

T-BF22-03

Q-BF22-03 —

Figure 4.24. Location of sensors in boreholes SF2I, SF22, SF23 and SF24.
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Table 4.7
Identification of sensor code.

T

P

Q

SH

SB

S

3S

PP

IT

GP

GF

we
WP

WT

AP

A

V

C

D

Temperature

Total pressure

Pore pressure

Heater displacement

Bentonite block displacement

Displacement (general)

Crack meter

Hydraulic pressure of packer in borehole

Clinometer

Gas pressure

Gas flow

Water content (copacitive type)

Water content (psychrometer type)

Water content (TDR type)

Atmospheric pressure (in service zone)

Anemometer

Voltage meter

Electric current meter

Insulation meter

T h e r e m o t e s y s t e m c o n s i s t s o f a l l t h e e q u i p m e n t a n d
programs necessary for the supervision, monitoring,
and control of the test from a distance, as well as
for the analysis, display and storage of the data ob-
tained. The remote system acts as the master of the
set, supplying the control rules and necessary com-
mands to the local system.

Local system
The structure of the local monitoring and control
system is shown in Figure 4.25 and is basically
composed of the following elements:

• Surge protection

• Uninterrupted supply system (UPS)

• Specific systems for signal conditioning

• Main data acquisition and control system (DAS)

• Computers for supervision and control (PCI
and PC2)

a Power regulation units for the heaters

• Communication system

Given the remoteness of the test and the difficulty of
accessing the GTS for part of the year, the system
has been designed to function automatically without
the need for local personnel and with a high degree
of reliability, due to the redundancy built in by dupli-
cating the more critical components.

The system is governed by the two main indus-
trial-type computers (PCI and PC2) that function in a
master/slave setup, with automatic switching in the
event of failure of the master. A software application
of the SCADA type (Supervision, Control, And Data
Acquisition) is being used, configured to perform the
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Figure 4.25. Local monitoring and control system structure.

functions required for data display and storage and
for heater power control. Figures 4.26 and 4.27
show two examples of the type of visual data display
supplied by this system. To store the data, each
computer saves a log of all the readings of the sen-
sors in its database, one taken every-half hour.

Two additional computers (GRS PC and NAGRA
PC) have been installed. The GRS PC is dedicated

to the gas pressure and flow instrumentation data
gathering while the NAGRA PC is used for TDR's
data acquisition and processing.

Remote system

The main part of the remote monitoring and control
system is located in the main offices of AITEMIN in
Madrid. The function of this system is to supervise,
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monitor, and control the test, as well as to log and
process the data supplied by the local system in-
cluding TDR's data. Its general structure is shown in
Figure 4.28.

In the remote system, the master database is built
upon MS-ACCESS. To obtain the database, the
data stored in the local system is transferred periodi-
cally, on demand from the remote system.

In view of the gradual evolution of the parameters,
and in order not to increase excessively the size of
the database, generally only one reading for each
variable is stored daily, this corresponding to a
measurement made at approximately noon. Printed
reports are generated semi-automatically from the
database, graphically representing the evolution of
all the controlled variables. These reports are dis-
tributed by AITEMIN to all the groups participating
in the project.

The numerical data contained in the database are
also available to the groups participating in the pro-
ject; these are sent on magnetic support (disks) or
by electronic mail upon request.

The data stored in the GRS PC is collected from
GRS offices in Germany. Data from TDR sensors,

available in NAGRA PC, is gathered from NAGRA
offices in Switzerland for checking and calibration
purposes but the results of the data processing is
accessible for remote monitoring and control system
in Madrid.

Communications

The data transmission between the remote system
and the local system is by a conventional telephone
network, using modems.

In the local system, two exterior telephone lines are
available, independent of the rest of the lines in-
stalled at the GTS. These lines are connected to a
telephone switchboard, installed specifically for the
test in the FEBEX drift. The switchboard has 8 exten-
sions connected to the computers and voice termi-
nals installed in the drift (Figure 4.29).

4.4.3.6 Quality assurance and quality control
procedures

With the goal of ensuring the quality and the trace-
ability of the measurements made by the instrumen-
tation, specific quality assurance and quality control
procedures were applied in all the phases relating
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(RDBMS)

Database
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- Graphical
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- Reports
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Figure 4.28. Remote system structure.
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to the supply, tests, and installation of the instru-
mentation.

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.

4.5 Installation

4.5.1 Infrastructure and services
Prior to the construction of the barrier and the instal-
lation of the heaters, preparatory work was done
and the infrastructure was prepared, as described
below.

4.5.1.1 Basic services
The basic supplies of ventilation, electricity, and water
were taken from those already existing at the GTS.

The air from the GTS central ventilation system has
a controlled temperature and humidity (approxi-
mately 15°C and 30% to 40%, respectively). There-
fore, the largest possible air flow was taken to dry
the interior of the drift. A dry environment was nec-
essary to minimize the risks of bentonite block dete-
rioration by adsorption of the ambient humidity. To
further dry (and heat) the environment, two electrical
convectors were employed.

4.5.1.2 Boreholes

Nineteen boreholes were drilled in the test zone
from the interior of the drift, for the placement of the
foreseen instrumentation in the surrounding rock
mass. The orientation and length of these boreholes
were established as a function of the specified posi-
tioning for each instrument, and especially of those
relative to the hydraulic parameters. The length of
the boreholes varied between 7 m and 22 m, with a
total of 233 m drilled. Figure 4.30 shows the posi-
tions of these boreholes. Boreholes SGI and SG2,
where total pressure triaxial cells were installed,
measure 146 mm in diameter; the remainder, for
the hydraulic instrumentation, having a diameter of
66 mm.
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Figure 4.30. Boreholes drilled from the interior of the drift.

4.5.1.3 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 4.31).

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 minimize the time the blocks
were exposed to the GTS environment, where the
relative humidity is practically 1 00%.

4.5.2 Clay barrier construction

4.5.2.1 Preliminary tests
Due to the lack of previous experience in an instal-
lation of this type, especially in placing the engi-
neered barriers in a horizontal position, a test instal-
lation was set up in a simulated drift of concrete
(Figure 4.32) at the AITEMIN facilities in Toledo
(Spain). This test was very useful, and served to de-
tect certain important aspects associated with the in-
stallation. In particular, these aspects were the sta-
bility of the bentonite slices and the accumulative
effects of the play between the blocks themselves
and the blocks and the drift.

4.5.2.2 Installation procedures
The barrier was constructed manually, in accor-
dance with the scheduled procedure. The sequence
of installation is shown on Figure 4.33. 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, until the space for the heater was en-
closed.

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
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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 decided
that it was easier to ensure this alignment by intro-
ducing the steel liner into the drift already joined; as
a result, up to three joined segments were installed.

Figure 4.34 shows the space for the heater, after
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.
The wedges used were of the Grimsel granite.

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 a gap of approximately 2 to
3 cm.

Figure 4.35 represents a typical cross-section of the
drift. It maybe seen that, for these reasons, the axis
of the steel liner is off-center, displaced some 15
mm. Consequently, the heater is off-center by some
35 mm, the exact deviation depending on the ac-
tual diameter of the drift at each point.

4.5.2.3 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
face 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
(Figure 4.36). At the crown and the two springlines,
the bundles were fastened to the granite with spikes
and loops. In the invert, a channel previously made
along the entire length of the test zone was used to
carry the heater power cables (which are quite rigid
and fragile); this arrangement also avoids high ini-
tial compression on the cables from the weight of
the bentonite barrier. Once all the cables were
placed in the invert channel, it was filled with ben-
tonite powder (Figure 4.37).

Figure 4.34. Enclosed space for the heater, after construction of the clay barrier.
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Figure 4.35. Typical cross section of the cloy barrier.

Figure 1 5 5 . Sensor installation and cabling.
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Figure 4.37. Cable channel in the invert of the drift.

4.5.3 Heater insertion
For the transportation of the heaters along the drift
and their insertion into the enclosed space prepared
in the barrier, a specific piece of equipment (heater
transport and insertion car) was designed and con-
structed, in accordance with the scheme shown in
Figure 4.38. Basically, this piece of equipment is a
car composed of a main frame supporting lines of
rollers and rotating balls, which form a trough of di-
mensions fitting those of the heater. This transport
and insertion car runs along a rail system installed
along the entire length of the drift.

The transport and insertion car incorporates 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 couple the machined
notches to the front end cover of the heater, avoid-
ing spinning during transportation and insertion of
the heater.

The pusher cart is driven by a hydraulic motor
mounted on the transport and insertion car itself.
This unit has a regulation system that allows the
speed of the pusher cart to be continuously varied.
The hydraulic equipment also makes 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 are of square in section and are 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 are
mounted directly on the concrete sill, while in the
test zone, they are 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 is accomplished by means of a cable pulled
by an electrically powered winch located outside the
drift, with a return pulley situated at the other end of
the rails.

Table 4.8 shows the main characteristics of the car
and winch.

Heater insertion was performed following the se-
quence shown in Figure 4.39. The heater, mounted
on the transport and insertion car, was placed in
front of the enclosed space; 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.
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Table 4.8
Transport and insertion car and winch data.

figure 4.38. Heater transport and insertion car.

Car

Total weight

Power of the hydraulic pusher unit

Pushing force

Maximum velocity of pusher cart

Pulling force

Velocity of movement

5.21

2.98 kW

21560 kN

1 m/min

1 ? 600 kN

1.6/10 m/min

Power of electric motor 0.67/4.10 kW
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Figure 4.39. Heater insertion maneuver.

Figure 4.40 shows a heater already in place and
also a partial view of the transport and insertion car.

The critical factor for the insertion maneuver is 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 is accomplished by proper alignment
of the steel liner and satisfactory installation of the
rails.

4.5.4 Concrete plug
The test zone was closed with a concrete plug, the
geometry of which is shown in Figure 4.41. The
plug was designed to resist the swelling pressure of

the bentonite. No specification was included for the
watertightness or gastightness of the concrete plug.

The plug was constructed with mass concrete, with-
out any reinforcement, to facilitate the planned fu-
ture dismantling. It was designed to withstand a to-
tal force of 2000 t, which corresponds to a swelling
pressure of the bentonite of 5 MPa [31].

The concrete used had a low value of hydration
heat and minimum shrinkage. Table 4.9 shows the
proportions used for the concrete mix.

The plug was concreted in three sections perpendic-
ular to the axis of the drift, such that the filling of the
upper part could be checked, at least for a part of
the plug. The concrete was pumped from outside
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figure 4.40. View of final position of a heater.
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Figure 4.41. Longitudinal section of concrete plug.
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Table 4.9
Concrete mix proportions used in plug construction.

Component

Cement

Silica fume

Fine aggregate

Coarse aggregate

Sand

Filler

Water

Superplasticizer

Type

PCO "Sulfacem" (CEM132.5 HS)

Sikafume HR

Grimsel granite, 4 to 8 mm

Grimsel granite, 8 to 16 mm

Quartz 0.1 to 5.6 mm

Limestone

City network

Sikament-12 +

Proportions (kg/m3)

160

60

660

430

800

170

155

13

the drift and was compacted by vibration. This
method did not allow for good concreting of the
key, where a void remained, this subsequently being
filled by means of injection. Table 4.10 shows the
results obtained from the concrete control tests.

The four bundles of cables pass through the concrete
plug inside 200 mm-diameter plastic pipes (Figure
4.42). The pipes were later filled with fine mortar.

4.5.5 Quality assurance and quality
control

Control of the dry density of the clay barrier was
fundamental to its construction. The average dry
density was not to be more than 1.60 t / m 3 , in order
not to exceed the maximum swelling pressure of 5
MPa used in the calculations for the test compo-
nents. O n the other hand, it was required not to be
less than the minimum considered tolerable, 1.4

t /m 3 . Furthermore, knowledge of the actual dry den-
sity obtained is necessary for model l ing, as well as
for the interpretation of the test results. For this rea-
son, during the construction of the clay barrier, the
real mass of bentonite placed and the volume of the
drift occupied by each vertical slice of blocks was
determined. From these values, the global dry den-
sity as well as the percentage of construction gaps
for each slice were calculated.

The profiles of dry density and construction gaps
were drawn f rom each slice, these being shown in
Figure 4 .43 .

A total of 136 slices were installed, made up of
5331 blocks and having an overall mass of 115
71 6 kg of bentonite. The average values of the bar-
rier are a dry density of 1.60 t / m 3 and a volume of
construction gaps of 5 .53%. It has been assumed
that the barrier maintains the water content (an av-
erage of 14.4%) f rom the fabricat ion of the blocks.

Table 4.10
Results of concrete control tests.

210

Water/Cement ratio

Water/total hydraulic materials ratio

Slump (Abroms cone)

Density (before setting)

Air content

28-day strength

0.99

0.72

44 mm

2 394 kg/m3

0.4%

47.1 MPa
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Figure 4.42. Pipes for concrete plug cable penetrations.
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Figure 4.43. Profiles of dry density and volume of construction gaps in the clay barrier.
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4.6 Operational stage of the test

4.6.1 Initial tests and start-up
The mechanical installation tasks, which were the
critical phase from the point of view of accessing the
GTS by road, were completed in 1 6 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 pro-
longed more than anticipated, until 27 February
1 997, with 1 1 weeks of effective work in this period.

Apart from some short duration tests, the heating
(operational) stage began on 27 February 1997,
the date identified as "day 0" on the time scale. The
sequence of initiation was as follows (Figure 4.44,
corresponding 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 °C desired at the surface of the steel liner,
but with a limitation on the rate of power in-
crease to reduce thermally-induced stresses.

Q 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°C, 99°C, and 100 °C.

4.6.2 Heating control. Operation and
events

Operation

Since day 6 1 , the power contro l system has been

automat ica l ly regulat ing the power in the two heat-

ers independent ly , so as to mainta in a constant tem-

perature of 100 ° C at the hottest point of the steel

l iner/bentonite interface, as original ly p lanned.

The reference used by the power contro l a lgor i thm

is the highest temperature value in the sensors lo-

1997

DayO = February 27

-7 21 49 77 105 133 161 189 217 245 213 301 329 357 385 413 441 469 497 525 553 581 609 637 66.5 693 721 749

1998

3000

-2500

Time (days)
Day 762 = March 31

Moximum temperature at surface
of steel liner at heater # 1 Power in Heater # 1

Figure 4.44. Log of temperature and power in Heater #1.
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cated at the surface of the steel liner, which has al-
ways been at the center of the bottom line of the
heater (Figure 4.45). Due to the shape of the heater
casings, temperatures over 100 °C have been ob-
served at the lids, but these have been discarded, as
they are considered to be unique points.

With a view to increasing reliability, the heating sys-
tem is redundant, and each heater has three inde-
pendent heating elements, each having the rated
nominal power of 4,300 W. During the test, only
one of these elements, identified as Resistor A, has
been used on each heater on a permanent basis,
the other two being kept in reserve. The underlying
reason for this was to check the operational life of
these elements, which is inversely proportional to
their external temperature. In any case, there has
not been any failure of the elements after 762 days
(2 years and 1 month) of continuous operation. Fig-
ure 4.45 shows the temperatures on the surface of
the different elements, on the aforementioned date.

The power required to maintain a constant tempera-
ture of 100 °C at the bottom of the steel liner has
shown some minor variations throughout the opera-
tional stage. Initially being about 2280 W for
Heater #1 and 2430 W for Heater #2 (it was al-

ways higher for Heater #2 , which is located deeper
in the rock mass), it slowly decreased to 1 940 W
and 2175 W, respectively, probably due to the dry-
ing of the section of the clay buffer located close to
the heaters that has occurred during the first 2 years
of the operational phase. The latest observations
suggest that this process may be inverted, since it
seems that following this time period even the
deeper parts of the buffer are gaining in humidity.

Events

No major events have occurred during the opera-
tional stage in relation to heating control. The most
relevant incidents are as follows:

• The current transducer corresponding to Resis-
tor A in Heater #2 started to give an erroneous
indication on 14 October 1997 (day 299),
causing the system to react by increasing the
power in such Resistor. The problem was de-
tected seven days later and provisionally solved
by modifying the control software from Madrid.
Throughout this period, a slight increase in the
external temperature was observed, this reach-
ing a maximum value of 103 °C at some points
of the liner/bentonite interface. Following analy-
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Figure 4.45. View of internal and external temperatures in Heoter#l.
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sis of the potential causes of the problem, the
decision was taken on 1 7 November 97 to re-
motely switch to Resistor B instead of Resistor
A, to avoid inaccuracies. The current trans-
ducer was replaced on 28 January 1998 dur-
ing a routine visit to GTS, and power was then
restored to Resistor A, switching off Resistor B.

G A main power failure occurred on 22 February
1999. This fault lasted from 23:46 to 00:20,
and the automatic control system interpreted
the no-voltage condition in the resistors as a
resistor fault, reacting by switching off resistors
A in both heaters and switching on resistors B.
This was detected three days later, and the
power was remotely restored to resistors A. This
incident did not cause any temperature varia-
tion in the system.

4.6.3 Monitoring and information
processing

The experiment has been remotely monitored and
controlled from the Remote Monitoring Center
(RMC), located at the AITEMIN main office in Ma-
drid, throughout the entire operational stage. Con-
nections via modem have been made periodically,
about twice per week, to check system status and
transfer data from the GTS computers to the Master
Database generated at the Madrid system.

The Master Database contains one data value per
day and instrument, corresponding more or less to
the value read at noon. After 762 days of heating, it
contains some 760 000 records, with a total file ex-
tension of over 1 60 MBytes. To simplify data trans-
fer and handling by all the participating groups, the
Master Database has been built using MS-ACCESS.

Data may be retrieved from the Database in various
forms for analysis and interpretation. A Sensor Data
Report containing plots of the evolution of data from
all the operative sensors has been produced by
AITEMIN every three months, and has been distrib-
uted among all the project participants. Numerical
data have also been supplied by AITEMIN in elec-
tronic format to the other groups, as requested, for
further processing.

4.6.4 Sensor performance
Most of the installed sensors continue to be opera-
tive after more than 2 years, with only 10.4% of
them having been lost. In fact, discounting the sen-

sors that failed during the installation phase (nor-
mally because of cable damage) and the humidity
sensors that have exceeded their measurement
range because of the progress of hydration, the ac-
tual instrument faults during the operational phase
amount to only 5.7 %.

Independently of the specific analysis of each sen-
sor, which will be carried out after dismantling, a
qualitative indication of sensor performance may be
extracted at this moment for each sensor type:

Temperature sensors (thermocouples)

The data obtained from these sensors seems to be
accurate, when compared with measures from tem-
perature sensors incorporated in other instruments and
with the expected evolution provided by the modelling.

Only three sensors of the total 1 89 were lost during
installation, probably due to failure in the cable at
the end of the thermocouple metal sheath, the rest
remaining operative.

Humidity sensors

Three types of humidity sensors have been installed in
the clay barrier: capacitive type [33], TDR [35], and
psychrometers. Both psychrometers and TDRs were
also emplaced in the nearby rock around the barrier.

In general, the readings provided by each type of
sensor match the others quite well, and also match
the prediction given by the modelling. Given their
wide range, the data obtained from capacitive sen-
sors are clearly more useful for modellers when the
hydration process begins from low water contents
and is sufficiently gradual, as in this case.

The capacitive type humidity sensors and psychro-
meters have been working under very harsh environ-
mental conditions, compared with their design spec-
ifications (high pressure and temperature, corrosive
and highly hydrated media); even so, they have
been providing reasonable and consistent readings,
and continue to do so, and this is likely to continue
to the moment in which they become completely
flooded with water because of the advance of the
hydration process.

1 7 capacitive sensors have been lost from the initial
59 (28.89 % of the total). It is difficult to determine the
cause of these failures before dismantling, although,
according to the evolution of the readings, at least 1 0
of them (16.94 %) might be completely flooded.

As regards the psychrometers, the interpretation of
the data provided by some of them was not com-
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pletely correct during the early stages of the opera-
tional phase. The cause was the differences found in
the outputs of some of the psychrometers during
laboratory testing and "in-situ", this probably being
caused by contamination of their internal measuring
thermocouples during the pre-heating period. These
instruments seem to be very sensitive to contamina-
tion, which may come from the salts in the benton-
ite. It was necessary to modify the software module
in the data acquisition system dealing with the
psychrometers readings in order to obtain correct
data, (this was performed on 14 February 1997)

The psychrometers in the granite have been giving
reasonable readings (very low suction), and seem to
be less affected by salt contamination.

Vibrating wire sensors
Most of the rest of instruments are of the vibrating
wire type. These sensors are used to measure pore
pressure in the bentonite, total pressure in the ben-
tonite/rock interface, the bentonite/steel liner inter-
face and in boreholes, displacements in rock (exten-
someters), heater displacement, and displacement
of the bentonite blocks.

In general, their behaviour has been very good. The
only difficulty was experienced due to the weakness
of the embedded thermistor, which has failed in
some cases for unknown reasons. This thermistor is
used for temperature compensation of the vibrating
wire signal. Fortunately, in all cases it has been pos-
sible to substitute the temperature for the reading
provided by another temperature sensor (thermo-
couple) positioned sufficiently close by.

Of the total 115 sensors of this type, only 15 have
failed (13%). They are mainly total pressure cells
and linear displacement transducers. In the case of
the latter, used to monitor potential heater move-
ments, the measurements obtained are difficult to
interpret, and the problem may be caused by the
poor reliability of the mechanical attachments used
to fix the sensors to the rock and the heaters. This
must be checked after dismantling.

Hydraulic pressure sensors in rock boreholes
Internal packer pressures and borehole interval pres-
sures are measured by conventional pressure trans-
ducers installed outside the plugged area, at the end
of plastic tubes. These sensors are working under
standard conditions and may be checked or replaced
if necessary, as has been the case with four of them.
Some other minor problems have been caused by air
bubbles located on the active diaphragm of the sen-
sors or because of valves closing accidentally.

4.6.5 Other events
Routine maintenance visits have been made to the
GTS about three times per year. No really important
actions have been carried out during these visits,
other than an overall check of the system and the
replacement of certain minor faulty parts. Mention
might be made of the following:

• The monitor of PCI had to be replaced

• The CPU of PCI was replaced to improve sys-
tem performance

• The current transducer corresponding to Resis-
tor A in Heater #2 had to be replaced

Mentions should be made also of the fact that water
has been leaking from the system 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 inside of certain of the
cables (especially the psychrometer cables, since
these sensors are not water-tight). The amount of
water has been measured periodically, and has
ranged from a minimum of 1.5 I/day to a peak
value of 3.9 I/day. In principle this represents a sig-
nificant amount of the estimated total water inflow
into the drift (about 10 I/day), but it should be taken
into account that this estimate was made before the
instrumentation boreholes were drilled, and, as was
observed during the installation operation, most of
the water chanelled along the cable bundles was
coming from borehole SI-2.

4.6.6 Observations derived from sensor
data

A great deal of information has been obtained from
the sensors installed in the system, since most of
them remain operative after more than 2 years of
heating. Independently of the specific analysis of
these data carried out within the modelling (Chap-
ters 5 and 6), a global, qualitative assessment of
system behaviour may be derived from the sensor
data, for each monitored parameter:

Temperature

The temperature trend has been quite uniform
throughout the operational phase, and this is the
parameter showing the best symmetry throughout
the experiment. A longitudinal section of the test,
with the temperatures reached after 762 days, may
be seen in Figure 4.46.
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Figure 4.46. General temperature profile after 762 days of heating.

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 continue to show a gradual rising
trend after 2 years of heating. Some examples are
given in Figure 4.47.

At the surface of the steel liners temperatures have
been decreasing slowly from the beginning, except
for the control algorithm reference point, which is
kept constant at I 00 °C (curves 1, 2 and 3 in Fig-
ure 4.47). This might be caused by better heat re-
moval, as buffer thermal conductivity increases with
hydration. Temperature differences of up to almost
20 °C have been observed along the surface of the
heaters (Figure 4.45).

In the intermediate part of the buffer, the temperature
soon reached values in the range of 50-60 °C (de-
pending on position) and have remained quite stable
at this level (curves 4 and 5, Figure 4.47).

At the outer part of the buffer (rock contact), the
temperature continues to increase gradually (curves
6, 7 and 8, Figure 4.47). Temperatures in the bot-
tom part of the drift are higher than those in the
roof, in correlation with the temperatures at the bot-
tom and top surfaces of the steel liner.

In the buffer sections located further from the heat-
ers, temperatures are much lower but still show a
gradual rising trend (curves 9 and 10, Figure 4.47).

Within the rock mass, the temperature field is quite
regular. Temperatures depend on the distance to
the drift, and those points located closest to it
showed a fast temperature rise at the beginning,
now showing a gradual increase. Points located
deeper in the rock, on the other hand, show a more
uniform rise trend, although their absolute values
are lower (Figure 4.48).

Humidity

A good correlation has been found between the
readings provided by the three different methods
used to monitor changes of humidity within the
buffer: Capacitive sensors, psychrometers, and TDR
(Time Domain Reflectometry).

The evolution of humidity is not as symmetric as that
seen for temperature. However, a common pattern
may be seen in different cross-sections along the
length of the buffer, and this is shown for example in
Figure 4.49, corresponding to the capacitive sen-
sors in the instrumented cross-section El :
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Figure 4.49. Evolution of buffer relative humidity at section El.

• The points located in the outer periphery of the
buffer quickly reached high humidity values2,
especially 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 has progressed at a slower rate
but after two years it has also practically
reached the level of the other sensors in the
buffer periphery.

Q The points located close to the heaters (sensors
03 and 04) dried up quickly as soon as heating
started, but after about 1 year they started a slow
process of hydration that continues at present.

Q The points located in an intermediate position
of the buffer (sensors 02, 05, 06 and 09) have
shown oscillating behaviour, with alternating
drying and wetting periods for approximately
the first year, this having been explained by the
two-phase flow in this zone. After that period,
they all showed a steady increase in humidity
content.

As mentioned above, this pattern is quite repetitive
along the entire length of the buffer, as a result of
which the following conclusions may be drawn:

Q The radial channels for the cables of sensors in-
troduced in the inner buffer, and the joints be-
tween blocks, which might be a preferential
path for water inflow, were sealed very soon.

Q The system irregularities (local water inflows,
air gaps, cable channels,...) may have played
an important role in producing hydration asym-
metries, especially during the first year, but
these have been practically limited to the outer
ring of blocks. After that period, the humidity
field trends to a more uniform situation.

On the other hand, the humidity sensors placed in
the granite (psychrometers and TDRs) have not
yielded any indication of de-saturation in the rock.
On the contrary, many psychrometer readings show
an increase of saturation in the rock, from the initial
situation of partial de-saturation (the drift was dried
during the installation operation).

It should be taken into account that the concrete plug was built almost 5 months before Day 0.
Jhe main water inflow, borehole SI2, is locoted in the cable channel on the right-band side.
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Pore pressure in bentonite
In general, these sensors have provided very low
readings. Some positive pore pressure values, in the
range of 0.2 MPa, may be 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.

Total pressure
There are certain doubts as to the absolute values
of the data provided by these sensors (Section
4.6.4), but the general trend of total pressure devel-
oped within the buffer may be seen for instance in
Figure 4.50, corresponding to the instrumented sec-
tion E2: Following an initial period, during which
negative readings were obtained (probably due to
an installation problem), the pressures have continu-
ously increased, and especially during the last year,
in parallel with the general increase of the degree of
saturation observed in the buffer.

The highest pressures are observed at the benton-
ite/rock interface, and normally at the bottom part,
reaching peak values in the range of 3.3 MPa. Sig-
nificant values may also be observed at the drift
roof, with a maximum of 2.6 MPa in section E2. At

the drift end and the inner side of the concrete plug,
some points have so far reached some 2 MPa.
Lower values, in the range of 0.6 MPa, have been
measured at the surface of the liner, although this
might be explained by the arch effect of the ring of
dry blocks in contact with the heater.

The cells installed within the rock mass, in boreholes
SGI and SG2, show a general trend of increasing
total pressures, with some fluctuations, reaching
peak values in the range of up to 4 MPa. The evolu-
tion is, however, very different depending on the
specific location and orientation of each cell.

Hydraulic pressure in the rock

The hydraulic pressures measured in the radial
boreholes during the operational phase show a
general trend of gradual but steady recovery of wa-
ter heads in the rock mass, with some fluctuations,
such as for instance those observed in borehole SF
22 (Figure 4.51).

In the boreholes located outside the drift (BOUS 1
and 2, FBX 1 and 2), no significant variations have
been observed, and the pressure levels have re-
mained quite stable throughout the period.

1997
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Figure 4.50. Total pressure in section E2.
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Displacements

A number of instruments have been introduced in
the system to monitor different kinds of displace-
ments within the buffer [31] and [34].

• Heater displacements. For those measure-
ments, 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 provide indications of move-
ments in the range of several mm in different
directions, although this might also be caused
by mechanical adjustements in the sensor at-
tachment pieces.

Q Crackmeter. This is a set of three highly sensi-
tive displacement sensors installed over a crack
in the gallery wall at F2 section. This instrument
allows opening, shearing and reject move-
ments of cracks to be measured at a given po-
sition.

The data recorded show significant values of
displacement, which may reach a relative mag-
nitude of 2 mm.

As regards loading, which may produce rock
displacement, a distinction may be made bet-

ween thermal loading due to the heating and
mechanical loading due to the swelling pressu-
re exerted by the bentonite blocks on the ga-
llery wall.

To understand the effect of the temperature, a
3-D thermo-mechanical calculation was ca-
rried out, taking into account the presence of
cracks in the granite mass and using tempera-
ture readings around section F2. The results
show that far from the gallery the crack may be
subjected to a shear displacement, but the mo-
vements are negligible on the wall. This agrees
with the crackmeter data, where no significant
movements are recorded during the first period
corresponding to the temperature rise.

Around day 300, the total pressure sensors ins-
talled around section F2 showed that the me-
chanical loading had begun to increase. At the
same time, perceptible movements were obser-
ved through the crack reject displacement and,
later, in shearing displacement.

As this mechanical loading is not homoge-
neous around the wall, the crack movements
must depend on the different pressures exerted
on either side of the crack. This may be under-
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lined by comparing reject displacement and
the difference between total pressures at the
top and at the bottom of section F2.

Similarly, there is some likeness between the
shearing displacement and the difference in
pressures at the top and at the left-hand side of
the section.

This shows that the hypothesis of rigid block
movement, with sliding surfaces may be rea-
listic.

• Clinometer. This is a twin-axis capacitive trans-
ducer assembled inside a steel cylinder mea-
suring 15 mm in diameter and 70 mm in
length. Rotation may be measured in two
directions i.e. along the cylinder axis and
around its centre of gravity. Six clinometers are
installed inside bentonite blocks in section D, in
the horizontal and vertical directions.

The measurements taken by the clinometers in-
side the bentonite blocks show very small dip
angle values, of less than 0.5 degrees during
the 150 first days. This value corresponds to a
differential displacement of about 1 mm.

After day 1 50, the signals from most of the cli-
nometers became noisy. This might be due to
progressive loss of cable tightness, which might
lead to penetration of moisture. The cause of
this degradation cannot be clearly identified
prior to dismantling.

However, the readings from three of the trans-
ducers remain stable, two in the horizontal po-
sition (near the wall and close to the heater)
and one in the vertical position (near the wall).

The measurement values for these sensors are
still small and do not exceed 0.5 degrees.

• Extensometers. Two extensometers are installed
in section D in horizontal and vertical positions.
Each extensometer consists of three resistive
transducers allowing individual bentonite block
displacements to be measured in relation to
the gallery wall.

The readings show that the displacements in
the horizontal position are greater than the ver-
tical ones. The general trend for both horizon-
tal and vertical external blocks (close to the
wall) and internal blocks (close to the heater) is
compressive, i.e. the blocks move closer to the
wall. However, as the displacements are relati-

ve to the granite wall, interpretation of the rea-
dings depends on the position of the blocks.

Indeed, for the external blocks the movement is
related to the swelling effect, since hydration is
maximum at the external ring of bentonite
blocks. There is an empty gap between the
blocks and the granite wall and extension of
the blocks is directed towards the wall. The to-
tal displacement reaches about 10mm for the
horizontal external block.

The movement of the inner blocks, on the other
hand, is due to shrinkage: by drying the blocks
move away from the heater and then the dis-
placement is again towards the wall.

The displacements of the horizontal interme-
diate block show minor variations. However,
these movements are in good correlation with
the readings from floating displacement trans-
ducers and also with the variation of the water
content of the intermediate blocks. In fact, after
an initial period of drying, as from day 200, the
sensors record an increase in humidity for these
blocks. At the same time, intermediate displace-
ment readings show a reversal of the trend.

Gas generation, release and migration
Sampling and analysis of gases in the "in situ" test,

performed by GRS [17], started in December 1996,

almost 3 months prior to switching on of the electri-

cal heaters, and was continued until June 1 999 al-

most monthly. The most important results are as fol-

lows:

Q Hydrogen with a concentration of 2105 4 vpm

was already present prior to switching on the

heaters, as a result of corrosion of the metallic

components installed in the test field. During

the operation of the test field it decreased to a

level of between 10 and 100 vpm. This means

that corrosion decreased and that the hydro-

gen already present might have escaped

through the non-gastight concrete plug. In the

first 6 months of 1999 the hydrogen concen-

tration in the draining pipes above the floor in-

creased to values of between 2836 vpm and

7613 vpm. Several repetitions of the analyses

confirmed these results. To date, no explana-

tion for this increase has been identified.

• Methane with a concentration of about 10 vpm

was already present prior to switching on the

[ vpm = 7 cnf/m
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heaters. It increased to 365 vpm as a result of
thermal decomposition of long- chained hydro-
carbons.

a Ethane varied between the lower detection limit
of 0.2 vpm and 1 8 vpm.

• Propane with a concentration of about 92 vpm
was already present prior to switching on the
heaters. It decreased to 0.4 vpm as a result of
thermal decomposition and oxidation to car-
bon dioxide.

• Butane was always found in concentrations of
20 to 30 vpm, with no significant change in
concentration.

• Carbon dioxide with a concentration of about
400 vpm was already present prior to switching
on the heaters. It increased to more than 42000
vpm (4.2 vol%) as a result of desorption and
thermal and microbial oxidation of the hydro-
carbons.

Q Oxygen decreased from 20 vol% (air concen-
tration) to less than 1 vol% as a result of con-
sumption by oxidation.

• Nitrogen with an initial concentration of about
80 vol% (air concentration) increased to almost
1 00 vol% as a result of the oxygen decrease.

The fluid pressure in the filter pipes installed around
heater No. 1 increased only when some of the pipes
became flooded with formation water. The pressure
started to increase in pipe GF-SL-02, which is lo-
cated at the north wall of the gallery, in July 1997.
In October 1997, the same phenomenon was de-
tected in pipe GF-SL-01, located on the floor. By
July 1999, overpressures of between 0.25 and 0.3
MPa were reached. No pressure increase was de-
tected in the other filter pipes.

Permeability measurements were performed every
six months by gas injection testing in all six filter
pipes. During the time when the backfill was dry, it
was not possible to derive an in-situ permeability
from the gas injection tests. The pressure increase
during gas injection was caused only by tube resis-
tance. Because of the gaps between the individual
blocks, the permeability was so high that an evalua-
tion could not be performed.

The situation changed when formation water started
to saturate the backfill, thus causing swelling of the
bentonite and closing of the gaps. Gas injection
tests were performed in pipes GF-SL-01 and
GF-SL-02, with maximum overpressures of around
0.7 MPa. Due to the progressive swelling and in-

crease of pore water pressure, the effective perme-
ability to gas decreased from values of between
1 0-19 m2 and 1 0"1 m2 in November 1 997 to 1O'20 m2

in June 1 999. At that time it was also possible to
perform a first evaluable permeability test on filter
pipe GF-SL-03, which is located at the roof of the
gallery. Obviously, the formation water approached
the roof at that time. The permeability derived was
10"15 m2, which shows that swelling is still at an early
stage at this location.

In the water-filled pipe GF-SL-02, additional at-
tempts were made to determine the effective perme-
ability to water, by letting off pressure from the pipe
and observing its recovery. These pressure build-up
tests resulted in permeabilities in the range of 1 O19

m2, which is comparable to natural clay rocks.

4.6.7 Test behaviour evaluation
and conclusions

The final evaluation of the test can only be per-
formed on completion of the heating stage, and in
particular after dismantling. However, some qualita-
tive conclusions may already be drawn:

Q The thermal regime is very regular and sym-
metric. Variations of temperature are observed
only at points located at some distance from
the heaters, whereas the points closer to the
heaters have practically reached a steady state
regime.

Q From the point of view of hydration, the ben-
tonite barrier is behaving as expected.
Hydration is progressing throughout the whole
clay barrier, albeit faster in the outer part and
more slowly in the inner part. The process is
apparently being controlled only by the hydrau-
lic properties of the bentonite itself and by the
thermal gradient. No de-saturation of the rock
that might potentially be caused by the benton-
ite has been observed to date.

Q The influence of sensors, cable channels, and
other artifacts introduced in the buffer may
have had some influence during the early
stages of the test, but this effect is being re-
duced as the system becomes more regular in
terms of hydration and swelling pressures. The
influence of singularities in the rock (lampro-
phyres, fractures,...) is also not observable.

• A significant amount of water exists the system
via the leaks through the cable tubes in the
concrete plug. It is not clear whether this may
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have reduced the saturation rate in the buffer,
even in the early stage.

• The reliability of instruments is good, probably
better than expected (the manufacturers are
normally conservative when specifying ex-
pected life). In fact, only 5,7 % of the sensors
have failed for causes other than saturation or
mechanical damage during installation. How-
ever, after 2 years of operation, it must be con-
sidered that all instruments are now beyond
their specified life expectancy.

• The reliability and performance of the heaters
and of the power regulation systems has been
excellent. There has not been any need to date

to use the reserve heating elements. However,
the same concern regarding life expectancy as
in the case of the sensor applies here.

• The data acquisition and control system has
worked satisfactorily, with only minor faults, de-
spite its complexity. The redundancy of the criti-
cal elements applied in its design has proven
to be effective.

• The experience of the remote monitoring and
control of a large-scale experiment such as this
one has been very positive. This widens the
possibilities in terms of international collabora-
tion and usage of existing laboratories and
testing facilities.
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5.1 Objectives and phases
of analysis

The second objective of the FEFEX project is set out
as follows: "the project seeks to study the processes
in the near-field, especially in the clay barrier, and
to improve, verify and validate the existing codes
and constitutive equations" (Chapter 1).

The main tool to achieve this objective is the perfor-
mance of coupled THM analyses modelling the
"mock-up" and "in situ" tests of the FEBEX project. As-
sociated with these analyses there has been continu-
ous development and improvement of formulation,
computer code and constitutive equations. This activity
has been driven by the need to achieve increasingly
accurate descriptions of the performance of the tests.

The analysis program has been structured in a num-
ber of phases:

• Preliminary modelling, during design of the tests.

• Pre-operationl modelling prior to initiation of
the tests.

• Concurrent modelling during the operational
stage of the tests.

• Final modelling, following test dismantling.

The phases of preliminary and pre-operational
modelling have been completed; concurrent model-
ling is still being performed.

The analyses carried out during the preliminary
modelling phase provided mainly scoping calcula-
tions for the conceptual and detailed design of the
tests. Material and site data were scarce and the
analysis concentrated on the issues of feasibility and
identification of relevant phenomena and parame-
ters. Some information on specific design questions
was also derived from the analysis. The activities per-
formed in this phase have been summarized in [39].

The pre-operational stage of analysis was carried
out within a very tight schedule, since it had to be
completed before starting the tests. It incorporated
limited data on the behaviour of the materials and
some uncertainty regarding detailed operating con-
ditions. It was, however, possible to use information
gathered during the characterization stage. The
pre-operational analyses provided a "blind" predic-
tion to be used as a check for future test observa-
tions. It was based on the best estimate that could
be achieved with the level of information available
at the time. Perhaps of more significance was the
design of procedures for parameter determination
from experimental data, and the performance of an

extensive program of sensitivity analysis that pro-
vided a deep understanding of the processes
involved and their interactions.

Finally, the concurrent phase of analysis, during the
operational stage, has allowed new data arising
from the parallel experimental program to be incor-
porated, and more precise knowledge of opera-
tional conditions to be acquired. These analyses
have been performed with the objective of repro-
ducing test observations as closely as possible and
of providing a unified framework for test interpreta-
tion. The final aim is to develop a model, consistent
with available information, capable of satisfactorily
reproducing the observed test behaviour. In this
phase, priority has been given to analysis of the
"mock-up" test. Only if the clay barrier (buffer) be-
haviour is successfully modelled by itself is it possi-
ble to tackle satisfactorily the higher complexity in-
troduced by buffer/rock interaction.

Throughout this process developments affecting the
formulation, code, and constitutive laws have been
continuous. There has, however, been a change of
emphasis in the type of modifications incorporated in
the model:

Q Preliminary modelling. Changes centred on
formulation and basic model features

• Pre-operational modelling. Development con-
centated on constitutive laws and parameter de-
termination

• Operational stage concurrent modelling. The
main modifications concern mesh design and
boundary conditions. Developments have also
affected a small number of constitutive laws

This chapter presents and discusses the performance
and results of the analysis carried out during
pre-operational and operational concurrent model-
ling [22, 23, 40], The "mock-up" test analyses are
described first (Sections 5.2 and 5.3), followed by
modelling of the "in situ" test (Sections 5.4 and
5.5). Test measurements taken up to December
] 998 have been used for comparison with the anal-
ysis results. The chapter closes with a Conclusions
Section (Section 5.6).

5.2 Description of the formulation
and computer code

Formulation
The formulation underlying the analyses performed
takes into account the thermal, hydraulic and me-
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chanical aspects of the problem in a coupled man-
ner. The hydraulic component should be understood
in a generalized way, i.e. including both liquid and
gas flow.

Specifically the formulation takes into account the
following phenomena:

• Heat transport:

O Heat conduction

O Heat convection (liquid water)

O Heat convection (water vapour)

O Phase changes

Q Water flow:

O Liquid phase

O Water vapour diffusion

• Airflow:

O Gas phase

O Air solution in water

O Dissolved air diffusion

Q Mechanical behaviour:

O Thermal expansion of materials

O Behaviour of bentonite depending on stres-
ses, suction and temperature

O Granite behaviour depending on stresses
and temperature

The simulation of all these interacting phenomena is
achieved by solving simultaneously the equations of:

Q Enthalpy (energy) conservation

Q Water mass conservation

Q Linear momentum conservation (equilibrium)

together with the appropriate equilibrium restrictions
and constitutive equations. Further details regarding
the balance equations are given in [41]. The formu-
lation uses a multi-phase multi-species approach.
The liquid phase may contain water and dissolved
air and the gas phase may be a mixture of dry air
and water vapour.

Computer code
All the analyses have been carried out using the
computer code CODE-BRIGHT [42]. This is a finite
elements code designed to solve thermo-hydro- me-
chanical problems in geological media. Although
developed originally for saline media, it may be ap-
plied to other geological environments through ap-
propriate selection of the relevant terms of the for-

mulation. The main theoretical aspects of the code
may be summarized as follows:

Q State variables are: solid velocity, u (one, two
or three spatial directions); liquid pressure, P,
gas pressure, Pg and temperature T.

• The balance of momentum for the medium as
a whole is reduced to the equation of stress
equilibrium, together with a mechanical consti-
tutive model relating stresses with strains.
Strains are defined in terms of displacements.

a Small strains and small strain rates are as-
sumed for solid deformation. Advective terms
due to solid displacement are neglected fol-
lowing transformation of the formulation in
terms of material derivatives (in fact, material
derivatives are approximated as eulerian time
derivatives). In this way, volumetric strain is
properly accounted for.

Q Thermal equilibrium is assumed between phases.
This means that the three phases are at the same
temperature.

• The sub-planar surface concentration of vapour
(in the psychrometric law), surface tension (on the
retention curve) and dynamic viscosity (in Darcy's
law) are strongly dependent on temperature.

The main features of the numerical approach are:

• Linear interpolation functions on segments, tri-
angles, quadrilaterals, tetrahedrons and trian-
gular prisms. Analytical integration or numeri-
cal integration depending on element type.

Q Implicit scheme for time integration and New-
ton-Raphson method for solution of the
non-linear system.

Q Automatic discretization of time. Increase or re-
duction of time increment depending on con-
vergence conditions or output requirements.

Q Convergence criteria: in terms of forces/flows
and state variables.

Q Coupled THM joint element for modelling of
gaps and interfaces.

Constitutive equations
A realistic prediction requires the adoption of ap-
propriate equations and reliable parameters. The
large number of phenomena considered in the
analyses requires that numerous constitutive equa-
tions and parameters be used. The constitutive laws
selected are described in [22]. Here only a brief
summary is presented:
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• Thermal:

O Heat conduction (Fourier's law): Thermal
conductivity depends on the hydration state
of the clay and is expressed by a variant of
the geometric mean.

O Specific heat: This is considered to be addi-
tive with respect to the various components
of the porous medium.

• Hydraulic:

O Water flow (Darcy's law): Hydraulic conduc-
tivity depends on the degree of saturation
and, through the viscosity of the water, on
temperature.

O Retention curve. The curve adopted may in-
clude hysteresis.

O Vapour diffusion (Fick's law): The effect of
diffusion in the interior of a porous medium
is considered by means of a coefficient of
tortuosity.

O Gas flow (Darcy's law): Hydraulic conducti-
vity depends on the degree of saturation
and, through air viscosity, on temperature.

• Mechanical:

O A thermo-elasto-plastic model for the ben-
tonite, in which deformations are a function
of net stresses, suction and temperature.

<> Linear elastic model and linear thermal ex-
pansion for the granite.

Q Equilibrium restrictions:

O Mass fraction of water in gas (vapour), con-
trolled by the psychrometric law.

O Amount of air dissolved in water, governed
by Henry's law

The corresponding parameters for the constitutive
equations and equilibrium conditions have been de-
rived from three types of sources:

a) physical constants from the technical literature;

b) granite parameters from NAGRA data and
from information gathered in the pre-opera-
tional and operational stages (field and labo-
ratory) and

c) bentonite parameters from laboratory tests
performed during the pre-operational and op-
erational stages.

The procedures adopted for determining parameters
and the values used in the analysis are presented in
detail in [22].

Developments
The formulation and computer code adopted at the
start of the project has proved to be sufficiently pow-
erful for performance of the analyses required
throughout the project. They have also exhibited suf-
ficient flexibility to accommodate the modifications
required by the evolving needs of the project.

The main developments carried out are:

• Improved phase change and vapour diffusion
description and formulation.

• Incorporation of iterative solvers based on con-
jugate gradient procedures (for non-symmetric
matrices) and sparse-matrix storage techniques.

• Development of a parallel version of the code.

• Introduction of new elements for analysis involv-
ing mechanical aspects. Selective integration.

• Formulation, development and implementation
of coupled THM joint element.

• Constitutive laws:

O New law for thermal conductivity based on

geometric mean

O Modifications to expressions for retention laws

O Power law for relative permeability

O Incorporation of a thermoplastic constitutive
model for unsaturated soils

O Improvement of a mechanical model of ben-
tonite to include thermal effects on beha-
viour and non-linear behaviour inside the
yield surface.

5.3 Pre-operational modelling
of the "mock-up" test

This section presents a summary of the analyses per-
formed and of the results obtained in pre-opera-
tional modelling of the "mock-up" test. They can be
considered as the best estimate of test performance
with the information available before the start of the
test. A full description of the analyses is presented in
{23}. The pre-operational analyses were subject to a
number of limitations, i.e.:

• The laboratory test data was still limited. For
instance, 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, this being decided after
performance of the computations.
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• The procedure for reaching the prescribed
temperature was not fixed at the time of the
analysis.

5.3.1 Initial and boundary conditions
Initial conditions
The initial conditions indicated here refer to the state
of the "mock-up" test without the initial hydration
phase. They are:

Q An initial water content of 1 4.0 %. This corre-
sponds to a degree of saturation of 58.6 %
and, from the retention curve adopted, an
initial value of suction of 1 07.15 MPa.

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

• For initial stresses a hydrostatic value of 0.1 1
MPa has been adopted, approximately equal
to the weight of the bentonite in the
mid-diameter of the buffer. A density value of
Pd = ^ -7 g/cm3, equal to the one initially
planned, has been adopted as the initial value.

Boundary conditions
A constant water pressure equal to 0.55 MPa was
prescribed at the interface between the steel and the
bentonite (at radius, r = 0.808 m).

The thermal boundary conditions at r = 0.15 m, the
radial coordinate of the heater elements, are as fol-
lows:

0-6 days constant power 250W/heater

6 days to tt00 constant power 500W/heater

> t100 T=100°C

t100 is the time at which the temperature reaches
100°C at some point in the bentonite. Depending
on the analysis, it ranges from 7.7 to 11.1 days.

A radiation/convection condition proposed by
CIEMAT was used at the external boundary. Finally,
a stress free boundary was prescribed on the outer
surface of the confining structure of the test.

5.3.2 1-DTHM analyses. Base Case
The analysis of the "mock-up" test provides an op-
portunity to examine the effects of heating and
hydration of the buffer without the added complexi-
ties introduced by the presence of the host rock. The
results of the 1 -D Base Case analysis will be used to
provide a basic description of the results of the

analyses. The 1 -D discretization includes heater,
buffer and confining structure (Figure 5.1).

The temperature distributions across the buffer for
various times are shown in Figure 5.2. The tempera-
ture of 100°C in the bentonite is achieved after 7.7
days and the thermal field remains in a quasi
steady-state condition afterwards.

Figure 5.3 shows the variations in the degree of sat-
uration for three representative points in the benton-
ite (one near the heater, one in the central part of
the buffer and one close to the confining structure).
It may be observed that the increase in water con-
tent at a point near the confining structure leads
eventually to its saturation. In contrast, the area
near the heater undergoes drying without subse-
quent hydration. The central part of the buffer exhib-
its a small increase in degree of saturation initially,
as a result of moisture transfer by water diffusion.
Little additional hydration occurs afterwards.

The distributions of the degree of saturation in the
buffer for various times are shown in Figure 5.4, al-
lowing the progress of the hydration process to be
observed. It is apparent that after three years testing
most of the buffer is still unsaturated.

The variation of porosity induced by the combined
changes in temperatures, water pressures and
stresses are shown in Figure 5.5. It may be seen that
the bentonite close to the water inflow swells,
whereas the buffer material close to the heater con-
tracts. In fact, swelling and contraction must com-
pensate each other, as the movements of heater
and confining structure are quite small. Most poros-
ity changes occur during the early part of the test.

5.3.3 1-D THM analyses. Parametric
study

A parametric study was also performed to verify the
effect of a series of parameters. Table 5.1 lists the
sensitivity analysis performed and the parameters
varied in each case. The following conclusions were
drawn:

• Heat is mainly transported by conduction.
Thermal conductivity is the basic parameter
controlling heat transfer.

a Apart from the expected effect of permeability,
hydration is extremely sensitive to the shape of
the retention curve (Figure 5.6).

Q Drying of the bentonite close to the heater re-
quires vapour diffusion.
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Figure 5.1. l-D geometry and discretization. Nodes and elements used in the presentation of results are indicated.
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Figure 5.3. Degree of saturation with time. "Mock-up" test. 1-D pre-operational Base Case analysis.
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Figure 5.4. Degree of saturation distribution at various times. "Mock-up" test. 1-D pre-operational Base Case analysis.
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Figure 5.5. Porosity variation with time. "Mock-up" test. 1-Dpre-operational Base Cose analysis.
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Figure 5.6. Degree of saturation variation with time. SH analysis. "Mock-up" test. The results of the 1-D pre-operational Base Case analysis
(black symbols) are provided for comparison.
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Table 5.1
Sensitivity analysis. "Mock-up" test.

Analysis code

cr

K

T

PR15

SH

KSH

M

Variable modified

Thermal conductivity

Bentonite permeability

Vapour diffusion tortuosity

Relative permeability of the bentonite

Retention curve of the bentonite

Permeability and retention curve of the bentonite

Dry density of the bentonite

Q M e c h a n i c a l v a r i a b l e s ( a n d espec ia l l y stress d e -
velopment) depend strongly on the initial dry
density of the bentonite.

5.3.4 2-D THM Base Case analysis
2-D THM analyses were also performed using a 2-D
axisymmetric longitudinal section. Only one half of
the problem is analyzed, because of symmetry. The
heater, buffer and confining structure have been
represented, but not the geotextile between the
buffer and the confining structure (Figure 5.7). The
results of the Base Case analysis are shown as
isochrones along two sections: a longitudinal sec-
tion along the middle of the buffer (Section 3-3, Fig-
ure 5.7) and another across the buffer in the centre
of the heater (Section 1 -1).

Thermal results
The distributions of temperature at various times are
plotted for section 3-3 along the central part of the
buffer (Figure 5.8). The local effect of the heater is
apparent, and there is a significant non-uniformity
of temperatures throughout the test. The variation
across the buffer may be seen with reference to Fig-
ure 5.9, which shows the distributions of tempera-
ture on section 1-1, across the mid-section of the
heater. It may be observed that a quasi steady state
is established early in the test, with only minor varia-
tions occurring afterwards.

Hydraulic results
The variation in hydration at a section across the
central part of the buffer may be examined in terms
of degree of saturation in Figure 5.10. Significant

points are the fact that the central region of the
buffer is quite far from saturation and that heater
has a marked effect on the distribution of saturation.
The reversal in front of the heater between 100 days
and 1 year is due to the passing of the wetting wave
associated with vapour diffusion. Examination of the
section along the mid plane of the heater, 1-1 (Fig-
ure 5.11), shows that the pattern of hydration is
quite similar to that obtained in the 1 -D analysis.

Mechanical results
The development of radial stresses with time on sec-
tions 3-3 and 1-1 is shown in Figures 5.12 and
5.13. These stresses are reasonably uniform, the ef-
fect of the presence of the heaters being only mod-
erate. The values obtained in section 1 -1 are slightly
lower than those computed in the 1 -D case, proba-
bly due to the possibility of lateral expansion.

In general, the results of the 2-D analysis in the sec-
tion in front of the centre of the heater are very simi-
lar to the 1 -D results, this confirming the validity of
this simplified type of analysis. A 2-D geometry is
however necessary to examine buffer regions away
from the heaters and to predict global variables
such as heater power or total water inflow.

5.4 Operational modelling
of the "mock-up" test

5.4.1 General
The 2-D pre-operational Base Case analysis de-
scribed in the previous section was adopted as the
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"blind" prediction against which test observations
could be checked. The comparison carried out re-
vealed a high level of agreement between the predic-
tions and the measurements, which was quite possi-
bly unexpected given the unavoidable uncertainties in
this type of modelling. The basic test performance
was correctly reproduced, no unexpected phenom-
ena were observed. Apparently, all basic processes
occurring in the test have been correctly incorporated
in the formulation and subsequent modelling.

There were, however, some departures between
predictions and observations, providing a target for
improvement in the operational phase. The main
such departures were:

Q In spite of its being a temperature-controlled
test, some temperature discrepancies were ob-
served, especially near the confining structure.

• The predicted degree of saturation in the cen-
tral part of the buffer was too low.

Q The rate of progress of hydration near the
heater and in the central part of the buffer was
underestimated.

• Predicted hydration in the cooler regions was
too fast.

As envisaged in the Test Plan [1, 2], the analysis will
need to be improved during the operational stage of
the test, in order to assist in the interpretation of the
observations and to enhance the reliability of the
model. It should be stressed that the objective is not
simply to obtain a good fit between computations
and observations, but to achieve an improved model
consistent with the existing information and capable
of reproducing the observed behaviour of the test.

In the operational stage, a larger amount of infor-
mation is available that can be used in the improve-
ment of the model. It includes the following:

• Precise knowledge of the actual operational
conditions, especially important in the early
part of the test (initial hydration and initial tem-
perature increase, Chapter 3).

• A significant volume of new results from the
laboratory testing program (Chapter 2).

• Tests measurements up to December 1998 [30].

An extensive number of analyses have been carried
out in an attempt to achieve an optimized model
compatible with the available information [40]. In this
report, only the results of this optimized analysis are
presented and compared with the test observations.
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5.4.2 Features of Operational Base Case
(OBC) analysis

The best agreement between computations and ob-
servations, consistent with the existing information,
corresponds to the Operational Base Case (OBC)
analysis.

This adopts a 2-D axisymmetric geometry for con-
sideration of the entire test. For reasons of symme-
try, only half of the test is modelled (Figures 5.14,
and 3.5).

The main modifications incorporated in the model
are as follows:

a Improved mesh distribution. Complementary
analyses have shown that the mesh used is ad-
equate to achieve a correct solution from the
numerical point of view.

• Discretization of the geotextile between the
buffer and the confining structure. Improve-
ment of the hydration boundary condition.

• The increase in water content due to initial
hydration is incorporated. Initial dry density is
taken as 1.64 (porosity = 0.4), in accordance
with actual test conditions.

• Adoption of a linearized boundary condition
for heat flow from the test to atmosphere. Skin
coefficient back-calculated from observations.

• Retention curve modified to take into account
new test results, especially those performed at
constant volume. Hysteresis not considered
(Figures 5.15 and 5.16).

Q Intrinsic permeability of the bentonite varied in
accordance with the results of laboratory tests
(Figure 5.1 7).

Q Thermal conductivity law. A dimensionally cor-
rect expression is used, the parameters are
based on experimental results (Figure 5.18).

• The gas phase is used in the analysis to take
ijito account the experimenter's view that the
"mock-up" test is basically airtight.

5.4.3 Results of OBC analysis
and comparison with observations

The results of the OBC analysis are presented and

discussed in terms of comparison with the observed

results. Both point variables and global test parame-

ters are examined. The sections mentioned hereafter

are shown in Figures 5.1 4 and 3.5.
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Thermal results

The evolution of temperatures on two sections, A5
(hot) and A l l (cool), is presented in Figures 5.19
and 5.20, whereas isochrones along the central part
of the buffer (radius = 0.39 m) are shown in Figure
5.21. A very good level of agreement with the obser-
vations may be seen. Being a temperature-controlled
test, the comparison with the global test parameter
heater power is more discriminating (Figure 5.22). It
may be observed that the model yields a somewhat
higher heater power than observed. The only way to
achieve this could be to assume a higher conductiv-
ity for the bentonite, but this would not be consistent
with laboratory observations. Interestingly, heater
power has increased at the end of the observation
period considered, but it is not yet possible to assess
the significance of this change.

Hydraulic results

The agreement between the computations and the
observations is remarkable, in both the hot and the
cool regions (Figures 5.23 and 5.24). It should be
noted that the plots are in terms of relative humidity,
the variable measured by the sensors. Degree of
saturation is not adopted for comparison, in order

not to add unnecessary uncertainties via the use of
the retention curve. The good level of agreement
concerns the entire thickness of the buffer, and de-
tails such as the initial sharp increase in relative hu-
midity and the gentle subsequent progress of
hydration are very well reproduced.

Good agreement also extends to total water entry,
the overall hydraulic parameter (Figure 5.25).

In conclusion, the model is capable of reproducing
the hydraulic behaviour of the buffer, probably the
most important aspect of the test. Taking advantage
of this fact, the analysis has been extended to in-
clude estimation of the time required for buffer satu-
ration. It has been computed that 1 2 years are re-
quired to reach a degree of saturation of at least
0.95 at every point in the bentonite.

Mechanical results

During the operational stage the mechanical obser-
vations refer mainly to stresses. Porosity determina-
tions must await test dismantling. Measurements of
total stresses are always subject to higher uncertain-
ties than other observations, as a result of which a
higher scatter was expected in the results. The ob-
servations bear this out, there is now much less sym-
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Figure 5.19. Jemperahire variation with time. Section A5, "Mock-up" test. Computed vs. observed results. Operational Base Case.
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Figure 5.20. Temperature variation with time. Section A11, "Mock-up" test. Computed vs. observed results. Operational Base Case.
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Figure 5.22. Variation of beater power with time. Heaters A and B, "Mock-up" test. Computed vs. Observed results. Operational Base Case.
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metry in the measurements between the two halves
of the experiment (Figures 5.26, 5.27,and 5.28). In
addition, some measurements are obviously incor-
rect, whereas others suggest that some time is re-
quired before the stress cells start to react. In spite of
these shortcomings, the agreement may be consid-
ered to be more than adequate. It may be observed
that the value and evolution of computed stresses
strongly resemble the observations of the apparently
more reliable stress cells. The agreement is espe-
cially satisfactory if the following points are noted:

Q There has been no attempt to fit observations.
The same parameters used in the pre-opera-
tional analysis have been adopted in the OBC.

• Reasonable agreement is found for all three
measured stress components.

In summary, the OBC represent the optimum model
developed during the course of the project and in-
corporates available information, also obtained in
the project. The main achievements are:

• Improved agreement between measured and
computed temperatures. Some differences are
however observed in the comparison of heater
power required.

• Improved agreement between observed and
computed relative humidity. Water entry into
the test is also well reproduced.

Q A satisfactory agreement between measured
and computed stresses is obtained.

5.5 Pre-operational modelling
of the "in situ" test

The pre-operational modelling of the "in situ" test
was carried out in order to provide the following:

• A good understanding of the likely behaviour
of the test via comparison of the Base Case
analysis with the results of an extensive pro-
gram of sensitivity analyses.

a A "blind" prediction against which the observa-
tions obtained during the operation of the test
could be compared.

In this case, the problem has an additional degree
of complexity because of the buffer/host rock inter-
action. As in analysis of the "mock-up" test, only
limited data from laboratory tests were available.
Again, the exact operational details for starting the
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Figure 5.26. Variation of normal stresses with time. Sections A4 and B4, "Mock-up" test. Computed vs. obseived results.
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test (i.e. rate of power increase and starting date for
heating) were not known during the performance of
the analyses. Selected results are presented in this
section. A full account of the analyses carried out is
given in [22].

5.5.1 Initial and boundary conditions

Initial conditions
The analyses performed start by simulating excava-
tion of the drift, with sufficient time allowed after-
wards for both hydraulic and mechanical balancing.
Therefore the initial conditions for the granite cor-
respond to the situation before drift excavation. Al-
though the water pressure is not uniform around
the drift region, a typical value of 0.7 MPa was
used. As regards mechanical variables, an initially
uniform and isotropic stress field (ar = ae = o2 =
28 MPa) has been assumed. Initial granite porosity
is taken to be 0.01.

The initial water content of the bentonite is 1 4.3 %,
in accordance with the measurements taken before
installation of the test data. This corresponds to a
degree of saturation of 0.66 and, from the reten-
tion curve adopted, an initial value of suction of 84
MPa. An average dry density of 1.6 g/cm3 has
been adopted for the analysis. Initial stress is as-
sumed to be isotropic and equal to 0.5 MPa. An
initial uniform temperature was assumed for the en-
tire domain.

In all cases perfect contact has been assumed be-
tween the steel liner and the bentonite and between
the bentonite and the rock.

Boundary conditions
The hydraulic boundary conditions have been
based on information obtained during hydro-geo-
logical characterization (Section 4.3.1). According
to the observations made, the water flow close to
the drift is mainly radial, tending gradually towards
the regional flow direction over a distance of 50 m.
Accordingly, the outer domain boundary has been
fixed at a radial distance (r) of 50 m, where a con-
stant water pressure of 0.7 MPa (typical of the val-
ues measured before drift excavation) has been pre-
scribed.

The thermal and mechanical boundary condition
prescribed at r = 50 m are:

• Temperature, 7 = 12°C

Q Radial stress, a, = 28 MPa

The thermal boundary conditions applied at the
heater location (radius = 0.385 m) are:

0 to 21 days Constant power: 1 200W/heater

21 to 42 days Constant power: 2000 W/heater

42 days to t100 Constant power: 2400 W/heater

t,00to3years T = 100°C

where t]00 is the time required to reach 100°C at
some point in the bentonite.

5.5.2 1-D THM analyses. Base Case
The results of the Base Case analyses may be con-
sidered as the best estimate of test performance
given the level of information available before the
start of the test. They provide good insight into ex-
pected test behaviour and are used as a benchmark
for comparison with the results of the parametric
study. Because of the need to carry out a large num-
ber of sensitivity analysis, a 1 -D geometry with radial
symmetry was adopted (Figure 5.29). Results of 2-D
analysis are reviewed in Section 5.5.4.

The variations in temperature over three years of
heating for three selected points in the buffer (one
near the rock, another in the central part of the
buffer and the third near the heater) are shown in
Figure 5.30. It may be seen that after a rapid initial
rise at the start of the test, a more gentle increase of
temperature follows the transfer to a tempera-
ture-controlled boundary condition. This pattern
may also be seen in the successive distribution of
temperatures presented in Figure 5.31. The distribu-
tions of temperature in the rock at various times are
shown in Figure 5.32. There is a steady expansion
of the temperature field up to a distance of about
30m after three years of heating.

The variations of the degree of saturation with time
for the same three points in the buffer are shown in
Figure 5.33. The behaviour of these points differs
widely. The buffer point near the heater undergoes
drying, the degree of saturation drops below 0.4
and remains practically constant afterwards. No sig-
nificant hydration occurs in this zone throughout the
test. In contrast, the buffer material near the rock ex-
periences a monotonic increase in degree of satura-
tion until reaching full saturation relatively early in
the test. The behaviour of the central part of the
buffer is quite enlightening. There is an initial in-
crease in saturation due to the condensation of
vapour coming from the inner buffer area. However,
some drying eventually takes place due to the com-
bined effect of temperature increase and reduced
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vapour inflow. The arrival of the hydration front
some time before 3 years may be also observed.
However, the central buffer is still far from saturation
at the end of three years.

The distributions of the degree of saturation for vari-
ous times in the buffer and near rock region are
presented in Figure 5.34. They reflect the slow pro-
gressive hydration of the barrier. It should be noted
that practically no desaturation takes place in the
rock. The granite has sufficient overall permeability
to supply water at the rate demanded by the
hydration of the bentonite.

Changes in water pressures, stresses and tempera-
tures result in the variations of porosity shown in Fig-
ure 5.35. The outer buffer zone swells due to wetting,
whereas the inner region contracts due to drying. In
fact, the overall change in porosity throughout the
test is small, as the movements of the rock boundary
and heater are not very significant. It should be noted
that the possible flow of bentonite through the liner
holes has not been considered.

Stresses in the buffer have to readjust to keep the to-
tal volume change prescribed by the movements of
the interfaces at all times. As shown in Figure 5.36,
the development of radial stresses is basically

monotonic, reaching values in the range of 3.5 to 4
MPa at the end of 3 years. The development of ra-
dial stresses is not far from uniform across the thick-
ness of the barrier.

5.5.3 1-D THM analyses. Parametric study
The parametric study carried out involved the per-
formance of a significant number of analyses (Table
5.2). Modifications have involved changes in pa-
rameters and boundary conditions. Some selected
results are presented and discussed in this section.

The analysis coded KB has been performed using
an intrinsic permeability of 2 x 10"20 m2, about three
times higher than in the Base Case. The effect of
this higher bentonite permeability is striking. As Fig-
ure 5.37 shows, a strong desaturation of the granite
occurs because the rock is unable to provide the in-
creased inflow of water demanded by the larger hy-
draulic conductivity of the bentonite. At that point a
quasi-impermeable barrier is created that practically
prevents the inflow of water into the buffer. As time
goes by, the rock becomes saturated again and the
progressive hydration of the buffer can then take
place. This process may be clearly seen in Figure
5.38, in which the stoppage of hydration due to
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Table 5.2
Sensitivity analyses. "In situ" test.

Analysis code

CTB

CTG

PG

KB, KBl

KBPG

KG

KGPG

KGB

KGBPG

TB

SH

PGSH

PR15

PL3, PL12

MB

Variables modified

Thermal conductivity of the bentonite

Thermal conductivity of the granite

Retention curve of the granite

Permeability of the bentonite

Permeability of the bentonite

Retention curve of the granite

Permeability of the granite

Permeability of the granite

Retention curve of the granite

Permeability of the bentonite

Permeability of the granite

Permeability of the bentonite

Permeability of the granite

Retention curve of the granite

Vapour diffusion

Retention curve of the bentonite

Retention curve of the bentonite

Retention curve of the granite

Relative permeability of the bentonite

Boundary water pressure

Dry density of the bentonite

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
higher permeabil ity of the bentonite.

In this context, it is interesting to examine the results
of KBPG analysis, in which the higher value of ben-
tonite permeabil ity 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 5 .39 shows, no hydration delay is ob-
served and the higher hydraulic conductivity of the
bentonite gives rise to a more hydrated barrier at
the end of 3 years.

The granite intrinsic permeability used in the Base
Case, 8 x 1O 1 8 m2 , was derived as an average
value taking into account the rock mass as well as
the discontinuities. Al though the value of overall wa-
ter entry into the test area is thus preserved, it is im-
plicitly assumed that this inflow takes place in a uni-
form way, which is unlikely to be the case. There is a
need therefore to carry out an alternative analysis
(KG) in which the permeability corresponding more
closely to the rock mass value (1O 1 8 m2) is used.
This case would then be more representative of a
zone in which water inflow from large discontinuities
is absent.

The distribution of degree of saturation obtained us-
ing this lower value of rock permeabil ity is shown in
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Figure 5.40. It may be seen 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
resaturates and hydration can then proceed (Figure
5.41). 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 the ef-
fect of the retention curve of the bentonite is exam-
ined using only the dry branch of the basic relation-
ship used in the pre-operational analysis, without
considering any hysteresis effects. The significance
of a possible rock desaturation is clear in this case
(Figure 5.42). In analysis SH, desaturation of the
granite occurs, driven by the high suction values as-
sociated with the new retention curve. As the
desaturation is maintained throughout the analysis,
a very limited amount of hydration occurs, the aver-
age increase of degree of saturation being only
4.1%. Contrasting results are obtained in the equiv-
alent analysis where no rock desaturation is allowed
(PGSH). Now not only does hydration proceed un-

impeded but also full saturation of the buffer is
achieved at the end of the test. The temperature
field is also significantly changed due to the in-
creased thermal conductivity associated with satu-
rated bentonite.

In summary, it may be stated that the basic parame-
ters affecting the main features of test performance
are the same as were identified in the parametric
study of the "mock-up" test. However, the presence
of the rock increases very significantly the complexity
of the problem, sometimes leading to apparently
paradoxical results. For instance, an increase in per-
meability may temporarily delay hydration if the en-
hanced water inflow manages to desaturate the rock.
This study has again shown the extreme importance
of the role of the retention curve in analysis. The ef-
fects, however, are totally different depending on
whether or not the rock desaturates. This type of re-
sults suggests that quite different hydraulic regimes
may coexist in different parts of the test.

5.5.4 2-D THM Base Case analysis

To obtain a closer reproduction of the real geome-
try, a 2-D axisymmetric longitudinal section has

1.0

0.9

0.8

0.7

I 0.6

0.5

0.4

0.3

0.2

—

1

1
1

1 1;

Buffer

•v

/ z
/ •

-J'

•

v
—

Rock

"0.40 0.60 0.80 1.00 1.20

Distance to oxis (m)

0 days
45 days
150 days
365 days
1095 days

1.40 1.60

Figure 5.40. Distribution of degree of saturation at various times. KG analysis. "In situ" test.

256



5. Ihermo-hydm-mediankal analyses

i . u -

0 . 8 -

0 . 7 1

0 . 6 -

0 . 5 -

( 1 4 -

0 . 3 -

0 . 2 -

L^-~*—'

J i/

T !

!

-̂

•

i
0 ! ; • 1

0

s

200 300
1997

500 600 i 700
1998 . I .

900 1000 I 1100 1200

1999

Time (days)

1-DBase Cose KG
Buffer, contact with the liner (element 5)
Buffer, center (element 15)
Buffer, neor the rock (element 23)

Figure 5.41. Variation of degree of saturation with time. KG analysis. "In situ" test. Ihe results of the I-D Base Case analysis (black
symbols) are provided for comparison.

l.o - i

0.9

0.8

1 0.7

0.5

0.4

0.3

0.2
0 100 200

1997
400 500

1998
600 ;; 700

Time (days)

800 900

1999
1100 1200

PGSH SH
Buffer, contact with the liner (element 5)
Buffer, center (element 15)
Buffer, near Ihe rock (element 23)

figure 5.42. Variation of degree of saturation with time. Analysis SH (granite desaturation) and PGSH (no granite desoturation).
"In situ" test.

257



FEBEX. Final report

been analyzed, in which the most important geo-
metrical features of the "in situ" test are represented
(Figure 5.43). The outer boundary is at a distance
of 50m, as in the 1 -D analyses. 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 neither the gap be-
tween the steel liner and the buffer nor the one be-
tween the rock and the buffer is considered. Al-
though other computations were performed, only
the results using the Base Case parameters are re-
ported here.

The changing distributions of temperatures along
the center of the buffer are shown in Figure 5.44. It
may be appreciated that the distribution in front of
the heaters is reasonably uniform but that tempera-
ture drops quickly outside this area. A direct com-
parison with 1-D results across the mid-section of
the heater (Figure 5.45) shows that the temperature
in the buffer is somewhat lower in the 2-D analysis,
due to lateral heat dissipation. Away from the
heater, the temperature increase is quite small and
uniform across the buffer.

A representative picture of the progress of hydration
is shown in Figure 5.46, where the distributions of

degree of saturation along the central part of the
buffer are plotted. It may be seen that the hydration
progress is reasonably uniform and that full satura-
tion has not been reached after three years. The ar-
rival of the main hydration front, however, appears to
trigger a degree of non-uniformity. Hydration pro-
gressing from the end of the drift (distance= 1 7 m) is
also apparent.

As Figure 5.47 shows, the pattern of hydration
across the buffer obtained in the 2-D analysis is very
similar to the 1 -D results. Most of the difference ob-
served between 1-D and 2-D analyses in the points
near the rock may be accounted for by their differ-
ent positions with respect to the rock/buffer inter-
face, due to the different mesh dimensions.

The pattern of variation of the mechanical parame-
ters is also quite similar in the 1 -D and 2-D analyses
although the magnitude of stress increase is some-
what smaller in the 2-D analysis (Figure 5.48), per-
haps due to the possibility of lateral expansion.

2-D analyses using a cross-section geometry were
also performed. The results, however, were practi-
cally identical with those of 1-D analyses and are
not reported here.

DRACVIU
VERSION 5.52

E: )1 S:00 l:63
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Figure 5.43.2-0 axisymmetric mesh. "In situ" test.
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5.6 Operational modelling
of the "in situ" test

5.6.1 General

In order to have a global benchmark for the test,
the 2-D pre-operational Base Case analysis pre-
sented in the previous section was used as a "blind"
prediction for comparison with the observations. The
extent of agreement was very satisfactory, taking
into account the uncertainties associated with cou-
pled THM modelling and the complexity of working
in a natural environment.

The main differences between predictions and ob-
servations were as follows:

Q Temperature differences between the predic-
tions and measurements are observed in the
buffer, often near the heater, which is unex-
pected since temperature is controlled in that
area. Perhaps the presence of a heater/ben-
tonite gap provides some thermal insulation
not accounted for in the model.

• Temperature discrepancies are also observed
in the rock, some of them unavoidable as the
thermal field does not appear to be axisymmet-
ric around the drift.

a The heater power required to keep the pre-
scribed temperature is somewhat underesti-
mated.

Q Drying near the heater is underestimated by
analysis. It is interesting to note that the relative
humidity in that area is significantly lower in the
"in situ" test, compared to the "mock-up" test.
This is surprising "a priori", as the temperature
is the same in both tests. Perhaps the open
gaps between blocks provide easier paths for
vapour diffusion in the "in situ" test.

a The degree of saturation in the central part of
the buffer was underestimated.

Q Uncertainties in the measurements of mechani-
cal variables make it difficult to obtain mean-
ingful comparison between predictions and ob-
servations.

In the operational stage, new analyses have been
performed to:
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• Incorporate the new information becoming
available.

a Achieve a better fit between computations and
observations.

In this section, the results of the model providing the
most satisfactory description of the test perfor-
mance are presented (Operational Base Case,
OBC analysis).

5.6.2 Features of Operational Base Case
(OBC) analysis

The Operational Base Case (OBC) analysis provid-
ing the best modelling of the test uses the same 2-D
axisymmetric geometry as the pre-operational 2-D
Base Case analysis. The main modifications in-
cluded in the model are as follows:

Q Improved mesh distribution, taking advantage
of the experience gained in the study of the
"mock-up" test.

Q An initial isothermal phase has been introduced
in the analysis to account for the hydration tak-
ing place in the period between sealing of the
drift and the initiation of heating. In the pre-op-
erational analysis, it was assumed that hydration
and heating started simultaneously.

• It is assumed that the water pressure varies
along the boundary, in accordance with water
pressure measurements made in borehole sec-
tions far away from the test.

Q The constitutive laws of the bentonite are the
same as for the "mock-up" test. It has been as-
sumed that the modelling of the "mock-up" test
provides the most reliable information on ben-
tonite behaviour. The only differences in ben-
tonite parameters between the two tests are mi-
nor variations to account for the different initial
densities. Therefore the changes in thermal
conductivity, intrinsic permeability and retention
curve of the "mock up" test have been retained
in this analysis.

In contrast to the "mock-up" test, the "in situ" test is
not considered airtight. Consequently, a constant
value of gas pressure is assumed.

5.6.3 Results of the OBC analysis
and comparison with observations

Selected results of the OBC analysis "are presented
and compared with the observations. Both point vari-

ables and global test parameters are considered. The
sections and boreholes referred to in the presentation
of results are shown in Figures 5.49 and 5.50.

Thermal results
The evolutions of temperature in Sections D l , G
and D2 are shown in Figures 5.51, 5.52 and 5.53.
Basically a good agreement is obtained, although
some differences remain. Generally, the computed
temperatures are somewhat lower near the rock, al-
though no specific trend close to the heater may be
discerned.

The underestimation of temperatures remains in the
rock mass (Figures 5.54 and 5.55). It is interesting
to note that differences vary depending on the bore-
hole direction, i.e. the thermal field is not
axisymmetric. Of course this type of variation cannot
be reproduced by an axisymmetric model.

The only global test parameter available for com-
parison is the power applied by each heater (Fig-
ures 5.56 and 5.57). The results show a trend op-
posite to those encountered in the "mock-up"
analysis. Now heat power is underestimated by 6%
in Heater 1 and by 16% in Heater 2. No specific
cause has been clearly identified to account for the
difference in the power required by the two heaters.

Hydraulic results
With the improved set of model parameters and
conditions, fairly good agreement is obtained as re-
gards the evolution of relative humidity at different
points in the buffer (Figures 5.58, 5.59 and 5.60).
Generally, the correspondence between computa-
tions and measurements is very good, although in
some points near the heater (e.g. Section El) the
observed drying is stronger than computed.

Water pressure recovery in the rock is also well de-
scribed by the analysis (Figures 5.61 and 5.62).
Pressure values are of the correct order of magni-
tude and, in particular, rates of pressure recovery
are captured well. Provision of an isothermal phase
in the analysis, in accordance with reality, signifi-
cantly improves the predictions of water pressure in
the rock itself, and also the progress of hydration in
the region of the buffer near the rock.

Mechanical results
Determination of total stresses in the "in situ" test is
subject to important uncertainties that make it diffi-
cult to establish reliable comparisons with the ana-
lytical results. The good correspondence between
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Figure 5.49. Test layout and buffer instrumented sections. "In situ" test.
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figure 5.50. Jest layout and instrumented rock boreholes. "In situ" test.
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figure 5.51. Variation of temperature with time. Section Dl (x=4.42 m), "In situ" test. Computed vs. observed results.
Operational Base Case.
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figure 5.53. Variation of temperature with time. Section D2 (x=l 4.38m), "In situ" test. Computed vs. observed results.
Operotioaal Base Case.
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Figure 5.54. Variation of temperature witb time. Borebole SF24, "In situ" test. Computed vs. observed results. Operational Base Case.
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Figure 5.55. Variation of temperature with time. Borehole SF22, "In situ" test. Computed vs. observed results. Operational Base Case.
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Figure 5.59. Variation of relative humidity with time. Section E2 (x= 13.44m), "In situ" test. Computed vs. observed results.
Operational Base Case.
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Figure 5.61. Variation of water pressure witb time. Borehole SF23, "In situ" test. Computed vs. observed results. Operational Base Cose.
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Figure 5.62. Variation of water pressure with time. Borehole SF24, "In situ" test. Computed vs. observed results. Operational Base Case.
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the observations and computations in the "mock-up"
test is not readily apparent in the "in situ" test (Fig-
ures 5.63 and 5.64). Model results appear to pro-
vide an upper bound to measurements that might
be consistent with the fact that the stress cells started
to give readings some time after the start of the test.

The same uncertainties affect total stress measure-
ments in the rock (Figures 5.65 and 5.66). Some
features of the observations appear however to be
reasonably accounted for:

• Differences between the various stress compo-
nents are small (i.e. stress state is not far from
hydrostatic).

• Rock normal stresses are higher closer to the
buffer, reflecting the variable thermal field.

Finally, measured radial displacements in the rock
are very small (Figures 5.67 and 5.68), making it
difficult to discern a clear trend. Generally, the
model also predicts minor displacements, although
somewhat larger than those measured.

As a result of the various improvements made in the
model, a fairly satisfactory representation of the test
performance observed to date has been obtained.
The main achievements are as follows:

• Improved agreement between measured and
computed temperatures, although some dis-
crepancies remain. Differences are also ob-
served concerning the power applied to the
heaters.

• Good agreement between computed and mea-
sured relative humidities in the buffer, except for
some very dry areas close to the heater.

• The water pressure recovery in the rock is well
reproduced.

Information on the mechanical variables is not suffi-
cient to draw definite conclusions regarding the ad-
equacy of the mechanical component of the model
for the "in situ" test.

5.7 Conclusions
The analyses reported in this chapter are directly re-
lated to the second objective of the FEBEX project:
"The study of the thermo-hydro-mechanical (THM)
processes in the near-field". It was assigned a lesser
probability of success compared to the "Demonstra-
tion of the feasibility of constructing the engineered

Time (days)
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data Model values

Radial distance
x = 6 . 8 0 m

r = 1.20 m

figure 5.63. Variation of radial stresses with time. Section Fl (x=6.80m), radius = 1.20 m, "In situ" test. Computed vs. observed results.
Operational Base Case.
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Figure5.64. Variation of radial stresses with time. SectionE2 (x=13.45m), radius = 0.52 m and 1.20m, "In situ" test.
Computed vs. observed results. Operational Base Case.
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Figure5.65. Variation of normal stresses with time. BoreholeSG2, radius = 7.1 to 7.8m, "In situ" test. Computedvs. observed results.
Operational Base Case.
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figure 5.66. Variation of normal stresses with time. Borehole SG2, radius = 2.5 to 3.3 m, "In situ" test. Computed vs. observed results.
Operational Base Case.
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Figure 5.68. Variation of radial displacements with time. Borehole SI2, "In situ" test. Computed vs. observed results. Operational Base Case.

barrier system". Although a complete validation of
the model is, in practice, impossible, the activities
associated with the second FEBEX objective may be
considered as being highly successful. A large num-
ber of coupled THM analyses of the "mock-up" and
the "in situ" tests have been carried out and have
proven to be useful in all stages of the model:

Q Previous modelling. Scoping calculations sup-
plied fundamental information for the concep-
tion and specific design of the tests.

a Pre-operational calculations. These provided a
deep understanding of the expected perfor-
mance of the two tests and helped to identify
the critical parameters on which laboratory
tests should concentrate. They also provided a
"blind" prediction, prior to the start of the tests,
for comparison with observations.

The "blind" prediction was in fact very success-
ful. It anticipated all the main phenomena ob-
served in the tests, and no major events occu-
rred that could not be accounted for in the
framework of the analysis performed. Moreo-
ver, even from the quantitative point of view, a
close agreement between predictions and ob-

servations was found concerning many test va-
riables.

a Operational modelling. Further improvements
in the models have resulted in very close repro-
duction of the "mock-up" and "in situ" test re-
sults (up to December 1 998). This good agree-
ment has been obtained using material
parameters and test conditions based on avail-
able information. No unreasonable or unsup-
ported parameter values have been used.

In summary, the formulation and computer code
used in the FEBEX project is capable of modelling
the THM behaviour in the near-field. Both formula-

. tion and code have undergone developments and
modifications during the project but it is interesting
to note that they have affected mainly the details of
the model but not its central core.

This is probably a consequence of having based
the formulation on sound physical bases and laws.
They provide a robust nucleus with sufficient flexi-
bility to incorporate changes as required by the
contrast with reality. As a general outcome of the
project, it may be stated that a THM model of the
tests with a very high degree of demonstrated reli-
ability is now available.
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Naturally, uncertainties and shortcomings always
remain. An interesting consequence of the analysis
performed has been the identification of constitu-
tive laws and parameters that have a critical influ-
ence on the THM behaviour. The retention curve of
the buffer material is a clear example. The fact that
the rate and duration of barrier saturation appear
to be very sensitive to the retention curve of the
bentonite implies that there will always be an un-
avoidable uncertainty associated with these vari-
ables.

Another somewhat surprising outcome is the fact
that very good reproduction of observations is ob-
tained without representing any discontinuities ex-
plicitly. Yet the tests are riddled with discontinuities:
bentonite block gaps, rock joints, gaps between
iner and buffer and between buffer and rock. Obvi-

ously, with the information supplied by the instru-
mentation, it appears that no specific modelling of
discontinuities is required. Perhaps, they may be
needed if more detailed information becomes avail-
able, for instance, in the dismantling of the test.
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6.1 Introduction

6.1.1 Objectives ot FEBEX regarding THG

The third objective of FEBEX is the study, identifica-
tion and modelling of the possible geochemical al-
terations that might occur in the clay barrier due to
the combined effect of high temperatures and water
flow. For this purpose, a detailed and extensive lab-
oratory program was carried out in order to provide
thermo-hydro-geochemical (THG) parameters and
to identify the processes triggered by temperature
and water flow. Most of the geochemical informa-
tion generated in the project comes from lab tests,
with only limited information being provided by the
two large-scale tests.

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. In such complex systems as that
of the clay barrier, this analysis must be performed
with numerical models, which must be solved using
appropriate THG codes. Significant developments
have been achieved as regards the capabilities of
THG codes for coupled non-isothermal multiphase
water and air flow and multicomponent and reac-
tive solute transport. Existing codes were improved
and a new multiphase non-isothermal multi-com-
ponent reactive solute transport code has been de-
veloped [43].

6.1.2 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 analyzed. Based on this
information, conceptual models were postulated,
which were later tested using actual lab data [43,
44, 45, 46, 47]. In some cases these data sug-
gested 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
models of the tests carried out within the FEBEX Pro-
ject. The predictive capabilities of these models
have been partially tested. Further model testing
and validation should be undertaken in the future
using additional data.

6.1.3 Scope
This chapter contains the tasks performed on THG
analyses within the project. Conceptual models, on
which numerical models are based, are described
first. Major developments in codes and computing
tools are described afterwards. Most of the devel-
opment of THG models is based on their applica-
tion to modelling lab tests [44, 46, 47]. A wide
range of lab tests have been modelled for the fol-
lowing purposes:

a) obtaining key THG parameters [45, 47],

b) identifying geochemical and transport pro-
cesses [44], and

c) testing their performance [43]. Applications of
THG models to lab tests are described in Sec-
tion 6.4.

The thermo-hydrodynamic aspects of THG models
have been calibrated using data from the "in-situ"
and "mock-up" tests [43]. Once calibrated, they
have been used to perform THG predictions of both
large-scale tests, which are presented in Sections
6.6 and 6.7. The chapter ends with a discussion of
the main conclusions and the requirements of future
work.

6.2 THG conceptual models

6.2.1 Flow model
The main features of the conceptual model for water
flow through the clay barrier are [43, 48, 49]:

• Darcy's Law is applicable in its most general
form, that is, written in terms of pressure heads
and intrinsic permeability. Compacted benton-
ite may exhibit non-Darcian behaviour espe-
cially under low water potential gradients.
However, this effect is thought to be negligible
under the conditions of the tests.

Q The clay is expected to experience an increase
in water content, and eventually become fully
saturated. Therefore, water flow will occur un-
der varying conditions of saturation.

Q Water flow depends on the degree of satura-
tion and to a lesser extent on temperature.
Heaters will induce a thermal gradient across
the barrier. The temperature variation will af-
fect flow parameters such as hydraulic conduc-
tivity (through changes in water viscosity and
density) and vapour diffusion.
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Q The high temperatures near the heaters will
cause water evaporation during the early
stages of the hydration process. Water vapour
will diffuse towards cooler areas where it will
condense. This process will affect the overall
distribution of the water.

Dependence of water flow on water density variations.
Due to the evaporation process near the heater, solute
concentrations will increase to an extent that water
density may reach sufficiently high values (up to
1.010 or 1.020 g/cm3). The effect of water density
changes on water flow are taken into account.

In addition to vapour flow, there will be air flow. The
relevance of air flow will depend on the boundary
conditions for the gaseous phase. Under air-tight
conditions, the air initially present in the bentonite
will be trapped and might affect water flow. How-
ever, this effect is expected to be of minor impor-
tance and is not considered.

6.2.2 Thermal model
The major heat transport processes will be convec-
tion, throughout the liquid and gas phases, and
conduction throughout all the phases. The com-
bined thermal conductivity of the medium is a func-
tion of water saturation. Heat transfer associated
with the gaseous phase (vapor diffusion) and pro-
cesses of evaporation and condensation are also
significant thermal processes [43].

6.2.3 Transport model
The main transport processes through bentonite and
granite are as follows:

• Advective transport. This is relevant especially
during the initial stages, when water uptake is
more important. Although there is partial evi-
dence of water possibly flowing through the
largest pores, corresponding to the kinematic
or "mobile" porosity, the bentonite is treated as
a single porosity medium.

• Dispersive transport. There are no direct mea-
surements of dispersivities. However, pre-oper-
ational numerical analyses indicated clearly
that mechanical dispersion is not a relevant
process [48, 49]

Q The major heterogeneities of the clay barrier
are the joints between blocks and the voids re-
sulting from instrumentation of the barrier. The
effect of these heterogeneities on solute trans-

port will be important as transport paths as
long as they remain open.

Q Diffusive transport. Its relevance increases as
solute advection decreases. There is evidence
of the possible existence of restrictions to the
diffusion of negatively charged species. In
these cases, diffusion accessible porosity will
be significantly smaller than total porosity.

Q Chemical reactions and sorption.

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 2.

6.2.4 Geochemical model
Modelling the variety of tests performed during the
project requires building a sound conceptual model
for the most relevant geochemical processes. Spe-
cial attention has been paid to the geochemical
characterization of the bentonite and to the check-
ing of data consistency. A significant part of the
modelling effort has been devoted to the evaluation
of experimental uncertainties whenever they were
not directly reported by experimentalists.

The geochemical characterization of the bentonite is
reported in Chapter 2. The main features of the
geochemical conceptual model are [43]:

Q The most relevant solid phases considered in
THG models are calcite, dolomite, chalcedony,
anhydrite, gypsum, and halite. They are as-
sumed to be present as pure phases.

Q 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
eventually will 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 gypsum and halite content of the ben-
tonite are available which indicate that these
phases are present in the bentonite, especially
in dry bentonite samples (Chapter 2).
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• Anhydrite is the stable calcium sulphate at tem-
peratures above 60 °C. Therefore, this phase
is more appropriate than gypsum whenever
temperatures are above this value. This is the
case for the most part of the "in situ", "mock
up", and thermo-hydraulic tests. For this rea-
son, anhydrite was selected as the sul-
phate-bearing mineral phase in the numerical
models of these tests.

• Geochemical processes considered to be rele-
vant in the tests are: Aqueous speciation, ion
exchange, mineral dissolution/precipitation and
gas dissolution/exsolution

• Kinetics of mineral dissolution-precipitation is
not considered to be a relevant process in re-
active transport modelling of the "in situ",
"mock up", and thermo-hydraulic tests. How-
ever, it has been considered in tests of shorter
duration, such as the exchange tests.

• 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 affects particularly 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.

6.3 THG codes and numerical tools

6.3.1 Developments
A significant development has been achieved as re-
gards the capabilities of ULC codes in relation to wa-
ter flow, heat transfer and reactive solute transport.
The original code TRANQUI was improved and ex-
tended, giving rise to a new code CORE-LE (COde
for water flow, heat and REactive transport under Lo-
cal Equilibrium conditions) [43]. Another major
achievement has been the development of a thermo-
hydro-geochemical and mechanical code, FADES-
CORE-LE, which is the result of coupling CORE-LE
and FADES, a code for non-isothermal multiphase
Flow and DEformation in Soils [43]. Both codes,
CORE-LE and FADES-CORE-LE, adopt the approach
of considering chemical reactions under local equi-
librium conditions and share an extensive thermody-
namic database taken from the EQ3/6 hydrogeo-
chemical code. The chemical processes which may
be modelled include homogeneous (speciation, acid-

base, and redox) and heteroge- neous reactions
(mineral dissolution and precipitation, adsorption, ion
exchange, gas solution-exsolution, etc.).

Following verification, these models were used to:

1) interpret various lab tests for the purpose of
proper parameter estimation,

2) interpret lab tests for the purpose of identifying
relevant geochemical processes,

3) predict the transport patterns of artificial trac-
ers added in both the "in situ" and "mock-up"
tests, and

4) predict the thermo-hydro-geochemical perfor-
mance of the clay barrier for the "in situ" and
"mock-up" tests.

6.3.2 Code description

6.3.2.1 C0RE-LE-2D 0.0a
CORE-LE, is a COde for modelling water flow (satu-
rated and unsaturated), heat transport and multi-
component REactive solute transport under Local
chemical Equilibrium conditions [43]. This code is
an updated version of TRANQUI, a previous reac-
tive transport code. Some of the major changes in-
troduced into CORE-LE-2D, release 0.0a, which are
not shared by TRANQUI are:

• Unsaturated water flow

Q Time varying areal recharge and boundary
parameters for both water flow and solute
transport

• 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 and 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 trans-
port+chemistry equations

The program is able to simulate simultaneously
groundwater flow, heat transport and multi-compo-
nent reactive solute transport under the following
conditions:
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• 2-D confined or unconfined, saturated or unsat-
urated steady-state or transient groundwater
flow. General boundary conditions are allowed.

3 Transient heat transport, considering conduction,
heat dispersion and convection processes.

• Chemical equilibrium, reactions including:

a) Acid-base,

b) Redox,

c) Aqueous complexation,

d) Surface adsorption,

e) Ion exchange,

f) Mineral dissolution-precipitation and

g) Gas dissolution-exsolution

CORE-LE is based on the sequential iteration ap-
proach (SIA) and solves coupled hydrological trans-
port processes and hydrogeochemical reactions. In
this approach the transport and chemical equilib-
rium equations are considered to be two different
subsystems. These subsystems are solved separately
in a sequential manner in accordance with an itera-
tive 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 iteration) for
the purpose of solving the transport equations. This
renders the differential equations linear, which al-
lows the use of fast numerical methods for the solv-
ing of linear systems of equations. After solving the
transport equations, the set of chemical equations is
solved on a node-basis. Solution of these non-linear
equations is carried out using Newton-Raphson iter-
ative procedures. After convergence, the chemical
source term is updated. The whole iterative process
(transport+chemistry) is repeated until overall con-
vergence is attained.

The solute transport processes included in the code
are: advection, molecular diffusion and mechani-
cal dispersion. Solute transport boundary condi-
tions include:

1) specified solute mass fluxes,

2) specified solute concentrations and

3) solute sources associated with fluid sources.

The code can handle the following types of reac-
tions under the local equilibrium assumption: acid-
base, aqueous complexation, redox, mineral disso-
lution/precipitation, gas dissolution/exsolution, ion
exchange (based on the constant charge model)
and sorption via surface complexation (using the
diffuse double layer model). CORE-LE is capable of

taking into account any number of aqueous, ex-
changed 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 co-
efficients of the reactions are read directly from a
database, using a modification of a subroutine of
Steefel [39]. The database is built from the EQ3NR
database. The data for surface adsorption reactions
are implemented in the database.

6.3.2.2 FADES-CORE-LE 0.0a
A new multiphase, non-isothermal, multicom- ponent
reactive solute transport code has been developed:
FADES-CORE-LE, release 0.0a [43]. The need to
cope with multiphase flow (which cannot be handled
by CORE-LE) led us to develop a mul- tiphase flow,
non-isothermal reactive solute transport code. The
code is the result of adding reactive transport to an
existing multiphase-flow code, FADES, which in ad-
dition to flow accounts for soil deformation and
heat transport. Solute transport and chemical reac-
tions have been added to the FADES code, resulting
in a new code known as FADES-CORE-LE. The
code has been verified and has been applied to the
modelling of laboratory heating and hydration tests,
which are described below.

FADES-CORE-LE shares all the geochemical capa-
bilities of CORE-LE and provides additional options
for solute transport, such as the possibility of differ-
ent molecular diffusion coefficients for each primary
species, and the geochemical effects of evaporation
and condensation.

6.3.2.3 EQ3/6
The well- known package EQ3/6 has been exten-
sively used during the project. The release numbers
of the codes used are: Rl 34 for EQ3NR, R130 for
EQ6, and DATA0.COM.V7.R22a for the thermody-
namic database. This database is consistent with the
DATA0.COM.V6 file, from which the thermody-
namic databases of CORE-LE and FADES-CORE-LE
were developed.

EQ3/6 was used to:

1) run static calculations (non-isothermal geo-
chemical problems without water flow and sol-
ute transport),

2) model exchange tests (for which it was necessary
to develop some special programming tools to
customize the sequential runs needed), and

3) set up the initial conditions for reactive-trans-
port modelling.
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6.4 THG modelling of laboratory tests

6.4.1 Modelling for parameter estimatic
and process identification

6.4.1.1 Numerical interpretation of diffusion tests
Different types of diffusion and permeation tests
were carried out by CIEMAT (Chapter 2). 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. These tests were in-
terpreted by means of the available analytical solu-
tions by CIEMAT (Chapter 2). The conditions of some
tests are not taken into account by these solutions.
The use of numerical models for test interpretation
overcomes the limitations of the analytical solutions.

Diffusion and permeation tests were interpreted nu-
merically using a recently developed version of
CORE-LE, which allows for automatic parameter
estimation [45]. The results of the numerical inter-
pretation of through-diffusion (TD) and in-diffusion
(ID) tests as well as permeation (P) tests are shown
in Table 6.1.

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 only to 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 den-
sity 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 interpretation of the tests. Otherwise, ben-
tonite 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 numerical solution is able to
reproduce fairly well the tracer data observed in
both reservoirs (Figure 6.1). Effective diffusion coef-
ficients for tritium range from 1.17 to 1.4 10~10

m2/s, this being within the range of published values
for this tracer in bentonites. The best fit is obtained
with diffusive porosities ranging from 0.44 to 0.5
(Table 6.1) which are slightly smaller than the total
porosity. This result might be an indication of a slight
correlation between the estimates of porosity and dif-
fusion caused by a weak lack of parameter identifia-
bility. 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
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 Kj and
Do were estimated. In the second stage, porosity
was also estimated, resulting in an excellent fit to
the measured data (Figure 6.2). The best fit is ob-
tained with diffusive porosities slightly greater than
the total porosity. Mean diffusive porosity is 0.6. Es-
timated porosities greater than the total porosity
could be caused by tracer exchange. This hypothesis
needs 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. Estimated values of
Kd also show a wide range (from 550 to 995 cm3/g)
with a mean of 691 cm3/g. Apparent diffusion coeffi-
cients, which take into account the effect of sorption,
show much lower scatter (from 1.1 5 • 1 0"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 Kj
and De show a positive correlation, i.e., the larger
Dethe greater is K<j. The fact that the apparent diffu-
sion coefficients, Da, obtained from different tests
are quite stable leads to the conclusion that TD tests
for sorbing tracers allow only Do to be estimated.
The estimates of Kj and De may contain significant
uncertainty.

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 which is initially not present ei-
ther on the clay or on the sinters. The gradient in
tracer concentration induces a diffusive flux from the
reservoir into the clay samples. Several sets of ID
tests were performed on clay samples having a total
porosity of 0.42 which amounts to a dry density of
1.57 g/cm3 using radioactive Cesium (137Cs) and
selenite, SeO^". 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.
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Table 6.1
Numerical results of the diffusion tests.

Species Test
number

0ID De<
2> (m2/s) (m2/s) KdW(ml/g)

HTO

TD-1

P-2

0.56* 1.41-1010

0.60/0.20 2.33-10'

2.52-10 '

TD-2

TD-3

P-l

0.50

0.56*

0.45

0.56'

0.44

0.44/0.19

1.411010

1.2410-10

1.241010

1.181010

1.171010

3.50-10'

2.82-10-10

2.211010

2.74-10-'°

2.10-1010

2.67-10-10

Strontium

TD-Sr-5

TD-Sr-8

0.56* 1.12-10'

0.56* 8.50-1010

0.63 8.35-10-'

1.51-1012

1.21-1012

1.16-1O12

626.0

TD-Sr-6

TD-Sr-7

0.62

0.56*

0.64

0.56*

0.52

1.11-10'

7.57-10'°

7.61-10 l0

1.74-10'

1.71-10'

1.51-1012

1.15-101Z

1.17-1012

1.46-10'2

1.46-10!2

621.3

557.4

549.9

975.4

995.1

594.0

609.1

Cesium

ID-Cs-9

ID-Cs-lOB

0.42* 8.03-1010

0.42* 7.57-10'

0.45 8.81-1010

3.34-1013

3.211013

3.391013

925.1

0.49

0.42*

ID-Cs-IOA
0.49

8.05-1010

3.30-1010

3.44-1010

3.3210 '3

1.371013

1.431013

931.8

924.1

924.4

907.9

999.6

Selenium

ID-Se-17

ID-Se-18

0.42* 4.35-10-13

0.21 1.7310'

0.42* 1.39-1013

0.25 1.23-1013

6.5110 ^

3.40-1014

2.29-1014

2.23-1014

2.41

1.87

2.17

2.02

m<Z denotes diffusion-accessible porosity; <2We is the effective diffusion coefficient; I3WB is the apparent diffusion coefficient, and '•% is the distribution
coefficient in ml/a).
" Means that the parameter is fixed and therefore not estimated
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Figure 6.1. Numerical interpretation of through-diffusion test TD-1 (with tritiated water). Upstream (IN reservoir) and downstream
(OUJ reservoir) reservoir concentrations are shown.
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Figure 6.2. Numerical interpretation of through-diffusion test TD-SR-5 (with strontium). Upstream (IN reservoir) and downstream
(OUJ reservoir) reservoir concentrations are shown.
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Two Cesium tests were avai lable (ID-Cs-9 and
ID-Cs-10). In one of them, the behaviour of the sam-
ple is not symmetric, i.3. the tracer diffuses more on
one of the faces. In this case, data f rom 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 K j and D o were esti-
mated. In the second stage, porosity was also esti-
mated , resulting in an excellent fit to mea- sured f i -
nal concentration data. Some discrepancies are
observed in the time evolution of tracer activity in the
reservoir, thes e being attributed to uncertainties in
the initial activity and to the lack of wel l- mixed con-
ditions in the reservoir. A detailed sensitivity analysis
was performed to evaluate the effects of several
sources of uncertainty, which include:

1) the initial concentrat ion in the sinters,

2) the appropr ia te boundary condi t ion for the
reservoir,

3) the initial concentrat ion in the reservoir, and

4) the effective vo lume of the reservoir.

The results of this analysis indicate that the esti-
mated parameters are very sensitive to the proper-
ties and condit ions prevail ing at the reservoir.

Therefore, for the proper interpretation of this type
of tests it is suggested that:

1) only a clay sample should be located in each
reservoir,

2) the initial concentrat ion 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 obta ined with diffusive porosities
slightly higher than total porosity. Diffusive porosities
range from 0 .45 to 0 .49 . The effective diffusion co-
efficient D e ranges from 3 .30 • 10" 1 0 to 8.81 • 1 0 ' 1 0

m2 /s . Estimated values of Kj range f rom 924 .4 to
999 .6 c m 3 / g . Apparent diffusion coefficients, which
take into account the effect of sorpt ion, show some
scatter. They range from 1.37 • 1 0 ' 1 3 to 3 .39 • 10" 1 3

m 2 / s . These values are within the range of pub-
lished values for this tracer in bentonites. Aga in , nu-
merical solutions satisfactorily reproduce the mea-
sured data (Figure 6.3).

Two selenite, S e O j " tests were per formed on clay
samples of 2.5 cm, half the length of the Cs cells.
Aga in , the tests were interpreted in two stages. First,
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Figure 6.3. numerical"interpretation ot"m-diffusion testCs-9 (with cesium). Final totalconcentrotions in the clay sample are shown.
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the porosity was fixed to a value of 0.42 while Kj
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. Similar to what was ob-
served for tritiated water, this result might be the re-
sult of parameter unidenfifiability. Diffusive porosi-
ties are equal to 0.21 and 0.25. The effective
diffusion coefficients De range from 1.23 • 10"13 to
1.73 • 10"13 m2/s. Estimated values of Kj 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 estimated values of Kj, De and Do 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. Here only
the results of the interpretation of HTO permeation

tests are presented. 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-l) a convergent but suboptimal
solution is obtained with a porosity of 0.35. The fit
of the second test is very poor, in fact, the estima-
tion algorithm fails to attain a convergent solution.
Given the limitations of the single-porosity model,
a more complex double-porosity model was also
considered. With this model the fit of the tests is ex-
cellent (Figure 6.4). However, since the double po-
rosity model involves 4 parameters, the issue of pa-
rameter unidentifiability becomes more problematic,
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 mag-
nitude smaller.

The numerical interpretation of diffusion and perme-
ation tests has been useful for the identification of
certain issues which should be analyzed in greater
depth in future stages of the project. These issues in-
clude:

s 10

Permeation-Tritium
(Double porosity)

o Observofions
Model fit

Time (days)

figure 6.4. Numerical interpretation of permeation test P-l (tritiated water). Computed concentrations (line) satisfactorily reproduce
the measured data (symbols).
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1) the role and properties of the sinters, their effec-
tive diffusion properties should be measured;

2) the initial tracer concentration in the reservoirs
which should be measured as accurately as
possible;

3) the effective volume of the reservoir in in-diffu-
sion 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:

1) only a clay sample should be located in each
reservoir for in-diffusion tests;

2) special care should be taken in measuring the
activities of the slices located 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 concentration of the in-
flow water should be carefully measured;

4) additional diffusion tests under unsaturated
conditions are needed to explore the variation
of anion exclusion (excluded porosity) with wa-
ter content; and

5) radial diffusion tests should be performed in
order to better identify the retardation coeffi-
cients of compacted bentonite.

6.4.1.2 Modelling pore water chemistry
The initial chemical conditions are a key point to
success in the modelling of reactive-transport sys-
tems. The problem of isolation of the "true" pore
water to obtain reliable data on pore water chemis-
try has not yet been solved. A great deal of effort
has been made by CIEMAT to improve the water ex-
traction methods, and by ULC in developing numer-
ical interpretation methods, in order to achieve con-
sistency between analytical evidence (obtained after
squeezing clay samples or from clay/water suspen-
sions) and geochemical knowledge of the processes
taking place in the bentonite (based on mineralogy,
exchange complex composition, selectivity coeffi-
cients or exchange isotherms, determination of the
correct hypothesis regarding openness/ closeness of
the geochemical system, relevance of chemical ki-
netics, etc.).

The 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.

As pointed out by others, it has been found that wa-
ter extracted through squeezing does not represent
the true chemical composition of the bentonite pore
water, at least for some of the major components.
This non-representative behaviour arises for several
reasons, most of experimental nature (transitions be-
tween open and close system for CO2, pressure in-
duced dissolution of calcite, etc.). These experimen-
tal disturbances can be corrected and results
indicate that it is possible to reconcile the chemical
composition of the extracted pore water with those
expected in equilibrium with the minerals and ex-
change complex of the bentonite. Restitution proce-
dures have been developed according to the
method proposed by Baeyens and Bradbury [46],
along with a newly developed method, the so called
evaporation method. The first ensures consistency
between pore water composition and bentonite min-
eralogy and ion exchange. The second allows the
initial chemical composition of the pore water to be
estimated for different initial moisture contents, this
being needed for readive transport modelling. Ta-
ble 6.2 lists the chemical composition of bentonite
pore water calculated with the evaporation model at
a gravimetric water content of 1 3.4 % [46].

6.4.1.3 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 [50]. 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) [50].

Figures 6.5, 6.6, and 6.7 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
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Table 6.2
Initial chemical composition of the FEBEX bentonite pore water, calculated with the evaporation model for a gravimetric water
content, w, of 13.4%.

w = 13.4%

No

K

Mg

Ca

CI

S04

HC03

SiO,

pH

Calculated concentration (mol/l)

0.2007

0.0018

0.0154

0.0120

0.1997

0.0226

0.00058

0.00048

7.85

order polynomial taking into account the experi-
mental uncertainty brackets, although equal weight
was assigned to each datum:

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 Van-
selow convention. Fitting coefficients are given in
Table 6.3.

It may be seen that exchange coefficients are not
constant. This dependency on exchanger composi-
tion has to be considered in geochemical model-
ling. Moreover, the FEBEX bentonite shows the fol-
lowing decreasing sequence of selectivities: calcium,
magnesium, potassium and sodium. Therefore, sig-
nificant exchanged sodium release (and to a lesser

extent of potassium and magnesium) is expected
during the test, which will be replaced by calcium.

CSIC-Zaidin - exchange experiments

Exchange experiments were performed in order to
explore possible geochemical alterations of the clay,
gain insight into the kinetics of cation exchange and
evaluate its temperature dependence (Chapter 2 ,
[1 6]). In short, 5 g of dry powder of bentonite were
put inside dialysis bags which were placed inside
PFA reactors filled with 125 ml of water of a given
chemical composition (Moody, Grimsel, and
bentonitic-granitic type waters). The PFA reactors
containing the water and the clay powder were
heated to different temperatures (from room temper-
ature up to 80 °C) for a period of time ranging from
1 day to 1 year. Water was renewed according to a
prescribed schedule, but not the clay which re-

Table 6.3
Fitting coefficients and their corresponding standard deviation for the Na/K, Na/Mg, and Na/Ca exchange isotherms.

Coefficient

"0

°i

a2

°3

Na/K

2.436

-6.035

12.288

-8.187

0.174

1.698

4.24

2.958

Na/Mg

1.735

0.339

-2.387

2.670

CNo/Mg

0.293

2.518

5.732

3.710

Na/Ca

0.959

8.244

-19.055

12.894

aNo/Ca

0.307

2.274

4.696

2.849

287



FEBEX. Final report

12.00

10.00

8.00

6.00

4.00

2.00

0.00

T
1

- I1

T
T

I

0.00 0.20 0.40 0.60 0.80 1.0

Equivalent fraction (K)

Figure 6.5. Vanselow selectivity coefficients for Ha/K exchange in the FEBEX bentonite. Bars represent the experimental uncertainty brackets.
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mained in place throughout the entire duration of
each test. After each water renewal, major cations,
silica, total inorganic carbon (TIC), and pH were
analyzed. At the end of each test, the exchange
complex and CEC of the bentonite were measured.

Numerical modelling of these tests could have been
done with CORE-LE. However, since they lack hy-
drodynamic transport (water does not flow in a con-
tinuous manner, instead it is renewed periodically) it
was more expeditious to use standard hydro-chemi-
cal codes such as EQ3/6. A conveniently modified
version of the EQ3/6 software package was used in
which ion exchange reactions were formulated as
half reactions [47].

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 [16,47].

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. Ex-
perimental data indicate that cation exchange is
nearly independent of temperature. For the purpose
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of examining chemical processes and testing THG
models, only a few tests performed at 20 °C were
modelled. Here modelling results are shown only for
tests performed with Moody water.

Figures 6.8 and 6.9 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 6.10 and 6.11). 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 6.12 and 6.13 for the time evo-
lution of magnesium in the water and bentonite, re-
spectively). Potassium shows a rather similar pattern
of evolution (Figures 6.14 and 6.1 5).

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 6.16), 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 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 collected
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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Figure 6.8. Time distribution of A fa in the solution (Camte,-Canoaiv). Bars represent uncertainty brackets.
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The fact that the numerical results reproduce the ob-
served patterns of exchange tests indicates that the
adopted conceptual model 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 CSIC-
Zaidi'n exchange experiments has proven to be most
useful for the development of THG models.

6.4.2 THG modelling of heating
and hydration cells

A large number of laboratory tests have been con-
ducted by CIEMAT on thermo-hydraulic CT cells
(Chapter 2). These tests reproduce the effect of si-
multaneous heating and hydration of bentonite under
conditions similar to those of the "in situ" and "mock
up" tests. However, some differences are observed
between the numerical results for the CT cells and "in
situ" and "mock up" tests. These differences may be
attributed to scale factors (both in space and time).

Tests performed on CT-18, CT 23 and CT-24 were
modelled [43]. Here only the results of thermo- hy-
draulic cell CT-23 are presented.

The modelling was performed using FADES-
CORE-LE VO.Oa. As a general procedure for model-
ling CT cells, first a two-dimensional model was run
in order to calibrate flow and transport using the
available data and parameters. Once the thermohy-
draulic model had been calibrated, a one-dimen-
sional numerical model was used for the purpose of
full thermo-hydro-geochemical modelling. In addi-
tion to the base or reference model, sensitivity anal-
yses were also performed with respect to key param-
eters such as diffusion 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 6.1 7).
For the purpose of better illustrating the transient be-
haviour of water flow, solute transport and geochem-
ical reactions, space and time have been normalized
from 0 to 1. Computed values at the end of the
experimpament (t=l) are cored to available data.

This anion increases its concentration close to the
heater (right part of Figure 6.1 7) due to water evap-
oration (the vapour condenses at a certain distance
from the heater, thus diluting the local chloride con-

Dimensionless time

t = 0

— o - t = 0.011

- a - ( = 0.126

( = 0.569

t = l

t = 1 measured

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
Dimensionless distance

Figure 6.17. Spatial distribution of chloride in the pore water at different times for cell G-23. Space and time have been normalized from Otol.
Computed values at the end of the experiment (t= 1) are compared to available data. Note that the water inlet corresponds to x=0.
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tent). Near the water inlet, concentrations decrease
due to water hydration. Both processes develop a
concentration gradient which triggers back-diffusion
of chloride from the hot end to the cold side. This
diffusion takes place in the opposite 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 (Figure
6.18).

Figures 6.19 and 6.20 show the spatial distribution
of dissolved and exchanged Na, respectively. The
initial dilution at the hydration end of the cell (left
part of the figures) is coupled with a depletion of
that element in the exchanger. The opposite may be
observed at the hot end (right part of the figures).
Here evaporation leads the process of ion ex-

change. However, it is worth noting that sodium is
always released from the bentonite at the hydration
end. In fact it is being replaced also by calcium
(coming from the input solution and the extra
amount given by calcite dissolution) due to its
higher selectivity. At the hot end, however, this trend
reverses later on. This is due to calcite and anhydrite
precipitation, as well as to calcium back-diffusion,
which take place near the heater. These processes
tend to decrease dissolved calcium, which causes
calcium to be released from the exchange complex,
regardless of whether its selectivity is higher than
that of sodium.

Figure 6.21 shows the final spatial distribution of to-
tal carbonate (expressed as bicarbonate) computed
with the reference model and with a model with a
smaller diffusion coefficient. The sensitivity of the
concentrations to molecular diffusion may be appre-
ciated. Measured concentrations at the end of the
test are within the range of computed values. Com-
puted concentrations show complex geochemical
patterns.

In summary, the numerical THG model provides ex-
cellent results for temperatures, water inflow and fi-
nal water content in the cells [43]. Calculated val-
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Figure 6.I8. Spatial distribution of calculated potassium in the pore water at different times for tell CJ-23. Space and time hove been
normalized from Oto 1. Computed values at the end of the experiment (t= 1) are compared to available data.
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corresponding to the base cose and to a case in which diffusion coefficients are decreased by a factor of 7.

ues of hydrochemical variables reproduce most of
the patterns of measured data at the end of the ex-
periments. In general, the fit of concentrations of
dissolved species is better than that of exchanged
cations.

6.5 THG model of "mock-up" test

6.5.1 TH model
The conceptual and numerical THG models of the
"mock-up" test are similar to those used for the "in
situ" test. The most notable difference is in the con-
ceptual model of hydration of the barrier, since, in
the "mock-up" test, hydration commenced with wa-
ter filling all the joints and macro gaps (in the pe-
riphery, between the 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. The avail-
able 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 between
blocks. The water will flow through the joints as long

as they remain open. That time period depends not
only on the hydration process, but also on the swell-
ing of the bentonite in the blocks. If the joints are
basically closed, with the resulting flow through the
joints negligible, bentonite hydration takes place,
fundamentally, from outside to inside.

The laboratory tests performed by CIEMAT on seal-
ing of the blocks, as well as the initial experimental
data from the "mock-up" test, clearly show that,
during the initiation of the test, a significant part of
the injected water flowed along the joints, flooding
them, and causing them to seal. This means that af-
ter sealing of the joints by the swelling of the ben-
tonite, the water can flow only from the peripheral
surface. A boundary condition of constant pressure
flow, equal to 0.55 MPa, was adopted for the pe-
riphery of the clay barrier. The second conceptual
hydration model was adopted, where it was as-
sumed that, during the first 6 days the test was
flooded with 630 I of water, of which 550 I entered
through the transversal joints (which represent the
majority of the volume of macro gaps and are those
that show the greatest spatial continuity). Once the
initial period of hydration had passed, it was as-
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sumed that the joints were sealed and, therefore,
from that time on hydration could take place only
radially from the peripheral surface of the barrier
[43,48].

The thermo-hydrodynamic model of the "mock-up"
was constructed using the parameters and constitu-
tive laws proposed in the pre-operational report
[51] and the parameters obtained from laboratory
thermo-hydro-mechanical tests (Chapter 2).

Some parameters, however, were changed during
the calibration process. They 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 al-
lows for good calibration of the model parameters.
The optimum parameter values adopted for the base
or reference model are within the range of measured
values. Their values are the following: liquid intrinsic
permeability of bentonite = 2.751 0 2 1 m2, gas in-
trinsic permeability of bentonite = 51 0"10 m2, vapor
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 6.22),

water flow rates (Figure 6.23), temperatures (Fig-
ure 6.24), and relative humidities (Figures 6.25
through 6.28).

This result is a clear indication of the "validity" of
the TH model. However, the possibility of other pa-
rameter 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. The evolution
with time of the degree of water saturation is shown
in Figure 6.29. After 10 years the barrier is almost
under saturation conditions, although full water sat-
uration is not yet reached.

6.5.2 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 [48, 52].
These tracers include: iodine, rhenium, selenium,
boron, deuterium, europium, cesium, thorium, ura-

-1 1

Time (days)

Water intake
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Computed

Figure 6.22. Comparison of calculated and measured cumulative injected water volumes in the "mock-up" test.
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Figure 6.23. Comparison of computed and measured injected water flow in the "mock-up" test.
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nium, and neodymium. Selected tracers include
conservative and non-conservative tracers. The for-
mer include: iodine, rhenium and selenium. 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 va -
ues. Iodide and deuterium were added with the
hydration water. The rest of the tracers were
emplaced using the following methods: within
sintered metallic capsules, SSS; mixed with bentonite
in plugs of compacted bentonite, CP; and in im-
pregnated filter paper, FP [48, 52] .

THG modelling of tracer migration was performed

during the pre-operational phase using the TRANQUI

code [48, 52] . Comparison of predicted tracer con-

centrations and measured values after dismantling

will allow the predictive capabilities of current THG

models to be tested.

Two possible types of boundary conditions were

adopted for modelling the transport of the tracers

added to the hydration water. The first of these con-

ditions consists of assuming that the mass flow of the

injected tracer is equai to the product of the volume

of water flow and the concentration of the tracer in

the injected water. The second type of boundary con-

dition is of the Dirichlet type, where the concentration

at the exterior limit of the barrier is assumed to be

constant and equal to that of the injected water.

A one-dimensional mesh of axial symmeiry 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 6.30 shows the
spatial distribution of the iodide ion concentration
after 1 100 days, for two values of the distribution
coefficient (Kd = 0 and Kd = 0.73 ml/g). The effect
of the iodide suffering 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 only 15 cm in the
same time period. Furthermore, the tracer concen-
tration in the pore water of the bentonite is approxi-
mately 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
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Figure 6.30. Spatial distribution of the iodide ion in the clay barrier at 1100 days. For two values of Kd.

used. Figure 6.31 shows the spatial distribution of
the concentrations calculated for the perrhenate ion
at 50 and 1 100 days.

As expected, the magnitude of the hydration of the
bentonite, and, therefore, of the displacement of the
tracers, is very sensitive to the value of the saturated
hydraulic conductivity of the bentonite. Furthermore,
it is observed that the patterns of hydration and of
tracer transport are very sensitive to the function
adopted for the relative conductivity of the benton-
ite. The results obtained with two of the most com-
mon functions (those of Irmay and van Genuchten)
are notably different (Figure 6.32). With the van
Genuchten function, the saturation front penetrates
less and thus the tracer front advances more slowly
than with that of the Irmay function.

The final distribution of the tracers has little sensitivity
to the value of the dispersivity. This is an important
result since, although there are few experi- mental
data on this parameter, it may be concluded that it is
not necessary to perform laboratory tests for its deter-
mination. In spite of the fact that advective transport
occurs, molecular diffusion is the main transport
mechanism. The final distribution of the tracers is ex-
tremely sensitive to the value of the effective molecu-
lar diffusion coefficient (Figure 6.33). An increase by

a factor of 3, in this coefficient, leads to a much
more flattened final distribution.

An important aspect of the transport model, as re-
gards the tracers added to the hydration water, is
the type of transport boundary condition imposed at
the exterior limit of the barrier (the surface from
which the tracer, in the hydration water, penetrates
the barrier). There are two possibilities: 1) mixed
Cauchy condition, the mass flow of the tracer is
equal to the product of water flow and the concen-
tration of the tracer in the injected water; and 2)
Dirichlet type, the concentration at the exterior limit
of the barrier is assumed to be equal to the concen-
tration in the injected water. The two boundary con-
ditions tend to give the same results in transport
problems in which the advective component pre-
dominates; however, where the transport is funda-
mentally diffusive, as occurs in the clay barrier, the
two types of conditions lead to markedly different re-
sults. Figure 6.34 clearly shows the differences be-
tween the two iodide concentration curves obtained
with each type of boundary condition. For the
Dirichlet type of condition, the concentration at the
exterior limit of the barrier coincides with the con-
centration in the water in the hydration tanks. When
the condition of mass flow is used, the concentra-
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Figure 6.32. Spatial distribution of iodide ion in the clay barrier at 1100 days, for two relative permeability (k,) functions (Irmay and van
Genuchten) and Kj=O.
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tion at the exterior limit is appreciably less than that

of the injected water. Although this result may seem

contradictory, it is coherent with the fact that diffu-

sive transport predominates. Basically the intake

advective flow is less than the diffusive flow and,

therefore, the concentration at the exterior limit does

not reach the value of the concentration in the in-

jected water(after 1100 days). Obviously, for longer

time periods, the concentration at the exterior limit

will tend to reach the value of the concentration in

the injected water.

The behaviour of anion tracers susceptible to an-

ionic exclusion (such as, for example, iodide) is very

sensitive to the magnitude of the accessible porosity.

Figure 6.35 shows the values calculated for the

concentration of iodide ion at 11 00 days, for an

ionic exclusion of 50% (that is to say, the tracer can-

not access one half of the porous space). The results

shown in this figure were obtained using the

Dirichlet type transport boundary condition. Note

that when exclusion exists, the accessible porosity is

less; therefore, all other factors being equal, the io-

dide concentration in the water of the accessible

pores is greater than it would have been in the ab-

sence of the exclusion phenomenon. Furthermore, it

is observed that exclusion causes greater velocity of

tracer advance (because of the reduced porosity)

and a lesser diffusion of the advancing front (caused

by the reduction in the effective molecular diffusion

coefficient).

The results of the pre-operational modelling of wa-

ter flow and tracer migration in the "mock-up" test

indicate that advective transport is important only in

the most external area of the clay barrier (where

hydration of the clay is observed). Molecular diffusion

is the predominant transport mechanism for the con-

servative (Re and Se) and quasi-conservative (I")

tracers. For the tracers with high distribution coeffi-

cient values, the numerical predictions indicate that,

practically speaking, there is neither displacement

nor diffusion. The results of the sensitivity analyses of

the parameters of flow and transport have allowed

for the following: confirmation, as expected, of the

relevance of certain essential parameters (such as

the saturated hydraulic conductivity of the benton-

ite); identification of aspects and parameters not ini-

tially considered to be relevant (such as, for exam-

ple, the relative conductivity of the bentonite);

discovery of the minor relevance of certain parame-

ters (such as the dispersivity of the bentonite); and
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Figure 6.35. Spatial distribution of iodide ion concentration in the pore water of the cloy barrier at 1100 days, for values of accessible
porosity (with and without anionic exclusion).

understanding of the importance of correct identifi-
cation of the transport boundary conditions.

6.5.3 THG model

Predictive modelling of the geochemical evolution
of the "mock up" test has been performed using the
parameters, processes, solid phases, and reactions
identified in small-scale laboratory heating and
hydration cells (CT cells 1 8 and 23).

The time evolution of chloride concentrations in the
"mock up" test is shown in Figure 6.36. The initial
flooding is responsible for the dilution of this conser-
vative species everywhere. Close to the heaters,
chloride concentration increases due to the evapo-
ration of pore water. Concentrations subsequently
decrease due to the combined effect of the arrival of
the hydration front and molecular diffusion. After 10
years the chloride pattern is almost flat, indicating
that steady-state conditions have been achieved. It
should be noted that the final concentration in the
clay barrier after 10 years is much lower than the
hypothetical value. The reason for this difference is
backwards diffusion, which causes chloride to dif-

fuse outwards from the barrier under the presence
of concentration gradients.

Similar patterns are shown by most other dissolved
species such as Na, K, Mg, and Ca (Figure 6.37).

Calcite shows complex patterns of dissolution/pre-
cipitation fronts. Firstly, calcite initially precipitates
due to the temperature increase induced by the
heater. Similarly to what is observed in heating and
hydration cells, and what is predicted for the "in
situ" test, calcite dissolves near the hydration side
(see the right-hand side of Figure 6.38). Near the
heater it precipitates.

Anhydrite precipitates near the heater during the
early stages of the test and is later dissolved when
the hydration front reaches the areas where it had
precipitated (Figure 6.39).

The bicarbonate content of the pore water under-
goes a sudden increase during the early stages due
to initial flooding with water that has a greater bi-
carbonate content than the initial bentonite pore
water (Figure 6.40). Later, as hydration progresses,
dilution takes place which causes a drop in cal-
cium concentration. To maintain equilibrium with
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Figure 6.40. Spatial distribution of total carbonate, expressed as bicarbonate, at different times in the predictive modelling of the "mock-up" test.

respect to calcite, bicarbonate concentration keeps
increasing well above the initial concentration.

The patterns of pH clearly show a drop caused by
the thermal pulse (Figure 6.41). However, a part of
this drop is also due to calcite precipitation. When
the hydration front starts to reach the vicinity of the
heater, pH begins to increase, although the effect
of the temperature gradient persists over longer pe-
riods.

The changes in the composition of the exchange
complex of the bentonite used in the "mock up" test
are not important after 1 0 years. However, at inter-
mediate times there is evidence of changes associ-
ated with mineral dissolution/precipitation, dilution
and solute transport. Near the heater, there is a no-
ticeable transient replacement of exchanged cal-
cium, which is replaced by magnesium and sodium.
Figure 6.42 shows the spatial distribution of ex-
changed calcium at different times.

The calcium content of the bentonite increases at
the outer boundary, where water is entering the sys-
tem. Magnesium shows similar behaviour (Figure
6.43). These cations displace sodium and, to a
lesser extent, potassium from the bentonite at this
point (Figures 6.44 and 6.45).

Near the heaters, the initial precipitation of
anhydrite and calcite (due to evaporation and
heating) induces a depletion of dissolved calcium,
which is compensated for by calcium taken from
the exchange complex. This amount of calcium is,
in turn, replaced by dissolved sodium. Magnesium
behaves similarly to sodium because there are no
magnesium sinks or sources near the heaters.
However, as the hydration front advances, water
dissolves some or all the previously precipitated
calcite and anhydrite. As a result, the amount of
dissolved calcium increases and the exchange ten-
dency reverses.

6.6 THG model of "in situ" test
The THG model for the "in situ" test shares most of
the features of the THG model for the "mock-up"
test. The same bentonite parameters and processes
apply equally well to both tests. The main difference
between their models is related to the external
boundary condition of the clay buffer. While in the
"mock-up" test such boundary conditions are con-
trolled artificially, in the "in situ" test they are im-
posed by the surrounding granitic rock mass.
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6.6.1 TH model

The TH model of the "in situ" test is based on the
same thermo-hydrodynamic parameters and as-
sumptions for the bentonite as the TH model for the
"mock-up" test. The parameters and boundary con-
ditions for the granite were derived from available
data [51]. However, some of the parameters were
slightly modified during the calibration process in
order to reproduce the observed thermal and hydro-
dynamic evolution of the test.

The parameters calibrated include: liquid intrinsic
permeability and thermal conductivity of the granite.
The model is highly sensitive to variations in these
parameters. The base or reference model was cali-
brated with an intrinsic permeability of 5-38"17 m2

and a thermal conductivity of 4.6 W/m °C [43].
Both of these parameters are within the range of
measured data.

The base or reference model reproduces the ob-
served trends of hydraulic pressures in the granite
(Figure 6.46). The model captures properly the tem-
peratures and relative humidities in the bentonite
(Figures 6.47 and 6.48) [43]. The model repro-
duces the observed spatial distribution of tempera-

tures in the granite after 250 days (Figure 6.49), al-
though at later times computed temperatures tend
to slightly overestimate the measured values [43].

Once the TH model for the "in situ" test had been
calibrated, numerical predictions of the degree of
saturation throughout the clay barrier were per-
formed (Figure 6.50). The external part of the bar-
rier reaches saturation in a half a year. Near the
heater the bentonite undergoes a process of drying.
After a year, the degree of saturation increases
throughout the entire barrier. Note that after 4 years
and 3 months (the foreseen dismantling date,
Chapter 8) the bentonite barrier is far from having
reached full saturation.

6.6.2 Numerical modelling of tracer
migration

Similarly to in the "mock-up" test, in the "in situ" test

artificial chemical and isotopic tracers were placed

at single points inside the bentonite barrier and dis-

tributed along its periphery, in order to obtain infor-

mation on the geochemical processes and transport

mechanisms. Both conservative and non-conserva-

tive tracers were used, including: iodine, rhenium,
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selenium, boron, deuterium, europium and cesium
[49, 52].

Numerical modelling of the migration of the tracers
was performed during the pre-operational stage us-
ing a single-phase flow code [51]. Comparison of
predicted tracer concentrations and measured val-
ues after dismantling will allow the predictive capa-
bilities of current THG models to be tested.

For modelling of the tracers applied along the outer
surface of the clay barrier (I and Re in filter paper),
a one-dimensional mesh of axial symmetry was
used. Figure 6.51 shows the spatial distribution of
the concentration of the ion iodide at 1100 days for
the two hypotheses of the magnitude of anionic ex-
clusion (no exclusion and 50% exclusion) and of the
distribution coefficient (Kj = 0 and Kj = 0.73
ml/g). Iodide retention leads to a large retardation.
In fact, for Kj = 0 the position of the peak of the
tracer penetration curve is almost 10 cm farther into
the barrier than for the case of Kj = 0.73 ml/g.
Furthermore, the concentrations of iodide in the
pore water are much smaller when the adsorption of
the tracer is considered. If an anionic exclusion of
50% (one-half of the volume of the pores are not
accessible to the iodide) and a Kj = 0 are consid-
ered, the iodide tracer is displaced much more rap-

idly (the peak of the curve penetrates 1 0 cm farther
into the barrier than in the case in which exclusion is
not considered) and shows a lesser dispersion
(caused by the reduction in the effective diffusion
coefficient). The effect of anionic exclusion depends
on the value of the distribution coefficient. For Kj =
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.

For the point tracers (those applied in capsules or
plugs), two-dimensional meshes were used. Figure
6.52 shows the spatial distribution of the concentra-
tions calculated for the borate (a tracer added in
point form and with a value of Kj = 27.27 ml/g) at
50 and 1100 days. The effect of adsorption may be
clearly observed in the reduced mobility of the bo-
rate [49].

6.6.3 THG model

Predictive modelling of the "in situ" test was carried
out using the same parameters, processes, solid
phases, and reactions as those of the "mock up"
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Figure 6.51. Spatial distribution of iodine ion in the clay barrier at 1100 days, for various retention and exclusion hypotheses.

test. However, there is a small difference in the ini-
tial temperature of both tests which affects the initial
geochemica l condit ions. Whi le the initial tempera-
ture at the " in si tu" test is 12 ° C , in the " m o c k - u p "
test its value is slightly higher (20° C). This differ-
ence in initial temperature affects the initial c o m p o -
sition of the bentonite pore water because most
thermodynamic constants vary with temperature.
The solubility of calcite in the " m o c k - u p " test is
smaller than that of " in si tu" test. Therefore, the ini-
t ial concentrat ions of both dissolved and exchanged
calc ium in the " m o c k - u p " test (Figures 6 .37 and
6.42) are smaller than their corresponding values in
the " in si tu" test (Figures 6 .54 and 6.65) .

Figure 6.53 shows the spatial distribution of chloride.
There is important di lution at the granite/bentonite
interface due to water hydration. As in the TH cells,
the concentrat ion of most of the ions increases
around the heater, due to water evaporat ion. In-
wards 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 model l ing period (1550 days, i.e. four
years and three months). This result is an indication
of the fact that the transport and chemical processes
have not yet reached the steady state.

Notice that the granitic rock is treated in the model
as an equivalent porous medium with a low porosity
(0.01), which prevents the backwards diffusion of
ions f rom the barrier in to the rock from taking place.

The spatial distr ibution of the concentrat ions of
other ions, such as C a , K, M g , and N a , in the pore
water shows a similar pattern to that of chlor ide.
Even though these species are subject to chemical
reactions, these processes are not sufficiently strong,
compared to transport processes, to change their
concentrat ion patterns (Figures 6 . 5 4 , 6 . 5 5 , 6 . 5 6 ,
and 6.57) .

Calcite precipitates close to the heaters due to the
coupled effects of increasing temperature and pore
water evaporat ion (Figures 6 .58 and 6.59) .

It dissolves, however, at the grani te/bentoni te inter-
face because the inf lowing granit ic groundwater is
undersaturated with respect to this minera l . At some
points within the barrier, calcite starts to precipitate,
in a manner similar to that observed in the
thermo-hydraul ic cells.

Similarly to calcite, anhydrite also precipitates near
the heaters (Figure 6.60) acting as an addit ional sink
for dissolved calc ium. When the hydration front
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Figure 6.55. Predicted time evolution of the spatial distribution of potassium concentrations in pore water in the "in situ" test.
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Figure 6.57. Predicted time evolution of the spatial distribution of sodium concentrations in pore water in the "in situ" test.
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reaches the vicinity of the heater, previously precipi-

tated calcite and anhydrite dissolve. Given that cal-

cite precipitates in a wider region than anhydrite,

the dissolution of these minerals does not show the

same patterns.

Bicarbonate and sulphate are the two anions most

intimately related to the fate of calcite and anhydrite.

Bicarbonate increases near the bentonite/granite

interface due to both calcite dissolution and to the

fact that the Grimsel groundwaters have a large bi-

carbonate content (Figure 6.61). At the end of the

model l ing per iod, the bicarbonate content in the

bentonite in regions close to that interface is equal

to that of the granitic water. Near the heaters, the

bicarbonate content is nearly constant throughout

the first couple of years. However, when the

hydration front reaches this region the decrease in

Ca concentration (Figure 6.54) causes bicarbonate

to increase, complying with the Mass Action Law.

Sulphate concentrations near the granite/bentonite

interface decrease due to the dilution effect of gra-

nitic groundwater. Near the heaters, the combined

effect of water evaporation and temperature increase

causes anhydrite precipitation, which results in a de-

pletion of dissolved sulphate (Figure 6.62). Diffusion

of sulphate from the surrounding areas not undergo-

ing evaporation allows for the progress of anhydrite

precipitation. When the hydration front reaches this

region, anhydrite redissolves and the sulphate con-

tent of the pore water increases.

Predictions of pH evolution are shown in Figure

6.63 . A strong drop in pH is observed along the

clay barrier due to the thermal effect, which is more

pronounced near the heaters. This decrease is much

smaller near the granite/bentonite interface where it

approaches the pH of the granitic groundwater.

Figure 6.64 shows the spatial evolution of silica

concentration in the pore water of the clay barrier.

Predicted patterns indicate a clear thermal control:

equil ibrium concentrations are higher near the

heater than at the granite/bentonite interface. In

fact, the rise in silica concentration near the heaters

is coupled with a substantial dissolution of chalce-

dony, which increases as the hydration front pro-

ceeds toward the hot zone.

The composit ion of the bentonite exchange complex

is affected by mineral dissolution/precipitation, dis-

equil ibrium with inflow water, and solute transport.

Figure 6.65 shows the spatial pattern of exchanged

calcium. It may be seen that the calcium content of
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the bentonite increases at the granite/bentonite in-
terface due to calcite dissolution. The same applies
to exchanged magnesium (Figure 6.66). Both cat-
ions displace the exchanged sodium (Figure 6.67)
and, to a lesser extent, potassium from the bentonite
complex. Since calcite dissolution/precipitation is a
continuous process, exchanged calcium increases
continuously with time while exchanged sodium is
being depleted. The intermediate region of the clay
barrier is characterized by a complex pattern that re-
flects the changing tendency of calcite to dissolve or
precipitate at different locations. Near the heaters,
the initial precipitation of anhydrite and calcite (due
to evaporation and heating) induces a depletion of
dissolved calcium, which is compensated with cal-
cium coming from the exchange complex. That cal-
cium is in turn replaced by dissolved sodium.

Magnesium behaves similarly to sodium because
near the heaters there are no magnesium chemical
sinks or sources. However, when the hydration
front reaches this zone, pore water dissolves the
amounts of previously precipitated calcite and
anhydrite. At this time, the concentration of dis-
solved calcium increases and, therefore, the ex-
change trends are reversed.

6.7 Conclusions

6.7.1 Major achievements
A significant improvement in THG modelling of the
clay barrier has been achieved during the FEBEX
Project. Current THG codes can handle most of
the features of the THG conceptual model. Using
these codes, THG models have been constructed
based on the information provided by a wide range
of small-scale lab tests in which hydrogeochemical
information was primarily collected on completion
of the test. Their ability to reproduce the observed
THG patterns under such a large number of THG
conditions enhances confidence in their prediction
capabilities.

In spite of the developments achieved in THG mod-
elling, some uncertainty still remains to be untan-
gled regarding some parameters, the scale effect
and the lack of a continuous monitoring. Some rele-
vant geochemical processes such as redox and the
interactions of bentonite/corrosion products have
not been addressed yet during the FEBEX Project.
THG modelling in future stages should address
these processes narrow current uncertainties and
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check the predicitive capabilities of THG improved
models. There are big expectations that, by so do-
ing, it might be possible to construct numerically
verified, scientifically sound and thorougly tested
THG computer codes and numerical models, which
would be safely used for performence assessment.

6.7.2 Conclusions on THG parameters
A large number of lab tests has been performed by
CIEMAT and CSIC-Zaidin for the purpose of deriving
T H G parameters (Chapter 2). These tests, most of
which have been interpreted numerically, include:

1) batch tests to derive distribution coefficients,

2) through- and in-diffusion tests to estimate ac-
cessible porosity and molecular diffusion coef-
ficients,

3) permeat ion tests intended to explore double
porosity structures and dispersive parameters,

4) infi ltration tests devised to estimate relative hy-
draul ic conductivit ies, and

5) exchange isotherm tests. Data f rom the two
large-scale tests have also been used to derive
hydrodynamic and thermal parameters.

The interpretation and T H G numerical analysis of
FEBEX tests allows to draw the fo l lowing conclusions
regarding water f low, heat transport, solute trans-
port and geochemical parameters:

Q Relative hydraulic conductivity (Kr) of the ben-
tonite is a key bentonite parameter that cannot
be measured directly. It must be derived indi-
rectly f rom the interpretation of lab tests. Sev-
eral functions such as those of Irmay and van
Genuchten were tested and compared . In gen-
eral they provide different results in terms of
water fluxes and solute distributions. The auto-
matic numerical interpretation of infi ltration
tests carried out by CIEMAT (Chapter 2) leads
to the conclusion that Irmay's model is more
consistent with actual water fluxes than the van
Genuchten model .

• Vapor tortuosity. Vapor tortuosity controls the
amount of water evaporat ion near the heaters,
which in turn induces sharp increases in solute
concentrations. Several assumptions regarding
vapor tortuosity were tested numerically. N u -
merical results indicate that large tortuosity fac-
tors lead to extremely large transient concen-
trations (up to several molal units of Cl). The
best fit to observed relative humidities in both
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the "in situ" and "mock-up" tests are obtained
with vapor tortuosity values between 0.5 and 1.

• Available data on gas pressures and permea-
bilities are conflicting in some cases. The cur-
rent understanding of the role of the gas phase
in the overall THG behaviour of the clay bar-
rier is as yet inadequate.

a Diffusive solute transport is the most relevant
transport process after the early-time stages of
the hydration period. An in-depth review of ex-
isting diffusion theories, conceptual models,
and experimental techniques reveals that there
are still some unresolved key issues regarding
diffusion in non-water saturated conditions.

Q In the bentonite pore water the concentrations
of most species are greater than those of the
hydration water. Therefore, it is likely that back
diffusion (i.e. diffusion of solutes against the di-
rection of water flow) will be observed. The
likelihood of this process has been demon-
strated numerically. Its actual occurrence both
in large and small-scale tests has not yet been
checked.

• Similar to other clays, bentonite exhibits a com-
plex porosity structure. Two types of porosities
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 the permeation and diffusion
tests performed on saturated samples indicate
that for large water fluxes the bentonite be-
haves as a double-porosity medium. For small
water flux, the clay behaves as a single-porosity
medium. Most of the THG models of the clay
barrier carried out within the project assume a
single porosity for the bentonite.

Q The diffusion and permeation tests performed
with a wide range of tracers and radionuclides
were effectively interpreted using an automatic
interpretation method. Contrary to standard
analytical methods, which fail to account for
some experimental conditions such as the pres-
ence of porous sinters, numerical methods al-
low for efficient, fast and optimum interpreta-
tion of these tests. It has been found that failing
to account for some experimental conditions
may lead to misleading effective diffusion coef-
ficients. Numerical methods have proven to be
useful for the detection of experimental flaws,
pin pointing identification problems and sug-

gesting possible improvements in experimental
conditions.

Q Molecular diffusion is a process that depends
on a large number of parameters including the
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) properties of
the bentonite. While the dependence of molec-
ular diffusion on most of these parameters is
already taken into account in current THG
models, the available data on some parame-
ters are limited.

Q Anionic tracers such as I and Re show extremely
low diffusion coefficients, due to significant an-
ion exclusion effects. These effects, which have
been reported under saturated conditions, are
expected to play a more significant role under
the partly saturated conditions prevailing in the
clay barrier during the hydration process. Sev-
eral conceptual models have been postulated
and tested using chloride data.

• Types of water in bentonite. Bentonite can hold
different types of water, including: 1) interlayer
water, 2) adhesive water and 3) free or pore
water. There are major differences regarding
the role of each of these waters on reactive sol-
ute transport. While adhesive water is strongly
tight to clay surfaces, pore water may flow un-
der the presence of hydraulic gradients. Prelimi-
nary analyses have been carried out in order to
quantify their amounts. There is no conclusive
evidence as to the contribution of these three
types of water to oven-dry values of gravimetric
water content. So far, THG models have been
based on the plausible assumption that mea-
sured values of water content represent the
amount of free water

6.7.3 Conclusions on THG conceptual
model

Lab tests have been also performed by CIEMAT and
CSIC-Zaidin in order to identify hydrochemical pro-
cesses and geochemical alterations (Chapter 2).
These tests have been useful for deriving appropri-
ate THG conceptual models. They include:

1) cation exchange tests,

2) heating tests devised to study the effects of
temperature on chemical processes,
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3) hydration tests to analyze chemical processes
triggered by dilution, and

4) heating and hydration tests on lab cells of var-
ious sizes, aimed at exploring the geochemical
behaviour of the bentonite and possible alter-
ations 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 tempera-
ture dependence [16]. The exchange complex is en-
riched in Ca while it is depleted in K, Na and Mg.
Depletion in K means that no illitization takes place.
One of the contributions of the project has been to
derive global selectivity coefficients for Ca, K, Na
and Mg exchange, which were obtained from ex-
change isotherm tests. Computed results improve
when these global coefficients are introduced into
the THG models, as opposed to the standard prac-
tice of using constant selectivity coefficients.

Quantitative characterization of the chemical com-
position of bentonite pore water is a fundamental
requirement for THG modelling. Two methods have
been tested which cover a wide range of solid/liquid
ratios:

1) sample squeezing by strong compaction and

2) saturation extraction methods based on mixing
a clay sample with a greater volume of water.

The former is thought to provide more representa-
tive results because the solid/liquid ratio is similar to
that of a real repository. However, squeezing takes
a long time, only works with samples near water sat-
uration and extracts only a fraction of the total pore
water. The second method is much faster, but the
results are more prone to interpretation errors. Cur-
rent THG models are based entirely on data pro-
vided by sample squeezing.

For the purpose of THG modelling, the initial chem-
ical composition of bentonite pore water under lab-
oratory conditions is required. These data, however,
were not readily available and therefore had to be
derived indirectly from the chemical composition of
saturated samples. In addition to a method pro-
posed in the literature [46], a new method has been
derived which is based on numerical simulation of
the effect of evaporating an initially saturated clay
sample (w= 26%) up to laboratory conditions
(w=14%). Both methods provide similar results.

The major geochemical processes controlling the
chemistry of the clay barrier during the hydration
process are acid-base reactions, aqueous com-

plexation, cation exchange, dissolution/ex-solution
of CO2 and dissolution/precipitation of highly solu-
ble minerals such as calcite, dolomite, chalcedony
and gypsum/anhydrite. All these processes have
been assumed to take place under equilibrium con-
ditions. Exchange experiments carried out by CSIC-
Zaidin indicate clearly that cation exchange is not af-
fected by temperature. This is not the case for min-
eral dissolution-precipitation, which shows significant
dependence on temperature.

The analysis and numerical interpretation of heating
and hydration tests reveals that the following combi-
nations of hydrochemical processes take place:

• During the early stages the thermal pulse
causes calcite, gypsum and dolomite precipita-
tion, due to a decrease in their solubility with
temperature.

Q 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 the minerals.

a During 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.

• During later stages, as hydration progresses,
the effect of dilution and mineral dissolution
extends to most of the cell. Once the hydration
front reaches the vicinity of the heater, precipi-
tated minerals start to dissolve.

• During the final stages, as the cell reaches wa-
ter saturation, concentration gradients dissipate
due to molecular diffusion.

6.7.4 Uncertainties
There are parameters and processes which require
additional characterization. They include the follow-
ing:

• 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.

a Vapor tortuosity. Additional lab tests should be
performed to derive reliable estimates of va-
por tortuosity not affected by the uncertainties
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in other hydrodynamic parameters, such as
liquid hydraulic conductivity and relative con-
ductivity.

• To fill the current gap in the understanding of
the role of the gas phase, lab tests should be
performed to provide data on gas permeabil-
ity, production and pressure build-up under
thermal and water pressure gradients.

3 Molecular diffusion coefficients under partly
saturated conditions. Diffusion tests should be
performed under unsaturated conditions.

• Backwards solute diffusion. Actions need to be
taken in future stages of FEBEX in order to
check and quantify backwards diffusion.

a Double porosity models. Current THG models
treat the clay barrier as a single-porosity me-
dium. Permeation tests at different Peclet num-
bers (this number measures the ratio of
advective to dispersive transport) should be
performed in order to quantify the transport
porosity structure of the bentonite.

• Additional diffusion and permeation tests
should be designed and performed in order to
avoid parameter identification problems. The
use of so-called radial diffusion tests is highly
recommended for future stages of the project.

• Dependence of molecular diffusion on water
content and chemical properties (ionic strength,
ion size and charge). Available data on this de-
pendence are incomplete. Additional diffusion
tests need to be performed.

a Anion exclusion. Additional diffusion tests are
needed to quantify anion exclusion under
non-saturated conditions.

a Types of water in bentonite. Current THG mod-
els assume that measured values of water con-
tent represent the amount of free water. Al-
though no major inconsistencies have been
found and attributed to this assumption, its va-
lidity remains to be tested through future isoto-
pic analyses.

Current THG models assume that all chemical pro-
cesses in the clay barrier take place under equilib-
rium conditions. The plausibility of this hypothesis,
however, will have to be checked in the future, es-

pecially when redox processes and the effect of cor-
rosion products are taken into account.

Although current THG models are able to repro-
duce the transport patterns of most dissolved ions,
there are uncertainties related to CO2 conditions
(open or closed), the role of K-feldspars and the ef-
fects of heater corrosion which have not been yet
considered in THG models. There is experimental
evidence indicating a decrease of exchanged cat-
ions 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 inter-
action of corrosion products and bentonite.

6.7.5 Future needs
Significant progress has been achieved in THG
modelling of the clay barrier. Current models have
been constructed based on small-scale tests using
mostly "flash data" (just a picture of the state of the
system at a specific time).

During this stage of the project, most of the THG
analysis effort has been devoted to constructing
thermo-hydrogeochemical models for the main geo-
chemical processes. These main processes control
the geochemical evolution of the clay barrier in
terms of major ion composition, pH and alkalinity.
There are some processes, such as redox and the
interactions of corrosion products, which have not
been addressed during the project, but may be po-
tentially relevant for performance assessment. Exper-
imental data as well as numerical analyses on the
role of these processes should be undertaken in fu-
ture stages of the project.

Sources of parameter uncertainty have been
identified, and should be resolved by means of ap-
propriate lab tests. Other uncertainties are related to
scale and transient effects. Models calibrated using
data from small-scale tests need to be checked and
validated at larger scales and under conditions closer
to those of a repository. On the other hand, when a
model is calibrated without transient data, it may
miss some of the transient features of reality. Data
on the transient THG behaviour of the clay barrier
will be most useful to check and improve current
THG models. This is a task foreseen for future
stages of FEBEX (Chapter 8).
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7. Quality assurance/quality control program

7.1 General
Although FEBEX is basically an R&D project,
ENRESA decided to apply a Quality Assurance (QA)
Program to the project, for the reasons given below.

QA programs are usually implemented in large man-
ufacturing 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 program is
to have the work accomplished in a planned and sys-
tematic manner, in order to decrease the probability
of errors and malfunctions resulting from the com-
plex interrelations existing among the various orga-
nizations participating in the project.

The QA program applied to this project is de-
scribed, in summary, below. For details of the pro-
gram, see reference [53].

7.2 Quality assurance at ENRESA
ENRESA is a Spanish public company whose mission
is the management of the radioactive wastes; there-
fore, it has established a Quality Assurance system
based on nuclear regulations. The application of this
system is obligatory only to activities relating to the
nuclear safety and radiological protection of the
installations operated by the company, as well as to
the transportation of radioactive wastes. Further-
more, 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
application. ENRESA is also in possession of an en-
vironmental system management certification.

From the above it may be concluded that applica-
tion of the ENRESA quality system is mandatory or
voluntary depending on the nature of the project.
Generally speaking, the ENRESA R&D projects are
not subjected to the quality assurance system. Never-
theless, the decision was taken to apply a quality sys-
tem to the FEBEX project, for the following reasons:

• It was expected that the FEBEX results would be
used as input data for the design or the Perfor-
mance Assessment for the ENRESA AGP Gran-
ite project. As a future nuclear installation, the
AGP is subject to the application of a QA pro-
gram; thus such application should be ex-
tended to all the connected activities, including
the acquisition of input data for design.

• In the present operational stage of this experi-
ment, it is impossible to maintain, repair, or re-
place some of the fundamental components of
the two large-scale tests. In view of this, it was
considered advisable to apply a QA program
in order to increase quality control in the fabri-
cation and installation of the components of
the tests, and thus reduce the probability of
failures during the operational stage.

Q The complex interrelations existing between the
numerous participating organizations, in the
phases of design, fabrication, installation, test-
ing, and interpretation of the results. It was
considered advisable to implement a QA pro-
gram as a tool in project management, to reg-
ulate the activities and relationships between
the different working groups.

a High financial cost was also presumed.

7.3 Quality assurance in the FEBEX
project

The basic aim of the project QA Program was to in-
crease the probability of success being achieved in
reaching the demonstration and modelling objec-
tives. However, since the decision to apply the sys-
tem was taken after the project had begun, certain
difficulties were experienced in its implementation,
as indicated below.

7.3.1 Anticipated difficulties
The following difficulties were taken into account in
relation to implementation of the QA Program:

• Suspicion of a probable lack of familiarity
among the majority of the participating organi-
zations with the Quality Assurance programs,
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 uncertainties in defining some of the nec-
essary characteristics of the instrumentation for
the large-scale tests (isolation, range of mea-
surements, etc.).

• The uncertainties in determining the type and
values of stresses and other variables for the
design of the large-scale tests.
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• The uncertainties in determining the values of
some parameters or constants to be used in
the modelling.

• The difficulties in managing the relationships
between the different organizations participat-
ing in the project.

• Application of the program once the project
had started.

7.3.2 Elements of the quality assurance
system

As has previously been stated, ENRESA took the de-
cision to apply a QA program to the FEBEX project
after the design of many of the project components
had been initiated. In fact, application of the pro-
gram was initiated in the last quarter of 1995. The
Test Plan for the "in situ" test [1] had been issued in
June 1 995, and that of the "mock-up" test [2] was
practically complete by that time.

A QA program must contain the elements required
to control the design; consequently, it should be is-
sued prior to initiation 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-
gram, in its entirety. Nevertheless, from the begin-
ning of its implementation, consideration was given
to the method to be used to apply the basic ele-
ments, such that to the greatest possible degree it
would be possible to meet the goal of a quality
program: work done 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
was prioritized on the basis of the necessity of the
work, rather than in the habitual order. The different
elements of the system are described below, in the
chronological order of application.

7.3.2.1 Document control
First, the procedure for project documentation con-
trol was issued. The intent was to achieve the high-
est possible degree of homogeneity and systemati-
zation in the coding, issuing, distribution, use and
cancellation of the documents issued by the different
participating organizations. This had become urgent
due to the large volume of documentation being
generated. Furthermore, it was necessary to make

the distribution of the documentation for information
or commentary among the different participating or-
ganizations a systematic affair. Therefore, this pro-
cedure was applied prior to issuing of the QA Pro-
gram for the project. Documentation control
continues to be applicable in the Operationa
Stage.

7.3.2.2 QA Program
Following the aforementioned procedure, the QA
Program was written and was issued in January
1996 following revision by the participating organi-
zations.

The QA Program is based fundamentally on the ca-
pability already acquired by ENRESA from its own
quality system. The rest of the participating organi-
zations (particularly universities and research orga-
nizations) did not, in general, have their own quality
systems. The FEBEX program is, therefore, based on
the ENRESA system, extended to the rest of the or-
ganizations. In the case of the non-Spanish organi-
zations (in particular, GRS and G.3S, since from the
point of view of quality ANDRA's participation was
limited to the acquisition of instruments for measur-
ing humidity), the program was delivered to them
but the quality of their work was their own responsi-
bility and is not, therefore, described herein.

Throughout the rest of the project, the participating
Spanish organizations developed their own proce-
dures (in accordance with the procedure for
document control described above) to a greater or
lesser extent, depending on the volume of their activi-
ties. Only in the case of AITEMIN was an in-house
quality manual, based on the UNE-EN-ISO-9001
standard, approved and implemented during the
initial stages of the project.

The main aspects that were intended to be;covered,
and that are included in the QA Program, are de-
scribed below.

The project organization was defined, including the
lines of communication and levels of authority to be
used by the various participating organizations. In
general, the information has so far been satisfacto-
rily centralized by the Technical Secretariat of the
project. Although the program has not yet been
completely applied, the degree of accomplishment
attained has been acceptable.

In addition, the QA Program includes a description
of the responsibilities (principal or secondary) of the
participating organizations during the different
phases of the project. This has made it possible to
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determine the person mainly responsible for each
activity.

The program includes not only the scope of the QA
requirements applicable to each of the successive
phases of the project, but explains in detail the sig-
nificance of each of the requirements and how they
are to be applied to the project.

The program 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 internal
Quality organizations within the participating
organizations), or

Q Definition of the quality records to be gener-
ated during the project, etc.

7.3.2.3 Administrative procedures
Drafts of administrative procedures were subse-
quently issued by ENRESA, the aim being for each
participating organization to be able to prepare
their own procedures, adapted to their idiosyncra-
sies and particular circumstances. One exception
was the procedure for document control which, as
explained above, was issued by ENRESA for appli-
cation to all the participating organizations, with a
view to ensuring the highest possible level of unifor-
mity. The other exception was the procedure for
sample control, also issued by ENRESA, to ensure
that all the participating organizations designated
the samples uniformly and were able to maintain
their traceability.

It was not possible to implement design control of
the physical components as an element of QA,
since a large part of the design had been performed
prior to issuing of the QA Program. Procedures for
software control were, however, issued by the uni-
versities in charge of the modelling.

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 quality control in the manu-
facturing of some of the components of the
"mock-up" test.

Procedures were established by the various organi-
zations for the control of tests and measuring, as
well as of the testing equipment.

For the documentation governing the installation of
the two large-scale tests, as well as their reception,
calibration, functional, and acceptance tests, the
decision was taken to use Quality Plans (Inspection
Point Programs, IPP).

7.3.2.4 Design control
Since some of the designs had already been com-
pleted [1, 2] when the QA Program was approved,
the only option open to ensure quality was review
of the design by ENRESA. Basically that review was
directed at analyzing the design inputs, the stan-
dards 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 gallery design specification, and the hy-
dro-geological boring specification for the "in situ"
test, were performed, based on pre existing informa-
tion, and in general through the application of the
analysis and design conditions of ENRESA's generic
Granite Deep Geological Waste Repository (AGP)
Project design, performed in accordance with a
Quality Assurance Program.

There was no detailed design for the concrete plug
in the AGP Granite project. The preliminary design
was developed by UPM. The detailed design, devel-
oped by AITEMIN with expert help, was reviewed by
ENRESA.

For the instrumentation, the selection (type), range
conditions, capacity to withstand environmental con-
ditions (and isolation), suitability, and calibration pos-
sibilities were reviewed and discussed. The cabling
was designed with a Teflon cover for isolation from
its surroundings. In general, due to the lack of com-
mercial precedents, it was not possible to establish
any formal control of the instrumentation design.

Neither were there any precedents as regards the
design of the electric power system. The main de-
sign input in this case was not the actual 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 the monitoring and control sys-
tems for the "in situ" test. The two designs were criti-
cally reviewed, although in neither case was it possi-
ble to implement any formal control of the design,
due to scheduling constraints.

Certain modifications were made to the design,
such as for example the diameter of the drift. The
diameter was reduced by a few centimeters to allow
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the tunneling machine (TBM) available at the time to
be used.

For the "mock-up" test, also without antecedents,
CIEMAT had to make the mechanical design from
the basic data as, for example, the design pressure
(obtained by adding the swelling pressure to the wa-
ter 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, using
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.

The instrumentation and the power control system
have characteristics similar to those of the "in situ"
test, although there are major differences in the so-
lutions adopted in each case. (This makes it advis-
able to perform a comparative analysis at the end
of the project.) For the monitoring and control sys-
tem, the same basic design was used as in the "in
situ" test.

7.3.2.5 Control of suppliers
The ENRESA QA Department evaluated the quality,
of the Spanish organizations participating in the
project. As has been pointed out above, with the ex-
ception of AITEMIN the participating organizations
did not have their own quality systems; conse-
quently, the evaluation was fundamentally directed
at checking the availability of procedures and mate-
rial and human resources for the performance of
their activities. The evaluations indicate that the level
of quality is 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 TDRs, that are ex-
perimental in nature), the cabling, power control,
monitoring and control and data acquisition sys-
tems. For the "mock-up" test, the main components
were the same as for the "in situ" test, with the obvi-
ous exception of the drift, the concrete plug and the
steel liner, but with the addition of the confining
structure and its hydration system.

For the "in situ" test, AITEMIN implemented control
using their internal administrative procedures. It
should be noted that the heaters and the steel liner
were manufactured in accordance with the provi-
sions of a QA Program, and with the requirements
of an IPP complying with Division 1 of Section VIII of
the ASME code. The plan for the assembly and test-
ing of the control panels for the power control sys-
tem was revised to incorporate additional tests
aimed at improving quality in manufacturing. The
purchase orders for the instrumentation were revised
to incorporate requirements relating to isolation,
calibration, and stability 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
possible only when manufacturing of the main
components was already in progress. In all cases,
corrective actions were implemented whenever fea-
tures possibly susceptible to problems were de-
tected. The confining structure for the "mock-up"
test was fabricated in accordance with an IPP com-
plying with Division 1 of Section VIII of the ASME
code. The heaters were fabricated according to the
code, but, in order to perform radiography and
thus ensure the quality of the welding, it was neces-
sary to modify the design of the welding between
the heater casing and its back end cover. The
hydration system tanks were manufactured in ac-
cordance with Division 1 of Section VIII of the
ASME code, and tested in accordance with the
Spanish regulations for pressure vessels (Regla-
mento de Aparatos a Presion). Purchase orders for
the instrumentation were revised to add require-
ments regarding calibration and stability in harsh
environments. The fabrication of the bentonite
blocks was subject to quality control.

7.3.2.6 Installation of the two large-scale
tests

As has already been commented above, the instal-
lation of each test was documented using an IPP.
These programs made reference to the installation
procedures and/or to the tests to be performed, and
proved to be particularly useful: first, as a help in
the planning and independent revision of all the
tasks and, second, as clarification and documenta-
tion of the implementation of those tasks.

Prior to initiating the installation of the physical
components of the "in situ" test, some activities hav-
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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 the
bentonite 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 last date for transporting the
equipment was in November 1996. For this reason,
planning was very important, especially in view of
the needs of AITEMIN concerning coordination with
others of the organizations involved, 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 verification both before
and after installation.

• Documentation of the density of the bentonite
installed in the slices of blocks.

Q 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 control of the concrete and the pene-
trations for cable bundles.

Q Connection of the cables to the control panels,
functional testing, testing of the monitoring and
control system and final overall testing.

• Determination of the parameters of the power
control system.

The activities with major quality implications during
the installation of the "mock-up" test were the fol-
lowing:

Q Hydration system tests.

• Documentation of the location of the instru-
mentation, as well as verification both before
and after installation.

Q 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 sealing.

a Connection of the cables to the control panels,
functional testing, testing of the monitoring and
control system and final overall testing.

• Flooding of the clay barrier.

• Determination of the parameters of the power
control system.

All the details of the previously described features
are in the final data dossier for the "in-situ" test
and other originated QA records for the "mock-up"
test.

7.3.2.7 Maintenance and periodic calibration
plans

From the point of view of quality, operation manu-
als for the two large-scale tests are needed during
the Operational Stage. A manual has been issued
for the operation and calibration of the power con-
trol system of the "mock-up" test.

Other procedures have been also edited for the "in
situ" test, concerning the acquisition, handling, and
storage of data. Periodical visits (every three
months) are conducted to the "in-situ" test during
the Operational Stage to perform maintenance ac-
tivities such as replacement of accessible damaged
elements, re-inflation of packers, etc.

In both experiments, real time data and their historic
trends are available to the modellers and periodical
data reports are edited.

7.3.2.8 Modelling
Procedures have been issued for the software design
documentation. These procedures describe the con-
trol of Requirements and Design specifications of
the different codes (Requirements specifications de-
scribe the physical models, while Design specifica-
tions describe code properties). They also describe
their verification (demonstration of compliance with
the Design specification) and validation plans (dem-
onstration of compliance with the Requirements
specification), the reports on these activities, and the
user manuals. The procedures were issued by the
organizations in charge of the development of the
models and of the analysis: UPC-DIT and UPM, for
THM modelling; and ULC, for THG modelling.
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Many modelling activities were performed during
the pre-operational stage. The reports relating to
the first prediction (the so-called "blind" modelling)
were edited using the codes in its initial versions and
using hypothetical values for some parameters for
which no empirical data were available.

Several modifications have been implemented on
the THM and THG codes during the operational
stage. New parameter values or constitutive equa-
tions derived from the operational stage tests have
been included. New capabilities have also been in-
corporated, improving the performance of the
codes and the analytical possibilities. As a result, the
modelling predictions match better with the real
data and the corresponding reports are currently
being edited. Software Control Documents have
also been edited (Requirements & Design Specifica-
tions, Verification & Validation Plans and reports,
User manuals), and also a Configuration control of
the status of the codes has been developed by the
modelling organizations. Currently these Software
Control documents are being revised, since they
have been affected by the code revisions.

7.3.2.9 Laboratory tests

During the pre-operational stage, some laboratory
tests were performed for the determination of mod-
elling parameters. From the point of view of quality,
each laboratory test is subjected to a test control,
this implying documentation throughout the testing
procedure, the conservation of records and the
implementation of controls relating to the inspection,
measurement and testing equipment. In general
terms, pre-operational testing was performed in ac-
cordance with the aforementioned QA requirements.

As has already been explained, various laboratory
tests have been carried out during the present oper-
ational stage, with the objective of performing
back-analysis and model calibration. These are sub-
ject to the same quality requirements as in the
pre-operational stage. The results are currently be-
ing evaluated from a quality standpoint.

7.3.2.10 Periodic interventions of the ENRESA
QA Department

In accordance with the project QA Program, the
ENRESA QA Department has received the assign-
ment of conducting internal audits in ENRESA and
external audits of the participating organizations.
The discrepancies found to date have been resolved
satisfactorily.

In addition, this department has undertaken supervi-
sion and inspection activities during the fabrication
of the major components of the large-scale tests
(confining structure of the "mock-up" test and heat-
ers for both). Instrumentation calibration, assembly
and testing of the control panels and the installation
and final testing of the two large-scale experiments
have also been subject to periodical inspections and
surveys.

The QA Department has managed the documented
non-conformances generated during the project.

7.3.3 Problem areas

As had been anticipated, difficulties were detected
in the application of the QA Program. In many
cases this was due to the haste imposed in perfor-
mance of the project; in others, the difficulties ap-
peared 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
programs of Quality Assurance. Although initially a
training program had been anticipated for all the
participants, it has not yet been delivered, due to a
lack of time. Nevertheless, given that the opera-
tional stage of the project continues, the idea of the
training program should still be studied.

An additional major difficulty was application of the
quality program after the project had begun.

The difficulties in implementing the quality program
have led to problems, such as those summarized
below:

Q 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, related
to compliance with certain standard require-
ments.

Q Problems with the selection of Teflon as protec-
tion cover for the cables. The Teflon solved the
problem of chemical interaction with the envi-
ronment, but caused problems in sealing the
cable penetrations.
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Q Design for the cables passing through the con-
crete plug.

Q Managing to get some almost exclusive suppli-
ers to meet certain requirements or interna-
tional standards.

Q Changes in design that caused information to
be lost between participating organizations,
since no formal design control existed.

• Change in the form of initial hydration of the
clay barrier in the "mock-up" test.

G All the difficulties and problems that were en-
countered in the project have been an oppor-
tunity to learn and have, in general, been satis-
factorily resolved.

7.4 Conclusions
From the experience obtained in applying a QA
program to date, a set of conclusions was drawn
that should be useful not only for the continuation of
this project, but for other R&D projects. Among the
most important conclusions are the following:

• It has been confirmed that a quality program is
applicable to an R&D project, even though its
application was initially in doubt. However, the
peculiarities of a research project, and those of
the working groups dedicated to this type of
activity, can and must be taken into account in

working out the future programs for continua-
tion of the experiment.

This conclusion is particularly relevant, since
any research project, whose results are to be
used as input data for a project subject to qua-
lity assurance must also be subject to such a
requirement.

Q The QA Program has been very useful in the
FEBEX project, specifically in the following two
aspects:

O As a help to project management, particu-
larly due to the regulation of documents,
coding of samples and definition of the re-
lationships between groups.

O Achieving a reasonably good Quality Con-
trol in the design, fabrication, and installa-
tion of main components in the two lar-
ge-scale tests.

• '.> Although the program was initiated after the
design had been initiated, the degree of
success achieved in its application has been
greater than anticipated.

O Application of the program during the subse-
quent stages of the project will contribute to the
quality of the results from the laboratory tests,
model development, and analysis of the two
large-scale tests.

• It is obvious that, to accomplish its goals, a qual-
ity program should be applied from the very be-
ginning of the project (conceptualization phase).
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8.1 Conclusions
This report contains only the pre-operational stage,
and approximately two thirds of the operational, as
a result of which the conclusions are necessarily in-
complete, with respect to the overall results ex-
pected from the experiment. In accordance with the
initial project plan, somewhat more than one year
of hydration and heating remains in the two
large-scale tests. Obviously, the information to be
obtained during the dismantling phase and the final
analysis does not yet exist.

Nevertheless, the conclusions drawn during this pe-
riod, in relation to the three project objectives
(Chapter 1) are very valuable. They allow the prog-
ress made with FEBEX to be evaluated as regards
design of the engineered barriers and understand-
ing and analysis of the THM and THG behaviour in
the near-field. As a result, the project may be modi-
fied to increase the probability of achieving the fore-
seen objectives looking into their usefulness for the
Performance Assessment.

8.1.1 Conclusions relating to the first
objective (Demonstration ot
handling and constructing the EBS)

8.1.1.1 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
reference 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 can be predicted and are of magnitudes com-
patible with the swelling of the bentonite, such that
the barrier has the specified swelling pressure and
permeability.

8.1.1.2 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 strong.

• 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 conclu-
sion that larger blocks are feasible without any
special 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 recently been manufac-
tured by SKB for its KBS-3-Prototype Repository
design project. The technical viability of these
large size blocks, as regards handling, will also
be tested within the framework of the Prototype
project.

• The handling required for the installation of
larger sized blocks may present difficulties. The
installation equipment (by robot or remotely
operated) 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 installation of the blocks. This is-
sue must be studied in detail, to establish the
allowable humidity limits as a function of expo-
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sure time. The presence of a film of water on
the walls of the drift does not, however, seem
to produce any problems from the point of
view of the installation.

LI A critical factor during insertion of the canisters
is the alignment of the steel liner with respect to
the axis of the drift. The surface of the drift can-
not be taken as a reference base, since it inevi-
tably has irregularities, as do the blocks; conse-
quently, a previously-placed bed of blocks - if
this is the only support for the steel liner - will be
unreliable in providing a correct alignment. The
alignment of the steel liner must be accom-
plished in relation to the rails and the insertion
equipment, for an adequate face-to-face posi-
tioning of the canister and the liner. Other fac-
tors that naturally influence insertion are the
magnitude of the gap between the liner and the
canister, the shape of the end cover of the can-
ister and the aligning elements of the insertion
equipment.

LI The design and execution of the concrete plugs
require special attention as regards the follow-
ing two aspects: the form of overexcavation for
the key and the concreting, to obtain a good
contact between the plug and the rock across
the entire peripheral surface. Specific tests must
be performed to resolve these aspects with a
degree of confidence.

A part of the demonstration objective is to gain in-
sight into the state of the barrier after it has been
subjected to hydration and heating. However, this
part of the objective may be attained only during the
dismantling of the two large-scale tests. Also the
state of the instrumentation system may be evalu-
ated only during the dismantling stage.

8.1.1.3 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 de-
gree of reliability, higher in fact than was expected

by the suppliers. In both tests, the number of sensor
failures over the two years of operation has been
only of the order of 6%.

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.

8.1.1.4 Quality Assurance (QA) Program
Another part of the first objective is the development
and implementation of a QA program. Although the
application of the program 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. Nevertheless, it is obvi-
ous that for this part of the project the application of
a QA program is similar to that of any industrial pro-
cess. Its application was necessary to reduce the
probability of failure of the fundamental elements,
since they would be inaccessible in the event of mal-
functioning for either repair or replacement.

The most important conclusion is the confirmation
that a QA program is applicable to all the research
process. However, due to the peculiarities of a re-
search process and, consequently, of the scientists
and engineers in charge of its development, the
quality program must include mechanisms allowing
for adaptation to the discoveries and innovations that
occur during the process. This conclusion is impor-
tant, since, if the results are used as design data for
another project that must be subjected to a quality
assurance program, then the research project must
also be subjected to that requirement.

8.1.2 Conclusions relating to the second
objective (THM modelling)

The study of the THM processes in the near-field
(especially the clay barrier) is the second objective
of the project.

The ultimate objective is to develop and validate a
numerical model capable of quantitatively describing
and predicting the THM processes occurring.
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The numerical model used is CODE-BRIGHT, de-
veloped prior to FEBEX. During the project, formula-
tion of the model and the code were modified to
improve certain details, although the core, based on
a solid formulation of physical laws, has not re-
quired any change.

From the beginning of the project to the present
time, three complete modellings of the two large-
scale tests have been carried out.

The first, performed at the beginning of the project
with few real data on the bentonite parameters, did
however make it possible to understand the THM
processes, determine heater power and define the
distribution of the sensors for measurement 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,
characterization parameters were already available
for the clay barrier and the rock mass (for the "in
situ" test). This modelling had two objectives: on the
one hand to determine, by means of sensitivity analy-
sis, which laws and parameters had the greatest in-
fluence on the results, this making it possible to de-
velop a laboratory testing program suitable for the
demands of the model, and on the other to predict,
using the parameters and laws considered to be
most realistic with the information available at the
time, the behaviour of the large-scale tests ("blind"
prediction), with a view to subsequently contrasting
the results with the monitoring data.

The last modelling was performed after checking the
degree of fitness between the previous "blind" pre-
diction and the monitoring data, obtained after al-
most two years of hydration and heating of the two
large-scale tests. The "blind" prediction has repro-
duced all the processes well, albeit with quantitative
deviations with respect to the monitoring data, due
to the fact that as of the date of modelling adequate
results on certain critical parameters were not yet
available from the laboratory testing. Operational
modelling has been performed using the parame-
ters and information obtained from laboratory test-
ing over the two years of the operational stage. In
fact, modelling has been performed until the best
possible fit with the monitoring data was achieved,
with the condition that the values of the parameters
were within the range of those obtained from labo-
ratory testing.

This modelling has served to check that with
CODE-BRIGHT it is possible to reproduce with rea-

sonable accuracy the results of the measures per-
formed during the two large-scale tests. Although
complete validation is not possible in practice, this
check of the model increases the degree of confi-
dence in its capacity to predict the near- field THM
behaviour of a repository.

Naturally there are still uncertainties. One of the
conclusions drawn from the analyses performed has
been the identification of the constitutive laws and
parameters having a critical influence on THM be-
haviour. The retention curve and permeability to wa-
ter for different degrees of bentonite saturation (rela-
tive permeability) are clear examples. Clay barrier
saturation rate and time seems to be highly sensitive
to minor variations of the bentonite retention curve.
Uncertainties remain also as regards the law govern-
ing the thermo-plastic behaviour of highly expansive
clays, such as compacted bentonite.

As has been pointed out, the improvements made to
the model during the operational stage do not in
fact refer to the fundamental physical basis, but
rather to certain constitutive laws and parameters.
The improvement of these aspects depends on re-
search by laboratory testing. Although great prog-
ress has been made during the two years of the op-
erational stage that have elapsed up to the latest
modelling, as regards laboratory apparatus and
techniques for determination of the necessary laws
and techniques, the program that was drawn up at
the end of the pre-operational stage has not yet been
completed.

The operational modelling performed, using the
available data, leads to the conclusion that to
bracket the uncertainties detected it is required to
complete the foreseen program of laboratory tests
and, if possible, the performance of other specific
tests. In fact, in order to continue to increase confi-
dence in the predictive capacity of the model, the
information to be obtained during the dismantling
and final analysis stages of the two large-scale tests
is required. It would also be particularly useful to
prolong the operational stage of both large- scale
tests for as long as possible, since it has been seen
that with time, as the degree of saturation of the bar-
rier increases, the dispersion of the measure of certain
variables (such as pressures) decreases. This would al-
low a more reliable contrast to be made between the
monitoring data and modelling results.

The operational modelling performed, using the
available data, leads to the conclusion that to
bracket the uncertainties detected it is required to
complete the foreseen program of laboratory tests
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and, if possible, the performance of other specific
tests. In fact, in order to

8.1.3 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 geochemi-
cal processes but also to the lower degree of initial
development 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 pa-
rameter acquisition by means of the laboratory tests
scheduled at the end of the pre-operational stage.

The laboratory testing program was drawn up and
has been performed in coordination between exper-
imenters and modellers, such that the results be the
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 mineralogical
transformation of the bentonite and the composition
of the pore water in the clay barrier.

Two THG codes, CORE-LE and FADES-CORE-LE,
have been developed and verified. These codes
have been applied to the following analyses:

1) interpretation of various laboratory tests for
parameter estimation;

2) interpretation of laboratory tests for the identi-
fication of relevant geochemical processes;

3) prediction of the transport patterns of the arti-
ficial 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 they reproduce fairly well the
observed patterns of geochemical behaviour of a
large number of laboratory tests, this generating
confidence in their predictive capacity. Nevertheless,

the models have been constructed on the basis of
small-scale tests and for system states in specific dis-
crete times. There is no geochemical instrumenta-
tion in either the small or large-scale tests. Conse-
quently, no real contrast has yet been accomplished
between the numerical predictions and the test re-
sults, especially those of the large-scale tests, for
which information will be obtained only after dis-
mantling.

Performance of the program of laboratory tests, de-
signed at the end of the pre-operational stage, has
yet to be completed in many aspects. Nevertheless,
certain relevant results have been obtained in rela-
tion to the changes occurring in the bentonite due
to the effects of hydration and heating.

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 80°C (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
testing of samples from the cells. Progress has been
made also in determining sorption and transport
processes and parameters and in the chemical
analysis of the pore water.

In summary, throughout the period that ends with
the issuing of this report, great progress has been
made in both areas of work: experimentation and
modelling. Nevertheless, in view of the geochemical
complexity of the system and of the lack of tests per-
formed using specific instrumentation for geochemi-
cal monitoring, it is recommendable that the initial
experimental program be modified. The operational
stage of the two large-scale tests should be pro-
longed, with a view to continuing development of
the model and performing certain specific labora-
tory tests. It is proposed especially that a "geochem-
ical mock-up" be tested using instrumentation ap-
propriate for the measurement of certain geoche-
mical variables.
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8. Conclusions and recommendations

8.1.4 Conclusions of a general nature
The most relevant general conclusions drawn to
date are methodological in nature.

There is confirmation of ENRESA's idea that, follow-
ing 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 un-
derstanding and evaluation of behaviour in the
near-field (especially the clay barrier), it was neces-
sary to perform a very complete experiment such as
FEBEX (Chapter 1). There is a demonstrated synergy
achievement from the simultaneous, integrated per-
formance of tests on three scales within the FEBEX
project: real-scale testing under natural conditions;
testing at almost real scale and eliminating the com-
plexities of the rock mass; and laboratory tests of a
type and complexity adapted to the requirements of
the overall experiment. In other words, the combina-
tion of the three experimental scales and the model-
ling has been seen not only to provide a more com-
plete database but also to multiply the information
obtained from each test or group of tests.

It might be argued that complementary information
could also be obtained by means of different
independent 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 behav-
iour of the large-scale tests, defined those constitu-
tive laws or parameters that were most critical due
to their effects on the results. In certain cases it has
even been necessary to carry out specific tests that
were unthinkable previously, such as those per-
formed in order to take the decision regarding the
initial hydration of the "mock-up". Furthermore, the
coordination and integration of the information
generated by the different working groups with
experimental or modelling responsibilities is difficult
enough within one same project, and impossible in
the case of independent, non-simultaneous projects.

This experience of FEBEX, fundamental from the
point of view of overall methodology, has led to the
proposal that the project be modified in accordance
with the general lines described in the following sec-
tion, with a view to reducing the uncertainties indi-
cated in previous sections.

8.2 Recommendations
Ideally, the two large-scale tests should be extended
until such time as complete hydration of the clay

barriers is achieved. This would allow information
on the transient and final states of the barrier to be
obtained.

This concept was known from the beginning of the
conceptual phase of the project. However, a
hydration and heating period of three years was
scheduled. The decision to adopt this test period
was to a large extent arbitrary, albeit supported by
different arguments. In addition to arguments of a
logistic nature, one was the lack of experience in re-
lation to the duration of the physical elements of the
test (heaters, sensors and cables) in an aggressive
environment, the expected lifetime of these elements
possibly being very short according to the manufac-
turers. Furthermore, it was estimated that the time to
complete saturation was so long that the experiment
could not, under any circumstances, be designed to
achieve this condition. A period of three years
seemed to be reasonable with respect to expecta-
tions regarding operation of the instruments, and
sufficient to achieve a volume of data suitable for
behaviour evaluation and for contrasting with the
modelling results.

The experience acquired to date, after two years of
hydration and heating, confirms that the saturation
time is too long, but, as deduced from the conclu-
sions described above, allows the time and scope of
the experiment to be evaluated on the basis of
better criteria.

From the evaluation it is concluded that the time of
the experiment should be prolonged and that cer-
tain new activities should be added. Summarizing
the conclusions, this modification of the initial test
plan is justified for the following reasons:

• The physical components of the two large-
scale tests (heating system, sensors and cables)
have behaved particularly well over the two
years. Sensor losses amount only to some 6%. In
principle, this removes the initial limitation based
on the assumed short lifetime of the sensors.

• The aforementioned good response does not,
however, allow the duration of the instruments
to be predicted. Having said this, obtaining
good information on instrument lifetime is advis-
able not only for future tests of this type but also
for the instrumentation of some sections of an
actual repository if this were considered neces-
sary. Consequently, it is recommended that the
operational stage of the large-scale tests be
prolonged to the extent possible in order to ob-
tain such information.
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• The extension of FEBEX, as regards both time
and activities, would also facilitate the resolu-
tion or bounding of some of the uncertainties
still existing in relation to the THM model. The
most important relate to the parameters and
laws associated with the retention curve, rela-
tive permeability and the thermo-plastic behav-
iour of the bentonite. Furthermore, the mea-
surement of certain variables generates a wide
dispersion of the values, particularly those for
total pressures. Dispersion will decrease with
the degree of homogenization of the barrier as
a result of increasing hydration. Greater confi-
dence in the measured values allows for a
more reliable contrast with the modelling re-
sults, as a result of which it would be desirable
to prolong the operational stage of the two
large-scale tests from this point of view also.

• As understanding of the behaviour of the clay
barrier and the database have evolved, the im-
portance of geochemical behaviour has be-
come more evident. Nevertheless, the monitor-
ing of geochemical variables was not
considered in the initial FEBEX schedule. The
progress made to date as regards both the re-
sults of the laboratory tests and the develop-
ment of numerical THG models has generated
expectations that extending the time and per-
formance of certain specific tests might lead to
greater confidence in the numerical THG
model and a fairly complete database for use
in evaluating the near-field behaviour of a re-
pository. Among the specific tests, the most
relevant would be the design, construction
and operation of a "geochemical mock-up"
equipped with sensors for continuous monitor-
ing of certain geochemical variables.

G The recommendation to extend the FEBEX time
and activities, instead of complementing the

results by means of independent projects, is
backed by the methodological experience indi-
cated above and by the effect of synergy
achieved with a complete, integrated project.

A test plan is currently being performed with a view
to achieving the objectives deriving from the afore-
mentioned reasoning. Generally speaking, the op-
erational stage of the "in situ" test would be ex-
tended by approximately a year and a half, until the
middle of the year 2001. Following this period, the
area of heater No 1 would be dismantled and the
area of heater No 2 would be resealed. Heating of
the "mock-up" and of the area of heater No 2 in the
"in situ" test would continue for a period which is still
to be defined, this depending basically on the behav-
iour of the heating and instrumentation systems.

Dismantling, sampling and laboratory testing of the
barrier of heater No 1 would allow an overall anal-
ysis to be made of FEBEX, as initially planned, but
with an additional year and a half of monitoring,
laboratory testing and model development. This pe-
riod would finish at the end of the year 2003. The
"geochemical mock-up" would also be designed,
constructed and operated within this period. During
this period the modified FEBEX (FEBEX II) would be
considered completed.

The current "mock-up" test, the area of heater No 2
of the "in situ" test and probably the "geochemical
mock-up" would, however, remain in operation, al-
ways assuming that the physical systems continued to
function. The monitoring data obtained will allow a
continuous checking of the model predictions. When
dismantling finally occurs, the extraction of heater No
2 may provide information for a possible container
recovery concept. The tests will also provide further
data, during a more advanced phase of hydration,
on THM and THG variables, by means of laboratory
tests on the samples extracted during dismantling.
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de residuos radiactivos ée alta actividad.

06 PREDICCIÓN DE FENÓMENOS DE TRANSPORTE EN CAMPO
PRÓXIMO Y LEJANO. Interacción en fases sólidos.

07 ASPECTOS RELACIONADOS CON LA PROTECCIÓN RADIOLÓGICA
DURANTE EL DESMANTEIAMIENTO Y CIAUSURA DE LA FABRICA
DEANDUJAR.

08 ANALYSIS OF GAS GENERATION MECHANISMS IN UNDERGROUND
RADIAC7IVE WASTE REPOSITORIES. (Pegóse Project).

09 ENSAYOS DE LIXIVIACIÓN DE EMISORES BETA PUROS DE lARGA
VIDA.

10 2!PLANDEUD. DESARROLLOS METODOLÓGICOS,
TECNOLÓGICOS, INSTRUMENTALES Y NUMÉRICOS EN IA GESTION
DE RESIDUOS RADIACTIVOS.

U PROYECTO AGP-ALMACENAMIENTO GEOLÓGICO PROFUNDO. FASE 2.

12 IN SITU INVESTIGATION OF THE LONG-TERM SEALING SYSTEM AS
COMPONENT OF DAM CONSTRUCTION (DAM PROJECT). Numerical
simulólo/: I

1996

O! DESARROLLO DE UN PROGRAMA INFORMÁTICO
PAU EL ASESO/MIENTO DE LA OPERACIÓN DE FOCOS
EMISORES DE CONTAMINANTES GASEOSOS.

02 FINAL REPORT OF PHYSICAL TESTPROGRAM CONCERNING
SPANISH CLAYS (SkPONITESAND BENTONITES).

03 APORTACIONES AL CONOCIMIENTO DE IA EVOLUCIÓN
PALEOCUMATICA Y PALEOAMBIENTAL EN IA PENINSUIA IBÉRICA
DURANTE LOS DOS ULTIMOS MILLONES DE AÑOS A PARTIR
DEL ESTUDIO DE TRAVERTINOS YESPELEOTFMAS.

04 MÉTODOS GEOESTADISTICOS PARA IA INTEGRACIÓN
DE INFORMACIÓN.

05 ESTUDIO DE LONGEVIDAD EN BENTONITAS: ESTABILIDAD
HIDROTERMAL DE SAPONITAS.

06 ALTERACIÓN HIDROTERMAL DE IAS BENTONITAS DE ALMERÍA

07 MAYDAY. UN CÓDIGO PÀRÀ'REAUTARANAUSIS DE 1NCERTIDUMBP.E
Y SENSIBILIDAD. Manuales.

1997

0 / CONSIDERACIONDELCAMBIOMEDIOAMBIENTALENlAEVaUACION
DE IA SEGURIDAD. ESCENARIOS CLIMÁTICOS AIARG O PIA20
EN LA PENINSULA IBÉRICA.

02 METOBOIOSIA DE EVALUACIÓN DE RIESGO SÍSMICO
EN SEGMENTOS DE FALLA.

03 DETERMINACIÓN DE RADIONUCLEIDOS PRESENTES
EN EL INVENTARIO DE REFERENCIA DEL CENTRO
DE ALMACENAMIENTO DEELCABRIL

04 ALMACENAMIENTO DEFINITIVO DE RESIDUOS DE RADIACTIVIDAD
ALTA. Caracterización y comportamiento a largo plazo ée los
combustibles nadeoiss irradiados (I).

05 METODOLOGIA DE ANÁLISIS DE IA BIOSFERA EN IA EVALUACIÓN
DE ALMACENAMIENTOS GEOLÓGICOS PROFUNDOS DE RESIDUOS
RADIACTIVOS DE ALTA ACTIVIDAD ESPECIFICA.

06 EVALUACIÓN DEL COMPORTAMIENTO Y DE IA SEGURIDAD
DE UN ALMACENAMIENTO GEOLÓGICO PROFUNDO EN GRANITO.
Marzo 1997

07 SÍNTESIS TECTOESTRATIGRAFia DEL MACHO HESPÉRICO.
VOLUME I.

08 3?s JORNADAS DE I+D Y TECNOLOGÍAS DE GESTION DE RESIDUOS
RADIACTIVOS. Posters descriptivos ée los proyectos de I+D
y evaluación ée la seguridad o largo plazo.

09 FEBEX. ETAPA PREOPERACIONAL INFORME DE SÍNTESIS.



10 METODOLOGU DE GENERACIÓN OE ESCENARIOS PARA ¡A
EVALUACIÓN DEL COMPORTAMIENTO OE LOS ALMACENAMIENTOS
OísismosRADIACTIVOS.

1 / MAMAI DE CESARR V.2. Código para la evaluación de seguridad
de on almacenamiento superficial de íesiáuos radiactivos de baja
y media actividad.
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O/ FEBEX. PRE-OPERATIONAL STAGE. SUMMARY REPORT.

02 PERFORMANCE ASSESSMENT Of A OEEP GEOLOGICAL REPOSITORY
III GRANITE. Match 1997.

03 EEBEX. OISEÑO FINAL Y MONTAIS DEL ENSAYO IN SITU"
ENGRIMSEL

04 fEBEX. BENTONITA: ORIGEN, PROPIEDADES Y FABRICACIÓN
DEBLOQUES.

05 EEBEX. BENTONITE: ORIGIN, PROPERTIES M FABRICATION
OF BLOCUS.

06 TERCERAS JORNADAS DE I+D Y TECNOLOGÍAS BE GESTION
DE RESIDUOS RADIACTIVOS. 24-29 Noviembre, 1997. Volumen I

07 TERCERAS JORNADAS OEI+D Y TECNOLOGÍAS DE GESTION
DE RESIDUOS RADIACTIVOS. 24-29 Noviembre, 1997. Volumen»

08 MODELIZACION Y SIMULACIÓN DE BARRERAS CAPILARES.

09 FEBEX. PREOPERATIONAL TUERMO-HYDRO-MECHANICAL (THM)
MODELLING OF THE "IH SITU" TEST.

10 FEBEX. PREOPERATIONAL THERMO-HYORO-MECHANICAL (¡HM)
MODELLING OF THE "MOCK UP" TEST.

11 DISOLUCIÓN DEL U02(s) EN CONDICIONES REDUOORAS Y
OXIDANTES.

12 FEBEX. FINAL DESIGN AND INSTALLATION OF THE "IN SITU" TEST
ATGRIMSEL.

1999

0 1 MATERIALES ALTERNATIVOS DE l i CAPSUIÁ DE ALMACENAMIENTO
DE RESDIUOS RADIAŒVOS DE UTA ACTIVIDAD.

02 INTRAVAL PROJECTPHASE2: STOCHASTIC ANALYSIS OF
RADIONUCLIDES TRAVEL TIMES AT THE WASTE ISOLATION PILOT
PLANT (WIPP), IN NEW MEXICO (U.S.A.).

03 EVALUACIÓN DEL COMPORTAMIENTO Y DE IA SEGURIDAD DE UN
ALMACENAMIENTO PROFUNDO EN ÁRCIUA. Febrero 1999.

04 ESTUDIOS OE CORROSION DE MATERIALES METÁLICOS
PARA CAPSUIAS DE AIMCENAMIENTO OE RESIDUOS DE ALTA
ACTIVIDAD.

05 MANUAL DEL USUARIO DEL PROGRAM VISUAL BAIÀN V.I.O.
COOIGO INTERACTIVO PARA IA REAU2ACI0N DE BAIANCES
HIDROLÓGICOS Y IA ESTIMACION OE LA RECARGA.

06 COMPORTAMIENTO FÍSICO DE LAS CAPSUIAS
DE ALMACENAMIENTO.

07 PARTICIPACIÓN DEL CIEMAT EN ESTUDIOS OE RADIOECOLOGIA
EN ECOSISTEMAS MARINOS EUROPEOS.

08 PLAN OE INVESTIGACIÓN YDESARROLLO TECNOLÓGICO
PARA LÀ GESTION DE RESIDUOS RADIACTIVOS 1999-2003.
OCTUBRE 1999.

09 ESTRATIGRAFÍA BIOMOLECUIAR. LA
RACEMIIACION/EPIMERIIACION DE AMINOÁCIDOS COMO
HERRAMIENTA GEOCRONOLOGICA Y PALEOTERMOMETRICA.

10 CATSIUS OÁY PROJECT. Calculation and testing of behaviour oí
unsatuiarted clay as barrier in radioactive mste repositories.
STAGE 1: VERIFICATION EXERCISES.

U CATSIUS (LAY PROJECT. Calculation and testing of behavioural
unsotuiarted clay as barrier in radioadive waste repositories.
STAGE 2: VALIDATION EXERCISES AT LABORATORY SCALE

12 CATSIUSCLAYPROJECT. Calculation and testing of behaviour of
«nsaturarted clay as bonier in radioactive waste repositories.
STAGE 3: VALIDATION EXERCISES AT LARGE "IN SITU' SCALE.
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