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Resumen

El Proyecto FEBEX (Full-scale Engineered Barriers
Experiment) tiene como propésito el estudio del
comportamiento de componentes del campo pré-
ximo de un almacenamiento de residuos radioacti-
vos de alta actividad en roca cristalina, segin un
concepto en el que la barrera de ingenieria entre
el contenedor de residuos y la roca almacén estd
constituida por blogues de bentonita compactada.
El FEBEX consta de un ensayo “in situ”, en condi-
ciones naturales y escala real (Grimsel, Suiza); un
ensayo en “maqueta” (CIEMAT, Madrid), a escala
casi real; y una serie de ensayos de laboratorio
para complementar la informacién de los dos en-
sayos a gran escala. Durante la etapa preopera-
cional del Proyecto se ha realizado la planifica-
cién, disefio e instalacién de los ensayos a gran
escala, la modelacién predictiva de su comporta-
miento y la caracterizacién bésica de la bentonita.

Este informe es uno de los correspondientes a la
fase preoperacional del Proyecto FEBEX, y se refie-
re a la selecciéon y caracterizaciéon de la bentonita
FEBEX, asi como a la fabricacién de los blogues
que se han utilizado en los ensayos “in situ” y en
“maqueta”.

La arcilla utilizada proviene del yacimiento Corti-
jo de Archidona (Almeria), de donde también se
extrajo la arcilla S-2, utilizada en ofros proyectos
de 1+D de ENRESA anteriores al FEBEX. Los resul-
tados obtenidos en estos proyectos se resumen en
el capitulo 2, ya que algunos parédmetros utiliza-
dos en la modelizacién predictiva se han tomado
de los de la arcilla S-2, por no haberse determina-
do todavia para la arcilla FEBEX.

Para el Proyecto FEBEX se han seleccionado, ho-
mogeneizado y procesado unas 300 toneladas de
bentonita, cuyo tratamiento en fébrica ha consisti-
do en disgregacién mecdnica y secado suave has-
ta humedades alrededor del 14 %, rechazdandose
todo el material de tamafo superior a 5 mm. Este
material se ha utilizado para la fabricacién de los
bloques de los dos ensayos a gran escala y en los
ensayos de laboratorio. Se han tomado varias
muestras de cada lote de procesado, por mezcla
de las cuales se ha obtenido una muestra Unica,
de referencia 70-IMA-3-4-0, con la que se ha tra-
bajado en los laboratorios participantes. La carac-
terizacién mineralégica y quimica se ha llevado a
cabo en CIEMAT y CSIC-Zaidin, y la caracteriza-
cién mecdnica, hidraulica y térmica se ha realiza-
do en CIEMAT y UPC-DIT, habiéndose obtenido
resultados concordantes entre todos los laborato-
rios.

La bentonita FEBEX tiene un contenido en mont-
morillonita superior al 90 %, con cuarzo, plagio-
clasa, feldespato potdsico, calcita y tridimita como
minerales accesorios. Es posible que existan inte-
restratificados illita/esmectita en proporciones de
hasta el 15 %. La capacidad de cambio catiénico
es superior a 100 meqg/100g, y en el complejo de
cambio aparece 42 % de Ca, 33 % de Mg, 23 %
de Nay 2 % de K.

Las propiedades de identificaciéon no correspon-
den a las esperadas para un material de esta mi-
neralogia, ya que tanto el limite liquido (100 %)
como la superficie especifica externa (32 m?2/g)
son algo bajos y la proporcién de fraccién menor
de 2 um obtenida después de una dispersién in-
tensa es sélo del 65 %, lo que hace suponer que
se produce algun tipo de aglutinacién de las parti-
culas (quizd por cemento siliceo), cuyas conse-
cuencias sobre el comportamiento de la arcilla no
han sido evaluadas.

Se ha determinado la presién de hinchamiento y
la conductividad hidrdulica saturada de pastillas
compactadas a densidad seca de 1,60 y 1,70
g/cm3, asi como la conductividad térmica para es-
tas densidades y diferentes grados de saturacién.
Se ha determinado también la relacién suc-
cién/humedad y una superficie de estado prelimi-
nar para succiones decrecientes y con cambios pe-
quenos de tensiones.

Los resultados obtenidos muestran ligeras varia-
ciones respecto a los valores obtenidos para la ar-
cilla S-2, con una tendencia de la arcilla FEBEX a
ser mds impermeable y desarrollar mayor presién
de hinchamiento. Sin embargo, de cara a la eva-
luacién del comportamiento de un almacenamien-
to (PA), se considera que estas diferencias entran
dentro del intervalo de variacién esperado para
las propiedades de la bentonita.

Se han fabricado dos conjuntos de bloques: uno
para el ensayo en “maqueta”, bajo la direccién y
control de CIEMAT, y otro para el ensayo “in situ”,
bajo la direccién y control de AITEMIN. En ambos
casos se ha recurrido a un disefio en coronas con-
céntricas que redujera al minimo el volumen de
huecos de la barrera. Los bloques se han fabrica-
do mediante compactacién uniaxial a presiones de
40 a 50 MPa, obteniéndose una densidad seca
media de los bloques para el ensayo en “maque-
ta” en torno a 1,77 g/cm?y de los bloques para el
ensayo “in situ” en torno a 1,70 g/cm?. Esto da lu-
gar a una densidad seca media de la barrera ins-
talada de 1,65y 1,60 g/cm3, respectivamente.
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Executive Summary

The aim of the FEBEX (Full-scale Engineered Bar-
riers Experiment) Project is to study the behavior of
the near field components of a high-level radioac-
tive waste (HLW) repository in crystalline rock, in
accordance with a concept in which the canisters
are surrounded by a clay barrier constructed of
highly-compacted bentonite blocks. The FEBEX
consists of a full scale “in situ” test (Grimsel, Swit-
zerland) performed under natural conditions; a
“mock-up” test (CIEMAT, Madrid), at almost full
scale; and a series of laboratory tests designed to
complement the information from the two large-
scale tests.

During the pre-operational stage of the Project,
the planning, design and installation of the two
large-scale tests was accomplished, as well as the
predictive modelling of their behavior and the ba-
sic characterisation of the bentonite. This report is
one of those concerning the pre-operational stage
of the Project, and refers to the selection and char-
acterisation of the FEBEX bentonite, and to the fab-
rication of the blocks used in the “in situ” and
“mock-up” tests.

The clay utilized comes from the Cortijo de Archi-
dona deposit (Almeria), from where the S-2 clay
used in previous ENRESA R&D Projects was also
extracted. The results obtained in these Projects are
summarised in Chapter 2, as some of the parame-
ters considered in the predictive modelling were
taken from the S-2 bentonite database, due to
their not having yet been determined for the FEBEX
clay.

For the FEBEX Project, about 300 tons of bento-
nite have been selected, homogenized and treated.
At the factory, the clay was disaggregated and
gently dried to a water content of around 14 %, all
the material of particle size greater than 5 mm be-
ing rejected. The processed material was used for
fabrication of the blocks for the two large-scale
tests and for the laboratory tests. Samples of each
processing lot were taken, and were mixed to ob-
tain a single sample, whose reference is 70-IMA-
3-4-0, which is the one used by all the participant
laboratories. Mineralogical and chemical charac-
terisation was performed at CIEMAT and CSIC-
Zaidin, and the mechanical, hydraulic and thermal
characterisation was carried out by CIEMAT and

UPC-DIT; the results obtained at each laboratory
were consistent with the rest of the laboratories.

The FEBEX bentonite has a montmorillonite con-
tent greater than 90 %, with quartz, plagioclase,
potassic feldspar, calcite and trydimite as acces-
sory minerals. There may be illite/smectite inter-
stratifications up to 15 %. The cation exchange ca-
pacity is higher than 100 meqg/100g, and in the
exchange complex 42 % Ca, 33 % Mg, 23 % Na
and 2 % K are present.

The identification properties are not exactly those
expected for a material with this mineralogy. Both
the liquid limit (100 %) and the external specific
surface (32 m?/g) are rather low, and the less than
2 um fraction obtained after intense dispersion
amounts to only 65 %. This might mean that the
particles are agglutinated in a certain way (possibly
by a siliceous cement), although the consequences
of this on the behavior of the clay have not been
evaluated.

Swelling pressure and saturated hydraulic con-
ductivity were obtained for specimens compacted
to dry densities of 1.60 y 1.70 g/cm3, along with
the thermal conductivity for these densities and dif-
ferent degrees of saturation. The suction/water
content relationship and a preliminary state surface
for decreasing suctions and small stress changes
were determined.

The results obtained show slight variations with
respect to the values obtained for the S-2 clay, with
a tendency of the FEBEX clay to be more impervi-
ous and to develop a higher swelling pressure.
However, for the performance assessment of a re-
pository (PA), these differences are considered to
be in the expected range of variation of the bento-
nite properties.

Two sets of blocks have been manufactured: one
for the “mock-up” test, under the management
and supervision of CIEMAT, and another for the
“in situ” tests, under the management and supervi-
sion of AITEMIN. In both cases a crown design has
been adopted, in order to minimize the void volu-
me of the barrier. The blocks have been uniaxially
compacted to pressures of 40 to 50 MPa, the re-
sulting dry density being 1.77 g/cm? for the blocks
for the “mock-up” test and 1.70 g/cm? for the
blocks for the “in situ” test. Consequently, the ave-
rage dry density of the installed barrier is 1.65 and
1.60 g/cm?3, respectively.
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1. Introduction

The aim of FEBEX (Full-scale Engineered Barriers
Experiment) is the study of the behavior of compo-
nents of the near field for a repository of high-level
radioactive wastes (HLW) in crystalline rock. The
experiment consists of three principal parts: 1) an
“in situ” test, in 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 experiment is based on the Spanish dis-
posal reference concept for crystalline rock (AGP
Granito): the waste canisters are placed horizon-
tally in drifts and surrounded by a clay barrier con-
structed from highly-compacted bentonite blocks

[5].

The project will last about 7 years (1994 through
2001) and its execution has been divided into four
successive stages, defined by the principal tasks to
be performed in the two large-scale tests. These
stages are: pre-operational (planning, design,
characterization of the clay, installation, and mod-
eling); operational (heating, monitoring, cooling,
and verification of predictions); dismantling (extrac-
tion, inspection, sampling, and study of the materi-
als); and final evaluation of the results and verifica-
tion of the models.

This report is a summary of the work performed
in the pre-operational stage (from the middle of

1994 to the beginning of 1997).

The engineered barriers (waste, canister, and
clay barrier) are key elements in the final disposal
concept for the HLW. The matrix of the waste acts
as a reducing barrier that minimizes the solubility;
the canister isolates the waste, during a certain
time, and contributes to the reducing environment.
The clay barrier has the multiple purpose of pro-
viding mechanical stability to the canister, by ab-
sorbing stress and deformations; of sealing the dis-
continuities of the adjacent rock and retarding the
arrival of the groundwater at the canister; and of
retaining/retarding the migration of the radionu-
clides released, once the failure of the canister and
the oxidation/dissolution of the combustible matrix
are produced.

The behavior of a HLW repository is determined,
in great measure, by the characteristics of the de-
sign and construction of the engineered barriers
and especially by the changes that may be pro-
duced in the mechanical, hydraulic, and geo-
chemical properties as a result of the combined ef-
fects of heat generated by the radioactive decay
and of the water and solutes contributed from the
surrounding rock. Therefore, it has been consid-

ered, that it is fundamental to comprehend and
quantify the processes that take place in the near
field to evaluate its long-term behavior.

ENRESA has studied, in prior R&D plans, sources
of supply of materials to be used in the clay bar-
rier, as well as their thermal, hydraulic, mechani-
cal, and geochemical behavior. Integral charac-
terization studies of granite masses have also been
made. As a consequence of these studies, and the
fact that, until now, there has not been made any
large-scale experiment in granite with the horizon-
tal disposition of the waste canisters in drifts, EN-
RESA has reached the conclusion that the next
step, in establishing the viability of the concept and
in progressing in the understanding and evaluation
of the behavior of the near field (especially of the
clay barrier), is the execution of a very complete
experiment, as FEBEX.

Therefore, the FEBEX experiment has the multi-
ple objective of demonstrating the feasibility of fab-
ricating and assembling the engineered barriers
and of developing methodologies and models to
evaluate the thermo-hydro-mechanical (THM) and
thermo-hydro-geochemical (THG) behavior of the
near field. These objectives are to be attained with
the combination of the “in situ”, “mock-up”, and
laboratory tests. These tests constitute the principal
parts of the experiment, according to the program

designed by ENRESA.

Fundamentally, the objective of the demonstra-
tion is expected to be attained in the “in situ” test,
which operates in natural conditions and with com-
ponents constructed with the actual design dimen-
sions of a repository drift. The demonstration ob-
jective has less importance in the “mock-up” test.

The objectives of checking the predictive capaci-
ties of the THM and THG numerical models will be
supported by the program of laboratory tests de-
signed 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, at almost full scale
and with well-known geometry as well as well-
controlled initial and boundary conditions, will
serve: to verify the predictive capacity of the cou-
pled numerical models; as a reference for the
evaluation, if existing, of the discrepancies; and to
adjust the models to predict the behavior of the
clay barrier under more heterogeneous conditions,
as those in the existing natural system of the “in
situ” test.

The underground laboratory managed by NA-
GRA in Grimsel (Switzerland) has been selected for

1
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the execution of the “in situ” test due to the similar-
ity of the Spanish and Swiss reference concepts for
the repository and the suitable laboratory condi-
tions for this test. The “mock-up” test is being exe-
cuted in the facilities of CIEMAT (Madrid, Spain).
The laboratory programs are being performed in
various Spanish research facilities (UPC-DIT,

CSIC-Zaidin, and CIEMAT).

As was stated above, in the R&D plans of EN-
RESA in the years prior to FEBEX, a number of
sources (deposits) of Spanish bentonite have been
studied for use as a clay barrier for a repository.
As a result of those studies, the most suitable ben-
tonite was concluded to be that from the deposit
called Cortijo de Archidona, which is in the south-
eastern part of Spain in the Serrata de Nijar, prov-
ince of Almeria, developed by Minas de Gddor,
S.A. Bentonite from this deposit (called sample or
bentonite S-2) had been used during the years
prior to FEBEX in the investigations of the thermal,
hydraulic, mechanical, and geochemical behavior;
therefore, extensive information on the properties
of this bentonite exists. As a result, it was decided
to extract from this deposit the FEBEX bentonite.

From the previous studies, a degree of heteroge-
neity had been found in the characteristics of the
bentonite from this deposit. As a consequence, it
was decided to select, homogenize, and process a
sufficient quantity (some 300 tons) of bentonite to
be used for all of FEBEX —the blocks for the two
large-scale tests and the set of experimental labo-
ratory tests— and thereby reduce the problems of
evaluating the results from the different tests within
this experiment, since it could then be considered
that all the bentonite used for the FEBEX project
had the same properties. Described within this re-
port are all the pre-operational stage activities,
studies, and laboratory tests for selecting, homoge-
nizing, processing, and characterizing the bento-
nite to be used in FEBEX, from its extraction in the
quarry to its final use, including the fabrication,

12

handling, and storing of the blocks for the con-
struction of the clay barriers of the two large-scale
tests. Also included is a summary of the charac-
terization studies made prior to FEBEX, and the re-
sults obtained, on samples of bentonite from the
same deposit. The laboratory tests referred to
herein are those for characterization of the bento-
nite and should not be confused with the set of ex-
perimental laboratory tests being made to investi-
gate the processes and variables.

This report has been divided into seven chapters,
with this introduction as Chapter 1. Chapter 2 is a
summary and the basic results from the investiga-
tions prior to FEBEX. Chapter 3 covers the selec-
tion and conditioning of the FEBEX bentonite. In
Chapter 4, the characterization of the bentonite
prepared for the fabrication of the blocks and for
the set of experimental laboratory tests is covered.
Chapter 5 describes the activities of design, fabri-
cation, and control of the blocks both for the “in
situ” and “mock-up” tests as well as their charac-
teristics before emplacement in their respective
sites. In Chapter 6 is a summary of the conclu-
sions reached about the properties of the bentonite
as a material and of the blocks fabricated with this
bentonite. Chapter 7 is a list of the references re-
ferred to herein.

Various institutions, participating in FEBEX, have
contributed to this report, including CIEMAT,
CSIC-Zaidin, UPC-DIT, and AITEMIN. The report
uses the work of CIEMAT as a basis, since they
contributed the majority of the testing; however, in
each section, the contributions of the other partici-
pants have been inserted and credited. (Where no
other mention is made of the organization, the
contribution is from CIEMAT.) This form of presen-
tation leads to the repetition of some of the names
of organizations, but has the advantage of facilitat-
ing the comparison and discussion of the results
when tests or studies of the same type were per-
formed by two institutions.



STUDIES PRIOR
TO FEBEX
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2. Studies prior to FEBEX

As has been said in Chapter 1, in the R&D plans
prior to FEBEX, ENRESA has studied several Span-
ish deposits of smectite clays as potential sources
for use in constructing a clay barrier for a reposi-
tory of HLW. Chosen after study was the Cortijo
de Archidona, located in Serrata de Nijar (province

of Almeria, Spain), developed by Minas de Gdador,
S. A.

During various years prior to FEBEX, ENRESA
had made detailed studies for the characterization
and the behavior —mechanical, hydraulic, thermal,
and geochemical— of the bentonite from this de-
posit.

This chapter includes a schematic description of
those studies and a detailed summary of the results
of the characterization tests made on the Cortijo

de Archidona deposit, which became the source of
the FEBEX bentonite.

2.1. Study of the potential use
of Spanish clays
in the engineered barriers

The study of materials to be used for backfilling
and sealing a repository for HLW commenced in
Spain in 1987, with a project financed by the EU
(FI-IW-0191E), participated in by ENRESA, and
performed by CIEMAT. That study had three ob-

jectives:

2 To survey the availability of Spanish clay suit-
able as a material for backfilling and sealing.

1 To study the possibility of utilizing an illite
clay as an alternative to a smectite clay, in
order to minimize the mineralogical differ-
ences with the surrounding granite.

2 To study mixtures of clay and ground granite
as a material for backfilling in order to, pos-
sibly, reduce the costs and contribute to the
reconstitution of the surrounding granite en-
vironment of a repository.

After surveying the Spanish clays, a study of 30
samples from seven sources located in the prov-
inces of Gerona, Barcelona, Zaragoza, Segovig,
Toledo, Jaén, and Almeria was initiated. The first
semiquantitative determination of the mineralogy
excluded 50 % of the samples due to the low con-
tent of phyllosilicates (<65 %). In accordance with
the mineralogy of the fraction less than 2 pm,
seven of the samples were retained: two were es-
sentially illite, the rest were smectites provided by

Minas de Gddor from the region of Cabo de Gata
(Almeria) and from the Tertiary Madrid Basin (Yun-
cos, Toledo). Finally, among those, two clays were
selected for their low content of carbonates and
colloidal minerals, their high plasticity, and their
good compactability: one a bentonite called “Ser-
rata natural” from the deposit of Cortijo de Archi-
dona (Cabo de Gata, Almeria) and the other an il-
lite from Zaragoza. The analyses of the mechani-
cal, hydraulic, thermal, and physico-chemical
properties of both and their behavior when mixed
with ground granite [6] led to the following conclu-
sions:

1 Spanish clays exist which could be utilized as
material for backfilling and sealing.

1 The smectite clay is more suitable than the il-
lite clay as a material for backfilling and
sealing.

1 The ground granite mixed with smectite clay
can be used as material for backfilling, pro-
vided that the ground granite does not ex-
ceed 25 % of the mixture.

2.2. Study of Cabo de Gata
and tertiary Madrid basin zones

Partially coinciding with the development of the
study described above, ENRESA promoted the
study of two zones with important deposits of smec-
tite clays that could be utilized as materials of
backfilling and sealing: Cabo de Gata in the prov-
ince of Almeria and the Tertiary Madrid Basin in
the province of Toledo. In each of these zones,
three deposits were considered as potential
sources due to their characteristics (which were al-
ready known) and their estimated reserves. For the
zone of Cabo de Gata, the deposits selected were
Cortijo de Archidona (in the Serrata de Nijar),
Morrén de Mateo (in the Rambla de los Escullos),
and Los Trancos (in the northern zone of Sierra de
Gata); for the zone of the Tertiary Madrid Basin,
the deposits were Cerro del Aguila-Cerro del
Monte, Santa Barbara, and Yuncos. Each of these
deposits were studied in detail by CIEMAT, with
CSIC-Zaidin, for the zone of Cabo de Gata, and
with Universidad Auténoma de Madrid (UAM), for
the zone of Madrid Basin. In addition, CIEMAT
had the collaboration of the Commisariat a I'Ener-
gie Atomique (CEA).

During these studies, ENRESA had the assistance
of R. Pusch of Clay Technology (Sweden).
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CIEMAT received two samples from each de-
posit, each about 200 kg. The grain-size distribu-
tion, Atterberg limits, specific weight, total and ex-
ternal specific surfaces, and mineralogical and
chemical composition were determined for each
sample. Also compaction tests, both dynamic and
static, were made and, in the CEA laboratory, the
surface thermal conductivity was determined in
compacted samples [7, 8, 9].

CSIC-Zaidin (for the Cabo de Gata zone) and
UAM (for the Madrid Basin zone) made complete
characterization, mineralogical and chemical, as
well as studied the alterability and stability of vari-
ous samples from the same deposits. The results

obtained were collected in the reports published by
ENRESA and by the EC [10, 11, 12].

Using the results from all the laboratories, one
deposit from each zone was chosen: Cortijo de Ar-
chidona (formed essentially of smectite of the
montmorillonite type) in Cabo de Gata and Cerro
del Aguila-Cerro del Monte (consisting fundamen-
tally of trioctahedral smectite of the saponite type,
accompanied by various proportions of illite and
sepiolite) in Tertiary Madrid Basin. These deposits
were selected because they met the requirements
for the material to backfill and seal a repository for
HLW: mineralogical purity, high specific surface,
high liquid limit, high percentage of the fraction
less than 2 pm, and high thermal conductivity; fur-
thermore, good compactability was an added re-
quirement for the fabrication of the highly-
compacted blocks for the clay barrier [7].

Selection of the Cortijo de Archidona
(Cabo de Gata) deposit

A more specific investigation of the two selected
deposits was continued by CIEMAT to determine
the more suitable one from which to obtain the
material for backfilling and sealing a repository.
After this study, the Cortijo de Archidona, located
in the Serrata de Nijar (zone of Cabo de Gata,
Almeria) was chosen.

For these selection studies, CIEMAT acquired a
sample from each deposit. Both samples, each of
5000 kg, were prepared in the facilities of the
company Minas de Gador by drying at 60°C until
the water content was approximately 10% and by
grinding until the maximum size was 5 mm.

The sample from Cortijo de Archidona was des-
ignated S-2 and it is with this designation that all
information (prior to FEBEX) relating to the study of
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the smectite clay (bentonite) from this deposit was
published. The sample from the Cerro del Aguila-
Cerro del Monte deposit was designated MCA-C.

The clays were ground to a maximum size of 2 mm
(except in those cases where the effect of the
grain-size distribution was specifically investigated)
and they were stabilized at the temperature and
moisture of the laboratory (20°C to 25°C and
relative humidity about 60%), prior to the execution
of the tests.

The study made by CIEMAT included not only
tests for determining the properties of the clays, but
also for investigating the variations in the proper-
ties as a function of the dry density and water con-
tent of the compacted blocks, of the temperature
during the test, of the grain-size distribution, of the
addition of quartz sand in different proportions,
and of the pre-heating of the clay to different tem-
peratures. On samples from both deposits, the fol-
lowing tests were made: dynamic compaction, un-
confined compressive strength, free swelling, swel-
ling pressure, saturated hydraulic conductivity,
thermal conductivity, consolidation, and consoli-
dated ftriaxial (drained and undrained). Further-
more, the isotherms of adsorption/desorption were
determined and studies were made of ionic diffu-
sion and hydrothermal alterability. In addition, the
alterations, from heating, on the mineralogy; spe-
cific weight; external specific surface; and texture,
observed under an electronic microscope, were
determined. Simultaneously, under contract with
CEA, uniaxial compaction tests of industrial scale
were made with clays from both deposits in col-
laboration with Constructions Thermiques Eu-
ropéenes (Montsemprom-Libos, France).

These studies and their results have been pub-

lished [7,13,14,15,16]. The results led to the de-

finitive selection of the bentonite from Cortijo de
Archidona, designated S-2, for its better compac-
tability and lesser susceptibility to thermal effects,
although both clays satisfy the requirements for
utilization as material for the clay barrier. It was
concluded that a dry density of 1.6 g/cm3 satisfied
the hydraulic requirements for the clay barrier and
that the addition of quartz sand did not greatly im-
prove the properties of the material.

The evaluation of the fabrication and construc-
tion of the clay barrier to be made of the bentonite
S-2 (Cortijo de Archidona) was by collaboration
among ENRESA, CIEMAT, and CEA. The mold and
the fabrication system for the compacted clay
blocks, as well as the method of installation, were
designed in the manner employed by the French.
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2. Studies prior to FEBEX

Their corresponding “in situ” investigative test was
made in drilled wells, with a diameter of 1.50 m
and a depth of 6.00 m, in the old mine of Co-
gema (Fanay-Silord, France) [12].

2.3. Longevity studies

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

In the period 1992-1995 in CSIC-Zaidin, UAM,
and CIEMAT laboratories the materials have been
tested at various concentrations of salinity, tem-
peratures, and time intervals to determine the reac-
tion kinetics. CSIC-Zaidin has established an equa-
tion that governs the transformation of montmoril-
lonite to illite; the equation indicates, that at a tem-
perature of less than 120°C, the transformation
takes place during hundreds of thousands to mil-
lions of years, depending on the quantity of potas-
sium available in the environment [17]. The studies
from UAM did not find any relevant transformation
that would affect the saponite for temperatures un-
der 200°C, but did establish kinetic equations that
control the transformation of the accessory miner-
als (sepiolite) into saponite and that indicate the
transformation is produced in decades.

CSIC-Barcelona has studied the bentonite of
Almeria to obtain thermodynamic and kinetic infor-
mation on the process of dissolution/precipitation.

2.4. Study of THM behavior
of the bentonite S-2 (1991-1995)

In 1991, another study of the bentonite S-2, from
the deposit of Cortijo de Archidona, was initiated.
This study was part of the scope of the “Anexo V
del Convenio de Asociacién CIEMAT-ENRESA In-
vestigacién y desarrollo tecnolégico en el campo
de la migracién de radionucleidos y comporta-
miento de barreras naturales y artificiales frente a
la migracién” in its Annex C: “Estudios bésicos de
comportamiento térmico, hidrdulico y mecénico de
materiales de barreras artificiales”. For this study,

24 tons of material, provided by Minas de Gador
in October 1990, was prepared in their plant in
Almeria by drying at 60°C and grinding to obtain
a maximum size of 5 mm. For its use in the labora-
tory of CIEMAT, the material was again ground to
a maximum size of 2 mm.

The object of the study was to analyze the prop-
erties of the bentonite and its behavior under con-
ditions that will be found in a repository; that is to
say, to subject the material simultaneousiy to heat-
ing and hydration, in opposite directions, for long
periods of time. This includes the study of the ef-
fects produced by the thermal and hydraulic flows
in the compacted blocks and the behavior of the
material in subsaturated conditions. Furthermore,
the characterization of the bentonite was contin-
ved, undertaking new aspects like the determina-
tion of the pore size distribution and the specific
heat as a function of the temperature, and addi-
tional determinations of specific weight, cation ex-
change capacity, exchangeable cations, thermal
conductivity, etc. Other aspects undertaken for the
first time were the extraction and analysis of the in-
terstitial water and soluble anions as well as the
bacteriological analyses.

2.5. Summary of characterization fests
for bentonite S-2, prior fo FEBEX

The properties of the bentonite 5-2 from the Cor-
tijo de Archidona deposit, obtained in the studies
that have been described in the two previous sec-
tions, are briefly summarized in this section.

2.5.1. Origin

During the Neogene, the Cabo de Gata zone
suffered an intense volcanic activity, which is in-
cluded within the geotectonic frame of the western
Mediterranean. These volcanic rocks were sub-
iected to a process of transformation caused by hy-
drothermal fluids that circulated due to the great
density of fractures. It is thought that the bentonite
of the Cortijo de Archidona deposit had originated
from polygenetic tuffs and porphyritic agglomer-
ates of dacitic character, that suffered an initial
process of devitrification by hydrothermalism (at
temperatures between 75°C and 100°C) and later
had been altered (at temperatures around 40°C)
by the action of meteoric water infiltrated through
the fractures [18].
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2.5.2. Mineralogical and chemical composition

The bentonite S-2 is essentially smectite (92+4%),
with cristobalite, quartz, plagioclase, and calcite,
each in proportions less than 5%. The fraction less
than 2 pum is formed mainly by dioctahedral smec-
tites of montmorillonite type and its structural for-
mula is shown in Table 2.1.

The chemical analyses of the total sample, in-
cluding the trace elements, performed by CSIC-

Zaidin [10] and CIEMAT [13] are consistent and
are shown in Table 2.2.

The cation exchange capacity and exchangeable
cations were determined in both laboratories and
are summarized in Table 2.3.

In addition, the exchange complex includes Sr,
Ba, Mn, and occasionally Al.

The contents of amorphous phases are indicated
in Table 2.4. The procedure for attacking the col-
loidal silica in the laboratory of CSIC-Zaidin [10]
is more intense that that utilized in CIEMAT, which
explains the great difference observed in the val-
ues from the two laboratories.

The characteristics of the aqueous extracts in the
solid to liquid relation 1:4 (CIEMAT) and 1:10
(CSIC-Zaidin) are shown in Table 2.5.

2.5.3. Identification properties

The identification properties of the bentonite S-2
are summarized in Table 2.6 and include unpub-
lished values obtained by CIEMAT and CSIC-
Zaidin in the years prior to FEBEX.

Determination of the grain-size distribution of
this clay presents complications due to the diffi-
culty in fully dispersing the particles in a suspen-
sion. This difficulty has been attributed to the
binding or cementation produced by colloidal sil-

ica [9,10]. CSIC-Zaidin utilized Na,CO, and cycles
of ultrasound and CIEMAT used sodium hexameta-
phosphate with cycles of ultrasound and stirring to
disperse the material.

2.5.4. Strength parameters

Unconfined compressive strength

The unconfined compressive strength tests were
made on cylindrical specimens of 38 mm in diame-
ter and 78 mm in height, with a loading rate of 2 %
of the deformation per minute. The influence of the
compaction system (tamping or uniaxial), the water
content, the dry density of fabrication, the ground
grain-size distribution, and the addition of quartz
sand in different proportions were analyzed. It was
shown that the unconfined compressive strength in-
creased in an exponential manner with an increase
in dry density and that the unconfined compressive
strength was 25 kg/cm? for a dry density of 1.70
g/cm? with the humidity at equilibrium with the con-
ditions in the laboratory. The higher strengths were
obtained with water contents of about 20 %. The
increase in ground grain size and the addition of
quartz sand caused a decrease in the unconfined
compressive strength.

Triaxial tests

The strength parameters obtained in the consoli-
dated triaxial tests, both drained (CD) and
undrained (CU), made on saturated specimens with
an initial dry density of 1.60 g/cm? are described in
[7] and summarized in Table 2.7. In the CD tests,
the failure is produced with strains between 7% and
14% by values of the deviator stress of 1.7 MPa
and 2.7 MPa. In the CU tests, the strain at failure is
between 9% and 12% for values of deviator stress
between 1.5 MPa and 2.9 MPa and between 8%

Table 2.1
Structural formula of the smectite S-2
Tetrahedral Octahedral
Sitt AR+ AP+ Fe**, Fe?* Mg** Tit
(SIC- Zaidin [10] 7.76+0.10 0.24+0.10 279005  033+005 1.03%0.10
CIEMAT [13] 197 0.03 2.74 0.43 0.89 0.02
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Table 2.2
Chemical composition of the bentonite S-2 total sample, including trace elements
o CSIC-Zaidin CIEMAT T""ep‘::’n'“e"" CSIC-Zaidin CIEMAT
Si0, 59.9+1.7 57.3 B 53+38
ALQ, 18.7+1.1 19.6 Ba 110+ 63 195
Fe,0, 3.6+04 33 Be <5
Fe0 0.4 a 552
Mn0 <0.03 (o 5.3
Mg0 5.8+0.4 4.7 (r 15+11 15
(a0 2011 29 (v 5+2 <5
Na,0 2202 1.9 Lo 26
K,0 0.7+0.3 1.4 Mo 143 <5
Ti0, 0.3 Ni 16+5 20
P,0; 0.1 Pb 4122
H,0" 6709 5.7 Rb 52
(0,4, 0.7+0.3 0.6 Sn 41+30
0, i 0.1 St 210
50,(5%) 0.02 Th 15.7
g 0.03 U 1.02
F 0.16 V 1113 17
W <25
Y 23
In 7
Ir 337+320 180
Table 2.3
Cation exchange capacity and exchangeable cations of the bentonite S-2, in meq/100 g
CEC Ca?* Mg?* Na* K*
CIEMAT 19 ] 9717 1+7 3+7 043 25+04
(SIC-Zaidin [10 ] 92+12 31+6 33+6 30+3 311
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Table 2.4
Content of amorphous silica, alumina, and iron of the bentonite $-2
Si0, Al,0; Fe05
CSIC, in % 1.92+1.38 0.09+0.05 0.11=0.02
CIEMAT, in % 0.025+0.01
Table 2.5
Analysis of aqueous extracts of the bentonite S-2
Aqueous extract 1:4 Aqueous extract 1:10
CIEMAT CSIC-Zaidin
(", in mg/I 29975
S0,”, in mg/l 31438
E.C, inmS/em 1.884+0.241 0.792+0.151
pH 8.57+0.43

and 11% for values of the deviator stress between
2.4 MPa and 6.6 MPa.

Triaxial tests were made with material in an un-
saturated state and their results are shown in Ta-
bles 2.8 and 2.9. For the lower ranges of o3, the
failure is brittle, is produced for strains under 8%,
and has a strength peak, whereas for the higher
ranges of o3, the failure is plastic and is produced
for strains on the order of 20%.

2.5.5. Oedometer tests

The oedometer tests were made with loading and
unloading cycles on specimens compacted to an
initial dry density of 1.4 g/cm® and 1.6 g/cm?. To
analyze the results, the Terzaghi theory of consoli-
dation was applied and the curves analyzed by the
empirical procedure of Casagrande. The results
are shown in Table 2.10.

7 5.6. Oedometer tests with controlled suction

The oedometer tests with controlled suction were
made at 20°C by dissolutions of sulfuric acid or by
nitrogen pressure [20, 21, 22]. The tests have
been made on specimens compacted to a dry den-

sity of 1.6 g/cm3, with a water content at equilib-
rium with laboratory conditions. By fitting the ex-
perimental data, the following preliminary state
surface is obtained [23]:

e =23.642-0.197Inp-0.13Ins +
+ 0.009Inplns

where e is the void ratio, s is the suction in MPaq,
and p is the net mean stress measured in MPa.

2.5.7. Swelling pressure

The swelling pressure has been determined in an
oedometer, where the specimen is saturated at
constant volume by adding successive loads. Mix-
tures of clay and quartz sand were used with dry
densities between 1.3 g/cm? and 2.0 g/cm? for the
clay. The fitted curve is shown in Figure 2.1 and
given by the equation

In P,=5.9 pg- 7.9 r*=0.93 17 points

where P, is the swelling pressure in MPa and py is
the dry density of the clay in g/cm® [24].
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2.5.8. Saturated hydraulic conductivity

The saturated hydraulic conductivity of specimens
of distinct dry density has been determined, by
Darcy’s law, from tests in which a hydraulic gradi-
ent was applied, between the two ends of a speci-
men of known dimensions, and the volume of wa-
ter that traversed the specimen was measured as a
function of time. The logarithm of the values ob-
tained for the hydraulic conductivity (k, in m/s) as a
function of the dry density (py, in g/cm3) is repre-
sented in Figure 2.2. As can be observed, the val-

ues have been fitted to two straight lines depend-
ing on the interval of the dry density being consid-
ered [24]. The regression lines are expressed by
the equations

for pg between 1.4 and 1.9 g/cm®:
log k = -2.97 pq - 8.29 (*=0.80) 9 points

for pg between 1.1 and 1.4 g/cm?:

log k = -8.14 pg- 0.72 (*=0.88) 12 points

Table 2.6
dentification properties of the bentonite S-2
Laboratory
Property
CIEMAT CSIC-Zaidin
Water content in equilibrium with laboratory conditions, in % 101013
5655

Liquid limit, in % 10510 ((*3)
Specific weight 2.78

<2um 65+1 82+6
Grain-size distribution, in %:

<74um 86 93+3
Total specific surface, in m¥/g 51637 61474
External specific surface BET, in m%/g 37

(*) Itis the value obtained on the first samples from the deposit.

(**) It is the value obtained on samples from the deposit, taken years lafer.

Table 2.7: Strength parameters from sutuI:tbeI: t2r.i1xiu| fests pg=1.60 g/cm’ (bentonite S-2)
L e
) 3-10 0.0 7
) 10-30 0.2 4
4 3-10 0.2 8
4l 10-30 0.2 5
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Strength parameters from non-saturated triaxial testhug:lzf;S g/cm® and different water contents (bentonite S-2)

w Initial S, Range of o3 Cohesion Friction angle
% % MPa MPa in degrees

10 4] 0.5-3.0 0.1 33

10 4] 10.0-30.0 70 8

15 61 0.5-3.0 0.8 31

20 81 05-3.0 1.2 21

20 81 ©10.0-30.0 3.0 2

Table 2.9

Strength parameters from non-saturated triaxial fests, with the water content at laboratory equilibrium
and with different initial densities (bentonite S-2)

Pd Initial S, Range of o3 Cohesion Friction angle
g/cm? % MPa MPa in degrees

1.6 41 - 47 0.5-3.0 0.7 25

1.6 41 - 47 3.0-10.0 2.8 14

1.6 41 - 47 10.0-30.0 44 14

1.7 49 - 60 0.5-3.0 0.8 30

1.7 49 - 60 3.0-10.0 1.0 26

1.7 49 - 60 10.0-30.0 33 16

1.8 53 - 59 3.0-10.0 43 16

1.8 53 - 59 10.0-30.0 3.6 18

1.9 65-79 3.0-10.0 4.5 19

Table 2.10
Oedometric parameters. Bentonite S-2
g/‘z&a C G m;;i(N m;'/llv(N mk/s

14 0.38 0.20 25-10° 1.7-10° 47-10"
1.6 0.38 0.33 23-10° 14-10° 13-10"
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Figure 2.1: Experimental values and regression curve for the swelling pressure vs. dry density for bentonite S-2 mixed
with different proportions of quartz sand.
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Figura 2.2: Experimental values and regression straight lines for the logaritm of the hydraulic conductiviti (k, in m/s)

vs. dry density (pd, in g/cm’) for the bentonite 2.
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2.5.9. Relative permeability

UPC-DIT has adopted a law for the relative per-
meability (k,) from the inverse analysis of infiltration
test data from CIEMAT [24], in which the degree of
saturation (S,) is known at different points and
times in a specimen of compacted clay that is be-
ing saturated: the law obtained is

krI = Sr3

The performance of these tests under a thermal
gradient also allows the estimation of the tortuosity.

2.5.10. Suction/water content relationship

The determination of the relationship of the suc-
tion to the water content was made with clay speci-
mens compacted to different dry densities and wa-
ter contents, then subjected to different suctions
(greater or less than the initial one in the specimen)
until the water content stabilized in the clay [20].
The suction was imposed by controlling the relative
humidity of the atmosphere within the specimen
container by dissolutions of differing densities of
sulfuric acid or by applying the axis-translation
technique in membrane cells. In both cases, the

volume of the specimen (and therefore the void ra-
tio) varied without restraint during the hydra-
tion/dehydration processes. The determination was

made at 20°C.

Later, the suction/water content curve was also
determined, in samples of the bentonite S-2
ground to a maximum size of 2 mm, and of 5 mm,
and compacted with the water content (10%) at
equilibrium with laboratory conditions and a dry
density of 1.65 g/cm?3. This was made following a
suction path, initially hydrating by reducing the
suction to 22 MPa, then increasing the suction to
150 MPa, thereby drying, then reducing the suc-
tion to 6 MPa, thereby rehydrating. Because there
were no appreciable differences between the two
grain-size distribution curves nor between the dry-
ing and the hydration processes, these results and
those of the prior studies were integrated to obtain
a single regression curve (Figure 2.3). The relation
obtained between suction (s, in MPa) and water
content (w, in %) that is independent of both the
initial dry density and initial water content is

w=36.1-12.0log s (=0.94) 191 points

Various tests were made in an oedometer, at
20°C, with controlled suction, to identify, in the

Final water content (%)

10 \&09\9

Bentonite S-2 values

\“2‘8‘ 0

Bentonite S-2 correlation

0 100 200
Suction (MPa)

400

Fiqure 2.3: Suction/water content curve for benfonite 5-2
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suction/water content relationship, the influence of
a load to which a specimen has been subjected.
This consisted of subjecting specimens compacted
with a water content at equilibrium with laboratory
conditions and at a dry density of 1.6 g/cm3, to
suctions between 0.3 MPa and 105.0 MPa under
different vertical loads (of 0.3 to 5.0 MPa) [19]. A
slight decrease was noted in the final water content
for the same suction with respect to that reached in
specimens not subjected to load, but no variation
was observed as a function of the magnitude of the
applied load.

2.5.11. Specific heat and thermal conducfivity

The specific heat is determined on the total sam-
ple ground to a size less than 50 um by scanning
differential calorimetry. The relationship between
temperature (T, in °C) and the value of the specific
heat of the solid (c,, in J/kg - °C), in an interval of
temperature between 45°C and 150°C, is ad-
justed to a straight line equation

g = 1.38 T + 73252

The surface thermal conductivity has been deter-
mined at ambient tfemperature on compacted clay

specimens of different water contents and different
dry densities. The values obtained in the latest
studies prior to FEBEX, together with a regression
curve of the sigmoidal type (Boltzmann), are repre-
sented in Figure 2.4.

The curve obtained corresponds to the equation

0.95

S,-0.54)/0.15
el V

A =134~

1+

where A is the thermal conductivity in W/m-K and
S, is the degree of saturation.

The values of the thermal conductivity measured
in the axial and radial sense in the interior of com-
pacted cylindrical specimens are similar to those of
the surface thermal conductivity indicated [26].

2.5.12. Effect on bentonite behavior
of the maximum grain size

Since the major part of the characterization tests
on the S5-2 bentonite were made with the material
ground to a maximum grain size of 2 mm, and as
the bentonite to be utilized in FEBEX was to be
ground to a maximum size of 5 mm, it was consid-

1.6
O
14
AP e
= "’;A
"-\é 1.2 —
E "'
£ 0|0
s 10 O
£ o4& 0
= AN
E 0 0f
= oA
Jeod 0 L Bentonite S-2 values
0.6 a0
G r 8 ------ Bentonite S-2 correlation
04 BT
0.0 0.2 04 0.6 08 1.0

Degree of saturation, S,

Figure 2.4: Thermal conductivity of the benfonife $-2 as a function of the degree of saturation.
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ered necessary to make a set of tests to verify that
the thermal, hydraulic, and mechanical behavior
were unaffected by the grain-size distribution of the
ground material [19]. Swelling under load tests,
hydraulic conductivity, thermal conductivity, and
porosity determinations, with dry densities between
1.4 g/cm3 and 1.8 g/cm3® were made. Also, for
the two grain-size distributions, the suction/water
content curve was determined and oedometer tests
with controlled suction were made. In no tests
were differences found with respect to the grain-
size distribution.  The infiltration curve in tests
made in thermo-hydraulic cells have similar ten-
dencies regardless of the maximum grain size of
the ground clay [25].

2.5.13. Interstitial water

The interstitial water of the clay has been ob-
tained by compaction, under a pressure of 70
MPa, of a clay paste with a water content of 25 %
obtained by mixing the clay, stabilized under the
laboratory conditions, and granite water in a nec-
essary proportion. Various tests have shown that
the chemistry of the water obtained is conditioned
by the clay and not by the type of water added
[27]. The water obtained is of a chloride-sodic-
magnesic type, with an ionic strength of 0.3 M.
From these analyses, a procedure has been devel-
oped for the preparation of a stable synthetic
bentonite-granite water for use in the laboratory in
this and other studies to simulate the water that ar-
rives at a point after passage through some other
layer of bentonite [28]. The analytical results of the
extracted water and the allowable limits for the syn-
thetic water are shown in Table 2.11.

2.5.14 . Porosity

From the study, by the mercury intrusion method,
of the compacted clay specimens at different densi-
ties and with different water contents, three families
of pores have been identified:

1 large pores (radius >3 pm), with a variable
mode

J  medium pores (radius between 3 and 0.03
um), with a mode generally of 0.32 pm

1 small pores (radius between 0.03 pum and
0.003 um), with a mode generally of 0.006

um
The percentage of small pores is always greater
than that of the medium pores, whereas the per-
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centage of large pores is quite variable and is in-
versely related to the compacted density of the
clay.

2.5.15. Sorption of cesium

By the batch technique of testing, a study was
made of the adsorption of '37Cs into the bentonite
S-2 ground to a grain size of less than 63 pm.
These tests were made considering different pa-
rameters for determining their influence on the pro-
cess of retention: time, initial pH (6 to 9), initial
ionic strength (0.004 M to 0.100 M), and cesium
concentration (103 M to 10 M). The tests were
effected in an oxic environment. The detailed de-
scription can be found in [29].

In all of the tests, it was observed that the S-2
bentonite presented an important buffer effect or
regulator of pH. The cesium retention capacity of
the bentonite increases with increasing pH, with the
decrease of the cesium concentration, and with the
decrease in the ionic strength. In general, there is
not a notable variation in the value of the distribu-
tion coefficient (K ) with time.

The values obtained for the distribution coeffi-
cient in the tests made with an ionic strength of
0.004 M are grouped together in Table 2.12.

Table 2.13 shows the results of the tests made
with ionic strengths of 0.01 M and 0.10 M, where
the difference cannot be distinguished between the
values of K, for the experimental concentrations of
cesium as the Cs is retained by the bentonite in
percentages equal to or higher than 98 %.

2.5.16. Bacteriological analysis

Only one preliminary bacteriological study was
made on a sample of the S-2 bentonite [30]. In the
extraction of the sample, as in the later treatment
(drying and grinding), sterile conditions were not
kept and therefore the microorganisms present in
the sample were a mixture of the natural ones and
those introduced in the treatment of the bentonite.
The estimation of the number of bacteria of the
different groups was made by the method of most
probable number (MPN) and is shown in Table
2.14. The number of aerobic and sulfide oxiding
bacteria were greater than expected, even though
the numbers could not be correctly estimated.

Only analyses of the presence or absence of
some groups of bacteria were made without mak-
ing an estimate of the number.
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Table 2.11
Chemical composition of the bentonite S-2 interstitial water
Interstitial water Synthetic water
(" (mg/1) 6570 6550250
NO, (mg/l) 67 11010
50,” (mg/l) 1490 150030
HCO, (mg/1) 170 275
Si0, (mg/1) 12 8.3+05
Br (mg/) 16 15+1
Ca™* (mg/1) 575 135+10
K* (mg/l) 1 211
Mg™* (mg/1) 1100 60030
Na™ (mg/l) 2425 3750100
Mo (mg/1) 0.13
St (mg/1) 12
B (mg/1) 0.38
Ni (mg/l) 0.73
(u (mg/l) 0.37
In (mg/1) 48
pH 12 7.3+0.2
E.C. (mS/cm) 18 18.5+0.2
Eh (mV) 430+30
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Values cf Kq (ml/g) as a function of the pH and the concenI:uli:zr? '(:fZCs in tests with an ionic strength of 0.004 M. Bentonite S-2
Final pH [G]=10°M [G]=10°M [Gs] =107-10"M
1.25 425 =20 910 = 155 11550 + 290
485 =15 975 =190
560 = 15 1270 = 220
8.34 730 = 70 1390 = 290 15000 = 1120
Table 2.13

Values of Ky (ml/g) from tests with ionic strengths of 0.01 M and 0.10 M. Bentonite 5-2

[G]=107-10"M

lonic strength 0.01 M 9400 — 11600
lonic strength 0.1 M 4700 — 5800
Table 2.14
Preliminary bacteriological analysis of the bentonite S-2
. Most Probable Number
Type of bacteria (MPN) per gram
Aerobic > 2500
Anaerobic +
Sulfur oxiding > 2500
Sulfate reducing -

The symbol + indicates presence of bacteria.
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3. Selection and conditioning of the FEBEX bentonite

3.1. Selection

From the studies prior to FEBEX, as was stated in
Chapter 2, the bentonite from the deposit called
Cortijo de Archidona (Serrata de Nijar, Almeria),
developed by Minas de Gdador, S. A., was selected
as the reference material for use in backfilling and
sealing a repository for high-level radioactive
waste. Consequently, it was decided to utilize the
bentonite from this deposit for the FEBEX project.

Given the variation in colors and textures that
had been observed in the bentonite deposit, it was
decided to make a detailed investigation of a zone
within the quarry from which the required quantity
(some 300 tons) of bentonite would be extracted
and conditioned in order that it have the homoge-
neity and properties required for the FEBEX project.
After the investigation, Minas de Gddor proposed
the use of an existing storage pile of some 900
tons of rose-colored bentonite that had been ex-
tracted from the zone being investigated. After
analyses, it was decided to utilize this pile of bento-
nite as it met the technical characteristics required
and precluded the need for further excavation.

In the report 70-IMA-L-3-1 Seleccién, homoge-
neizacién y andlisis de una partida de bentonita
procedente de la cantera “La Serrata” (Almeria)
para el proyecto FEBEX [31], the complete process
of selecting and conditioning of the bentonite is
described in detail.

3.1.1. Characteristics of the quarry

The bentonite deposit is situated in a zone which
has been affected by the Cenozoic volcanism of
the andesite-dacite type. The majority of the vol-
canic material has had epigenetic alteration after
the volcanism, of a pneumatolytic and hydrother-
mal nature related to a great density of fractures.

The sides of the quarry have been excavated in
barren volcanic rocks with the bentonite outcrop-
ping at its base and the better material found in
the central section. In general, the deposit has the
following characteristics:

1 The presence of bentonite coincides with the
direction of the tension faults within the shear
fault zone of La Serrata. The plane of the
fault of the bentonite deposit is subvertical,
dipping to the north or to the south.

1 The fault marks the limit between the over-
head roof rock and the bentonite.

2 The overhead roof rock is compact rhyodac-
ite of light gray color.

2 The underhand wall rock is volcanic tuff
formed by abundant volcanic fragments of
different materials.

2 The composition of the host rock is of great
importance as there appears to be a corre-
spondence between the type of host rock and
the quality of the bentonite.

1 The bentonite has less impurities close to the
overhead roof rock and center, where the
white and rose-colored materials predomi-
nate, whereas the bentonite in the underhand
wall rock has more impurities.

1 From the position of the bentonite it can be
deduced that the fractures favored the circu-
lation of fluids that hydrothermally alter the
rock.

Figure 3.1 shows schematically the quarry.

3.1.2. Sampling of the bentonite
from the quarry and storage pile

Based on the characteristics of the quarry, a zone
of 1800 m? was selected in the center (Figure 3.1)
on which were marked six profiles (PO to P5), in a
north-south direction, and where, in test pits, 22
samples of approximately 2 kg each were taken
and designated C-0.1 to C-0.7, C-1.1 to C-1.5,
C-2.1 to C-2.3, C-3.1 to C-3.3, C-4.1 to C-4.3,
and C-5.2. (The letter C designates the quarry; the
first number, the profile from which the sample was
taken; and the second number, the test pit within
the profile, as is explained in Procedure 70-IMA-
G-3-70 [32].) In a larger test pit, centrally located
in the zone being investigated, 5 other samples
were taken and designated CCO-1 to CCO-5; an-
other one, designated C-A, was taken between
profiles 1 and 2.

To evaluate the characteristics of the bentonite in
the existing storage pile, 8 samples were taken
along the surface and they were designated PI-1 to
PI-8.

3.1.3. Laboratory tests

The properties of the bentonite have been deter-
mined by laboratory tests performed by CIEMAT on
samples obtained as indicated above.
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3. Selection and conditioning of the FEBEX bentonite

3.1.3.1. Sample preparation

Before testing, the samples were prepared in ac-
cordance with Procedures 70-IMA-G-3-70 [32]
and 70-IMA-G-3-71 [33] using these processes:

3 Spreading out and air-drying of samples
C-2.1, C-3.2, and C-4.3 and oven-drying of
the rest of the samples at 60°C for 48 hours.

3 Crushing of the clods with a rubber mallet
and wooden roller.

1 Sieving the samples to determine the per-
centage of particles less than 5 mm, after the
sample has been dried and the clods
crushed.

3.1.3.2. Testing procedures ,

On the fraction of the material smaller than 5 mm,
the following tests were made using the procedures
indicated:

O Water content determination: standard UNE
103-300-93 [34].

0 Grain-size determination by sieving to the
74 pm: Procedure 70-IMA-G-0-05 [35].

0 Atterberg limits: Procedure 70-IMA-G-0-12
[36]

0 Swelling pressure of uniaxially compacted
samples with a dry density of 1.60 g/cm?
and the water content that was reached after
drying: Procedure 70-IMA-G-0-21 [37].

0 External specific surface, BET: Procedure
70-IMA-G-0-11 [38].

3.1.3.3. Test results and bentonite selection

The results of the tests are included in Tables
3.1, 3.2, and 3.3.

The following three specifications (Procedure
70-IMA-G-70 [32]) were established for the selec-

tion of the bentonite:

0 The fraction of the particles larger than 5 mm
must be less than 5 % and the fraction of
particles less than 74 um must be more than
85%.

0 The liquid limit must be greater than 90%.

0 The swelling pressure must be between 30
kg/cm? and 70 kg/cm?, for a dry density of
1.60 g/cm?.

As can be observed in Table 3.3, for the tests

made on the storage pile samples, the average

values for the liquid limit and the swelling pressure
meet the specifications. The percentage of parti-
cles greater than 5 mm is larger than specified, but
this specification is easily met by sieving the mate-
rial over the 5-mm mesh. The bentonite from the
storage pile was selected as it could meet the re-
quired technical specifications.  Nevertheless, it
was still necessary to condition the material by ho-
mogenizing, drying, and classifying the bentonite
to obtain the final material to be used in the fabri-
cation of the blocks.

3.2. Homogenization and drying
in the quarry

3.2.1. Homogenization, drying and sampling

The first conditioning of the bentonite took place
at the quarry site and basically consisted of ho-
mogenizing and drying, using Procedure 70-IMA-
G-3-71 [33]. This conditioning is briefly described
below and in detail in the reports of CIEMAT and
AITEMIN:

2 70-IMA-L-3-1 Seleccién, homogeneizacién y
andlisis de una partida de bentonita proce-
dente de la cantera “La Serrata” (Almeria),
para el Proyecto FEBEX [31].

d 70-AlT-L-3-01 Proceso de homogeneizacion,
oreado, secado y muestreo de una pila de
bentonita en la mina “La Serrata” (Almeria)

[39].

In the first place, a frequently used surface for the
homogenization and drying of the bentonite was
prepared and leveled. That base was already cov-
ered by a compacted bentonite, which facilitated
the preparation of a convenient conditioning site
for the operations noted below.

In the second place, the material from the stor-
age pile was transported to the conditioning site,
where it was spread in a single layer with a rela-
tively uniform thickness of 0.30 m.

The homogenization was made using the method
usually employed by Minas de Gador:

0 Plow and turn the material using tracked
equipment.

1 Crush the clods and homogenize using a ro-
tary cultivator.

2 Manually remove the volcanic fragments.

2 Air-dry, approximately one day.
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Table 3.1
Results of tests on quarry samples
Sample w <5mm <2mm <74um w Wwp lp Pd ?, SS(*)
reference % % % % % % % g/m*  kg/m’ m?/g

0.1 14.] 98 98 83 93 1.60 10
(0.2 16.9 82 98 81 81 1.59 49
0.3 16.3 85 96 85 118 1.59 18
(-0.4 213 100 100 96 92 1.60 77
(0.5 214 100 100 96 91 1.61 56
(0.6 23.0 100 100 96 95 1.57 63
0.7 20.7 100 100 94 109 1.61 64
e 16.0 100 100 97 96 1.61 56

(-1.12 16.0 100 100 97 101 1.60 > 62 19

(13 16.0 100 100 97 102 1.58 53 19

(14 14.0 95 100 91 108 1.58 > 68 29
15 12.0 98 100 90 104 1.57 51

CA 12.0 100 100 90 88 1.61 > 68

1.60 59

(2.1 20.0 76 99 90 101 52 52 1.61 43 28

104

(-2.2 12.0 100 99 87 99 1.60 38 32

(-2.3 17.0 99 99 93 100 1.62 > 68 40
1.59 30

(3.1 16.0 100 100 95 93 1.58 40 34

(-3.2 19.0 100 100 9% 99 1.54 51 22
1.61 54

(-3.3 11.0 91 100 94 94 1.60 24 46

(4.1 9.0 9% 100 84 86 1.59 9 48

(4.2 14.0 47 75 31 68 1.62 53 56
1.60 33

(43 20.0 100 100 95 106 1.61 >57 34

(-5.2 9.0 100 100 53 65 1.59 13 51

AVERABE: - 159 -~ %4 98 87 9 52 52 1.60 43 35

STD.DEV. 4.0 12 5 15 12 0.02 19 12

(*) SS: External specific surface, BET
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Table 3.2
Results of test on samples from central test pit of the quarry
Sample w <5mm <2mm <74 um WL P4 P
reference % % % % % g/em?® kg/cm?
(C0-1 223 100 98 7 68 1.64 18
(C0-2 28.1 100 100 92 81 1.62 42
(C0-3 30.5 98 99 89 87 1.65 >71
(C0-4 294 96 97 87 78 1.60 40
(0-5 274 99 98 95 96 1.69 77
AVERAGE 21.5 99 98 87 82 1.64 44
STD. DEV.. 3.2 2 ] 9 10 0.03 24
Table 3.3
Results of tests on storage pile samples
Sample w <5mm <2mm <74 pum Wi Pd 8
reference % % % O % g/em’® kg/em?
PI-1 229 770 99.5 81.5 75 1.59 48
PI-2 19.1 75.5 91.7 87.1 94 1.60 56
PI-3 21.6 88.3 97.6 86.4 92 1.56 55
PI-4 255 100.0 100.0 94.2 104 1.59 60
PI-5 213 83.5 99.4 85.6 90 1.61 48
PI-6 19.1 99.6 98.6 89.6 96 1.61 48
PI-7 26.0 98.6 99.6 80.9 80 1.60 50
PI-8 18.8 100.0 98.9 90.3 90 1.60 38
AVERAGE 21.8 90.3 98.9 87.0 90 1.60 50
STD. DEV. 2.8 10.6 0.9 4.5 9 0.02 7

The conditioning site can be seen in Figures 3.2

and 3.3 as it was during some of these operations.

In each cycle of conditioning (homogenizing and
drying), the size of the clods was reduced. After
four cycles, it was considered that the required re-

sult had been obtained.

After these four cycles of conditioning, samples
were taken to check, by laboratory tests, the char-
acteristics and homogeneity of the conditioned
bentonite. To obtain these samples, the edges
were ignored and an area of 1200 m? with an av-
erage thickness of 0.30 m was delineated with
stakes. This area was then divided into 48 squares
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of 25 m? each, in accordance with Procedure 70-
IMA-G-3-71 [33], and in each square a sample of
3 to 4 kg was taken. The samples, designated P-1
to P-48, were packaged in plastic bags to be sent
to the CIEMAT laboratory.

Once the samples were taken, the material was
gathered into a pile to await the results of the
laboratory tests. If the results indicated that the ho-
mogenization met the requirements, the bentonite
could then be transported to the factory for further
conditioning; if not, then more cycles would take
place at the conditioning site.

3.2.2. Laboratory tesfs

One-half of each of the 48 samples, P-1 to
P-48, was taken and mixed together to form a new
sample, which was then successively quartered to
obtain 10 aliquots, designated H-1 to H-10. From
these 10 and another 11 unmixed, from the re-
maining halves of the 48 samples, laboratory tests
were made: water contents, grain-size determina-
tions, Atterberg limits, and swelling pressures. The
results are shown in Table 3.4.

As can be seen in the table, the average value of
each property is very similar in the two sets of sam-

ples (H and P) and the values also meet the specifi-
cations. The standard deviation is less for the
mixed sample; therefore, it appears that further ho-
mogenization took place in the laboratory mixing.
It was considered, however, that for all practical
purposes, for a semi-industrial scale, the degree of
homogenization achieved in the field was ade-
quate, thus the bentonite was sent to the planned
factory conditioning.

3.3. Factory conditioning, bagging,
and sampling

Around 600 tons of bentonite were taken to the
factory for conditioning. The conditioning was
made using Procedure 70-IMA-G-3-71 [33]. The
various operations and controls are described in
the following reports:

0 70-IMA-L-3-10 Proceso de una partida de
bentonita en Fébrica de Minas de Gddor
(Almeria) para el Proyecto FEBEX [40].

0 70-AlT-L-3-02 Procesado de bentonita en la
planta de Minas de Gddor [41].

Figure 3.2: View of the condifioning site on the second day of the homogenizing process.
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Figure 3.3: View of the conditioning site after a pass of the rofary culfivator.

The operations included in the factory condition-
ing were: crushing, drying, classification, bagging,
and sampling.

Before starting these operations, the factory was
adapted for the process and a test was made fo
establish the optimum conditioning regime.

3.3.1. Crushing

A bladed crusher was used to reduce the mate-
rial to a maximum size of 10 cm. The crusher was
fed by a conveyer belt from the bentonite that had
been piled up nearby.

After the material had been crushed, it was trans-
ported by a lineal feed to equipment, employing
both smooth rollers and bladed rollers, to obtain a
granulated material with a maximum size of 5 cm.

The procedure established that if, after crushing,
the water content was found to be between 13%
and 15%, the material could be sent directly to the
classification operation, but as the average value
of the water content was found to be 21%, the
bentonite was sent to the drying process.

3.3.2. Drying

The material was transported by an adjustable
conveyor belt to a 20 m long, 1.5 m in diameter,
rotary dryer. The clay proceeded through the dryer
by the actions of revolving blades, gravity, and ro-
tation.

The dryer was kept at a temperature between
50°C and 60°C so that, after drying and in accor-
dance with the specifications, the water content
was 13 = 2 %, as shown by systematic control
tests.

Also control tests were made to determine the
absorption of humidity by the bentonite during the
time between the drying cycle and the bagging
process. The results obtained indicated that the
water content increased two percent for each 12
hours of exposure to the air.

The bentonite was raised by means of a bucket
elevator from the rotary dryer to a storage silo.

3.3.3. Classification

The system of classification consisted of two
parts: feeding and sieving. The feeding was by
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Tabla 3.4
Results of tests on storage pile samples, after homogenization
Sample w  <5mm <2mm <74um w Wp lp Pd K N
reference % % % % % % % g/m*  kg/m’  m/g

H-1 222 94.] 98.5 85.6 99 50 49 1.63 54
H-2 22.5 95.3 98.1 86.1 98 50 48 1.60 44
H-3 22.1 98.8 97.0 85.2 97 51 46 1.60 48
H-4 218 98.3 98.2 89.2 96 47 48 1.59 >58

H-5 218 98.7 97.8 85.8 101 50 51 1.59 45
H-6 222 94.2 98.9 87.5 101 50 51 1.60 47
H-7 21.7 97.9 98.6 86.9 96 49 47 1.60 57

H-8 21.6 974 97.5 88.9 103 50 53 1.61 32
H-9 215 98.9 99.0 85.6 97 51 46 1.61 36
H-10 214 98.6 98.6 88.1 95 48 47 1.62 >54
AVERAGE 219 97.2 98.2 86.9 98 50 49 1.61 45
SID.DEV. 0.4 1.9 0.6 1.5 3 1 2 0.01 8
P-1 21.7 98.4 98.8 88.3 93 49 i 1.61 39 33

P-10 20.5 92.7 96.6 87.5 104 52 52 1.60 34 37

P-16 203 98.4 98.7 87.0 97 50 47 1.59 59 38

P-18 224 96.3 974 85.5 104 54 50 1.60 46 34
P-24 19.5 1000 973 86.6 98 56 42 1.60 40 40
P-26 218 e Wi 84.3 100 56 44 1.61 60 40
P-31 255 96.9 98.8 80.3 93 51 42 1.60 40 39
P-38 259 99.5 97.] 81.3 89 48 4] 1.59 52 35
P-40 248 98.6 98.1 85.0 91 51 40 1.61 >54 38
P-47 19.8 96.8 98.1 84.0 97 49 47 1.62 >67 4]

P-7 234 ¥l 97.2 84.1 100 50 50 1.63 > 62 39

AVERAGE 223 97.8 91.1 84.9 97 51 45 1.61 46 38

STD.DEV. 23 2.1 0.8 2.5 5 3 1 0.01 10 3

(*) SS: External specific surface, BET
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3. Selection and conditioning of the FEBEX bentonite

means of a bucket elevator and a hopper with an
adjustable trapdoor; it was necessary to maintain a
constant volume of material arriving at the sieve to
avoid some fines being dragged away with the re-
jected material. The sieving was done over a
5-mm mesh with a controlled inclination and the fi-
nal material (that less than 5 mm in size) fell, by
gravity, to the bagging bin.

3.3.4. Bagging and sampling

The system of bagging consisted of a receiving
hopper from which the impermeable big-bags,
each with a capacity of 1300 kg, were filled. Then
the big-bags were removed by a lifting truck and
taken to their place of storage. A total of 233
big-bags were filled, with an average weight of
1280 kg; or 298 tons of bentonite resulted from

processing in accordance with the specifications
established.

One of the conditions that was established for
quality control was that the material must not be
exposed to air at ambient temperature in the silo
for more than four hours, in order to prevent the
absorption of humidity as indicated in Section
3.3.2. Another condition established was that the
water content of the material at the moment of
bagging should be between 12.5% and 15.5%.
The water content was determined in 27% of the
big-bags on samples of 0.5 kg taken during the
bagging process.

In addition, during the bagging process, a sam-
ple of 8 to 10 kg was taken approximately every
2.5 tons; in total, 119 samples designated 70-
IMA-3-4-1 to 70-IMA-3-4-119 were taken. These
samples were to be used both for the detailed
characterization of the bentonite and for the set of
experimental laboratory tests.
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4. Characterization tests

As stated in Section 3.3.4, after conditioning the
mass of bentonite, samples were taken of the final
material to be used in making the complete char-
acterization tests on the material to be employed in
the fabrication of the blocks and in performing the
set of experimental laboratory tests.

The characterization tests referred to herein were
made by CIEMAT, UPC-DIT, and CSIC-Zaidin and
the results have been presented in these reports:

2 CIEMAT: 70-IMA-L-3-15 Characterisation of

“La Serrata” clay used in the FEBEX Project
[42].

a UPC-DIT: 70-UPC-L-3-01 THM laboratory
tests in FEBEX Phase 3 [43]

a CSIC-Zaidin:  70-ZAI-L-03-02 Caracteriza-
cién mineralégica y geoquimica de la bento-
nita inicial. Proyecto FEBEX [44]

4.1. Samples for laboratory tests

The samples taken during the bagging of the fi-
nal material were assigned the references 70-
IMA-3-4-1 to 70-IMA-3-4-119, packaged in plas-
tic bags, and sent to the laboratory of CIEMAT.
One-half of each of these samples was mixed to
form a homogenized sample designated 70-IMA-
3-4-0.

The homogenized sample was the one from
which the material was sent to the laboratories of
the two other participating institutions (UPC-DIT
and CSIC-Zaidin).

In the CIEMAT laboratory, tests were made on
various of the unmixed samples (70-IMA-3-4-1 to
70-IMA-3-4-119) to check the variability of the pa-
rameters. To simplify these references, the desig-
nation F-a is used for the test samples, where a is
the number of the sample 70-IMA-3-4-0. from
which the tested sample came; for example, sam-
ple F-17 is really sample 70-IMA-3-4-17. In addi-
tion, tests were made on five aliquots, called A-1
to A-5, of the homogenized sample 70-IMA-3-4-0,
to compare both with the results of the F samples
and with similar tests made by the other laborato-
ries. In the tests made by the CIEMAT laboratory,
therefore, the tests on samples that were unmixed
(F samples) and the one that was homogenized (A
samples) are differentiated, whereas the other two

laboratories utilized only parts of the homogenized
sample.

4.2. Identification properties

The data that are presented in this section are
being called the identification properties (following
the geotechnical terminology) because they give an
idea, by means of simple tests, of the type of
physico-chemical behavior of a clay.

4.2.1. Water content

The water contents were determined on samples
which continued to be kept in closed plastic bags.
From the results, presented in Table 4.1, it can be
observed that the average water content in the un-
mixed samples (F samples) is slightly less than that
determined in the aliquots of the homogenized
sample (A samples), i.e. 13.4% and 14.5%, re-
spectively.

4.2.2. Atterberg limits

The Atterberg limits were determined on 14 of
the unmixed samples (F samples) and on 5 (A-1 to
A-5) of the homogenized sample. This determina-
tion was made using Procedure 70-IMA-G-0-12
[36]. The results are also presented in Table 4.1.

In addition, the Atterberg limits were determined
by UPC-DIT, following the standards of the Labo-
ratorio del Transporte y Mecénica del Suelo (CE-

DEX NLT/105/72 [45] and NLT 106/72 [46])).
The results are presented in Table 4.2.

The average value of the liquid limit obtained by
UPC-DIT is somewhat less (5 %) than that obtained
by CIEMAT in the homogenized sample; however,
the determinations of the liquid limit for a clay can
change with variations in the standard testing
methods used for clays, especially for one as plas-
tic as bentonite. UPC-DIT made only 5 determina-
tions, whereas CIEMAT has had a lot of experience
in determining the Atterberg limits for bentonite
from this deposit and, therefore, it has been con-
sidered that the results obtained by CIEMAT are

more representative of the material.

In any case, a liquid limit on the order of 100 %
seems very low for a bentonite with a content of
montmorillonite greater than 90 % (as shown in
Section 4.3) and with a large proportion of sodium
as an exchangeable cation.
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Table 4.1
|dentification properties

Sample w <74pm  <2pm W, wp Specific S (*)

reference % % % % % I weight m?/g
F-2 148 93 65 103 52 49 2.75 28
F-4 15.1 105 53 48 31

F-17 16.0 92 69 100 53 46 34
F-18 15.0 92 67 111 53 48 2.62 38
F-22 15.1 110 52 51 35
F-37 133 93 69 100 52 51 2.67 35
F-58 119 92 59 101 54 47 2.75 30
F-59 12.7 92 66 31
F-65 1.9 108 51 47 2.77 26
F-75 1.7 92 63 96 51 45 2.68 3
F-79 12.3 101 50 51 33
F-93 13.] 93 64 104 47 57 2.73 26
F-102 14.] 93 66 103 52 51 2.65 33
F-109 119 93 66 100 47 53 2.712 34
F-119 12.3 93 67 103 51 52 2.70 35

AVERAGE 134 93 65 103 51 50 2.70 32

STD. DEV. 1.5 ] 3 4 2 3 0.05 3
Al 144 98 54 44 28
A2 147 98 55 52 2.68 30
A3 144 98 55 47 2.75 32
A-4 143 100 60 50 2.72 32
A-5 145 98 58 42 29

AVERAGE 145 98 56 47 2.72 30

STD. DEV. 0.2 ] 3 4 0.04 2

(*) SS: External specific surface, BET.
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Table 4.2
Atterberg limits
Sample Liquid limit Plastic limit Plasticity index
n-1(*) 94.5 46.4 48.1

n-2 92.5 46.8 45.7

n-3 92.0 48.4 43.6

n-4 91.5 45.3 46.2

n-5 94.2 46.3 47.9
AVERAGE 92.94 46.64 46.30
STD. DEV. 1.34 1.13 1.83

(*) Name given by UPC-DIT to tested parts of sample 70-IMA-3-4-0 received from CIEMAT

4.2.3. Grain-size distribution

Grain-size determinations were made on 11 un-
mixed samples (F samples): by sieving for the parti-
cle fraction greater than 74 um, following Proce-
dure 70-IMA-G-0-05 [35], and by sedimentation
for the particle fraction less than 74 pm, following
Procedure 70-IMA-G-0-06 [47]. Prior to the
grain-size determinations, the samples were hy-
drated with distilled water and a sodic hexameta-
phosphate solution for 18 hours and the samples
were subjected to alternating cycles of stirring and
ultrasound to aid dispersion.

Figure 4.1 shows the average grain-size curve
with an indication of the standard deviations and
Table 4.1 shows both the fractional content of par-
ticles less than 74 um and less than 2 um. The
grain-size determinations indicate that the fraction
less than 2 um (clay size) averages about 65%,
that 28 % is silt size (particle sizes between 2 um
and 74 pm), and that the remaining 7 % is sand
size (greater than 74 pum).

The laboratory of UPC-DIT also made grain-size
determinations on 5 samples (n-1 to n-5, aliquots
of the 70-IMA-3-4-0 sample received form CIE-
MAT), by sieving for the particles larger than 74
um, following the Standard NLT 104/72 [48], and
by means of sedimentation for the particles less
than 74 pm, following the British Standards Proce-
dure 1377:1975 [49].

The curves obtained for the five samples are rep-
resented in Figure 4.2, where it can be observed
that the percentage averages about 45 for the
grain sizes less than 2 um (clay size), 42 % for the
silt size (between 2 pm and 74 pum), and 13 % for
the sand size.

The results from the two laboratories are very dif-
ferent, but these differences are due to the form of
preparation of the sample, prior to making the de-
terminations, since the results of grain-size determi-
nations of a clay of high plasticity are very depend-
ent on the degree of dispersion prior to the fest.
Nevertheless, the sensitivity of the results of grain-
size determinations and of the Atterberg limits (es-
pecially the liquid limit) to the treatment of the
sample is an indicator of the physical behavior of
the bentonite. The behavior can vary for samples
from the same deposit, with the same mineralogic
composition, but in a different state of aggrega-
tion.

4.2.4. External specific surface

These tests were performed on 15 unmixed sam-
ples (F samples) and 5 from the homogenized
sample (A samples), following Procedure 70-IMA-
G-0-11 [38]. In this method, nitrogen is used as
the absorbent gas as it does not occupy the inter-
layer space and thus the result is referred to only as
the external specific surface. The calculation was
made by BET method of the single point.
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Figure 4.2: Grain-size distribution curves.
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4. Characterization tests

The results are shown in Table 4.1 with average
values of the external specific surface (BET) of 32
m2/g and 30 m?/g for the F and A samples, re-
spectively. These values of the external specitic
surface are very low for a bentonite with a mont-
morillonite content greater than 90% (Section

4.3).

4.2.5. Specific weight

The specific weight was determined for 10 un-
mixed samples (F samples) and 3 from the ho-
mogenized sample (A samples). Bi-distilled water,
as the means of suspension, and classic picnome-
ters were used for this determination, following

Procedure 70-IMA-G-0-9 [50].

The results are presented in Table 4.1 with aver-
age values of 2.70 and 2.72 for the F and A sam-
ples, respectively. The specific weight obtained
was less than the average value from the analyses
made in the years prior to FEBEX for the bentonite
from the same deposit (Chapter 2).

4.3. Mineralogical and chemical
characterization

The mineralogical characterization was made on
ten of the unmixed samples (F samples) and on 5
from the homogenized sample (A samples) by the
CIEMAT laboratory and three aliquots of the ho-
mogenized sample by the CSIC-Zaidin laboratory.

The chemical analyses were performed on four
type F and two type A samples by the CIEMAT
laboratory and four aliquots of the homogenized
sample by the CSIC-Zaidin laboratory.

4.3.1. Mineralogical characterization

4.3.1.1. X-ray diffraction

Methods of analysis

For their preparation, the samples were dried at
60°C and then ground to obtain a grain size less
than 60 pum.

The content of the essential minerals was deter-
mined in a bulk sample by X-ray diffraction (XRD),
with a PW-1370 Philips diffractometer and the
powder method on a flat-rotating sample holder.
The exploration velocity was 2°/min with 20 in the
range between 2° and 70°. The semiquantification
was made using the reflecting factors, taken from
Schultz (1964) [51] and Barahona (1974) [52],
that are shown in Table 4.3.

After being identified and separated, using a
stereoscopic microscope, the accessory minerals
were determined by using a scanning electronic
microscope (SEM) coupled to an energy dispersive
X-ray analysis system.

The fraction of less than 2 pm was obtained by
suspension, sedimentation, and filtration. Then the

Table 4.3
Reflections and reflecting factors
Mineral Reflection (A) Reflecting factor
Total phyllosilicates (smectite, Sm) 4.45 0.1-0.15

Quartz (Qz) 3.34 1.5

K-feldspar (K-Fd) 3.24 1.0
Plagioclase (Plag) 3.18 1.0
(ristobalite (Cri) 4.07 0.6
Tridimite (Tri) 430 0.6

Calcite (Cc) 3.03 1.0
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oriented clay mineral aggregates (OA) were pre-
pared, treated with ethylene glycol and sulfoxide
dimethyl, and heated to 300°C and 550°C to de-
termine the clay minerals in the less than 2 pm
fraction by XRD.

In addition, analytical determinations were made
by CSIC-Zaidin, using similar methods. The sam-
ples were dried at 60°C, then ground to pass the
ASTM 270-mesh sieve (53 pm).

The mineralogic analysis was also made with a
PW-1730 Philips diffractometer, with graphite
monochromator and exploration  velocity of
2°/min. A Philips 1710/100 diffractometer with
radiation Cu-K_, graphite monochromator, and an
exploration velocity of 1.2°/min was also utilized.

The study of the bulk sample was made on a
flat-rotating sample holder and powder patterns
were obtained from 2° to 80° of 20. For the
semiquantitative calculation of the minerals present
in the samples, the areas of the diagnostic peaks
of the minerals were measured over the powder
pattern and corrected by the reflecting factors. The
values of the reflecting factors are indicated above
in Table 4.3. For the fraction less than 2 um, sepa-
rated using sedimentation, the technique of ori-
ented aggregates (OA) by sedimentation at ambi-
ent temperature was used and the OA treated with
ethylene glycol (OA + EG). In the latter case, the
sample was balanced with ethylene glycol vapor at
60°C in an appropriate desiccator.

Bulk sample — Results

The semiquantitative mineralogical composition
of the bulk sample is shown in Table 4.4. The re-
sults show that the principal mineralogical associa-
tion is formed by smectite (Sm), quartz (Qz), pla-
gioclase (Plag), and cristobalite (Cri). The potas-
sium feldspar (K-Fd), the tridymite (Tri), and the
calcite (Cc) usually appear as traces.

Smectite is the principal mineral and its content
averages 93% for the F samples (unmixed) and
92% for the A samples (homogenized).

The XRD patterns of the different samples are
represented in Figures 4.3 to 4.7.

Among the accessory minerals detected by the
scanning electronic microscope were: carbonates
(dolomite, calcite, barite, celestine), phosphates
(apatite, xenotime; monazite), oxides (ilmenite,
magnetite), micas (sericite, biotite, chloritized bio-
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tite), silicates (zircon, plagioclase, Al-silicates with
Fe and Mg, quartz and opal), and sulfurs (pyrite).

The powder patterns obtained in the laboratory
of CSIC-Zaidin are represented in Figures 4.8,
4.9, and 4.10. The smectite content is 94% and,
according to reflection (060), the smectite is dioc-
tahedric.

The estimations of the smectite content from the
two laboratories are remarkably similar and both
show that it is extraordinarily high.

Fraction less than 2 um — Results

The mineralogic composition of the fraction less
than 2 um indicated that the samples were almost
pure smectite: the peak observed in the untreated
oriented aggregates (OA) at 14.5 A shifted to a
very strong reflection, at approximately 16.9 A,
when treated with ethylene glycol and collapsed to

10 A when heated to 300°C.

The XRD patterns of both the treated and un-
treated OA samples, together with those obtained
by CIEMAT from the Universidad Autonoma de
Madrid (UAM), for comparative purposes, are
shown in Figures 4.11 through 4.16.

The patterns of unsolvated OA samples, and sol-
vated with ethylene glycol OA+EG, from the tests
made in the laboratory of CSIC-Zaidin, are repre-
sented in Figures 4.17 through 4.22.

The patterns of OA samples solvated with ethyl-
ene glycol, as can be observed in Figures 4.18,
4.20, and 4.22, show the presence of between
10% and 20% of interstratified smectite/illite (using
the method of Moore and Reynolds [53]) based on
the distance between peaks 001/002 and
002/003; thus, it can be concluded that the smec-
tite being utilized is dioctahedral and contains
around 15% of interstratified illite/smectite.

4.3.1.2. Differential thermal analysis (DTA)
and thermogravimetric analysis (TGA)

The thermal characteristics of the bulk sample
have been determined in samples A-1 and A-5
(homogenized sample), using a Perkin-Elmer 1700
DTA apparatus at a scan rate of 10°C/min, under

a dynamic air atmosphere (40 cm3/min) at tem-
peratures between 40°C and 980°C.

#
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Table 4.4
Semiquantitative mineralogical composition of bulk sample

Sample Sm 0z Plag Cri K-Fd Tri (c
reference % % % % % % %
F-2 89 ' 2 2 2 0 1 ]
F-18 92 2 3 3 0 Tr(*) Tr
F-37 92 3 2 2 Tr Tr Tr
F-58 96 2 ] ] Tr Tr Tr
F-65 94 2 2 2 0 Tr Tr
F-75 89 3 4 2 0 Tr 2
F-93 95 1 2 2 Tr 2 Tr
F-102 95 2 2 1 0 Tr Tr
F-109 93 1 3 2 0 Tr Tr
F-119 92 2 2 3 1 Tr Tr
AVERAGE 93::1 21 3kl 2 Tr Tr Tr
A1 81 3 10 Tr 3 Tr 2
A-2 94 ] 1 2 0 ] Tr
A-3 95 ] ] 3 0 Tr 1
A-4 92 3 2 2 1 Tr Tr
A-5 96 2 2 3 0 Tr Tr

(*) Tr = traces

The DTA curves show an important endothermic
peak at 130°C followed by an accessory peak at
200°C, corresponding to the loss of moisture. A
second endothermic peak at 640°C corresponds
to a loss of structural OH- of the montmorillonite
and another peak at 860°C can be interpreted as
structural changes in the clay.

These curves, which are shown in Figures 4.23
and 4.24, correspond to a dioctahedral smectite of
the montmorillonite type (MacKenzie, 1970) [54].

DTA tests were also made in the laboratory of
CSIC-Zaidin, simultaneously with the thermogra-
vimetric analysis (TGA). Both patterns are repre-
sented together in Figure 4.25.

This technique permits the detection of the reac-
tions that are produced during the heating of the
sample and the corresponding changes in weight.
The analysis was made in a NETZSCH STA 409 EP
apparatus, in air atmosphere, and in alumina cru-
cibles, using alumina as a reference.
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Figure 4.3: X-ay diffraction pattem (XRD) of the sample A-1 (bulk sample).
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Figure 4.4: X+ay diffraction pattern (XRD) of the sample A-5 (bulk sample).
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Figure 4.5: Xray diffraction patter (XRD) of the sample F-2 (bulk sample).
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Figure 4.6: X-tay diffraction pattem (XRD) of the sample F-65 (bulk sample).
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Figure 4.7: X-+ay diffraction patter (XRD) of the sample F-119 (bulk sample).
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Figure 4.8: X-ray diffraction pattern (XRD) of the sample E-1 (*) (bulk sample).

*£.1£-2 and E3 are names given by CSIC-Zaidin o the fested samples, that are dliguots of sample 70-MA-3-4-0 received from CIEMAT.
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Figure 4.9: X-tay diffraction patter (XRD) of the sample E-2 (bulk sample).
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Figure 4.10: X1ay diffraction patter (XRD) of the sample E-3 (bulk sample).
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Figure 4.11: Xay diffraction pattem (XRD) of the sample A-1 (oriented aggregate of the fraction less than 2 wm).
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Figure 4.12: X-1ay diffraction pattem (XKD) of the sample F-2 (oriented aggregate of the fraction less than 2 pum).
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Fiqure 4.13: X-tay diffraction pattern (XRD) of the sample F-65 (oriented aggregate of the fraction less than 2 m).
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Figure 4.14: X-ay diffraction patter (XRD) of the sample A-1 performed at UAM (normal and glycolated oriented aggregate
of the fraction less than 2 pm).
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Figure 4.15: X1ay diffraction pattern (XRD) of the sample -2 performed at UAM (normal and glycolated oriented aggregate
of the fraction less than 2 pm).
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Fiqure 4.16: X+ay diffraction pattern (XRD) of the sample F-65 performed at UAM (normal and glycolated oriented aggregate
of the fraction less than 2 yum).

15.02 (001)

3.11 (005)
r/ A\
5.14 (003) v

J/ W&kwww : \k"""” Iy AL b

S B I e | ot l R | I ) l G S W I e I S B g |
0 5 10 15 20 25 30 35 40
1.5405 A. 20°

Fiqure 4.17: X-ay diffraction pattern (XRD) of the sample E-1 (oriented aggregate of the fraction less than 2 m).
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Figure 4.18: X-ray diffraction pattern (XRD) of the sample E-1 (oriented aggregate and ethylene glycol of the fraction less than 2 wm).
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Figure 4.19: X+ay diffraction pattem (XRD) of the sample E-2 (oriented aggregate of the fraction less than 2 wm).
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Figure 4.20: Xay diffraction pattem (XRD) of the sample E-2 (oriented aggregate and ethylene glycol of the fraction less than 2 m).
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Figure 4.21: X-ay diffraction pattem (XRD) of the sample £-3 (oriented aggregate of the fraction less than 2 pm).
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Fiqure 4.22: X-ay diffraction pattern (XRD) of the sample E-3 (oriented aggregate and ethylene glycol of the fraction less than 2 pm).
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Figure 4.23: DTA curve of sample A-1.
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Figure 4.24: DTA curve of sample A-5.
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Figure 4.25: DTA and TGA curves of sample 70-IMA-3-4-0.
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The patterns obtained are typical of a smectite,
and three stages are differentiated therein:

J Between 0°C and 400°C, losses of hydration
water in the smectite are produced. This
process is reflected in the TGA curve, by a
loss of weight, and in the DTA curve, by an
endothermic peak. The initial part of the
DTA curve presents an anomaly due to the
change in the heat capacity of the clay with
an increasing temperature.

J Between 400°C and 750°C, the loss of
structural water in the clay (hydroxyls in the
octahedral layer) is produced and that mani-
fests itself equally in the loss of weight in the

TGA curve and in the endothermic peaks of
the DTA curve.

2 Finally, between 750°C and 1000°C, the
destruction of the crystalline structure of the
clay is produced and a vitreous phase is
formed. This reaction is manifested in the
endothermic peak of the DTA curve and is
not manifested in that of the TGA, as a
change of mass has not occurred.

4.3.2. Chemical characterization

The chemical characterization was performed by
the CIEMAT laboratory on four unmixed samples (F
samples) and on two of the homogenized sample
(A samples); CSIC-Zaidin performed chemical
characterization work on four aliquots of the ho-
mogenized sample. The samples were prepared
by drying at 60°C, then grinding them to a grain
size of less than 60 pum.

Methods

2 Inductively coupled plasma-atomic emission
spectrometry for Al,O3, Fe;O3 ioa, NazO,
MgO, MnO, TiO,, CaO, P,Os, Ba, Ce, Co,
Cr, Cu, La, Ni, Sr, V, Y, and Zn.

J X-ray fluorescence for SiOy, on beads, and
Rb, Th, and U, on powdery samples.

2 Flame atomic emission spectroscopy for K,O
and Li.

1 Leco CS-244 elemental analyzer for deter-
mining organic and mineral carbon and sul-
fur.

J Sdachez-Ledesma et al (1990) [55] method
for FeO.

1 Selective ion electrode for Cl- and F-.

J Thermogravimetric analysis (TGA), using a
Perkin-Elmer TGS-2 equipment, for H,O
and weight loss.

In the laboratory of CSIC-Zaidin, the chemical
analysis of the major elements was made, using
the methodology of Shapiro (1975) [56] and Huer-
tas and Linares (1975) [57], by subjecting the sam-
ples to alkaline and triacid attacks.

In the basic attack, the sample was fused with
NaOH. By this method, the bentonite was de-
stroyed and the silica and alumina passed into so-
lution, where they were determined by ultraviolet-
visible spectrophotometry. The silica content was
determined by the silicon molybdenum method
and the alumina content by the complex sodium
alizarin sulfonate of Al and Ca.

In the acid atftack, the sample is attacked in a di-
gestion with a triacid mixture HF-H,SO,-HNO;,
that destroys the sample, forms a volatile complex
with the silicone, and puts the rest of the compo-
nents (Fe, Ca, Mg, Na, and K) into solution. The
determinations were made in the following form:

d FeyOg, in ultraviolet-visible spectrophotome-
try, by the method of formation of the com-
plex with 1,10-phenanthroline after its reduc-
tion with hydroxilamine chlorhidrate.

2 CaO and MgO, volumetrically by EDTA titra-

tion.
2 Na,O and K,O, by flame spectrophotometry.

H,O* and H,O", by the method of Cuadros
et al (1994) [58]: heating the sample to
300°C overnight to determine the H,O" and
later heating the sample to 1000°C for
about two hours to determine the H,O™.

()

Major elements — Results

The results of the chemical analyses of the major
elements are presented in Table 4.5.

A high degree of homogeneity was observed in
the chemical composition of the different samples
studied. The content of the mineral CO, is low,
which confirms the low percentage of carbonates.
Comparing these results with those obtained on
samples from the same deposit studied prior to FE-
BEX (Chapter 2), it can be seen that the FEBEX
bentonite has lower contents of Fe,O; MgO,
CaO, and organic CO,. The lower content of
Fe,O, could explain the lower specific weight (Sec-
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Table 4.5
Chemical composition of bulk sample (CIEMAT)

Oxides

AVERAGE

% F-2 F-37 F-75 F-119 % STD. DEV. A-l A-5
Si0, 58.6 59.4 59.2 60.5 59.4 0.8 59.9 58.7
ALO, 18.2 18.4 17.8 18.1 18.1 03 16.6 17.9
Fe,0; 2.93 2.96 2.96 2.87 2.93 0.04 2.66 2.90
Fe0 0.24 0.22 0.22 0.21 0.21 0.02 0.22 0.18
Mg0 4.2 43 4.1 42 42 0.1 3.9 4.2
Mn0 0.04 0.04 0.04 0.04 0.04 0.00 0.04 0.04
(a0 1.8 1.9 20 1.8 1.9 0.1 1.7 1.8
Na,0 1.3 1.4 1.4 1.4 1.4 0.1 1.2 13
K,0 1.1 1.1 1.1 1.0 1.1 0.1 1.0 1.0
Ti0, 0.23 0.24 0.25 0.23 0.24 0.01 0.22 0.23
P,0; 0.02 0.03 0.02 0.03 0.02 0.00 0.02 0.02
H,0 15 6.0 1.6 6.0 6.8 0.9 12.0 1.0
H,0* 44 4.6 48 49 4.7 0.2 4.0 48
(0,0rg 0.40 0.37 0.40 0.33 0.37 0.03 0.29 0.33
(0,min 0.26 0.22 0.26 0.22 0.24 0.02 0.37 0.26
S0, total 0.22 0.10 0.16 0.16 0.16 0.05 0.36 0.12
r 0.18 0.18 0.18 0.19 0.18 0.01 0.18 0.18
F=0 0.08 0.08 0.08 0.08 0.08 0.00 0.08 0.08

tion 4.2.5) of the FEBEX bentonite than that found
in the previous studies.

The average value for the results of the chemical
analyses performed on four samples in the labora-
tory of CSIC-Zaidin are shown in Table 4.6 and
those values are fypical of a smectite with a silica
content close to 60 %.

The small differences between the results from
the two laboratories can be expected considering

the variations in the material and in the methods
used for preparation and testing.

Trace elements — Results

The results of the chemical analyses of the trace
elements in the bulk sample are presented in Table
4.7.

The content of the trace elements is similar to
that determined in the studies prior to FEBEX on the
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Table 4.6
Chemical analysis (CSIC-Zaidin)

SiOz A|203 Fe203 Ca0

Reference  ~, % % %

MgO Na,0 K;0 H,0 Total H,0

% % % % %

AVERAGE 5892 1948  3.48 2.5]

4.83 228 1.21 . N W

STD. DEV 0.03 0.31 0.08 0.29

0.15 0.09 0.10 0.18 0.08 0.12

bentonite from the same deposit (Chapter 2), ex-
cept for Cu, which was not detected in the previous
studies, and for Cr, which is higher in the FEBEX
bentonite.

4.3.3. Structural formula

The chemical analyses of the fraction less than
2 um were made on samples A-1 and A-5 (ho-
mogenized sample), after their saturation with cal-
cium to homoionize the cation exchange complex.
In this way, all the cations are displaced from the
interlayer, with this the Mg detected in the chemical

analysis can be attributed to the octahedral layer
(Wilson, 1987) [59].

The results are presented in Table 4.8.

The structural formula has been calculated con-
sidering that the anionic charge is -44, with an
ideal composition of the anion O,,(OH,F,Cl),.
The structural formulas of the smectites corre-
sponding to samples A-1 and A-5 are presented in

Table 4.9.

The smectite of sample A-1 has an octahedral
charge of -1.02, a tetrahedral charge of -0.15
(15% of the octahedral), and the interlayer charge
is 1.15. For the smectite of sample A-5 these val-
ves are, respectively, -0.96, -0.20 (17% of the oc-
tahedral charge) and 1.18.

The smectite of both samples has an aluminic
dioctahedral layer structure, with Mg in octahedral
sites, and with 15% of the charge in sample A-1
and 17% of the charge in sample A-5, both of
which were caused by tetrahedral substitution.
Consequently, these smectites are Wyoming-type
montmorillonites (according to L.G. Schultz, in A.

C. D. Newman, 1987) [60].

The cation exchange capacity (CEC) of the frac-
tion less than 2 pum has been calculated, for the
samples A-1 and A-5, according to the following
method:

CEC (meg/100 g) = (1000 - %CaO - valence)/
Pm of the oxide

The results are 127 meqg/100 g for sample A-1
and 125 meq/100 g for A-5, which are very high.

In the tests made in the laboratory of CSIC-
Zaidin, the exchange capacity was determined by
means of saturation with ammonium acetate, at
pH 7, and by later displacement of the NH,* using
the Kjeldhal method.

Four samples were tested with three measure-
ments made on each. The values are high, with
an average of 106 meq/100 g, and correspond to
an exchange capacity of a bentonite which is very
rich in smectite.

The structural formula of smectite was calculated
with the values obtained in the chemical analysis
and the exchange capacities made on the fraction
less than 20 um, which contains more than 99 %
smectite. The structural formula obtained is:

[Si7.66 Alo.34] [Al2.68 Feo.343 Mgo.91] Xo.807 O20 (OH)4

4.3.4. Soluble salts, conductivity, pH,
and amorphous phases

The content of soluble salts has been determined
by the CIEMAT laboratory, following Procedure
70-IMA-G-0-29 [61], on 7 unmixed samples (F
samples) and on 2 of the homogenized sample (A
samples).

A dry sample of 2.5 g was dispersed in 10 cm?
of distilled water (relation solid to liquid 1:4) and
stirred for 48 hours. Later the suspension was cen-
trifuged and, in the supernatant, the chlorides and
sulphates were determined by ion chromatography
and the electric conductivity by an electrometric
cell. The salt content does not appear in the X-ray
determination and, therefore, is always under 1%.
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Table 4.7
Trace elements in bulk sample (CIEMAT)

- e F-37 S el IR AS
B

A 0.2500 0.2506 0.2466 0249+0002  0.2453 0.2453
Ba 135 180 190 160 16624 150 195
Be <5 <5 <5 <5 <5 <5 <5
Br 12 23 22 25 23%0.1 25 2.1
(e 64 68 65 71 67+3 64 62
a 590 605 600 592 5977 580 575
(o 15.0 8.2 8.3 8 9.9+34 8.3 8.7
G 1.2 19 5.9 6.4 6.8+0.9 11.0 6.4
Gs 10.0 11.0 9.8 9.6 10.1+0.6 10.0 10.0
Q 20 28 14 39 2511 30 31
Eu 0.76 0.79 0.79 0.83 0.79+0.03 0.75 0.75
| <2 <2 <2 «l <2 <2 o
La 42 43 40 43 42+2 38 4]
Li 55 58 55 55 562 54 54
Mo e *5 <5 <5 <5 <5 <5
Nd 25 28 27 29 27+2 26 27
Ni 19 2] 16 22 20+3 24 21
Rb 40 4] 44 39 41+2 44 41
Re <01 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn <10 <10 <10 <10 <10 <10 <10
Se <] <] « «] <] <] <]
St 215 225 245 250 22417 190 220
Th 20.1 20.1 19.2 20.1 19905 19.0 19.7
U 1.5 2.6 1.3 22 1.9+0.6 1.9 1.9
V 16 16 19 16 = 12 14
W <25 <25 <25 <25 <25 <25 «15
Y 20 24 23 25 23+2 23 22
In 62 71 60 69 665 64 70
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Table 4.8
Chemical composition of fraction less than 2 um homoionized in Ca

Oﬁjfe A A Avi;:ge
Si0, 60.51 60.17 60.34
AL, 19.14 19.41 19.27
Fe,0, 3.26 3.46 3.36
Fe0 0.17 0.14 0.155
Mg0 4.04 422 413
(a0 3.57 3.50 3.53
Nao,0 0.28 0.35 0.31
K,0 0.61 0.67 0.64
Ti,0 0.18 0.17 0.17
H,0" 8.25 1.90 8.07

The free silica was extracted in a 0.1 M solution
of Na,CO; after 48 hours of stirring at ambient
temperature  (Procedure 70-IMA-G-0-33 [62]).
Later the suspension was centrifuged and the free
silica measured in the supernatant by the silico-
molybdic colorimetric method.

The values obtained are shown in Tables 4.10
and 4.11.

In comparing the results of the present study with
the values obtained during the prior studies (Chap-
ter 2), it can be observed that the average value of
the chlorides is less and the average content of
free silica is greater for the FEBEX bentonite than

for the previously-studied bentonite from the same
deposit.

In the laboratory of CSIC-Zaidin, the soluble
cations, the pH, and the electric conductivity were
determined in an aqueous extract made with dis-
tilled water in a relation of solid to liquid 1:10.

The ions Na*, K+, Ca?*, and Mg?* were deter-

.mined. The average values obtained were: 133.66

mg/100 g of Na*; 6.01 mg/100 g of K*, 6.45
mg/100 g of Ca?*, and 1.12 mg/100 g of Mg?*.
The electric conductivity of the aqueous extract was
measured by comparing it with that of a standard
solution: the average value obtained was 0.59
mS/cm. The pH of the aqueous extract was meas-

Table 4.9
Structural formula of the smectite
Tetrahedral Octahedral Interlayer
Sample . B g A Fe* Ft T Mg adaie ikl i
Al 785 015 278 032 002 002 078 049 007 0.10
A5 780 0.20 276 034 001 002 082 049 009 0.1
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Table 4.10

Analysis of aqueous extract 1:4
Sample reference Elglz:'; n:: :;/I '5“0;/"
F-2 1512 200 294
F-17 1635 192 336
F-18 1557 193 303
F-37 1423 182 258
F-75 1579 203 309
F-102 1 468 184 299
F-119 1412 200 200
AVERAGE 1512 193 286
STD. DEV. 83 8 44
Al 1601 197 319
A-5 1557 193 303

ured by the usual method, adjusting the pH-meter
with two standards of 4 and 7 units of pH; the av-
erage pH was alkaline and varied between 8.98
and 9.00.

CSIC-Zaidin also obtained the amorphous
phases of silica, iron, and alumina in their labora-

tory.

To extract the amorphous phases of silica and
alumina, a 5 % sodic carbonate solution was used
as an extractor. The extracted solution was made
acidic, to a pH of 2.5, with HCl, and the determi-
nation of the free silica and free alumina were
made by spectrophotometry with the previously-
described methods.

The extraction of the iron oxyhydroxides was
made with sodic dithionite and sodic citrate follow-
ing the method of Holgrem (1967) [63]. Once ex-
tracted, the iron was determined by spectropho-
tometry with the method previously described.

The average values obtained for these gels are
indicated in Table 4.12.

4.3.5. Cation exchange complex

Once the soluble salts were leached, the ex-
changeable cations of clay were extracted by suc-
cessive displacements with a buffered solution 1 M
of AcONH, (ammonium acetate) of pH 7 (Proce-
dure 70-IMA-G-0-34 [64]) and were determined
by atomic emission spectroscopy, except that K*
was determined by flame emission. The results
from each sample are shown in Table 4.13, to-
gether with the value of the CEC obtained by add-
ing the value of each cation.

All the samples have small quantities of other ex-
changeable cations: 0.41 meqg/100 g of Sr**,
0.02 meq/100 g of Ba2*, and 0.06 meq/100 g of
Mn2+: some samples also contain small quantities

(less than 0.4 meq/100 g) of Al¥*.

In the CSIC-Zaidin laboratory, the exchangeable
cations were determined together with the cation
exchange capacity, following the procedure indi-
cated in Section 4.3.3.

The exchangeable cations were determined in
the solutions after the initial saturation with NH,*:
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4. Characterization tests

Table 4.11
Free silica in solid phase
Sample reference Free Si0,

ppm

F-2 379

F-17 338

F-18 320

F-37 398

F-75 316

F-102 433
F-119 486
AVERAGE 381
STD. DEV. 63

Al 419

A-5 408

Table 4.12
Amorphous phases
Amorphous phases
% Si0; % Al,05 % Feq05
AVERAGE 1.48 0.035 0.105
STD. DEV. 0.11 5-10° 8.6-10°

Na and K by flame photometry and Ca and Mg by
EDTA titration. The average values obtained are
shown in Table 4.14. The exchange complex is
dominated by Mg?*, Ca?*, and Na*, but always
having a minor content of K*.

The values obtained by the two laboratories, for
the cation exchange complex, are very similar.

4.3.6. Total specific surface

The total specific surface was determined in the
CSIC-Zaidin laboratory by the hygroscopicity

method (Keeling, 1961) [65]. Four aliquots of the
sample were heated to 300°C for two hours and
later cooled in a desiccator with CaCl,.

The dried samples remained, until a constant
weight was reached, in a desiccator that contained
a saturated solution of NaCl, which produced a
water vapor atmosphere of 80 %. Comparing the
adsorbed water content with that of a standard
Wyoming montmorillonite, the surficial area was
calculated. The results varied between a maximum
of 659 m?/g and a minimum of 640 m?/g.
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4.4. Mechanical, hydraulic,
and thermal tests

4.4.1. Mechanical tests

Swelling pressure

The swelling pressure has been determined in
oedometers following Procedure 70-IMA-G-0-21
[37]. The tests were made on 11 unmixed samples
(F samples) and on 5 of the homogenized sample
(A samples), at two nominal dry densities: 1.60
g/cm® and 1.70 g/cm?. In fotal, there were 22

specimens fested at a nominal dry density of 1.60
g/cm?® and 10 at a nominal dry density of 1.70
g/cm3.

The specimens were uniaxially compacted in
1.20-cm high oedometer rings with a diameter of
4.93 cm (for the specimens with a dry density of
1.60 g/cm?3) and a diameter of 3.57 cm (for the
specimens with a dry density of 1.70 g/cm?). The
rings are placed in the oedometer cell between two
porous stones and in contact with water at the bot-
tom. The specimen is kept at a constant volume
during the test, by increasing the loads on the
specimen and thereby impeding the swelling pro-
duced by the absorption of water. The swelling

Table 4.13
Average values of the cation exchange complex (CIEMAT)
Sample reference G Mg** No* K* (EC
meq/100g meq/100g meq/100g meq/100g meq/100g
F-2 47 39 26 23 114
F-17 48 37 25 23 113
F-18 44 37 25 22 108
F-37 55 4] 26 22 124
F-75 47 35 23 2.2 108
F-102 52 36 25 23 116
F-119 48 35 25 23 110
AVERAGE 48 38 25 22 13
STD. DEV. 4 2 1 0.0 6
Al 54 39 25 2.2 121
A-5 49 39 26 2.2 117
Table 4.14
Average values of the cation exchange complex (CSIC-Zaidin)
e Ca®* Mg** No* K* Total CEC
meq/100g meq/100g meq/100g meq/100g meq/100g meq/100g
AVERAGE 47.03 35.5 25.8 2.29 110.7 106
STD. DEV. 2.07 237 0.51 0.08 1.43 34
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4. Characterization tests

pressure is defined as the load per unit of surface
of the specimen after equilibrium has been
reached, where equilibrium is defined as no defor-
mation during a 24-hour period.

In addition to the swelling pressure, the initial
and final water contents, as well as the dry density
of each specimen were determined. The results
are presented in Table 4.15. The average dry
densities of all the tests in each set (all the F and A
samples) were 1.60 g/cm?® and 1.71 g/cm?® with
the corresponding swelling pressures of 49.7
kg/cm? and 98.5 kg/cm?, respectively.

From the results of the tests made on the
previously-studied bentonite from the same deposit
(Chapter 2), it had been determined that the swel-
ling pressure and the dry density are related by the
equation

P,=exp (59pd-7,9)

where P, is the swelling pressure expressed in MPa
and py is the dry density in g/cm®.
Using this equation, the swelling pressure for dry

densities of 1.60 g/cm3 and 1.71 g/cm3 are 46.6
kg/cm? and 89.3 kg/cm?, respectively. Thus, the

average values of the specimens obtained in the
actual tests made on the FEBEX bentonite are
slightly higher than those calculated: 6.7 % and
10.3 % for the dry densities of 1.60 g/cm® and
1.71 g/cm?, respectively. These variations are very
small, even for results of tests made on specimens
from the same sample. Figure 4.26 shows the val-
ues obtained, together with the regression curve of
the bentonite S-2.

Swelling under load

To determine the swelling produced under a ver-
tical load, 7 tests have been made on specimens
from the homogenized sample (A-1 to A-5). For
all the testing, the specimens were prepared with a
nominal dry density of 1.60 g/cm3. Tests were

made on 4 specimens with a 0.5 MPa load and
another 3 with a load of 0.9 MPa.

The specimens are prepared and placed in the
oedometer, in the same way as for the swelling
pressure. A predetermined vertical load is applied
while at the same time the specimen is in contact
with water at the bottom, permitting saturation.
During the test, the swelling is noted periodically
until stabilization is reached.
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Figure 4.26: Swelling pressure for F and A samples and regression curve for bentonite 5-2.
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Table 4.15
Swelling pressure for nominal dry densities of 1.60 and 1.70 g/em’

Sample Pd Initial w Final w P, Pd Initial w Final w P
reference  g/em’ % % kg/cm? g/em® % % kg/cm?
F-2 1.59 15.2 29.5 >58 1.7 15.6 296 108
F-18 1.59 15.5 21.5 > 62 1.70 15.0 294 83

1.58 16.1 294 >50
F-37 1.58 145 324 42 1.71 12.7 278 1M
F-59 1.60 13.0 30.5 49
F-65 1.58 15.0 30.1 > 60
.76 1.60 11.2 29.2 30 1.70 12.7 284 77
1.59 12.2 29.2 52 1.70 12.3 275 97
F-79 1.59 13.1 325 4]
.03 1.59 138 299 36
1.59 14.0 29.7 >>h6
F-102 1.60 >56 1.69 14.8 28.4 105
F-109 1.57 143 29.6 52
£119 1.58 13.5 30.1 54 1.70 125 28.2 99
i 1.60 125 28.4 52
AVERAGE  159+001 139+14 29.9+13 50+9 170001 13414 285+08  97=13
A1 1.61 13.0 299 32 1.72 13.4 29.0 85
; 1.61 13.7 283 > 68
A-2 1.64 12.0 26.7 52
A-3 1.62 13.0 31.0 54 1.72 12.8 272 124
A-4 1.62 13.0 30.2 56
L 1.60 145 319 34 1.72 134 28.2 96
. 1.62 12.7 275 48
AVERAGE 162001 13.1+08 294+19  48+13  172+000 132+03 28109 102+20
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4. Characterization tests

The swelling or strain percentage is the ratio be-
tween the increase in height and the initial height
and is expressed as a percentage. The initial and
final water contents as well as the initial dry density
of each specimen are determined. The results are
presented in Table 4.16.

Figure 4.27 shows the percentage of swelling as
a function of time and it can be observed that sta-
bilization is produced in 10 days.

Swelling tests under load were also made in the
laboratory of UPC-DIT, following Procedure 70-
UPC-G-0-02 [66]. Using material from the ho-
mogenized sample (70-IMA-3-4-0), which had
been received from CIEMAT, 21 specimens were
tested with various dry densities between 1.57 and
1.87 g/cm3 and with initial water contents of 11.7
+ 1.1% (water contents in equilibrium with the air
in the laboratory). While being allowed to satu-
rate, these specimens were tested under predeter-
mined loads, between 0.01 MPa and 10.00 MPq,
in conventional oedometers.

During saturation, vertical strains were measured
with time. Figures 4.28 to 4.33 show, graphically,
the evolution of the swelling strain as a function of
time, for the different densities and vertical loads.

In Figures 4.34 and 4.35, the value, after satura-
tion, of the vertical strain is represented as a func-
tion of the initial dry density and the applied verti-
cal load.

The unit vertical strain (¢) induced by saturation
can be expressed approximately as

g =-0.4693-0.1935 log & + 0.3659 pq

where o is the vertical load in MPa and py is the
initial dry density in g/cm®.

Figure 4.36 shows the volumetric change (ex-
pressed in void ratio) as a function of the load, af-
ter saturation. The resulting void ratio (e) can be
expressed, approximately, by the equation:

e =0.842-0.327 log

where o is the applied load in Mpa.

As can be seen, when compared, the results from
both laboratories are similar.

State surface

These tests were made in the UPC-DIT laboratory
on three specimens compacted to a dry density of
1.63 g/cm?® at a water content of 11.7 %. On
each specimen, both a constant vertical load and
a suction path were applied. The vertical loads, in
MPa, were 0.03, 0.21, and 1.21. The suction
path started with 130 MPa, which is the order of
magnitude estimated for the initial water content,

Table 4.16
Swelling under vertical load (sample 70-IMA-3-4-0)

Vertical load 0.5 MPa

Vertical load 0.9 MPa

Aliquot Initial ps Initoiul w Fir;ul w Svgelling Initial P Initoiul w Fillol w Sw?llling
g/em %o %o %o g/em %o %o %o

Al 1.62 132 39.3 178
A-2 1.60 v 14.7 40.1 17.2 1.59 14.2 36.7 15.9
A-3 1.61 13.8 36.6 147
A-4 1.62 13.7 38.3 178 1.59 15.0 372 13.4
A-5 1.62 14.0 39.1 17.2

AVERAGE 1612001 13906 392+07 175+03 160+001 143+06 36803 147+13
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Figure 4.27: Swelling vs. time under a vertical load of 0.5 MPa (70-IMA-3-4-0, A samples).
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Figure 4.28: Evolution with fime of swelling strains during saturating fests under load. Vertical stress = 0.01 MPo.
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Figure 4.29: Evolution with fime of swelling strains during saturating tests under load. Vertical stress = 0.05 MPo.
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Figure 4.30: Evolution with fime of swelling strains during saturating tests under load. Vertical stress = 0.1 MPa.
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Figure 4.31: Evolution with time of swelling strains during saturating tests under load. Vertical stress = 0.2; 0.5 MPa.
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Figure 4.33: Evolution with time of swelling strains during saturating tests under load. Vertical stress = 5; 10 MPa.
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4. Characterization tests

followed by suctions, in MPa, of 97, 360, 135,
and O (total saturation).

The suction was applied simultaneously to each
of the three specimens, by both ends being in con-
tact with air whose relative humidity was controlled
by means of sodium chloride and sulphuric acid
solutions. The solutions were placed in two her-
metic containers and were transferred to the speci-
mens, from the containers, by a constant air flow
provided by a small pump.

The methodology and devices are described in
Procedure 70-UPC-G-0-04 [67].

Figures 4.37 to 4.41 show the evolution with
time of the vertical strain for the different values on
the suction path. The time necessary to obtain
equilibrium depends on the load and the applied
suction, but a month, as a minimum, was neces-
sary to reach small strain rates.

Figures 4.42 to 4.44 show the void ratio versus
the complete suction path for each vertical load
applied.

Figure 4.45 shows the void ratio as a function of
the vertical load for each suction. The same figure

also shows the final void ratio for the swelling un-
der load tests.

From the results of these tests can be deduced a
preliminary state surface for the case of decreasing
suction with small changes of stress. The state sur-
face is defined by the following equation

e =0.8169-0.1268 log (o - ps) - 0.04968 log
(s+pam) + 0.05409 log (o - pa) log (s + Patm)

where e is the void ratio, and o, s, p, and pym, are,
respectively, the vertical stress, the suction, the air
pressure, and the atmospheric pressure, all
expressed in MPa.

Elastic shear modulus

These tests were made by UPC-DIT, following
Procedure 70-UPC-G-0-06 [68]. Ten specimens,
compacted to a dry density between 1.53 and
1.73 g/cm® and with degrees of saturation of
0.15, 0.50, and 0.90, were tested in a resonant
column to obtain the elastic shear modulus (G) for
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=< 0004
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_—— 1.21 MPa

0.000
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Figure 4.37: Evolution with time of the strains for change of suction . From 130 MPa (inicial suction) to 97 MPa.
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Figure 4.38: Evolution with time of the strains for change of suction. From 97 MPa to 360 MPo.
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Figure 4.42: Suction / void ratio in oedometer tests. Vertical stress 0.03 MPa.
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Figure 4.43: Suction / void ratio in oedometer tests. Vertical stress 0.21 MPa.

82



e T ———————

4. Characterization tests

14

1.2

1.0

Void ratio

0.8

0.6

04

N\M—

0.1

1

10 10°

Suction + Atmospheric pressure (MPa)

10°

Figure 4.44 : Suction / void ratio in oedometer tests. Vertical stress 1.21 MPa.
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small shear deformations (106 <y < 104). A fixed
free-type resonant column device was utilized.

The device is based on an electromagnetic sys-
tem that is fed by a sine wave generator of variable
frequency. The electrical signal, utilized to pro-
duce the cyclic torque applied to the specimen,
and the output signal of an accelerometer, that
measures the movement of the free end, are re-
corded and they produce an ellipse in the x-y axes
of an oscilloscope when the specimen is in reso-
nance. The values of the resonant frequency and
the acceleration are utilized to calculate the elastic
shear modulus and the level of strain.

Figure 4.46 shows, as an example, the variation
in the measured elastic shear modulus with the
shear strain and the confinement stress levels, in
the case of a specimen with a degree of saturation
of 0.50 and an initial dry density of 1.62 g/cm?3.
Table 4.17 and Figure 4.47 show a summary of
the results obtained.

Joint stiffness

UPC-DIT made four unconfined compression
tests on cylindrical (38-mm diameter) compacted
specimens in order to obtain, in the joints between

the bentonite blocks, the relationship of normal
stress with displacement.  The specimens were
compacted to a nominal dry density of 1.63 g/cm?
at three different degrees of saturation (0.15,
0.45, and 0.85 with two specimens compacted to
the same degree of saturation, 0.45.) The tests
were performed following Procedure 70-UPC-G-
0-07 [69].

Strains were measured by means of two Hall ef-
fect displacement transducers, parallel to the longi-
tudinal axis, mounted directly on the lateral surface
of the specimens to avoid bedding effects of the
equipment.

Joint displacements have been evaluated by
comparing, for the same stress level, the measured
strain of a 78-mm high specimen and one formed
by two 39-mm high specimens, one on top of the
other.

Figures 4.48 to 4.50 show the relationship of
stress to measured strain in the specimen (with and
without joints) and the normal stress as a function
of the displacement of the joint. The unconfined
compressive strength and Young’s modulus that
were obtained are shown in Table 4.18.

400 *
a P
350
R
300 —
i
s 25
s AT T
< 200
= L L Confinement
8 150 T~o pressure (MPa)
Lol —— B
100 —_— 0.1
P, = 1.62g/m' —i— 02
50 w=1271% i —— 04
—}— 08
0
10° 10 10° 10 10"
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Fiqure 4.46: Shear modulus for various confining loads and shear strains.
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Table 4.17
Shear elastic modulus from resonant column tests
D Shear modulus G (MPa)
denrs);ty Water Degree Void
Jom? content  of saturation  ratio os=00l =01 =02 og=048 on=01
g MPa MPa MPa MPa MPa
1.58 14.7 54 0.757 140 207 245 300 370
1.66 13.6 57 0.668 211 223 270
1.54 3.3 12 0.802 78 106 174 208 326
1.56 28 10 0.777 89 106 138
1.62 24.6 95 0.717 240 270 331 336
1.66 21.2 87 0.677 252 296 370 429 502
1.65 47 19 0.685 74 90 137 190 310
1.72 104 47 0.615 200 219 293 381 429
1.68 37 16 0.652 61 89 141 200 290
1.62 12.7 50 0.713 122 180 240 299 387
Table 4.18
Strength and stiffness of bentonite specimens compacted at a dry density of 1.63 g/cm’
Compressive Compressive Young modulus
Degree of saturation strength (MPa) strength (MPa) (MPa), € = 0.5%
With joint Without joint Without joint

0.15 0.82 0.49 78

0.45 2.19 2.18 377

0.45 2.68 2.23 436

0.85 443 476 601

4.4.2. Hydraulic tests

Saturated hydraulic conductivity

Following Procedure 70-IMA-G-0-14 [70], 6 un-
mixed samples (F samples) have been tested to de-
termine the saturated hydraulic conductivity. From
these samples, 12 specimens were compacted at

the water content existing in the closed storage
bags, 6 each to a nominal dry density of 1.60
g/cm3 and of 1.70 g/cm3. The clay was uniaxially
compacted in cylindrical rings of stainless steel.
The specimens, 5.0 cm in diameter and 2.5 cm in
height, were placed between porous stones. Later,
water was injected at the top and bottom under a
pressure of 0.6 MPa. Once the specimens were
saturated, a hydraulic gradient was applied: the
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Figure 4.47 Shear modulus at small shear strains for various degrees of saturation and dry densities.

86



Aoy 20 e s S i o LT S L A R S T WSS

4. Characterization fests

1.00
0.75
£
=
£ 050
E
=
0.25
0.00
0.40
=
=
g
S 0.2
0.0

Displacement in joint (mm)

|
=015
p, = 1.63 g/em’
. Without joint
------ With joint
0.00 0.40 0.80 1.20 1.60
Axial strain (%)
=015
| p, = 1.63g/em’ /
//
0.00 0.05 0.10 0.15 0.20

Figure 4.48: Normal stress vs. displacement in compacted bentonite sample af a degree of saturation of 0.15.




FEBEX. Bentonite: Origin, properties and fabrication of blocks

3.00 |

; S = 045 I

1| p,=163g/m’ .
225 ese s
150 Vi / °. -

'/ — = Specimen A without joint
0.75 / / » + =+ Specimen A with joint

Noram stress (MPa)

7
1 / . —— = Specimen B without joint
L ‘\ . -+ -+ - Specimen B with joint
0-00 > I I I ! | | I I | | | | i 1 | |
0.00 0.25 0.50 0.75 1.00

Axial strain (%)

2.0 )
S, =015 /
p, = 1.63 g/em’
’ | /
2 /
%— //
g |/
Ly
{7
)
00 ‘:[/ T T T
0.00 0.05 0.10 0.15 0.20

Displacement in joint (mm)
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pressure was raised to 5.2 MPa at the bottom, for
dry densities of 1.60 g/cm3, and to 7.2 MPa, for
dry densities of 1.70 g/cm3, giving hydraulic gradi-
ents of 18400 or 25600, respectively. The result-
ing water flow was measured, with an electronic
volume change apparatus, as a function of time
until the flow reached the steady state.

The coefficient of permeability, k, was calculated
by Darcy’s law and the values obtained are pre-
sented in Table 4.19, where the final water con-
tents and final dry densities are also shown.

The values obtained are represented in Figure
4.51. This figure also includes an experimental
graphical relationship of the permeability with the
dry density obtained in the prior studies on samples
from the same deposit (Chapter 2). This relation-
ship is expressed by the equation

Log k = -2.97 pg-8.29 (*=0.80),
para pgentre 1.4y 1.9 g/cm®

where k is the coefficient of permeability in m/s
and py is the dry density in g/cm?®.

For the average dry densities of the FEBEX ftests,
the coefficient of permeability calculated from the
above equation, is 1.4 to 1.5 times the average
coefficient determined from these tests; however,

differences of this magnitude are quite small in
permeability testing. As can be seen in Table 4.19,
the ratio between the coefficient of permeability for
samples F-109 and F-2, for the dry density of 1.59
g/cm3, is 2.1 and these results came from the
same set of tests made on the same dates.

UPC-DIT also made saturated hydraulic conduc-
tivity tests. First, the measurements were made di-
rectly in a specimen initially compacted to a dry
density of 1.75 g/cm? loaded in an oedometer at
5.0 MPa, and saturated. After saturation, the void
ratio was 0.65 corresponding to a dry density of
1.64 g/cm3. Later, a pressure gradient of water
was applied, with 0.50 MPa applied to the bottom
of the sample and 0.05 MPa applied to the top.
The pressures were maintained for 10 days to es-
tablish a steady state in the flux through the speci-
men. The pressures and volumes of water were
measured with two GDS controllers. The total swel-
ling of the specimen during the permeability test
was less than 10 um. The methodology utilized is

described in Procedure 70-UPC-G-0-05 [71].

Figure 4.52 shows the inflows and outflows of
water. Using the average flows in and out, the re-
sulting permeability was 6.9 1014 m/s.

The dry density of the specimen in this UPC-DIT
test was 1.64 g/cm3 and the coefficient of perme-
ability is 1.9 times greater than that obtained by

Table 4.19
Values of hydraulic conductivity of the tested specimens

Sample Dry density Initial w k Dry density Initial w k
reference g/em? % 10" m/s g/em® % 10" m/s

F-2 1.59 148 3.1 1.70 148 3.8

F-18 1.60 15.0 5.9 1.70 15.1 29

F-37 1.60 13.3 6.0 1.70 13.4 3.8

F-75 1.61 117 5.9 1.69 11.7 3.2

F-109 1.59 12,5 6.4 1.70 1.9 4.]

F-119 1.58 14.0 8.3 1.67 145 37

AVERAGE 1.60 135 5.9 1.69 13.6 3.6

STD. DEV. 0.01 1.3 1.7 0.01 1.5 0.4
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Fiqure 4.51: Hydraulic conductivity values of tested specimens and previous regression lines for benfonite S-2.

CIEMAT in the FEBEX set of tests for an average
dry density of 1.69 g/cm® and 1.2 times greater
than that obtained for an average dry density of
1.60 g/cm3. Using the equation obtained by CIE-
MAT for S-2 bentonite, the coefficient of perme-
ability calculated by UPC-DIT for a dry density of
1.64 g/cm3 is 6.9-10"'* m/s, which is the same
than that determined in the test.

Although UPC-DIT made only one direct meas-
urement test, two conclusions can be drawn from
the result. The first conclusion is that there is good
agreement between the results of both laboratories
taking into account that scattering (even by a factor
of 5) is usual in permeability testing of the same
material in the same laboratory; thus, this agree-
ment confers confidence in the results. The second
conclusion is that the coefficients of permeability,
of the specimens of the FEBEX bentonite tested by
CIEMAT, show a tendency to be slightly less that
the value measured in the prior tests made on
samples from the same deposit, the variation being
sufficiently small that it can be assumed that the
most probable value for the average coefficient of
permeability would be determined by integrating

all the results obtained to date. This seems to be

confirmed by the UPC-DIT test.

UPC-DIT has also determined, after saturation,
the coefficient of permeability by means of oe-
dometer tests on the same specimens on which
they had previously made the swelling under load
tests.” To calculate the saturated coefficient of per-
meability, the following analytical model was used
to evaluate the relationship between strain and
time.

8=8, + 2789 Ut c, ,H)+2HC, loglt /t);
KE
Cs =
Tw

where 8 is the specimen settlement, 3y is the ins-
tantaneous compression due to bedding and devi-
ce elastic compression, 2H is the height of the spe-
cimen, Ac is the stress increment, E, s the
confined modulus, U(t,c,H) is the degree of con-
solidation derived from Terzaghi’s theory, C, is the
secondary consolidation coefficient, t is time, tg is
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the time associated with 90% of primary consolida-
tion, c, is the coefficient of consolidation, k is the
coefficient of water permeability, and v, is the unit
weight of water. For times less than tg, secondary
consolidation was assumed to be negligible.

Minimizing the differences between the values of
settlements —measured and calculated, using this
model— a set of parameters for the model can be
obtained by means of the technique of least
squares.

Figure 4.53 shows the evolution with time of the
measured vertical strains and the best analytical
approximation for each test. Table 4.20 shows the
data from the oedometer tests and the parameters
that were obtained following the technique de-
scribed.

Figure 4.54 shows the coefficient of permeability
as a function of the dry density from the conven-
tional oedometer tests and by direct measurement.

Suction/water content relationship

In the previous studies (Chapter 2), CIEMAT
made a large number of tests, on samples of ben-

tonite extracted from the same deposit as the FE-
BEX bentonite, to determine the relationship be-
tween the suction and the gravimetric water con-
tent. Membrane cells were used for testing with
suctions less than 14 MPa, and desiccators with
solutions of sulphuric acid for suctions between

than 13 MPa and 400 MPa. From all the tests, the
following relation was obtained

w=236.1-12.0logs

where w is the final gravimetric water content, ex-
pressed as a percentage, and s is the value of the
suction, in MPa.

It was found that this relationship is independent
of the initial water content and initial dry density,
as well as, for particles less than 5 mm and 2 mm,
of the grain size of the bentonite.

To see if this relationship is true for the FEBEX
bentonite, CIEMAT made another set of tests with
samples F and A plus others from the homoge-
nized sample 70-IMA-3-4-0. The tests were made

in sulfuric acid desiccators, following Procedure
70-IMA-G-0-19 [72]. Nominal suctions of 260,

1000
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z 0 f
;° “‘Q“
-500
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Cooa o — Water exit
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0 210° 410° 6-10° 810° 1-10° 1.210°
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Figure 4.52: Evolution of water flow during permeability fest.
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Figure 4.53: Evolution with time of vertical strains from oedometer fesfs.

140, and 14 MPa were applied on cylindrical
specimens of 1.5 cm in diameter and 1.2 cm high,
compacted to a nominal dry density of 1.60 g/cm?
with the water content existing in the storage bags
(Table 4.1). The suction of 140 MPa corresponds,
approximately, to the water content at equilibrium
for the samples stored in the laboratory.

The initial and final water contents, the value of
the suction, the final dry density, and the degree of
saturation were determined for each specimen.
The results obtained are presented in Table 4.21.
Each determination was made in duplicate (two
specimens were tested) and the results indicated in
the table for each sample are the average value of

Table 4.20

Oedometer tests
P4 o of o G Es k (o do &
g/em?® MPa MPa  10°m?*s  MPa m/s 10° pm pm

1.15 1.417 0.01 0.1 439 4.42 9910 326 597 6,6

1.12 1.473 0.01 0.1 4.47 490  9.1210° 337 446 12.0

1.36 1.036 0.2 1.0 0.0415 1827 22710 6.00 273 15.4

1.39 0.999 05 10 00320 4246  75310" 199 43 5.5

pq = inifial dry density; & = inifial void rafio; o = iniial load: o¢ = final load; ¢, = coefficient of consolidation; £ = confined modulus; k =
coefficient of permeability; C., = secondary consolidation coefficient; So = instantaneous compression due to bedding and device elostic compression;
&, = average difference between the measured values and the analytical approximation.
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Figure 4.54: Coefficient of saturated water permeability, from the conventional oedometer tests, vs. dry density.

those two specimens. In the final column of the ta-
ble are the values of the water contents calculated
for each suction, utilizing the previous equation.
Figure 4.55 shows the graphical representation of
the previous equation and the results of the tests
made on the FEBEX bentonite.

As can be observed, from the data in the table as
well as in the figure, the water content of these
tests practically coincides with the empirical rela-
tionship of the bentonite S-2 for the low suctions,
whereas it was on the order of 10 % to 15%
greater for the high suctions.

UPC-DIT also performed this type of test, follow-
ing Procedure 70-UPC-G-0-03 [73]. Their tests
were made with cylindrical specimens of diameter
1.5 cm and height of 1.2 cm, compacted to initial
nominal dry densities of 1.53, 1.63, and 1.73

g/cm3,

The tests were made in hermetically sealed
chambers at specified temperatures (27°C and
72°C and, in some cases, also at 40°C and 57°C)
and subjected to a relative humidity of controlled
air by means of sulphuric acid and sodium chlo-
ride at different concentrations. To avoid altering
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the sample, the dry density corresponding to each
suction was not determined.

Figure 4.56 shows the suction versus water con-
tent curves, with an indication of the initial dry den-
sity and temperature of the test. Figure 4.57
shows the set of all the results for the different den-
sities and suctions. The effects of the initial density
and of the temperature are very small; thus, it was
not possible to quantify and separate these effects
in the suction versus water content curve.

From all the data obtained, for water contents
lower than 20 %, the suction versus water content
relationship can be expressed by the equation

w=40.7-14.3log s

where w is the final gravimetric water content, ex-
pressed in percent, and s is the suction, in MPa.

The experimental equations of both laboratories
are very similar and, in fact, for the suction inter-
vals of the tests, the water content differs by only 1
or 2 percentage points, and this is the same order
of magnitude as the scattering that can be de-
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Table 4.21
Suction / water content relationship
Sample Initial w Suction Final p 4 Final w Final S, w(*)
reference % MPa g/em? % % %
F-2 148 2555 1.65 9.0 39 78
F-17 16.0 2555 1.61 9.0 36 78
F-37 13.3 255.5 1.63 9.1 38 78
F-59 12.7 255.5 1.63 9.2 38 1.8
F-75 117 260.6 1.62 8.3 34 1.7
A-1 144 260.6 1.65 8.4 36 1.7
A-5 145 260.6 1.65 8.3 35 1.7
F-2 14.8 138.6 1.61 13.2 52 10.9
F-17 16.0 138.6 1.62 13.3 55 10.9
F-37 13.3 138.6 1.60 13.0 51 10.9
F-59 12.7 138.6 1.60 12.8 49 10.9
F-75 1.7 144.] 1.60 10.9 43 10.8
F-109 1.9 143.3 1.62 1.1 45 10.8
F-119 12.3 143.3 1.63 11.5 47 10.8
A-1 14.4 144.1 1.63 1.7 48 10.8
A-5 14.5 144.] 1.62 1.6 48 10.8
70-IMA-3-4-0 13.1 143.3 1.62 115 47 10.8
F-109 1.9 126.6 1.60 12.1 48 114
F-119 12.3 126.6 1.59 12.7 49 11.4
70-IMA-3-4-0 13.1 126.6 1.60 12.3 48 114
F-2 14.8 14.5 1.39 227 65 225
F-17 16.0 145 1.43 22.6 69 225
F-37 13.3 14.5 1.35 22.6 61 225
F-59 12.7 14.5 1.36 228 62 225
F-75 11.7 14.0 1.35 219 59 226
F-109 1.9 14.9 1.35 219 59 223
F-119 12.3 14.9 1.35 222 60 223
A-1 14.4 14.0 1.34 224 60 22.6
A-5 145 14.0 1.35 224 61 22.6
70-IMA-3-4-0 13.1 14.9 1.36 220 60 223

(*) According to the relationship previously established for the bentonite S-2.
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Figure 4.55: Relationship suction /' water content.

tected in the same laboratory for different sets of
tests on samples of the same bentonite.

4.4.3. Thermal tests

Thermal conductivity

The surficial thermal conductivity was measured
with a probe placed on top of the compacted clay
specimens, as is described in Procedure 70-IMA-

G-0-13 [74].

The specimens were uniaxially compacted to
nominal dry densities of 1.60 and 1.70 g/cm? with
water contents around 14 %, which correspond to
a degree of saturation (S,) of about 60 %, also with
water contents about 26 % and 23 %, correspond-
ing o a degree of saturation of 100 % for the dry
densities of 1.60 and 1.70 g/cm3, respectively.
Compaction pressures were on the order of 14
MPa, for dry densities of 1.60 g/cm3, and between
22 MPa and 30 MPa, for dry densities of 1.70
g/cm3. The conductivity was also measured in the
same specimens after being dried at 100°C for 24
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hours. The specimens were then weighed and
measured to compare the change of density.

The tests were made on 37 specimens of 11 un-
mixed samples (F samples) and in all cases the
measurement was made by applying the probe to
the compaction surface, so that the value obtained
is the conductivity parallel to the direction of the
compaction effort.

Table 4.22 presents the measured values of the
thermal conductivity, the dry density, the water con-
tent, and the degree of saturation for each speci-
men tested.

Figure 4.58 shows, graphically, the values of the
thermal conductivity (A, W/m'K) in the direction
parallel to the compaction effort as a function of
the water content (w, %). A polynomial fit has
been made, independent for each group of values,
corresponding to the nominal dry densities of 1.60
g/cmd and to those of 1.70 g/cm®. The equations
of these lines are:

For a dry density of 1.60 g/cm3:
A = 0.0013w”-0.0052 w +
+0.5201 (*=0.97; 18 points)
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Figure 4.57: Suction vs. water content curves for different densities and temperatures.

For a dry density of 1.70 g/cm3:
A =0.0012w’-0.0016 w +
+0.6237 (r*=0.97; 10 points)

In compacted specimens of the homogenized
sample (70-IMA-3-4-0), the thermal conductivity
was also measured but in both directions, parallel
and perpendicular, to the compaction effort.  The
values obtained are shown in Table 4.23 and
graphically represented in Figure 4.59.

The heat dissipation through the clay barrier will
take place, principally, in the radial direction —per-
pendicular to the direction of the compaction effort
on the blocks. Although there is no important
variation in the thermal conductivity in the two di-
rections, it is always slightly higher in the direction
parallel to the compaction effort.

A correlation was also determined between the
degree of saturation (S,) and the measured values
for the coefficient of thermal conductivity (A) in the
direction parallel to the compaction effort, for the
unmixed samples (F samples) shown in Table 4.22
as well as for the homogenized sample 70-IMA-
3A-0 shown in Table 4.23:

98
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In Figure 4.60 are represented the values of the
thermal conductivity (A, W/m-K), as a function of
the degree of saturation (S,) and the sigmoidal re-
gression curve obtained, together with that ob-
tained for the bentonite S-2.

Linear thermal expansion coefficient

These tests were made by UPC-DIT following
Procedure 70-UPC-G-0-11 [75].

Two cylindrical specimens of compacted bento-
nite, 38 mm in diameter and 78 mm in height,
were tested. The specimens were heated in a wa-
ter bath with a controlled temperature ranging
from 14°C to 50°C.

In Table 4.24 the characteristics of the speci-
mens and the values of the resulting coefficient of
linear thermal expansion are indicated. Figure
4.61 shows the measured strains, in the steady
state, after each change of temperature.
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Table 4.22
Thermal conductivity (1) in direction parallel to compaction force
Sample Pd w S A Pd w S A
reference g/em® % % W/mK g/em?® % % W/mK
F-18 1.53 1.7 6 0.5013
F-37 1.55 0.9 3 0.4797
F-75 1.66 1.9 8 0.6195
F-75 1.67 0.1 0 0.6356
F-75 1.72 0.5 2 0.6293
F-109 1.53 0.1 0 0.4841
F-18 1.60 1.0 4 0.5473
F-37 1.60 20 8 0.5738
F-109 1.58 0.1 0 0.4771
F-119 1.59 1.1 4 0.5763
F-2 1.59 15.5 60 0.6978 1.74 13.7 67 0.8992
F-18 1.60 15.5 61 0.7824 1.71 15.0 70 0.9402
F-37 1.63 12.6 52 0.7261 1.73 1.9 57 0.8339
F-75 1.60 13.1 51 0.6825 1.72 129 61 0.8077
F-102 1.59 15.4 60 0.6995
F-119 1.60 13.3 52 0.6114 1.70 13.] 60 0.7923
F-2 1.62 26.0 105 1.2754 1.73 21.6 104 1.2183
R 1.63 53 104 1.2726 1.75 204 101 1.2450
F-37 1.62 26.2 106 1.3043 1.72 21.6 102 1.1247
F-59 1.64 254 106 1.3069 1.76 20.5 104 1.2342
F-75 1.61 25.8 103 1.3619 1.69 227 103 1.2717
F-79 1.61 27.1 108 1.2854 1.71 22.6 103 1.2541
F-102 1.59 274 106 1.2613 1.70 21.8 100 1.2709
F-119 1.60 26.6 104 1.2472 1.69 223 101 1.2531
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4. Characterization tests

Table 4.23
Thermal conductivity both parallel and perpendicular to compaction force in specimens compacted from sample 70-IMA-3-4-0

P4 w S A parallel A perpendicular
g/em? % % W/mK W/mK
1.51 15 51 0.7621 0.7077
1.58 15 57 0.8114 0.7283
1.63 15 62 0.955 0.8934
1.65 15 64 1.0003 0.894
1.69 15 68 0.9531 0.9525
1.52 20 70 0.9128 0.903
1.59 20 77 1.1187 0.993
1.65 20 85 1.1851 1.1622
1.67 20 88 1.1405 1.1686
1.72 20 95 1.4319 1.3918
1.52 25 87 1.0913 1.1517

4.5. Sorption capacity

A set of laboratory batch sorption tests have been
started, to check the behavior of some tracers un-
der similar (although not identical) conditions to
those expected in the “mock-up” and “in situ”
tests. The tracers being used in these tests are
chemical analogues of radionuclides which will be
present in the radioactive waste, or stable forms of
the same [76]. Depending on their sorption be-
havior, the two types of tracers are: conservative
(those that will not be sorbed in the medium,
thereby indicating water movement) and non-
conservative (those that will move, suffering reten-
tion and/or retardation due to their sorption prop-
erties).

The tests were performed under oxic conditions
using bentonite which had been ground to a grain
size of less than 63 um. Two different working
temperatures (25°C and 90°C) were selected. The

time of contact was fixed at 7 days, the solid to lig-
uid ratio was 1:10, and the initial concentration of
each tracer was 200 pg/l. Constant stirring was
maintained during each entire test. For the 25°C
tests, a natural granite groundwater from El Berro-
cal Site was used, while for the 90°C tests, another
granite groundwater of a similar chemical compo-
sition, but with a lower bromine content, was em-
ployed.

For the 25°C tests, polyethylene tubes were used
to contain the samples; while to perform the 90°C
tests, Pyrex glass tubes hermetically closed were
used. When the boron was the tracer being tested,
polyethylene tubes sealed with Teflon tape were
used to avoid possible boron contamination from
the glass.

The distribution relation (R,, in ml/g) of an ele-
ment is the ratio between the concentration of the
element in the solid phase and the concentration in
the liquid phase, in a test of a known duration in
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Figure 4.60: Thermal conductivity vs. degres of saturation from samples F and 70-IMA-3-4-0, and previous regression curve
for bentonite S-2.

which the thermodynamic equilibrium has not been
reached. The R, of each tracer is given by:

i
M

where C, (ng/l) is the initial concentration of the
tracer in the solution, C; (ug/l) is the final concen-
tration of the tracer in the solution, V (ml) is the
volume of the employed solution, and M (g) is the
clay mass. The Ry values obtained from the batch
laboratory sorption tests are summarized in Table
4.25.

lodine, selenate (VI), and perrhenate (VIII) be-
have as a non-sorbing (conservative) tracers, while
the remaining elements behave as reactive (non-
conservative) tracers

4.6. Microbiological characterization

The microbiological studies have commenced by
detecting the presence of bacterial groups and es-
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timating the number of bacteria whose activity
could have influence on the properties of the clay
(buffered capacity of pH, adsorption capacity,
oxide-reduction state) or to produce, directly or in-
directly, some corrosive substance (for example,
SH,). The studies made [30] have consisted in:

1 To estimate the number of the following
groups of bacteria: aerobic heterotrophic,
anaerobic (forced and facultative) hetero-
trophic, microaerophilic, sulfate reducing,
autotrophic, sulfure oxidizing, autotrophic
sulfur oxidizing, ammonium oxidizing, nitrite
oxidizing, iron oxidizing (Leptothrix, Thiobacil-
lus ferroxidans).

To count and make a morphological study of
the distinct bacterial colonies in specific solid
media.

To estimate the metabolic bacterial activity,
with ['*C-U]-glucose, in all the groups of het-
erotrophic bacteria.

-1 To determine, by analysis, the presence of
iron reducing bacteria in the clay.

/



4. Characterization tests

Table 4.24
Table 4.24: Thermal expansion tests
L : Linear thermal
Specimen Initial dry t!ensuty Wuterocontent Tempergture path axponsion cooficent
g/tm o C 1/
0909960 1.68 14.42 22.6-14.8 5.10°
0909960 1.68 14.42 16.6-41 8-10°
120996e 1.71 12.53 31-51 21-10°
120996e 1.71 12.53 51-41 6-10°

The extraction of the sample in the quarry, as
well as later conditioning (homogenizing and dry-
ing), were not undertaken under sterile conditions;
thus, the microorganisms present in the sample are
a mixture of the natural ones and those introduced
in the conditioning of the clay.

The samples were stored and handled in sterile
conditions so as not to introduce other microor-
ganisms, beyond those in the clay “in situ” and

those introduced during extraction and condition-
ing (drying, transporting, etc).

To determine the presence of the bacterial types,
the clay samples are put in direct contact with dif-
ferent culture media. The culture media being em-
ployed as well as the procedure being followed are
described in detail in [30]. The estimation of the
number of bacteria of the different groups is being
made by the method of most probable number.
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0.002
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Figure 4.61: Results of thermal expansion tests.
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Table 4.25
Batch Ry and sorption results
25°C 90°C
Eloment R4 Sorption R4 Sorption
ml/g % mi/g %

I 1.9 16.5 0.2 2
Re 0 0 0 0
Se 0 (a) 0 (a) 0 0

B 22.5 69.3 38.7 79.5
Gs >1990 =N >1990 >99
St 90 90 98 9
Lo >1990 >99 >1990 >99
Nd >1990 >99 >1990 >99
Eu >1990 >99 >1990 >99
Th >1990 >99 >1990 > 99
U 1.1 9.8 > 920 > 98

(a) Experiments performed by using the same granitic groundwater as in the 90°C batch experiments.

Seven samples (between 5 g and 58 g) were
analyzed. The results are expressed as the most
probable number (MPN) of bacteria per gram of
clay analyzed (with a water content of 13%). Cal-
culating the arithmetic average of the most prob-
able numbers and of the corresponding confidence
limits in the different samples analyzed, the values
that were obtained are shown in Table 4.26. The
number between the parentheses indicate the
number of samples used for the calculation. For
the calculation of the average of the distinct
groups, the highest and the lowest values were ex-
cluded. In the case of the aerobic bacteria, the
number by the technique of slide count was also
estimated. The limit 95 % corresponds to the
lower and upper limits, with 95 % confidence, for
the estimated most probable number. The sign (-)
indicates that no bacteria were detected.
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The results obtained can be summarized as fol-
lows. In the specific culture media are found het-
erotrophic and autotrophic bacteria and fungi.
The heterotrophic bacteria (those that need one or
more organic compounds as carbon source) found
in greater numbers are aerobics. The Strectomyces
genus has been identified. Other heterotrophic
bacteria groups detected were: microaerophilic,
anaerobic (falcultatives and strict), sulfate reduc-
ing, and traces of iron reducing. The autotrophic
bacteria found (those that use inorganic com-
pounds as nutrients and carbon dioxide as carbon
source) are sulphur oxidizing and sulfide oxidizing.
No autotrophic bacteria of the nitrogen cycle, nor
ammonium and nitrate oxidizing have been found.
Neither Leptothrix (iron oxidizing at neutral pH) nor
Thiobacillus ferroxidans (iron oxidizing at acidic
and neutral pH) have been found.
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4. Characterization tests

Table 4.26
Counting of the different groups of bacteria found in 70-IMA-3-4-0 bentonite
Type of bacteria MPN
Aerobic 100 000 (6)
Limit 95 % 18 000 -363 000
Aerobic (slide) 90 000 (5)
Anaerobic 1400 (4)
Limit 95 % 260 - 5 600
Microaerophilic 78 200 (5)

Limit 95 % 12 000 -398 000
Sulfur oxiding 2 600 (5)
Limit 95 % 400- 11000
Sulfide oxiding 28 (4)
Limit 95 % 2-140
Sulfate reducing 48 (4)
Limit 95 % 8-200
Nitrobacter - (6)
Nitrosomonas - (6)
Tiobacillus ferroxidans -(2)
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5. Design, fabrication, and characteristics of the bentonite blocks

5.1. General

The blocks for constructing the clay barriers were
fabricated in Spain: for the “mock-up” test by Jesus
Castro, S. L. (Torrejon de Ardoz, Madrid), under
the direction and control of CIEMAT; and for the
“in situ” test by Refracta (Quart de Poblet, Valen-
cia), under the direction and control of AITEMIN.

5.2. “Mock-up” test

In the “mock-up” test, the drift of a repository for
HLW is being simulated in the laboratory of CIE-
MAT (Madrid) by a confining structure with interior
dimensions: length of 6.00 m and diameter of
1.62 m. Two heaters, to simulate both the thermal
effects of the waste decay and the waste contain-
ers, are centered in the structure with a distance
between them of 0.75 m. Each heater has a
length of 1.625 m and an exterior diameter of
0.340 m. Surrounding the heaters and filling the
confining structure is a clay barrier formed by
highly-compacted bentonite blocks. Figures 5.1,
and 5.2 show, schematically, a longitudinal and
two cross sections of the arrangement of the blocks
within the confining structure.

The fabrication of the bentonite blocks for the
clay barrier required the following steps: design of
the blocks, fabrication of molds for producing the
blocks, fabrication of the blocks themselves, and
packaging and storing the blocks. All these steps
are described in detail in the Technical Report 70-
IMA-L-3-29 Fabricacién de bloques para el ensayo
en maqueta del Proyecto FEBEX [77].

5.2.1. Design of the blocks

To create a clay barrier of highly-compacted
bentonite blocks, it was necessary to design the
blocks, defining the geometry and the physical
properties (dry density and water content), as well
as to determine the quantity of blocks necessary to
construct the barrier.

The geometry of the blocks was defined taking
info account the principle to minimize the volume
of gaps in the final clay barrier, to reduce the
number of blocks to fabricate, and to avoid com-
paction surfaces greater than 0.1 m? (because of
the limitation of the press force). Thus, it was de-
cided to have the arrangement in two concentric
crowns, with an interior core in the non-heater

zones (Figure 5.2). This arrangement was made
with four types of blocks: A, B, C, and E, which are
schematically represented in Figures 5.3.

A and B blocks were fabricated by compacting
the bentonite directly into specially designed
molds, whereas C blocks resulted from mechani-
cally altering B blocks to form a flat inner surface
(Figure 5.3). After the fabrication of all of the B
blocks, the mold was modified, to eliminate the
ears, in order to form an intermediate block from
which the E blocks, of semihexagonal form, re-
sulted.

The outer crown was formed with 12 A blocks
and the inner crown with 6 blocks, of type B for the
heater zones and of type C for the non-heater
zones, with the core in the non-heater zones

formed by 2 E blocks. (Figures 5.2).

After defining the dimensions of the blocks in the
barrier cross section, the weight was set at about
25 kg, to facilitate the manual handling of the
blocks. Table 5.1 shows the nominal design di-
mensions for each block type.

Considering that the interior length of the confin-
ing structure is 6.00 m and that the thickness of
each block is 0.125 m, then the clay barrier would
require 48 slices, 26 of which would be in the
zones of the heaters. A total of 908 blocks would
be required divided among the following types:
576 of A, 156 of B, 132 of C, and 44 of E. To
compensate for possible damage during fabrica-
tion, transportation, or installation, 1000 blocks
were fabricated, or about 10 % more than theo-
retically needed.

The nominal average dry density of the clay bar-
rier should be, as a maximum, equal to the refer-
ence concept (1.65 g/cm3) or corresponding to a
swelling pressure on the order of 6.0 MPa accord-
ing to the characterization tests made prior to FE-
BEX. The clay barrier initially would have gaps be-
tween the blocks and the heaters, the confining
structure, and the other blocks. It was estimated
that the total volume of gaps would be on the or-
der of 6% to 10% of the total volume to be filled
and thus it was decided to fabricate the blocks to a
nominal dry density of 1.75 g/cm3 to compensate.

In the studies prior to FEBEX (Chapter 2), it was
determined that the optimum water content for
compaction of this bentonite would be about 14
%, and that uniaxial compaction would provide the
best results for the pressure to density relationship.

109

/



—
FEBEX. Bentonite: Origin, properties and fabrication of blocks

| 6.000 ;l
S i, i B
| " 13
| |
- * X T
.
Confining structure Bentonite blocks
Heaters
(Dimensions in meters)
Figure 5.1: “Mock-up”: longitudinal section.
Block type A Block type A
Block type B : Block type C
Heater ) Block type E
Heater zone Non-heater zone
(Dimensions in mefers)

Figure 5.2: “Mock-up”: cross-section.
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Block type C Block type E

Figure 5.3: Schematic representation of blocks A, B, C y E.

In the laboratory, pressures between 45 MPa and tro, S. L. (a company fundamentally dedicated to
60 MPa were required to obtain, by uniaxial com- die casting) made the molds as well as the blocks.
paction, a dry density of 1.75 g/cm?.

As was indicated in the previous section, it was
only necessary to make two types of molds (for

5.2.2. Mold fabrication blocks A and B). Then, after all the B blocks were

completed, the mold was modified for the fabrica-

The molds were designed and fabricated of car-  tion of the intermediate blocks (called D) from

bon steel, taking into consideration the working  which the final E blocks were mechanically fash-
conditions, the pressures required, etc. Jesus Cas- ioned.
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Table 5.1
Nominal dimensions of the blocks (*)
Radius Dimensions
Block mm Angle mm Thickness
type in degrees mm
R r e a b C

A 795 480 645 30 411 248 315 125

B 475 170 325 60 475 170 305 125

C 475 645 60 475 225 250 125

i | 60 450 225 225 125

(*) For the symbols, see Figure 5.3.

After the design was completed, prototypes of the
molds were fabricated and various trial compac-
tion runs were made for each type of block. These
trial pieces were placed in an iron ring, constructed
with the diameter of the confining structure, to ad-
just the final dimensions of the molds (Figure 5.4).
The mold was dimensioned such that they would
compensate for a general expansion of the block
of 1.5 % after unmolding.

5.2.3. Block fabrication

Considering the estimates made from the labora-
tory tests and the surface area of the blocks, a
press of 1000 tons of effective force would be re-
quired to provide the compaction pressure neces-
sary to obtain the dry densities of 1.75 g/cm?3.

Jesus Castro, S. L. had equipment with these
characteristics: a single-acting hydraulic press,
able to supply an effective force of 1000 tons, with
a lower piston (having an internal diameter of 780
mm) that acts against the upper frame, and a
maximum working pressure in the hydraulic system

of 20 MPa.

5.2.3.1. Trial tests prior to FEBEX

With the prototypes of the molds mentioned in -

the previous section, a set of compaction trial tests
were made. For these tests, material was used
which was from the same deposit as the FEBEX
bentonite, but which had been stored, in the open
air, in two big-bags (A and B) during a period of
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four years; therefore, the water content distribution
in each bag was not homogeneous (Table 5.2)
and the grains of the material were agglomerated.

For these trial tests, 49 blocks were made from
Bag A and 36 from Bag B, each using the same
quantity of - material and the same compaction
pressure. From the set of blocks made from each
bag, 6 blocks were selected =2 of each of the 3
different water contents. Throughout each selected
block, the water content and dry density were de-
termined in 36 samples from separate places and
that data are presented in the Technical Report

70-IMA-L-3-29 [77].

The general aspect of the trial blocks was good
and no important crumbling was seen. In the
blocks with a greater water content, some fissures
were observed. These fissures corresponded to
blocks made with material from the bottom of both
bags, as well as some from the middle part of Bag
B, and is the result of shrinkage from the loss of
moisture by the bentonite blocks during their stor-
age. -

In these trial blocks, no great variations were ob-
served in the interior of the blocks and the average
dry density obtained was 1.62 + 0.01 g/cm3.
There were somewhat higher dry densities obtained
in the top part of the blocks and especially in the
faces —interior and exterior— which could be attrib-
uted to the friction produced between the piston
and the mold during the compaction process.

Figure 5.5 shows the average value of the dry
density, for the 36 samples obtained in each trial
block, as a function of the average water content.
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5. Design, fabrication, and characteristics of the bentonite blocks

Table 5.2
Water contents (%) of the bentonite used in the compaction trial test
Parts Bag A Bag B
Top part 15
Middle part 19
Bottom part 38

lt can be observed that the optimum water content
for compaction is situated at about 16 %, some-
what higher than the 14 % obtained from the com-
paction tests in the laboratory.

The fissures observed (during the storage) in the
blocks fabricated with higher water contents indi-
cate that caution should be taken to ensure that,

during fabrication, the water content of the blocks
does not exceed 16%.

5.2.3.2. Fabrication

The final blocks were fabricated with the FEBEX
bentonite (Chapter 3 and 4), with the shape and
nominal dimensions indicated in Figure 5.3 and

Fiqure 5.4: Adjustment test between blocks to define mold dimensions.
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Fiqure 5.5: Average density vs. water content at compaction, obtained in the previous frial tests for compaction of blocks.

Table 5.1. The bentonite had a grain size less
than 5 mm and an average water content on the

order of 14 %.

The fabrication process consisted of the following

activities:
1. Weighing the clay mass, which was calculated
as a function of the water content and the

type of block.

2. Placing the clay in the compaction mold by
means of dropping from a hopper.

3. Spreading the material around in the mold to
prevent weak zones in the edges of the

blocks.

4. Compacting the bentonite by the specified
pressure (40 to 50 MPa) using a pressure
switch on the hydraulic system (15 to 18 MPa)
for three successive cycles.

5. Mechanically unmolding and manually remo-
ving the block.

6. Visually observing and controlling the dimen-
sions of the block —accepted or rejected.

The quality control of the fabrication in the fac-

tory followed the stipulations in Procedure 70-
IMA-G-0-75 [78] and was made daily. Each block
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was weighed and measurements made of the
thickness on 4 sides as well as of the dimension
between the side curves, (R - r), for the top and
bottom faces. The weights, dimensions, evaluation
of the visual aspect, dry densities, and water con-
tents of all the blocks can be found in the Techni-
cal Report 70-IMA-L-3-29 [77].

By compaction, 598 A blocks were fabricated,
322 B blocks (from which C blocks were obtained),
and 92 of the intermediate type of which all, by
mechanical means, became E blocks. Table 5.3
shows a summary of the characteristics of the types
of blocks used in the construction of the clay bar-
rier

5.2.4. Block packaging and storing

The accepted blocks, in groups of 24, were
placed in wooden boxes which had been lined with
a plastic sheet. The boxes were loaded on pallets
for transportation (Procedure 70-IMA-G-0-77
[79]).

Each box was considered a fabrication lot and,
following Procedure 70-IMA-G-0-75 [78], the lot
was assigned an independent control sheet show-
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ing the characteristics (mass, dimensions, and as-
pect) of the blocks.

After fabrication and packaging, the blocks were
transported to CIEMAT where they were stored until
they were placed into the confining structure of the
“mock-up” test.

5.2.5. Block characterization

Following the specifications in Procedure 70-
IMA-G-0-76 [80] for the characterization of the
bentonite blocks, a systematic sampling has been
made by taking one of each 100 blocks fabri-
cated, to determine and analyze the homogeneity
of their characteristics. In each one of the blocks
selected has been determined the thermal conduc-
tivity in the directions both parallel and perpen-
dicular to the compaction force. Afterwards, the
block was cut to obtain 15 samples, distributed
among its upper, middle, and lower parts. On
each one of these samples, the dry density and the
water content, by the method of displacement of
Hg (Procedure 70-IMA-G-0-10 [81]), have been
determined. In addition, on three of these, the
pore size distribution has been determined by
means of Hg intrusion (Procedure 70-IMA-G-0-07
[82]).

The results obtained are presented in detail in the
report 70-IMA-L-3-30 [83]. Table 5.4 shows the
summary of the characteristics for the different
types of blocks.

It can be observed that there is a greater density
in the upper part of the blocks, although the devia-
tions for the average are less than 0.04 g/cm3.

The average thermal conductivity in the direction
perpendicular to the compaction force is always
somewhat greater, contrary to what was observed
in the laboratory tests (Section 4.4.3.).

The porosity study did not show variations be-
tween different positions within the same block
nor between different types of blocks. The percent-
age of pores with radius greater than 3 um is
23 + 6, with a mode of 9 = 4 um; the percent-
age of pores with radius between 3 um and 0.05
um, is 26 = 6, with a mode of 0.4 + 0.3 um;
and the percentage of pores with radius less than
0.05 um is 50 = 10, with a mode about 0.008 +
0.003 um. Figure 5.6 shows the distribution of the
pore sizes obtained in the upper, middle, and
lower parts of the blocks sampled.

5.3. “Insitu” test

The “in situ” test is being performed in the under-
ground laboratory in Grimsel (Switzerland). For
this test, a new drift was excavated, which is 70.40
m long and 2.28 m in diameter. In the last 17.00
m of this drift (the test zone), have been installed
two heaters —each with a length of 4.54 m, an ex-
terior diameter of 0.90 m, and separated by 1.00
m— inside a liner which is concentric with the drift.
The test area of the drift is filled with blocks fabri-
cated of highly-compacted bentonite (clay barrier),
and sealed with a concrete plug. The test zone is
shown, schematically, by one longitudinal and two
cross sections in Figures 5.7 and 5.8.

Table 5.3
Characteristics of the blocks (*)

Block type A B+C(*) D+E(¥)

Thickness, in cm 12.25+0.08 12.25+0.06 12.24+0.14
R-r, in cm 31.50+0.00 30.60+0,00 (B) 30.60+0.00 (D)

Total density, in g/cm’ 2.02+0.02 1,99+0.02 2.060.04
Dry density, in g/cm’ 1.77+0.02 1.76+0.02 1.82+0.04
Water content, in % 142+14 13.2+0.9 13.1+09
Mass, in kg 25.8+0.3 25.2+0.2 25.3+0.4

(*)For the symbols, see Figure 5.3.
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The activities of design and fabrication of the
blocks for the construction of the clay barrier are
described in detail in the report 70-AIT-L-3-10, In-
forme final sobre las actividades realizadas por
AITEMIN para la construccién de una barrera de
bentonita [84]. It should be noted that knowledge
and experience have been gained from the
“mock-up” test.

The fundamental activities were: design, of the
blocks and the molds; fabrication, of the molds;
fabrication, of the blocks; and packaging and stor-
ing of the blocks.

5.3.1. Design of the blocks and the molds

The following two specifications were written for
the blocks and the molds: 70-AlT-H-3-01 Specifi-
cation for bentonite blocks [85] and 70-AlT-H-3-

02 Specification of moulds [86], respectively.

In the specifications for the bentonite blocks, the
design data for the clay barrier, as geometry, di-
mensions, and nominal weights, as well as the dry
density of the blocks (1.70 = 0.02 g/cm3) were
taken into consideration. The nominal dry density
of the blocks was determined taking into account

Table 5.4
Results of characterization of blocks
Block type
B C
N° of compacted blocks 598 372 92
N° of sampled blocks 8 5 2
Big-bag w (1), in % 12.6+0.3 14415
Dimension py (2), in g/cm’ 1.770.01 1.77+0.02
Sections p; (3), in g/cm’ 1.72+0.01 1.71+0.02 1.75
Sections w (3), in % 13.6+0.4 145+1.1 128
Sections S, (3), in % 65 67 64
Upper p, (4), in g/cm’ 1.74+0.01 1.73+0.01 1.77
Medium p, (4), in ¢/cm’ 1.73+0.01 1.72+0.02 1.76
Lower p, (4), in g/em’ 1.700.01 1.67+0.06 1.74
Parallel thermal cond., in W/m - K 0.91+0.06 0.94-+0.04 0.99
Perpendicular thermal cond., in W/m - K 0.960.05 0.95+0.07 1.02
Parallel thermal cond., in W/m - K (5) 0.88 0.92 0.87

(1) Water content of the clay from the big-bag with which the block was made.
(2) Caleulated according to the block weight, the water confent of the claoy from the big-bag and the dimensions of the block measured affer

compaction.

(3) Average of the determinations made in fifteen samples taken in different positions inside the block.
(4) Average of the five determinations made in five samples distributed in the upper, medium and lower part of the block.
(5) According to the theorefical fitting determined for the FEBEX bentonite: A=1.30-0.75 / (1 +exp (S, - 0.67) /' 0.11).
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Figure 5.6: Pore size distribution in top, middle and bottom part of the sampled blocks.
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Figure 5.7: “In situ” test: longitudinal section.
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Block type
BB-G-01

Block type
BB-G-01

Block type
BB-G-02

Block type
BB-G-03

Heater

Steel liner

0.970
2.270

Block type
BB-G-02

Block type
BB-G-03

Block type
BB-G-04

Heater zone

Block type
BB-G-05

Non-heater zone

(Dimensions in meters)

Fiqure 5.8 Arrangement of blocks in heater and non-heater zones.

the estimated volume of gaps as 7% and the fact
that the final average dry density of the clay barrier
was to be 1.60 g/cm? (something less than that of
the reference concept).

The arrangement of the blocks would be in sev-
eral concentric crowns, and, are shown in Figure
5.8 for the heater and non-heater zones, respec-
tively.

The blocks were made with FEBEX bentonite
(Chapters 3 and 4), prepared with a grain size less
than 5 mm, and with an average water content on

the order of 14 %.

The five types of blocks that were fabricated were
BB-G-01, BB-G-02, BB-G-03, BB-G-04, and BB-
G-05. The shape of each, the nominal dimen-
sions, and the tolerances of fabrication are shown

in Figure 5.9 and Table 5.5.

The nominal dimensions for the fabrication of the
blocks were set at approximately 2 mm less than
the design dimensions. This reduction, and the tol-
erances established for fabrication, were the result
of anticipating that the actual installation of the
blocks in the test area would be easier with these
conditions.
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The most important elements of each one of the
molds were: a die, two punches (an upper and a
lower), and two punch holders (an upper and a
lower). The drawings of the molds are included in

the document 70-AIT-K-3-01 [87].

In the specifications for the molds, the main con-
siderations were the effects of unmolding and of
the wear on the molds. With respect to the effects
of unmolding, the fabrication dimensions of the
punches and dies of the molds were lessened from
those of the nominal dimensions of the blocks by
about 0.4%, to compensate for the possible expan-
sion that the blocks might suffer upon unmolding.
Taking into consideration the expected wear on the
molds, the construction material of the punches
and dies were selected with the following charac-
teristics:

1 Dies: non-deforming alloyed steel F521, very
resistant to wear.

1 Punches: non-deforming alloyed steel F522,
with high toughness and hardness.

Four types of molds were fabricated: M-BB-01,
M-BB-02, M-BB-03, and M-BB-04/05. The fabri-
cation tolerances of the molds were fixed at = 0.3
mm.
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Figure 5.9: Shape and dimensions of the bentonite blocks

5372 F(]bfiCGﬁOﬂ Of The molds Fundamentally, the fabrication of the molds con-

sisted of the following activities:

The molds were fabricated in the shop of Talleres

Mateu (Quart de Poblet, Valencia) in accordance 1 Construction of the principal elements of the
with the specification previously indicated and Pro- mold: two punches (an upper and a lower)
cedure 70-AlT-G-3-04 [88]. and a die. These elements were fabricated
Table 5.5
Shape and dimensions of the bentonite blocks
Surface dimensions Thickness Radius Nomiinal
Block mm mm mm
angle
fype a
a b C R r
BEedl gt e A 500 ot 919 249
fpdS e T e, Bt N 703 30
CRT OB T i T e 487 4
BBG-04 4830 . 2400, 24007, 1250 5, 485 : 60"
BRG0S0 M0 T, S 0, M, ; : 60°
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of alloyed steel for tools F521 (die) and
F522 (punches).

1 Construction of the auxiliary elements of the
mold: two supporting plates (an upper and a
lower), two punch holders (an upper and a
lower), and a die box. These elements were
fabricated of carbon steel ST-52.

Figures 5.10 and 5.11 show the die and the die
box of a mold.

The logs of quality inspection, made during the
mold fabrication, are included in the Dossier de
calidad sobre la fabricacién de los bloques de ben-

tonita [89].

5.3.3. Fabrication of the blocks

As was indicated above, the blocks were fabri-
cated in the processing plant of Refracta, in accor-

dance with the specifications previously indicated
and Procedure 70-AIT-G-3-01 [20].

5.3.3.1. Fabrication process

The blocks were fabricated with an uniaxial
double-acting hydraulic press with a maximum ef-
fective force of 550 tons, following the operations
described below.

Material preparation

This operation consisted of mixing the bulk ben-
tonite in a machine for 15 minutes. After the mix-
ing, a sample was taken to determine, approxi-
mately, the water content of the bentonite in the
big-bag, with the object of equalizing the water
contents, and, if it was necessary, mixing the ben-
tonite of various bags. The operation was made
for each 500 kg of bentonite.

Selection of the press working conditions

This operation was made at the beginning of the
fabrication of each type of block and each day of
work. During the compaction of the blocks, the
conditions of the work were constantly checked.
The checking consisted, fundamentally, of the
press operator controlling the thickness of the

blocks.
120

The working conditions were established using
the following parameters:

1 The maximum working pressure of the hy-
draulic system was to be between 170 and
190 kg/cm?. From this parameter, the effec-
tive working force of the press (that oscillates
between 400 and 450 tons) and the pressure
on the bentonite (that varies between 40 and
45 MPa) were known. The oscillations of the
pressure values were due to the difference in
water content, which varied between 12 %

and 16 %, of the bulk bentonite.

1 The capacity of the die or run between
punches. This parameter was set by trial and
error until the thickness of the block (125
mm) was reached.

Normally in setting these parameters, the simple
verification of the thickness of the blocks permits
control of the process. By this control, the fo-
llowing incidents were detected:

) Higher water content than expected in the
bulk material, which was manifested by a
smaller thickness than for the normal set of
working conditions.

1 Loss of mass of the material which was mani-
fested by a smaller thickness.

1 Heating of the oil in the hydraulic system of
the press that was manifested by arbitrary
changes in the thickness. When this hap-
pened, the work was interrupted for several
hours or for the rest of the working day.

In these three cases, as in any other, remedial
action was taken whenever the thickness of a block
differed from the nominal by more than = 1 mm.
Thus, the compaction process was always under
control.

Block formation

This operation consisted in weighing the mass of
bentonite stipulated for each type of block; intro-
ducing it into the die; mechanically compacting
and ejecting the block; manually retrieving the
block; and checking the block, by the press opera-
tor (Figure 5.12).

The nominal weight of each of the different types
of bentonite blocks was: 22.1 kg for BB-G-01;
21.8 kg for BB-G-02; 21.3 for BB-G-03; and
23.1 kg for BB-G-04/05.
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Figure 5.10: View of die of the mold. Over the die are situated two punches of the mold.

Figure 5.11: View of die box of the mold.
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With these activities, the fabrication of the blocks
BB-G-01, BB-G-02, BB-G-03, and BB-G-04 were
completed (Figures 5.13 and 5.14). Changes to
the shape of BB-G-04 were made to obtain block
type BB-G-05, by using a cutting machine to re-
move a cylindrical segment (Figure 5.15) with a
diamond disk (800 mm in diameter and 7.5 mm in
thickness). The cut was made perpendicular to the
two faces of the block.

5.3.3.2. Quality control and physical characteristics
(dry density and water content)
of the bentonite blocks

Table 5.6 shows the number and destination of
each type of block fabricated. The majority of the
blocks were sent to Grimsel; however, some were

sent to AITEMIN, in Toledo, to make a trial instal-
lation.

The inspection methods and tests on the blocks
are described in the following five procedures:
70-AIT-G-3-02 [91]; 70-AIT-G-3-05 [92]; 70-
AIT-G-3-06 [93]; 70-AIT-G-3-07 [94]; and 70-
AIT-G-3-08 [95].

Procedure 70-AIT-G-3-02 [91] should be espe-
cially noted. The control of the blocks was based
on the following sequential inspections: a single in-
spection, that was made at the beginning of the
fabrication process of each type of block by the
fabricator; a total inspection, that was made on the
thickness and external aspect of the blocks by the
fabricator; and a double sampling inspection
made by both the fabricator of the blocks and by
AITEMIN.

Figure 5.12: Frontal view of the mold installed in the press. In this photo the upper punch is in stand position and the lower punch (not
shown) is at the high of the upper face of the die (press fable), supporting the bentonite block which has just been compacted.
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Figure 5.13: Close-up of fabricated block (BB-G-01).

Figure 5.14: Close-up of fabricated block (BB-6G-04).
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Figure 5.15: Close-up of four of type BB-G-05, after being mechanized, as they will be installed.
Note: The two cut surfaces of the blocks are placed fogether.

In respect to the control methods of the fabrica-
tion processes, the following controls are specially
noted: selection of the working conditions of the
press (effective force and difference between the
runs of the pistons), in the fabrication of the blocks;
and the characteristics of the construction material
of the punches and dies (type of steel and thermal
treatment), in the fabrication of the molds.

The sampling inspection defined according to the
standard 1ISO 5022/79 [96], is based on the re-
sults of non-destructive verification (external aspect
and dimensions) and the destructive tests (water
content and dry density) of the bentonite blocks.
The defects or non-conformities are classified as
major, intermediate, or minor.

The sampling inspection by AITEMIN was made
at the end of the fabrication of each type of block.
The number of samples analyzed and the inspec-
tion lot (15 % of the total blocks) are indicated in
Table 5.7.

First the non-destructive tests were made: control
of the dimensions and of the external aspect; then

124

the destructive tests: determinations of water con-
tent and dry density.

The results of the non-destructive tests are shown

in Table 5.8.

The irregularities encountered consisted of small
surficial fissures in the faces and in the rounded
edges of some blocks. The first were detected at
the beginning of fabrication and the solution was
to reduce the flow of the press; the second were at
the end of the fabrication and the solution was a
second compaction process.

Some small crumbling at the edges and corners
of the cut blocks, at the entrance and exit of the
cutting disk, were seen.

These minor irregularities or non-conformities
appeared in a few of the blocks that were analyzed
and were within the specification limits of the in-
spection plan.

The results of the destructive tests are presented
in Table 5.9.
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Table 5.6:
Number of fabricated blocks
Type BB-G-01 BB-G-02 BB-G-03 BB-G-04 BB-G-05
Unit weight (kg) 2] 218 213 23] 180
Units 2520 1974 1483 486 162
Grimsel
Weight (kg) 55 692 43 034 3] 588 11227 2916
Units 360 288 144 48 16
Toledo
Weight (kg) 7956 6279 3068 1109 288
Units 2 880 2262 1627 534 178
Total
Weight (kg) 63 648 49 312 34 655 12 335 3204
Table 5.7
Inspection lots and samples made by AITEMIN
Type BB-G-01 BB-G-02 BE-G-03 BB-G-04 BB-G-05
Units 2880 2262 1627 534 178
Number
ofblocks - yeight () 63.65 4931 34,66 12.33 320
| : Units 432 340 244 80 2]
nspection -
ot Weight 1) 955 740 520 1.85 048
Units 50 50 32 13 13
Inspoction o (fEND 50 50 3 13 13
sample
N° of END 9 9 9 b b

t = Ton; END = Non-destructive tests; ED = Destructive tests.

Table 5.8
Results of non-destructive tests made by AITEMIN

Type BB-G-01 BB-G-02 BB-G-03 BB-G-04 BB-G-05

R (46) R(10)

R (50 R (32 R(13
External aspect 0 (50) (32) (13) 0
Regularity of

surfaces and sides R (30) R (0) R (32) R(13) R(13)
Dimensions DT (50) DT (50) DT (32) DT (13) DT (13)

R = Regular; | = Imegular; DT = Within tolerances; (50) Number of unifs.

125
#



—

FEBEX. Bentonite: Origin, properties and fabrication of blocks

As can be observed in the table, the average val-
ues of the water content, as well as the dry density,
are within the established specification limits for the
design of the blocks: 1.68 g/cm® to 1.72 g/cm3,
for the dry density and 11% to 15%, for the water
content.

The quality inspection logs made for the fabrica-
tion process and on the bentonite blocks, are in-
cluded in Dossier de calidad sobre la fabricacién
de los bloques de bentonita [89].

5.3.4. Packaging and storing of the blocks

The packaging and storing of the blocks in the
processing plant were done in accordance with
Procedure 70-AIT-G-3-03 [97]. The number of
packages that were needed for the distinct types of
blocks are indicated in Table 5.10.

The blocks were packaged in cardboard boxes
placed on wooden pallets. Inside the box was

placed a plastic bag and the bottom was layered
with plastic sponge, over which were placed the
blocks in 6 layers of 7 blocks each (except for the
block BB-G-04, with 6 blocks per layer); the final
layer was covered with a layer of the same plastic
sponge material. Between each layer and between
the blocks of the same layer, separating strips were
placed and fillers were used between blocks.

After the box was closed, tags, protectors for the
edges, packaging strips, and plastic bags were
placed on the exterior, then the filled package was
placed in a thermal chamber to hermetically seal
the plastic bag over the entire box, i.e. shrink-
wrapped.

In Figures 5.16 and 5.17 are shown photos of
the packaging process and the aspect of the final
package.

The quality inspection logs on the handling,
packaging, and storage of the blocks, are included
in the Dossier de calidad sobre la fabricacién de
los bloques de bentonita [89].

Table 5.9
Results of the destructive tests made by AITEMIN
BB-G-01 BB-G-02 BB-G-03 BB-G-04 BB-G-05
Sample :
pd W oY W pd W oY W P4 W
1 iy e By oan Wwre e Ba a1l
2 N i WMl gl Wi an oo IR
3 R WL L W im. B AR Wy
4 8 B BT TR
5 Tl YRRy B TR e LTI TR
6 i MRl 0 ol M8 palRE 1T 18
7 a8 1 M
8 T s T TR
9 W e B g G
sk S B TL S e T U R R R
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Table 5.10
Packages utilized for the distinct types of blocks
Type BB-G-01 BB-G-02 BB-G-03 BB-G-04 BB-G-05
N° of blocks in a full 1 1 1 3% 1
package
Mass weight for a full 980 950 950 880 810
package (kg)
Grimsel 60 47 36 14 4
N° of packages g
Toledo 9 / 4 ] ]

Figure 5.16: Photo of packaging of the blocks
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Figure 5.17- Finished package of blocks. Shown are the base of package (pallet), the reinforced comers,
the labeling, and the shrink wrap.
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6. Conclusions

6.1. Origin and general aspects
of the febex bentonite

The FEBEX bentonite has been extracted from the
Cortijo de Archidona, developed by Minas de
Gddor, S. A. , in the zone of Serrata de Nijar
(Province of Almeria, Spain). This deposit has
been selected, in the R&D plans of ENRESA prior
to the FEBEX project, as the most suitable material
for backfilling and sealing a HLW repository, for its
very high content of montmorillonite, large swelling
pressure, low permeability, acceptable thermal
conductivity, good adsorption properties, and ease
of compaction for fabrication of blocks.

After selection of this deposit as the reference
bentonite (called sample or bentonite S-2 in re-
ports and publications), there have been numerous
characterization and behavior (thermal, hydraulic,
mechanical, and geochemical) studies of this ben-
tonite. Consequently, there exists an extensive da-
tabase of its properties. These data were used in
the preliminary modelizations for the design of the
two large-scale tests of the FEBEX project.

Some 300 tons of bentonite, suitably homoge-
nized and conditioned, were acquired for FEBEX.
Based on the prior studies, the selected bentonite
needed to meet the following specifications:

1 Fraction of particles greater than 5 mm,
less than 5%, and fraction of particles less
than 74 pm, more than 85%.

2 Liquid limit greater than 90%.

2 Swelling pressure between 3.0 MPa and 7.0
MPa, for a dry density of 1.60 g/cm?.

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

A bentonite deposit, even though very homoge-
neous, has horizontal as well as vertical variations.
For a project such as FEBEX, it is important to use
material as homogeneous as possible and to de-
termine its properties by specific tests on samples
of the same material so as to reduce the uncertain-
ties in the subsequent modelizations and the final
interpretation of the results of the entire experi-
ment. For a performance assessment (PA) of a re-
pository, nevertheless, it is necessary to know the
range in the variations of the relevant properties of

a massive source of supply of bentonite. Thus, it is
important to compare the properties of the bento-
nites S-2 and FEBEX, which were obtained from the
same deposit but in two development phases (lev-
els), more than five years apart.

Since, during this pre-operational stage, the time
has been too short (only a few months) to make a
complete characterization of the FEBEX bentonite,
it has been necessary, for modelling, to use some
properties obtained for the bentonite S-2.

The comparison of the results of the two avail-
able sets of characterization tests —the bentonite
S-2 and the FEBEX bentonite— indicates that the
deposit is very homogeneous, which legitimizes the
use of certain parameters from the tests on S-2 for
the pre-operational stage modelizations. However,
there are some differences between these two sets,
which permit an evaluation of the range of varia-
tions in the properties. This evaluation can be util-
ized to establish limits on the modelling sensitivity
analysis and thus gain an initial idea of the conse-
quences in the performance assessment of a re-
pository. These differences also indicate the ne-
cessity of a detailed characterization of the FEBEX
bentonite during the operational stage (three or
four years), in order to reduce the uncertainties in
the final evaluation of the global results of this ex-
periment.

In the following sections some general conclu-
sions about the relevant properties of the bentonite
from this deposit are presented and the opera-
tional stage testing program is outlined.

6.2. Mineralogical and chemical
composition

Mineralogical composition

The bentonite from the Cortijo de Archidona de-
posit has a very high content of dioctahedric smec-
tite of the montmorillonite type; furthermore, from
the mineralogical point of view, the deposit is very
homogeneous: the montmorillonite content of both
bentonites (S-2 and FEBEX) varies between 88%
and 96%. Some of the accessory minerals include
quartz, plagioclase, potassium feldspar, calcite,
and tridymite.
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The analyses of CSIC-Zaidin on the FEBEX ben-
tonite detected interstratified smectite/illite with an
estimated content of some 15%, whereas this had
not been detected in the bentonite S-2. The influ-
ence that the interstratified smectite/illite can have
in the physico-chemical behavior of the bentonite
has not been determined in this pre-operational
stage.

Chemical composition

Table 6.1 shows the values of some of the major
chemical elements of the bentonites S-2 and FE-
BEX.

The content of the major elements, obtained in
the two laboratories, is very similar for both bento-
nites. There are, however, relatively large differ-
ences between the two laboratories for some ele-
ments: K,O for the bentonite S-2; Na,O and
Fe,O, for the FEBEX bentonite. Neither the rea-
sons for these differences nor their effects on the
physico-chemical behavior have been analyzed.

The FEBEX bentonite shows a lower salinity than
that of the S-2. The lower salinity is due, basically,
to the lower concentration of the chloride ion.

Table 6.2 shows the average values of the ex-
changeable cation content. It also shows the cat-
ion exchange capacity (CEC).

The values for the cation content obtained by the
two laboratories are practically equal for the FEBEX
bentonite; however, the CEC does differ as differ-
ent methods for the determinations have been em-
ployed (Section 4.3.5.).

There are relatively large differences not only be-
tween the results of the two laboratories for the
bentonite S-2, but also between the two bentonites,
chiefly in the CSIC-Zaidin results; in addition, the
standard deviations of the two laboratories are
greater for the results from the S-2 than from the
FEBEX, especially in the values of the CEC. In any
case, it seems that the CEC is lower for the bento-
nite S-2 than for the FEBEX, which may imply dif-
ferences in the physico-chemical behavior.

6.3. Identification properties

The data that are presented in Table 6.3 are be-
ing called the identification properties (following
the geotechnical terminology) because they give an
idea, by means of simple tests, of the type of
physico-chemical behavior of a clay.

The value of the liquid limit of the two bentonites,
S-2 and FEBEX, is very similar in the CIEMAT tests.
That obtained by UPC-DIT for the FEBEX bentonite

is somewhat lower. Nevertheless, whichever value

Table 6.1
Chemical composition of the bentonites S-2 and FEBEX

Oxi Bentonite S-2 FEBEX bentonite

xide

0

% CSIC-Zaidin® CIEMAT®? CSIC-Zaidin® CIEMAT®
Si0, 59.9 57.3 58.9 59.4
ALO, 18.7 19.6 19.5 18.1
Fe,0, 3.6 39 35 29
Mg0 58 4.7 48 42
(a0 2.0 29 2.5 1.9
Na,0 2.2 13 23 14
K,0 0.7 14 1.2 1.1

(1) Average valves of various determinations
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(2) Values of only one determination

(3) Average values of four determinations
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Table 6.2
Average values of the cation exchange complex

Cations ond CEC Bentonite S-2 FEBEX bentonite
g CSIC-Zaidin CIEMAT CSIC-Zaidi CIEMAT
(o™ 3 +6 N+7 47 +2 48 + 4
Mg** NEh 31 =7 36+2 38 + 2
Na™* 30=x3 22 +3 26 = 1 5%
K* 321 25+04 13+0) 22+00
(EC 92 =12 1] 106 + 3 N3+6
Table 6.3
|dentification properties
Bentonite S-2 FEBEX bentonite
Property
(SIC-Zaidin CIEMAT CIEMAT UPC-DIT CSIC-Zaidin
_ Water content in equilibrium
with laboratory conditions, in % 0w 13 1210 15
Liquid limit, in % 105 + 10 103 + 4 93 +1]
Specific weight 2.78 2.70 = 0.05
Grain-size distribution, in %
Fraction less then 74 pim 83 86 9341 87
Fraction less then 2 pum 826 65 + 1 65 +3 45
Specific surface, in m¥/g
Total 614 = 74 516 + 37 640 a 659
External, BET 37 31 +3

is considered, it is too low for that of a bentonite
with such a high content of montmorillonite and
that has a relatively high content of sodium as an
exchangeable cation. The liquid limit is an index
of the mechanical behavior of a clay, and a low
liquid limit in relation to the mineralogy signifies, in
principle, that the physical behavior of this bento-
nite does not correspond to its mineralogical char-
acteristics.

Regardless of the differences in the grain-size dis-
tributions between the bentonites S-2 and FEBEX, it
should be noted that there is a large difference be-
tween the results of CIEMAT and UPC-DIT in the
content of the fraction less than 2 pum (clay size).
The proportion of the clay size fraction depends on
the pre-test treatment of the bentonite before the
grain-size determination. The differences are ex-
plained by the fact that CIEMAT made a very
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strong dispersion, including using ultrasound,
whereas UPC-DIT employed a standard geotechni-
cal technique. Or, in other words, the results of
such a simple determination could also be an in-
dex of physico-chemical behavior.

The average values of the total specific surface,
which are very similar for the two bentonites, are
somewhat lower than that for a bentonite with as
much montmorillonite content. In fact, compared
with a typical montmorillonite, it seems that the
montmorillonite content in the bentonite of the
Cortijo de Archidona deposit would be something
lower to that estimated in the mineralogical analy-
ses, confirming the existence of a certain percent-
age of interstratified smectite/illite [44]. Also the
value of the external specific surface (BET) is low
comparing to the usual values for smectites found
in the scientific literature.

The low content of the fraction less than 2 um
was noted in the first studies made on the bento-
nite S-2 [?] and an explanation was proposed that
the smaller particles have become agglutinated or
cemented with colloidal silica (during the devitrifi-
cation of the volcanic material), which would make
it difficult to disperse the clay and, consequently,
limit the separation of the fraction less than 2 um.
This argument is supported by the high content of
phyllosilicates (62 %) found in the fraction greater
than 20 um [13]. Another explanation is that the
greater part of the material of silt size, and some of
the sand size, are pseudomorphs of smectite that
keep the size and the shape of the grains of the
volcanic rock from which they come; the pseudo-
morphs are relatively stable and would moderate
the physical behavior of the bentonite: they chemi-
cally act as smectite but do not have the physical
effects of the bentonite [98].

In any case, it seems that the fact that exists a
strong agglomeration of the fine particles explains
the low values of the liquid limit and the external
specific surface.

In this stage of the study, the influence that the
peculiarities described can have in the physico-
chemical behavior of the FEBEX bentonite was not
investigated. However, it has been found that, with
several cycles of heating (between 150°C and
200°C) and cooling, the liquid limit increases from
98% to more than 190%.

134

6.4. Swelling pressure

For the swelling pressure of the bentonite S-2, a
regression curve as a function of the dry density
was determined. This curve is presented in Figure
6.1 and is expressed by the equation (Section
4.4.1)

P.=exp (5.9 p4-7.9)

where P, is the swelling pressure in MPa and py is
the dry density in g/cm”.

Two set of tests, each with nominal dry density of
either 1.60 g/cm? or 1.70 g/cm?, have been made
for the FEBEX bentonite. The average values de-
termined were slightly higher than those corre-
sponding to the bentonite S-2 obtained when the
above formula is applied: on the order of 7% and
10% for the nominal dry densities of 1.60 g/cm?
and 1.70 g/cm3, respectively.

It is possible that there really exists a difference in
the swelling pressures. However, for all practical
purposes in the performance assessment of a re-
pository, it can be considered that the difference is
negligible.

6.5. Suction/water content relationship

For the bentonite S-2, for suctions between 2.0
MPa and 385.0 MPa, the following empirical
equation (Section 2.5.10.) was determined

w=36.1-12.0 log s ’=0.94 191 points

where, for this equation and the following one, w is
the final gravimetric water content, expressed in
percent, and s is the suction in MPa.

Likewise, for the FEBEX bentonite, UPC-DIT ob-
tained the equation (Section 4.4.2.)

w=40.7-14.3 log s

CIEMAT also made suction versus water content
tests for the FEBEX bentonite, but only for three val-
ues of suction, which did not permit the establish-
ment of a mathematical relationship.

Figure 6.2 shows the regression curves for both
bentonites and the points obtained by CIEMAT for
the S-2 and FEBEX bentonites.
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As can be observed, the differences between the
two curves are very small, one or two percentage
points in the water content, depending on the suc-
tion value. Nevertheless, it can be said that there
is a certain difference, that is also reflected in the
water content in equilibrium with the laboratory
conditions, as indicated in Table 6.3. The differ-
ences, in any case, between the two clays are very
small as far as the performance assessment is con-
cerned.

It is necessary to take into account, however, that
the suction/water content relationships obtained to
date in the sets of tests for the two bentonites need
to be supplemented during the operational stage.
The extremes of the curves are not well-defined,
because, due to experimental difficulties, the tests
have been made for a range of degrees of satura-
tion far from complete saturation in the upper ex-
treme. Furthermore, these curves were developed
from tests on different specimens and thus are not
characteristic suction/water content curves devel-
oped from a single specimen. A characteristic suc-
tion/water content curve for a wetting path differs
from one obtained for a drying path and this as-
pect has not been analyzed.

Also, to date, the influence of the temperature in
the suction/water content relationship has not been
defined with sufficient reliability.

In summary, it will be necessary, during the op-
erational stage, to complete the suction versus wa-
ter content study as this relationship has a great in-
fluence in the prediction of the time for the full
saturation of the clay barrier.

6.6. State surface

By means of oedometric tests with controlled suc-
tion, UPC-DIT have determined a preliminary state
surface for decreasing suction and with small
changes of stress, expressed by the equation

e =0.8169-0.1268 log (c-ps) -0.04968
log(s+pam) + 0.05409 log (o-pa) log (s+paim)

where e is the void ratio, and o, s, ps, and Pgim
are, respectively, the vertical stress, the suction, the
air pressure, and the atmospheric pressure, all ex-
pressed in MPa.
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6.7. Saturated hydraulic conductivity

For the bentonite S-2, an empirical relationship
was obtained, from saturated specimens, for the
coefficient of permeability as a function of the dry
density, expressed by the equations (Section 2.5.8.)

log k=-8.14 p4-0.72,
r*=0.88, 12 points, for p4 between 1.1y 1.4 g/cm3

log k=-2.97 p4 -8.29,
= 0.80, 9 points, for py between 1.4y 1.9 g/cm®

where k is the coefficient of permeability in m/s
and pyis the dry density in g/cm®.

For the FEBEX bentonite, CIEMAT has made a set
of tests of permeability for nominal dry densities of
1.60 g/cm3 and 1.70 g/cm? (Section 4.4.2.).

Figure 6.3 shows the straight regression lines for
the coefficient of permeability of the S-2 bentonite.
When points from FEBEX bentonite are added to
the figure it can be observed, that the FEBEX ben-
tonite is more impermeable than the S-2. If the av-
erage values of the coefficients of permeability for
the two bentonites are compared, the ratio of the
values of the S-2 divided by those of the FEBEX is
1.4 to 1.5 for the nominal dry densities of 1.60
g/cm?® and 1.70 g/cm3, respectively. A test made
by UPC-DIT for the FEBEX bentonite gave a coeffi-
cient of permeability similar to the average value of
S-2: nevertheless, it seems that the FEBEX bentonite
has a tendency to be more impermeable that the
S-2 but the difference is small for such low values
of the coefficient of permeability; it is even smaller
than the dispersion in a set of tests.

6.8. Thermal conductivity

The regression curves of the values of thermal
conductivity as a function of the degree of satura-
tion, for both the bentonite S-2 (Section 2.5.11.)
and for FEBEX (Section 4.4.3.) are represented in
Figure 6.4. Also represented are all of the values,
distinguished by the range of dry densities, of the
specimens tested. A good correlation of the sig-
moidal type (Boltzmann) was obtained for the two
bentonites by means of the equation

A1 _AQ
14 E S

A=A, +

where A is the thermal conductivity in W/m - K, S,
is the degree of saturation, A, is the value of A for
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S, = 0, Ay is the value of A for S, = 1.0, x, is the
degree of saturation for which the thermal conduc-
tivity is the average value between the extreme va-
lues, and d, is a parameter.

The parameters obtained in the fitting of the
curves are the following:

Bentonite S-2 FEBEX Bentonite
A 0.39 0.55
A, 1.34 1.30
X 0.54 0.67
d 0.15 0.11

There exists a certain difference between the
curves, more notable in the lower values of the de-
gree of saturation. No clear evaluation of the dif-
ferences is possible: on one hand, because the
thermal conductivity increases not only with the wa-
ter content but with the dry density; and, on the
other, because, for the bentonite S-2, there are
only two points for the lower extreme of the degree
of saturation. But taking into account all the points,
it seems that this parameter differs very little be-
tween the two bentonites.

6.9. Bentonite blocks

From the FEBEX bentonite two sets of blocks were
fabricated: for the “mock-up” test (Section 5.2.)
and for the “in situ” test (Section 5.3.).

Each set of blocks was fabricated in a different
factory, but in both cases, they were made by uni-
axial compaction under pressures of 40 MPa to 50
MPa. For both sets of blocks, good quality was ob-
tained and no special problems occurred in the
fabrication.

The average physical characteristics of the fabri-
cated blocks are:

“Mock-up” test “In situ” test

Weight (kg) 25310258 21.31023.1
Dry density (g/cm’) 1.76101.82 1.69101.70
Water content (%) 13.11014.2 13.11014.9
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6.10. Outline of operational stage
characterization fests

The test program, to be performed during the
operational stage, includes those aspects that were
not well-defined during the previous phases of
characterization, especially those that can intro-
duce uncertainties in the modeling and/or in the
interpretation of results. These tests are needed for
the interpretation of the THM and THG ftests.

Among the data to be determined for the model-
ing are:

1 Thermal conductivity of the bentonite as a
function of the degree of water saturation,
evaluating the influence of dry density.

- Specific heat of the bentonite.

1 Permeability of the bentonite to water, as a
function of the void ratio in a wide range of
densities; and the effects of temperature and
of anisotropy.

1 Permeability of the bentonite to water as a
function of the degree of water saturation, to
be determined from backanalysis of specific
tests.

1 Water vapor diffusivity in the bentonite, to be
determined in an indirect way from the infil-
tration tests.

1 Permeability of the bentonite to gas and its
variability as a function of the degree of wa-
ter saturation.

2 Swelling pressure as a function of the initial
density and water content; and the effect due
to the direction of compaction.

1 Retention curve of the bentonite, including its
extreme ends (at very low and very high de-
grees of saturation) and how it is affected by
the hysteresis and by the temperature.

1 Elastic parameters.

Coefficient of thermal expansion of the ben-
tonite. This coefficient is obtained, by
backanalysis, from tests in which the axial
deformation of a homogeneously heated
sample is measured, keeping the global wa-
ter content constant.

]

Other basic characteristics of the bentonite that
were still to be determined during the pre-operatio-
nal stage, the knowledge of which are necessary to
understand the behavior and to perform the THG
modeling, are the following:
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2 Chemical composition of the pore water ex-

tracted from the bentonite by compaction un-
der high pressure; and the effects on that
composition of the initial water content of the
bentonite as well as the conditions under
which it is compacted.

Distribution coefficients (Ky) and diffusion co-
efficients (D) of some radionuclides in the

powdered bentonite (batch tests) and in com-
pacted samples (cell tests) to evaluate the
adsorption capacity.

Microstructure and texture of the bentonite
—that can determine aspects of its behavior,
as the difficulty of dispersion or the relatively
low plasticity— will be studied by means of
porosity determination as well as scanning
and transmission optic microscopy.
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