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El trabajo experimental del Proyecto FEBEX ha con-
sistido en un ensayo in situ, realizado en condicio-
nes naturales y a escala real, un ensayo en “ma-
queta”, a escala casi real, y una gran serie de ensa-
yos de laboratorio.

La mayor parte de los ensayos de laboratorio se
han hecho previamente o en paralelo a los dos en-
sayos a gran escala. Es decir, sobre muestras del
mismo material de las barreras del ensayo in situ y
de la “maqueta”, pero no de las propias barreras.
Sin embargo, una parte de los ensayos de laborato-
rio (los incluidos en este documento) se ha hecho
sobre muestras de bentonita obtenidas en el des-
mantelamiento parcial del ensayo in situ, realizado
el año 2002, después de cinco años de calenta-
miento e hidratación.

Se han realizado dos tipos de ensayos: 1) de ca-
racterización de la bentonita, con el objeto de co-
nocer el estado de la barrera y para comparación
con los resultados de predicción de los modelos
THM y THG; y 2) ensayos para determinar los
cambios en propiedades THM y THG ocurridos du-
rante la operación como consecuencia de la acción
combinada de la temperatura, el agua, las juntas y
los solutos.

A continuación se presenta un resumen de las con-
clusiones obtenidas de los resultados de los ensayos
de laboratorio incluidos en este documento.

La distribución de humedad y densidad seca de la
bentonita en secciones verticales presenta simetría
axial. No hay grandes variaciones entre la hume-
dad media de secciones situadas alrededor del ca-
lentador y aquéllas alejadas de su influencia. Tam-
poco hay diferencias entre secciones situadas en zo-
nas de diferente conductividad hidráulica del grani-
to. Esta homogeneidad, así como la distribución ra-
dial de humedad en secciones verticales, es conse-
cuencia del control de la bentonita sobre la cinética
de hidratación, debido a la gran diferencia entre las
permeabilidades de ésta y el granito. El grado de
saturación medio de toda la bentonita extraída es
del 85 por ciento.

La bentonita experimentó durante la operación un
aumento generalizado de volumen que se ha tradu-
cido en una disminución desde la densidad seca de
los bloques compactados (1,70 g/cm3) a la densi-
dad seca media de la barrera calculada a partir de
las medidas realizadas en las muestras extraídas
(1,58 g/cm3). Esto es debido a la expansión de la
bentonita para rellenar los huecos de construcción y

a la ligera descompresión que ha sufrido la barrera
durante el desmantelamiento y muestreo.

La caracterización mineralógica y geoquímica reali-
zada parece indicar que no se han producido gran-
des modificaciones en la bentonita durante la ope-
ración.

La capacidad de cambio catiónico ha aumentado
respecto a la inicial, debido fundamentalmente al
aumento generalizado de potasio y calcio intercam-
biables. Se ha observado un aumento de sodio in-
tercambiable hacia el granito, tanto en las seccio-
nes sometidas a gradiente térmico como en las iso-
termas.

La hidratación de la bentonita en los bloques en
contacto con el granito produce la disolución de los
minerales más solubles (sulfatos, carbonatos y clo-
ruros), que son transportados hacia la parte interna
de la barrera. Con ello se han generado, a la fecha
del desmantelamiento, diferentes frentes salinos se-
gún la movilidad de los iones disueltos: el compor-
tamiento del Na, Ca y Mg es similar al del cloruro,
mientras que la movilidad del sulfato es considera-
blemente menor. El movimiento de solutos es más
rápido en las zonas afectadas por la temperatura.

La composición química y mineralógica de la ben-
tonita en contacto con el tapón de hormigón es si-
milar a la de la bentonita no tratada. Sólo se regis-
tra un aumento del contenido de aluminio y la apa-
rición puntual de cantidades mayores de calcita y
yeso. También se ha observado un aumento de Ca,
Na y K intercambiables y un aumento de la salini-
dad del agua intersticial.

Se han determinado varias propiedades térmicas,
hidráulicas y mecánicas de la bentonita extraída de
la barrera para comprobar el posible cambio de
comportamiento THM ocasionado durante el expe-
rimento.

La capacidad de retención de agua de las muestras
obtenidas de la barrera desmontada es similar a la
de muestras de bentonita no sometida al experi-
mento. La conductividad hidráulica de las muestras
del desmantelamiento depende fundamentalmente
de su densidad seca (como ocurre con la bentonita
no usada en la barrera), por lo que está relaciona-
da con su posición en la barrera.

La capacidad de hinchamiento de la bentonita no
ha cambiado irreversiblemente tras cinco años de
operación en las condiciones del almacenamiento.
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La presión de preconsolidación de las muestras de
la barrera desmontada se ha reducido desde un va-
lor inicial de 40 MPa a valores inferiores a 10 MPa
(más bajos en el anillo externo de la barrera), lo
que es debido a los cambios microestructurales
asociados al aumento de volumen experimentado
durante la hidratación.

Los ensayos realizados en muestras remoldeadas de
bentonita del desmantelamiento, con juntas para-
lelas y perpendiculares al flujo, muestran que, una
vez saturado, el medio se hace homogéneo y las
juntas se sellan completamente, con lo que las pro-
piedades hidro-mecánicas del material dependen
sólo de su densidad seca.

4
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The experimental work performed within the FEBEX
Project has consisted of an in situ test, carried out
under natural conditions and at full scale, a “mock-
up” test performed at almost full scale and a large
number of laboratory tests.

Most of the laboratory tests have been carried out
prior to or in parallel with the two large-scale tests;
in other words, on samples of the same barrier ma-
terial as in the in situ and “mock-up” tests but not
on the barriers themselves. However, part of the la-
boratory tests (those included in this document) have
been performed on samples of bentonite obtained
during the partial dismantling of the in situ test, per-
formed in 2002 after five years of heating and hy-
dration.

Two types of tests have been performed: 1) charac-
terisation of the bentonite, with a view to gaining in-
sight into the state of the barrier and for comparison
with the results of THM and THG model predictions,
and 2) tests to determine the changes in THM and
THG properties occurring during operation as a re-
sult of the combined action of temperature, water,
joints and solutes.

Presented below is a summary of the conclusions
drawn from the results of the laboratory tests in-
cluded in this document.

The distribution of the humidity and dry density of the
bentonite in vertical sections shows axial symmetry.
There are no major variations between the average
humidity of sections located around the heater and
those others that are outside its area of influence.
Neither are there differences between sections lo-
cated in areas of different hydraulic conductivity of
the granite. This homogeneity, along with the radial
distribution of humidity in vertical sections, is a result
of the control exercised by the bentonite over hy-
dration kinetics, due to the major difference between
the permeabilities of the bentonite and the granite.
The average degree of saturation of all the bentonite
extracted is 85 percent.

During operation the bentonite underwent a gener-
alised increase in volume that has led to a reduction
from the dry density of the compacted blocks (1.70
g/cm3) to the average dry density of the barrier cal-
culated from the measurements performed on the
samples extracted (1.58 g/cm3). This is due to the
expansion of the bentonite to fill the construction
voids and to the slight decompression experienced
by the barrier during dismantling and sampling.

The mineralogical and geochemical characterisa-
tion performed would appear to indicate that there

have not been major modifications in the bentonite
during operation.

The cation exchange capacity has increased with re-
spect to the initial value, fundamentally due to the
generalised increase in exchangeable potassium
and calcium. An increase in exchangeable sodium
has been observed towards the granite in both the
sections subjected to a thermal gradient and in the
isotherm sections.

The hydration of the bentonite in the blocks in con-
tact with the granite causes the dissolution of the
most soluble minerals (sulphates, carbonates and
chlorides), which are transported towards the inner
part of the barrier. As of the date of dismantling,
this has generated different saline fronts depending
on the mobility of the dissolved ions: the behaviour
of Na, Ca and Mg is similar to that of the chloride,
while the mobility of the sulphate is considerably
lower. The movement of solutes is quicker in areas
affected by temperature.

The chemical and mineralogical composition of the
bentonite in contact with the concrete plug is similar
to that of the untreated bentonite. Only an increase
in aluminium content and the occasional appear-
ance of larger quantities of calcite and gypsum are
recorded. An increase has been observed also in
exchangeable Ca, Na and K, along with an in-
crease in the salinity of the interstitial water.

Various thermal, hydraulic and mechanical proper-
ties of the bentonite extracted from the barrier have
been determined, in order to check for possible
changes in THM behaviour caused during the ex-
periment.

The water retention capacity of the samples ob-
tained from the dismounted barrier is similar to that
of the samples of bentonite not subjected to the ex-
periment. The hydraulic conductivity of the samples
from dismantling depends fundamentally on dry
density (as occurred with the bentonite not used in
the barrier), as a result of which it is related to their
position in the barrier.

The swelling capacity of the bentonite has not
changed irreversibly after five years of operation under
repository conditions. The pre-consolidation pressure
of the samples from the dismounted barrier has de-
creased from the initial value of 40 MPa to values of
less than 10 MPa (lower in the outer ring of the bar-
rier), this being due to microstructural changes asso-
ciated with the increase in volume experienced dur-
ing hydration.
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The tests performed on remoulded samples of benton-
ite from dismantling, with joints parallel and perpen-
dicular to flow, show that once saturated the medium

becomes homogeneous and the joints seal com-
pletely, as a result of which the hydro-mechanical pro-
perties of the material depend only on its dry density.

8
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The aim of FEBEX (Full-scale Engineered Barriers
Experiment) is to study the behaviour of components
in the near field for a high-level radioactive waste
(HLW) repository in crystalline rock. The experimen-
tal work consists of three main parts:

� an “in situ” test, under natural conditions and
at full scale, performed at the Grimsel Test Site
(GTS, Switzerland);

� a “mock-up” test, at almost full scale, per-
formed at CIEMAT facilities (Madrid); and

� a series of laboratory tests to complement the
information from the two large-scale tests.

The project is based on the Spanish reference con-
cept for disposal of radioactive waste in crystalline
rock (AGP Granito): the waste canisters are placed
horizontally in drifts and surrounded by a clay barrier
constructed from highly compacted bentonite blocks
(ENRESA 1995). In the two large-scale tests, the ther-
mal effect of the wastes is simulated by means of
heaters, while hydration is natural in the in situ test
and controlled in the one performed on the mock-
up. Both tests are monitored, this allowing the evolu-
tion of the temperature, total pressure, water content,
water pressure, displacements and other parameters
to be obtained continuously in different parts of the

barrier and the host rock, this information being used
as a contrast to the predictions of the thermo-hy-
dro-mechanical (THM) and thermo-hydro-geochemi-
cal (THG) models.

The in situ test is performed in a gallery excavated in
the underground laboratory managed by NAGRA at
Grimsel (Switzerland). The basic components of the
test (Figure 1) are: the gallery, measuring 70 m in
length and 2.3 m in diameter; the heating system,
made up of two heaters placed inside a liner in-
stalled concentrically with the gallery and separated
one from the other by a distance of 1.0 m, with di-
mensions and weights analogous to those of the
real canisters; the clay barrier, formed by blocks of
compacted bentonite; the instrumentation and the
monitoring and control system for data acquisition
and supervision and control of the test both autono-
mously and remotely, from Madrid. The gallery is
closed by a concrete plug. The gallery was exca-
vated through the Aare granite (Keusen et al. 1989)
and it crosses a lamprophyre dike in the zone where
the first heater was placed (ENRESA 1998b).

To build the clay barrier, various types of blocks
were manufactured from the bentonite in the shape
of 12-cm thick circular crown sectors. The blocks
were arranged in vertical slices giving place to the
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2.575

0.39

4.325

2.703.50

4.540 4.5401.020

17.00

70.39

TEST AREA
BORDER

AREA

SERVICE
AREA

Z

CABLE
CHANNEL

LINERCONCRETE
PLUG

CONCRETE
PLATFORM

2.28

B2D2E2F2M2IHGNM1F1E1LD1CB1AK

XO
HEATER #2HEATER #1

Concrete

BentoniteGranite

Lamprophyre 0 1 2 3 m

46.80

SECTION
SLICE

X VALUE

– – 136 123 102 9694 86+85 79 73 67 63 59 46 42+41 32+31 24 5

-5
.0

0
0

-2
.7

0
0

-0
.0

1
0

1
.6

4
5

4
.3

3
9

5
.1

0
3

5
.3

6
4

6
.4

0
6

7
.3

1
5

8
.0

7
5

8
.8

3
5

9
.3

4
0

9
.8

5
5

1
1
.5

0
0

1
2
.0

1
5

1
3
.2

8
0

1
4
.3

0
0

1
6
.7

2
0

53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 705049484746

Figure 1: General disposition of principal elements in the test zone before dismantling (ENRESA 2000).
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geometry of the barrier shown in Figure 2 for the
heater and non-heater areas. In both areas, the three
exterior rings are equal; in the heater area the inte-
rior ring is in contact with the steel liner. The blocks
were obtained through uniaxial compaction of the
FEBEX clay with its hygroscopic water content at
pressures of between 40 and 45 MPa, what gave
place to dry densities of 1.69-1.70 g/cm3 and block
weights of between 18 and 23 kg. The initial dry
density of the blocks was selected by taking into ac-
count the probable volume of the construction gaps
and the need to have a barrier with an average dry
density of 1.60 g/cm3 (ENRESA 2000).

The heating stage of the in situ test, known as oper-
ational stage, began on February 27th 1997. After
five years of operation, the heater closer to the gal-
lery entrance was switched off (February 2002). In
the following months (spring and summer 2002) the
heater and all the bentonite and instruments pre-
ceding and surrounding it were extracted (Bárcena
et al. 2003).

The engineered barriers (waste, canister, and clay
barrier) are key elements in the final disposal con-
cept for HLW. The clay barrier has the multiple pur-
pose of providing mechanical stability for the canis-
ter, by absorbing stresses and deformations, of seal-
ing discontinuities in the adjacent rock and retarding
the arrival of groundwater at the canister and of re-

taining/retarding the migration of the radionuclides
released, once failure of the canister and lixiviation
of the spent fuel have occurred.

The behaviour of a HLW repository is determined, to
a large extent, by the characteristics of the design
and construction of the engineered barriers and es-
pecially by the changes that may occur in the me-
chanical, hydraulic, and geochemical properties as a
result of the combined effects of heat generated by
the radioactive decay and of the water and solutes
contributed by the surrounding rock. Therefore, in
FEBEX I and II, it was considered of fundamental im-
portance that the processes taking place in the near
field be understood and quantified, for the evaluation
of long-term behaviour. As a consequence, a pro-
gram of laboratory tests was designed to study and
comprehend the processes that take place in the clay
barrier under simple and controlled conditions and to
develop the governing equations. Moreover, the dis-
mantling of section 1 of the in situ test provided the
opportunity to check the predictions of the models
and the modifications experienced by the bentonite in
a direct and representative way.

Hence, an exhaustive postmortem bentonite sam-
pling and analysis program was designed (AITEMIN
2000, 2002; Villar et al. 2002a). Basically, it has
consisted on taking clay samples to characterise the
solid and liquid phases, in order to confirm predic-
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Figure 2: Geometry of the clay barrier in the FEBEX in situ test at GTS (ENRESA 2000).



tions and validate existing models of THM and THG
processes. Samples have been taken from different
parts of the clay buffer in order to:

� Analyse the physical, mechanical and chemical
changes occurred in the clay by effect of heat
and hydration, taking also into account the ef-
fect of joints.

� Analyse the chemical evolution of the bentonite
pore water as a function of the hydration and
temperature profiles.

� Study the flow paths of the different types of
chemical tracers that were placed in the clay
and the clay/rock contact during the installa-
tion phase.

� Calibrate some of the sensors installed in the
barrier (TDR), according to the measurements
made on the bentonite during the dismantling
(water content).

Therefore, the main objectives of the bentonite sam-
pling and analyses program are:

� The characterisation of the actual state of the
barrier.

� The identification of physico-chemical alter-
ations in the clay.

Several laboratories have participated in this Task,
since there was a wide variety of tests proposed,
which besides are experimentally difficult and time-
consuming.

This document collects the results obtained by each
organisation on the bentonite analyses performed
after dismantling. Some of the groups have pre-
pared detailed internal reports of their work that
have been summarised in this document. A list of
these reports –in which comprehensive descriptions
of the results can be found– is shown below:

� Daucausse, D. & Lloret, A. (2003) Results of
“in situ” measurements of water content and
dry density. FEBEX report 70-UPC-L-5-012. 85
pp. Barcelona.

� Fernández, A.M. & Rivas, P. (2004): Task 141:
Postmortem bentonite analyses. Geochemical

behaviour. FEBEX report 70-IMA-L-0-109. 71
pp. Madrid.

� Montarges-Pelletier, E.; Devineau, K.; Villieras,
F.; Bouquet, E.; Pelletier, M.; Razafitianamaha-
ravo, A.; Barres, O.; Lambert, P.; Charpentier,
D.; Mosser-Ruck, R. & Cathelineau, M. (2003)
Postmortem FEBEX bentonite samples. Mineral-
ogical and textural analysis. Final report
INPL/LEM. 34 pp. Vandoeuvre-lès-Nancy.

� Muurinen, A. (2003): Analysis of the samples
form the cement-bentonite interface of the FE-
BEX in situ experiment. VTT processes. FEBEX
Study 70-VTT-I-6-02. 14 pp. Helsinki.

� Montenegro, L.; Samper, J.; Zheng, L. ;
Fernández, A.M. & Rivas, P. (2004): Sampling,
laboratory analyses and numerical modelling
of deuterium in the in situ Febex experiment.
FEBEX report 70-ULC-L-6-03. 65 pp. La Coru-
ña.

� Villar, M.V. (2003): Task 141: Postmortem ben-
tonite analysis. Contribution of CIEMAT (THM)
to Deliverable D11. Internal report CIEMAT/
DIAE/54520/12/03. FEBEX report 70-IMA-L-6-
107v0. 49 pp. Madrid.

� CTU-CEG (2003) FEBEX Project II. Report from
September 1, 2002 to August 31, 2003. 42
pp. Prague.

� Robinet, J.C. (2003): Study of the effects of the
joints on the hydraulic and hydro-mechanical
properties of the FEBEX in situ test. Internal Re-
port Euro-Géomat Consulting. FEBEX report.
43 pp. Orléans.

� Albert, W.; Weber, H.P.; Meier, E. & Dubois, D.
(2003): Grimsel Test Site: FEBEX II. Excavation
of TDR probes, section M1; Laboratory analyses
of bentonite samples; New calibration + calcu-
lation of water content from TDR data. Interner
Bericht 03-03. NAGRA. 61 pp. Wettingen.

� Verstricht, J. (2004): Work Package 1. Task
1.4 Post-mortem analysis. Bentonite. Technical
Report 70-EIG-L-6-02. ESV EURIDICE GIE. 24
pp. Mol.
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The FEBEX bentonite used to manufacture the
blocks for the in situ test comes from the Cortijo de
Archidona deposit (Almería, Spain) and has been
selected by ENRESA as suitable material for the
backfilling and sealing of HLW repositories. It is the
same clay material used for the FEBEX Project in the
mock-up (Madrid, Spain) and other THM and THG
tests. The processing at the factory consisted in
disaggregation and gently grinding, drying at 60 �C
and sieving by 5 mm.

The physico-chemical properties of the FEBEX ben-
tonite, as well as its most relevant thermo-hydro-me-
chanical and geochemical characteristics obtained
during FEBEX I are summarised in the final report of
the project (ENRESA 2000) and are shown in detail
in ENRESA (1998a), CIEMAT (1999), UPC (1999),
Villar (2000, 2002), Lloret et al. (2002, 2004) and
Fernández (2003). Several laboratories participated
in these characterisation tasks. A summary of the re-
sults obtained is gathered below.

The mineralogical composition of the FEBEX benton-
ite has been analysed by X-ray diffraction (XRD). The
montmorillonite content is higher than 90 percent
(92±3 %). The smectitic phases are actually made
up of a smectite-illite mixed layer, with 10-15 percent
of illite layers. Besides, the bentonite contains vari-
able quantities of quartz (2±1 %), plagioclase (2±1
%), K-felspar, calcite and opal-CT (cristobalite-
trydimite, 2±1 %). By weight from dense concen-
trates and SEM observation, the following minerals
have been identified: mica (biotite, sericite, musco-
vite), chlorite, non-differentiated silicates (Al, K, Fe,
Mg, Mn), augite-diopside, hypersthene, hornblende,
oxides (ilmenite, rutile, magnetite, Fe-oxides), phos-
phate
differe

Their contribution to bentonite composition is around
0.8 percent. Other accessory and trace minerals de-
termined and identified are shown in Table I and Ta-
ble II.

The structural formula of the smectite, calculated from
the chemical analysis of the less than 2 �m fraction,
Ca-homoionised, is shown in Table III.

The mineralogical composition has been also ob-
served and quantified by optical microscopy study of
thin sections. The textural heterogeneity itself is the
main feature that can be described in the sample.
The FEBEX bentonite is mainly composed of clay ag-
gregates whose aspect ranges between dark isotro-
pic low crystalline size ones to those presenting pre-
ferred orientation and relatively large (sub-micro-
metric) crystals. The remaining elements of the tex-
ture are glassy materials, volcanic rock fragments
and individual accessory minerals (quartz and fel-
spars). Calcite is usually present as esparitic crystals
replacing felspars, but it has been observed also as
isolated micritic cements.

With respect to the chemical composition, Table IV
shows the average content values of the major ele-
ments and Table V shows the average values of the
minor and trace elements of the FEBEX bentonite.
The content of chlorides and sulphates is worthy of
mention.

Table VI shows the average content values of the ex-
changeable cations along with the cation exchange
capacity (CEC), as determined by different methods
and laboratories.

ct of
VII.
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s (apatite, xenotime, monazite) and other non-
ntiated minerals of titanium and rare earth.

The chemical composition of an aqueous extra
bentonite:water ratio of 1:4 is presented in Table

Table I
Accessory minerals of the FEBEX bentonite determined by a normative calculation and SEM identification.

Mineral Content (%)

Organic matter (expressed as CO2) 0.35 ± 0.05

Carbonates (calcite, dolomite) 0.60 ± 0.13

Soluble sulphates (gypsum) 0.14 ± 0.01

Low soluble sulphates (barite, celestite) 0.12 ± 0.05

Sulphurs (pyrite) 0.02 ± 0.01

Chlorides (halite) 0.13 ± 0.02
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Table III
Structural formula of the Ca-homoionised smectite.

IV Charge VI Charge Interl. Charge Structural formula

-0.22 -0.97 1.19 (Si7.78 Al0.22)
IV (Al2.77 Fe3+

0.33 Fe2+
0.02 Mg0.81Ti 0.02)

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

Table II
Poorly ordered minerals of the FEBEX bentonite determined by selective chemical methods by two laboratories.

Amorphous Phases (%) CSIC-Zaidín CIEMAT

SiO2 1.48 ± 0.11 0.038 ± 0.005

Al2O3 0.035 ± 0.005 0.035 ± 0.005

Fe2O3 0.105 ± 0.009 0.105 ± 0.009
Table IV
Chemical composition of FEBEX bentonite as determined by two laboratories (%).

CSIC-Zaidín CIEMAT

SiO2 58.92 ±1.74 57.89 ± 1.55

Al2O3 19.48 ±1.05 17.95 ± 0.71

FeO – 0.25 ± 0.10

Fe2O3 total 3.48 ± 0.63 2.84 ± 0.12

MgO 4.83 ± 0.27 4.21 ± 0.21

MnO 0.06 ± 0.02 0.04 ± 0.00

CaO 2.51 ± 0.09 1.83 ± 0.10

Na2O 2.28 ± 0.11 1.31 ± 0.09

K2O 1.21 ± 0.08 1.04 ± 0.05

TiO2 0.27 ± 0.06 0.23 ± 0.01

P2O5 0.06 ± 0.02 0.03 ± 0.01

H2O
- (1) 5.07 ± 0.76 8.66 ± 2.88

H2O
+ (2) – 4.31 ± 0.41

CO2 org 0.19 ± 0.04 0.35 ± 0.05

CO2 inorg 0.52 ± 0.07 0.26 ± 0.06

SO2 total – 0.21 ± 0.10

F- 0.21 ± 0.03 0.18 ± 0.01

1Determined at 220ºC; 2Structural water.
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Table V
Minor and trace elements of the FEBEX bentonite (ppm).

Ni Zn Ba Sr Zr Co Cu Cr Rb

20±3 65±4 164±25 220±23 43 9±3 25±9 8±2 41±2

Cl- SO4
2- Ce La V Y U Th Li

774±144 984±65 74±6 40±3 16±2 25±3 2.0±0.5 19±1 54±3

Table VI
Average values of exchangeable cations and cation exchange capacity (CEC) as determined by different methods (meq/100g).

CSIC-Zaidín1 CIEMAT1 CIEMAT2

Ca2+ 43 ± 5 42 ± 3 35 ± 2

Mg2+ 32 ± 3 32 ± 2 31 ± 3

Na+ 24 ± 4 25 ± 2 27 ± 0

K+ 2.1 ± 0.2 2.5 ± 0.3 2.6 ± 0.4

Sum of exchangeable cations 101 ± 4 96 ± 0

CEC3 102 ± 4

1Determined by displacement by 1M NH4AcO at pH 7 after washing of soluble salts (ENRESA 2000), the values were recalculated to give a sum of cations
equal to CEC; 2Determined by displacement by 0.5M CsNO3 at pH 7 (Fernández 2003); 3 Determined by NaAcO/NH4AcO pH=8.2 (ENRESA 2000).
The li
the sp
of par
water
mosph
21±3
1.3 pe
cific su
metho

od is
intru-
pores
rcent
com-
quid limit of the bentonite is 102±4 percent,
ecific gravity 2.70±0.04, and 67±3 percent
ticles are smaller than 2 µm. The hygroscopic
content in equilibrium with the laboratory at-
ere (relative humidity 50±10 %, temperature
�C, total suction about 100 MPa) is 13.7±
rcent. The value obtained for the external spe-

obtained using the Keeling hygroscopicity meth
about 725 m2/g. The analysis of the mercury
sion data reveals that the intra-aggregate
(smaller than 0.006 �m) represent the 73-78 pe
of total pore volume when the bentonite is
pacted at a dry density of 1.7 g/cm3.

Table VII
Solubilised elements in the 1:4 bentonite:water aqueous extract as determined by two laboratories.
Concentrations are related to the dry mass of clay (mmol/100 g, dried at 110ºC).

pH Cl- SO4
2- HCO3

- Na+ K+ Mg2+ Ca2+ SiO2

CIEMAT1 8.73 1.979 0.979 1.184 5.017 0.073 0.055 0.050 0.145

UAM2 7.93 2.03 1.84 1.56 6.04 0.062 0.146 0.067

1Fernández 2003. Sr2+ and Fe3+ were found in concentrations lower than 10 -3 mmol/100g.
2ENRESA 2000. As, V, Br, Sr, Ti, Mn, Fe, Ni, Cu, Zn and Y in concentrations lower than 10 -3 mmol/100g.
rface using nitrogen adsorption technique (BET
d) is 32±3 m2/g and the total specific surface

The saturated permeability to distilled water (kw,
m/s) of samples of untreated FEBEX bentonite com-
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pacted at different dry densities is exponentially re-
lated to dry density (�d, g/cm3). A distinction may be
made between two different empirical fittings de-
pending on the density interval:

for dry densities of less than 1.47 g/cm3:

log kw=-6.00 �d – 4.09

(r2=0.97, 8 points)
[1]

for dry densities in excess of 1.47 g/cm3:

log kw=-2.96 �d – 8.57

(r2=0.70, 26 points)
[2]

The determinations were done at room temperature.
The variation in the experimental values with respect
to these fittings is smaller for low densities than it is
for higher values, with an average –in absolute val-
ues– of 30 percent.

The swelling pressure (Ps, MPa) of FEBEX samples
compacted with their hygroscopic water content and
flooded with deionised water up to saturation at
room temperature can be related to dry density (�d,
g/cm3) through the following equation:

ln Ps=6.77 �d –9.07

(r2=0.88, 52 measurements)
[3]

In this case, the difference between experimental
values and this fitting is, on average, 25 percent.
This dispersion, which is wider for higher dry densi-
ties, is due both to the natural variability of benton-
ite and to the measurement method used, which
does not allow high degrees of accuracy.

Retention curves (or soil water characteristic curves,
SWCC) were determined under free volume condi-
tions for samples compacted at different initial dry
densities following various paths (wetting, drying,
wetting after drying). Taking into account the results
obtained in wetting paths from 148 to 0.1 MPa, an
empirical relation between suction (s, MPa) and wa-
ter content (w, %) dependent on initial dry density
(�d0, g/cm3) has been established, this matching the
following expression:

w=(-3.79 �d0 + 1.42) ln s+(25.36 �d0 – 5.48) [4]

The retention curve of the bentonite has been also
determined in samples compacted to different dry

densities under different temperatures (Lloret et al.
2004, Villar & Lloret, 2004). In this case, the volume
of the samples remained constant during the deter-
minations, since they were confined in constant vol-
ume cells. To impose the different relative humidities
the cells were placed in desiccators with sulphuric
acid solutions of various concentrations. The data
from these laboratory determinations are shown in
Figure 3.

From measurements performed at laboratory tem-
perature on small blocks of bentonite compacted at
different densities and water contents, it was found
that thermal conductivity (�, W/m·K) may be related
exponentially to water content (w, %) in the interval
studied. This empirical relation, which also includes
the contribution made by dry density (�d, g/cm3), is
expressed as follows:

ln � = ln (0.8826 �d – 0.8909) + 0.003 w [5]

On the other hand, the thermal conductivity (�,
W/m·K) of the compacted bentonite is related to the
degree of saturation (Sr) through the following ex-
pression:

� � �
�

� �A
A A

e S x dxr2
1 2

1 0( )/ [6]

where A1 represents the value of � for Sr=0, A2 the
value of � for Sr=1, x0 the degree of saturation for
which thermal conductivity is the average of the two
extreme values and dx is a parameter. This equation
was chosen because it accurately represents the be-
haviour of conductivity versus water content (degree
of saturation), which are directly related but not in a
linear fashion (Villar 2000, 2002). The fitting ob-
tained, with an r2 of 0.923, gives the following val-
ues for each parameter:

A1 = 0.57 ± 0.02
A2 = 1.28 ± 0.03
x0 = 0.65 ± 0.01

dx = 0.100 ± 0.016

Some isothermal infiltration tests and heat flow tests
at constant overall water content were performed
during the FEBEX I project and they were back-ana-
lysed using CODEBRIGHT. It is possible to fit the ex-
perimental data using a cubic law for the relative
permeability (kr = Sr

3) and a value of 0.8 for the
tortuosity factor (�).
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Figure 3: Water retention curves at different temperatures and for different bentonite densities (Lloret et al. 2004).
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The partial dismantling of the FEBEX in situ test was
carried out during the summer of 2002, after five
years of continuous heating during which the tem-
perature at the heater/bentonite contact was main-
tained at 100 �C. Heater number 1 was switched
off four months before starting the dismantling oper-
ations, since the temperature in the area affected by
the dismantling should be reduced to a level com-
patible with manual works (25-30 �C). The disman-
tling operations included the demolition of the con-
crete plug and the removal of all the bentonite in
front of and surrounding the heater. A large number
of samples from all types of materials were taken for
analysis. The dismantling was carried out causing a
minimum disturbance in the section of the test cor-
responding to the second heater that was kept in
operation at all times and remains in place fully op-
erative. A detailed description of the dismantling
and sampling operations is given in Bárcena et al.
(2003).

Also the process of data acquisition was maintained
during the dismantling. This allowed to follow the evo-
lution of temperature and relative humidity (among
other parameters) during cooling, and to know exactly
which were the conditions of the barrier at the mo-

ment of dismantling. Thus, in the instrumented section
C (see Figure 1 for location), far away from the heat-
er, the temperatures decreased from values between
21 and 23 �C to values around 18 �C. The tendency
of the relative humidity evolution recorded by the sen-
sors placed in this section did not change as a conse-
quence of the switching off, but the relative humidity
slightly decreased when the adjacent sections started
to be dismantled, probably as a consequence of the
higher ventilation (Figure 4). In the sections around the
heater, the switching off provoked an overall drop of
temperature to values around 25 �C (Figure 5), which
implied a modification of the relative humidity regis-
tered by the sensors. Hence, the relative humidity near
the heater increased from values of 20-24 % before
switching off to values of 32-52 % just before disman-
tling, while in the outermost part of the barrier the rel-
ative humidity slightly increased as a consequence of
cooling (Figure 6).

Upon exposure, the bentonite sections presented a
consistent appearance; although the joints between
blocks were clearly visible all the construction gaps
were sealed, even the big apertures hewn in the
bentonite for the passing of the cable bunches (Fig-
ure 7). Differences in coloration of the bentonite re-
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Figure 4: Evolution of the relative humidity registered before dismantling by the capacitive sensors (70-AND-WC) in the instrumented section
C (S11). The location of the sensors with respect to the gallery axis is indicated in cm.
25



FEBEX Project. Final Report. Postmortem bentonite analysis

26
10

20

30

40

50

60

70

80

90

100

1-1-02 20-2-02

Te
mp

era
tur

e(
ºC)

11-4-02 31-5-02

E1-01: 109 E1-02: 81 E1-03: 53 E1-04: 59

E1-05: 81 E1-06: 81 E1-08: 109 E1-09: 81

Date

Figure 5: Evolution of the temperature registered before dismantling by the capacitive sensors (70-AND-WC) in the instrumented
section E1 (S21). The location of the sensors with respect to the gallery axis is indicated in cm.
10

20

30

40

50

60

70

80

90

100

1-1-02 20-2-02

Re
lat

ive
hu

mi
dit

y

11-4-02 31-5-02 20-7-02

DateE1-02: 81 E1-03: 53 E1-04: 53

E1-05: 81 E1-06: 81 E1-08:109

Date

Figure 6: Evolution of the relative humidity registered before dismantling by the capacitive sensors (70-AND-WC) in the instrumented section
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lated to the variations of its water content were ob-
served, the outer rings of the barrier showing darker
colours.

During the dismantling, the radial dimension of
some blocks of different slices was measured. The
average values obtained in each barrier ring (exter-
nal, intermediate and internal) of different sections
are plotted in Figure 8, together with the initial di-
mensions of the same kind of blocks. It is clear that
the higher expansion has taken place in the outer
ring, and that the ring closest to the heater has
slightly shrunk, due probably to the effect of heat-
ing, since this shrinking has not been observed in
the sections without heater. In those sections even
the central block (not included in the figure) has
swollen. In fact, in the sections with heater, the ra-
dial dimension of the blocks of the external ring has
increased a 4 percent, while the radial dimension of
the blocks of the inner ring has decreased a 1 per-
cent.

On the other hand, the location of the bentonite
sampling points was fixed to allow a good represen-
tation of physico-chemical alterations and hydration
distribution. The sampling took place in vertical sec-
tions normal to the axis of the tunnel –correspond-

ing to original block slices–, and in each section
several samples were taken along different radii. Ac-
cording to the Sampling Book (AITEMIN 2002),
bentonite samples were taken from different vertical
sections in order to perform the following analyses
(Figure 9):

� Water content and dry density have been deter-
mined in samples from sections S8, S9, S10,
S11, S13, S14, S15 and S16 –located in the
region between the concrete seal and the
heater–, and from sections S18, S20, S22, S27,
S29 and S31, located in the region where the
heater was placed. The determinations were
performed mostly in situ by CIMNE, but also in
the laboratory by CIEMAT, NAGRA and Clay
Technology.

� Thermo-hydro-mechanical tests have been per-
formed in samples from sections S19, S23,
S28 and S31 by CIEMAT, and in samples from
section S7, S12, S19 and S28 by CTU. Sam-
ples were taken from sections S12 and S19 to
perform permeability tests by EURIDICE GIE.
Tests on joints have been performed by Euro-
Géomat on samples taken from sections S11
and S29.

3. Dismantling of the barrier and bentonite sampling
Figure 7: Appearance of the bentonite barrier after dismantling of the first sections and extraction of the heater.
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Figure 8: Radial dimension of the blocks in three different rings measured in situ during dismantling of several sections
(1: external; 2: intermediate; 3: inner).
� Mineralogical and geochemical characterisa-
tion has been carried out by CIEMAT in sam-
ples from sections S12, S19, S28 and S31,
and by INPL-LEM in samples from section S29.

� In samples from the section in contact with the
concrete seal (S7) the modification of the clay
and the pore water in contact with alkaline so-
lutions has been studied by VTT and CIEMAT.

� Samples from section S15 and S20 were taken
in order to compare the water obtained in the
gas pipes and the pore water obtained in labo-
ratory (the results are not reported herein.)

� Samples of the bentonite adhered to the back
lid of the heater, to the coupons and to the
liner have been used for geochemical and
mineralogical analyses and to evaluate the for-
mation of possible corrosion products (the re-
sults are not reported herein.)

� Samples from section S29 –where glass am-
poules containing deuterium were placed– have
been analysed jointly by UDC and CIEMAT.

� Three sections in the zones where filter papers
with tracers were placed were sampled (S26,
S28 and S30) and the blocks in which tracers
were placed were taken from sections S20, S25,
S26 and S29. The tracer analyses have been
performed by EURIDICE GIE and CIEMAT.

The samples were taken either in the form of cores
or of whole blocks that have been further sampled
in the laboratory. The blocks were preserved imme-
diately after extraction in plastic film, two layers of
vacuum-sealed aluminised PET-sheets and plastic
bags. The first PET-sheet was vacuum-sealed after
flushing nitrogen in it. Protection against mechanical
actions was used to ensure the integrity of the mate-
rial. The samples were referred to according to the
key given in the procedure 070-PC-TA-0002 and the
Sampling Book (AITEMIN 2002).
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The work program of the different organisations for
the postmortem bentonite analysis is described in
Villar et al. 2002a. The tests done on the samples
taken are grouped in three categories: thermo-hydro-
geochemical tests, tests for the analysis of tracers
distribution and thermo-hydro-mechanical tests. Be-
sides, the actual state of the barrier was checked by
determining in situ and in laboratory the water con-
tent and dry density of the bentonite in different po-
sitions.

Most of the results obtained are reported as a func-
tion of the distance to the gallery axis of the benton-
ite sample, since sampling has been accomplished
along radii of different sections (Figure 9). The
length of the bentonite radius is 114 cm in the sec-
tions without heater and 65 cm in the sections with
heater.

4.1.Water content and dry density
of the barrier

Water content (w) is defined as the ratio between the
weight of water and the weight of dry solid expressed
as a percentage. Dry density (�d) is defined as the ra-
tio between the weight of the dry sample and the vol-
ume occupied by it prior to drying. The participant
laboratories have used different methods to deter-
mine dry density, what has been undertaken some-
times through the determination of bulk density.

4.1.1. CIMNE: In situ determinations

Water content and density of the bentonite were
measured by CIMNE at the Grimsel Test Site during
the partial dismantling operation carried out in the
spring of 2002 in Grimsel (Daucausse & Lloret
2003).

The sampling tool used was a drilling machine with
a 40 mm inner diameter barrel. All core samples
were taken along radii in vertical sections. More
than 320 samples were taken, 11-12 per radius in
the sections without heater and 6-7 per radius in the
sections with heater. The samples were taken follow-
ing a direction that was parallel to the tunnel axis
and usually, the length of the samples was 12 cm.
Samples were divided in four subsamples with a
length of 3 cm. Gravimetric water content was ob-
tained by drying one of the subsamples during 24
hours using a ventilated oven maintained at 110
ºC. Bulk density was calculated in the other three
subsamples, measuring their volumes by dipping the

subsample coated with wax in water. The average
value of these three bulk densities and the water con-
tent measured in the fourth subsample were used to
evaluate the dry density of the sample. More than
320 water content determinations and 480 density
determinations were made.

4.1.1.1. Water content and dry density
distributions in vertical cross sections

The distribution of the values of water content and
dry density presents an axial symmetry. As an exam-
ple, Figure 10 shows the measured values for water
content and dry density along six radial lines and a
block in section S15. Only small changes in water
content are observed among samples taken from dif-
ferent radii near the gallery wall, probably due to
preferential flow of water in the contact of the gallery
with the transducer wires conductions. A strong re-
duction in dry density can be observed in the 20 cm
nearest to the rock, indicating an important heaving
of the clay in this area associated to the increase in
water content. This observation agrees well with the
increase in the radial dimension measured in the
blocks of the external ring (Figure 8). On the other
hand, it can be observed that the maximum dry den-
sity was measured 30 cm from the centre of the drift.
Similar tendencies can be observed in the other sec-
tions where water contents and dry densities were
measured (Figure 11 and Figure 12).

Some of the blocks taken were thoroughly sampled
to determine the water content and dry density distri-
bution inside them (72 determinations per block).
No effect of a preferential flow of water through the
joint between blocks was detected (Figure 13). The
water content and density distribution inside the
blocks follow the pattern imposed by the radial flow
that was observed in all the sections.

4.1.1.2. Water content and dry density
distribution in the vertical longitudinal
section

The variation of water content, dry density and the re-
sulting degree of saturation in a longitudinal section
is shown in Figure 14. The degrees of saturation
have been computed from measurements of water
content and dry density, considering that the density
of water in bentonite is the same than that of free
water (1 g/cm3). Despite the lack of data in some
parts of the gallery, it can be observed how the high-
est water contents (about 18 percent in the axis of the
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Figure 10: Water content and dry density along six radial lines and a block in section S15.
drift) are found near the concrete plug and towards
the beginning of the heater (x�400 cm).

Taking into account the axial symmetry of the water
content and the density distributions, it is possible to
fit polynomial functions to represent their variations
with the distance to the gallery axis (Daucausse &
Lloret 2003). From the polynomial functions fitted it
is possible to obtain the average value in axial verti-
cal sections. The average values for water content,

dry density and degree of saturation thus obtained
are shown in Table VIII. The average value of dry
density found, 1.58 g/cm3, is slightly lower than that
given by AITEMIN upon construction of the barrier,
1.60 g/cm3 (ENRESA 2000, p. 210). This could be
a consequence of the slight decompression suffered
by the barrier on dismantling and sampling. On the
other hand, the data provided show that there are
no major variations between the sections around the
heater and those out of it. There are neither differ-
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Figure 11: Water content measurements in sections S9, S18, S22 and S27.
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Figure 13: Values of water content (%) and dry density (g/cm3) measured in the block BB15-1.
ences in average water content among the different
sections placed around the heater, despite the fact
that the geological characteristics of the gallery, es-
pecially with respect to water conductivity, were not
homogeneous around the first heater, due to the
presence of a lamprophyre dike. This fact and the
radial distribution of water content measured in ver-
tical sections are a consequence of the predominant
control of the bentonite upon the hydration kinetics,
as a result of the big difference between the benton-
ite and granite permeabilities, which are in the order
of 10-14 and 10-11 m/s /ENRESA 20000, p. 180),
respectively.

4.1.1.3. Comparison of measured water
contents with the measurements
of the in situ instrumentation

In order to infer water content from the measure-
ments of air relative humidity recorded by the hygro-
meters and psychrometers placed in the bentonite
during the experiment, it is necessary to relate rela-
tive humidity to suction and suction to water content
in clay. To relate air relative humidity (RH, %) to suc-
tion (s, MPa), the psychrometric law is used:

s
R x T
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w
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where T is the absolute temperature, R the universal
constant of gases (8.3143 J/mol·K) and Vw the mo-
lar volume of water (1.80·10-5 m3/mol).

In order to calculate the water content (w, %) from
suction measurements (s, MPa) the following empiri-
cal relationship has been used to fit the water reten-
tion curve:
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where w is the water content in percentage, n the
porosity, s the suction in MPa, and T the tempera-
ture in ºC. The values of parameters a, b, P0, �, n0,

�, T0 and � are indicated in Table IX. The parame-
ters were obtained by fitting the data from labora-
tory determinations of the water retention curve at
different dry densities and temperatures (Figure 3).
The differences between measured values and the
estimated values using Equation 8 are smaller than
2 percent in terms of water content.
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Figure 14: Longitudinal distribution of water content (%), dry density (g/cm3) and degree of saturation (%) along the gallery.
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Table VIII
Average values of water content, dry density and degree of saturation in different vertical sections along the gallery.

Section x1 (cm) w (%) �d (g/cm3) Sr (%)

9 96 22.9 1.58 85

15 327 22.8 1.58 86

18 456 23.1 1.58 87

22 558 22.6 1.57 85

27 685 22.6 1.56 84

31 774 22.8 1.58 85

1distance from the concrete plug.
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Table IX
Values of parameters in Equation 8.

a b P0 (MPa) � � n0 �(1/ºC) T0 (ºC)

10.96 41.89 12.68 0.211 7.97 0.4 0.00647 20
reement between the values obtained with the
entation and the values of water content mea-
directly is very good. In any case, the differ-
are of the same order than the errors due to
pirical law used to fit the laboratory water re-
curves. The bigger discrepancies are obtained
e gallery wall, where the measured water con-
higher than the estimated from relative humid-
asurements. Probably, this discrepancy is due

dry density, which have been determined in two dif-
ferent positions of each block along a radius. In the
sections without heater, only the three external rings
of the sections have been sampled. Consequently,
at least six determinations have been made along a
given radius of the barrier, whose length is about
114 cm in the sections without heater and 65 cm in
the sections with heater. The gravimetric water con-
tent (w) has been determined by oven drying at 110
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Figure 15: Comparison between the water content measured in samples extracted from sections S9, S15, S18, S22, S27 and S31 (bold
symbols), and the water content inferred from the measurements of the instrumentation located in sections C, E1 and F1 (open symbols).
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�C during 24 hours. The volume of the specimens
needed to calculate their dry density has been deter-
mined by immersing them in a recipient containing
mercury and by weighing the mercury displaced, as
established in UNE Standard 7045 “Determination
of soil porosity.”

The results obtained for the different sections sam-
pled are plotted in Figure 16. No differences in wa-
ter content are noticed between the sections with
heater and the sections without heater. The water
content decreases from the external blocks to the
blocks closer to the heater in an approximately ex-
ponential way. The higher values are around 30
percent and the lower around 15 percent, being the
mean value 22 percent. The water contents higher
than 30 percent found in some external blocks of
section 29 are justified by their proximity to the ca-
ble bunch, which is a preferential water pathway.

The dry densities measured are plotted in Figure 17
as a function of the distance to the gallery axis. The
arithmetic mean of all the values measured is 1.58
g/cm3, well below the initial dry density of the blocks
(which was 1.70 g/cm3), due to the filling of the
construction gaps as a result of the expansion
caused by saturation. The initial dry density of the
blocks was selected by taking into account the prob-

able volume of the construction gaps and the need
to have a barrier with an average dry density of
1.60 g/cm3 (ENRESA 2000). The dry density drop
with respect to the initial one is higher from the
heater towards the gallery wall, especially in the
blocks closer to the granite. In these blocks, the dry
density decreases even below the average dry den-
sity of the barrier to values around 1.50 g/cm3. On
the contrary, near the heater the dry density remains
around 1.70 g/cm3, due to the shrinkage caused by
the initial desiccation and the compression exerted
by the adjacent expanding blocks. Again, the excep-
tionally low values of dry density (around 1.40
g/cm3) found in some external samples of section
29 are related to their proximity to the cable bunch.

The degrees of saturation have been calculated for
each sample taken into account its dry density and
water content and considering the density of water
as 1.00 g/cm3. The degrees of saturation are higher
than 60 percent all through the barrier, and have a
mean value of 83 percent. The highest values
–found in the proximity to the granite– are close to
100 percent, although full saturation is not even
reached in the proximity of the gallery wall. This is
probably due to the decrease of dry density that
goes with hydration and to the continuous demand
of water by the inner drier bentonite.
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Table X summarises the results presented above as
a function of the position of the blocks with respect
to the gallery axis.

These parameters have been also determined in
samples from section S7, the one in contact with the
concrete plug (Fernández & Rivas 2004). The distri-
bution of dry density and water content throughout
the section follows a quite different pattern than in
the rest of the sections. For this reason the results
are presented separately (Figure 18). The average
water content measured is 28.2 percent, and the
average dry density 1.48 g/cm3, much higher and
lower, respectively, than the values measured in the
rest of the sections (Table X). The fact that the con-
crete were pumped with a high water content
(ENRESA 2000, p. 209) would cause a sudden in-
crease of the water content of the clay and its swell-
ing. Afterwards, the concrete plug surface may have
behaved as a preferential water passageway during
the operational phase of the experiment.

4.1.3. NAGRA: In situ and laboratory
determinations

NAGRA has determined the gravimetric water con-
tent and dry density of several samples taken in the

proximity to the TDR probes placed in Grimsel in or-
der to determine the volumetric water content of the
bentonite and be able to calibrate the measure-
ments of the TDR probes (Albert et al. 2003). The
samples were taken in cores drilled from sampling
sections S29 and S30. The cores were drilled close
to the TDR probes and parallel to them, i.e. parallel
to the gallery axis. The position of the TDR probes in
the instrumented section M1 (sampling section S29)
is indicated in Figure 19. The core diameter was 4
cm and the length about 25 cm, as each core cros-
sed two layers of bentonite blocks (Figure 20).

NAGRA performed water content measurements at
the GTS (the measurements were performed directly
after sampling within about 5 to 10 minutes) and on
backup samples at the Clay Laboratory of the ETH-
Zurich. The samples for ETH were vacuum-packed
and sealed in a plastic tube and measured within a
few days after sampling.

The gravimetric water content of samples has been
determined in accordance with SN 670 3406 (Swiss
Code) by drying of the samples at 105 to 110 �C.
The time required to dry the bentonite samples
strongly depends on the sample weight.

At the GTS a scale for weighing samples with an ac-
curacy of one hundredth of a gram has been taken.
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Table X
Mean values along the barrier of physical characteristics determined at CIEMAT laboratories.

Position Dry density (g/cm3) Water content (%) Degree of saturation
(%)

External ring of sections without heater 1.53 26.5 93

Medium ring of sections without heater 1.59 20.8 81

Internal ring of sections without heater 1.62 17.9 73

External ring of sections with heater 1.51 27.6 95

Medium ring of sections with heater 1.59 21.8 85

Internal ring of sections with heater 1.65 16.1 67

Average 1.58 22.2 83
location were measured. To determine the re-
drying time of the bentonite samples, the wa-

ntent was measured after 1, 2, 3, 4, 5 and 6
f drying in subsamples of 50 to 80 grams. It
oncluded that with this type and weight of

content between 1 day and 3 days drying and a
small change between 3 and 5 days drying. After 5
days no significant change was observed. Therefore
it was decided to dry all samples during 5 days at
105 –110�C.
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ETH-Zurich few grams of bentonite samples
dried during 2 days for the water content de-
ations. The accuracy of the scale used was
g. Considering the smaller sample size and

gher precession of the scale for the ETH mea-
ents the accuracy of the calculated water con-
ith both methods is comparable (± 0.2 %)

The results of the gravimetric water content mea-
surements near the TDR position determined at
GTS and ETH-Zurich are plotted in Figure 21. On
average, the gravimetric water content determined
at the GTS is 1 to 4 percent higher than the water
content measured at the ETH which can be ex-
plained by water lost during transport from the GTS
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to ETH and the longer storage time before mea-
surement.

The bulk density of the samples was measured in the
laboratory of ETH-Zurich with the mercury immer-
sion method. The dry density is later calculated by
taking into account the water content of the sample.
The estimated absolute error of this method is about
± 0.02 g/cm3. Gravimetric water content as well as
the dry and bulk density of a horizontal and a verti-
cal profile through the bentonite buffer are illus-
trated in Figure 22 and Figure 23.

The volumetric water content has been calculated as
the gravimetric water content times the dry density.
The values obtained in the different positions sam-
pled at a depth of 24 cm from section S29 are plot-
ted in Figure 24.

4.1.4. Clay Technology AB: Laboratory
determinations

The following two series of sampling were per-
formed on the bentonite buffer by Clay Technology
during the dismantling of FEBEX:

1. Altogether 30 samples were taken between
the canister and the rock in a radial direction
at 60� clockwise from the vertical axis in sec-
tion S22. These samples were directly taken to
Clay Technology where their water content
was determined.

2. Three full blocks located in section S20
(BB20-6, BB20-7 and BB20-8) were extracted,
packed and sent to Clay Technology. Water
content and density were determined on 33
samples taken in the blocks with the individual
distance of 2 cm. In addition 24 double sam-
ples were taken and investigated, which means
that altogether 57 values of density and water
content were achieved.

The water content was determined by weighing ~30
g sample before and after drying at 105 �C for 24
hours. The density was determined by weighing
~50 g sample at first in air and then immersed in
paraffin oil for 15 seconds. From these values the
dry density, void ratio and degree of water satura-
tion were determined, using for the density of the
water (�w) the value of 1.0 g/cm3 and for the density
of the particles (�s) the value of 2.70 g/cm3.
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Water content of bentonite core samples near TDR positions
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Horizontal profile of water content measurements,
20 cm inwards from section S29
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Figure 22: Horizontal profile of in situ water content measurements on core samples (upper figure) and laboratory density measurements
(lower figure). Bulk density is indicated by triangles and dry density by squares.
The results are compiled in Figure 25 to Figure 28.
Figure 25 shows that the bulk density is approxi-
mately constant along the radius but the other re-
sults show that there is a strong gradient in water
content, which means that there is also a strong
gradient in dry density and void ratio. The dry den-
sity close to the heater is about the same as the ini-
tial dry density of the blocks, which means that the
gradient mainly is caused by different amount of
swelling of the buffer. Figure 26 shows that the wa-
ter content is the same for the two series of analyses

at the inner block but also that there is an increas-
ing difference with increasing radius for the outer
two blocks up to as much as 5 percent.

4.2. Analysis of tracers distribution

4.2.1. UDC-CIEMAT: Deuterium

Deuterated water (2H2O) was proposed as a conser-
vative tracer for the in situ test (Febex Technical Re-
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Vertical profile of water content measurements,
20 cm inwards from section S29
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Figure 23: Vertical profile of in situ water content measurements on core samples (upper figure) and laboratory density measurements
(lower figure). Bulk density is indicated by triangles and dry density by squares.
port 70-ULC-L-2-004). Deuterium is a stable isoto-
pe that has the unique property of forming part of
the water molecule. Therefore, it will move with wa-
ter like a conservative tracer. However, it potentially
will participate in processes that could induce its iso-
topic fractionation. These processes may include: (1)
fractionation due to the water uptake during benton-
ite hydration; and (2) fractionation due to evapora-

tion/condensation processes in areas close to the
heaters.

Five sources containing deuterium in glass am-
poules were placed in five bentonite blocks in sec-
tion S29 (Figure 29). To fill the ampoules placed in
the five blocks of the in situ test, deuterated water
was provided by CIEMAT with a deuterium content
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Figure 24: Volumetric water content at TDR positions measured at the ETH-Zürich (samples taken at 24 cm from the surface
of section S29).
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Figure 28: Degree of saturation as function of the radial distance from the liner determined on blocks from section S20
(BB20-6, BB20-7 AND BB20-8) taken at a radial direction at 60�counterclockwise from the vertical axis.
99.95 %. A new dissolution of deuterated water
s prepared by UDC by diluting 200 µL of D2O at
95 % of 2H in a volumetric flask with 500 mL of
istilled water of known �D to reach the desired
position (�D=500 ‰) and concentration (0.04%

2H). Pyrex glass ampoules (13 mm OD, 100 mm
gth, 0.5 mm thickness) were filled with 10 mL of

deuterated water (0.04%), and then vacuum-
led with the aid of a gas torch (FEBEX Especifica-
70-ULC-H-3-001, FEBEX Especification 70-IMA-

-05). Finally, at the GTS, the glass ampoules
e placed inside a hole drilled at the centre of the
tonite block and capped with 45-mm long com-
ted clay plugs.

blocks taken during dismantling were (Figure
: the five bentonite blocks containing the glass
poules (BB29-5 to BB29-9) and four blocks above
m completing the two central radii (BB29-10 to
9-13).

UDC methodology for deuterium determination
owed 3 stages (Febex Internal Note 70-ULC-D-
3, Febex Specification 70-IMA-H-6-16):

1. Scoping calculations were performed to study
the expected behaviour of deuterium in the
bentonite blocks.

2. Acquisition of a general description of deute-
rium ratios (�D). The main activities within this
stage were:

� Checking the status of glass ampoules to
find out whether they were broken or not.
This was done in the five blocks.

� Collecting samples to derive the distribution
of �D values.

� Samples were also taken at a section with-
out deuterium (section 19) in order to have
reference �D values of the bentonite.

� Deuterium isotopic analyses. They were car-
ried out in the Laboratorio de Isótopos Esta-
bles (Stable Isotopes Laboratory) of the Ser-
vicio Interdepartamental de Investigación of
Universidad Autónoma de Madrid (UAM).

3. Based on the results of the previous stage, fur-
ther sampling and analyses were performed.
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Figure 29: Location of deuterium ampoules (stars), of bentonite blocks taken for deuterium analyses and of sampling points (circles).
.1.1. Preliminary scoping calculations

ping calculations were performed to study the
ected behaviour of deuterium in the bentonite
cks. 1D scoping calculations are shown in Figure
. These predictions assume that this tracer is con-
vative and does not suffer isotopic fractionation.

.1.2. Deuterium laboratory sampling

mpling of the selected bentonite blocks (BB29-5
BB29-13) was carried out in CIEMAT in October
02. It should be pointed out that glass ampoules
re found only in three of the five bentonite blocks:
29-7, BB29-8 and BB29-9. Most of the selected
ntonite blocks were very damaged, probably dur-

extraction. The sampling in the bentonite block
29-13 (Figure 31) was impossible due to this cir-
mstance. The glass ampoules in bentonite blocks
29-7, BB29-8 and BB29-9 were found broken
gure 32 and Figure 33). Only for block BB29-7
the pieces of the glass ampoule were found. At
moment it is not possible to distinguish if the

aking was produced during the dismantling or
ring the operation phase of the in situ test.

A total of 124 samples were collected from bentonite
blocks BB29-7 to BB29-13 (except block BB29-10).
Most of the samples correspond to blocks BB29-7,
BB29-12 and BB29-11. The final location of deute-
rium sampling points is shown in Figure 29.

Bentonite pore water for deuterium isotopic determi-
nation was obtained by CIEMAT from 18 of these
samples using the aqueous extract method with low
solid to liquid ratio. 10 g of bentonite were disper-
sed into 40 mL of water (1:4 ratio). After centrifuga-
tion, the supernatant solutions were sent for isotopic
and chemical analysis. Besides, deuterium isotopic
determinations were performed on a bentonite sam-
ple from block BB19-14 (without deuterium) and in
the water used to prepare the aqueous extracts.

4.2.1.3. Deuterium isotopic analyses of aqueous
extract samples

A total of 20 liquid samples were sent for isotopic
analyses. Deuterium isotopic analyses (�D) were
performed with Isotope Ratio Mass Spectrometry
(IRMS). Figure 34 shows the isotopic results of the
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Figure 31: Bentonite block BB29-13.
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Figure 32: Deuterium glass ampoule found in bentonite block BB29-7.
Figure 33: View of the top part of deuterium glass ampoule found in bentonite block BB29-7.
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Figure 34: Deuterium data .�DVSMOW (‰) of aqueous extracts samples (s:l ratio 1:4) versus radial distance from gallery axis
in bentonite blocks BB29-7, BB29-11 and BB29-12.
queous extract samples (solid:liquid ratio of 1:4) as
function of the radial distance from the heater.

he data error for each sample (0.8 ‰) is also
own. All samples have values between -51.1 and
3.2. Two of the selected samples were analysed
ice to check the data reproducibility, and it was
und to be good.

lans for stage 3 of the work included: (1) to select
dditional samples along a radius of section 19 at
e same locations as those used by CIEMAT for
eoc
r in

water; and (3) to analyse the oxygen-18 content of
the 20 samples from section S29 (FEBEX Specifica-
tion 70-IMA-H-6-16).

Based on the results of deuterium isotopic data, fur-
ther confirmatory deuterium sampling and analyses
were performed in section S29. Three additional
samples were prepared using lower solid:liquid ratio,
1:1, in order to check the accuracy of the previous
measurements. 10 g of bentonite were dispersed in
10 mL of water (1:1 ratio). After centrifugation, the

naly-
s.

53
hemical analyses, (2) to obtain the value of �D
tact FEBEX bentonite and for Grimsel granitic

supernatant solutions were sent for deuterium a
sis. Table XI shows the results for these 3 sample

Table XI
Additional deuterium data of aqueous extract samples (s:l ratio 1:1). Precision of data is 0.8 ‰.

Identification .�DVSMOW (‰)

BB29-7/2-5 -52.3

Pieces near the glass -51.4

Intact bentonite -49.7



Given the large scatter of measured .�D values, fur-
ther sampling along a radius of section S29 and ox-
ygen-18 analyses of the previous 20 samples from
section 29 were discarded.

4.2.1.4. Conversion of deuterium aqueous
extract concentration to bentonite
pore water concentration

The isotopic results of aqueous extract samples cor-
respond to solid:liquid ratios of 1:4 and 1:1. There-
fore, it is necessary to convert deuterium aqueous
extract concentration to bentonite pore water con-
centration. Let R be the ratio of the mass of added
water to the mass of the clay sample (R = 4 and 1).
Mass balance before and after mixing the bentonite
sample with ultrapure water ensures that:

c w c R w R w w cb bd ae� � � � � � �( ) ( ( ) )1 1 [9]

where cb is bentonite pore water concentration, w is
initial water content, cbd is bidistilled water concen-
tration, R is liquid:solid ratio and cae is aqueous ex-
tract concentration.

Deuterium samples were prepared for a ratio R =
4. Therefore, Equation 9 becomes:

c w c w w w cb bd ae� � � � � � �41 41( ) ( ( ) ) [10]

The concentration of the aqueous extract can be
written as:

c
c w c w

w
c

w

w
c

w

wae

b bd

b bd�
� �

�
�

�
�

�

�

4 1
5 4 5 4

4 4
5 4

( )
[11]

After performing the measurements in the aqueous
extract water sample, the concentration in the ben-
tonite sample is derived from:

c c
w

w
c

w

wb ae bd�
�

�
�5 4 4 4

[12]

The aqueous extract sample is highly diluted com-
pared to the bentonite concentration. In fact, the
concentration of the aqueous extract is the result of
a mixing of cbd and cb:

c c f f cae b bd� � � �( )1 [13]

where the mixing fraction f is given by:

f
w

w
�

�5 4
[14]

which in general has the following expression:

f
w

R w R
�

� �( )1
[15]

Figure 35 shows a plot of the mixing fraction, f, for
a water content of 0.25. It can be seen that f is
about 0.05 for R = 4. The reciprocal of f can be
considered as a “dilution factor”. Such dilution fac-
tor is equal to 21 for R = 4 while it decreases to 6
for R = 1.

Such large dilution factors may be a significant
drawback because the analytical errors in measur-
ing cae translate into large errors when cb is com-
puted according to Equation 12. Let �ae be the ana-
lytical error for the determination of a given param-
eter. This error is equal to 0.8 ‰ for �DSMOW(‰). A
simple error analysis of Equation 12 indicates that
the analytical error for cb, �b, is given by:

� �b ae f f
� �

�

1 1
12 2( )

[16]

The term within the square root is a multiplicative
factor that propagates the errors in the aqueous ex-
tract to the errors in the “inferred” composition. Fig-
ure 36 illustrates this factor. For R = 4, this factor is
equal to 21. It means an error of 0.8 ‰ for �D will
translate into an error in the inferred composition of
16.8 ‰. Such an error is not admissible for deute-
rium. Therefore, a smaller ratio is required. For R =
1, the error factor is equal to 6 and the error in the
inferred composition is of 4.8 ‰.

Deuterium data of aqueous extract samples with a ra-
tio R=4 (solid:liquid ratio 1:4) and R=1 (solid:liquid

ratio 1:1) have been transformed into bentonite pore

water �D values by using Equation 12. These values
are plotted together in Figure 37 with error bands
considering Equation 16. One can see that the error
bands for R = 4 are too large. In fact, the error
bands would be smaller if the samples had been pre-
pared with a ratio of R = 1. Figure 38 shows the up-
per and lower limits for the error bands of deuterium
data of bentonite pore water.

4.2.1.5. Discussion

Available deuterium data do not allow drawing
clear conclusions due to:

� Data precision. Although precision of deuterium
data of aqueous extract samples, cae, at R = 4 is
0.8 ‰ (Figure 34), this analytical error in mea-
suring cae translates into large errors when ben-
tonite pore water values, cb, are computed ac-
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Figure 35: Mixing fraction as a function of R (liquid:solid ratio).
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Figure 36: Multiplicative error factor for aqueous extract data in function of R (liquid:solid ratio).
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Figure 37: �D values of bentonite pore waters versus radial distance (r=0 corresponds to heater axis). Error bands have been computed by
multiplying the lab precision of 0.8 ‰ by the multiplicative error factor considering Equation 16. The error band is much smaller for R = 1
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Figure 38: Upper and lower limits of error bands for delta values of bentonite pore waters versus radial distance (r= 0 corresponds to heater
axis). Deuterium data for intact bentonite pore water (-27.71 ‰) and granite (-90 ‰) are also shown.



cording to Equation 12 (Figure 37). Error bands
for cb are too large. With a ratio of R = 1 error
bands would have been much smaller.

� Uncertainties on glass ampoules breaking. Only
3 were found broken. Most likely glass ampoules
broke during the operation phase, because if
they had broken during dismantling clay samples
near the glass should still show high deuterium
ratios. However, since the amount of deuterated
water added was not large enough there is not
clear evidence of deuterium migration.

There are uncertainties in deuterium data and inter-
pretation due to:

� Preliminary scoping calculations were not fully
realistic because they did not account for isoto-
pic fractionation.

� Deuterium mass added into bentonite blocks
was probably not large enough for serving as a
tracer for the in situ test.

� Bentonite pore water deuterium concentration
has been derived from aqueous extract sam-
ples. There are uncertainties on the isotopic
transfer (fractionation) between internal (inter-

layer) and external water (double layer water
and free water).

� Deuterium analyses were performed in liquid
phase but it should be explored the possibility
to measure deuterium directly in bentonite
samples.

4.2.2. EIG EURIDICE: Iodide

The blocks BB30-1, BB30-2 and BB30-3 were re-
trieved by EIG EURIDICE during the dismantling op-
erations for the determination of the tracer distribu-
tion (Verstricht 2004). The location of the blocks in
the section is shown in Figure 39. The blocks were
packaged immediately after removal, and trans-
ported to EIG EURIDICE, where they were kept in a
storage room at a temperature of 4 �C.

Once in the laboratory, samples were taken from
the different blocks through different hand tools
(pushing tube, cutting knife), as shown in Figure 40.
During the sampling, we took the necessary mea-
sures to avoid any cross contamination.

To determine the sampling positions, we considered
both contact surfaces, to account for the (initial) wa-

4. Bentonite analysis
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Figure 39: Location of blocks taken in section S30.
57



ter
bloc
aqu
tion
cert

The
with
men
with
The
sho
lyse
face
took
E1’
E10

For
pos
ure
ana
with
five

The
is p

FEBEX Project. Final Report. Postmortem bentonite analysis

58
Figure 40: Sampling of a I-doped block by pushing tube.
flow along the block joints, and the inside of the
ks. The clay samples were dried at 105 �C. An
eous extraction was carried out and the solu-
s were analysed with ICP-MS. The estimated un-
ainty (2�) is 15 percent.

sample positions for block BB30-1 (in contact
the filter paper) are shown in Figure 41. All di-
sions are given in mm, and the block is shown
the side facing the gallery entrance downwards.
analysis results (in �g/g dry clay) are also

wn in the same figure. From this block we ana-
d 26 samples. In addition to samples at the sur-
, also samples inside the block were taken. We
two radial profiles (E1 to E6 at the surface, and

to E6’ at some 40 mm depth). Samples E5 to
constitute an in-depth profile.

block BB30-2 (the middle block), the sample
itions and the analysis results are shown in Fig-
42. From this block, eight samples have been
lysed. The results for block BB30-3 (in contact
the heater liner) are shown in Figure 43. Here,
samples have been analysed.

iodide concentration measured in each sample
lotted in Figure 44 as a function of the distance

to the gallery axis, i.e. following a radius of the bar-
rier. The outer block (in contact with the I-doped
sheet) shows a I-concentration that increases in the
direction of the heater, while the highest concentra-
tions are found in the middle block (BB30-2). This is
the expected behaviour for a conservative tracer that
has moved with the water front, being leached from
the filter paper and having concentrated in the fur-
ther zones reached by the water front.

The reliability of the results is confirmed by the re-
peatability of adjacent samples, as can be seen in
the block BB30-1 and at the interfaces of block
BB30-2 (samples B2-JI and B3-JE).

4.2.3. EIG EURIDICE: Boron

The block BB-25-2 –located in the contact with the
gallery wall– was doped with boron (isotopically en-
riched in 10B) contained in a sintered stainless steel
plug placed in the middle of the block. After re-
trieval during dismantling, CIEMAT prepared the
sampling by cutting the block in slices: 10 slices to-
wards the heater (D-0 to D-9) and 4 slices towards
the gallery wall. One slice contained the source. It



4. Bentonite analysis
Figure 41: Sampling positions (above) and analysis results (below, in �g/g dry clay) for block BB30-1.
Figure 42: Sampling positions (above, in mm) and analysis results (below, in �g/g dry clay) for block BB30-2.
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Figure 43: Sampling positions (above, in mm) and analysis results (below, in �g/g dry clay) for block BB30-3.
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Figure 44: Iodide concentration as a function of the distance to the gallery axis in the samples analysed by EIG EURIDICE (section S30).
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was expected that the preferential migration of the
boron would be towards the heater (hydration). The
individually packaged slices were sent to EIG EURI-
DICE for analysis.

The following analysis procedure has been applied
(Verstricht 2004):

� drying of the samples, grinding and homogen-
ising; only one side of each slice was taken for
analysis, as discussed with CIEMAT;

� 200 mg of clay is mixed with 25 mL of a 5%
HNO3 solution;

� shaking during 2 hours;

� further dilution of this mixture;

� measurement through ICP-MS.

From four samples, five extractions have each time
been carried out to obtain an idea of the statistical
distribution of the results due to measurement un-
certainty and sample preparation. The estimated un-
certainty on the measurement results (2�) is 10 per-
cent.

Preliminary analyses indicated an isotope ratio
10B/11B of 35/65 (the natural abundance being

20/80). The individual results, plotted in Figure 45,
give the total B concentration in each slice (no iso-
topic concentrations) in �g/g dry clay. No clear pat-
tern can be seen. The boron concentration seems
quite regular over the whole sampling region. At
both ends, the concentration seems to decrease, but
this would require a larger sampling range.

4.3. Thermo-hydro-geochemical tests

The geochemical analyses performed on solid sam-
ples have two main objectives: (1) to analyse the
physical, chemical and mineralogical alterations oc-
curred in the clay by effect of heat and hydration,
and (2) to support the interpretation of the pore wa-
ter extraction results in order to analyse the chemi-
cal evolution of the bentonite pore water as a func-
tion of the hydration and temperature profiles.

The THG studies have been focussed in four sec-
tions in the heater zone –S19, S23, S28, S29– and
another one in the zone between the concrete and
the heater –S12–. Besides, samples taken from sec-
tion S7 (in contact with the concrete seal) have been
analysed by CIEMAT and VTT.

4. Bentonite analysis
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4.3.1. CIEMAT: Mineralogical, chemical
and textural analysis

CIEMAT has performed analyses in bentonite from
different sections to know the chemical, mineralogi-
cal and microstructural alterations occurred in the
clay by effect of heat and hydration: section S7 (in-
terface bentonite-concrete), section S12 (without
heater), sections S19 and S28 (around the heater)
and section 31 (bentonite / heater back lid contact).

A general analysis of the solid phase was performed
to characterise its chemical, mineralogical (clay
phases, main and accessory minerals) and micro-
structural transformations. The main analyses car-
ried out have been: X-ray diffraction (XRD), chemical
composition and thermal analyses (differential ther-
mal analysis, DTA, and thermo-gravimetry, TG).

In addition to the mineralogical studies, the ex-
changeable cations (EC) and soluble salts (SS) were
also determined. The possible exchange and saline
gradients indicate the direction of the ionic diffusion
processes through the bentonite. The variation of
these parameters during the test may not necessarily
involve mineralogical transformations of the smecti-

te, but just a precipitation of accessory minerals
around clay particles or changes in the initial cation
exchange complex, although this variation could be
a precursor of such transformations.

Besides, in order to analyse the chemical evolution
of the bentonite pore water as a function of the
hydration and temperature profiles, three sections
were analysed: S7, S12 and S19. The pore water
extraction was performed by squeezing. The same
blocks in which the solid characterisation was per-
formed were selected for pore water extraction.

4.3.1.1. Subsampling at the laboratory

Once at CIEMAT laboratories, the blocks were
half-sectioned along the radius, in order to obtain
material for the THG and THM tests (Figure 46). The
THG half was sliced in three parts (Figure 47): an in-
ternal part for analysing the soluble salts and ex-
changeable cations, an intermediate part for squeez-
ing and solid phase characterisation, and an external
part considered as a spare sample. The part commit-
ted to the analyses of the soluble salts distribution
and exchangeable cations was further sliced in six

FEBEX Project. Final Report. Postmortem bentonite analysis
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Figure 46. Sampling of blocks for THG analyses at CIEMAT.
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Figure 47. Subsampling of bentonite blocks for THG analyses.
ieces, referenced from 1 to 6 in the direction from
e external to the internal part of the barrier.

able XII shows all the samples selected by CIEMAT
r THG analyses, their position in the sampling sec-

on, and the kind and number of determinations
erformed in them. All the samples have been taken
om whole blocks sent to CIEMAT, except those be-
nging to section S31, that were obtained by drill-
g (BS31-22) and carving (BS31-26) in situ in the
entonite in contact with the back lid of the heater
igure 48).

he dry density and water content of these samples
re those indicated in section 4.1.2. However, for
e THG analyses, the water content has been also
etermined by heating the sample to a temperature
f 150 �C, instead of the standard 110 �C, since it
as been proven that the total interlayer water of
mectites is lost at 150-220 ºC. The water contents
btained by heating at 150 �C are a 10±5 percent
igher than those obtained at 110 �C.

.3.1.2 . X-ray diffraction

he mineralogical analysis was performed by X-ray
iffraction techniques. Diffraction patterns from sam-

ples dried at 60�C and powdered to a particle size
below 60 µm were analysed. From the <2 µm par-
ticle size fraction, obtained by sedimentation, the
oriented aggregate diffraction patterns were obtain-
ed on a suspension allowed to air-dry over a glass
plate (OA), solvated with ethylene glycol (OA + EG)
and heated at 500º C. A Philips PW 1730 diffracto-
meter has been used, with an anticatode of Cu
(CuK�), using an acceleration voltage of 35 kV and a
current intensity in the filament of 40 mA. The aper-
tures of divergence and reception were 1 and 0.2º,
respectively, using a Ni filter. The exploration velocity
was of 2º/min for the random powder sample (total
analysis of the sample) and 1º/min for the oriented
preparations with the < 2�m fraction. On the pow-
der diffraction pattern a semiquantitative analysis of
the minerals present in the sample was carried out.
The mineral percentage content of the sample was
corrected by their corresponding reflectance powder
(Schultz 1964).

The XRD patterns obtained for powder samples of
section S7, S12, S19 and S31 are shown in Figure
49, Figure 50, Figure 51 and Figure 52, respectively.
In all these figures the XRD pattern of the untreated
FEBEX bentonite is shown for comparison (indicated
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Table XII
Samples taken for THG analyses by CIEMAT.

Block reference Section
Distance to
gallery axis

(cm)

Clockwise angle
with vertical

axis (�)
Type and number of analyses1

BB7-4

S7

103 220 SS (6), EC (6), squeezing (1), XRD (1), CA, SSA

BB7-5 81 250 SS (6), EC (6)

BS7-6 59 270 SS (6), EC (6)

BB12-1

S12

103 60 SS (6), EC (6)

BB12-2 81 60 SS (6), EC (6)

BB12-3 59 60 SS (6), EC (6)

BB12-4 103 180 SS (6), EC (6)

BB12-5 81 180 SS (6), EC (6)

BB12-6 59 180 SS (6), EC (6)

BB12-10 103 300 SS (6), EC (6), squeezing (1), XRD (1), CA, SSA

BB12-11 81 300 SS (6), EC (6), squeezing (1), XRD (1), CA, SSA

BB12-12 59 300 SS (6), EC (6), squeezing (1), XRD (1), CA, SSA

BB19-1

S19

103 60 SS (6), EC (6), squeezing (1), XRD (1), CA, SSA

BB19-2 81 60 SS (6), EC (6), squeezing (1), XRD (1), CA, SSA

BB19-3 59 60 SS (6), EC (6), squeezing (1), XRD (1), CA, SSA

BB19-10 103 300 SS (6), EC (6)

BB19-11 81 300 SS (6), EC (6)

BB19-12 59 300 SS (6), EC (6)

BB19-13 103 230 SS (6), EC (6)

BB19-14 81 255 SS (6), EC (6)

BB19-15 59 220 SS (6), EC (6)

BB28-1

S28

103 60 SS (6), EC (6)

BB28-2 81 60 SS (6), EC (6)

BB28-3 59 60 SS (6), EC (6)

BS31-22
S31

35 160 SS (6), EC (6), XRD (1), SSA

BS31-26 20 0 SS (6), EC (6), XRD (1), SSA

1SS: soluble salts; EC: exchangeable cations; XRD: X-ray diffraction; CA: chemical analysis; SSA: specific surface area.
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4. Bentonite analysis
Figure 48: Borehole sample obtained in the back lid of the heater (BS31-22) and a piece of bentonite block obtained

at the heater contact (BS31-26).
d(001)=15.2 Å
smectite

Calcite

Plagioclase

Quarzt

3.03 Å

3.3 Å

3.19 Å

Gypsum
7.63 Å BB7-5 contact

Febex NT

BB7-5

BB7-4

Figure 49: XRD pattern of random powder of samples from section S7 (total sample).
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BB12-12

BB12-11

BB12-10

FEBEX NT

Figure 50: XRD pattern of random powder of samples from section S12 (total sample).
BB19-2

BB19-3

BB19-1

FEBEX NT

Figure 51: XRD pattern of random powder of samples from section S19 (total sample).
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4. Bentonite analysis
BS31-26

FEBEX-NT

Figure 52: XRD pattern of random powder of sample BS31-26 (total sample).
FEBEX NT). No significant differences have been
nd between the treated samples and the untreated
e: the predominant mineral is a smectite with basal
cings d(001) at around 15 Å (which indicates a
dominance of bivalent cations in exchange posi-
s), and there are also minor quantities of quartz,
gioclase, K-felspars, calcite and cristobalite. Only
increase of calcite and gypsum was found in a
tonite sample that was directly in contact with the
crete plug (BB7-5-contact sample, Figure 49).

o, the sample BS31-26, that was in contact with
heater back lid and consequently subjected to the
hest temperatures, presents higher peak intensities
ure 52).

basal spacings d(001) of the smectite for the dif-
nt treatments are shown in Table XIII. No signifi-
t differences are found among them, except for
sample subjected to the highest temperature

31-26) for which the basal spacings in the ori-
ed aggregates are slightly higher. Some samples
section S19 were analysed right after sampling
hout further treatment, i.e. in their compacted state

with their original water content. These samples
wed, with respect to the results obtained in the
d powder, an increment of water in interlayer po-

sitions to two and three layers (Table XIV), especially
in the sample closer to the gallery wall (BB19-1).

4.3.1.3. Chemical analysis

For chemical analysis of the major and trace ele-
ments of the solid phase, the sample has been previ-
ously dissolved using a HF – aqua regia mixture. 500
mg of sample were transferred to a PTFE closed ves-
sel and 4 mL of concentrated HF and 2 mL of aqua
regia were added. The vessel was kept overnight at
90º C and, after cooling, the content was transferred
to a PTFE evaporating dish, 2 mL of concentrated
HClO4 were added, and the content was allowed to
evaporate until white fume appeared under infrared
lamp. Finally, the residue was dissolved using diluted
HNO3.

Afterwards, the total alkalinity of the samples was
determined by potentiometric titration using a
Metrohm 682 titrator. The major cations were ana-
lysed by Inductively Coupled Plasma-Atomic Emis-
sion Spectrometry (ICP-AES) in a Perkin-Elmer Elan
5000 spectrometer. Sodium and potassium were
determined by flame atomic emission spectrometry
(AAS-Flame) in a Perkin Elmer 2280 spectrometer,
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Table XIII
Basal spacing d(001) of the smectite (Å) measured in the XRD patterns.

Sample Position1 (cm) Random powder OA2 OA+EG3 OA+550ºC4

FEBEX – 15.30 14.25/12.53 16.90 9.60

BB7-4 103 15.38 14.12/12.46 16.66 9.62

BB7-5 81 15.56 14.41/12.70 16.66 9.52

BB12-10 103 15.03 14.12/12.46 16.66 9.62

BB12-11 81 15.56 14.41/12.70 16.66 9.52

BB12-12 59 15.29 14.12/12.14 16.68 9.42

BB19-1 103 14.65 14.38/12.59 16.53 9.56

BB19-2 81 14.90 14.54/12.60 16.57 9.62

BB19-3 59 15.03 14.38/12.29 16.51 9.62

BS31-26 20 15.03 14.90 16.90 9.68

1Distance to gallery axis; 2Oriented aggregate; 3Oriented aggregate solvated; 4Oriented aggregate heated at 550�C.
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race elements were determined by ICP-MS
gan Mat SOLA). Anions were analysed by ion
atography (Dionex DX-4500i). The silica was
ined using a UV-Vis spectrophotometer by

The chemical composition of the solid pha
some samples from section S7, S12, S19 and
is shown in Table XV, Table XVI, Table XVII an
ble XVIII, respectively. The chemical compositi

Table XIV
Basal spacing d(001) of the smectite in non-dried BB19 samples (Å).

Sample Position1 Powder Compacted

BB19-1 102 14.65 16.86

BB19-2 81 14.90 15.02

BB19-3 59 15.03 15.37

1Distance to gallery axis.
of the silico-molybdic colourimetric method.
estimated that the maximum analytical errors
10% for the major ions.

e other hand, thermal analysis (TG/DTA) of
ulk sample has been performed using a
-Elmer 1700 DTA (differential thermal analy-
paratus at a scan rate of 10 ºC/min and un-
dynamic air atmosphere (40 cm3/min) at tem-
res between 25ºC and 980 ºC.

the untreated FEBEX sample is also indicated in the
tables under the reference “FEBEX”. The most signif-
icant changes observed in all the sections are the
losses of reduced species with respect to the original
FEBEX sample. There is a decrease of FeO, and to-
tal SO2, and an increase of Fe2O3. A decrease of
divalent cations (Ca, Mg, Sr, Ba) with respect to the
original FEBEX sample has been observed in all the
samples analysed. In section S7 there is also a con-



siderable increase of Al2O3. To illustrate these issues
the chemical composition (major elements) of sam-
ples from another radius of section S19 and from
S31 are plotted in Figure 53 together with the re-
sults for the untreated sample. In the samples from
external positions (BB19-13, BB19-1) there is an in-
crease of Fe2O3 and MgO with respect to samples
taken from hotter areas.

The structural formulae of the smectitic phase of
samples from section S7 has been calculated from
the chemical analysis of the less than 2 �m fraction,
and is shown in Table XIX. The structural formula of
the untreated FEBEX is also shown. A decrease of
exchangeable K is observed in the samples from
Grimsel.

4.3.1.4. Aqueous extracts

The soluble salts have been analysed in aqueous
extract solutions. Crushed bentonite samples were
placed in contact with deionised and degassed wa-
ter at a solid to liquid ratio of 1:4, shaken end-
over-end and allowed to react for 2 days under at-
mospheric conditions. After phase separation by

centrifugation (30 minutes at 12500 rpm) and filter-
ing, the supernatant solutions were analysed.

It must be pointed out that smectite particles with a
size lower than 0.45 µm (colloids) were detected
and analysed in the aqueous extract solutions of the
samples more hydrated, i.e. the samples in contact
with the granite. For this reason, an increase of Al,
Fe, Ca and K has been measured in the more hy-
drated samples. Since this increase is an artefact
caused by insufficient filtering of the solution, these
values have not been plotted in the figures. This ef-
fect is not detected in samples with a lower water
content.

In Figure 54 the distribution of the soluble salts in
section S7 is shown. The concentration of these ions
in the untreated FEBEX bentonite is indicated for
comparison. The chloride concentration has the orig-
inal values at a distance between 70 and 90 cm
from the gallery axis (25-35 cm from the heater); in
the other distances the values are lower than the
original chloride inventory. The sulphate increases at
a distance between 10-25 cm from the heater and
remains constant in the rest of positions. In the men-
tioned centimetres, there is also an increase of so-
dium, potassium and calcium. The bicarbonate in-

4. Bentonite analysis
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Figure 53: Chemical composition of samples from section S19 and S31 and of the untreated sample.
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Table XV
Chemical composition of the solid phase for different samples of section S7.

BB7/4-1 BB7/5 FEBEX

Position1 (cm) 103 81 –

SiO2 (%) 60.87* 59.74* 58.71 ± 1.89

Al2O3 (%) 22.85 23.39 17.99 ± 0.71

FeO (%) 0.12 0.14 0.25 ± 0.09

Fe2O3 (%) 3.01 2.84 2.85 ± 0.12

MgO (%) 3.7 3.8 4.21 ± 0.21

MnO (%) n.d. n.d. 0.03 ± 0.00

CaO (%) 1.5 1.5 1.83 ± 0.10

Na2O (%) 1.4 1.4 1.31 ± 0.09

K2O (%) 1.2 1.0 1.04 ± 0.05

TiO2 (%) 0.16 0.14 0.23 ± 0.01

P2O5 (%) 0.06 0.06 0.02 ± 0.01

H2O (130ºC) (%) 13.4 13.0 n.d.

H2O (220ºC) (%) 14.6 13.8 14.1 ± 0.7

Loss at 950ºC (%) 19.7 19.8 19.5 ± 1.8

CO2 total (%) 0.48 0.70 0.61 ± 0.05

CO2 organic (%) 0.26 0.51 0.35 ± 0.05

CO2 inorganic (%) 0.22 0.18 0.26 ± 0.06

SO2 total (%) 0.12 0.16 0.21 ± 0.10

H20
+ (220-950ºC) (%) 4.5 5.1 4.31 ± 0.41

Ba (ppm) 116 78 164 ± 25

Sr (ppm) 145 138 220 ± 23

1Distance to gallery axis; *:Calculated to obtain a sum of oxides of 100%.
creases with respect to the content in the original
FEBEX in the most internal block.

The distribution of the soluble salts in section S12 is
shown in Figure 55. There is a lixiviation of chloride
and sodium in the bentonite block closer to the gal-
lery wall, increasing the concentrations of these ions
in the second and third blocks of the same radius,
above their initial inventories. The maximum values

are located in the middle part of the bentonite bar-
rier radius. With respect to sulphates, there is also a
leaching in the most hydrated zones but sulphate
moves slower than chloride and the maximum value
is located at ~14 cm from the rock. There is an in-
crease of bicarbonate in the external part of the ra-
dius, probably due to the dissolution of calcite in the
more hydrated zones. In the inner samples the bicar-
bonate concentration is more or less constant.
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Table XVI
Chemical composition of the solid phase of samples from section S12.

Oxides (%) Element (ppm)

BB12-10 BB12-11 BB12-12 FEBEX BB12-10 BB12-11 BB12-12 FEBEX

Position1 103 81 59 103 81 59

SiO2 66.37* 66.19* 65.23* 58.71±1.89 Ba 86 95 115 164±25

Al2O3 17.38 17.38 18.31 17.99±0.71 Sr 165 155 123 220±23

FeO 0.08 0.10 0.08 0.25±0.09 Ce 43 48 50 74±5

Fe2O3 3.30 3.32 3.29 2.85±0.12 Co 9.2 9.7 9.4 9±3

MgO 3.5 3.6 3.4 4.21±0.21 Cr 9.2 8.7 14 8±2

MnO 0.04 0.04 0.05 0.03±0.00 Cu 12 13 11 25±9

CaO 0.90 0.92 1.10 1.83±0.10 La 19 22 23 40±3

Na2O 1.2 1.2 1.4 1.31±0.09 Mo <5 <5 <5 n.d.

K2O 1.0 1.0 1.1 1.04±0.05 Ni 16 17 15 20±3

TiO2 0.22 0.24 0.24 0.23±0.01 Sn <10 <10 <10 n.d.

P2O5 0.06 0.07 0.06 0.02±0.01 V 9.9 11 10 16±2

H2O (130ºC) 11.70 11.70 11.30 n.d. W <25 <25 <25

H2O (220ºC) 13.08 12.69 12.69 14.1±0.7 Y 13 13 14 25±3

Loss at 950ºC 19.00 18.60 18.40 19.5±1.8 Zn 50 49 45 65±4

CO2 total 0.51 0.51 0.59 0.61±0.05 Cs 5.9 6.0 6.9 n.d.

CO2 organic 0.22 0.22 0.37 0.35±0.05 Se <0.1 <0.1 <0.1 n.d.

CO2 inorganic 0.29 0.29 0.22 0.26±0.06 Li 51.0 50.0 47.0 n.d.

SO2 total 0.08 0.08 0.08 0.21±0.10

H20
+

(220-950ºC)
5.33 5.32 5.04 4.31±0.41

1Distance to gallery axis; *:Calculated to obtain a sum of oxides of 100%.
In Figure 56 the distribution of the soluble salts in
section S19 is shown. The concentration of these ions
in the FEBEX bentonite without treatment is indicated
for comparison. Clearly, there is an increase of chlo-
ride content towards the heater, with a maximum
value located at 18-19 cm of the heater contact. The
sodium is the counterion following the chloride
movement. The sulphate movement seems not to be
so well defined, although a decrease of concentra-

tion is observed in the most external zones. The bi-
carbonate concentration increases in the most hy-
drated zones.

The distribution of the soluble salts in section S28 is
shown Figure 57. There is an increase of chloride
content towards the heater as well as of sulphate.
However, the chloride ions move faster than sul-
phate. The counterion associated to chloride is so-
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Table XVII
Chemical composition of the solid phase of samples from section S19.

Oxides (%) Element (ppm)

BB19-1 BB19-2 BB19-3 FEBEX BB19-1 BB19-2 BB19-3 FEBEX

Position1 103 81 59 103 81 59

SiO2 58.69 59.16 58.89 58.71±1.89 Ba 138 177 221 164 ± 25

Al2O3 17.47 16.68 16.52 17.99±0.71 Sr 154 163 160 220 ± 23

FeO 0.08 0.08 0.06 0.25±0.09 Ce 58 55 50 74 ± 5

Fe2O3 3.08 2.95 2.98 2.85±0.12 Co 11 11 10 9 ± 3

MgO 3.6 3.4 3.4 4.21±0.21 Cr 6.9 7.2 5.6 8 ± 2

MnO 0.03 0.03 0.03 0.03±0.00 Cu 12 12 12 25 ± 9

CaO 1.0 1.1 1.0 1.83±0.10 La 21 17 16 40 ± 3

Na2O 1.3 1.3 1.3 1.31±0.09 Mo <5 <5 <5

K2O 1.10 1.10 0.99 1.04±0.05 Ni 16 16 9 20 ± 3

TiO2 0.24 0.24 0.23 0.23±0.01 Sn <10 <10 <10

P2O5 0.06 0.06 0.06 0.02±0.01 V 10 11 9 16 ± 2

H2O (130ºC) 8.2 10.6 11.7 n.d. W <25 <25 <25

H2O (220ºC) 9.2 11.92 13.08 14.1±0.7 Y 13 11 10 25 ± 3

Loss at 950ºC 14.4 16.8 18.0 19.5±1.8 Zn 49 49 47 65 ± 4

CO2 total 0.48 0.55 0.48 0.61±0.05 Cs 6.0 6.1 5.5

CO2 organic 0.22 0.26 0.26 0.35±0.05 Eu 2.0 2.2 1.7

CO2 inorganic 0.26 0.29 0.22 0.26±0.06 Se <0.1 <0.1 <0.1

SO2 total 0.04 0.06 0.04 0.21±0.10 Li <2 <2 <2

H20
+

(220-950ºC)
4.7 4.3 4.4 4.31±0.41

1Distance to gallery axis.
dium. In the most hydrated zone, i.e. bentonite in
contact with granite, there is a strong dissolution of
calcite-dolomite, evidenced by the high content of
bicarbonate.

The content of soluble salts in a sample from section
S31 taken at the contact with the back lid of the
heater is shown Figure 58. There is an increase of
chloride content towards the heater, with a maxi-

mum at the heater contact zone. Also, there is a
maximum in the sulphate concentration very close
to the heater, but not at the contact zone.

The distribution of soluble salts along one radius of
each section analysed is shown in Figure 59. The
hydration of bentonite at the external blocks in con-
tact with the granite produces the dissolution and di-
lution of the more soluble trace minerals in the ben-
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Table XVIII
Chemical composition of the solid phase of sample BS31-26.

Oxides (%) BB31-26 FEBEX Element (ppm) BB31-26 FEBEX

SiO2 59.97 58.71±1.89 Ba 253 164 ± 25

Al2O3 16.74 17.99±0.71 Sr 164 220 ± 23

FeO 0.07 0.25±0.09 Ce 58 74 ± 5

Fe2O3 2.97 2.85±0.12 Co 10 9 ± 3

MgO 3.5 4.21±0.21 Cr 5.5 8 ± 2

MnO <0.03 0.03±0.00 Cu 12 25 ± 9

CaO 0.96 1.83±0.10 La 27 40 ± 3

Na2O 1.3 1.31±0.09 Mo <5

K2O 1.1 1.04±0.05 Ni 15 20 ± 3

TiO2 0.22 0.23±0.01 Sn <10

P2O5 0.06 0.02±0.01 V 10 16 ± 2

H2O (130ºC) 9.1 n.d. W <25

H2O (220ºC) 10.5 14.1±0.7 Y 15 25 ± 3

Loss at 950ºC 15.5 19.5±1.8 Zn 50 65 ± 4

CO2 Total 0.44 0.61 ± 0.05 Cs 6.3

CO2 organic 0.22 0.35 ± 0.05 Eu 2.1

CO2 inorganic 0.22 0.26 ± 0.06 Se <0.1

SO2 Total 0.04 0.21 ± 0.10 Li <2

H20
+ (220-950ºC) 4.50 4.31 ± 0.41
tonite (sulphates, carbonates and chlorides). As a
result, saline fronts are generated due to the differ-
ent mobility of the dissolved ions. Chloride moves
as a conservative anion. The movement of sulphates
and bicarbonates must be basically regulated by
gypsum and calcite equilibrium, respectively (Fer-
nández et al. 2001, Fernández 2003).

The main counterion that follows chloride move-
ment is sodium. Sodium moves with the same ten-
dency than chloride. However, the implication of so-
dium in exchange reactions modifies the relative
concentration of both ions, and there is an excess of
sodium content with respect to chloride. As the
hydration front progresses, the dissolution of car-
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Table XIX
Structural formula of the smectite (<2 µm fraction) for different samples of section S7.

Sample IV Charge VI Charge Interl. Charge Structural formula

FEBEX -0.34 0.67 1.00 (Si7.66 Al0.34)
IV (Al2.76 Fe3+

0.33 Mg1.03)
VI O20(OH)4 (Ca0.12

Mg0.13Na0.25K0.25)

BB7/4-1 -0.18 -0.76 0.93 (Si7.82 Al0.18)
IV (Al2.93 Fe3+

0.29 Fe2+
0.01 Mg0.76Ti 0.01)

VI

O20(OH)4 (Ca0.14 Mg0.14Na0.23K0.13)

BB7/5 -0.08 -0.77 0.85 (Si7.92 Al0.08)
IV (Al2.93 Fe3+

0.28 Fe2+
0.01 Mg0.78Ti 0.01)

VI

O20(OH)4 (Ca0.12 Mg0.12Na0.23K0.13)
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Figure 55: Distribution of soluble salts in section S12 (Ion content at 1:4 solid to liquid ratio in FEBEX sample (mmol/100g): Cl: 2.185
±0.396, SO4

2-
: 1.026 ±0.068, Na: 5.017, Ca: 0.050, Mg: 0.055, K: 0.073, HCO 3

-
: 1.184).
bonates and sulphates produces the liberation of
calcium. Consequently, the exchange of sodium by
calcium in the exchange positions must be induced,
changing the relative concentration of the sodium,
bicarbonate and pH in the aqueous extracts solu-
tion. The other major cations, calcium and magne-
sium, show a parallel increase, but their concentra-
tions are at least 5-10 times lower than sodium.

These results are similar to those obtained in tests at
intermediate scale (Cuevas et al. 1997, ENRESA
2000).

On the other hand, the salt movement seems to be
faster in the heater sections (S19 and S28) than in
the zone without heater (S12 and S7). The highest
salt contents have been found in section S28, then
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Figure 56: Distribution of soluble salts in section S19 (Ion content at 1:4 solid to liquid ratio in FEBEX sample (mmol/100g): Cl: 2.185
±0.396, SO4
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-
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in section S19 and finally in section S12 (without
heater). The section 28 has the influence of the two
heaters.

4.3.1.5. Exchangeable cations

In order to determine the exchangeable cations, a
CsNO3 solution was used (Sawhney 1970). Cae-
sium acts as a high selective cation to displace all
exchangeable cations from the montmorillonite if its
concentration is sufficiently high. Bentonite samples

were equilibrated with CsNO3 0.5M at a solid to liq-
uid ratio of 0.25 kg/L in a glove box. Samples were
shaken end-over-end for 2 days. After phase sepa-
ration by centrifugation, the supernatant solutions
were filtered by 0.45 �m and analysed.

The concentration of cations in exchange positions
along a radius of section S7 is shown in Figure 60.
There is a noticeable increase of Ca, Na and K and
a decrease of Mg in exchange positions in all the
samples analysed. The increase is particularly im-
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Figure 57: Distribution of soluble salts in section S28 (Ion content at 1:4 solid to liquid ratio in FEBEX sample (mmol/100g):
Cl: 2.185 ±0.396, SO4

2-
: 1.026 ±0.068, Na: 5.017, Ca: 0.050, Mg: 0.055, K: 0.073, HCO 3

-
: 1.184).
portant towards the central part of the barrier,
where it is accompanied by a significant decrease in
Mg occupation. The sum of exchangeable cations
remains approximately constant in all the samples
from section S7 and in the order of 102 meq/100g,
i.e. higher than that for untreated FEBEX bentonite
(96 meq/100g, Table VI).

The concentration of cations in exchange positions
along different radii of section S12 is shown in Fig-

ure 61. There is a clear increase with respect to the
untreated clay of potassium and calcium in all the
samples, this increase being sharper towards the
granite in the case of potassium. The other cations
display different distribution patterns depending on
the radius considered. It is particularly noticeable
the high content of magnesium (over 40 meq/100g)
in the external blocks BB12-10 and 11, that has not
been found in analogous positions in the other ra-
dii. Since there are no differences among these radii
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in the temperature experienced during operation or
in the water content reached at the end of the ex-
periment, it is considered that most of the variations
observed in the exchange complex are due to ana-
lytical uncertainties and to the natural heterogeneity
of the bentonite. The sum of exchangeable cations
remains approximately constant in all the samples
and in the order of 105 meq/100g, i.e. higher than
that of the untreated FEBEX bentonite (96 meq/
100g).

The concentration of cations in exchange positions
along a radius of section S19 (blocks BB19-13,
BB19-14 and BB19-15) is shown in Figure 62.
There is an increase of calcium and potassium with
respect to the reference bentonite in all the samples,
more important in the external block, where the so-
dium content is also higher. As well, the occupation
of magnesium seems to increase towards the gallery
wall. Accordingly, the sum of exchangeable cations
is higher than 115 meq/100g in the block in con-
tact with the granite.

The concentration of cations in exchange positions
along a radius of section S28 (blocks BB28-1,

BB28-2 and BB28-3) is shown in Figure 63. There is
an overall increase with respect to the untreated ben-
tonite of exchangeable calcium and potassium,
sharper in the external and internal blocks. The occu-
pation of sodium increases towards the gallery wall
while that of magnesium decreases towards the inter-
nal part of the barrier, especially in its middle part.
The highest concentration of calcium is found in the
closeness to the heater. The sum of exchangeable
cations along a radius is shown in Figure 64.

The concentration of cations in exchange positions
along the sample BS31-22 is shown in Figure 65.
The results are plotted as a function of the distance
to the back lid of the heater. Overall, there is an in-
crease of calcium and potassium in these samples
with respect to the original sample.

In Figure 66 the exchangeable cations results ob-
tained for the different sections are compared (ex-
cept section S7). There is an important increment of
potassium in exchange position with respect to the
initial value, more stressed in the external and inter-
nal blocks. An increase of sodium and magnesium
is observed in the samples closer to the gallery wall.
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Figure 59: Distribution of soluble salts in the different sections (Ion content at 1:4 solid to liquid ratio in FEBEX sample (mmol/100g):
Cl: 2.185 ±0.396, SO4

2-
: 1.026 ±0.068, Na: 5.017, Ca: 0.050, Mg: 0.055, K: 0.073, HCO 3

-
: 1.184).
In the case of calcium, there is also an overall in-
crease in its content, especially at the heater contact
and at the bentonite-granite contact. Therefore, dif-
ferent processes –linked to hydration and to the high
temperature– could be responsible of this incre-
ment. An increase of the sum of exchangeable cat-
ions has been detected in most of the samples ana-
lysed.

4.3.1.6. Squeezing tests

Several blocks taken from different sampling sec-
tions have been squeezed to obtain the pore water.
The squeezing process involves the expulsion of in-
terstitial fluid from the saturated argillaceous mate-

rial being compressed (Entwisle & Reeder 1993,

Pearson et al. 2003).

In squeezing experiments, the volume of water ex-
tracted depends basically on the water content of the
rock sample, the rock properties (e.g. dry density, the
relative contents of easily-squeezed clays and of
stiffer materials like quartz and calcite), the squeezing
pressure applied, the squeezing time and the size of
the squeezing apparatus (volume and diameter).

The squeezing rig at CIEMAT is similar to that devel-
oped by Peters et al. (1992) and Entwisle and Reeder
(1993). The squeezer has been designed to allow a
one-dimensional compression of the sample (Cuevas
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Figure 60: Distribution of exchangeable cations in samples taken along a radius of section S7
(Original sample (meq/100g): Na: 27, Ca: 35, Mg: 31, K: 2.6).
et al. 1997, Fernández et al. 2001, 2003) by means of
an automatic hydraulic ram operating downwards
with squeezed water expelled into polypropylene sy-
ringes at both top and bottom of the cell (Figure 67).
The compaction chamber is made of AISI 329 stain-
less steel (for its high tensile strength and resistance
to corrosion) with an internal diameter of 70 mm.
The whole system is under ambient conditions (lab

temperature of about 25ºC) and not under anoxic
atmosphere, although at the beginning of the test the
system is flushed with nitrogen gas.

The samples for squeezing were fragmented to
lumps fitted to the squeezing cell size or small
pieces of about 25-200 grams. The applied stress
was increased progressively up to the selected pres-
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Figure 61: Distribution of exchangeable cations in samples taken along different radii of section S12 (A: BB12-10 to 12, B: BB12-1 to 3,
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81



FEBEX Project. Final Report. Postmortem bentonite analysis
15

20

25

30

35

40

45

50

40 50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

Ca

Mg

Na

2.4

2.6

2.8

3.0

3.2

3.4

3.6

40 50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

K

Co
nc

en
tra

tio
n(

me
q/

10
0g

)
Co

nc
en

tra
tio

n (
me

q/
10

0g
)

Figure 62: Distribution of exchangeable cations in samples taken along a radius of section S19 (Original sample (meq/100g): Na: 27,
Ca: 35, Mg: 31, K: 2.6).
sure. As low as possible squeezing pressures have
been used to avoid ultrafiltration and ionic fraction-
ation phenomena. When the maximum of squeezed
water has been obtained, the syringe is removed,
avoiding any sample contact with the atmosphere.
The sample collected (5-10 mL) is weighed, filtered
and stored in a refrigerator at 4�C until it is ana-
lysed, in order to prevent any possible alterations.

The squeezing technique can be applied to obtain
pore water in samples with a water content greater

than 18 percent with squeezing pressures below 60
MPa.

The details and characteristics of every squeezing
tests performed with samples from Grimsel can be
found in Fernández & Rivas (2004). The chemical
composition of the water obtained from samples of
sections S7, S12 and S19 is shown in Table XX, Ta-
ble XXI and Table XXII, respectively.

The pressure applied to obtain the pore water varies
as a function of the water content. A pressure of 25
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Figure 63: Distribution of exchangeable cations in samples taken along a radius of section S28 (Original sample (meq/100g): Na: 27,
Ca: 35, Mg: 31, K: 2.6).
MPa is enough for samples with an initial water con-
tent higher than 22-23 percent. However, if the water
content is lower than these values, a pressure of 70
MPa must be applied. The water content of the block
in contact with the heater in section S19 (BB19-3) was
not enough to perform the squeezing test.

Regarding the chemical composition of the pore
water extracted by squeezing, the distribution of sol-
utes follows the same tendency observed in the

aqueous extracts (Figure 68 and Figure 69), i.e. the
saline front detected in the soluble salt distribution is
also observed in the squeezing experiments. There is
an increase of the soluble ions concentration to-
wards the inner part of the bentonite barrier, related
to the evolution of the hydration front. There is an
intense mobilisation of ions towards the most inter-
nal part of the bentonite barrier in sections S7 and
S12. However, it is expected that the content of ions
in the true pore water be higher, since this extraction

83



FEBEX Project. Final Report. Postmortem bentonite analysis

84
80

85

90

95

100

105

110

115

40 50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

To
tal

CE
C(

me
q/

10
0g

)

Figure 64: Sum of exchangeable cations in samples taken along a radius of section S28.
0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

0 1 2 3 4 5 6 7 8 9 10

Distance to the heater (cm)

Co
nc

en
tra

tio
n(

me
q/

10
0 g

)

Ca

Mg

Na

K

Figure 65. Distribution of exchangeable cations in sample BS31-22 (Original sample (meq/100g): Na: 27, Ca: 35, Mg: 31, K: 2.6).



4. Bentonite analysis
20

22

24

26

28

30

32

34

36

40 50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

BB12
BB19
BB28

2.4

2.5
2.6

2.7
2.8

2.9

3.0
3.1

3.2
3.3

3.4

40 50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

BB12
BB19
BB28

20

25

30

35

40

45

50

55

60

40 50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

BB12
BB19
BB28

20

25

30

35

40

45

50

55

60

40 50 60 70 80 90 100 110 120

Distance to gallery axis (cm)

Mg
co

nte
nt

(m
eq

/1
00

g)

BB12
BB19
BB28

Ca
co

nte
nt

(m
eq

/1
00

g)
K c

on
ten

t (
me

q/
10

0 g
)

Na
co

nte
nt

(m
eq

/1
00

g)

Figure 66: Distribution of exchangeable cations along a radius in different sections of the bentonite barrier
(Original sample (meq/100g): Na: 27, Ca: 35, Mg: 31, K: 2.6).
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Figure 67. Squeezed water extraction apparatus used at CIEMAT.
Table XX
Chemical composition of the pore water obtained by squeezing in samples from section S7.

BB7-4 BB7-5

pH 7.8 7.9

Electrical neutrality (%) 2.62 1.04

Ionic strength (M) 0.10 0.26

Na+ (meq/L) 87.0 187.0

K+ (meq/L) 0.79 0.16

Mg2+ (meq/L) 14.2 65.8

Ca2+ (meq/L) 17.5 54.9

Sr2+ (meq/L) 0.098 0.320

Al3+ (meq/L) 0.08

Mn2+ (meq/L) 0.005 0.010

Cl- (meq/L) 67.7 236.9

SO4
2- (meq/L) 43.7 60.4

Br- (meq/L) 0.36 0.08

NO3
- (meq/L) 0.07 1.31

HCO3
- (meq/L) 1.98 3.31
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Table XXI
Chemical composition of the pore water obtained by squeezing in samples from section S12.

BB12-10

pH 7.6

Electrical neutrality (%) 5.4

Ionic strength (M) 0.03

Na+ (meq/L) 33.2

K+ (meq/L) 0.31

Mg2+ (meq/L) 4.28

Ca2+ (meq/L) 4.44

Sr2+ (meq/L) 0.032

Al3+ (meq/L)

Mn2+ (meq/L) 0.005

Cl- (meq/L) 24.6

SO4
2- (meq/L) 11.8

Br- (meq/L) 0.02

NO3
- (meq/L) 0.12

HCO3
- (meq/L) 1.43

SiO2 (meq/L) 0.44
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Figure 68. Distribution of chloride, sodium and sulphate in the pore water obtained by squeezing.
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Table XXII
Chemical composition of the pore water obtained by squeezing in samples from section S19.

BB19-1 BB19-2

pH 7.5 7.7

Electrical neutrality (%) 0.12 0.50

Ionic strength (M) 0.06 0.13

Na+ (meq/L) 52.2 100.0

K+ (meq/L) 0.33 0.33

Mg2+ (meq/L) 5.51 29.0

Ca2+ (meq/L) 5.29 22.6

Sr2+ (meq/L) 0.039 0.162

Al3+ (meq/L) 0.07 0.06

Mn2+ (meq/L) 0.003 0.015

Cl- (meq/L) 42.3 110.0

SO4
2- (meq/L) 18.4 37.5

Br- (meq/L) 0.03 0.09

NO3
- (meq/L) 0.02 0.61

HCO3
- (meq/L) 2.57 2.64
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technique produces the expulsion of some amount
of the interlayer water and, therefore, the dilution of
the water samples (Fernández 2003). The salinities
of the water obtained in the more leached zones are
similar to those obtained in the gas pipelines (see
section 4.3.2).

4.3.1.7. Textural analysis: nitrogen
adsorption/desorption isotherms

The dry state of the bentonite can be further charac-
terised by nitrogen adsorption-desorption isotherms.
In the adsorption of non-polar molecules such as ni-
trogen, the layered structure remains closed, and the
external surface area of the stacks of layers, corre-
sponding to both the external faces and the edges of
the montmorillonite particles, is obtained. Nitrogen
adsorption/desorption isotherms have been obtained
at 77 K (liquid nitrogen temperature) on a discontin-
uous volumetry sorptmeter Micromeritics ASAP 2010.
Before measurement, the samples were outgassed by
heating at 90 ºC under a residual vacuum of 0.01
Pa during 18 hours. Depending on the porosity, 0.05
to 0.25 grams of sample were used. Surface areas,
as, were determined using the standard BET method
(Brunauer et al. 1938). The presence of micropores
in the samples has been assessed using the t-plot
method (de Boer et al. 1965).

Figure 70 displays the nitrogen adsorption-desorp-
tion isotherms obtained for an untreated FEBEX ben-
tonite sample and for samples from Grimsel ex-
pressed as gas volume. The Grimsel samples were
taken from blocks of section S12 and S19, from the
bentonite in contact with the back lid of the heater
(BS31-26 and BS31-22N) and from a block in con-
tact with a corroded instrument (SHSDI01A).

All the adsorption isotherms have the characteristic
feature of the type IV isotherm with a very important
hysteresis loop due to capillary condensation in meso-
pores formed between different montmorillonite parti-
cles or tactoids. The curves exhibit a H3 hysteresis
loop in desorption, characterising the presence of
slit-shaped pores (Greeg & Sing 1982). However, the
volume of gas adsorbed by the samples in contact
with the heater is lower than for the other samples.

Table XXIII shows the relevant parameters deduced
from the BET and t-plot treatments. It is interesting to
note that the BET surface area is lower in the benton-
ite near the heater contact (samples BS31-22N,
BS31-26 and BB19-3). Also, it seems that there is an
increase in the size of quasicrystals in the samples in
contact with the heater, since the total external sur-
face decreases, probably by the effect of heating.

4. Bentonite analysis
0

10

20

30

40

50

60

70

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P/PO

Vo
la

ds
orb

ed
(cm

/g
ST

P)
3

BB12-10
FEBEX
BB19-1
BB19-2
BB19-3
SHSDI01A
BS31-22N
BS31-26

Figure 70: Adsorption-desorption isotherm of N2 at 77 K for untreated FEBEX sample (FEBEX) and samples from Grimsel .
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Table XXIII
Parameters deduced from the BET and t-plot treatment on the adsorption of N2 at 77 K

CBET
Vm, liq

(cm3/g)

SBET

(m2/g)

Stot

(m2/g)

Vtot

(cm3/g)

Smicro

(m2/g)

Sext micro

(m2/g)

Sext meso

(m2/g)

FEBEX 388 1.99 10-2 56.38 61.53 9.60·10-2 20.73 35.65 29.35

BB12-10 117 1.65·10-2 46.53 45.60 9.56·10-2 7.81 38.72 29.45

BB19-1 765 2.02·10-2 57.12 60.93 9.23·10-2 18.23 38.89 25.73

BB19-2 774 2.00·10-2 46.53 64.02 9.32·10-2 7.98 38.55 25.11

BB19-3 464 1.67·10-2 47.08 65.48 9.16·10-2 15.46 31.62 26.16

SHSDI 402 1.92·10-2 54.34 54.34 9.25·10-2 17.40 36.94 26.26

BS31-26 382 1.35·10-2 38.16 38.16 7.49·10-2 8.26 29.90 25.32

BS31-22N 310 9.97·10-2 28.17 28.17 7.10·10-2 5.88 22.29 23.39

CBET: parameter related to the heat of adsorption; Vm: monolayer capacity derived from the BET treatment; SBET: BET surface area; Stot: total external surface
area derived form the slope of the straight line passing through the origin of the t-plot; Sext micro: surface area derived from the slope of the second straight
line of the t-plot; Vtot: total pore volume, derived from the amount of nitrogen adsorbed at P/Po of 0.98; Sext meso: surface area derived from the slope of the
third straight line of the t-plot; Smicro: SBET – Sext micro = surface area of the micropores.
adsorption isotherms were replotted following
procedure of de Boer et al. (1965) in the form

vs. t, where t is the mean thickness of the ad-
ed layer calculated according to the Harkins &
(1944) method. This method has been used for

lysing the microporosity. The original slope of
t-plot (Figure 71) indicates a total specific sur-
area of 61.5 m2/g for the FEBEX sample1 and

er values for the treated samples, being the dif-
nces more substantial in the samples closer to
heater. The reduction of micropores is signifi-
t in this dry state.

mesopores were analysed by the BJH method
rrett et al. 1951). In the case of mesopores, no
ificant variations were found among the different
ples, except for those closer to the heater (Table
).

.2. CIEMAT: Analysis of the water
obtained in situ from the gas pipes

study the gases that can be generated in the test
a by the effects of corrosion or by the presence of

micro-organisms in the bentonite, a number of ce-
ramic pipes were installed in the clay barrier for the
measurement of the gas pressures generated and the
sampling of those gases as well as the measurement
of the gas permeability (ENRESA 1998). During the
operational phase, some of these pipes –those closer
to the bentonite/granite interface– were found filled
with water. This water was sampled by GRS and sent
to CIEMAT to perform its chemical analysis. The
knowledge of the chemistry of this water may allow to
determine the transient evolution of the pore water in
the bentonite/granite interface and, on the other
hand, allows the comparison with the pore water
samples obtained by squeezing in laboratory from
bentonite blocks taken during the dismantling.

Six pipes of 60 mm in diameter and 3 m in length
with two connections at the one end to conduits that
reach to the exterior of the concrete plug were in-
stalled in the clay barrier surrounding heater 1, par-
allel to the axis of the drift, between the instru-
mented sections L (x=5.103 m) and N (x=8.075 m)
(Figure 1). Three units (GF-SL-01, GF-SL-02 and GF-
SL-03) were fitted in the granite/bentonite contact

value of the external specific surface is highly dependent on the conditions of its determination, for this reason the value reported here for untreated FEBEX differs
the value reported in section .
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Figure 71: t-plot according to Harkins-Jura method.
Table XXIV
Main parameters calculated with the BJH method for mesopores.

Sample

Desorption branch Adsorption branch

Cumulative
pore volume

(cm3/g)

Pore surface
area

(m2/g)

Average pore
radius (Å)

Cumulative
pore volume

(cm3/g)

Pore surface
area (m2/g)

Average pore
radius (Å)

FEBEX 1.1·10-1 69 30 9.5·10-2 36 53

BB12-10 1.0·10-1 75 55 1.0·10-1 39 103

BB19-1 1.0·10-1 74 56 9.0·10-2 34 106

BB19-2 1.0·10-1 71 58 9.2·10-2 33 110

BB19-3 6.2·10-2 44 57 5.7·10-2 19 122

SHSDI01A 1.0·10-1 69 59 9.2·10-2 34 107

BS31-26 8.4·10-2 62 55 7.8·10-2 28 114

BS31-22N 7.5·10-2 54 56 7.2·10-2 23 127
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(Figure 72), one unit (GF-SL-05) in the surface of
the liner, and two units (GF-SL-04 and GF-SL-06) in
holes drilled in an intermediate zone of the clay bar-
rier. The pipes are of sintered ceramic material with
an average pore size of 65 �m, composed of piec-
es of 1 m joined by Teflon couples (ENRESA 1998).

The fragility shown by this ceramic material, espe-
cially after being wet, led to protecting the pipes in-
stalled in the drill holes of the barrier with a cover-
ing of perforated metal (GRS 1996, Jockwer &
Wieczorek 1999). The filter pipes could easily be
penetrated by both gases and liquids, which allowed
gas and moisture sampling from the buffer as well
as gas injection into the buffer.

Sampling and analysis of gases of the in situ test has
been performed by GRS. This sampling started in
December 1996, almost 3 months prior to switching
on the electrical heaters. Sampling was continued
from January 1997 until January 1999 and from
August 2000 until February 2002 (when the dis-
mantling starts) every three months. The water sent
to CIEMAT belongs to the pipes GF-SL-01,
GF-SL-02 and GF-SL-03, all of them located at the
granite/bentonite contact (Figure 73). This water

was collected in three different gas sampling cam-
paigns: February 1998, December 2001 and Janu-
ary 2002. The water was contained in gas tight
sampling bags, always preserved of any contact with
atmospheric air. As well, during dismantling a water
sample trapped in one of the most external gas pipe
tubing was collected and analysed. This water was
obtained under atmospheric air conditions and pre-
served in a plastic vial.

The results of the chemical analyses of the water
samples are shown in Table XXV. The waters show
large variation in their chemical composition. The
waters from pipes GF-SL-01 and GF-SL-02 are of
Na-Cl type, while the water from pipe GF-Sl-03 is
of Na-Cl-SO4 type. In all the samples the concen-
tration of Ba, Ni, Zn, Be, Bi, Cd, Co, Cr, Cu, Mo,
Pb and Ti are below the detection limits.

The salinities and ionic strength of these waters are
far away from a GTS granite groundwater (see com-
position in Table XXVI, ENRESA 2000), showing the
influence of the bentonite barrier. They show ion
concentrations similar to those of a bentonite pore
water, though slightly more diluted.

FEBEX Project. Final Report. Postmortem bentonite analysis
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Figure 72: GRS ceramic tubes at the bentonite/granite interface for the sampling and measurement of gas flow (ENRESA 1998b).



4.3.3. INPL/LEM: Mineralogical,
chemical and textural analysis

INPL/LEM has analysed six samples from section
S29 with the main objective of detecting any sign of
mineralogical change or modification of clay mate-
rial properties such as cationic exchange capacity or
swelling behaviour.

The samples were obtained by drilling in positions
not equally spaced along the radius (Figure 74):
three in the inner bentonite ring, taken from the same
block (BS29-30, BS29-31 and BS29-32), two in a
block of the middle bentonite ring (BS29-28 and
BS29-29), and one in the outer bentonite ring (BS29-
27). For the transportation of the samples, specific
containers were built in order to avoid changes in
pressure, temperature and water content conditions
(Figure 75-I). Once at the laboratory, the external
PVC layer was removed with a saw (Figure 75-II) and
the opening of the container was finally carried out
under neutral atmosphere (glove bag).

The different results have been compared to those
obtained for the reference bentonite, F0, which
could be identified as the initial state of the benton-
ite material. This reference material was taken from

a non-treated block analogous to those compacted
for the in situ test sent by AITEMIN to INPL/LEM. The
six treated samples have been compared to each
other, to evidence any variation of their properties
upon their respective distances from the central
heater, or upon the saturation state they might have
suffered in the tunnel.

4.3.3.1. Preparation of the samples

To the naked eye (Figure 75-IV) the six samples
showed different hydration states, from higher (BS29-
27) to lower (BS29-32), corresponding to the posi-
tions of the samples with respect to the central heat-
ing cylinder. As most of the scheduled analyses are
generally carried out on powdered samples, one half
of the samples was ground after drying overnight at
105 �C. The weight losses (equivalent to water
losses) for the six bentonite cores went from 14 per-
cent for the inner sample (BS29-32) to 22 percent for
the outer sample (BS29-27).

4.3.3.2. X-ray diffraction

X-ray diffraction (XRD) data were obtained from a
D8 Bruker diffractometer with Co K�1 radiation

4. Bentonite analysis
Figure 73: Position of gas pipes in installation slice 96 (sampling section S20) (ENRESA 1998b). Gas pipes GF-SL-01,
GF-SL-02 and GF-SL-03 marked with a circle.
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Table XXV
Chemical composition of the water taken from the gas pipes in different sampling campaigns

February
1998 December 2001 February 2002 July

2002

GF-SL-02 GF-SL-01 GF-SL-02 GF-SL-03 GF-SL-01 GF-SL-02 GF-SL-03 GF-SL-03

Water type Na-Cl-HCO3
- Na-Cl Na-Cl Na-Cl-SO4

2- Na-Cl Na-Cl Na-Cl-SO4
2- Na-Cl

I.S. (M) 0.02 0.07 0.06 0.09 0.05 0.03 0.06 0.07

pH 7.7 7.9 7.8 7.8 7.9 7.7 7.5 8.4

Eh (mV) -103 -182 184 213

Cl- (mg/L) 356 1300 1100 1500 1500 876 1500 2100

SO4
2- (mg/L) 121 281 27 818 310 43 752 770

HCO3
- (mg/L) 241 592 493 361 283

Br- (mg/L) 0.9 2.8 2.0 2.8 3.0 1.4 2.6 4.7

NO3
- (mg/L) < 0.1 < 1 < 1 < 1 <1 <1 <1 < 1

F- (mg/L) 3.7 1.6 2.3 1.8 1.3 2.9 1.7

I- (mg/L) 1.4 1.0 2.5 0.75 1.1 1.8 0.7

SiO2 (mg/L) 36.4 12.5 10.7 5.1 67.3 65.8

Ca (mg/L) 10 29 20 57 16 16 64 50

Mg (mg/L) 5.5 29 18 47 39 17 62 < 4

Na (mg/L) 365 2400 1900 2800 1200 700 1300 1600

K (mg/L) 8.7 19 17 23 20 13 22 34

Mn (mg/L) < 0.03 < 0.03 0.06 <0.03 <0.03 0.05 <0.3

Al (mg/L) 0.06 <0.01 <0.01 <0.01 0.1 <0.05 <0.05 <0.5

B (mg/L) 3.2 2.8 2.7 3.1 2.0 2.4 0.75

Ba (mg/L) < 0.05 < 0.05 < 0.05 <0.05 <0.05 <0.05 <0.5

Fe (mg/L) 0.03 0.04 0.04 0.03 <0.05 <0.05 <0.05 <0.3

Fe2+ (µg/L) 44 47 25 <0.05 <0.05 <0.05

Sr (mg/L) 0.79 0.53 1.4 0.56 0.30 1.0 <0.5

Cs (µg/L) 0.5 0.5 0.5 0.2 0.2 0.2

Se (µg/L) � 10 � 10 20

As (µg/L) 7.0 2.6 6.0 5.1 3.4 5.5

Re (µg/L) 6.2 < 0.5 3.5 5.9 0.5 5.3

U (µg/L) 0.7 0.9 < 1 <0.5 0.9

Th (µg/L) < 0.5 � 0.5 < 0.5 < 1 0.5 0.5
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Table XXVI
Chemical characteristics (major components) of the groundwater taken from two boreholes at the GTS
(Aare granite) (ENRESA 2000)

Borehole SF14-i3 SF14-i3

Date 18/07/96 8/06/00

Water type Na-Ca-HCO3-F Na-Ca-HCO3-F

pH 8.9 9.4

O2 (mg/L) 0.2

Eh (mV) 420 -120

Ionic Strength (mol/L) 0.001

Alkalinity, CaCO3 (mg/L) 20

Cl- (mg/L) 2.8 0.52

SO4
2- (mg/L) 6.9 7.1

HCO3
- (mg/L) 23.3 29.6

Br- (mg/L) 0.01 < 0.1

NO3
- (mg/L) 0.11 0.1

F- (mg/L) 4.3 5

SiO2 (mg/L) 9.1 9.4

NH4
+ (mg/L) < 0.1 0.42

Ca (mg/L) 7.4 6.1

Mg (mg/L) 0.083 < 0.4

Na (mg/L) 9.1 10

K (mg/L) 2.7 0.2

TOC (mgC/L) 4.9 1.4

Sr (µg/L) 240 175
(l=1.7902 Å), using 0.036� step and 2 s collection
time. The diffractometer is equipped with a (�, 2�)
goniometer and a position sensitive detector (PSD).

Prior to the random powder determinations, the
samples were dried at 105 �C for 12 hours. For ori-
ented slides, a preliminary separation step was
done, to isolate the granulometric fraction inferior to
2 microns, following the method developed by

Rouiller et al. (1972). After separation, the resulting
slurry was deposit on a glass slide. XRD collecting
was carried out at room conditions, after saturation
with ethylene glycol and finally after heating at
550�C.

Greene-Kelly tests (Greene-Kelly 1952) were per-
formed on the reference sample and the six post-
mortem samples in order to check the location of
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Figure 74: Location and coordinates (meters, D-H is the distance to the heater liner) of samples taken for LEM in sampling section S29.
I

II

IV

Figure 75: Container (I), opening of the PVC cover (II), appearance of the cores (IV).



the layer charge. For that purpose, 100 mg of raw
bentonite were suspended in 0.1M LiCl solutions, in
order to substitute the interlayer cations of the clay
material by Li+ ions. After several washings to re-
move ions excess, the clay was separated from the
suspension by centrifugation. Oriented slides were
then prepared with the different slurries and heated
at 400 �C overnight. This thermal treatment is sup-
posed to favour Li migration into vacant octahedral
sites in the case of dioctahedral smectites. For clays
displaying a layer charge mainly located in the octa-
hedral sheet, this migration is supposed to hinder
swelling of the layers upon glycerol saturation (Lim
& Jackson 1986).

Random powder

Scans of the bulk sample as random powder were
carried out to evidence accessory minerals. The XRD
pattern obtained for the untreated sample (F0)
shows the diffraction bands corresponding to basal
planes of the smectite with basal spacings d(001)
close to 15 Å. This interlayer distance reveals the
predominance of calcium cations in the interlayer
space of the clay mineral. Accessory phases such as
quartz and felspar could be detected.

A first analysis of XRD patterns of postmortem sam-
ples (Figure 76a) shows a drastic signal loss be-
tween reference sample (F0) and treated samples
(BS’s) in the low angles region. The diffraction line
centred at 15 Å, due to (001) plane of smectite
minerals, is not detected anymore. In the same 2�
region, there is instead a broad diffraction area that
could mean a very strong decrease of order in the
layer stacking of the swelling phyllosilicate, or differ-
ent hydration states. However, the general shape of
the patterns for treated bentonites looks similar to
the F0 curve, although they all show lower peak in-
tensities.

Figure 76b shows an enlargement of the [35-30�]
2� region, where typical diffraction bands of quartz
and plagioclase occur. Felspars contribution strong-
ly decreases for treated samples. The slight differ-
ences between the six treated samples are assigned
to sample heterogeneity.

Oriented aggregates

The different steps included in the separation of the
less than 2 �m fraction involve, among other modi-
fications of the sample, a total re-saturation of the

4. Bentonite analysis
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Figure 76: XRD patterns of unoriented powders of BS29 samples (dashed line in B plot: F0).
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clay material. Thus, XRD patterns of resulting ori-
ented slides show again the basal spacing line cen-
tred around 14.4 Å, and this for all the treated sam-
ples (Table XXVII and Figure 77). Calculation of
FWHM (band width at half-height) for the (001)
lines does not show any evolution in the thickness of
clay particles, and then does not reveal any modifi-
cation of layer stacking ordering. The crystallite
thickness (calculated with Scherrer formulation) is
close to 60 Å for all samples. With ethylene glycol
saturation, swelling was observed for all the sam-
ples, with no modification of the basal spacings.
Thus, no layer charge modification could be evi-
denced.

Greene-Kelly test was performed on Li-exchanged
bentonites. Swelling capacity was checked after
heating overnight at 400 �C, with glycerol satura-
tion. None of the seven samples presented swelling
upon glycerol saturation (Figure 78, sample BS29-
32). This confirms that the initial bentonite F0 is a
montmorillonite, with a layer charge mainly located
in the octahedral sheet. This also suggests that the
charge location has not changed for the postmor-
tem samples.

4.3.3.3. Infrared spectroscopy

Infrared (IR) spectra were collected in diffuse
reflectance mode using a Bruker IFS 55 Fourier IR
spectrometer at a resolution of 4 cm-1 (200 scans,
on powdered bentonite mixed with pure KBr) under
room conditions of pressure and temperature. The
assignation of IR absorption bands is shown in Table
XXVIII.

The spectra obtained are shown in Figure 79. At
first sight no difference could be evidenced between
the six treated samples and the reference one (F0).
However, it could be noticed a slight increase in
carbonates contribution, centred at 1440 cm-1. Fig-
ure 80 shows an enlargement of the bending vibra-
tions region in which clay layer and accessory min-
erals vibrations occur. There is no modification in
this region, the contributions that could be assigned
to accessory minerals such as felspars or quartz
(bands or shoulders centred at 938, 791, 729, 688
or 622 cm-1, Table XXVIII) do not show any shift in
wave number and no band appears or disappears.

The fine granulometric fraction (< 2 µm) was ex-
tracted from these samples and IR spectra were col-
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Table XXVIII
Assignation of IR absorption bands.

Table XXVII
Diffraction maxima d(001) of smectite for reference (F0) and BS29 samples (in Å).

Treatment F0 27 28 29 30 31 32

RT / RWP 15.2 14.4 14.8 14.8 14.7 14.7 14.8

EG 17.6 17.4 16.8 16.9 17.1 17.2 17.1

550�C 10.0 9.7 9.7 9.6 9.8 9.7 9.6

RT / RWP: room temperature and water pressure; EG: saturated with ethylene-glycol.
Wave number (cm-1) Vibrating group

1017-1012 montmorillonite � SiO, .�Al2OH

936 � SiO from Ca-felspar, anorthite

920 montmorillonite � AlAlOH

882 montmorillonite � AlFeOH/ or carbonates

845 montmorillonite � AlMgOH

791 � FeMgOH from montmorillonite or .� SiO from quartz or cristobalite

729 felspar, anorthite

688 Montmorillonite or felspar

622 Montmorillonite/cristobalite/anorthite
in the fine fraction of each sample. The sepa-
method implies the carbonates dissolution,

their contribution in IR absorbance around
cm-1 disappears (vibration mode �3 from

-). The bending vibration region (Figure 81a)
ls accessory minerals removal. There is a
ening of the vibration bands centred at 1028
nd 918 cm-1.

eak vibration band centred at 882 cm-1 was
ved for both the treated bentonites and the ref-
e sample F0. This band could be assigned to
OH groups of the montmorillonite crystal struc-
s well as to the vibration mode �2 from CO3

2-

rbonate-like minerals (Russel & Fraser 1992).
atter interpretation should be preferred as this

band was not observed for the bulk bentonite. Fig-
ure 81b shows that no modification of the clay frac-
tion could be evidenced with this method. The six
treated bentonites yielded similar spectra.

4.3.3.4. Exchangeable cations and CEC

As the nature of the interlayer cations affects not only
the exchange properties but also the swelling capac-
ity and the rheological behaviour, the different cat-
ions occupation has been determined. The ex-
changeable cations and the CEC were measured us-
ing cobalty-hexamine chloride (Cl3Co(NH3)6) solu-
tions. About 50 mg of bentonite were weighed and
placed in polypropylene tubes. 30 mL of a cobalty-
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Figure 80: IR spectra for untreated (F0) and treated (BS29’s) samples, bending vibration band region.
amine solution, with initial concentration equal to
mol/L was added to the powder. The tubes were
overnight under soft stirring at 25 �C. After cen-
gation to separate liquid and solid fractions, the
l concentrations were calculated employing UV
ctrometer measurements, including a preliminary
ibration with a series of cobalty-hexamine solu-
s. The CEC was evaluated from the rest method,
ed on the adsorbed amount. The supernatants
e analysed to determine simultaneously the con-
tration of Ca, Na, Mg and K by atomic absorp-
. The CEC of the untreated FEBEX bentonite was

determined by INPL/LEM using the BaCl2 salts
thod.

two methods employed by INPL/LEM to deter-
e the CEC have given similar results: 100
q/100g in the case of the BaCl2 method and 99
q/100g for the Cl3Co(NH3)6 method. The distri-
ion of the interlayer cations, as determined by
mic absorption by INPL/LEM, was very similar to
t reported by CSIC (Table XXIX). The differences
erved are not really significant and can be a re-

t of sample heterogeneity, due to variations of
essory minerals presence, such as carbonates or
pars. Na and Mg contents are both modified

upon the distance from the central heater. Na con-
tent decreases from outer to inner samples whereas
Mg content increases (Figure 82a). This modification
induces a slight increase of divalent cations propor-
tion towards the heater (Figure 82b).

As it was revealed by XRD results, the different ben-
tonite blocks show little variations in their mineral-
ogical composition and so the variations described
here can be due to bentonite block heterogeneity.
The evolution of the nature of interlayer cations
should be correlated with the interstitial water com-
position and chemical analyses.

4.3.3.5. Chemical analyses

Chemical analyses were performed at the Centre of
Petrographic and Geochemical Research (CRPG,
Vandoeuvre, France). The samples were preliminary
smelted with LiBO2 and dissolved with HNO3. Major
elements were determined by ICP-AES, minor and
trace elements were determined by ICP-MS.

Chemical analyses (Table XXX) give comparable re-
sults to those reported for the FEBEX bentonite
(ENRESA 2000). Ferric iron is predominant as those
analyses revealed very low FeO contents for all the
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Figure 81: IR spectra for < 2 µm fraction of treated bentonites, bending vibration region: A) BS29 -28 sample, bulk and clay fraction;
B) BS29 samples clay fraction.
samples. Chemical analyses of F0 and BS29’s sam-
ples do not evidence any variation in bentonite
composition. However, whereas CEC measurement
showed that magnesium cations were increasing
from outer to inner samples, from chemical analy-
ses, this element appears rather constant.

Concerning sodium, calcium and potassium cat-
ions, chemical analyses are in good correlation with
CEC measurements. These three latter cations, un-
like magnesium, are not involved in the unit cell for-

mula of clay material. Thus, a very beginning of oc-
tahedral sheet dissolution is one way to explain the
increase of magnesium in the interlayer space.

4.3.3.6. Microscopic analyses

The reference bentonite and two of the six postmor-
tem samples (BS29-27 and BS29-32) were studied
with Scanning Electron Microprobe (SEM) in order
to unravel any modification of clay layer morphol-
ogy and to identify new mineral phases that could
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Figure 82: Interlayer cations in BS29’s samples as determined by INPL/LEM.
have been formed during the operation of the in situ

test. These first microscopic analyses were supple-
mented by Transmission Electron Microprobe (TEM)
coupled to Energy Dispersive X-ray Spectroscopy
(TEM-EDXS), in order to determine the composition
of clay layer and accessory minerals.

Scanning Electron Microprobe

SEM observations were carried out at the University
Henri Poincaré (Nancy, France). They were perfor-

med on a microprobe HITACHI S2500 FEVEX, fea-
turing a maximal resolution of 2.5 Å, which corre-
sponds to 200000 magnification. Observations were
complemented with EDS analyses for semi-quantita-
tive determination of mineral composition.

SEM observations were performed on bulk samples,
i.e. clay material and accessory minerals, and on
secondary minerals after removal of the clay fraction.
For that, the bentonite was suspended in ethanol,
dispersed with ultrasound and left for sedimentation.
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Table XXIX
Cation exchange capacity as determined by INPL/LEM in BS29 samples.

Sample refe-
rence

CEC1

meq/100g
Ca2+

meq/100g
Mg2+

meq/100g
Na+

meq/100g
K+

meq/100g
CEC2

meq/100g

Febex
bentonite3 43 ±5 32 ± 3 24 ± 4 2.1 ± 0.2 101 ± 4

Febex
bentonite 99 39 36 26 2.9 104

BS29-27 105 42 34 30 3.9 110

BS29-28 103 42 36 29 3.9 111

BS29-29 103 42 39 28 3.8 113

BS29-30 105 43 40 26 3.6 113

BS29-31 103 42 40 25 4.0 111

BS29-32 105 42 39 28 3.9 113

1Calculated from final Cl3Co(NH3)6;
2Calculated as sum of exchangeable cations; 3CSIC, Table VI.
Table XXX
Chemical analysis of samples from section S29 perfprmed by INPL/LEM.

% F0 27 28 29 30 31 32

Loss at 1000
�C 18.57 8.65 9.55 12.04 11.63 11.23 13.11

CO2 total 0.35 0.46 0.51 0.49 0.37 0.41 0.40

FeO 0.12 0.14 0.15 0.14 0.12 0.12 0.11

S total 0.025 0.025 0.038 0.038 0.026 0.031 0.026

Percentages normalised with respect to loss at 1000�C

SiO2 65.26 65.28 65.07 65.37 65.34 65.61 65.64

Al2O3 20.84 21.07 20.94 20.91 20.77 20.90 20.94

Fe2O3 3.57 3.65 3.68 3.63 3.64 3.49 3.53

MnO 0.04 0.03 0.03 0.03 0.03 0.05 0.03

MgO 5.01 4.90 5.00 4.88 5.17 4.92 5.02

CaO 2.16 2.23 2.35 2.36 2.29 2.27 2.14

Na2O 1.60 1.37 1.39 1.29 1.25 1.26 1.19

K2O 1.19 1.22 1.30 1.20 1.21 1.17 1.22

TiO2 0.23 0.24 0.24 0.25 0.24 0.24 0.22

P2O5 0.09 <d.l. <d.l. 0.07 0.07 0.09 0.07



Afterwards the supernatant was removed. This opera-
tion was repeated until a clear supernatant was ob-
tained. Few drops of diluted n-butylamine were added
in the first operation to favour the removal of the clay
fraction. The final slurry was dried and dropped on a
carbon-layered tape.

Reference bentonite F0 is mainly composed of smec-
tite phase (Figure 83). Fluffy clay minerals cover al-
most entirely the disseminated secondary minerals,
which are: quartz, sodic and calcic plagioclases, po-
tassic felspars, biotites, carbonates (calcite and anke-
rite), iron oxides, titanium oxides, strontium sulphates
(celestite) and calcium phosphates (apatite).

No differences could be noticed between sample F0
and sample BS29-27, the closer to the gallery wall.
Clay matrix displays similar flake morphology (Fig-
ure 84a) and identical composition. Moreover,
identical accessory minerals were observed.

BS29-32 is the closest sample to the heater. As in
the previous sample, clay matrix displays similar
flake morphology. However, some variations could
be noticed on accessory minerals. Potassic felspars
display dissolution crevices (Figure 84b). Nearby
those corroded felspars, neoformed crystals of
potassic felspars could be observed (Figure 84c).
The spectra of the analyses reveal identical compo-
sition of the felspars in the reference sample (F0)
and in sample BS29-32. Furthermore, clay minerals
in the vicinity of felspars display a slightly different
morphology, filamentous (Figure 84c). No analysis
could be performed since the volumes concerned
are too small. Biotites are still present, but reveal
corrosion gulfs (Figure 84d). As these corrosion
marks were observed for this sample only, they
could be explained by the location of the sample
close to the heater.

Transm

For T
pende
to inc
the re

nickel grid covered by a thin carbon layer. The anal-
yses were performed on PHILIPS CM20 microprobe
at 10 eV and 200 kV. EDX were collected during 40
s to avoid elements migration under electron beam.
EDX spectra were treated in order to get atomic
percentages.

Unit cell formulae were deduced from EDX using the
calculation method of Harvey (1943), i.e. on the ba-
sis of 11 oxygen atoms per unit cell for particles of
2:1 type. In those calculations, iron was always con-
sidered as ferric (Fe3+) and it has been taken into ac-
count the presence of Mg in the interlayer space (Ta-
ble XXXI). The interlayer charge calculated from TEM
observations is 1.18 for the reference bentonite (F0)
and 1.16 for sample BS29-32.

TEM analysis of the clay minerals (<2 µm fraction)
did not evidence any variation in the layer composi-
tion (Montarges-Pelletier et al. 2003). The global
chemistry of the montmorillonite remained constant.
From the analyses, the reference bentonite was pla-
ced in the diagram «Celadonite-Muscovite-Pyrophy-
llite» (Figure 85) (Hower & Mowatt 1966). As it could
be deduced from the layer charge, this smectite be-
longs to the “High charge montmorillonite” group.

4.3.3.7. Textural analysis

Porosity has been measured by gas and water ad-
sorption. In the first case, nitrogen reveals voids be-
tween clay aggregates (mesoporosity, 20-950 Å) and
voids within aggregates (microporosity, 8-20 Å), but
nitrogen molecules cannot access the interlayer spa-
ce due to their size. Water molecules can sorb on the
whole surface, including the interlayer surface. Con-
sequently, for bentonite, it can be assumed that water
molecules will be more sensitive to microporosity de-
crease than nitrogen molecules.

ted in
d by
wder
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4. Bentonite analysis
ission Electron Microprobe

EM observations, bentonite powder was sus-
d in ethanol and then subjected to ultrasound
rease the dispersion of particles. One drop of
sulting suspension is then laid down on a

Nitrogen adsorption volumetry

Nitrogen adsorption experiments were conduc
compacted samples (centimetre size) (obtaine
gently disaggregation of the blocks) and in po

Table XXXI
Structural formula of the smectite determined from EDX analyses.

Sample Structural formula

FEBEX (F0) (Si7.68 Al0.32) (Al3.02 Fe0.44 Mg0.86) O20 (OH)4 (Mg0.28 K0.10 Na0.16 Ca0.18)

BS29-32 (Si7.72 Al0.28) (Al3.02 Fe0.36 Mg0.83) O20 (OH)4 (Mg0.32 K0.04 Na0.16 Ca0.18)



FEBEX Project. Final Report. Postmortem bentonite analysis

106
A B

Figure 83: SEM micrographs for F0 reference bentonite: A) clay matrix, B) clay composition.
A B

C D

Figure 84: SEM micrographs: A) clay matrix, sample BS29- 27; B) K-felspars, sample BS29- 32; C) K-felspars and filamentous clays,
sample BS29- 32; D) biotite, sample BS29- 32.
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Figure 85: Diagram « Celadonite-Muscovite-Pyrophyllite » and reported TEM-EDXS analyses of clay particles of reference bentonite (F0)
and postmortem sample BS29-32 (HB: high charge beidellite, LB: low charge beidellite, HM: high charge montmorillonite,

LM: low charge montmorillonite).
entonite (obtained after grinding, with no subsequent
ieving).

dsorption-desorption isotherms were obtained us-
ng a lab-built classical step-by-step volumetric
etup, with successive introductions of nitrogen (pu-
ity of N2-gas >99.995 %). All samples were pre-
iminary outgassed at 120 �C for 18 hours under a
esidual pressure of 10-9 bar. The measurements
ere conducted at liquid N2 temperature (-196 �C)
ith the samples kept in a bath of liquid N2 at con-
tant level. Pressure measurements were carried out
ith two absolute gauges (Edwards) in the range
-0.01 bar and 0-1 bar. The saturation pressure of
itrogen at -196 �C was recorded using a third
auge during the whole experiment. The adsorption

sotherm was obtained from the measurement of
quilibrium pressures before and after contact with
he sample.

pecific surface areas, as, are calculated with the
ET method (Brunauer et al. 1938; AFNOR NF X
1-621) and the De Boer method (t-plot, De Boer
t al. 1965). The latter method was also used to es-
imate microporous and external surfaces. Micro-
ore filling happens at low and very low relative

pressure values, and includes then the domain of
the monolayer adsorption on external surface. To
be able to distinguish adsorption onto external sur-
face from adsorption into the micropores, the exper-
imental isotherm is compared to a reference curve,
obtained for a non-porous solid, with chemical fea-
tures and energetic constant as close as possible to
those of the studied sample.

The BJH method (Barret et al. 1951) was employed
to obtain the mesopore size distribution (20-950 Å).
For the calculations, pores were assumed to be
slit-shaped.

Figure 86 presents nitrogen adsorption isotherms ob-
tained for the different powder samples. For the six
samples coming from Grimsel, the curves are closely
superimposed, no modification of the pore size distri-
bution is evidenced. However, differences could be
noticed between the treated and the reference (F0)
samples. The beginning of the curve looks similar,
and calculation of BET surface area (Figure 87)
shows that the volume needed to fill the monolayer is
quite the same for all the samples, F0 included.
However, the end of the adsorption branch goes to
higher adsorbed volumes for the treated samples and
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the hysteresis is less marked, indicating a more con-
tinuous distribution in pore size.

Surface area of the powder samples stays in a small
range of values, between 64 m2/g and 77 m2/g
with no evident evolution for the samples 27 to 32
(Figure 87a). From t-plot analysis, the external sur-
face area, which is equivalent to the non-micro-
porous surface area (pore radius > 20 Å), could be
determined (Figure 87b). The ratio “external surface
area / surface area” reveals that there is an in-
crease of the quantity of high size pores for all the
samples BS29’s. This increase is associated with the
decrease of micropores volume (Figure 87c) and
the increase of mesopores volume deduced from
BJH analysis (Figure 87d).

The adsorption analyses have been performed also
on compacted samples. We have seen on the refer-
ence sample F0 that there was no strong difference
between powder and compacted sample concerning
nitrogen adsorption (Figure 88a and Table XXXII).
This is not true for the treated samples, for which
much lower BET surface areas as (between 32 and
40 m2/g) were obtained for compacted than for
powder samples (Figure 88b and Table XXXII).

Concerning the powder samples, there is no progres-
sive change of the surface area with the distance to
the heater, and thus no link can be established be-
tween the temperature suffered by bentonite samples
and their pore size distribution. However, since a
general decrease of microporosity has been observed
in all the treated samples, it must be related to the
overall

during the operation phase all through the barrier.
Actually, even in the inner part of the buffer the water
content increased during the cooling phase preced-
ing dismantling. This hydration could explain the clo-
sure of some pathways to the porosity and thus could
explain the microporosity decrease. The decrease of
microporosity associated with relatively constant sur-
face areas suggests that inter-aggregate porosity is
unchanged although intra-particle porosity is affected
by the thermo-hydraulic conditions occurring in the
gallery.

Water adsorption gravimetry

Water vapour gravimetric adsorption experiments
were carried out using a lab-built quasi-equilibrium
setup designed around a Setaram MTB 10-8 sym-
metrical microbalance. Water vapour was supplied
to the sample (thermostated at 30 �C) from a
source kept at 41 �C at a slow flow rate to ensure
quasi-equilibrium conditions at all times (Poirier et

al. 1987). The simultaneous recording of mass up-
take and equilibrium pressure directly yields the wa-
ter vapour adsorption isotherm. The initial sample
weight was 110.7 mg and they were outgassed at
110 �C during 18 h under a residual pressure of
0.1 Pa.

Figure 89 presents the water adsorption curves ob-
tained for the reference sample F0 and the treated
samples BS29-27, BS29-29 and BS29-32. Because
of the different water contents reached by each
sample according to its position inside the barrier,

uiva-
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increase of water content that has taken place the initial state of the four bentonites is not eq

Table XXXII
BET analysis results for the reference and BS29 samples.

Sample reference as BET (m2/g) CBET Monolayer volume (cm3/g)

F0 compacted 69 414 15.86

F0 powder 77 505 17.71

BS29-31 compacted 43 277 9.8

BS29-31 powder 75 332 17.3

BS29-32 compacted 38 269 8.7

BS29-32 compacted 45 320 10.3

BS29-32 powder 70 395 15.9

BS29-32 powder 64 213 14.6
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Figure 86: Nitrogen adsorption isotherms for powder samples: A) reference bentonite F0, B) BS29 samples 27 to 32.
lent, in spite of identical outgassing conditions be-
fore the water adsorption experiment. This different
initial state explains why these samples display dif-
ferent shapes for the adsorption branch. In the case
of water adsorption, the surface areas can be calcu-
lated using two different cross-sectional areas for
adsorbed water molecules. Indeed, one has to con-
sider the presence of water molecules interactions
with the solid surface, which induce an increase of
the occupied area on the surface. Thus, for water
molecules in liquid state, the cross-sectional area A‘

is taken as 10.6 Å2 (Gregg & Sing 1982), and for
water molecules in interaction with solid surface, A‘
is taken as 14.8 Å2 (Harkins & Jura 1944). The cal-
culated surface areas are shown in Table XXXIII. The
three postmortem samples display lower surface ar-
eas than the reference sample, and this decrease of
surface area is greater for BS29-27 than for the two
other samples. The adsorption curves for BS29-32
(inner) and BS29-29 (middle) are almost superim-
posed, and therefore, calculated surface areas are
similar for these two samples. Since BS29-27 is the
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Figure 87: Nitrogen adsorption data analysis of powder samples: A) BET surface area, B) external surface area calculated from t-plot,
C) micropore volume calculated from t-plot, D) mesoporous volume calculated with the BJH method on the adsorption branch

with a slit-shaped pore model.
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Table XXXIII
Surface areas (as) calculated from water adsorption in BS29 samples considering a monolayer with different cross-sectional areas
of the water molecule.

as (m2/g) 10.6 Å2 14.8 Å2

F0 344 480

BS29-27 192 269

BS29-29 247 345

BS29-32 263 367
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Figure 88: N2 adsorption isotherms for compacted and powder samples: A) F0, B) BS29-32.
outer sample, its thermo-hydraulic story gives place
to a high degree of saturation for the whole dura-
tion of the in situ test. This high degree of water sat-
uration could have provoked a reordering of clay
platelets, resulting in a decrease of intra-aggregate
porosity. This surface area reduction should be
more visible for water adsorption than for nitrogen
adsorption since water molecules are supposed to
reach the totality of pore volume and interlayer
space.

The desorption branch is quite similar for the four
samples. Usually, the reproducibility of water adsorp-
tion process for a same sample is checked on the
desorption branch, assuming that the saturated state
is equivalent for all the samples. Therefore, it can be
assumed that BS29-29 and BS29-32 were not
strongly modified, and not in an irreversible way: af-
ter saturation, the curves follow the same path of
desorption as for F0. Although sample BS29-27 dis-
played a clearly different adsorption curve, the de-
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sorption finally reached back the reference bentonite
desorption curve (P/P0<0.3), suggesting that the ob-
served modifications are reversible.

4.3.4. VTT: Chemical changes caused
by the concrete seal into bentonite

To study the extension of the chemical changes
caused by the concrete seal into the bentonite, two
concrete/bentonite core samples (C/BS7-15 and
C/BS7-16) were taken at the middle and outer ring
of section S7 by drilling through the concrete plug
into the bentonite. Dry drilling was used in the ben-
tonite in order to avoid its wetting. The samples
were sealed in plastic bags, from which the air was
evacuated, and the bags were then closed in metallic
transportation vessels. The vessels were flushed with
nitrogen in order to keep the samples in a low-oxy-
gen condition. The sample vessels were then trans-
ported to Finland.

The sample vessels were opened in a nitrogen glove
box where the oxygen content was 30-300 ppm.
The diameters of both bentonite samples were
about 70 mm. The length of the bentonite core of

the sample C/BS7-15 was 100 mm and that of
C/BS7-16 about 140 mm.

The samples were sawn with a band saw into
smaller pieces. Figure 90 shows the treatment pro-
cedure for the bentonite sample C/BS7-16, which
was selected for detailed studies. The bentonite core
was first split into smaller slices, 5 to 25-mm thick,
in order to avoid diffusive transport of the compo-
nents in the pore water. The slices were numbered
from C/BS7-16/1 to C/BS7-16/10, starting from
the concrete-bentonite interface. The slices were then
closed in gas-tight plastic vessels and moved into a
better glove box for further treatment. The oxygen
content in this glove box was 2-4 ppm.

The surface of the sample cylinder had been in con-
tact with the air during drilling. Drilling had also
heated and possibly dried the sample surface some-
what. To decide the depth to which the surface of the
core had to be taken away, the water content profile
along the diameter of the bentonite core was deter-
mined for a 5-mm thick slice of C/BS7-16/6. Slightly
lower water content could be seen in the 5-mm thick
external surface of the core. In order to obtain repre-
sentative samples for the analysis, the surface was re-
moved from all slices to a depth of 5 mm.
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Figure 89: Water adsorption gravimetry for F0, BS29-27, BS29-29 and BS29-32 samples.
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Cylindrical subsamples were cut from the slices of
C/BS7-16 for squeezing of the pore water. From the
same slices, subsamples were taken also for water
content measurement and measurement of occupa-
tion of the exchangeable cations.

The extension of the chemical changes was studied
by analysing the pore water chemistry and exchange-
able cations vs. the distance from the con-
crete/bentonite interface. Squeezing of the pore wa-
ters was carried out in a nitrogen glove box in tita-
nium cells, as shown in Figure 91. The pressure was
increased stepwise to about 100 MPa and the pore
water was collected in a syringe.

The analyses of the pore water were carried out by
the methods described in Figure 92. More details of
the methods are given in Muurinen (2001). The wa-
ter content of the bentonite was determined by drying
the sample at 105 �C. The dried samples were used
for determination of the occupation of the exchange-
able cations. The determination was carried out by
the method given by Müller-Vonmoos & Kahr (1983),
where the cations are released with NH4SCN in etha-
nol.

The water content in the clay at different distances
from the interface before and after the squeezing

was determined. No systematic change in the water
content vs. the distance from the interface could be
seen. An average water content of 26 percent was
found in the proximity to the concrete plug. The vol-
ume of pore water squeezed in each subsample var-
ied between 1.44 and 2.01 mL.

Table XXXIV presents the concentrations and other
measured parameters in the squeezed pore waters.
The pH values vary from 8.25 to 8.32. The mea-
sured concentrations of S(-II) and Fe2+ were below
the determination limits (0.2 mg/L) of the methods.
There is large scattering in the Eh values, but no sys-
tematic dependence on the distance from the inter-
face can be seen.

Figure 93 presents the concentrations of major cat-
ions and anions and their total concentrations in the
pore waters. The values are given in meq/L to make
comparison of the charge balance possible. The
charge balance is rather good, i.e. within a few per-
cent. There is systematic change in the total dissolved
solids vs. the distance from the surface. The chloride
and magnesium concentrations increase clearly and
sodium and sulphate decrease somewhat at longer
distances from the interface.

4. Bentonite analysis
Sub-samples for squeezing,
water content measurement
and determination of exchangeable cations

Slice for water content profile
Removed layer

Concrete

8-10 mm15-20 mmSlices; thickness 25 mm

Bentonite

Figure 90: Schematic presentation of splitting of the bentonite sample C/BS7-16 for different studies.
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Figure 91: Apparatus for squeezing of pore waters.
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le XXXV. For comparison the values given by

ndez et al. (2004) (Table VI) for initial FEBEX
nite have been included in the table. The de-

going deeper into the bentonite. At the depth o
sample length (140 mm) CEC has approxim
reached the initial CEC of the FEBEX bentonite
decreased CEC possibly indicates the change ca

Table XXXIV
Composition of the pore water squeezed in different slices of the sample C/BS7-16 (meq/L).

Sample/
slice pH Eh (mV) Na+ Ca2+ Mg2+ HCO3

- Cl- SO4
2-

16/1 8.25 -58 64.0 13.4 3.0 1.4 52.0 26.8

16/2 8.25 -115 57.7 10.4 2.8 1.1 50.3 22.4

16/5 8.29 -18 54.6 10.6 7.2 1.2 52.9 22.2

16/8 8.32 -52 54.9 9.6 10.0 1.2 54.2 21.8

16/10 8.28 -74 55.8 11.6 14.0 1.1 60.3 20.2

Uncertainty ±0.1 ±50 ±10 % ±15 % ±15 % ±20 % ±15 % ±15 %
nce on the distance from the interface is clari-
Figure 94. It seems that the CEC has de-

d from the initial value near the concrete-ben-
interface and the CEC value increases while

by the concrete in the bentonite. There are also sys-
tematic changes in the concentrations of the individ-
ual cations as a function of the distance to the con-
crete surface.



4. Bentonite analysis
Centrifugation of water

1.5 – 2 mL

Squeezing of bentonite pw.

0.3 mL

0.6 mL, dilution

0.3 mL, dilution

0.3 mL, dilution

0.2 mL, dilution

Ultrafiltration

pH (micro electrode)
Eh (micro electrode)

Na , K , Ca , Mg , Si (ICP)
Cl , SO (IC)

+ + 2+ 2+ 4+

- 2-
4

HCO titration3
-

S2- (spectrophotometer)

Fe (ferrozine)2+

Conditions and preparative steps
- Assurance of low-oxigen conditions
- Calibratio of pH electrode
- Testing of Eh electrode
- Calibration of HCO titration
- Testinf of Fe and Fe analyses
- Testing of S(-II) analyse

3

tot

-

2+

Figure 92: Methodology for the analysis of the squeezed pore waters.
4.4. Thermo-hydro-mechanical tests
The aim of the thermo-hydro-mechanical tests is
twofold: (1) to characterise the actual state of the
bentonite and (2) to determine the possible changes
in its thermo-hydro-mechanical properties occurred
during the experiment, due to the combined effect
of temperature, water content, joints and solutes.
The THM tests can be divided into six inter-related
groups: tests to determine basic properties, tests for
the study of microstructural changes, tests to under-

stand the water flow, tests to determine the changes
in the mechanical properties of the clay, tests to de-
termine the changes in the thermal properties of the
clay and tests in joints.

The database acquired during FEBEX I and II on the
properties of the untreated clay (ENRESA 1998a,
2000; CIEMAT 1999; UPC 1999; Villar 2000,
2002; Lloret et al. 2002, 2004; Villar et al. 2002b)
has been used as reference, although some proper-
ties have been also determined in intact blocks that
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Table XXXV
Occupation of exchangeable cations in the bentonite samples of the in situ experiment and initial FEBEX bentonite (meq/100g).
Uncertainty of the measured values is ±15 %.

Sample/slice Na+ K+ Ca2+ Mg2+ CEC

16/1 22 < 2 45 23 90

16/2 21 < 2 44 22 87

16/5 22 < 2 39 28 89

16/8 22 < 2 36 35 93

16/10 24 < 2 36 38 98

Initial FEBEX1 27 3 35 31 96

1 Fernández et al. 2004, Table VI.
o-hydro-mechanical tests have been perfor-
n samples from sections S19, S23, S28 and
y CIEMAT, and in samples from section S7,
19 and S28 by CTU. In each sampling sec-
or 12 complete blocks belonging to 3 or 4

nt radii have been taken and sent to the dif-
laboratories. Tests on joints have been per-

by Euro-Géomat on samples taken from
s S11 and S29 that were sent directly from
TS to their laboratory. EIG EURIDICE per-

hydraulic conductivity tests in samples from
s S12 and S19.

. CIEMAT: Basic characterisation
and THM properties

1. Sampling at the laboratory

boratory determinations were carried out at
T facilities from September 2002 to Decem-
03. Each block was unpacked only once in

to take the subsamples for the different deter-
ons (THG, THM or tracers). The sampling was
nated so that to be able to make the tests im-
tely after unpacking and sampling. The blocks
een half-sectioned along the radius, in order

ain material for the THM and THG tests (Fig-
). In order to obtain a more detailed sam-

samples have been taken in different positions
the radius of the block. The subsamples ob-
in this way have been referenced by adding a
utive number to the initial reference of the
The numbers have been given starting by the

f the block closer to the gallery wall.

dry drilling and subsequent trimming to the appro-
priate dimensions (Figure 96). In those tests in which
the sample must be saturated prior to the determi-
nation, deionised water has been used.

4.4.1.2. Retention curves

The retention curve has been determined for six
samples from one of the sampled radii in two sec-
tions around the heater (S23 and S31), at the inner,
outer and middle ring of the bentonite barrier. Two
samples of each block have been trimmed with cy-
lindrical cutters. The resulting height of the speci-
mens was between 1.3 and 1.6 cm and their diam-
eter was of 3.4 cm for samples from section S23
and between 3.3 and 5.1 cm for samples from
section S31.

The specimens thus prepared were placed in desic-
cators with sulphuric acid, so that to apply a given
suction to the samples by means of the control of
the relative humidity. The samples are not confined
during the determination and they can freely swell
or shrink. The samples were initially submitted to a
suction of 4 MPa, what meant for most of them an
increase of water content and a decrease of dry
density. Afterwards they were progressively dried by
applying increasingly higher suctions: 14, 33, 75
and 120 MPa. The latter value corresponds approx-
imately to the suction the blocks had prior to their
installation in Grimsel (room temperature and rela-
tive humidity.) The samples were subjected to each
suction for at least two months, a period of time to
guarantee equilibrium. After each suction step the
samples were weighed and measured to determine
their water content and dry density. Once the reten-
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11
Figure 95: Sectioning of a block for THM (left) and THG determinations (right).
Figure 96: Drilling of blocks to obtain samples for the THM determinations.
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tion curve determination completed, the samples
were measured and dried in the oven at 110 �C for
24 hours to check their final density and water con-
tent. The determinations were performed at 20 �C.

The results obtained for section S23 are shown in
Figure 97 and Figure 98 and for section S31 in Fig-
ure 99 and Figure 100 (see Villar 2003 for further
details). In these figures the initial conditions of the
samples are indicated by a line. The samples closer
to the gallery wall had initial higher water contents
and lower dry densities. After being subjected to a
suction of 4 MPa most of the samples experienced a
density decrease and an increase of water content,
except for the samples taken from the block closer
to the gallery wall in section S23 whose water con-
tents barely changed. In the following suction steps
the water content of all the samples progressively
decreased and the dry density increased. The evolu-
tion of all the samples is quite similar, despite their
positions in the barrier. Moreover, the initial differ-
ences attenuate as the suction applied is higher.
However, the initial differences in dry density among
the different samples remain during the determina-
tion of the whole retention curve: the samples with
higher initial dry density swelled more during the ini-

tial wetting and their density remains lower in the
course of the entire determination.

The evolution of water content in wetting paths for
untreated FEBEX clay obtained with Equation 4 for
initial dry densities of 1.40 and 1.60 g/cm3 has
been drawn in Figure 101 together with the results
obtained for the samples from section S23. The re-
sults obtained for the samples from section S31 are
plotted in Figure 102. Although the path followed
by the samples from Grimsel has been of sudden
wetting (from the initial suction to suction 4 MPa,
not shown in the figures) and subsequent drying to
suction 120 MPa, it is patent that the evolution of
water content experienced by the samples from sec-
tions S23 and S31 is in the order of that expected
for untreated FEBEX samples of similar initial dry
density. The tendency towards a higher retention ca-
pacity observed in the samples from Grimsel can be
accounted for by hysteresis, since the water content
for a given suction is slightly higher in a drying after
wetting path than in a wetting path (Villar 2002,
Lloret et al. 2002, Villar et al. 2002b).

On the other hand, the relative humidity of some of
the blocks from Grimsel has been measured with
capacitive sensors in the laboratory. The plastic and

4. Bentonite analysis
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Figure 97: Water contents reached under different suctions for samples from section S23.
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Figure 100: Dry densities reached under different suctions for samples from section S31.
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Figure 101: Evolution of water content in a drying path for samples from section S23. The lines correspond to untreated FEBEX bentonite in
wetting paths (obtained with Equation 4).
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Figure 102: Evolution of water content in a drying path for samples from section S31. The line corresponds to untreated FEBEX bentonite
in a wetting path (obtained with Equation 4).
uminium foil bags were removed and, with the
ock wrapped in plastic foil, two holes were drilled
it to install the relative humidity sensors inside

igure 103). When the integrity of the block al-
wed for it, the holes were drilled in external and
ternal positions with respect to the gallery axis. The
y block-sensors assembly is left for 3-4 hours to
bilise and afterwards the measures are taken. To
nvert the values of relative humidity to suction val-
s the Kelvin’s law has been used (Equation 7).

ost of the measurements were performed in Au-
st 2003, when the blocks had already been un-
apped and sampled once. This could have given
ace to modifications of their water contents with
spect to the original ones. In fact it seems that
ere has been an homogenisation of the water
ntent inside the blocks, since the suctions mea-
red in different positions are frequently similar.
e suction values measured are plotted in Figure
4 as a function of the position in the barrier, indi-
ted as distance to the gallery axis. The values reg-
ered by the sensors placed in Grimsel in sections

E1 and F1 just before the dismantling are also
otted in the figure. There is a good agreement be-
een the measurements taken in the laboratory and

those taken in situ before dismantling, what corrobo-
rates the inertia of the blocks to change their water
contents if they are well packed and the reliable per-
formance of the in situ instrumentation.

The suction values measured in the laboratory have
been related to the water contents determined in the
same blocks and in the same positions (section
4.1.2) and are plotted in Figure 105 in the form of
a retention curve. The curve determined for un-
treated FEBEX bentonite compacted at dry density
1.60 g/cm3 in constant volume cells kept in desic-
cators with sulphuric acid solutions is also plotted in
the figure (Figure 3, Lloret et al. 2004). This curve
was obtained following a wetting path, which is the
same process experienced by the samples from
Grimsel. The samples with dry density lower than
1.60 g/cm3 have higher water contents for the same
suction than the untreated sample with density 1.60
g/cm3, while the contrary happens for samples of
higher dry density, which is the expected trend.
Overall, the points obtained in the blocks from
Grimsel follow closely the curve for the untreated
samples, and no appreciable change of the reten-
tion capacity of the FEBEX clay after five years under
repository conditions has been detected.

2



4. Bentonite analysis
Figure 103: Capacitive sensors installed in two different positions of a block from Grimsel.
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Figure 104: Suction values measured with capacitive sensors in situ before dismantling (instrumented sections C, E1 and F1)
and in laboratory. The line is a fitting for all the laboratory measurements.
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Figure 105: Retention curve as determined from sensor measurements at laboratory in blocks from different sections (points)
and determined in untreated FEBEX samples by control of relative humidity at constant volume (line).
.4.1.3. Porosimetry

ut of the context of the EC Contract, CIEMAT has
rformed analysis of pore size distribution by mer-
ry intrusion porosimetry in 25 samples, taken
ong different radii from the sampling sections
ound the heater S19, S23, S28 and S31.

is technique allows the determination of the pore
ze distribution by injecting mercury into the sample

different pressures while controlling the volume
truded. The pressure applied can be related to the
inimum pore diameter intruded, taking into ac-
unt the characteristics of the fluid. The ratio of the
lume of mercury intruded (pore volume) to ap-
ied pressure (which conditions the minimum pore
ameter) allows distribution curves to be obtained
tablishing the percentage of pores of a size
cluded within a given range.

r this work a Poresizer 9320 porosimeter by Micro-
eritics was used, with a mercury injection pressure
nge of 7 kPa to 210 MPa, this allowing pore diam-
ers of between approximately 200 and 0.006 µm
be measured. Consequently, the mercury does not

trude the microporosity (pores of a size of less than

0.002 �m, according to the classification of Sing et

al. 1985). The mercury intrusion method allows ac-
cess to be gained only to the macroporosity and to
part of the mesopores. Before the samples are in-
serted in the porosimeter, the water is removed from
the pores by freeze-drying. The data obtained are
given in accordance with the following key (Tuncer
1988):

� e1: void ratio calculated from the experimental
measurement of specific gravity (with pycnom-
eters: 2.70 g/cm3) and dry density (by immer-
sion in mercury, see section 4.1.2).

� e2: void ratio calculated by mercury intrusion in
the porosimeter (or apparent void ratio).

� % total: total percent of pores intruded by mer-
cury.

� 	 avg. (�m): average pore diameter.

� % large, medium or small: percent of large
pores volume (diameter greater than 6 µm),
medium-sized pores (diameter between 6 and
0.12 �m) or small pores (diameter between
0.12 and 0.006 µm) with respect to the total
volume of intruded pores. This size classifica-

4



tion was developed on the basis of porosimetry
results obtained from all the clay samples from
Grimsel analysed, and includes only macro
and mesoporosity. The limits between families
may vary slightly between different samples.

� Large, medium or small pore mode (�m).

� Unif.coef.: uniformity coefficient of pores 	40/	80.

Figure 106 shows a typical porosimetric curve for a
sample of untreated FEBEX bentonite compacted at
dry density 1.70 g/cm3 and for two samples taken
from Grimsel. The three main families of pores
(large, medium and small) may be appreciated in
the three samples, the difference among them being
the percentage of each family. A summary of the
porosimetric data obtained is shown in Table XXXVI,
in which the results have been grouped according to
the position of the samples in the barrier: external,
intermediate or inner ring. The results obtained for
the untreated FEBEX bentonite compacted at dry
density 1.68 g/cm3 with hygroscopic water content
–which are approximately the initial conditions of
the blocks placed in Grimsel– are also included in
the Table (Villar 2002). Figure 107 shows the distri-
bution of pore sizes obtained for the external, inter-

mediate and internal rings of the barrier and the av-
erage distribution for specimens of untreated FEBEX
bentonite. The analysis of these results reveals that
after being subjected for five years to repository
conditions, the bentonite seems to have experienced
a redistribution of the size of pores, which is more
homogeneous and with a higher average diameter,
since the modes of all the pore families have in-
creased. This causes higher uniformity coefficients.
There is a relative increase of the percentage of
large pores not related to the position of the sam-
ples in the barrier. However, the relative percentage
of medium pores decreases with respect to the initial
one towards the gallery wall while the percentage of
small pores decreases with respect to the initial one
towards the heater. There is also an overall increase
of the percentage of the total porosity that is in-
truded by mercury in the samples from Grimsel,
which maybe simply a consequence of the higher
porosity of these samples (their dry density is lower)
or may imply either a decrease of pores with a size
of less than 0.006 �m (equipment access limit), or
more probably, an increase of interconnected po-
res. In any case, the percent of the porosity intruded
by the mercury is fairly low, this meaning that there

4. Bentonite analysis
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obtained by mercury intrusion in the untreated bentonite compacted at 1.68 g/cm3 with hygroscopic water content (0), and external (1),

intermediate (2) and inner (3) rings of the clay barrier.
Table XXXVI
Data on porosimetry by mercury intrusion in the external, intermediate and inner rings of the bentonite barrier
and for the untreated FEBEX bentonite

EXTERNAL INTERM. INNER UNTREATED

No. of samples 8 9 9 15

Water content (%) 26±2 20±1 16±1 14±1

�d (g/cm3) 1.55±0.04 1.62±0.02 1.65±0.03 1.68±0.19

e1 0.748±0.049 0.666±0.019 0.635±0.031 0.640±0.281

e2 0.400±0.099 0.364±0.032 0.359±0.090 0.193±0.088

% total 54±16 55±6 56±12 34±17

Avg. diameter (�m) 0.02±0.00 0.04±0.03 0.03±0.01 0.02±0.02

% large 28±6 29±4 27±7 23±5

Mode large (�m) 42±4 36±16 38±19 20±12

% medium 16±3 19±3 22±4 22±5

Mode medium (�m) 0.94±0.35 0.83±0.25 0.99±0.35 0.60±0.06

% small 55±7 52±5 51±10 55±6

Mode small (�m) 0.014±0.002 0.014±0.003 0.016±0.003 0.014±0.004

Unif. coef. 145±123 101±73 115±174 44±33
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is still an important volume of pores with a size of
less than 0.006 �m or not interconnected.

The final interpretation of these results must be done
taking into account the differences in the dry density
and water content of the samples: the dry density of
the samples from Grimsel is lower than that of the
untreated sample considered, while the water con-
tents are higher. The overall increase of volume ex-
perienced by the samples at the barrier (which im-
plies a decrease of dry density from that of the com-
pacted blocks –1.70 g/cm3– to the average dry den-
sity of the barrier –1.58 g/cm3–, see section 4.1.2) is
probably responsible of the increase of large pores.

4.4.1.4. Hydraulic conductivity

CIEMAT has determined the hydraulic conductivity
of six samples taken from two sections (S19 and
S28), at different distances from the heater along a
sampling radius.

The theoretical principle on which the method used
to determine the hydraulic conductivity is based is
that of the fixed load permeameter. Basically, it con-
sists in measuring against time the volume of water
that passes through a specimen, confined in a rigid
cell preventing it from deforming, to which is ap-
plied a constant hydraulic gradient between the up-
per and lower parts. For this purpose a hydraulic
head, that is to say, a difference in potential, is ap-
plied between the upper and lower parts of the pre-
viously saturated sample. The complete saturation
of the sample and associated swelling guarantee
perfect contact with the walls of the cell, preventing
the flow of water between these and the sample. At
the same time, the flow of water passing through the
specimen is measured versus time (Villar 2002).

The undisturbed samples have been adapted to the
diameter of the cell ring by working them with a cy-
lindrical cutter, attempting not to modify either their
moisture or density. The nominal dimensions of the
sample are 19.63 cm2 in surface area and 2.50 cm
in length. The sample is saturated at 0.6 MPa from
both faces with deionised water for a time period
usually established at a minimum of two weeks. On-
ce the sample is saturated, the hydraulic gradient is
applied by increasing the injection pressure at the
lower part of the cell, while the downstream pressure
is maintained at 0.6 MPa. The values of hydraulic
head applied have ranged from 1.2 MPa to 1.6
MPa, depending on the dry density of the specimen
and its permeability. An automatic volume change
apparatus is installed between the upper inlet of the

cell and the backpressure system. This device is con-
nected to a data acquisition system and periodically
records the volume of water passing through the
sample. Once constant flow is achieved, permeability
is calculated by applying Darcy’s law. The determina-
tions have been made at laboratory temperature. The
final water content and dry density of the specimen is
checked on completion of the test by drying the sam-
ple at 110 �C during 24 hours.

The results obtained are plotted in Figure 108 as a
function of the position of the samples in the barrier
and detailed in Villar (2003). The hydraulic conduc-
tivity is clearly related to dry density and the latter in
turn is related to the position of the block in the bar-
rier. However, trimming has caused changes in the
original dry density of the samples, for which reason
dry densities lower than expected are found, particu-
larly in samples from blocks BB19-2 and BB28-1. It
must be pointed out that the values measured do
not correspond to the permeability of the bentonite
at the moment it was retrieved, since the samples
have been saturated to perform the determination,
and permeability depends greatly on the degree of
saturation.

The empirical correlations between dry density and
saturated permeability for untreated FEBEX bentonite
(Equations 1 and 2) along with the average range of
deviation of experimental values with respect to theo-
retical values (30 percent) are plotted in Figure 109,
together with the hydraulic conductivities measured in
samples from Grimsel. Although the values of hy-
draulic conductivity for the samples of lower density
(more hydrated) are in the order of the theoretical
ones, for the higher densities there is a large disper-
sion without any clear tendency.

4.4.1.5. Swelling deformation tests

The saturation (or swelling) under load test makes it
possible to determine the strain capacity of the soil
when it saturates under a previously established
pressure. Twelve samples, from two different sec-
tions (S19 and S28), have been selected to perform
this determination, six per section, taken at different
distances from the heater along the sampling radii.

The tests have been performed in standard oedo-
meters. Two samples from each block (external and
internal position) have been trimmed to the appro-
priate dimensions (height 1.20 cm, diameter 3.81
cm). For this purpose cylindrical cutters were used,
and the samples obtained were placed in the
oedometer ring. Once in the oedometer, a vertical
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Figure 108: Hydraulic conductivity of samples from sections S19 and S28 (the dry density of the samples is indicated in g/cm3).
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Figure 109: Hydraulic conductivity as a function of dry density for samples of sections S19 and S28. The lines correspond
to the empirical fittings obtained with Equations 1 and 2 (the position of the samples is indicated with consecutive numbers from 1

–closest to gallery wall– to 6 –closest to heater–).
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pressure of 0.5 MPa has been applied to the sam-
ples. Immediately afterwards, the samples are satu-
rated with deionised water at atmospheric pressure
from the bottom porous plate. The swelling strain
experienced by the specimens upon saturation has
been recorded as a function of time until stabilisa-
tion. The ratio between the final length increase un-
dergone by the sample in equilibrium with the load
applied and its initial length gives the strain value of
the material on saturating, the negative values indi-
cating swelling strains. The final result is, therefore,
the percentage of strain of a sample of given initial
dry density and water content on saturating under a
fixed load. On completion of the test, the water
content of the specimen was determined by oven
drying at 110 �C for 24 hours. The tests have been
performed at laboratory temperature.

The results obtained are detailed in Villar (2003).
Figure 110 shows the evolution of strain versus time
in tests performed with specimens of section S19. The
figure illustrates how swelling develops more rapidly
in the samples of higher initial dry density (and lower
initial water content), which correspond to internal
positions of the barrier. Their higher suction may be
the explanation of this behaviour.

Indeed, the samples closer to the gallery wall had
higher initial water content and lower initial dry den-
sity. The swelling capacity is related to both, increas-
ing with initial dry density and decreasing with initial
water content. For this reason the final strain of the
samples closer to the heater is higher, as can be
clearly seen in Figure 111. The duration of the tests
was on average of 20 days. At the end of the tests all
the specimens were verified to be completely satu-
rated.

Similar tests were performed with samples of un-
treated FEBEX bentonite compacted at various dry
densities with different water contents (Villar et al.
2002b). These tests were performed with the aim of
having a database with which compare the results
presented above. From the results obtained an em-
pirical relation was found between swelling strain (�,
%), initial dry density (�d, g/cm3), initial water con-
tent (w, %) and vertical pressure (�, MPa), whose
predicting capacity is rather good:

� = [(-12.12 ln �d + 1.89) ln � +

(36.81 �d – 53.59)] ln w +

(38.27 ln �d – 1.25) ln � +

(-149.05 �d + 211.42)

[17]
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Figure 110: Evolution of vertical strain during saturation under vertical load 0.5 MPa for samples from section S19 (the initial dry density
of the samples is indicated in g/cm3).
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SATURATION UNDER VERTICAL LOAD 0.5 MPa
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Figure 111: Vertical strain after saturation under 0.5 MPa of samples from sections S19 and S28 (the initial dry density of the samples
is indicated in g/cm3 and their position by consecutive numbers from 1 –close to the gallery wall– to 6 –close to the heater–).
results obtained with the samples from sections
and S28 are plotted again in Figure 112 as a

ction of the initial water content of the samples.
figure shows also the theoretical lines obtained
Equation 17 for three different initial dry densi-

. It can be observed that the final swelling strains
he samples coming from Grimsel are in the or-
of those expected for the untreated FEBEX ben-

ite compacted at the same initial dry density with
same water content. This can be clearly seen in
re 113, in which the values actually measured
the theoretical values obtained with Equation

are compared. Consequently, it can be claimed
t the swelling capacity of the FEBEX bentonite has

irreversibly changed after five years of being
jected to repository conditions.

.1.6. Determination of preconsolidation
pressure

blocks installed in the FEBEX in situ test at
msel were manufactured by applying uniaxial ver-
l pressures of between 40 and 45 MPa (ENRESA
0), which would correspond approximately to the

consolidation stress of the clay. However, the mo-

dification of the structure of the sample –for example
as a result of hydration under low load, with which
more open structures with higher levels of porosity
are obtained– may cause the value of preconsolida-
tion to decrease. This may be analysed through de-
termination of the preconsolidation pressure (�p’) in
graphs showing the evolution of void ratio due to in-
creasing load under constant suction. For this reason
the preconsolidation pressure of samples from Grim-
sel has been determined under oedometric condi-
tions and control of suction.

Twelve samples from 2 different sections (S19 and
S28) have been tested, 6 per section, taken at dif-
ferent distances from the heater along one sampling
radius. The sampled radii chosen are different to
those sampled for the strain at saturation tests. The
water content and dry density of the adjacent clay is
checked, and the samples are tested under the suc-
tion corresponding to that water content according
to the water retention curves (Figure 3, Lloret et al.
2004). Suction is set by means of sulphuric acid so-
lutions. The sample equilibrates at the target suction
under a low vertical load. Afterwards, the sample is
loaded progressively up to 2, 4, 6, 12 and 20 MPa.
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Figure 112: Final strain reached in soaking tests under a vertical pressure of 0.5 MPa for samples of sections S19 and S28. The lines
correspond to the empirical fittings obtained with Equation 17 (the initial dry density of the samples is indicated in g/cm3

and their positions with consecutive numbers from 1 –closest to gallery wall– to 6 –closest to heater–).
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Figure 113: Final strain reached in soaking tests under a vertical pressure of 0.5 MPa compared to the theoretical value
obtained with Equation 17.
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The duration of each loading step is fixed to 7 days.
The tests are performed at laboratory temperature.

To perform these tests the oedometric cells of Figure
114 have been adapted to withstand the high pres-
sure supplied by an oedometric frame equipped with
a load cell (Figure 115). Cylindrical samples of height
1.2 cm and diameter 3.8 cm are drilled in the ben-
tonite blocks, trimmed if necessary and placed in the
oedometer ring. The vertical deformation of the speci-
men during the test is measured by two LVDTs.

The initial dry density (�d) and water content (w) of
each sample and the suction applied during the
tests are shown in Table XXXVII for section S19 and
in Table XXXVIII for section S28 (see Villar (2003) for
further details of each test). Examples of the consoli-
dation curves obtained are shown in Figure 116
and Figure 117, and the oedometric curves are
shown in Figure 118 for samples of section S19 and
in Figure 119 for samples of section S28. In these
figures it can be observed that the preconsolidation
pressure is for all the samples lower than 10 MPa,
and consequently has decreased with respect to the
initial one, the volume increase experienced by the
bentonite during hydration accounting for that. Fur-
thermore, the preconsolidation stresses found are

lower the lower the suction applied during the test,
i.e. the higher the water content reached during the
in situ experiment. These values are plotted as a
function of suction in Figure 120, in which the ap-
parent preconsolidation stresses found for samples
of untreated FEBEX bentonite compacted initially to
similar dry densities and subjected to different
suctions are also shown (Villar 2002, Lloret et al.
2003). The latter values correspond to consolida-
tion of samples initially hydrated under low vertical
stresses, and since they have swollen during the wet-
ting more than the Grimsel samples (which are
“confined”), their preconsolidation pressures are
even lower.

4.4.1.7. Thermal conductivity

The superficial thermal conductivity has been mea-
sured in the sampled blocks before any other deter-
mination. The thermal conductivity has been mea-
sured over the surface of the block that faced the
gallery entrance in two positions transversal to the
radius, in order to have six measurements evenly
distributed along the sampling radii (Figure 121).
The results obtained are plotted in Figure 122, in
which it can be seen that the values range within the
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Figure 114: Schematic cross section of an oedometric cell with deposit for solutions.
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Table XXXVII
Initial conditions of the samples from section S19 used in the consolidation tests.

Sample Position1 (cm) Initial �d (g/cm3) Initial w (%) Suction (MPa)

BB19-10A-1 109 1.52 28.4 3

BB19-10A-2 96 1.57 25.3 9

BB19-11A-1 88 1.59 23.7 7

BB19-11A-2 74 21.7 35

BB19-12A-1 66 1.64 17.8 67

BB19-12A-2 52 1.65 16.5 84

1 Distance to gallery axis.

Table XXXVIII
Initial conditions of the samples from section S28 used in the consolidation tests.

Sample Position1 (cm) Initial �d (g/cm3) Initial w (%) Suction (MPa)

BB28-7A-1 109 1.54 27.9 2

BB28-7A-2 96 1.54 25.8 7

BB28-8A-1 88 1.63 21.0 27

BB28-8A-2 74 1.57 20.0 30

BB28-9A-1 66 1.69 14.4 104

BB28-9A-2 52 1.74 15.6 132

1 Distance to gallery axis.
interval 0.8-1.3 W/m·K. Higher thermal conductivi-
ties have been measured in the external blocks of
the barrier, due to their higher water content.

The theoretical thermal conductivity for the blocks
from Grimsel has been calculated with Equation 5,
obtained from measurements in untreated FEBEX
specimens, taking into account their dry density and
water content. The values thus calculated have been
compared to those actually measured. It has been
observed that, in general, the “theoretical” values
calculated with Equation 5 are a 6 percent higher
than those measured. Figure 123 shows the values
measured in blocks from Grimsel belonging to sec-
tions with heater as a function of their water content.
The dry density of some of the blocks is indicated.
Three lines obtained with Equation 5 corresponding

to the theoretical thermal conductivity for three dif-
ferent dry densities are also drawn in the figure. It
can be seen that the conductivities measured are in
most cases below the expected values for blocks of
the same dry density and water content. This can be
clearly seen in Figure 124, in which the values actu-
ally measured and the theoretical values obtained
with Equation 5 are directly compared. However,
this is not the case for section S12, in which the
heater was not present. In fact, if the deviations with
respect to the theoretical value are calculated for
the different rings of the barrier (external, intermedi-
ate, internal) it is observed that the higher deviations
are obtained in the blocks of the internal and inter-
mediate rings, which present clearly lower conduc-
tivities than expected (10 and 8 percent lower, re-
spectively.) To a lesser extent this is also observed in
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1

Figure 115: Suction controlled oedometer cells installed in the frames to perform high pressure consolidation tests.
BB19-10-1: loading under suction 3.3 MPa
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Figure 116: Evolution of strain during the different steps of the process of loading under suction 3 MPa for sample BB19-10A-1
(located at 109 cm from the gallery axis).
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4. Bentonite analysis
BB28-9-2: loading under suction 132 MPa
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Figure 117: Evolution of strain during the different steps of the process of loading under suction 132 MPa for sample BB28-9A-2
located at 52 cm from the gallery axis).
ction S12 (Villar 2003). All these observations
ggest that the decrease in thermal conductivity
uld be related to heating.

.4.2. CTU: Basic characterisation
and THM properties

.4.2.1. Basic properties

TU has determined bulk density (�), dry density (�d),
nsity of solid particles (�s), porosity (n), water con-

nt (w), volumetric water content (wv), liquid limit
L), plasticity limit (wP), shrinkage limit (ws), plasticity
dex (IP), consistency index (Ic), colloidal activity of
ay (IA) and grain size distribution on samples taken
om sections S7, S12, S19, S28 at the inner, mid-
e and outer ring (36 samples). The determinations
ve been performed following the Czech standards
TU-CET 2003) in crushed material obtained from
e blocks. As the CTU laboratory was not used to
ork with the FEBEX bentonite, preliminary tests to
eck the raw material and the equipment were per-
rmed before the dismantling. The tests were per-
rmed in a block sent by AITEMIN that had not

been installed at Grimsel and that is considered as
the reference block.

The results obtained are summarised in Table XXXIX,
in which also data for the reference block are given
for comparison. An example of the grain size curves
obtained is shown in Figure 125.

Tested materials were classified according to Czech
standard �SN 73 1001 “Foundations of structures
– Subsoil under shallow foundations” as loams with
extremely high plasticity (with exception of BB19-7).
Liquid limits of these materials are in the interval
107–138 percent, plasticity index in the interval
53–85 percent. The latter is highly related to the
water content of the samples and thus to their posi-
tion in the barrier, the plasticity index clearly in-
creasing with water content (Figure 126). The lowest
values of liquid limit and plasticity index were ob-
tained for blocks that underwent the highest temper-
ature (BB19-9 temperature 77 �C and BB28-12
temperature 74 �C.) Block BB19-7 is classified as
clay with extremely high plasticity and has the high-
est value of liquid limit (152 %) and plasticity index
(99 %). This block underwent an average tempera-
ture of 40 �C.
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Figure 118: Oedometric curves of the tests performed in samples from section S19.
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BB28-7-1: loading under suction 2 MPa
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Figure 119: Oedometric curves of the tests performed in samples from section S28.
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Figure 120: Apparent preconsolidation stress of samples from Grimsel and of untreated bentonite determined under constant suction
corresponding to the water content of the clay.
Figure 121: Measurement of superficial thermal conductivity (the plastic foil under the conductivity probe is removed for the determination).
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Figure 122: Thermal conductivity along radius of different sections.
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obtained with Equation 5.
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Figure 124: Thermal conductivity values measured compared to the theoretical values obtained with Equation 5.
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4. Bentonite analysis
Table XXXIX
Basic properties of the bentonite determined by CTU.

Sample
Temp.1

(�C)

�

(g/cm3)

�d

(g/cm3)

�s

(g/cm3)

n

(%)

w

(%)

wL

(%)

wP

(%)

IP

(%)
Ic IA

Reference - 1.86 1.65 2.70 39 10-13 115 51 64 1.6 3.8

BBS7-7 18 2.00 1.62 2.65 39 23.6 117 57 60 1.6 3

BBS7-8 18 1.99 1.54 2.53 39 29.3 125 51 74 1.3 3.7

BBS7-9 18 1.89 1.54 2.68 42 22.2 133 54 79 1.4 3.6

BB12-7 23 2.01 1.60 2.74 42 25.5 138 53 85 1.3 3.4

BB12-8 23 1.98 1.68 2.68 37 18.2 122 52 70 1.5 3.5

BB12-9 23 1.96 1.66 2.67 38 18.5 131 48 83 1.4 3.8

BB19-7 40 2.01 1.59 2.68 41 26.4 152 53 99 1.3 4.5

BB19-8 59 2.07 1.71 2.63 35 21.2 112 50 62 1.5 3.3

BB19-9 77 1.88 1.64 2.57 36 14.9 107 54 53 1.7 4.1

BB28-10 49 2.04 1.60 2.70 41 28.1 131 56 75 1.4 3.4

BB28-11 62 2.01 1.67 2.75 39 20.4 117 55 62 1.6 3.4

BB28-12 74 1.89 1.65 2.75 40 14.7 112 54 58 1.7 3.9

1Temperature of the block during the operation phase of the test at Grimsel.
The measurements given above indicate that the
thermal loading of blocks has not had significant
negative influence on their plasticity.

4.4.2.2. Swelling properties

To determine the swelling pressure a new equip-
ment has been fine-tuned. It is based on the use of
oedometric frames equipped with a load ring. In the
special stand designed, the volume of the sample is
kept almost constant in the steel frame, and the
pressure exerted by the sample as it is flooded is
measured by means of the load ring (Figure 127).
In this way the evolution of swelling pressure with
time can be known. The small deformation of the
sample is measured by means of strain dial gauges.

The specimens were prepared by uniaxial compac-
tion of crushed material from the blocks. Before
compaction the clay was dried to water contents be-
tween 11 and 13 percent. The height of the speci-
mens was 15 mm, their diameter 120 mm and they
were compacted at a bulk density analogous to that

of the reference block (about 1.90 g/cm3). Once
compacted the sample was extracted and placed in
the oedometer ring.

As an example, the evolution of volume change dur-
ing the swelling test for sample BB28-12 is shown in
Figure 128, and the evaluation of swelling pressure
at zero deformation for the same sample is shown on
Figure 129.

On the other hand, the swell index has been deter-
mined according to standard ASTM D 5890-02.
The swell index test is used to determine the general
swelling characteristics of the bentonite. The tests
were carried out on part of the blocks previously
ground and dried at 110 �C for 24 h.

The results of the swelling pressure (Ps) and swell in-
dex (SI) tests are shown in Table XL. No significant
difference was found between the swelling pressure
values obtained for the reference material and for
the blocks coming from Grimsel. Therefore, and
due to the long duration of the tests, swelling pres-
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Figure 126: Plasticity index of the samples from Grimsel as a function of their water content and position along the radius.
sure was determined only for two blocks from each
sampling section.

Summarising, the specimens obtained from blocks
from Grimsel (by crushing, drying to water contents
between 10 and 13 percent and compaction at bulk
density of about 1.90 g/cm3) have swelling pres-
sures between 5.3 and 8.7 MPa. The value ob-
tained for the reference material is 6.8 MPa. As
both the values of swelling pressure and swell index
for the samples from Grimsel are comparable to the

values obtained for the reference untreated block, it
can be concluded that there is not any significant
change of these properties after the five years of in

situ experiment.

4.4.2.3. Uniaxial strength

Uniaxial strength is one of the strength characteris-
tics of soils. Exceeding of strength can cause cracks
and damage of soil. The European standard EN
1926 “Natural stone test methods – Determination
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Figure 127: Stand for measuring swelling pressure with dynamometers.
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Figure 128: Determination of volume change on time for FEBEX block BB28-12.
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Figure 129: Determination of swelling pressure at zero deformation for block BB28-12
Table XL
Swelling pressure (Ps) and swell index (SI ) tests results.

Sample T 1

(�C)
Initial w

(%)
SI 2

(mL of gel/ 2 g)
w 3

(%)
�

(g/cm3)
Ps

4

(MPa)

Reference - 10 –13 5.0 13 1.86 6.8

BBS7-7 18 23.6 5.0 12 1.84 5.3

BBS7-8 18 29.3 5.8 10 1.85 6.1

BBS7-9 18 22.2 6.1 12 1.82 6.4

BB12-7 23 25.5 6.0 11 1.81 6.7

BB12-8 23 18.2 5.0 13 1.84 6.7

BB12-9 23 18.5 4.6 12 1.86 6.2

BB19-7 40 26.4 5.2 12 1.83 6.1

BB19-8 59 21.1 6.2 11 1.82 5.5

BB19-9 77 14.9 4.5

BB28-10 49 28.1 5.4

BB28-11 62 20.4 6.0 13 1.92 8.7

BB28-12 74 14.7 5.3 13 1.88 5.6

1Temperature during the experiment at Grimsel; 2Swell index measured for samples with w=0%; 3Water content after air-drying; 4Swelling pressure measu-
red for samples previously air-dried



of compressive strength” has been followed to de-
termine this property.

Cube samples with edge dimensions 50±5 mm
were cut from the bentonite blocks. The standard re-
quires at least a set of six samples. This condition
was fulfilled for almost all blocks. Only two samples
were prepared from block BBS7-8 and four samples
from block BB19-9, as they were both very dam-
aged. Two sets of tests were carried out: one with
samples loaded in the same direction in which the
block was compacted, and the other one with sam-
ples loaded perpendicularly to the compaction di-
rection.

The cubes prepared were dried before testing at a
temperature of 70�C for 24 hours. Afterwards they
were weighed and their dimensions measured. The
density of the sample is calculated from these values.

A combination of press and PC (with WINTRH 2.0
software) was used for the uniaxial strength testing.
The sample is placed axially into the press and is
loaded continuously up to its breaking (Figure 130).
The maximum force is registered. The loading ve-
locity was 5 or 10 kN/min. At the end of the test
one part of the block is taken for determination of
dry density and water content. Uniaxial strength (R,
MPa) is calculated as R = F/A, where F is the maxi-
mum force (N) and A the sample area (mm2).

Since the samples were tested after drying, their water
content was 3 to 5 percent. The results are plotted in
Figure 131. The results are strongly dependent on
water content and therefore it is difficult to compare
them. The uniaxial strength is higher in the direction
of compaction almost for all the blocks. With increas-
ing temperature during the in situ test a decrease in
strength can be observed. The lowest values were
measured for BB19-9 (temperature was 77�C,
strength 4.8 and 2.8 MPa) and for BB28-12 (temper-
ature was 74�C and strength 5.0 and 3.2 MPa).

4.4.2.4. Thermal properties

The main parameters that determine the thermal be-
haviour of a material are the coefficient of thermal
conductivity (�, W/m·K), the heat capacity (c, J/kg·K)
and the thermal diffusivity (a, m2/s). They are related
by the following equation, in which � is the bulk den-
sity of the material (kg/m3):

a = � / (� · c) [18]

Thermal conductivity (�) depends on water content,
temperature and density of the sample. It is consid-
ered that the dependence of � on temperature is the

least important, while water content and bulk density
have an important influence. Dependence of � on
water content is minimal for low bulk density but it
increases as bulk density increases. The dependence
of � on temperature is not influenced by bulk den-
sity.

The measurements have been carried out with
ISOMET and THT-tester, which use surface probes
and are based on the impulse of thermal flow into
the analysed material. A surface probe is used for
blocks. Deviations of measured values are for ther-
mal conductivity ±(10% + 0.005W/m·K) and for
heat capacity ±(15% + 3·103 J/m3K).

The blocks from Grimsel were first tested with their
natural water content. Afterwards, they were crushed
and dried to water contents around 12 percent, com-
pacted to the same nominal dry density, and their
thermal properties measured again. Finally, these
samples were fully dried for testing at water content
of 0 percent.

The values for the intact blocks with their natural water
content are given in Table XLI and plotted in Figure
132. Water content varies from 12 to 29 % and dry
density from 1.54 to 1.71 g/cm3. Thermal conductivity
increases with water content from 0.69 up to 1.12
W/m·K and thermal diffusivity from 0.46 to 0.64
m2/s, while the specific heat decreases with water con-
tent from 944 to 819 J/kg·K. Obviously the water
content is inversely related to the temperature experi-
enced by the blocks during the operation phase.

For the remoulded and partly dried samples (with
water content between 8-12 %, mean dry density of
1.66 g/cm3), thermal conductivity ranges from 0.62
to 0.82 W/m·K and specific heat from 863 to 993
J/kg·K. For the dried samples, thermal conductivity
ranges from 0.48 to 0.57 W/m·K and specific heat
from 851 to 986 J/kg·K. After these treatments, nei-
ther differences in ë and c have been observed with
respect to the reference block nor related to the po-
sition of the blocks in the barrier, i.e. of the temper-
ature underwent by the blocks during the five years
of the in situ experiment (CTU-CEG 2003). There-
fore, it could be said that heating up to 77�C dur-
ing five years has not had an irreversible influence
on the thermal properties of the FEBEX bentonite.

4.4.3. EIG-EURIDICE: Hydraulic
conductivity

Parts from the blocks BB12-2 (close to the gallery
wall in S12, without heater), BB19-13, BB19-14
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Figure 130: Appearance of a cubic sample after uniaxial strength test.
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Figure 131: Results of the uniaxial strength tests in samples from blocks from Grimsel dried at 70 oC for 24 hours.
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4. Bentonite analysis
Table XLI
Thermal properties of blocks from Grimsel.

Sample
T

1

(�C)

�

(g/cm3)

�d

(g/cm3)

w

(%)

�

(W/m·K)

a

(m2/s)

c

(J/kg·K)

Reference 1.86 1.65 12.7 0.69 0.418 886

BBS7-7 18 1.20 1.62 23.6 1.12 0.644 869

BBS7-8 18 1.99 1.54 29.3 1.01 0.584 868

BBS7-9 18 1.89 1.54 22.2 0.92 0.558 874

BB12-7 23 2.01 1.60 25.5 1.04 0.584 885

BB12-8 23 1.98 1.68 18.2 0.92 0.567 819

BB12-9 23 1.96 1.66 18.5 0.82 0.486 854

BB19-7 40 2.01 1.59 26.4 1.05 0.591 884

BB19-8 59 2.07 1.71 21.2 0.99 0.538 892

BB19-9 77 1.88 1.64 14.9 0.79 0.456 922

BB28-10 49 2.04 1.60 28.1 1.02 0.554 898

BB28-11 62 2.01 1.67 20.4 0.97 0.521 924

BB28-12 74 1.89 1.65 14.7 0.82 0.460 944

1Temperature during the in situ experiment.
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Figure 132: Thermal properties of blocks from Grimsel.
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and BB19-15 (external, middle and inner block
along a radius of section S19) were sent by CIEMAT
to EIG EURIDICE. From these parts, samples of
50-mm length and 38-mm diameter were obtained
by core drilling and trimming. All samples were
taken according to the axial direction, except for
block BB12-2 (one radially oriented sample).

The samples were introduced in the measuring cell
(permeameter) and closed by two end covers. Each
cover contains a sintered stainless steel porous filter
(10 �). First all the voids in the permeameter cell
(tolerance less than 1 mm) are filled with deionised
water to remove all the remaining air in the system
and to fill these voids by the swelling clay. After a
short period (typically a few hours), the pressure is
applied in a continuous way. The lower filter is sub-
jected to a pressure of 0.55 to 0.60 MPa, delivered
by an injection cylinder. The outflowing water (upper
filter) is collected in a hermetic flask placed on a
precision balance. Inflow and outflow volumes and
pressures are recorded as function of time and their
stability is checked at regular intervals. To obtain the
highest accuracy, the flow measurement is based on
the inflow; the outflow (in the bottle) is rather con-
sidered as a check. The inflow is measured through
a displacement transducer, connected to the piston.

Figure 133 shows a schematic of the measurement
setup. The hydraulic conductivity is determined by
applying Darcy’s law once stable flow is reached.
The determinations have been made at laboratory
temperature (19-26 �C). The final water content of
the specimens is checked on completion of the tests
by drying the sample a 105 �C until no weight loss
is observed.

A summary of the results obtained is given in Table
XLII and they are detailed in Verstricht (2004). All
cores gave similar permeability values, in the order
of 10-13 m/s, which would correspond to the hy-
draulic conductivity of untreated FEBEX samples of
dry density around 1.5 g/cm3 (Equation 2). Sample
BB19-14A-2 gave a higher value of permeability,
what must be due to the fact that its dry density was
lower than the other’s. The same comments stated
in section concerning the representativity of the sat-
urated permeability values obtained apply for the
determinations of SCK·CEN.

4.4.4. Euro-Géomat: Tests in joints

Engineered barriers made of blocks contain a lot of
joints that can create preferential ways for the solute

FEBEX Project. Final Report. Postmortem bentonite analysis

14
Figure 133: Schematic view of the permeameter cell used at SCK ·CEN for the measurement of low hydraulic conductivities.
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Table XLII
Results of the permeability tests performed by ESV EURIDICE GIE.

Sample ID Position1 (cm) �d (g/cm3) Initial w (%) Final w (%) kw (m/s) Test duration
(days)

BB12-2Radial 102.5 1.63 23.2 1.3 ·10-13 23

BB12-2Axial 102.5 1.65 22.5 1.0 ·10-13 74

BB19-13-1 109 1.57 22.9 25.9 1.3 ·10-13 50

BB19-14-1 88 1.63 20.1 24.3 1.4 ·10-13 63

BB19-14-2 74 1.35 19.2 36.1 1.1 ·10-12 31

BB19-15-1 66 1.63 23.5 1.1 ·10-13 57

1Distance to gallery axis.
ust be taken into account to evaluate the
-hydro-mechanical behaviour of the engi-
barriers. Figure 134 schematises the behav-

f a clay block and shot-clay structure during its
ion, obtained by modelling with a discrete
that takes into account the distinct behaviour

cks and joints (Chandler et al. 2001):

low along block-to-block interfaces occurred
irst and rapidly. This flow would then stop and
he water would be absorbed by the dry clay
locks.

aturated flow through the shot-clay path be-
ame more slowly over time.

comprehensive understanding of these joints
eir influence upon the hydraulic conductivity,
s of saturation and swelling pressure develop-
laboratory experimental investigations can be
elpful, especially to confirm the saturation

the self-sealing capacity of the bentonite bar-
nd to establish relationships between initial
y, hydraulic conductivity and swelling pressure.

kinds of joints in the bentonite barrier had been
d by Euro-Géomat Consulting (EGC) to make
dy: radial direction (r), tangential (orthoradial)
n (
) and the intersection of the two previous

T) as it can be seen on Figure 135.

ork of EGC was to study the effect of joints
en bentonite blocks on the hydrodynamic and
mechanical properties of the dismantled sam-
ontaining the joints. The experiments carried
e focused on three macroscopic parameters:

pressure.

4.4.4.1. Preparation of samples

Eight samples from section S29 (with heater) and six
samples from section S11 (without heater) were re-
ceived from AITEMIN. Their nominal diameter was
6 cm, and the length between 20 and 33 cm, with a
weight between 1.1 and 1.6 kg.

The samples received from Grimsel had a geometry
too irregular and damaged to carry out laboratory
tests directly, so an experimental strategy for manu-
facturing bentonite samples with joints was devel-
oped. Two diameters of samples were used, 65 mm
and 40 mm, for the tests of percolation and infiltra-
tion. In order to obtain cylinders of 65 mm or 40
mm diameter the following stages were followed:

� Transformation of samples coming from dis-
mantling into powder.

� Stabilisation of the powder at relative humidity
of 66 percent (imposed by NaNO2) to obtain a
clay water content of 11 percent.

� Compaction of the stabilised powder at a dry
density of 1.7 g/cm3 to obtain samples of di-
ameter 40 mm or 65 mm.

� Creation of joints (one, two or three) by sawing
with a carbide disc.

The powder with 11 percent water content is com-
pacted in the oedometer and then it is unloaded to
obtain a 20-mm high sample of dry density 1.7
g/cm3. During the compaction stage, axial strain,
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Region where blocks were visibly wetter
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First flow was along
block interfaces but
these did not extend
through the test
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blocks
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Figure 134: Flow paths in the physical model (Tunnel sealing experiment, Chandler et al. 2001).
Global view of the selected samples

3 types of joints :

Radial joints

Joints

Joints T

Figure 135: Types of interfaces of the bentonite barrier relevant for the study of the textures and of the hydraulic properties.
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radial and axial stresses are measured. These mea-
surements enable to establish the curves in the
e-log(�v) plan (void ratio in function of the logarith-
mic vertical stress) and in the (�h-�v) plan (horizontal
stress in function of the vertical stress). Figure 136
shows the results obtained for the dry density of 1.7
g/cm3.

The samples obtained are referenced according to
the following key: after an R, the dismantling refer-
ence of the block is given, including the sampling
section; the type of joint is indicated by JV (vertical)
or JH (horizontal) followed by a figure that indicates
the number of joints; finally, and after a d, the final
dry density of the specimen is indicated.

4.4.4.2. Experimental methodology

The experimental study of the coupling between
hydration processes and macroscopic physical prop-
erties requires a perfect experimental control of the
quantity of percolated fluids and of the volume of
the confined samples. Besides, working with joints
implies the specific experimental difficulty of the
large contrast of permeability between the com-
pacted bentonite blocks and the joints, particularly
the measurement of high permeabilities at the begin-

ning (values about 10-10 m/s) and very low permea-
bilities after sealing (values lower than 10-13 m/s), as-
sociated to high swelling stresses (several MPa). This
made necessary to use a specific oedometric appa-
ratus and infiltration column associated to a special
apparatus of percolation. The use of an oedometric
device allows to put a device of percolation and to
determine simultaneously the macroscopic hydraulic
conductivity and the swelling pressure.

Three type of apparatus were developed by Euro-
Géomat for this study: an oedometer cell for the
measurement of permeability and swelling pressure,
an odometric cell with control of the suction gradi-
ent, and columns to perform infiltration tests so that
to obtain the retention curve by back-analysis.

Oedometric cell with control
of the hydraulic gradient

The oedometer cell consists of a bronze jacket
where a piston slides (Figure 137). A radial sensor,
installed in the jacket, enables to follow the evolu-
tion of the radial stress as a function of the axial
one. A displacement gauge is placed on the piston
and gives the axial strains. A piston linked to a
GILSON hydraulic pump, which can reach 60 MPa,

4. Bentonite analysis
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Figure 137: Schematic representation of the oedometric apparatus with control of the hydraulic gradient.
provides the compaction of the sample. The experi-
ments have been performed at constant volume. This
is insured by the manual pump that provides a coun-
ter pressure on the piston, balancing the swelling
pressure of the sample.

Euro-Géomat has developed an injection pump to
inject the fluid. It is a cylindrical tank in stainless
steel. In the upper part of this tank, two stitchings
enable to apply a nitrogen pressure on the fluid in-
side the tank and to measure continuously this pres-
sure. In the lower part of the injection pump there is
an exit linked to the top of the oedometer, which
enables the injection of the fluid inside the sample.
Two valves enable to isolate the injection pump
from the percolation apparatus in order to monitor
the weight of the sample, which increases until the
sample is saturated.

The measurement of the radial stress in tests of per-
colation under hydraulic gradient is essential in or-
der to maintain a total radial stress higher than the
fluid injection pressure; so that the fluid percolation
takes place through the sample and not between the
sample and the stainless steel jacket of the oedo-
meter.

Oedometric cell with control
of the suction gradient

The oedometer equipment consists of a bronze jacket
where a piston slides. The assembly is closed with a
cover. A radial sensor, installed in the jacket, en-
ables to follow the evolution of the radial stress as a
function of the axial one. A displacement gauge is
placed on the piston and gives the axial strains. A
piston linked to a GILSON hydraulic pump, which
can reach 60 MPa, provides the axial stress to the
sample.

Two circuits of air consisting of two ventilators, two
deposits containing the salt solutions and drains
make it possible to impose a relative humidity on
each face of the sample (Figure 138).

Various salts were used in the upper and lower de-
posits to impose on the surfaces of the sample dif-
ferent relative humidities (Robinet 2003). In this way
it is possible to apply suction gradients and deter-
mine permeability.

Column of infiltration

The experimental infiltration device was made with a
classical oedometer, which was adapted to support a
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Figure 138: Schematic representation of the oedometric apparatus with control of the suction gradient.
ell made by piling rings of 65-mm diameter and
0-mm height (Figure 139). Each ring has got three

ies, used to centre them together. Circular seals
ere installed on one face of each ring to assure

he tightness of the assembly. A piston linked to a
ILSON hydraulic pump, which allows applying an

xternal pressure of 60 MPa, operates the loading
f the sample.

he water injection is carried out from the lower part
f the apparatus. The profile of water content is ob-

ained by dismantling the column at the end of the
xperiment. At the top of the column a piston is in-
talled, linked to the vacuum pump and to the nitro-
en tank. The piston is also linked to a manual
ump that allows, by modification of the stress, to
erform the tests at constant volume. The injection
ressure and the axial strain are recorded all along

he infiltration test.

.4.4.3. Microstructure

he evolution of textures under the effect of the joints
as been studied by mercury porosimetry. Figure 140
hows the incremental pore volume as a function of
ntrance pore diameter for samples with joints and

without joints of the same dry density. In all configu-
rations with and without joint a three modal pore size
distribution is observed. Thus, there is not creation of
macropores by the presence of the joints.

Figure 141 shows the results of desiccation tests per-
formed on samples with vertical joints. The samples
were submitted to a relative humidity of 66 percent
imposed by NaNO2. It can be seen that the shrink-
age cracks originated are all located apart from the
initial joints.

This experimental study highlighted that after satura-
tion, the sealing of the joints is complete. The ma-
terial can be regarded as homogeneous and char-
acterized by its dry density.

4.4.4.4. Permeability and swelling pressure

All the samples with joints and jointless present at
the saturated state a permeability that depends on
the dry density. Figure 142 shows the variation of
saturated permeability (kw, m/s) of the FEBEX clay
with the dry density (�d, g/cm3), which is given by
the following relation:

kw = 4·10-9 exp (-6.3526 �d) [19]
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Figure 139: Schematic representation of the cell to perform infiltration tests.
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4. Bentonite analysis
Figure 141: Photographs of the samples R11-3JV1d1.58 and R297JV2d1.56 after desiccation: the black line represents the initial joint .
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The swelling pressure (Ps, MPa) at the saturated state
is also independent of the presence of joints (Figure
143). It depends on the dry density (�d, g/cm3) and
can be written in the form:

Ps = 5·10-4 exp (6 �d) [20]

4.4.4.5. Moisture diffusion coefficient

The diffusion of moisture in a porous solid is due to a
gradient of concentration. The moisture diffusion co-
efficient (Dv0, m2/s) at 20 �C can be expressed by:

fv = -0.0173 Dv0 grad (RH) [21]

where fv is the rate of moisture transfer per unit area
(kg/m2s) and RH is the relative humidity.

The evolution of the diffusion coefficient from the
unsaturated to the saturated state has been deter-
mined in the oedometers with control of the gradi-
ents of suction. The values obtained for samples of
dry density 1.4, 1.7 and 2.0 g/cm3 are plotted in
Figure 144, and are detailed in Robinet (2003).

4.4.4.6. Infiltration tests in columns

The evaluation of the permeability as a function of
the degree of saturation is impossible to determine by

direct measurement in expansive materials. Conse-
quently, to obtain the hydrodynamic parameters (in-
trinsic permeability and retention curves) of the sam-
ples with joints, the methodology suggested consists
on the back-analysis of infiltration tests on column.
So the tests of infiltration allow us:

� to back-analyse and adjust the value of the
permeability

� to evaluate the retention curves in relation to
the types of joints

In the infiltration tests, a block is compacted in an
airtight cell and saturated through the bottom, while
the water intake is measured as a function of time.
After a prefixed time, the cell is disassembled and
the water content of the bentonite is determined at
different distances from the hydration front. A sum-
mary of the tests performed is shown in Table XLIII.
In all the tests performed the clay was initially com-
pacted at a dry density of 1.7 g/cm3. The tests were
performed at 20 �C.

The clay blocks were placed with the joints parallel
to the infiltration flow. The sealing of these joints
produced diminutions of the dry density of 5, 10
and 12 percent. Figure 145 shows the evolution of
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Table XLIII
Summary of infiltration tests performed.

Reference FEBEX Reference EGC Type and number
of joints

Initial �d (g/cm3 ) Final �d (g/cm3)

BS29-7 R297JH10d1.7 1 - Horizontal 1.7 1.70

BS11-1 R11-1JV1d1.6 1 - Vertical 1.7 1.60

BS11-3 R11-3JV2d1.53 2 - Vertical 1.7 1.53

BS29-7 R29-7JV3d1.5 3 - Vertical 1.7 1.50
ntake in these tests and Figure 146 shows the
of water content at the end of the tests.

iltration tests highlight a very strong variation
ermeability during the first days of the perco-

Figure 147).

merical fitting of the infiltration tests needs a
tual model to describe the profile of water
t and evaluate the hydrodynamic properties.
onsiderations and hypothesis have been sug-

gested for building the conceptual model schema-
tised in Figure 134 (Robinet 2003):

� The joints and gaps between the blocks of ben-
tonite are replaced by an equivalent continu-
ous medium corresponding to the final dry
density after saturation

� The hydrodynamic properties of the equivalent
medium are assumed to obey to the laws of
continuous medium without joints.
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� Fully coupled hydraulic and mechanical evolu-
tions of the bentonite column with joints are
considered with code CLEO.

� Stress distribution of the bentonite is assumed
to obey to the effective stress principle. The ef-
fective stresses are the contribution of the total
stresses and the homogeneous pore pressure.

� The water retention properties of the bentonite
are not affected by the joints and can be de-
scribed by the following relation (in which A

and B are two coefficients defined by back-
analysis):
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[22]

� The relative permeability is not affected by the
joints. The law used for the relative permeabil-
ity is krl = Sr

3.

� The dynamic viscosity of the liquid is consid-
ered constant and equal to 1·10-3 (Pa·s)

The detailed analysis of each of the tests performed
and the parameters obtained can be found in
Robinet (2003). The back-analysis of all the tests
with joints parallel to the infiltration flow shows that
the equivalent intrinsic permeability remained con-
stant and equal to 3.8·10-20 m2. On the other
hand, there is a variation of the retention curve as a
function of the reduction of the dry density caused
by the sealing of the joints (Figure 148). The coeffi-
cients A and B of the retention curve (Equation 22)
depend on the percentage reduction of dry density
according to the following expressions (for the ho-
mogeneous sample, ��d = 0):

A = -0.0002 (��d)
2 + 0.0047 ��d + 0.0321 [23]

B = 0.0011 (��d)
2 + 0.0174 ��d + 0.6802[24]
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In this section some of the results presented above
are further discussed, stressing the comparisons
among the outcomes obtained by the different or-
ganisations.

5.1. Physical state of the barrier

During the five-year experiment the granite has sup-
plied water enough for the barrier to reach a high
overall degree of saturation (85 percent). The ben-
tonite seems to have controlled the hydration pro-
cess, since no differences have been found in the
average water content among different sections, de-
spite the fact that the hydrogeological characteristics
of the gallery were not homogeneous, due to the
presence of a lamprophyre dike. The water content
increase, which follows a radial pattern both in the
sections around the heater and in those out of it,
has provoked an overall swelling of the barrier, the
filling of all the construction gaps and the decrease
of the bentonite dry density. The dry density de-
crease –that follows also a radial pattern– is more
accentuated near the gallery wall, and almost
inappreciable near the heater.

The water contents obtained by different groups in

situ and in the laboratory for nearby sections have
been compared in Figure 149 and Figure 150. The
agreement between both kind of measurements –in

situ and in laboratory– is very good, as well as the
agreement among different laboratories. This sug-
gests that the packing and transport conditions have
been the appropriate to keep the in situ conditions
of the blocks even several months after their re-
trieval. The higher water contents found by NAGRA
near the rock in section S29 may be explained be-
cause these samples were taken from the proximity
to the cable bundles. Although NAGRA dried the
samples for five days instead of one day, this last
being the case for the rest of participants, the water
contents obtained agree well with those found by
others.

The dry densities measured by different groups in

situ and in the laboratory for nearby sections have
been compared in Figure 151 and Figure 152. As
in the case of water contents, the agreement be-
tween both kind of measurements –in situ and in
laboratory– and among different laboratories is very
good, despite the fact that the techniques employed
by the various laboratories are different (mercury
immersion for CIEMAT and NAGRA, coating with
paraffin and weighing the sample first in air and
then again while immersed in distilled water for

CIMNE, weighing first in air and then again while
immersed in paraffin oil for Clay Technology). The
densities determined by Clay Technology are higher
than those determined by the other laboratories, es-
pecially for the two external blocks of the barrier.
The reason for these densities being so high is that
the water contents corresponding to these samples
are lower than those determined by other laborato-
ries –and even by Clay Technology, see Figure 26–
for equivalent samples (the dry density is computed
from bulk density and water content.)

Section S7 –the one in contact with the concrete plug–
presents a physical state distinct from the other sec-
tions. The average water content is higher and the dry
density lower, and none of these parameters presents
the clear radial pattern of the other sections; on the
contrary, they are quite homogeneous throughout the
section, as can be seen in Figure 153, where the re-
sults obtained by CIEMAT and CTU are plotted to-
gether. It must be taken into account that to build the
plug the concrete was pumped and compacted by vi-
bration, its water content being very high. This proba-
bly caused a sudden increase of the water content of
the clay and its heaving before the concrete harden-
ing, with a subsequent decrease of the dry density of
the clay. Besides, the concrete/bentonite interface
has probably been a preferential water passageway
during the operational phase of the experiment, what
has allowed further intense hydration.

As described above, it has been observed that, after
being subjected for five years to repository condi-
tions, the bentonite at the barrier has experienced
an overall increase of volume, which implies an in-
crease of porosity (section 4.1), explained by the
swelling and filling of all the construction gaps. The
distribution of pore sizes in the bentonite samples
has been studied by mercury intrusion (CIEMAT,
section 4.4.1.3) and nitrogen adsorption (INPL, sec-
tion 4.3.3.7, and CIEMAT, section 4.3.1.7). The
main difference between these techniques is the dif-
ferent range of accessible pore sizes, which is be-
tween 0.006 and 100 �m diameter for mercury,
and between 0.001 and 0.8 �m diameter for nitro-
gen adsorption. Other differences relate to the di-
verse preliminary preparation of the samples and to
the possible effect of the intrusion of the fluid on the
clay structure. Despite these differences, all the stud-
ies have shown that the treated samples have expe-
rienced a decrease in the percentage of the smaller
pores. Furthermore, the mercury intrusion showed
an overall homogenisation of the pore sizes and an
increase of the average pore size. There is a relative
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Figure 149: Comparison of water contents measured in situ (CIMNE) and in laboratory (CIEMAT and Clay Technology) for nearby sections.
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Figure 153: Water content and dry density measured in section S7 by CIEMAT and CTU.
decrease of microporosity with respect to the un-
treated sample, since the large pores proportion has
increased. These variations, that do not seem to be re-
lated to the position of the samples in the barrier,
have given place to a higher uniformity in the pore
size distribution of the samples after five years of treat-
ment. On the other hand, nitrogen adsorption has re-
vealed that the external surface area of the compacted
samples from Grimsel has decreased with respect to
the initial one, especially near the heater.

The interpretation of these results must be done tak-
ing into account that, overall, the dry density of the
samples from Grimsel is lower than the initial dry
density of the blocks, while the water content is
higher. The saturation experienced by the samples
at the barrier and the associated swelling and
global increase of volume (which implies a decrease
of dry density from that of the compacted blocks
–1.70 g/cm3– to the average dry density of the bar-
rier –1.58 g/cm3–, see section 4.1.2) is probably
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responsible of the pore size redistribution (Tessier
1984).

5.2. THG properties
The mineralogical and geochemical properties of the
bentonite have been examined by CIEMAT in sam-
ples taken from different radii of sections with and
without heater. INPL has carried out a detailed analy-
sis of samples from one radius of a section around
the heater. The results obtained are highlighted be-
low.

The mineralogical composition of the samples from
Grimsel, as determined by X-ray diffraction both by
CIEMAT and INPL, is quite similar to that of the un-
treated FEBEX and does not show variations related
to the position of the sample in the barrier: it is a
mainly calcic smectite with minor quantities of
quartz, plagioclase, K-felspars, calcite and opal-CT.
On the other hand, the basal spacing line in the ori-
ented aggregates of the less than 2 �m fraction of
all the samples, treated and untreated, is centred
around 14.4 Å.

With respect to the chemical composition, no major
differences have been observed between the refer-
ence sample and the samples from Grimsel, or
among the latter. Moreover, the slight variations ap-
preciated by one laboratory have not been corrobo-
rated by the results of the other. Thus, CIEMAT ob-
served a general decrease of the percentage of diva-
lent cations in the treated samples, while in the anal-
yses by INPL, the content of Ca in the treated sam-
ples has increased with respect to the original one.
Accordingly, these changes may be attributed to the
natural heterogeneity of the material or to variations
in the experimental methodology employed in the
determinations, and it is considered that the benton-
ite has not suffered any important modification of its
chemical composition after the five-year treatment.

Regarding the cationic exchange complex, the
five-year treatment seems to have induced an in-
crease of the sum of exchangeable cations in most
of the samples analysed. This has been registered
by CIEMAT as well as by INPL, although the values
obtained by both laboratories are not directly com-
parable, since the determination techniques em-
ployed are different. CIEMAT has recorded an in-
crease from 96 meq/100g in the original sample to
values systematically higher than 100 meq/100g,
frequently around 105 meq/100g; and INPL from
99 meq/100g for the reference sample to values
higher than 103 meq/100g in all the treated sam-

ples. There is an important increment of potassium in
exchange positions with respect to the initial value,
more stressed in the external and internal blocks. An
increase in sodium content is observed in the sam-
ples closer to the gallery wall, both in sections with
thermal gradient and isothermal (Figure 154). CIE-
MAT has observed the same distribution pattern also
for magnesium, whereas INPL has found an increase
of this ion occupation towards the heater. In the case
of calcium, there is an increase in its content at the
heater contact and at the bentonite-granite contact.
Therefore, different processes –linked to hydration
and to high temperature– could be responsible of
these variations. In thermo-hydraulic experiments per-
formed in laboratory-scale cells with bentonite from
the same deposit than the FEBEX bentonite (the S-2
bentonite) a decrease of sodium in the exchange
complex towards the hotter areas was observed, as
well as an increase of magnesium (Cuevas et al.
1997, Villar et al. 1997).

The analysis of the aqueous extracts of the bentonite
and of the pore water obtained by squeezing per-
formed by CIEMAT has shown that sulphates and
chlorides are dissolved and leached from the exter-
nal block of the barrier and that these ions concen-
trate in internal parts of the barrier. Both ions move
further in the sections under thermal gradient, being
chloride –which is counteracted by sodium– the
faster ion. Thus, in the isothermal sections chlorides
concentrate at 80-90 cm from the gallery axis and
sulphates at 100 cm, while in the sections with heater
the maximum chloride content is found at 60-70 cm
from the gallery axis and the maximum sulphate at
90 cm (section 4.3.1.4). Magnesium and calcium
move in a rather linked way, as both are leached
from the external block and concentrate at a distance
of between 60 and 80 cm from the gallery axis, de-
pending on the existence of a thermal gradient,
which favours the movement of these cations, as well
as that of sodium and potassium. On the other hand,
the bicarbonate content is higher in the outer blocks
of the barrier, probably due to the dissolution of cal-
cite and dolomite. The salinity of the pore water
squeezed from the outer blocks of the barrier is simi-
lar to that of the water samples taken from the gas
pipes located near the gallery wall (section 4.3.2).

On the other hand, both CIEMAT and VTT have
performed studies in section S7, the one in contact
with the concrete plug. The study by VTT has been
more detailed and concentrated in the variations
observed in the bentonite as a function of the dis-
tance to the concrete surface; while the study of

167

5. Discussion



FEBEX Project. Final Report. Postmortem bentonite analysis
20

22

24

26

28

30

32

34

36

40 60 80 100 120

Distance to gallery axis (cm)

Ex
ch

an
ge

ab
le

Na
(m

eq
/1

00
g)

S28, CIEMAT

S29, INPL

Figure 154: Distribution of exchangeable sodium along the barrier determined by CIEMAT and INPL.
CIEMAT has been more extensive and has tried to
establish the differences with those sections of ben-
tonite not under the influence of the concrete.

The fact of being in contact with the concrete may
have altered the mineralogical and chemical char-
acteristics of the bentonite in this section, but also
has provided a distinct hydraulic context, since the
contact surface was intensely hydrated during the
construction of the concrete plug and it has proba-
bly behaved as a preferential water passageway, as
we have seen above.

According to the results of CIEMAT, the bentonite
from section S7 has shown several differences with
respect to the other sections analysed and to the ref-
erence bentonite. Although its mineralogical com-
position is similar to the one of the untreated FEBEX
bentonite, an increase of calcite and gypsum, not
observed in other sections, has been detected in
one sample. On the other hand, the chemical com-
position of the bentonite from section S7 is similar
to that of the other sections, except for a clear in-
crease of Al. There is also a noticeable increase of
Ca, Na and K in exchange positions in all the sam-
ples analysed by CIEMAT. The increase is particu-

larly important towards the central part of the bar-
rier, where it is accompanied by a significant de-
crease in Mg occupation. The increase in Ca occu-
pation has been also observed by VTT, especially in
those samples taken closely to the concrete. These
tendencies have been observed by other authors in
experiments of hydrothermal alteration of bentonite
by alkaline solutions (Leguey et al. 2002).

However, the main difference observed in section
S7 with respect to the other sections is that the salin-
ity of the pore water obtained by squeezing is much
higher, especially concerning Cl, Ca, Mg and Na
(Table XX). Nevertheless, it is remarkable that this
high salinity has not been measured in the aqueous
extracts (Figure 54). VTT has found a considerable
increase of Na+, Ca2+ and SO4

2- in the pore water
of the bentonite directly in contact with the concrete,
while the content of Mg2+ considerably decreases
(Table XXXIV). The pH measured by VTT in the water
from the 14 cm closer to the concrete has ranged
between 8.25 and 8.32, while the waters obtained
by CIEMAT had pHs of 7.8-7.9. This difference is
probably due to the special care taken by VTT to
perform the sampling, water extraction and analysis
under anoxic conditions.
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The studies performed in the context of ECOCLAY I
and II projects on the alteration of bentonite by al-
kaline solutions have shown that intense mineralogi-
cal and geochemical modifications of the clay occur
when it is in contact with concrete solutions at high
temperature; for example, there is an important in-
crease of Mg in octahedral positions that has not
been detected in the bentonite from Grimsel (Table
XIX). The fact that no such important changes have
been observed in section S7 may be explained by
the low temperatures experienced by the bentonite
in this position (around 18 �C), since the reactivity
of bentonite is clearly dependent on temperature,
highly increasing above 75 �C. On the other hand,
it seems that these alterations are greatly localised
in the very contact with the bentonite, and since, in
the case of CIEMAT, the bentonite coming from ev-
ery block of the section has been analysed as a
whole, local alterations may have been obliterated.

5.3. THM properties
The variation of the thermo-hydro-mechanical prop-
erties of the bentonite from Grimsel has been ana-
lysed by CIEMAT, CTU, EIG EURIDICE and Euro-
Géomat, the latter having focused their studies on
the influence of joints on remoulded samples, while
CIEMAT has worked only on intact samples and CTU
in both intact and remoulded samples.

The plasticity of the treated samples has not
changed with respect to the original values (Table
XXXIX), except for a tendency to increase in the sam-
ples that reached a higher hydration during the ex-
periment (those of the external ring), maybe due to
the increase in exchangeable sodium that took
place near the gallery wall. On the other hand, the
original water retention capacity of the clay seems
to have remained unchanged during the opera-
tional phase of the experiment.

The saturated permeability of samples from Grimsel
remoulded and compacted to different dry densities
has been measured by Euro-Géomat in samples
with and without joints, as well as by CIEMAT and
EIG EURIDICE in intact samples. The values ob-
tained do not correspond to the permeability of the
bentonite at the moment it was retrieved; in the case
of remoulded samples for obvious reasons, and in
the case of intact samples, because they have been
saturated to perform the determination, and perme-
ability depends greatly on the degree of saturation.
The usefulness of this kind of measurements is re-
lated to the discovering of irreversible modifications.

Euro-Géomat has found that the permeability of the
remoulded samples from Grimsel (both with and
without joints) is related to dry density according to
Equation 19. The results obtained by Euro-Géomat,
EIG EURIDICE and CIEMAT are plotted in Figure
155, together with the fittings found for the un-
treated bentonite during FEBEX I (Equations 1 and
2). The permeability values measured are low and
strongly dependent on dry density. Both the values
measured by Euro-Géomat in remoulded samples
from Grimsel and the values measured by EIG EU-
RIDICE in intact samples from Grimsel are higher
than those for untreated samples of similar dry den-
sity, especially for the higher densities. However, for
not remoulded samples from Grimsel, CIEMAT has
found that the permeability has not clearly changed
in any sense after the five years of treatment. On the
other hand, measurements of hydraulic conductivity
performed in specimens of FEBEX bentonite that had
been subjected to thermo-hydraulic treatment in
cells for periods of time between 6 and 24 months
revealed a slight increase of saturated permeability
with respect to the untreated sample (Villar et al.
2005). Consequently, it is considered that the in-
crease of saturated permeability with respect to the
permeability of the untreated FEBEX bentonite found
by Euro-Géomat in remoulded samples from Grim-
sel and by EIG EURIDICE in intact samples, may be
a consequence of the different methodology em-
ployed for its determination and of the process of
remoulding.

The swelling properties have been checked by swelling
under load tests performed with intact samples
(CIEMAT, section 4.4.1.5) and by determination of the
swell index and the swelling pressure of remoulded
samples (CTU, section 4.4.2.2; Euro-Géomat, section
4.4.4.4). All these determinations may indicate if there
have been irreversible changes in the swelling capacity
of the clay, but the values obtained do not correspond
to those of the samples when they were placed at the
barrier, especially those that have been obtained in
remoulded samples.

The results obtained with intact samples show that
the swelling capacity of the samples from Grimsel
has not changed with respect to the capacity of un-
treated samples of the same dry density and water
content (Figure 112). The results obtained with re-
moulded samples point to the same direction. Swell-
ing pressure has been determined for samples from
Grimsel remoulded and compacted to different dry
densities by CTU and Euro-Géomat (Equation 20).
The results obtained are plotted in Figure 156 to-
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Figure 155: Permeability values of samples from Grimsel (intact and remoulded) and of untreated FEBEX bentonite.
ther with the correlation determined by CIEMAT
ring FEBEX I for untreated FEBEX samples (Equa-
n 3). In all the cases the initial water content of
e bentonite was the hygroscopic. Despite the fact
at the methods employed by the different labora-
ries are quite different, the swelling pressure val-
s obtained in samples from Grimsel are in the ex-
cted range of variation of this property for the un-
ated FEBEX bentonite. The results obtained by
ro-Géomat refer also to samples with joint, since
ey have not found differences in the swelling pres-
re development in samples with and without joint.

ther mechanical properties examined in the treated
ntonite have been the uniaxial strength and the
econsolidation pressure. The uniaxial strength –de-
rmined by CTU in samples slightly dried (section
4.2.3)– is higher in the direction of compaction of
e blocks than in the perpendicular, and tends to

lower for the samples that were subjected to
gher temperature. Regarding the preconsolidation
essure, it has clearly decreased in all the samples
sted with respect to the pressure applied to manu-
cture the blocks, due to the hydration and heaving
the clay (CIEMAT, section 4.4.1.6). This decrease

is higher the higher the water content reached dur-
ing the operational phase of the in situ experiment.

On the other hand, the thermal conductivity of intact
samples from different sections has been measured
by CIEMAT and CTU. The results obtained are plot-
ted in Figure 157, where it can be checked the good
accordance between the results of both laboratories:
the thermal conductivity is higher in the samples with
higher water content, i.e. those that were placed near
to the gallery wall. Once remoulded and dried, all
the samples from Grimsel showed overall the same
thermal conductivity, without any tendency related to
the position the samples had in the barrier (section
4.4.2.4). However, the comparison of the values ob-
tained in intact samples with those expected for un-
treated samples of the same dry density and water
content, revealed a certain decrease of the original
thermal conductivity related to heating.

Finally, the evaluation of the effect of joints on the
thermo-hydro-mechanical properties of the samples
from Grimsel has been carried out only on remoul-
ded samples. The experiments performed in sam-
ples with joints parallel and perpendicular to the
percolation flow show that, upon saturation, the me-
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dium becomes homogeneous and the joints com-
pletely sealed, the hydro-mechanical properties of
the material depending only on its dry density.

However, on unsaturated samples, the hydrody-
namic properties of the clay are modified by the ex-
istence of joints parallel to the infiltration flow.
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After five years of operation, heater 1 of the FEBEX
experiment at the Grimsel Test Site (GTS) was
switched off in February 2002. Following cooling of
the system during four months, the bentonite barrier
was dismantled and the heater extracted. During
dismantling many bentonite samples –in the form of
cores or of complete blocks– were taken. Several
determinations have been carried out in these sam-
ples with the aim of: (1) characterise the actual state
of the bentonite and (2) determine the possible
changes in its thermo-hydro-mechanical and geo-
chemical properties occurred during the experiment,
due to the combined effect of temperature, water
content, joints and solutes. The results of the char-
acterisation performed by different laboratories have
been reported and analysed.

It must be taken into account that the state of the
barrier has been analysed after four months of cool-
ing, during which temperature and relative humidity
were modified with respect to the values previous to
the switching off (Figure 4 to Figure 6). To evaluate
the actual physical state of the barrier after disman-
tling, the water content and dry density of numerous
samples were determined, as well as their suctions.
Besides the pore size distribution of some samples
has been determined by mercury intrusion porosi-
metry. The following conclusions can be drawn:

� The distribution of water content and dry density
in vertical sections presents an axial symmetry.
The average values of water content and dry
density in different vertical sections along the
studied zone are similar. There are no major
variations in overall water content between the
sections around the heater and those out of it,
except that a sharper gradient of water content
is found in the sections with heater than in the
sections without heater. The average degree of
saturation computed in all the retrieved benton-
ite is about 85 percent.

� Despite the fact that the geological characteris-
tics of the gallery, especially with respect to wa-
ter conductivity, were not homogeneous around
the first heater, due to the presence of a lam-
prophyre dike, there are no differences in aver-
age water content among the different sections
around the heater. Even in vertical sections that
are partially crossed by fissures or dikes, the wa-
ter content distribution shows a perfect radial
symmetry that does not reflect the location of
the conductive feature.

� The facts described above –the radial distribu-
tion of water content measured in vertical sec-

tions and the similarity among different sec-
tions– are a consequence of the predominant
control of the bentonite upon the hydration ki-
netics, as a result of the big difference between
the bentonite and granite permeabilities.

� There is a good agreement between the results
obtained at the GTS immediately after retrieval
of the blocks and the results obtained at the
laboratory even several months afterwards. This
proves that the packing and transport proce-
dures of the blocks have been the appropriate
to keep their conditions even several months af-
ter retrieval.

� After being subjected for five years to repository
conditions, the samples at the barrier have ex-
perienced an overall increase of volume, which
implies a decrease of dry density from that of
the compacted blocks, 1.70 g/cm3, to an aver-
age density of the barrier of 1.58 g/cm3. This is
explained by the filling of all the construction
gaps. However, the average value of dry density
found is slightly lower than that given by
AITEMIN upon construction of the barrier, 1.60
g/cm3 (ENRESA 2000, p. 210). This could be a
consequence of the slight decompression suf-
fered by the barrier on dismantling and sam-
pling.

� The overall drop in dry density is linked to a re-
distribution of pore sizes and an increase of the
average pore size, which are not related to the
position of the samples in the barrier. There is
an increment of the percentage of large pores
and a relative decrease of the percentage of
smaller pores. However, the higher percentage
of porosity –as in the case of the untreated
blocks– corresponds to the size of less than
0.006 �m. On the other hand, the external spe-
cific surface of the bentonite has decreased with
respect to the initial value, especially near the
heater.

� The agreement between the gravimetric water
contents measured (by oven drying) and the
measurements of relative humidity recorded by
the instrumentation installed in the bentonite
blocks at Grimsel is good. On the other hand,
the relative humidity of the blocks extracted has
been measured in the laboratory with capaci-
tive sensors. The comparison of the suctions
thus measured agrees well with those recorded
by sensors in Grimsel immediately before dis-
mantling, what corroborates the inertia of the
blocks to change their overall water content if
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they are well packed and the correct perfor-
mance of the in situ sensors.

On the other hand, the mineralogical and geo-
chemical characterisation of Grimsel samples sug-
gests that no great modifications occurred in the
bentonite during the experiment:

� The global chemistry appears rather constant,
except for a slight decrease in magnesium con-
tent with respect to the untreated sample. CIE-
MAT observed also diminutions in Ca2+, FeO
and SO2 contents.

� At a macroscopic scale, no mineralogical chan-
ge could be evidenced. XRD analysis on the fine
fraction revealed the conservation of the micro-
scopic swelling capacity. The charge location has
not changed for the postmortem samples. How-
ever, at a microscopic level, several signs of dis-
solution and re-precipitation of potassic felspars
could be evidenced on the samples closest to the
central heater. Supplementary analyses should
be carried out to insure that no dissolution marks
do exist in the reference bentonite. Since potassic
felspars represent a very low part of the material,
the observed phenomena are very restricted.
Therefore, temperature appears as the main po-
tential factor inducing mineralogical changes.

� The cationic exchange capacity has increased
with respect to the initial one, due mainly to the
overall increase of exchangeable potassium
and calcium. An increase of exchangeable so-
dium (and probably of magnesium) has been
observed towards the granite, both in sections
with thermal gradient and isothermal. In the
case of calcium, there is an increase in its con-
tent at the heater contact and at the benton-
ite-granite contact.

� Hydration of bentonite at the external blocks in
contact with the granite produces the dissolu-
tion and dilution of the more soluble trace min-
erals in the bentonite (sulphates, carbonates
and chlorides), that are transported towards the
inner part of the barrier. As a result, saline
fronts are generated due to the different mobil-
ity of the dissolved ions: the tendency of Na,
Ca and Mg concentrations is similar to that of
chloride, while sulphate mobilisation is signifi-
cantly retarded with respect to chloride. Tem-
perature seems to have great influence in salt
movement: the salt movement is faster in the
heater section than in the zone without temper-
ature effect. As a result, the chloride content
considerably increases towards the hot zones.

� The bentonite in contact with the concrete plug
(section S7) has been analysed, searching for
possible mineralogical and chemical changes
induced by the lixiviation of the concrete. The
particularity of this section is that the bentonite
was hydrated during the construction of the plug
and that the concrete/bentonite interface could
have behaved as a preferential water passage-
way during the experiment. On the other hand,
it was the coldest bentonite section, remaining
around 18 �C throughout the experiment. Both
facts have probably hinder a high reactivity. In
fact, the chemical and mineralogical composi-
tion of the bentonite from section S7 is rather
similar to that of the untreated bentonite, except
for an increase in the aluminium content and for
the local occurrence of higher quantities of cal-
cite and gypsum. There is also an increase of
Ca, Na and K in the exchange positions and an
increase of the salinity of the pore water.

In addition, to determine the possible changes in the
THM behaviour of the bentonite occurred during the
experiment, several thermal, hydraulic and mechan-
ical properties of the retrieved bentonite were deter-
mined at the laboratory at room temperature. To
evaluate the variation of hydro-mechanical proper-
ties of the bentonite after five years of TH treatment,
the values obtained have been compared to those
for the untreated FEBEX bentonite. Since the sam-
ples from Grimsel had different densities and water
contents, it was necessary to have a complete data-
base on the influence of these factors on the prop-
erties that are going to be tested. The results ob-
tained can be summarised as follows:

� The water retention capacity observed in the
samples from Grimsel is similar to that of sam-
ples of untreated FEBEX clay compacted to the
same dry density and subjected to similar
suctions. This has been confirmed by measur-
ing the suction of the blocks from Grimsel,
what suggests that the retention capacity of the
FEBEX clay has not appreciably changed after
five years under repository conditions.

� The hydraulic conductivity of the samples from
Grimsel is clearly related to dry density and the
latter in turn is related to the position of the
block in the barrier. The values of hydraulic
conductivity measured for the samples of lower
density (more hydrated) are in the order of the
theoretical ones, but for samples of higher
densities there is a large dispersion in the val-
ues obtained without any clear tendency. This
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is probably due to the complexity of the experi-
mental techniques applied, which increases for
the higher densities, giving place to less accu-
rate values.

� The swelling capacity of the FEBEX bentonite
–determined as deformation upon saturation,
swelling index and swelling pressure– has not
changed irreversibly after five years of being
subjected to repository conditions.

� Preconsolidation pressures lower than 10 MPa
have been measured for all the Grimsel sam-
ples, being lower in the samples from the exter-
nal ring of the barrier. It means an important
decrease with respect to the initial preconsoli-
dation pressure (around 40 MPa), the micro-
structural changes associated to the volume in-
crease experienced during hydration account-
ing for that.

� The uniaxial strength of the bentonite is higher
in the direction of compaction of the blocks
than in the perpendicular, and tends to be lower
for the samples that were subjected to higher
temperature.

� Thermal conductivity has been measured on the
surface of around 42 blocks. Indeed, it increases
with the water content of the clay and conse-

quently it is higher for the blocks of the external
ring. However, the blocks of the internal and in-
termediate rings present lower conductivities than
expected according to the theoretical values. This
could suggest a certain decrease in thermal con-
ductivity related to heating.

� The experiments performed in remoulded sam-
ples with joints parallel and perpendicular to the
percolation flow show that, upon saturation, the
medium becomes homogeneous and the joints
completely sealed, the hydro-mechanical prop-
erties of the material depending only on its dry
density. However, on unsaturated samples, the
hydrodynamic properties of the clay are modi-
fied by the existence of joints parallel to the infil-
tration flow.

Finally, it could be said that the slight modifications
observed in the chemical and mineralogical compo-
sition of the bentonite cannot be clearly correlated
with any important variation on the macroscopic
thermo-hydro-mechanical properties, except maybe
for an increase in plasticity of the samples from the
outer ring that could be linked to the increase in ex-
changeable sodium that took place near the gallery
wall, which would be also responsible of the ten-
dency of these samples to form colloids (4.3.1.4).
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