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Abstract:

The FEBEX in situ test simulated the engineered barrier of a nuclear waste repository and was in operation for 18 years
under natural conditions. The water retention curves of bentonite samples retrieved during dismantling of the in situ test
were determined in wetting paths under isochoric conditions with the vapour transfer technique. The water retention
curve relates suction (or relative humidity) to bentonite water content. Samples taken from the drier blocks in the
barrier —i.e. those closest to the heater that simulated the waste container— and those from the core of the barrier in cool
areas were used, since the aim of the tests was to check the effect of prolonged and intense drying on the water retention
capacity of the bentonite.

For the samples tested the initial water content conditioned the retention capacity for suctions above 10 MPa. In
contrast, the samples closest to the heater, which had the lowest water contents, reached higher water contents for the
lowest suctions than the rest of the samples, which attest that the water adsorption capacity was not lost as a result of
prolonged drying.

The comparison of the water retention curves obtained in the retrieved samples with those for the FEBEX reference
bentonite compacted at similar densities shows that there were no changes in the water retention capacity during
operation and that the water adsorption capacity of the bentonite under constant volume conditions is mostly conditioned

by dry density.
FEBEX-DP: Curvas de Retencion de la Bentonita
Campos, G.; Villar, M2. V.
44 pp. 30 refs. 42 figs. 7 tablas
Resumen:

El ensayo in situ FEBEX estuvo en operacion durante 18 afios simulando a escala real la barrera de ingenieria en
un almacenamiento de residuos radiactivos de alta actividad. Se han determinado las curvas de retencion de agua de
muestras de bentonita tomadas durante el desmantelamiento de dicho ensayo, para lo que se ha utilizado la técnica de
transferencia de vapor siguiendo trayectorias de humectacion con las muestras mantenidas a volumen constante. La
curva de retencion relaciona la succion (o humedad relativa) con la humedad de la bentonita. Se han usado muestras
tomadas de los bloques mas secos que estaban en contacto con el calentador que simulaba el contenedor de residuos y
otras muestras de humedad similar tomadas en partes de la barrera no afectadas por el calentador, es decir, frias. El
objetivo de estos ensayos ha sido comprobar si el calentamiento intenso y prolongado sufrido por la bentonita en las
condiciones de la barrera afecta irreversiblemente la capacidad de retencion de la barrera.

Parece que la humedad inicial de las muestras es el factor que mas afecta la capacidad de retencion de agua para succiones
superiores a 10 MPa. Por el contrario, las muestras proximas al calentador, que tenian inicialmente las humedades mas
bajas, alcanzaron humedades mas altas que el resto de las muestras para las succiones mas bajas, lo que prueba que la
capacidad de adsorcion de agua de la bentonita no se perdié como consecuencia del secado prolongado.

La comparacion de las curvas de retencion obtenidas en las muestras procedentes del ensayo in situ con las de la
bentonita FEBEX de referencia compactada a densidades secas similares muestra que no hubo cambios significativos
en la capacidad de retencion de la bentonita debidos a su uso como material de barrera durante 18 afios. La capacidad de

retencion de la bentonita en condiciones de volumen constante esta fundamentalmente condicionada por su densidad seca.
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1. Introduction

The aim of FEBEX (Full-scale Engineered Barrierpé&xment) was to study the behaviour of
components in the near-field for a high-level ragiive waste (HLW) repository in crystalline
rock. The project was based on the Spanish referemecept for disposal of radioactive waste
in crystalline rock (AGP Granito): the waste cagistare placed horizontally in drifts and
surrounded by a clay barrier constructed from liglimpacted bentonite blocks (ENRESA
1995). As part of this project, an “in situ” tesfjyder natural conditions and at full scale, was
performed at the Grimsel Test Site (GTS, Switzet)jaan underground laboratory managed by
NAGRA (the Swiss agency for nuclear waste manag8me&he thermal effect of the wastes
was simulated by means of heaters, whereas hydnats natural (ENRESA 2000, 2006).

The basic components of the test (Fig. 1) weregdilery, measuring 70 m in length and 2.3 m
in diameter, excavated through the Aare granite;Heating system, made up of two heaters
placed inside a liner installed concentrically witle gallery and separated one from the other
by a distance of 1.0 m, with dimensions and weightsogous to those of the real canisters; the
clay barrier, formed by blocks of compacted bengrthe instrumentation and the monitoring
and control system for data acquisition and sup&miand control of the test. Up to 632
sensors of very diverse types were initially irlsthlto monitor the different thermo-hydro-
mechanical processes that occurred in both thebaayer and the surrounding rock throughout
the entire life of the test. The gallery was clobgd concrete plug.
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Fig. 1: General layout of the in situ test durirftape |, including instrumented sections

(ENRESA, 2000)

The clay barrier was made of FEBEX bentonite, whigds extracted from the Cortijo de
Archidona deposit (Almeria, Spain) and whose maiaracteristics are summarised in Chapter
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3. To build the clay barrier, various types of i®evere manufactured from the bentonite in the
shape of 12-cm thick circular crown sectors. Theckd were arranged in vertical slices
consisting of concentric rings. In the heater atbasinterior ring was in contact with the steel
liner, whereas in the non-heater areas a core rtbbite blocks replaced the heaters (Fig. 2).
The geometry of the blocks is shown in Fig. 2. Thiekness of the bentonite barrier in the
heater areas was 65 cm (distance from liner toitglahe backfilled area was sealed with a
plain concrete plug placed into a recess excavatte rock.

The blocks were obtained by uniaxial compactiothefFEBEX clay with its hygroscopic water
content at pressures of between 40 and 45 MPa, selwed dry densities of 1.69-1.70 gicm

The initial dry density of the blocks was seledbgdaking into account the probable volume of
the construction gaps and the need to have a baiitie an average dry density of 1.60 gfcm

(ENRESA, 2000).
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Fig. 2: Geometry of the clay barrier in the FEBEMStu test at GTS (ENRESA 2000)

The heating stage of the in situ test began onugepr2?" 1997. The power of the heaters was
adjusted so that to keep the temperatures at tiee $iurface at 100°C. After five years of
uninterrupted heating at constant temperaturehéager closer to the gallery entrance (Heater
#1) was switched off (February 2002). In the follogvmonths this heater and all the bentonite
and instruments preceding and surrounding it weteaeted (Barcena et al., 2003). A large
number of bentonite samples were taken for analiysidifferent laboratories (Villar et al.
2006). The remaining part of the experiment wasseaith a new sprayed shotcrete plug. New
sensors were installed in the buffer through thr@sbte plug, and a second operational phase
started with the test configuration shown in FigTBe buffer and all components were removed
up to a distance of 2 metres from Heater #2 tomiizé disturbance of the non-dismantled area.
A dummy steel cylinder with a length of 1 m waseirted in the void left by Heater #1 in the
centre of the buffer.

The test continued running until April 2015, whereater #2 was switched off and the
dismantling operations started. Many sensors wegperation until the end of the experiment,
which allowed to follow the evolution of some therhydro-mechanical variables during the
second operational phase (Martinez et al. 2016¢. rEhationship between the temperatures
measured before dismantling and the distance filoengallery axis in vertical sections is
represented in Fig. 4. Each curve shows the memgtesults in the same vertical instrumented

Water retention curves of FEBEX-DP bentonite 2



section, whose locations are indicated in Fig. [ $ame results are plotted in Fig. 5 along a
longitudinal section of the gallery.
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Fig. 3: General layout of the in situ test durirttape 1l, including instrumented sections
(ENRESA 2006)
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Fig. 4: Steady temperatures measured during opardty thermocouples located in

different instrumented sections (Villar et al. 2818See Fig. 3 for location of
instrumented sections, the correspondence withs#mapling sections shown in
Fig. 9 is indicated in the legend
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Fig. 5: Steady temperatures along the gallery awisasured during operation by

thermocouples located in different instrumentedtises. The distance of the
sensors to the gallery axis is indicated in theteg The position of some sampling
sections along the gallery is indicated by thickteb vertical lines (Villar et al.
2018a)

The dismantling operations included the demolitbtdthe shotcrete plug and the removal of all
the bentonite in front of, surrounding the heatet at the back of it. A large number of samples
from all types of materials were taken for analysisparticular, clay samples were taken to
characterise the solid and liquid phases, in otdezonfirm predictions and validate existing

models of THM and THG processes.

This document collects the results obtained by CAEMeferring to part of the hydraulic
characterisation of the samples, namely the detation of their water retention curves
(WRC). The whole thermo-hydro-mechanical (THM) @werisation of the samples (including

a summary of the results presented here) was pessdn Villar et al. (2018b). For
completeness, some of the results presented imgpait are presented here again, because they
have been used to complement and interpret the WRGIts. The results of the bentonite
characterisation obtained by all the project pastngere also summarised in the synthesis
report NAB-16-017 (Villar 2017).

2.  Dismantling of the barrier and bentonite sampling

The test continued running until April the 22015, when Heater #2 was switched off. The
shotcrete plug started to be demolished some dalisre and the buffer removal and sampling
took place between May"8and August B, as the temperature in the area affected by the
dismantling should be reduced to a level compatibte manual works (25-30°C). This means
that when the first bentonite section was samglezlheater had been switched-off for 14 days,
and as sampling proceeded, the more towards thedahe gallery the sampling section was,
the longer its cooling period had been. All detail®ut the sampling program are given in
NAB15-014 (Béarcena & Garcia-Sifieriz 2015).

The on-site determinations performed during distmanshowed that the physical conditions of
the bentonite along the barrier had changed dunpegation, as a result of hydration and of the

Water retention curves of FEBEX-DP bentonite 4



different temperatures to which the bentonite heghnbsubjected (Fig. 4, Fig. 5). Water content
and dry density gradients, both across the verSeations and along the gallery, had been
generated (Villar et al. 2016). Fig. 6 to Fig. &wshthe final distribution of dry density, water
content and degree of saturation along the bashitained from the on-site determinations. It is
clear that the conditions of the samples taken mi#guk on the exact location along the barrier of
the sampling section from which they were takenwa#i as on the position of a particular
sample with respect to the axis of the gallery. Ti@n differences occurred between the
sections located around the heater (sections S833pand those in cool areas.

S37 S39 $43 S45 S49 S§52 S56 S58 S61

Fig. 6: Water content distribution in a verticahdgtudinal section (Villar et al. 2016)
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Fig. 8: Degree of saturation distribution in a ieat longitudinal section (Villar et al.
2016) (inexact values because of solid specific ghteiand water density
uncertainties)

The location of the bentonite sampling points wixed to allow a good representation of
physico-chemical alterations and hydration distittu The sampling took place in vertical
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sections normal to the axis of the tunnel, andaichesection several samples were taken along
different radii. The sections were numbered fromehtrance of the gallery towards the back of
it, and the numbering started in the first dismagtlHence, sampling sections S31 to S61 were

sampled in 2015.

The bentonite samples sent to CIEMAT and used Heir tthermo-hydro-mechanical (THM)
and thermo-hydro-geochemical (THG) characterisati@ne taken from the vertical sections
detailed in Fig. 9. The exact location of the bleeknples inside each section is shown in Fig.
10. The blocks were preserved in plastic film, taxgers of aluminised PET-sheets and vacuum-
sealed plastic bags immediately after their exitvactThe PET-sheets were vacuum-sealed.
Protection against mechanical actions was usechsare the integrity of the materialhe
samples were referred to according to the key ginghe Sampling Book (Barcena & Garcia-
Sifieriz 2015). A summary of the results obtainedCtigMAT on the basic and thermo-hydro-
mechanical characterisation of the bentonite natdeduring the dismantling was presented in
Villar et al. (2018b). The laboratory sampling logsthe samples analysed at CIEMAT are
compiled in Iglesias et al. (2018). The mineralagiand geochemical characteristics of the
same blocks are presented in Fernandez et al. Y201t&r laboratories also received bentonite
samples and the results obtained by all of thencluding CIEMAT— on bentonite
characterisation were summarised and analysedlar Y2017).

Tab. 1 shows the blocks from which the samplegherwater retention curve determination
were obtained and the radius of the section alonighwthey were taken, according to Fig. 11.
The radii were named according to the same key faethe on-site determinations (Villar et
al. 2016). The date of the block retrieving at Guéin(Retrieving GTS), of its arrival at
CIEMAT (Arrival CIEMAT) and of its sampling at CIEKNT’s laboratories (Sampling
CIEMAT) are indicated in the Table, along with timae elapsed from the day they were taken
until they were sampled in the laboratory. Thisdaispan was quite broad, between 84 and 189
days, mainly because it took three months for its¢ $amples to get to CIEMAT. Most of the
samples were received on AuguStahd 2%. The Table also indicates if the samples werk stil
vacuum sealed when they were sampled at CIEMATobr n

3,963 | 1,020 4,540 T 2,573 ~ 0,39
1] 1
et 100 = %n Q
g © £ g EY g
(@] [Xe]
§ S 8 ;39 8 - X VALUES
N S g 3 S
\\\\\\\\+ T Y e e
5 \\\\ \\Q+ + K Vs 53+ lrE4r AT  tER A7+ | r@r ragll 70|+
s ‘,'V‘rA" A\'A + + X =4 m
e o e DUMMY e HEAJER Na 2 A~ s - o 3
++++++& N \*+‘+++++ +++++
CAONCERETE
PLUG
Fig. 9: Distribution of sampling sections for THMHG studies at CIEMAT (modified

from Barcena & Garcia-Sifieriz 2015)
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Tab. 1: Summary of blocks sampled at CIEMAT forevaktention curve determination
. : Block Retrieving | Arrival Sampling | Time elapsed

Section Radius |\ orence [GTS ’ CIEMAT CIEI\/FI)ATg (days) PE8 vacuum
S47 B BB-47-3 | 26/6/15 7/8/15 9/9/15 75 yes
S47 D BB-47-6 | 29/6/15 7/8/15 26/10/1% 119 no
S47 E-F BB-47-9 | 29/6/15 7/8/15 19/10/1% 112 yes
S53 B BB-53-3 | 15/7/15 21/8/15| 13/1/16 182 no
S53 D BB-53-6 | 15/7/15 21/8/15| 19/1/16 188 no
S53 E-F BB-53-9 | 15/7/15 21/8/15| 20/1/16 189 yes
S59 B BB-59-5 | 28/7/15 21/8/15| 16/11/1% 111 yes
S59 D BB-59-14| 29/7/15 21/8/15| 16/12/1%5 140 yes
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Fig. 11: References for the radii along which tlezks were taken

From their arrival the samples were kept in a RHtadled room (Fig. 12). The RH was
initially set to 70% and then to 80%, although hmeathe samples were vacuum sealed, this
value is not considered relevant. In fact, from reaby 2016 on, the RH control stopped
working. The evolution of temperature and RH irsttdgom for the period in which the FEBEX-
DP samples were stored in it for analysis is shiowkig. 13.

Fig. 12: RH-controlled room for the storage of skap

Water retention curves of FEBEX-DP bentonite 8
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Fig. 13: Relative humidity and temperature in therage room over the sampling and

testing period

3. The FEBEX bentonite

The FEBEX bentonite was extracted from the Cordigo Archidona deposit (Almeria, Spain)
and the processing at the factory consisted orggisgation and gently grinding, drying at
60°C and sieving by 5 mm. The physico-chemical ertips of the FEBEX bentonite, as well as
its most relevant thermo-hydro-mechanical and geital characteristics obtained during the
projects FEBEX | and Il were summarised in the Ifregoorts of the projects (ENRESA, 2000,
2006), and later documents (Villar & Gomez-Espif@%. A summary of the results obtained
relevant for this report is given below.

The montmorillonite content of the FEBEX bentonge@bove 90 wt.% (92+3 %). The smectitic
phases are actually made up of a smectite-illiteethilayer, with 10-15 wt.% of illite layers.

Besides, the bentonite contains variable quantitiegjuartz (2+1 wt.%), plagioclase (3+1
wt.%), K-felspar (traces), calcite (1+1 wt.%), asrebtobalite-trydimite (2+1 wt.%).

The cation exchange capacity of the smectite ist402eqg/100g, the main exchangeable
cations being calcium (352 meqg/100g), magnesiutt33meq/100g) and sodium (27+1
meq/100g). The predominant soluble ions are chdgsdIphate, bicarbonate and sodium.

The liquid limit of the bentonite is 102+4 %, thiagtic limit 53+3 %, the density of the solid
particles 2.70£0.04 g/cinand 67+3 % of particles are smaller thapr. The hygroscopic
water content in equilibrium with the laboratorymatsphere (relative humidity 50+10 9%,
temperature 21+3 °C, total suction about 100 MBd)3.7+1.3 %. The external specific surface
area is 32+3 Afg and the total specific surface area is aboutrii2§.

The saturated hydraulic conductivity of compactedtbnite samples is exponentially related to
their dry density. For a dry density of 1.6 gfctihe saturated permeability of the bentonite is
approximately 5-1¢* m/s at room temperature, either with diluted giaror deionised water
used as percolating fluid. The temperature incréasds to increase permeability.
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The swelling pressure of compacted samples is etponentially related to the bentonite dry
density. The bentonite compacted at dry density.®fy/cni and saturated with deionised water
at room temperature develops a swelling pressu@obit 6 MPa. Saturation with a Spanish
diluted granitic water gives similar values, whereamperature causes a decrease of them.

The retention curve of the bentonite was determimedamples compacted to different dry
densities at different temperatures (Lloeetl. 2004, Villar & Lloret 2004, Villar & Gomez-
Espina 2009). The volume of the samples remainedtant during the determinations, since
they were confined in constant volume cells. Foltapan approach similar to that presented by
Sanchez (2004) to fit the data from these laboyatieterminations, the empirical Equation 1
was obtained:

_Al

1
1 p)
w= b ee ) |1 (| (12 (2)") 5 -5
[1]

wherew is the water content (%), andn, are the porosity and reference porosity, respelgtiv

s is the suction (MPa)T and T, are the temperature and reference temperatungeatbgely,
(°C), S and S, are the liquid degree of saturation and liquididesl degree of saturation,
respectively Py, Pseo A1 andA, are the parameters to define the shape of thetimtecurve at
the reference temperature and porosity, land a andn are fitting parameters that take into
account the influence of temperature and poro3ibhe values of parameters are indicated in
Tab. 2. The differences between measured valuethenesstimated values using Equation 1 are
smaller than 2% in terms of water content.

Tab. 2: Values of parameters in Equation 1
b c PO (MPa) A]_ Az r] r10 a (1/°C) TO (OC) Psec (MPa) Sr Sr
145 1.9| 25 04 11 2p 04 0.001%5 20 1000 1.0 0.01

4, Methodology

The laboratory determinations presented in thionewere carried out at CIEMAT facilities
mostly from August 2015 to December 2017. During tiiain testing period, between one and
three blocks were sampled every week in the laboraThe block to be sampled every day was
taken early in the morning from the storage roorthnlaboratory where the subsampling was
made. Some blocks were taken out from the storagm & day before sampling, since thermal
equilibrium is necessary for the correct measuremethermal conductivity and suction.

The plastic and aluminium foil bags were removed, anth the block wrapped in the plastic
foil, thermal conductivity and relative humidity veemeasured. To perform these measurements
only the indispensable surface of the block wasouweed, so that to avoid unnecessary
humidity losses.

Each block was unpacked only once in order to tdle subsamples for the different
determinations. The sampling was coordinated toenthk tests immediately after unpacking
and sampling. The blocks were sectioned along ddéeus, in order to obtain material for the
hydro-mechanical (THM) and geochemical and mingjiakl (THG) tests (Fig. 14 left). In
order to obtain a more detailed sampling, subsasripten two (three in a few cases) different
positions along the radius of the block were takére subsamples obtained in this way were
referenced by adding a correlative number to thii@inmeference of the block, 1 for the closest
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part to the granite and 2 for the closest paméogallery axis. The samples for the different HM
determinations were obtained by drilling (Fig. light). The sampling logs of the blocks
analysed for THM and THG tests are presented eslgt et al. (2018).

In the following subchapters the methodology fokmlvfor some of the determinations
performed is described. Although this report fosuse the water retention curves and the rest
of THM determinations were spread out in Villaragt(2018b), the methodology followed for
some of the analysis that have been used to corepleon interpret the WRCs is included here
again for completeness, as well as some of thdtsesu

Fig. 14: Sectioning of blocks for THM and THG detémations (left) and drilling of a
block to obtain subsamples 1 (closest to the grpiaibd 2 (closest to the gallery
axis) for the HM determinations (right)

4.1. Suction measurement

The relative humidity and temperature of the blosks measured before unpacking either with
psychrometers or with capacitive sensors, dependimghe bentonite water content. The

relative humidity of the blocks with higher watesntent was measured with psychrometers.
The capacitive transmitters used for the samplés hwer water content —which is the case of
all the samples used for WRC determinations— wergsiion SHT75, which have a precision

of 2% RH in the range from 20 to 80%.

The blocks were taken to the laboratory at leasthkfore the measurements. The plastic and
aluminium foil bags were removed and, with the kleerapped in plastic foil, holes were
drilled in the block to install the sensors ins{f#g. 15). The stabilisation of the measurement
took about 1 h. To convert the values of relativenldity (RH, %) to suction values,(MPa)

the Kelvin's law is used:

s= -106Rlen(RHj [2]
Y 100

w
whereR is the universal constant of gases (8.3143 J/mpT the absolute temperature avigl
the molar volume of water (1.80-1n*/mol).

11 Informe Técnico CIEMAT 1432



Fig. 15: Psychrometers inserted into a block goannpacking

4.2. Water content and dry density

The samples for the water content and dry densitgrchinations were obtained by drilling with
a crown drill bit of internal diameter 4.5 cm. Twothree positions were drilled in each block,
and from every core 1 or 2 subsamples were obtailme@ach of these subsamples water
content and dry density were determined.

The gravimetric water contenv) is defined as the ratio between the mass of watdrthe
mass of dry solid expressed as a percentage. Qoersdyq all the values given in this report are
weight percentages. The mass of water was detetinsisghe difference between the mass of
the sample and its mass after oven drying at 136°@8 h (mass of dry solid). Dry densify,)

is defined as the ratio between the mass of theample and the volume occupied by it prior to
drying. The volume of the specimens was determibgdimmersing them in a recipient
containing mercury and by weighing the mercury ldispd, taking a fixed density of mercury
of 13.6 g/cm. The absolute error of this measurement is inotiter of 10 g/cn?. The same
samples whose volumes had been determined werefaisédte water content determination.
The balance used was an AND GF2000, with a capapitp 2100 g and a precision of 0.01 g.

4.3. Measurement of basal spacing

The (001) reflection or basal spacing gives thdadise along the crystallographic c-axis
between clay lamellae, and for a given clay depemdthe exchangeable cations present in the
interlayer and their degree of hydration.

From all the blocks sampled at CIEMAT, subsamplesenwpreserved in paraffined foil and the
X-ray profile of a plane surface of them was reggistl at laboratory temperature after removing
the foil and without any further treatment. An aathode of Cu (Cui) radiation was used
with a Philips model X'Pert-MPD diffractometer a #nA, 45 kV operating condition. X-ray
diffraction (XRD) experimental profiles were obtath with a 0.1 mm entrance slit and a
scanning rate of 0.025 6. Data were collected between 2 and 80The goniometer settings
were: automatic divergence slit and diffracted besin2 mm. The position of the peaks was
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adjusted by using the quartz in the samples aatamal standard. The complete mathematical
description of the scan pattern was obtained bybomation of a polynomial function that
describes the background and a profile function tis the experimental peaks in order to
obtain better peak parameters (peak position, mensity and full width at half maximum
(FWHM)). The pseudo-Voigt profile function, which the weighted mean between a Lorentz
and a Gaussian function, was used to fit the pasksell as to deconvolute overlapped peaks.

After the determination of the water retention @syva fragment of the samples tested was also
used for measuring the basal spacing. For thesplsaran anticathode of Cu (CuKradiation
was used with a Bruker D8 Advance diffractomete4@imA and 40 kV operating conditions.
XRD experimental profiles were obtained with a 1 rantrance slit, 0.05°62step size and a
counting time of 3 s per step. Data were colledtetiveen 2 and 30° 2. Goniometer settings
were fixed divergence slit and diffracted beam $ldth of 1 mm. A profile function was fitted

to the observed intensities in order to obtaindvgieak parameters (peak position, net intensity
and full width at half maximum (FWHM)) completelyestribing the measured scan. The
Pearson VIl function was used. It was also usetbttonvolute overlapped peaks.

4.4. Pore size distribution

The pore size distribution of subsamples from tloeks was determined by mercury intrusion
porosimetry (MIP). This technique allows the det@ation of the pore size distribution by

injecting mercury into the sample at different grgges while controlling the volume intruded.
The pressure applied can be related to the minipoma diameter intruded, taking into account
the characteristics of the fluid. The ratio of ttidume of mercury intruded (pore volume) to the
applied pressure (which conditions the minimum pbagneter) allows distribution curves to be
obtained establishing the percentage of poressifeaincluded within a given range.

In order to alter as less as possible the clayasioucture during drying, the samples were put
in the ice condenser of a Telstar LioQuest equigraén50°C for 3 h. Afterwards they were
lyophilised for 19 h at a temperature of -50°C ur@le@acuum of 0.2 mbar, so that to eliminate
the water in the pores by sublimation. Before tHe késts the samples were heated to 35°C for
2 h. The porosimeter used was a Micromeritics AateFSeries IV 9500, which allowed the
exploration of pore diameters between 0.006 andBA0Prior to mercury injection the sample
was outgassed by applying a vacuum of 50 um-Hgerafirds the mercury injection pressure
was increased from 2.7 kPa to 220 MPa in 109 stepsletermine the extrusion branch of the
curve, the pressure was released in 56 steps doaiptessure of 68.6 kPa. A contact angle of
mercury of 139° both on advancing and of recedimghe clay surface was considered.

After the determination of the water retention @ma fragment of each sample was used for
measuring the pore size distribution following #aene methodology just described.

The mercury intrusion method allows access to limegaonly to the macroporosity and to part
of the mesopores (those of sizes in the range 0o 6 nm), since mercury does not intrude
the microporosity (pores with diameters of lessmtanm, according to the classification of
Sing et al. 1985). In the high-density clay materiatrieved from the FEBEX-DP, pores larger
than those that can be quantified by MIP are npeeted. However, the pores connected to the
external surface by narrow openings will not beudéd until sufficient pressure is applied to
intrude the entryways. All of the volume of sucthrgewill be allocated to the threshold radius
class of the most restricted part of the entrywmottleneck effect).

4.5. Water retention curves

The water retention curves (WRC) were determinetth whie aim of checking the effect of
prolonged drying on the water retention capacityhefbentonite. For this reason, samples from
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the internal ring of the barrier in contact wittetliner were tested. The three blocks received
that had been in contact with the liner in secti®¥ and S53 were sampled, but also two
blocks close to the axis of the gallery in coolteecS59 (Fig. 10, Tab. 1). These two blocks
had water contents close to those blocks taken §ections S47 and S53, and were sampled to
check the effect of the thermal treatment on th&emaetention capacity, since the blocks from
sections S47 and S53 were submitted to much higingperatures during operation than those
from section S59 (Fig. 5). Two samples were obthimgdrilling from each block with a crown
drill bit of internal diameter 4.5 cm. In the bleckrom section S47 these two samples were
drilled at two different distances from the axiglod gallery, 1 and 2, as shown in Fig. 14. In the
rest of the blocks the two subsamples, a and ke didied at the same distance from the gallery
axis. The cores obtained were trimmed with cylicalrcutters to adjust their diameter to 3.8 cm
and pushed into stainless steel rings which wexdbtidy of a cell (Fig. 16, left). The height of
the resulting bentonite cylinders varied betwednahd 1.3 cm. Filter papers and porous stones
were placed on top and bottom of the sample anddthers of the cell were tightened. The cells
were placed in desiccators with sulphuric acid tsohs (Fig. 16, right), to apply a given suction
to the samples by means of the control of theiveldtumidity (vapour transfer technique). The
relative humidity inside the desiccators is relatetbtal suction through Kelvin's equation (Eq.
2).

Sample |:| Porous plate i Steel

Fig. 16: Schematic representation of the constahtnwe cell for WRC determination (left)
and desiccator with perforated cells inside (right)

The samples were initially submitted to suctions18f23 MPa, which were the suctions
measured in the blocks following the procedure desd in section 4.1. Afterwards, the
samples were submitted to suctions progressivelioThe evolution of water content in the
samples was checked by periodical weighing, andstition step was not changed until
stabilisation was reached. Once equilibrium wagtred for the final suction value, the cells
were opened, the samples were extracted by pustithga hydraulic press and they were
weighed and their dimensions measured. Small pattee samples were used for measurement
of the basal spacing and determination of the piae distribution according to the procedures
described in 4.3 and 4.4. All the remaining parttred samples was used for water content
determination.
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The final density of the sulphuric acid solutiontive desiccator was checked using a Density
Meter (A-110M-Mettler Toledo, +0.0001 g/émesolution). There is an experimental relation
between the density of the solutign ¢/cn?) and the percentage in weight of the sulphurid aci
in the solution g, %), which is temperature-dependent (Lide 1996}).20°C, this relation may
be adjusted to an exponential equation:

p = 145.8984 Iip + 0.9807 3]

In turn, the relation between the percentage irghteof sulphuric acid in the solutiomp, (%)
and the activity of the solutiora{=RH/100) —which gives suction according to Kelvitésv
(Eq. 2)— is reflected in experimental tables fdfedent temperatures (Gmitro & Vermeulen
1964). For 20°C, the relation may be adjustedgolgnomial equation of the fourth order:

ay = 7-10°p* - 6-10° p*> — 0.0001p* — 0.001%p + 0.9927 [4]

The lowest suction value applied was 0.47 MPaesponding to a RH of 99.67% (Eq. 2). This
RH was generated using a“10l NaCl solution (Clarke & Glew1985).

The determinations were performed at 20°C.

5. Results

5.1. Computation of degree of saturation

The water degree of saturation of the bentorf{g (hich is the ratio of volume of water to
volume of voids, has been computed using the Eguati

wXpd
Sp=—1 [5]
wherew is the water contenpy is the dry density, andlis the porosity of the bentonite, in turn
computed using the dry density and the solid spewiéight ). This Equation assumes that
the water has a density of 1 gftrithe degree of saturation obtained will depend thi the
solid specific weight used. If a value lower thdme tactual one were used, the degrees of
saturation would be fictitiously high andce versa. For the FEBEX bentonite used to
manufacture the blocks placed at the GTS, a spktific weight for the solids component of
2.70+0.04 g/cr(average of 20 measurements) was determined imopyeters using water for
soil suspension (Villar 2002, ENRESA 2000, 2006)2P samples taken from Grimsel during
the 2015 dismantling, this parameter was determamggin and the same average value was
found (Villar et al. 2018b).

In addition to the uncertainties in the specificigi® value determination, there is another
reason for computing inaccurate degrees of saturafihis is the assumption that the density of
the water is 1 g/cfalthough it is known to be higher in the watesatded in bentonites. This
fact becomes more evident in highly compacted esiparnclays close to water saturation, in
which degrees of saturation much higher than 108fthe computed if a water density value of
1.0 g/cni is considered (Villar 2002, Marcial, 2003, Llo&tVillar, 2007). Thus, a computed
degree of saturation of 115% for a saturated samipldd indicate that the average density of
the water in it is 1.15 g/cinBesides, the proportion of adsorbed water (witteasity higher
than 1 g/c) over free water (with a density of 1 gfnincreases as the dry density of the
bentonite is higher.

Since there is no accurate knowledge of the vatliasthe density of water can take (which
would depend on the particular bentonite, its dgresad water content), the customary value of
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1 g/cnt has been used in the calculations presented ifolleeving subchapters, which would
partially explain the degrees of saturation highan 100% found in some cases.

5.2. Basic properties

The blocks were sampled in the laboratory for watentent and dry density, which were
determined in two (three in some cases) differesitipns of each block along a radius (named
1 and 2, Fig. 14). The values of water content (ry density ;) and degree of saturatio§)
obtained for the blocks used for the WRC deternmonatare shown in Tab. 3. The Table also
shows the total suction and basal spacdf{@d1)) measured in the same positions (Villar et al
2018b).

Tab. 3: Summary of properties determined in theckdoused for water retention curve
determinations
Block Distanc€ |w | pq S | Suction|d(001)
reference |(cm) (%) |(g/cm®) | (%) | (MPa) | (nm)
BB-47-3-1 |67 22.2| 1.65 94| 29.2 |1.584
BB-47-3-2 |57 20.8| 1.63 86 1.727
BB-47-6-1 |67 19.4| 1.65 82| 43,5 |1.563
BB-47-6-2 |57 18.1| 1.65 76| 49.8 |1.674
BB-47-9-1 |67 20.0| 1.62 81| 28.1 |1.615
BB-47-9-2 | 57 20.9| 1.65 89| 325 |1.674
BB-53-3-1 |67 22.8| 1.65 98 (22.9 1.574
BB-53-3-2 |57 21.9| 1.64 9125.1 1.585
BB-53-9-1 |67 20.8| 1.66 90 [31.3 1.575
BB-53-9-2 |57 19.0 | 1.62 77 135.6 1.574
BB-53-6-1 |67 18.7| 1.67 81|33.9 1.599
BB-53-6-2 |57 18.2| 1.65 77139.9 1.574
BB-59-5-1 |15 25.5| 1.57 96 |18.9 1.639
BB-59-5-2 |5 25.3| 1.56 94 119.8 1.611
BB-59-14-1|15 25.4| 1.58 97 (185 1.664
BB-59-14-2|5 25.2| 1.57 95(20.1 1.645

& approximate distance to gallery axis

The water content and dry density obtained in &heidatory for blocks of the different sections
sampled are plotted in Fig. 17 to Fig. 19. The watmtent decreased from the granite towards
the inner part of the barrier in all the sectiombgreas the dry density increased. In the three
radii sampled in every section the changes werdasinin the sections around the heater (S47
and S53) the change along the radii was approxiynitear. Section S59 was always a cool
section and the water content at every pointwai$ much higher than the initial one (14%).
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The results obtained in the laboratory were contaiith those obtained on-site by AITEMIN
for nearby sections (Villar et al. 2016) and theeament between both measurements was
found to be very good, what suggests that the pgckind transport conditions were the
appropriate to maintain the situ state of the blocks even several months after tiegiieval
(Villar et al. 2018b).

5.3. Water retention curve

The samples for the water retention curve deterimimawere obtained by drilling in the
laboratory the blocks from sections S47, S53 ar@tli8ficated in Tab. 1. The exact location of
the samples drilled in each section is shown in Eig They were drilled from blocks in contact
with the heater in sections S47 and S53. Samples also taken from the cool section S59.
These samples were trimmed from the most interlwakb of the barrier, which were those
with the lowest water content. This was done wiil &im of starting the determination of the
WRCs from water contents as similar as possiblevdxn the two sets of samples (heated and
non-heated). Nevertheless, the samples from sec®#Y and S53 were drier, and in fact,
because of the bad consistency of the blocks,codatly of those from S47 (Fig. 21), it was
difficult to obtain good-shaped samples. Becausthaif higher water content the blocks from
section S59 were more consistent and it was e@stam samples from them (Fig. 22).

After trimming, the samples were placed into pexfed cells which were submitted to
controlled suctions in desiccators, following theqgedure described in subchapter 4.5. The
initial suction was selected to be equal to theisnaneasured in the blocks from which the
samples were drilled (Tab. 3), and this suction s#ssequently reduced by steps, waiting for
water content stabilisation in each step. This teysamples were resaturated and the WRCs
were determined following a wetting path under lswac conditions.

The initial characteristics of the samples fromtises S47, S53 and S59 are shown in Tab. 4,
Tab. 5 and Tab. 6, respectively. They include thedgnsity py) and water contenty of the
blocks from which they were drilled and the suctismeasured in them (those shown in Tab. 3),
the initial characteristics of the samples trimnigg w, S) and the evolution of these values in
the subsequent suction steps. The time necessaeath water content stabilisation for each
step is also indicated. The dry density of the itmed samples was generally lower than that of
the blocks from which they were trimmed, becaushefdifficulty in trimming samples from
blocks that were relatively dry and crumbled easllgere was also a difference between the
initial and final dry densities of the samples. S'ts because the initial height and diameter of
the samples —although intended to be as closesshpmto the internal dimensions of the cells—
did not allow to completely fill the internal volwarof the cells, and this was filled in the course
of the first suction step, which resulted in aldigicrease of the water content of the samples
and associated swelling. The subsequent steps hircag) expected, further increases in water
content and degree of saturation, since the volofttee samples remained constant during the
determination. The evolution of water content astisn decreased for the samples of the
different sampling sections is shown in Fig. 23Fig. 25. The first suction step brought a
decrease in water content for the samples fromose&59 —from an average initial water
content of 26% to a water content of 24%— whereashie samples from the other sections the
water content slightly increased.

The equilibrium water contents for each suctiop stee plotted as a function of suction in Fig.
26 to Fig. 28 for the different sections. The alitivater contents of the blocks from which the
samples were trimmed are also plotted in the Fiylinged to the suction measured in the same
blocks at the approximate locations where the sasnpkre drilled from (Tab. 3).
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Fig. 21: Appearance of blocks BB47-3 (up) and BB4(dtown)

Fig. 22: Appearance of block BB59-5 and locatiortted two samples trimmed for water
retention curves
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Tab. 4:

Results of the water retention curves wétimples from section S47

Reference 1.BB47-9-1 2.BB47-9i2 3.BB47-3-1 44BEB-2| 5. BB47-6-1 6. BB47-6-2
Distance to axis (cm)67 57 67 57 67 57
Block pq (g/cnt) 1.62 1.65 1.65 1.63 1.65 1.65
Block w (%) 20.0 20.9 22.2 20.8 19.4 18.1
Initial suction (MPa)| 28 33 29 29 44 50
Initial pq (g/cnt) 1.42 1.64 1.68 1.65 1.56 1.54
Final pq (g/cn?) 1.39 1.52 1.55 1.55 1.50 1.52
Initial w (%) 20.1 20.2 21.1 20.8 18.8 19.9
Initial § (%) 60 85 94 88 69 71
Suction (MPa) 23 23 23 23 23 23
Days 49 49 49 49 49 49

w (%) 21.2 21.1 21.8 21.7 20.2 225
S (%) 61 73 80 79 68 78
Suction (MPa) 13 13 13 13 13 13
Days 105 105 105 105 105 105
w (%) 22.1 22.7 22.8 23.0 21.2 24.4
S (%) 63 78 83 83 72 85
Suction (MPa) 11 11 11 11 11 11
Days 198 198 198 198 198 198
w (%) 23.7 24.3 23.8 24.5 22.7 26.8
S (%) 68 84 87 89 77 93
Suction (MPa) 6.6 6.6 6.6 6.6 6.6 6.6
Days 113 113 113 113 113 113
w (%) 24.7 24.8 24.2 25.4 23.6 27.9
S (%) 71 86 88 92 80 97
Suction (MPa) 0.5 0.5 0.5 0.5 0.5 0.5
Days 291 291 291 228 291 228
w (%) 33.6 31.3 29.1 31.9 30.0 36.3
S (%) 96 108 106 115 101 126
Tab. 5: Results of the water retention curves wéimples from section S53

Reference 7. BB53-3-| 8. BB53-3-| 9. BB53-6-| 10. BB53- | 11. BB53- | 12. BB53-

la 1b la 6-1b 9-2a 9-2b

Distance to axis (cm)67 67 67 67 57 57

Block pq (g/cn?) 1.65 1.65 1.67 1.67 1.62 1.62
Block w (%) 22.8 22.8 18.7 18.7 19.0 19.0

Initial suction (MPa)| 23 23 37 37 33 33

Initial pq (g/cnT) 1.60 1.57 1.61 1.63 1.58 1.61
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Reference 7. BB53-3-| 8. BB53-3-| 9. BB53-6- | 10. BB53- |11. BB53- |12. BB53-
la 1b la 6-1b 9-2a 9-2b

Final pg (g/cn?) 1.57 1.54 1.56 1.52 1.52 1.57
Initial w (%) 22.2 21.7 19.7 22.4 20.7 19.0
Initial S (%) 87 81 79 93 78 76
Suction (MPa) 22.6 22.6 22.6 22.6 22.6 22.6
Days 81 81 76 76 75 75

w (%) 22.3 22.0 20.4 20.9 21.2 19.9
S (%) 84 79 75 73 74 75
Suction (MPa) 13.2 13.2 13.2 13.2 13.2 13.2
Days 141 141 141 141 141 141
w (%) 23.4 23.0 21.6 22.1 224 21.3
S (%) 88 83 80 77 78 79
Suction (MPa) 115 115 115 11.5 11.5 115
Days 97 97 97 97 97 97

w (%) 23.9 234 22.1 22.5 22.9 21.8
S (%) 90 84 81 78 80 81
Suction (MPa) 6.3 6.3 6.3 6.3 6.3 6.3
Days 73 73 73 73 73 73

w (%) 24.2 24.1 22.7 23.4 24.0 22.9
S (%) 91 86 84 81 83 85
Suction (MPa) 0.5 0.5 0.5 0.5 0.5 0.5
Days 112 228 228 228 228 112
w (%) 27.2 27.6 27.3 27.5 29.4 25.7
S (%) 102 99 101 96 102 96
Tab. 6: Results of the water retention curves satimples from section S59
Reference 13. BB59-14-2a 14. BB59-14{2t5. BB59-5-2a | 16. BB59-5-2b
Distance to axis (cm)5 5 5 5

Block pg (g/cn?) 1.57 1.57 1.57 1.57

Block w (%) 25.2 25.2 255 25.5

Initial suction (MPa)| 20 20 20 20

Initial pq (g/cn?) 1.54 1.51 1.50 1.53

Final pg (g/cn?) 1.53 1.48 1.50 1.53

Initial w (%) 26.0 26.1 26.9 23.6

Initial S (%) 93 89 91 84

Suction (MPa) 18.7 18.7 18.7 18.7

Days 87 87 87 87

w (%) 23.4 24.7 25.0 21.3

Water retention curves of FEBEX-DP bentonite

22



Reference 13. BB59-14-2a 14. BB59-1442tb. BB59-5-2a | 16. BB59-5-2h
S (%) 82 81 84 75

Suction (MPa) 134 134 13.4 134

Days 140 140 140 140

W (%) 24.2 25.4 26.0 22.4

S (%) 85 84 88 79

Suction (MPa) 11.5 11.5 11.5 115

Days 97 97 97 97

w (%) 24.7 26.0 26.5 22.6

S (%) 87 85 89 80

Suction (MPa) 6.5 6.5 6.5 6.5

Days 73 73 73 73

w (%) 25.8 27.2 27.6 23.9

S (%) 91 89 93 85

Suction (MPa) 0.5 0.5 0.5 0.5

Days 112 112 291 112

w (%) 29.0 31.0 334 27.1

S (%) 102 102 113 96

38 —— ' ' .
1 113 MPal 11 MPa 17MPa 1 0.5MPa
% 3vpa | ! ! /ﬂ"“‘
34 ! ' ) ' I e ——
{1 Distance to gallery axis I :
g 32 * Filled symbols: 57 cm
% 30 7 E'mpty synl1bols: 67 cm e
g 1 020
& 26 “—1. bb47_9_1]1
SV —=-2.bb47.9_2||
] o 3.bb47_3_1
22 —e-4.bb47_3_2[]
20 Wi ——5.bb47_6_1|
/ —4—6. bb47_6_2
18 +— T T
0 200 400 600 800
Time (days)

Fig. 23: Water content evolution as suction de@éamr samples of section S47 (the
vertical lines indicate the suction changes, theien of each step is indicated in
the upper part)
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S47 AROUND HEATER
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Fig. 26: Water retention curves determined for dampf section S47. The highest suction

value for each sample (largest symbols) is thatsomed in the block from which it
was trimmed and reported in Tab. 3

S53 AROUND HEATER
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Fig. 27: Water retention curves determined for dampf section S53. The highest suction

value for each sample (largest symbols) is thatsonea in the block from which it
was trimmed and reported in Tab. 3
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COLD SECTION S59
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Fig. 28: Water retention curves determined for dampf section S59. The highest suction

value for each sample (largest symbols) is thatsoned in the block from which it
was trimmed and reported in Tab. 3

These Figures show that even inside the same kloelkehaviour of the samples was different.
A possible explanation is the wide range of vaoiatin dry densities, which spanned between
1.39 and 1.58 g/cinsince dry density has an effect on the watentiete capacity, particularly
for the lowest suctions. However, in the resulisthe FEBEX-DP samples just presented this
relation was not clear and the divergence betwesnpkes cannot be explained by their
different dry densities. In contrast, the initiahter content seems to also have a significant
influence on the water content evolution duringtimgt particularly for suctions above 10 MPa.
This means that the initial water content diffelebetween samples was more or less preserved
until suction reached values around 10 MPa: sampi#s higher initial water content kept
having higher water contents than the other sanhleimg the wetting path. But when suction
decreased below 10 MPa the trend changed.

Additionally, the samples have been grouped acngrdb their position in the barrier,
particularly their distance to the gallery axis, igth in the samples around the heater
conditioned the maximum temperature to which thesrewsubmitted. The results for the
samples that were taken closer to the heatemti®7 cm from the gallery axis in sections S47
and S53, have been plotted in Fig. 29. Since se&®W/ was located in the middle part of the
heater whereas section S53 was towards the batktlé temperatures during operation were
very likely higher in section S47 (Fig. 5). Howeyvére initial water contents were higher for
the samples from section S47, and they kept sogluhe whole wetting path, the difference
with the samples from section S53 increasing as@udecreased. The results for the rest of the
samples, i.e. those taken at 67 cm from the gadlgiy in sections S47 and S53, and from cool
section S59 are plotted in Fig. 30. In this casenitial water contents of samples from sections
S47 and S53 were similar, but wetting for suctibabw 10 MPa resulted in a higher increase
in water content for the samples of section S47adm, although the samples from section S59
had higher initial water contents than the reghefsamples, the final water contents at the end
of the wetting path were similar for the two sefssamples (S47 and S59). It could be
concluded that the samples submitted to the higkegteratures (above 90°C according to Fig.
4) had for the lowest suctions the highest watepgation capacity.
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Fig. 30: Water retention curves of samples locaaed7 cm from the gallery axis in

sections S47 and S53 and 5 cm from the galleryiaxdection S59

5.4. Pore size distribution of tested samples

The pore size distribution of the samples at trek afrthe WRC tests was analysed by mercury
intrusion porosimetry. The equipment used couldageess to pores of diameters in the range
from 540 um to 7 nm. Fig. 31 to Fig. 33 show thevea obtained for the samples from the
three sampling sections. The curves have beerefilteith the Savitzky-Golay’s method (1964)
to remove the experimental noise. Two pore famdiggeared systematically in all the samples,
one in the size range of macropores and anothemnathe size range of mesopores. This is the
usual pore size distribution pattern obtained byPMh compacted FEBEX bentonite,
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irrespective of the water content or dry densityd avas also observed in the samples taken
from the FEBEX-DP blocks and not used for WRC dateation (Villar et al. 2018b).
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Fig. 31: Pore size distribution obtained by MIPsaimples from section S47 after WRC
determination
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Because of the limitations of the method and eqeipmonly part of the macropores (pores of
diameter in the range from 5.4°1® 50 nm) and part of the mesopores (pores of efiam
between 50 and 7 nm) were explored. It is not etgoeto find pores larger than 6°1m in
compacted clay materials, but the number of pamesler than 7 nm can be very relevant. To
overcome this undervaluation of porosity, an edfionaof the percentage of pores not intruded
by mercury can be made by comparing the actual radid of the samplese(computed from
their dry density in Tab. 4 to Tab. 6, and the dgnsf solid particles) and the apparent void
ratio calculated from mercury intrusioe,(, mercury being a non-wetting fluid) and assuming
that the non-intruded porosity corresponds to theep of a size smaller than the limit of the
apparatus. Thus, the pore size distribution obthlne MIP was corrected to take into account
the percentage of pores not intruded.

The corrected results are detailed in Tab. 7. Tareintruded void ratio was between 50 and
74%. The Tables also show the void ratio corresipgntb macropores (diameter >50 nm),
mesopores (7 nm < diametes0 nm) and micropores (i.e. those of diameter <Y, ahong with
the size mode of macropore and mesopores. The asepauantification of mesopores and
micropores cannot be accurately done, becausddheeter limit of the two pore sizes is 2 nm,
whereas the lower limit of the equipment is 7 nro. differences in the parameters mentioned
have been detected between the samples of thesicgens.
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Tab. 7: Pore size distribution of the bentoniteaot#d by MIP after determination of the
WRC (sizes correspond to diameters)

Reference e Intruded e|e macro |Mode emeso |Mode e micro®
(% total) | (>50 nm)|macro (nm)| (50-7 nm)| meso (nm) (<7 nm)
1. BB47-9-1 0.94450 0.323 69674 0.150 13.2 0.471
2. BB47-9-2 0.78(055 0.279 69555 0.152 11.9 0.349
3. BB47-3-1 0.73854 0.244 27147 0.155 13.2 0.339
4. BB47-3-2 0.74%70 0.366 62865 0.155 ([13.2 0.224
5. BB47-6-1 0.79953 0.263 69662 0.159 13.2 0.376
6. BB47-6-2 0.77974 0.431 16081 0.145 10.7 0.203
7.BB53-3-1a | 0.71857 0.235 24428 0.172 10.7 0.311
8. BB53-3-1b | 0.75250 0.210 24593 0.167 10.7 0.375
9. BB53-6-1a | 0.73158 0.271 30145 0.156 10.7 0.304
10. BB53-6-1b | 0.77654 0.256 45844 0.160 |7.8 0.360
11. BB53-9-2a | 0.76860 0.308 37211 0.161 11.9 0.308
12. BB53-9-2b | 0.72256 0.252 33417 0.153 |11.9 0.317
13. BB59-14-230.764|59 0.291 17853 0.156 11.9 0.316
14. BB59-14-2h 0.822| 55 0.291 24433 0.163 |10.7 0.368
15. BB59-5-2a | 0.70670 0.339 14484 0.157 13.2 0.210
16. BB59-5-2b | 0.76861 0.297 56387 0.166 |14.6 0.300

#assuming that all the non-intruded porosity cqroesls to pores <7 nm

The pore size distribution of samples from the kdéofrom which the samples for the WRC
determination were trimmed was also analysed wherblocks were first sampled. The results
were reported in Villar et al. (2018b). Those resake plotted in Fig. 34 in terms of void ratio
corresponding to pores with diameters larger andllsmthan 50 nm (i.e. macropores and
meso+micropores, respectively) for samples takediféérent distances from the heater in
sections S47 and S53. The results obtained akeWRC determination in samples taken from
close positions (Tab. 7) have also been plottatiér-igure. There is an overall increase in void
ratio after the WRC determination, which has begianed above as caused by the difficulties
in trimming samples that perfectly fit the testioglls, what gave place to reductions of dry
density after trimming. Both the percentage of vaitio of pores larger and smaller than 50 nm
increased after the WRC testing, i.e. after theptesnwere resaturated, but the percentage of
macropores increased proportionally more. The safoemation has been plotted in Fig. 35 for
the samples taken from section S59: the void rediwesponding to pores larger and smaller
than 50 nm before and after the WRC determinatiencampared. In addition to the overall
higher void ratio of the samples trimmed for the @Rests, the increase was again
proportionally higher for the pores with diametémsger than 50 nm. In fact, the average
percentage of void ratio corresponding to poredismidnan 50 nm for all the samples in which
the WRC was determined was 62+7%, whereas it wag%8&or the samples taken from the
blocks and not tested. This would mean that thetwestion occurred during the WRC
determination resulted in an increase mainly ofnopares.
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5.5. Interlayer space of tested samples

The basal spacing of the samples after the WRCrrdetation was determined by XRD
according to the procedure described in 4.3. Fraggnef the samples were X-rayed the same
day in which the cells were dismantled, trying #ef the final water content unchanged by
avoiding any accidental drying. This analysis wl® gerformed in samples from the blocks
when they were first sampled in the laboratory, Hreresults obtained were shown in Tab. 3
(Villar et al. 2018b). The new results obtainedathe determination of the WRC are plotted in
Fig. 36 as a function of the distance to the galéetis and compared with the values measured
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in samples from the same blocks before the WRCrinbgtation (Tab. 3). The 001-reflection
peak was in fact a double one that could be decsathmto two peaks by profile fitting of the
XRD patterns. The main peak, which is the one etbth the Figure, was comprised between
1.50 and 1.74 nm (1.59£0.05 nm) and the seconda\between 1.77 and 2.17 nm (1.94+0.13
nm), the main peak corresponding to the full dewelent of the 2-layer hydrate and the
secondary one to the 3-layer hydrate. Double peake also observed in most untested block
samples.

These values are plotted in Fig. 37 as a functiathe water content of the samples. Since the
water content increased during the determinatiaih@MWRC, the basal spacings also increased,
both the values for the main and for the secongaaks, but particularly the secondary one.
The results obtained after the WRC determinatiorezeen plotted again as a function of the
water content in Fig. 38, along with values meagure FEBEX bentonite samples after
swelling pressure tests, i.e. in samples saturaithdliquid water under isochoric conditions
(Villar et al. 2012 and unpublished results). Tiadues obtained after the WRC curve fit in the
range expected for saturated samples of the sayndeasity, what would indicate that the
distribution of water in the microstructure of ttested retrieved samples is the expected for the
untreated, reference FEBEX bentonite.

Although the analyses for the two set of samplestéd in the laboratory for WRC and non-
tested blocks) were performed with different appeses (subchapter 4.3), no effect on the
results obtained has been identified.
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Fig. 36: Change in main peak of the basal spaceftpation of samples taken from

different sampling sections during the WRC deteation
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6. Discussion

The water retention capacity of a material depemd#ts mineralogical composition —which is
assumed to be the same in all the FEBEX-DP samgilese no relevant mineralogical changes
were observed (Fernandez et al. 2018)—, the hydrpath (drying paths resulting in higher
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water contents than wetting paths), the temperatheedry density and the stress conditions
(both aspects particularly relevant in expansivéens). Other factors such as the salinity of
the water available or the nature of the excharigeadiions may also affect the water retention
capacity of a bentonite. Some of the influencinctdes were not reproduced in the laboratory
determinations, such as the temperature (whichsfone of the samples tested was higher
during operation, whereas it was kept at 20°C duthre laboratory determinations), kind of
available water (particularly its salinity, sincater was taken by the samples in the laboratory
in the vapour phase) or the precise stress conditfavhich were isochoric in the laboratory
tests, whereas the barrier was submitted to diffesresses). For these reasons, the aim of the
tests reported here was not to define the WRC ektdmples as when they were in the barrier
during operation, but to check if the material imsted had the same water retention capacity
that could be expected for the FEBEX reference dmeét® under similar conditions
(temperature, dry density and hydraulic path). Herall the factors possibly affecting the
results have to be analysed before assessingebergation of the water retention capacity.

The samples from sections S47 and S53 had a hjdtaatory different to those from cool
section S59, since the former had been dried duvjppgration whereas the latter had been
continuously wetted. Hence, the determination ef water retention curve for samples from
sections S47 and S53 followed a “wetting after myyipath, whereas the samples from section
S59 continued in the laboratory the wetting paéiitet! in the barrier (although in fact the first
step of the WRC determination resulted in a sligfying). It is acknowledged that the water
retention process is affected by hysteresis, aadftin a given suction higher water contents are
reached during drying than during wetting. In thémse, it would be logical to find differences
between the water retention curves of the sampla® ftool section S59 and the sections
around the heater submitted to intense drying dusigeration. The results shown in subchapter
5.3 have been plotted again in Fig. 39, groupedrding to the hydraulic history of the samples
and for dry density intervals. The fact that thers a broad range in the dry density of the
specimens tested makes it difficult to analyseréiselts, since the dry density probably had also
an influence on the water contents reached for saction. Nevertheless it seems that the
samples from section S59 reached overall higheem@intents, except maybe for the lowest
suctions.
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In an attempt to clarify this matter, the averagdues for the two kinds of samples (heated
during operation and not heated) have been plaitédy. 40, along with some other values that
allow completing the hydraulic history of the saewl

35

The beginning of the drying branch is consideretédhe condition of the material in the
geological deposit (the Cortijo de Archidona quard tentative value of 40% has been
taken based on the water content of bentonite ssmgibtained by drilling at the quarry
(Villar et al. 1996).

At the factory the bentonite was softly dried ungiaching the water content with which the
blocks were manufactured, 14%, which correspondshéoequilibrium value under an
approximate suction of 100 MPa (ENRESA 2006).

During operation the relative humidity close to tieater (sections S47-S53) decreased to
values of 10% (AITEMIN 2002), which taking into aemt the temperature in the area
(Fig. 4) would correspond to suctions close to #M®a. According to the water retention
curves of the FEBEX reference bentonite the watertent corresponding to this suction
could be around 6% (Villar & Gémez-Espina 2009).

From this value on the bentonite slowly hydratedrduoperation. In the case of S59 the
water content of the bentonite did not decreasempimoment below 14%.

When the heater was switched off the temperatueesedsed and the suctions and water
contents in S47-S53 changed. Since there is nodbictformation on the magnitude of this
change (although in terms of water content the gharwere probably limited, because of
the high degree of saturation of the barrier), gag of the hydraulic history of the samples
has not been included in the Figure.

Finally, the samples retrieved were subjected énldiboratory to a wetting path (indicated
by solid lines in the Figure).
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Despite the limitations of these approximationg). HO shows that the samples in the barrier
followed scanning curves starting from differenttsons: the samples from the cool section S59
started their wetting from a suction of about 100PaM (corresponding to hygroscopic

conditions), whereas the samples close to the hettged the wetting scanning curve from a
much higher suction. This could be the reason wigy damples from the cool section S59
reached higher water contents than the others. Mswawer suctions this difference seemed to
attenuate.
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Fig. 40: Hypothetical hydraulic history of the sdegpused for the water retention curve
determination (the filled symbols are the averagésthe values reported in
subchapter 5.3)

As it was explained in subchapter 4.1 the suctiothe blocks was measured in the laboratory
before being unpacked. The values obtained weatertko the water contents measured in the
same samples (Tab. 4 to Tab. 6) and it was podsildleaw water retention curves for different
ranges of dry density (Villar et al. 2017, 2018t)ese results are plotted in Fig. 41 along with
the water retention curves shown above. The sangesaof dry density have been considered.
The Figure also shows the water retention curvetferFEBEX reference bentonite obtained
previously using both methods (sensor measurenmehvapour transfer in desiccators) for the
same density as the average dry density of théebdfr.6 g/cm). For suctions below 20 MPa
the samples of lower density had higher water tetencapacity, since their porosity was
higher. This was very clear for the results obtdibhg measuring suction, but could also be
stated from the results obtained in cells. For é@igbuctions the effect of density cannot be
evaluated solely based on the results obtained seitisors, because the range of densities was
too narrow. As it has been explained above, thecef®f density was not clear in the results
obtained in cells. However, for suctions above 2BaMthe samples tested in the desiccators
(empty symbols) reached lower water contents fagjiven suction than those measured in
blocks of the same suctions (filled symbols).

The comparison with the curve for the referencetdréte compacted to dry density 1.6 gfcm
shows that for suctions above 20 MPa the WRCs mbdaivith sensors were in the range or
showed slightly higher retention capacity than tékerence bentonite. In contrast, the WRCs
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obtained in cells showed lower retention capaditywér water contents for the same suction)
than the reference bentonite. This can be expldiyetthe differences in dry density, since the
dry densities of the samples tested in cells wevstiybelow 1.6 g/cthwhereas those of the
blocks in which suctions higher than 20 MPa wereasneed were above 1.6 gftm
Experiments performed with the FEBEX bentonite caoted at different dry densities showed
that for high suctions the water retention capaewys higher the higher the dry density,
although the trend inverted towards lower suctidhkar 2002).
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Fig. 41: Water retention curves of the referenaetdrsite compacted at 1.6 g/éigerosses),
obtained by measuring the suction of blocks witfedént water content (Villar et
al. 2018b, filled symbols) and obtained in cellsqtreport, empty symbols)

To better evaluate the possible changes occurrethénwater retention capacity during
operation, the water retention curves obtainedhéREBEX-DP samples have been compared
in Fig. 42 with those obtained for the referencatbeite compacted to different dry densities
and submitted under confined conditions to differsmctions, following the same procedure
presented in this report. All the values were atatdiin wetting paths (Villar 2007, Villar et al.
2012 and unpublished results). The results of BBEX-DP samples have been grouped in dry
density ranges close to those available for thereete bentonite. Despite the scatter of the
data, it can be said that the water retention dégpdicl not noticeably change during operation,
and certainly it did not decrease.
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Fig. 42: Water retention curves obtained in catlsthe reference bentonite compacted at
different dry densities (filled symbols) and foetREBEX-DP samples (this report,
empty symbols)

7.  Summary and conclusions

7.1. The FEBEX in situ test

The aim of the FEBEX project (Full-scale EngineeBatriers_Experiment) was to study the
behaviour of components in the near-field of a sifpoy in crystalline rock according to the
Spanish reference concept for geological dispdsatolear waste. As part of this projectian
situ test, under natural conditions and at full scalas performed at the Grimsel Test Site
(Switzerland). The heating stage of the test béigd®97. After five years of operation, half of
the experiment was dismantled. The remaining patih® experiment continued running until
April 2015, when the final complete dismantlingtioé experiment was undertaken.

At the time of dismantling, spring-summer 2015, test had been in operation for 18 years.
During this time:

» the bentonite barrier was hydrated with the grouatdwcoming from the granitic host rock,
and

e the part of the barrier around Heater #2 —whoséasartemperature was 100°C- was
submitted to a steep thermal gradient for the engst. This also means that the internal
part of the barrier around the heater was initisthpngly dried.

During dismantling numerous bentonite samples,he form of blocks, cores or irregular
fragments, were taken, some of them were analysedite (water content and dry density
determination) and others were carefully vacuunkpdaand sent to the different laboratories.
These samples are called FEBEX-DP or retrieved Emnp
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The measurements performed showed that the watégrdadecreased from the granite towards
the axis of the gallery whereas the dry densitydased. Hence, the void ratio of the samples
(inversely related to dry density) was lower theselr to the gallery axis they were taken.

Nevertheless, when the heater was switched off lsefdre the blocks were retrieved, the

thermal gradient disappeared, and this could triggene homogenisation of the water content
inside the blocks by diffusion.

7.2. \Water retention curves determination

This report has focused on the water retentionachearisation of the FEBEX-DP samples, in
particular on their water retention curves (WRCheTresults have been compared with the
suction measurements performed with sensors imdtneved blocks reported in Villar et al.
(2018b). At the end of the WRC tests the pore digtribution of the samples was determined
by mercury intrusion porosimetry (MIP) and the ridger distance of the smectite by X-ray
diffraction. A summary of the basic characterisatod the blocks from which the samples used
for the WRC determination were drilled has also rbgeesented. In particular, results
concerning their pore size distribution and intgeladistance have been compared with those
obtained for the WRC-tested samples. Additionallyorder to assess the potential changes
occurred during operation on the properties ingestid, the values obtained have been
compared with those of the reference, untreatedE>EBentonite.

The samples for the water retention curve detertiminawere obtained by drilling in the
laboratory the blocks that had been in contact tighheater in sampling sections S47 and S53,
since the major aim of the tests was to checkefwtiater retention capacity of the bentonite was
affected by long-term drying. Samples were als@nakom the cool section S59, to check if
there were differences between heated and nonéhbatgonite. These samples were trimmed
from the most internal blocks of the barrier, whighre those with the lowest water content.
This was done with the aim of starting the deteatiom of the WRCs from water contents as
similar as possible between the two sets of santpketed and non-heated).

After trimming, the samples were placed into perfed cells which were submitted to
controlled suctions in desiccators at a temperatdr@d0°C (vapour transfer technique, with
suction applied by changing the relative humidityide the desiccator using different chemical
solutions). Because of the difficulties in trimmimgod-shaped samples their dry densities
spanned a broad range and were in general lowerttte dry densities of the blocks from
which they were trimmed. This decrease was notlicases of the same magnitude, since it
depended on the sample conditions and on the gpefdte initial suction was selected to be
equal to the suction measured in the blocks frornchvthe samples were drilled. The suction in
the desiccators was subsequently reduced by stegiting for water content stabilisation in
each step. This way the samples were saturatedhen®/RCs were determined following a
wetting path under isochoric conditions.

The water retention capacity of a material depemd#ts mineralogical composition —which is
assumed to be the same in all the FEBEX-DP sampiheshydraulic path (drying paths
resulting in higher water contents than wettindhpatthe temperature, the dry density and the
stress conditions (both aspects particularly releira expansive materials). Other factors such
as the salinity of the water available or the reatofr the exchangeable cations may also affect
the water retention capacity of a bentonite. Hetloe,interpretation of the results obtained is
subjected to consideration of the possible changése factors affecting the retention capacity
occurred during barrier operation and in the latmsya Some of the factors were not reproduced
in the laboratory determinations, such as the teatpee, kind of available water or the precise
stress conditions. For these reasons, the aimeotesis reported here was not to define the
WRC of the samples as when they were in the badueing operation, but to check if the
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material retrieved had the same water retentioaapthat could be expected for the FEBEX
reference bentonite under similar conditions.

7.3. Water retention curve results

The water retention curves obtained for the difieamples showed differences even between
samples taken from the same block. Although ingipie the broad range in the dry densities of
the samples, which spanned between 1.39 and 1&#8° géould be responsible for these
differences-since dry density has an acknowledged effect owtiter retention capacity no
clear relation between dry density and water regantapacity was observed for the samples
tested.

However, the initial water content seems to have hasignificant influence on the water
content evolution during wetting. The initial wateontent difference between samples was
more or less preserved until suction reached vaumsnd 10 MPa: samples with higher initial
water content kept having higher water contenta tha other samples during the wetting path.
But when suction decreased below 10 MPa the treadged. The water contents at the end of
the wetting paths were similar for heated and nemtéd samples. Besides, the comparison
between samples taken at different distances freniéater allows to conclude that the samples
submitted to the highest temperatures (above 90&d) for the lowest suctions the highest
water adsorption capacity.

Because the water retention capacity is affectechysteresis, the particular hydraulic path
followed by the samples since the beginning of afi@n until testing in the laboratory has to be
taken into account. The samples from the cool @ec859 started their wetting in the barrier
from a suction of about 100 MPa (corresponding ygrbscopic conditions), whereas the
samples close to the heater started a wetting saaenrve from a much higher suction (400
MPa), because they had experienced previouslytanga drying. This could be the reason why
the samples from the cool section S59 reachedligitiigher water contents than the others.

The results presented here obtained in cells haes lsompared and analysed together with
those obtained by measuring in the laboratory tieians of the blocks (Villar et al. 2017,
2018b). This has allowed to better asses the effiedty density. For suctions below 20 MPa
the samples of lower density had higher water tetencapacity, since their porosity was
higher. For higher suctions the effect of densiswess apparent, but overall the samples tested
under different suctions in the desiccators readteedr water contents than those measured in
blocks that had the same suctions. The reason lgsolvas the lower dry density of the samples
tested in cells with respect to that of the blodkgperiments performed with the FEBEX
bentonite compacted at different dry densities gtbthat for high suctions the water retention
capacity was higher the higher the dry densityhoaigh the trend inverted towards lower
suctions (Villar 2002).

The comparison of these results with the curvettier reference bentonite compacted to dry
density 1.6 g/cthshowed that for suctions above 20 MPa the WRCairndd with sensors were
in the range or showed a slightly higher retentiapacity than the reference bentonite. In
contrast, the WRCs obtained in cells (presentatigireport) showed lower retention capacity
(lower water contents for the same suction) thamn riiference bentonite. This can also be
explained by the differences in dry density, sitieedry densities of the samples tested in cells
were mostly below 1.6 g/chwhereas those of the blocks in which suctionsédrighan 20 MPa
were measured were above 1.6 g/cBespite the scatter of the data, it can be dzadl the
water retention capacity did not noticeably chawgh respect to the reference bentonite during
operation.

Regarding the microstructural changes analysed BF Kiccurred during wetting under
isochoric conditions, the samples showed two mpme families, as it is customary in the
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FEBEX bentonite: a macropore family, with sizeswmsn 15 and 70 um, and a mesopore
family, with sizes between 8 and 15 nm. The resslitsved that the saturation during the WRC
determination resulted in an increase mainly ofnoaares with respect to the blocks retrieved.
However, during operation in the barrier the blotlexl experienced a clear increase in the
proportion of void ratio corresponding to pores Benahan 50 nm (mesopores and micropores).

To additionally analyse the hydration state froomi&rostructural point of view, the basal
reflection (001 value), which gives an indication of the irdgdr distance between smectite
particles, was measured by X-ray diffraction. Sitlee water content of the samples increased
during the determination of the WRC, the basal spggc—which depend on the degree of
hydration of the interlayer— also increased. Thg @lection was in fact a double peak for all
the samples, what had already been observed faatmples from the blocks. After the WRC
determination both the values for the main andtiersecondary peaks, but particularly for the
secondary one, increased. The values correspoodedampletely developed 2-layer hydrate in
transition to a 3-layer hydrate and were coherdtit Whose previously measured in saturated
samples of untreated FEBEX bentonite of similardipsity.

7.4. Closure

The water retention curves of samples retrievethftbe FEBEX in situ test after 18 years of
operation were determined in wetting paths undsghisric conditions with the vapour transfer
technique. Samples taken from the driest blockkerbarrier, i.e. those closest to the heater and
those from the core of the barrier in cool areastemused, since the aim of the tests was to
check the effect of prolonged and intense dryingtlo@ water retention capacity of the
bentonite.

The interpretation of the results obtained haske tinto account that the retention capacity of

the bentonite is affected by temperature, hydrahilitory, dry density, stress conditions and

salinity, among others. In particular, for the séagested the initial water content conditioned

the retention capacity for suctions above 10 MRacdntrast, the samples closest to the heater
reached higher water contents for the lowest sostiban the rest of the samples, which attest
that the water adsorption capacity was not lost ssult of prolonged drying.

The comparison of the WRCs obtained in the retdesamples with those for the FEBEX
reference bentonite compacted at similar densstiesvs that there were no changes in the water
retention capacity during operation and that theemadsorption capacity of the bentonite under
constant volume conditions was mostly conditiongdity density.
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