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PHYSICAL EVOLUTION OF A BENTONITE BUFFER DURING 18 YEARS OF

HEATING AND HYDRATION

The FEBEX in situ experiment was a full-scale test reproducing the near-field of an
underground nuclear waste repository. It was performed in a gallery excavated in
granite, two heaters ssmulated the thermal effect of the waste canisters and a bentonite
barrier composed of highly-compacted blocks surrounded them, acting as buffer
between the heaters and the crystalline host rock. The barrier slowly hydrated with the
natural incoming groundwater. The bentonite and rock were instrumented and the
sensors provided information about the state of the barrier. Half of the experiment was
dismantled after five years of operation (partial dismantling), and the other half was | eft
running for subsequent thirteen years before the complete, final dismantling. During
both the partial and the final dismantling numerous samples of bentonite were taken for
the on-site determination of dry density and water content. This work compares the
physical state of the bentonite barrier after two different periods of time, drawing
conclusions about the performance of the barrier and the factors affecting its saturation

rate and evolution.

The physical state of the barrier was mostly conditioned by the heating and hydration
processes, although at some pointsit was affected by installation particularities. The dry
density gradients generated proved to be persistent, and maybe largely irreversible,
since they were aready observed after five years of operation and remained for another
thirteen years, despite the fact that the degree of saturation at the end of the experiment
was overal quite high. These gradients did not impair the performance of the barrier

and its sealing ability.



To properly compute the bentonite degree of saturation the differences between the
microstructural and macrostructural water density have to be taken into account, and
this is essential for the proper estimation of the time needed for full saturation of the
barrier. In any case, the water content changes evidenced the slowing down of the

hydration rate over time.
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1. Introduction

The safety of the deep geological repository cotscégr nuclear waste disposal is based on

the superposition of barrier systems, among whrehtlae canister and the buffer, usually a

clay-based barrier (Ericsson 1999, Sellin & Leup@i3). The clay barrier has the multiple

purpose of providing mechanical stability to thdleyg and canister, delaying the access of

water to the waste package and retaining/retarttiagnigration of radionuclides eventually

released from a deteriorating canister.

In this context, the aim of the FEBEX (Full-scaladiheered Barriers Experiment) Project

was to study the behaviour of components in the-fiela for a high-level radioactive waste
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(HLW) repository in crystalline rock. The projectaw designed to simulate in the extent
possible the Spanish reference concept for dispafseddioactive waste in crystalline rock
(AGP Granito): the waste canisters are placed botatly in drifts and surrounded by a clay
barrier constructed from highly-compacted bentohlteks (ENRESA 1995). As part of this
project, the FEBEXnN situ test aimed to reproduce the conditions of the rexggied barrier
system in an underground repository of nuclear evdstvas a full-scale test performed at the
Grimsel Test Site (GTS, Switzerland), an undergdolaioratory managed by NAGRA, the
Swiss agency for nuclear waste management. A 70ag &nd 2.28-m diameter gallery was
excavated across the Aare granite in 1995. Thentdlezffect of the heat-generating canisters
was simulated by two heaters of dimensions and Wweigalogous to the Spanish reference
waste containers. They were placed inside a pe€edisteel liner installed concentrically with
the gallery and separated one from the other bigtarece of 1.0 m. The engineered barrier
around these heaters was composed of highly coegpaeEBEX bentonite blocks. The
testing area was 17.4 m long and it was closed by’ an thick keyed concrete plug (Figure
1). Figure SM-1 (in Supplementary Material) showwe theterogeneous geology and
hydrogeological conditions along the gallery, intigallar the thick and highly conductive
lamprophyre dyke that crossed the first half of éx@eriment (also shown in Figure 1), but
also the dense fracture system at the dead-erfiecgallery (Pardillo et al. 1997, Martinez-

Landa & Carrera 2005).

The test was designed and started in the framewbrthe FEBEX project, financed by
ENRESA, the Spanish agency for nuclear waste mamagie and the European Commission.
Details of the FEBEX project and of tle situ test design and operation can be found in

ENRESA (2006) and Gens et al. (2009).

The heating stage of the situ test began in 1997. The power of the heaters dastad so

that to keep the temperatures at the liner surktc@00°C, and the clay barrier slowly
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hydrated under natural groundwater inflow condwioAfter five years, the heater closer to
the gallery entrance (Heater #1) was switched ff extracted, along with all the bentonite
and instruments preceding and surrounding it. Thiknown as the “partial dismantling”,

which was described in Barcena et al. (2003). Tunéeb and all components were removed
up to a distance of 2 metres from the front of lde#2 to minimise disturbance of the non-
dismantled area. A dummy steel cylinder with a targf 1 m was inserted in the void left by

Heater #1 in the centre of the buffer. Additionahsors were also introduced in boreholes
drilled in the buffer parallel to the drift. Themaining part of the experiment was sealed with
a shotcrete plug and a second operational phasedst@ihe test continued running until April

2015, when heater #2 was switched off. The finahgiete dismantling of the experiment was
undertaken, and the buffer removal and sampling face between May and August 2015,

as described in Garcia-Sifieriz et al. (2016).

Although other similann situ tests have been carried out and dismantled (eqid& &
Neerdael 2007, Karnland et al. 2011, Garcia-Siferial. 2015, Mokni & Barnichon 2016),
the FEBEXin situ test is the longest one dismantled until now. $aeaples retrieved during
the final dismantling had been exposed to repositonditions for 18 years, allowing for a
significant maturation of the bentonite and forgbke modifications that could have not been
observed in shorter experiments. Furthermore, #uot that part of the barrier had been
dismantled after a shorter period of time allowedhtive an intermediate check of the
conditions of the barrier and therefore assessvibdution. The FEBEX large-scale test is also
the only one of its kind in which a not predomirgrdgodic bentonite was used as barrier

material.

During the two dismantling operations many bentsamples were taken for analysis on site
and for thermal, hydro-mechanical, geochemical anitheralogical characterisation in

different laboratories (Villar et al. 2005, 2006jl&r & Lloret 2007; Villar et al. 2016, 2018).
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The research presented here compares the resuliseab during the partial and final
dismantling about the physical state of the beméobarrier, taking also into account the
information provided by the sensors during the apenal phase. In this way, conclusions
have been drawn about the performance of the baitsesaturation rate, evolution over time

and the factors affecting these processes.
2. Thebentonitebarrier

The clay barrier was made of FEBEX bentonite, whvesis a 900-t batch of bentonite
extracted from the Cortijo de Archidona quarry (&ha, Spain) and processed in 1996 for
the FEBEX project. The processing consisted in hgeneation, air-drying and manual
removing of volcanic pebbles on-site and, at tlotoly, crumbling, drying in a rotary oven at
temperatures between 50 and 60°C and sieving thrauggmm mesh. The physico-chemical
properties of the FEBEX bentonite, as well as itstmelevant thermo-hydro-mechanical and
geochemical characteristics obtained during the EEEBroject were summarised in e.g.
ENRESA (2006), Lloret & Villar (2007). This materiaas also used in laboratory tests for
the EU-financed NF-PRO and PEBS projects (Villar Gmez-Espina 2009) and was

distributed over the years to different laboratet@ be used in different projects.

The montmorillonite content of the FEBEX bentonite92+4 wt.% and it also contains
variable quantities of quartz (2+1 wt.%), plagiedg3+1 wt.%), K-felspar (traces), calcite (1
wt.%) and cristobalite—trydimite (2+1 wt.%). Thetioa exchange capacity is 98+2 meq/100
g, the main exchangeable cations being calcium Z38t¥q/100 g), magnesium (33+3

meq/100 g) and sodium (28+1 meq/100 g).

The swelling pressureP{ MPa) of FEBEX samples flooded with deionised waip to
saturation at room temperature and constant volconeitions can be related to dry density

(pa, g/cn?) through the following equation (Villar, 2002):
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In Ps= 6.7q — 9.07 (1)

Hence, for the average dry density of the barrle8 @/cni) the expected swelling pressure
would be about 6 MPa. The hydraulic conductivitytbé bentonite is also exponentially
related to its dry density, and under the same itiond mentioned in the previous paragraph,

it would be about 5- 18 m/s

To build the clay barrier, various types of bentertilocks were manufactured to obtain 12.5-
cm thick circular crown sectors. The blocks weredpiced by uniaxial compaction of the
FEBEX clay with its hygroscopic water contenil4%) at pressures of between 40 and 45
MPa, which resulted in dry densities of 1.69-1.7€ng. The initial dry density of the blocks
was selected by taking into account the probablame of the construction gaps and the

need to have a barrier with an average dry deps$ity60 g/cni (ENRESA, 2006).

The blocks were manually arranged in 12.5-cm thvieRical slices consisting of concentric
rings. In the heater areas the interior ring wasdntact with the steel liner, whereas in the
non-heater areas a core of bentonite blocks regldee heaters (Figure 2). The thickness of
the bentonite barrier in the heater areas was 6%dstance from liner to granite). The total

mass of the bentonite barrier was 115.7 t.

Following the same terminology used during instadtaof the experiment, the term bentonite
"slice” refers to the vertical slices of bentoniilocks as they were installed. These were
numbered during the installation of the barriefl @96 as they were put in place: from slice 1,
at the back of the gallery, to slice 136, at thenfrof the barrier in contact with the first
concrete plug, the last one installed. The terncttige" refers to the vertical sampling
sections in which samples of any kind were takerndudismantling. They were numbered

from the entrance of the gallery towards the bdcik, @and the numbering started in the first
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dismantling. Hence, sampling Sections S1 to S30ewsampled in 2002, and sampling

Sections S31 to S61 were sampled in 2015 (Figure 1)
3. Online measurements during the operational phase and dismantling

A total of 632 instruments, located in both the tbaite buffer and the host rock, were
initially installed in some sections (Figure 1)Data Acquisition and Control System located
in the service area of the FEBEX drift collecteé thata provided by the instruments. This
system recorded and stored information from thes@mnand also controlled the power
supplied to the electrical heaters to maintain mstant temperature at the heaters/bentonite
interface. The instruments monitored relevant patams such as temperature, humidity, total
and pore pressure, displacements, etc. and thewacteristics and positions were fully

described in Fuentes-Cantillana & Garcia-Sifier89g).

After an initial 2-month calibration phase the legisystem was left to regulate the power to
reach and maintain 100°C maximum at the liner-baoontact. After the first year the power
needed was about 1940 W for Heater #1 and 2170r\Wdater #2, because the latter was
totally surrounded by conductive materials, whetdaater #1 had in front the open gallery.
Then the power required at Heater#1 started tceass slowly until its decommissioning,
when it reached 2160 W. Approximately two yearsratthie start of the experiment the power
supplied to Heater #2 started to increase sligily and maintained the trend until
decommissioning of Heater #1, reaching a valueairad 2300 W. The increase over time of
the needed power was caused by a thermal condydtigrease associated to the bentonite
hydration. The temperatures measured in the bgustrbefore the partial dismantling in
2002 are shown in Figure 3. The steady temperaiordse bentonite were between 100°C
and 36°C in the sections around the heaters —watkimum values around their middle part—,

20°C in the contact with the concrete plug and ado22°C at the back of the gallery.
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There was an increase in the power of Heater #botit 5% [[L00 W) during approximately

two months after the disconnection of Heater #leifards, the power supplied tended to
increase around 40 W per year to keep 100°C dig¢htonite contact. The power supplied to
Heater#2 was of 2796 W just before switching it foff final decommissioning, with a total

increase in power from day 56 (24/04/97) up to $hetching off day of about 18.5%.

However, after the partial dismantling in 2002 teenperatures at the front of Heater #2
decreased as a result of Heater #1 removal. Abdle& of the gallery the temperature in the
bentonite did not change during the 18-year opmmathut around Heater #2, in the parts of
the barrier closest to it, the temperature sligltigreased from 2002 to 2015 (Figure 4),
which is probably the result of the increase in ewatontent (analysed below), and
consequently in thermal conductivity, occurred dgrihe further 13 years of heating and

hydration.

The relative humidity in the pores of the bentgnitdich is related to the degree of water
saturation of the clay, measured just before disiimgnin 2002 is shown in Figure 5. The
initial relative humidity of the bentonite blocksst after installation in 1997 was around 40%
(Barcena et al. 2006). In 2002 all the sensorddatcelose to the granite recorded values close
to 100%, i.e. very low to null suction (consideritige 3% sensor accuracy in this suction
range), corresponding to conditions in the bentowibse to full saturation. The sensors
located at about 30 cm from the granite into theiéa(distance to gallery axis 81 cm),
recorded values mostly above 80%, indicating threand progress of hydration, but also the
arrival of water in the vapour phase from hot inparts of the barrier (Gens et al. 2009),
where the temperatures were between 50 and 60&d(gare 3). In fact, close to the heaters
the relative humidity after five years of heatingdahydration was well below the initial

value, which reflected the intense drying occurasda result of the high temperature. After
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the transient associated with partial dismantlthg, relative humidity in the buffer resumed a

slow increase in all but the outer ring of the bufivhich was already highly saturated.

At the time of dismantling in 2015, five out of tbix relative humidity sensors still working,
recorded values of 100%. These were all locatéelsatthan 20 cm from the granite. A sensor
at 10 cm from the surface of Heater #2 in sectid®4®%) recorded a value of 60% (Martinez

et al. 2016).

The total pressure recordings —which are also egélab the degree of saturation, since
swelling pressure is assumed to increase with asong degree of saturation— showed mostly
an increasing trend both in 2002 and in 2015 (KEiddk. At the moment of dismantling in
2002, the pressure exerted by the bentonite agdiastoncrete plug closing the gallery was
about 1 MPa at the axis of the gallery and betwa&6rand 4.6 MPa in the middle part of the
barrier (section B1, Figure 7 left). The sensorsated close to the heater recorded values
below 2 MPa (sections E1, I, E2) whereas thosénatbientonite/granite contact recorded
values between 2 and 5 MPa in 2002 that remainestaot or increased to 6 MPa during the
whole operation time. Also at locations further gwieom the heater, at the back of the
gallery (section B2, Figure 7 right), total presswalues between 5 and 6 MPa (and even
higher at the contact bentonite/rock) were recolide2015. These values would correspond
to the swelling pressure of saturated bentonitdenfsity 1.58-1.61 g/ci(Eq. 1). However,
the sensors located in the intermediate ring ofi@ex around the heater recorded in 2015
values just slightly above 2 MPa, which were fanirthe equilibrium pressure expected for

the average dry density of the barrier and woutlicete that saturation had not been reached.

The sensors continued working during the dismagtiworks. Upon switching off the heaters
the temperatures dropped to values suitable foualarperation at all points of the barrier in
less than three weeks. Figure 8 shows the dropmpérature recorded around Heater #1

when switched off in 2002 and around Heater #2 whantched off in 2015. The
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temperatures dropped more quickly and to lowerealin the case of Heater #2, because
when Heater #1 was switched off, Heater #2 contrheating the system, whereas there was

no additional heat source during the second didingnt

As a result of this temperature reduction and chamgthe thermal field, there was a
redistribution of water in the clay buffer, by img@n of the two-phase flow mechanism. A
significant and fast increase in relative humiditgse to Heater #1 and a decrease of RH
values in the intermediate bentonite ring were plexewhen the heater was switched off in
2002 (Villar et al. 2005, 2006). It is probabletthssimilar process took place when Heater #2
was switched off in 2015, but there were no reatumidity sensors working to confirm this

(Villar et al. 2018).

The temperature drop also made the already low pr@ssures in the bentonite decrease and,
as the sensors’ location was approached duringasigimg, the pore pressure values plunged
to zero. This behaviour was consistent with themdiags provided by the total pressure cells
and reflected the buffer decompression. The rengsdduring the plug demolition of the total
pressure cells placed between the shotcrete plddgh&nbentonite are shown in Figure SM-2

of the Supplementary Material.
4. Engineered barrier dismantling

The bentonite dismantling works started after tleatér had been switched off for three
months in 2002 and only 14 days in 2015. The erpeg gained in 2002 made that the final
dismantling run more smoothly and showed less agiewdifficulties, particularly for the

concrete plug demolition. The bentonite dismantkmgl sampling works took two months in

2002 and three months in 2015.

During the two dismantling operations numerous dampf bentonite were taken in selected

vertical sections evenly distributed along the eyglifor the onsite determination of their dry
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density and water content (see Figure 1 for locatibthese sampling sections). Additionally,
the blocks’ dimensions were measured, as well asxitoordinate changes for the block
slices. The results of the onsite measurementso#met field observations concerning the
state of the bentonite barrier after the first foperational years were reported in Villar et al.
(2005, 2006), whereas for the final dismantlingeaft8 years these results were given and
analysed in Villar et al. (2016, 2018). A companisand re-evaluation of the field
observations in 2002 (Barcena et al. 2003) and ZGHscia-Sifieriz et al. 2016) relevant for

this work are presented below.

One of the striking features of the bentonite learwas that most of the swelling and sealing
capacity was developed during the first 5 yearshefting and hydration, since all the
construction gaps in the barrier were completdlgdiby bentonite, including the 4-5 cm gap
at the top of the buffer and the different gapsmMeen blocks, around cable channels, and
around sensors. Even the vertical bentonite sheere tightly joined to one another (see
Figure SM-3 in Supplementary Material). The grabigmtonite contact was tight at all

locations.

Although the boundaries of the blocks were cleargjble, no gap between them remained
after 5 years. Only at the core of the barriehim ¢old sections, where the water content had
barely increased with respect to the original aree,from 14% to values below 18% (see
below) some gaps were open. However, after 18 y&angdration these internal joints were
also sealed (Figure 9); moreover, some joints batv@docks of the outer ring were difficult
to identify. However, and even in these wettesasudose to the rock, in which the bentonite
showed a darker colour reflecting its higher hutyidihe blocks could be separated along
their borders and showed a considerable mechaniegjrity. No mud, gel or free water was
observed, except for a local water inflow locatadtlae right hand side of the large

lamprophyre dyke (Figure 1 and Figure SM-1 in Sapmntary Material).

10
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During dismantling, the position of the slices witspect to the origin of the coordinate,
which was located at the front of the buffer (adicated in Figure 1) was measured using
laser technology (see Figure SM-4 in Supplementéagerial). Thex coordinates measured
in 2002 were mostly shorter than those taken duhiegconstruction phase, which means that
the barrier “moved” forward. Taking into accoune tteliability of those measurements, the
movements must have been in the range from 2 t0.8Tbex coordinates measured in 2015
from the barrier front to the back part of Heat2rwere, as like those of the first dismantling
in 2002, shorter than the ones taken during thestoaction phase. Then, the observations
suggest that the buffer, or at least the front,apanded towards the entrance of the gallery,
which is assumed to have happened as the condrggemas demolished and the swelling
pressure released. However, from the back of Hé@&dowards the back end of the gallery,
the x coordinate decreased from 0 to -8 cm, reflectimg movement of bentonite slices
towards the back of the gallery during operationaasesult of the higher volume of
construction gaps in this part of the barrier (dssed in Villar et al. 2018). Both in 2002 and
2015, small longitudinal grooves in the directidintlee gallery axis were observed on the
surfaces of bentonite in contact with the rock, atgb in the thin film of bentonite that
remained adhered to the rock in the already didetntones (see Figure SM-5 in
Supplementary Material). These features providelewe of the barrier movement in this

direction.

5. Physical state of thebarrier

5.1.Methodology

About 300 samples of bentonite in 2002 and 424 $=snip 2015 were taken in selected
vertical sections evenly distributed along theeygli(Figure 1) for the onsite determination of

their dry density and water content. The sample®wbtained by core drilling in a direction

11
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parallel to the tunnel axis along six radii sepadla60°. The samples were immediately
wrapped in plastic foil and taken to the onsiteolalbory where they were tested at once, to

avoid disturbance as much as possible (Daucaudder&t 2003, Villar et al. 2016).

The gravimetric water contentv) is defined as the ratio between the mass of watdrthe
mass of dry solid expressed as a percentage. Tlss nfawater was determined as the
difference between the mass of the sample andatsrafter oven drying at 110°C (mass of
dry solid). Dry densitydy) is defined as the ratio between the mass of thesample and the
volume occupied by it prior to drying. In 2002 talaulate the bulk density of subsamples
they were coated in wax and immersed in water. dilyedensity was calculated using the
water content measured in an adjacent subsamp015 the volume of the specimens was
determined by immersing them in a vessel contaimegcury and by weighing the mercury
displaced, considering for the calculation of votuemmercury density of 13.6 g/énin this
case, the same samples whose volumes had beemidet®were used for the water content

determination.

To compute the water degree of saturation of thddmite §), which is the ratio of volume
of water to volume of voids, a density of solid ides (¢ of 2.70+0.04 g/crhwas used.
This value is that of the FEBEX bentonite used enuofacture the blocks, and is the average
of 20 measurements obtained with pycnometers fillgith water (Villar 2002, ENRESA
2000, 2006). In 22 samples taken from Grimselrduthe 2015 dismantling, this parameter

was determined again and the same average valuwas (Villar et al. 2018).

In addition to the uncertainties in the specificigi®, water content and dry density values
determination, there is another reason for compgutincertain degrees of saturation. This is
the assumption that the density of water is 1 §/aithough it is known to be higher in the
water adsorbed in bentonites. There is evidenaa fte fields of neutron diffraction, Monte

Carlo computer simulations and quasi-elastic neuscattering that the density of water

12
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attached to clay minerals may be greater than /£®°gSkipper et al. 1991, Monsalvo et al.
2006, Chavez-Pavez et al. 2001, Tambach et al.,2004ng et al. 1994), with values of
water density in philosilicates of up to 1.38 gfciigher in smectites with divalent cations in
the interlayer (such as FEBEX) than with monovalemés (Jacinto et al. 2012). This fact
becomes more evident in highly compacted expansiags close to water saturation, in
which degrees of saturation much higher than 108f6be computed if a water density value
of 1.0 g/cni is considered (Villar 2002, Marcial 2003, Lloret Willar 2007). Thus, a
computed degree of saturation of 115% for a sadrsample would indicate that the average
density of the water in it is 1.15 g/énBesides, the proportion of adsorbed water (with a
density higher than 1 g/chnover free water (with a density of 1 gfjnincreases as the dry
density of the bentonite is higher (Pusch et @0)9for which reason the degree of saturation

computed for saturated samples would be highehititeer their dry density.

Since there is no absolute certainty of the vatiesater density (which would depend on the
particular bentonite, its density and water contettie customary value of 1 g/Enis
normally used, which would partially explain thegdees of saturation higher than 100%
found in some samples from the second dismanthfijaf et al. 2016). To overcome this
uncertainty a simple assumption has been considierhis work. A double porosity structure
was assumed, with a microstructure with a constaiat ratio €, = 0.45) (Lloret et al. 2003)
where the average water densipy£) is 1.05 g/cm, while in the macrostructure the water
density pwv) is 1 g/cmi. The value of the average water density in therasteucture was
adjusted considering that the samples locateddatance smaller than 8 cm from the gallery
wall were fully saturated. This value is smalleairttthe average microstructural water density
obtained from saturation tests in laboratory (abb@t g/cmi, Lloret and Villar 2007) and

consequently, the computed degrees of saturatiold still be higher than the real ones. The

13



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

value of the degree of saturation can be calculated void ratio € and water contenty

using the following equations:

em Pwm
Wxm = B 3)
if W<Wyn: S, = % 4)
. . em | W=wym) ps
|fW>me. Sr :?-I_W (5)

wherew,, Is the maximum water content in the microstructure

5.2.Results

Some of the sampling sections were located ardumdhé¢aters, and these will be called in the
following “hot sections” whereas those located ahgre else will be called in opposition
“cold sections”. Nevertheless this is a simplist@paration, since the temperatures to which
the bentonite in each section was subjected vaiedg the gallery axis (Figure 3). Thus,
among the “hot sections” those located in the naigidirt of the heaters were hotter than those
at the heater ends, whereas among the “cold settibose towards the ends of the gallery
were colder. A distinctive feature of these two up® of sections was that in the “hot
sections” the central part was occupied by thedngathereas in the “cold sections” the core

of the barrier was composed by bentonite blockguiE 2).

The water content and dry density in all the sedtifollowed a radial distribution around the
axis of the gallery, with the water content decirg@$rom the granite towards the axis of the
gallery and the dry density following the inversdtprn. The six radii sampled in each section
yielded very similar water content and dry dengltgtributions, which reveals the radial
symmetry around the axis of the gallery for thesgesproperties. This would indicate that

natural features (lamprophyre, fractures) or actsfaesulting from installation particularities
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that could potentially modify the water input tethentonite did not systematically affect the

water content distribution (Villar et al. 2016).

Figure 10 shows the water content and dry dengtgrchined in the six radii of the “cold”
sections in which the temperature was around 28°ZD02 and 2015. The water content at 10
cm from the granite in the cold sections was thaesafter 18 years operation as that after 5
years, whereas the additional operation time altbfee the saturated region to extend farther
towards the core of the barrier (left). The Figateo shows the higher water content of
section S15 with respect to section S9 after fieary, which resulted from the higher
temperatures experienced by the latter, which wasec to Heater #1. Provided the
temperature is not as high as to cause signifisatér evaporation and bentonite drying, the
permeability increases with temperature (e.g. Yealet2016). This fact accelerated the
saturation of the hot sections in the early stages. saturation and swelling of the external
part of the barrier made the dry density decreasg sharply towards the granite (Figure 10,
right). The higher dry density in the core of trerier of sections S9 and S15 was due to the
higher compaction density of the core blocks (blgge BB-G-04 and BB-G-05 in Figure 2,
Fuentes-Cantillana & Garcia-Sifieriz 1998) and ® ¢bmpression exerted by the external

rings of the barrier that were expanding.

The water content and density gradients were motiegable in those sections affected by
the heater, both after 5 and 18 years. In thed®asdhe water content near the granite, i.e. in
the external ring of the barrier, decreased fro@22@ 2015. In contrast, during the further 13
years of operation the water content increasedemtedium and internal rings of the barrier
(Figure 11, left). Remarkably, the dry density gathe radii around the heaters did not

change significantly over time (Figure 11, right).

Consistently with the water content and dry densiistributions, the radial dimensions

measured on the surface of the blocks during difimgnindicated the expansion of the

15



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

external and middle bentonite rings and the conspmasof the internal one (Villar et al.

2016).

Both after 5 and 18 years the degree of saturatemmeased towards the gallery axis, more
steeply in the sections around the heaters (Figj2rdeft). This gradient tended to attenuate
over time, and in fact, in the cold sections thgrde of saturation after 18 years was quite
homogeneous and very high in all the sections, natlclear spatial trend. It is noticeable than
in many samples the degree of saturation was hitjtzer 100%, the possible reasons being

those discussed in 5.1.

From the results presented above and taken intouatcthe radial symmetry of the
distribution of the variables, it was possible tompute for each vertical section the average
values for the water contenv), dry density §4) and degree of saturatio®) by fitting
polynomial functions to represent the variationtleése variables with the distance to the
gallery axis (Villar et al. 2005, 2018). The watentent and dry density values are plotted as
a function of the distance to thecoordinate origin in Figure 13. The variation diet
bentonite installation density along the barriealiso plotted in the Figure. The part of the
barrier dismantled in 2002 had an average dry telwsver than the part dismantled in 2015
(1.59 vs. 1.61 g/cth see Table 1). There is not a specific reasorthisrdifference, which is

just a consequence of particularities of the itetiah works.

After 5 years there was a significant overall ims® of the barrier water content from the
initial value of 14% to an average value of 23%isTihcrease was homogeneous along the
barrier, although the part of the drift where Hedt&# was placed included a lamprophyre
dyke and several other more conductive geologeatuies, such as fissures or dykes which
made rock permeability inhomogeneous (Figure SMAartinez-Landa & Carrera 2005).
This observation shows the predominant controlhef bentonite on the hydration kinetics

resulting from its much lower permeability with pest to granite (Villar et al. 2005). The
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effect of the heater was barely remarkable, siheeatrerage water content for all the sections,
both in cold and hot areas, spanned only betwedh&®l 23.1%, a quite narrow range. The
average dry density along the axis of the galleryhie front half of the experiment after 5
years was close to 1.58 g/tat all points. Only two vertical sections arouhd middle part

of Heater #1 had lower average dry density (1.5819/ These sections coincided with the
area of the lamprophyre dyke, where because dfridngularities of the drift many blocks had

to be trimmed, causing lower installation density.

The overall increase of water content after thessgbent 13 years of operation was from an
average of 23 to 27%, which reflects the slowingvaof the hydration rate over time.
Furthermore, in this case the water contents ofsdwions in hot and cold areas were very
different, clearly increasing away from the healdre average water contents of the different
sections spanned between 24.9% around the middiefpldeater #2 to 32.4% at the back of
the galleryand 27.9% close to the shotcrete plug. There wisiee significant longitudinal
changes in the average dry density of the sectadosg the gallery. This longitudinal

variability could be mostly explained by three tast(Villar et al. 2016, 2018):

— The barrier at the dead end of the gallery hadaliyta much lower installation density
resulting from the difficulty in filling with bentoite blocks the concave-shaped back of
the gallery. The higher volume of voids in thisaareould make easier for the bentonite to
expand towards it as it hydrated, which triggerteel density gradient at the back of the
gallery. The higher volume of voids would also @alla larger quantity of water to fill
them, which, along with the dense fracture systerthis part of the gallery (Figure SM-
1), gave place to higher water contents.

— The thermal gradient actually hindered full satiorataround Heater #2, and for this
reason the average water content in the vertictioses around Heater #2 was lower than

in cooler adjacent sections. This is a disparitthwespect to the first dismantling, when
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no significant differences in average water contegtiveen hot and cool sections were
observed. It would mean that although the thermedignt had not much influence on the
overall initial water intake, it actually hindere@turation in the long term. The reason
would be that in the first stages of saturatiowat the external ring of the barrier, i.e. the
part of it closest to the granite, that took madsthe water, and that the temperatures of
the external ring in cool and hot sections weresioalar to affect noticeably the extent of
hydration (between 20°C in cool areas and 40°Cratdbe heater, Figure 4). In fact, the
increase in saturated permeability with temperatorehe FEBEX bentonite compacted
to the range of densities in the barrier was chedkebe less than half an order of
magnitude (Villar & Gomez-Espina 2009). However temperatures in the middle and
internal rings of the barrier, those affected byedahydration stages, were significantly
different in cool and hot areas. The temperatulesecto the heater were high enough as
to trigger the formation of a considerable vapobage that would move towards cooler
areas of the barrier, keeping the proximity to teater relatively dry for a long time
(longer than 18 years).

The front of the half back part of the barrier vediected by the first dismantling and the
construction of the shotcrete plug in 2002, andraga2015 during the final dismantling.
Hence, the decrease in dry density with respeitteanstallation one observed at the front
of Heater #2, around the dummy canister, could maselted from processes occurred at
two different moments: 1) in 2002, when the prepanaof the bentonite surface that was
to be in contact with the shotcrete plug involvedhe mass loss, and then after the plug
installation, because the additional supply of wateming from the shotcrete (reflected in
the higher water content of the bentonite in thisag would have made the bentonite
swell, pushing towards the back of the gallery, anhduring dismantling in 2015, because

the pressure release upon the concrete plug renmade the bentonite barrier move
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forward (see Figure SM-4 in Supplementary Materidlhe bentonite had also been
subjected to high thermal gradient during tfeoperational phase but it was cool during

the 2% operational phase, which may have also affectecoindition.

Using the results of the vertical sampling sectidissributed along the axis of the gallery, it
was possible to draw contour maps of longitudiregitions along the gallery axis for water
content and dry density (Figure 14). Again, thd Fraint part of the experiment corresponds
to the state in 2002 and the half back part tostiage in 2015. The same colour codes have
been used to plot both. These longitudinal profikew the lower water content and higher
dry density around the heaters and in the coré@fcbol parts of the barrier highlighted in
Figure 10 and Figure 11, but also the changes mogity and water content along the
longitudinal direction, away from the heaters’ ensisice there was also a thermal gradient
from the heaters’ ends towards the back and the tibthe gallery (Figure 3). The effect of
the longitudinal thermal gradient was evident ia gart dismantled in 2015, when the back
and front of the barrier had the highest water @onaind the lowest dry density (although
other factors, in addition to the thermal gradieotld have contributed to these differences,
as discussed above). But in 2002, when the avelegeee of saturation of the barrier was not
too high, the state of the barrier was quite homegas along the axis of the gallery, and the
highest gradients in water content and dry dengéke observed between the external part of

the barrier, close to the granite, and the coth@batrrier.
6. Assessment of results

The global average water content, dry density agtek of saturation of the first half of the
barrier were presented in Villar et al. (2005). Tmethods were used to compute these values
for the second half of the barrier dismantled irLi20The first one took into account the
volume of the barrier represented by each samglugjon (S37 to S61) to compute weighed

average values of each parameter. The second eddhes software Surfer (Golden Software
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Inc.) to evaluate the volume of the functiomr Z(x,r), wherex is the longitudinal coordinate,

r is the distance to the gallery axis anads the parameter to be averaged. The volume was
calculated using the Simpson's 3/8 rule and thetiomF was obtained by interpolation over
the measured parameters r) space using the Kriging gridding method with aeér
variogram. According to these values, the bestnedés for the final average water content,
dry density and degree of saturation of the ewlisenantled clay barrier in 2002 and 2015 are

shown in Table 1.

The final average dry density measured both in 20022015 was lower than the installation
density of the corresponding part of the barrieor(f and back half, respectively). This is
attributed to the slight decompression sufferedh®y barrier during dismantling and to the
sampling procedures. The intrusion of bentonite the void between the perforated liner and
the heaters could also have contributed to theedser in the average dry density of the

barrier, particularly in 2015.

The Table also shows the estimated mass of waten tay the two halves of the barrier (front
in 2002 and back in 2015), computed from the bateanass in place and the final average
water contents. These water intakes would roughityespond to an average water inflow into
the gallery of 1.5 mL/min in the period 1997-200®laof 0.7 mL/min in the period 2002-
2015. Although with a large variability and uncertg, the groundwater inflow into the
gallery measured before placing the bentonite &awas between 4 andmdL/min (Guimera

et al. 1998). These values show the progressiveedse in the hydration rate and confirm the
control of the bentonite on the hydration kinetjesy. Alonso et al. 2005), since the granite

supplied plenty of water but the bentonite toadktia progressively slower rate.

An interesting feature of the highly saturated paot the barrier is that the degrees of
saturation computed using a water density of 1 Awere in many cases (particularly close
to the granite) considerably above 100% (Figure &2¢n though, as it has been explained
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above (subchapter 5.1), because of the sampling tamining processes the onsite
measurements probably underestimated the actuaksialn fact, the average degree of
saturation computed for the whole barrier would168% (Table 1), although the bentonite
around the heater was clearly unsaturated. Figoi@dts the degrees of saturation against the
dry density for sections in which the degree ofisgton was high and homogeneous, with no
clear trend across the section. In contrast, theas a trend for the computed degree of
saturation to increase as the dry density was higtes agrees with the results obtained from
small-scale laboratory tests in which samples oBEK bentonite were saturated under
isochoric conditions and the degrees of saturat@mputed using a water density of 1 gicm
were higher as the dry density of the sample wghkdn which was interpreted as resulting
from the increase of the average water density waldly dry density (Villar 2002, Villar &
Lloret 2004). This would be a consequence of tleelgminance of adsorbed water (of higher
density) over free water as the density of the olayeases, which is something already stated
by Pusch et al. back in 1990 and repeatedly demaiedtsince then (e.g. Delage et al. 2006,

Matusewicz et al. 2013, Matusewicz & Ollin 2019).

The correlation between the computed degrees ofaain and the clay dry density obtained
from the small-scale tests mentioned abwvalso shown in Figure 15. According to this
correlation, for a dry density of 1.6 g/érfwhich was the average dry density of the barrier)
the average water density in saturated samplesiwarull. 14 g/crh which is compatible with
an average microstructural water density of 1.2ng/cThis would mean that the average
water content of the barrier once fully saturatenild be 29% and that the bentonite from the
engineered barrier of the FEBEX test was not yetrated and could have taken more water.
This agrees with the increasing trend of the pmessansors located in the barrier (Figure 6).
To compute degrees of saturation compatible witthegree of saturation of 100% for the

samples near the gallery (which were saturatedhl@evof the microstructural water density

21



513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

of 1.05 g/cm was considered in the last row of Table 1 andéiselting correlation between

dry density and water content is also shown in f&dib.

Villar et al. (2012) found exponential relationgvween the final water contents of a series of
thermo-hydraulic tests in 60-cm long cells perfodnvath FEBEX bentonite blocks and the
hydration time. The tests had durations betweerofths and 8 years. Following the same
approach, the evolution over time of the barrieerage water content has been fit to the same
kind of expression. For that, the initial, afteg®ars and after-18-years water content values
were used, and the maximum water content was figetie value of 29% discussed in the
previous paragraph (Figure 16). From this expoaéfitithe time needed to reach an average

water content of 29% would be of about 68 years.
7. Summary and concluding remarks

This paper has reported the physical evolution beatonite buffer in a simulated nuclear
waste underground repository (the FEBEXSitu test at the Grimsel Test Site, Switzerland)
over a period of 18 years. Measurements of temperapressure and relative humidity
supplied online by sensors installed in the bemonas well as results of onsite
determinations (including water content, dry dgnsiteasurement of dimensions and visual
inspection) performed during a partial dismantliafler 5 years and during the final

dismantling after 18 years have been assessed.

The main conditions to which the bentonite buffeaswsubmitted during the whole test

operation and until dismantling were:

— the bentonite barrier was hydrated with the groustdwcoming from the crystalline host
rock for 5 years in the first half part of the exkpeent and for 18 years in the second half

part of it,
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— the part of the barrier around the heaters thatilsited the waste canisters —whose surface
temperature was 100°C— was submitted to a steemahgradient for the entire test (5
years around Heater #1 and 18 years around Hedter #

— the bentonite slices at the front of the galleryy@unding the dummy canister installed
during partial dismantling were submitted to thermadient during the first five years

and then continued hydrating under quasi-isotheroualler conditions.

The bentonite dismantling works took several weahd started after the heaters had been
switched off for several days or weeks. During tiise the system cooled down and changes
took place in the bentonite (see chapter 3). Hémeetate observed upon dismantling did not
exactly reflect the state of the barrier during tiperational phase. The water content of the
bentonite close to the heater was lower during aimer than the values measured during
dismantling, because of the water transfer caugezbbling (Villar et al. 2005). Conversely,
the water content of the middle barrier ring instereas could have been higher than that
measured. These two processes were probably mieneamé during the first dismantling,
because the degree of saturation close to Heatera#llower and, as a result of the higher

water potential gradients, the water transfer easie

In addition to cooling, other processes that cdwdde affected the bentonite before the water
content and dry density determinations need todresidered, in particular decompression
and expansion of the bentonite upon plug demolittod density decrease induced by
sampling and trimming (Villar et al. 2018). Fordhieason the comparison between the initial
and final dry densities shows that the latter weveer (Table 1), although no bentonite mass

or overall volume changes took place during openati

Nonetheless, a comparison of the results obtaimekle partial and final dismantlings allows
to draw conclusions concerning the saturation eatd the reversibility of the bentonite
deformations coupled to hydration and drying. Tomparison between the two parts of the
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experiment (first half dismantled in 2002 and setcbalf dismantled in 2015) is meaningful
under the assumption that the conditions of thedmte around Heater #1 and Heater #2
were analogous, and that the only relevant diffezemetween them was the operation time.
However, the two parts of the experiment had cjedistinct hydrogeological conditions,
since the lamprophyre dyke around Heater #1 supphest of the water to the gallery. As it
was shown in Gens et al. (2009) and has been owedirby some of the experimental
observations reported here, this fact was irrele¥anthe bentonite saturation, whose low
permeability controlled the rate of water ingreshjch was considerably lower than water
inflow into the gallery measured before installatiof the barrier and decreased over time

during the operational phase.

After 5 years all the construction gaps in the ibanvere completely filled by bentonite (see
chapter 4). This would mean that the water avditgtat the test site (both in the liquid and
the vapour phase) was enough to allow for quicKIswgeof the external part of the barrier. In
turn, the quick swelling avoided preferential patihgemain open, what made that the water
content distribution in vertical sections followedradial pattern rather independent of the

rock particular features or of the block boundaries

The bentonite vertical sections dismantled aftee fyears of operation had average dry
densities that did not change much along the gali®rs. In contrast, the part of the barrier
dismantled after 18 years showed considerable tiodigial changes in dry density. These
differences were partly inherited from installation particular the lower dry density at the
back of the gallery, but also resulted from theosggression and stress relief upon plug

demolition and dismantling at the front of Heat2r #

The main changes in the period from 2002 to 201k talace in the internal part of the
barrier, its core. This was particularly so arotimel heaters: the water content and dry density

gradients from the granite inwards were steepeéhénhot sections than in the cold sections,
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both after 5 and after 18 years, and despite tlegativincrease in water content during the

further 13 years, the water content gradients didvane, although they attenuated.

Furthermore, the comparison of the dry densityritstion in transversal sections (from
granite inwards) after 5 and 18 years, particularyund the heaters (Figure 11), indicate that
the volume changes induced during the initial sdion were irreversible, since the dry
density distributions around Heater #1 in 2002 Hedter #2 in 2015 were similar, although
changes in water content did take place over tBased on laboratory tests performed with
untreated FEBEX bentonite samples and interpreyedelneralised plasticity models (Lloret
et al. 2003), Lloret & Villar (2007) stated thatopided that the net stresses in the barrier
were not higher than the bentonite swelling presstirese macroscopic changes would be
irreversible and the density heterogeneity acrbgdbarrier would remain. This would be the
case in the FEBEXn situ test, where the net stresses were actually dectayethe swelling
pressure developed by the bentonite, since thaatlige rock can be considered rigid. The
large swelling deformations in the external parttltoé barrier caused by the initial water
intake seem to have resulted permanent. In faetwter content and dry density gradients
persisted even in sections whose degree of sainratas overall very high in 2015, e.g.
section S58 (Figure 10 and Figure 12). This is @peat of consequence for the
implementation of planned geological disposal prgjefor high-level radioactive wastes,
since the assessment of long-term safety of a gmalorepository has to rely on a robust
model of the spatial and temporal distribution lod safety relevant properties of bentonite,
most of which depend on dry density. Hence, thefopmance of a permanently
inhomogeneous bentonite barrier should be evaludtkd issue is currently a concern for
nuclear waste management agencies and the mairc topi the project Beacon

(https://www.beacon-h2020.euBellin et al. in press), financed by the EuropBaion. The

results presented here —because of it represesmiag at the spatial and temporal scales— are
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a valuable contribution to the conceptual undeditan of the long-term mechanical
evolution of the bentonite barrier and to enlarhpe tdatabase on experimental results

necessary to verify models.

It is acknowledged that the computed degrees oira@dn were lower than the actual ones,
because it was difficult to assume a proper wageisiy. The relevance of the water density
issue has been put forward, since the water adsanbbentonite can reach densities higher
than 1 g/crii, as a result of which the barrier saturation tpredicted by standard models can

be considerably underestimated.

Considering this evidence along with the resultsmofll and medium-scale laboratory tests
and the slowing down of the hydration rate overtimis speculated that the time needed for

full saturation of the FEBEX bentonite barrier wibtlave been longer than 50 years.

None of the observations reported above seems ve bampromised the main safety
functions of the barrier (swelling capacity and lpermeability). Furthermore, the result of
18 years operation was a continuous buffer in wihineh interfaces between blocks did not
have any role on the water content and densityiloligion or fluid transport. The fact that the
barrier could remain unsaturated close to the wesitd¢ainers for long periods of time does

not necessarily mean any impairment of its propsrtout may deserve further analysis.
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Table 1. Average values computed for the first half (2002) and second half (2015) of the

barrier
Installation pqg Mass of water
Dismantling date ~ w (%) pq (g/em’) S (%)
(g/em®) taken (kg)
20022 229 159 1.58 87 4054
2015° 26.7 1.57 100
1.61 6516
2015° 26.9 1.57 97¢

2 Villar et al. (2005); ® weighing vertical sections; ¢ global interpolation; ¢ using a microstructural water

density of 1.05 g/lem®
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Figure 1:  Schematic representation of the FEBEXegalwith indication of the sampling sections
used for onsite analyses in 2002 (sections S9 19 &3d 2015 (S37 to S61) and of the

instrumented sections (letters). The originxafoordinates (0) and the dummy canister

installed in 2002 (D) are shown
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Figure SM-2: Recordings of pressure sensors plate81 cm from the gallery axis in
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