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Abstract

Bentonite clay is an integral part of the Swedish KBS-3 design for final repositories of high-level radio-
active waste. In the KBS-3 concept, Wyoming bentonite, commercially known as MX-80 (American
Colloid Co), has long been the standard reference for the buffer material. However, expanding the
knowledge base of alternative buffer materials is crucial for optimizing safety, availability, and cost-
effectiveness. To achieve this objective, the field experiment called Alternative Buffer Material (ABM)
was initiated by SKB at the Aspé Hard Rock Laboratory, Sweden in 2006.

The primary goals of the ABM project were to characterize various clays in terms of their hydro-
mechanical properties, mineralogy, and chemical composition. Furthermore, the project aimed to
identify any differences in their behavior and long-term stability. Additionally, the inclusion of diverse
clays and the presence of a heating steel component allowed for studying the interactions between iron
and bentonite.

The installation of the ABM1-ABM3 experiments took place in 2006, followed by the installation of

ABM4-ABM6 experiments in 2012. To date, three experiments have been retrieved: ABM1 in 2009,
ABM2 in 2013, and ABMS5 in 2017. This report focuses specifically on the findings from the ABM2

and ABM5 experiments. Based on the findings presented in this report and the collaborative research
efforts with multiple groups and publications, the following was concluded:

1. No general significant alteration of smectite in the bentonite was observed in either ABM2
or ABMS5.

2. Minor changes were detected in the cation exchange capacity (CEC). However, these changes
do not seem to be correlated with smectite transformation or any significant impact on important
properties of the bentonite, such as swelling pressure and hydraulic conductivity.

3. The crucial properties swelling pressure and hydraulic conductivity were largely unaffected by
the extremely high temperatures in the ABM5 experiment.

4. Minor formation of trioctahedral smectite, most likely ferrosaponite, was observed in ABM2.
However, the extent of formation was minimal and is not expected to affect the performance of
the bentonite. It is important to note that this reaction has not been observed in experiments using
copper heaters, which is the actual canister material in the SKB KBS-3 design.

5. Corrosion products were observed in both ABM2 and ABMS (at the iron heater interface), as well
as dissolution-precipitation and cation exchange reactions.

6. Magnesium redistribution was occasionally observed, and in some cases, it correlated with the
formation of trioctahedral smectite and changes in the 060 region of the XRD patterns. Similar
magnesium redistribution and accumulation towards the heater have also been observed in experi-
ments with copper heaters to a minor extent, although the underlying mechanism is not yet fully
understood.

7. Unexpected accumulation of halite was observed in the Kunigel block #22 of ABM2 and is
attributed to the high temperature and a possible boiling event, possibly coupled with a pressure
drop resulting from a local fracture.

8. Unexpected physical breakdown of some of the bentonite blocks were observed in ABMS and is
attributed to the extremely high temperature conditions during the experiment.
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Sammanfattning

Bentonit &r en central del av SKBs KBS-3 design. [ KBS-3-konceptet har Wyoming-bentonit, kommer-
siellt kind som MX-80 ldnge varit standard for buffert. Att utoka kunskapen om alternativa material
ar avgorande for att optimera sékerhet, tillgdnglighet och kostnadseffektivitet. Darfor initierades falt-
experimentet Alternativa BuffertMaterial (ABM) av SKB vid Aspélaboratoriet r 2006. De priméra
malen med ABM-projektet var att karakterisera olika leror med avseende pé deras hydro-mekaniska
egenskaper, mineralogi och kemisk sammansittning. Dessutom syftade projektet till att identifiera
eventuella skillnader i deras beteende och langsiktiga stabilitet. Dessutom mdjliggjorde inkluderingen
av olika leror och nirvaron av en uppvéarmd staldel att studera interaktionerna mellan jarn och bentonit.

Installationen av experimenten ABM1-ABM3 édgde rum &r 2006, foljt av installationen av experi-

menten ABM4-ABM6 &r 2012. Hittills har tre experiment brutits: ABM1 ar 2009, ABM2 ar 2013

och ABMS ér 2017. Denna rapport fokuserar specifikt pa resultaten frdn experimenten ABM2 och
ABMS. Baserat pé de resultat som presenteras i denna rapport och samarbetet med olika grupper och
vetenskapliga publikationer som har genomforts dras f6ljande slutsatser:

1. Ingen generell signifikant fordndring av smektiten i bentoniten observerades varken i ABM2
eller ABMS.

2. Smaé fordndringar uppticktes i katjonutbyteskapaciteten (CEC). Dessa forédndringar verkar dock inte
vara korrelerade med smektittransformation eller ndgon betydande paverkan pa viktiga egenskaper
hos bentoniten, som svélltryck och hydraulisk konduktivitet.

3. De avgorande egenskaperna svilltryck och hydraulisk konduktivitet paverkades i stort sett inte av
de extremt hdga temperaturerna i ABMS5-experimentet.

4. Sma méngder trioctahedral smektit, troligen ferrosaponit, observerades i ABM2. Dock var omfatt-
ningen av bildandet minimal och forvéntas inte paverka bentonitens prestanda. Det &r viktigt att
notera att denna reaktion inte har observerats i experiment med kopparvarmare, som &r det faktiska
kapselmaterialet i SKB KBS-3-designen.

5. Korrosionsprodukter observerades i bAde ABM2 och ABMS (vid gréanssnittet mot jdrnvérmaren),
liksom upplosning-utfdllnings- och katjonutbytesreaktioner.

6. Magnesiumomfordelning observerades ibland, och i vissa fall korrelerade den med bildandet av
trioktaedrisk smektit och férandringar i 060-regionen av XRD-mdnstren. Liknande magnesium-
omfordelning och ansamling mot vdrmaren har ocksa observerats i experiment med kopparviarmare
i mindre utstrickning, &ven om den underliggande mekanismen &nnu inte &r helt forstadd.

7. Ovéntad ansamling av halit observerades 1 Kunigel-blocket #22 i ABM2 och tillskrivs de hoga
temperaturerna och en mdjlig kokhindelse, eventuellt kopplad till ett tryckfall som uppstod pé
grund av en lokal spricka.

8. Ovintad fysisk nedbrytning av vissa av bentonitblocken observerades i ABM5 och tillskrivs de
extremt hoga temperaturforhdllandena under experimentet.
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1 Introduction

1.1 General

Bentonite clay plays a crucial role in the Swedish KBS-3 design for final repositories of high-level
radioactive waste. In this design, copper canisters are used as corrosion-resistant containers for the
waste, placed at a depth of approximately 500 meters in crystalline rock. To minimize water flow
and transport between the rock and the canister, compacted bentonite blocks are emplaced as buffer
material. The swelling pressure of the clay ensures the canister remains in place and limits microbio-
logical activity, while its plasticity prevents the transfer of forces from rock displacements.

The MX-80 bentonite from American Colloid Co (Wyoming) has long been the reference material for
the buffer in the KBS-3 concept and has been utilized in various field experiments at Aspd, such as
LOT (Karnland et al. 2009), Prototype (Olsson et al. 2013), and TBT (Akesson et al. 2012). However,
expanding the knowledge base on alternative buffer materials is essential for optimizing safety, avail-
ability, and cost-effectiveness. Consequently, the Alternative Buffer Material (ABM) field experiment
was initiated at the Aspd Hard Rock Laboratory in 2006.

The main objectives of the ABM project were to characterize the mineralogical content of different
clays and identify any variations in behavior or long-term stability after exposure to field conditions.
Some studies, such as those conducted by Lantenois et al. (2005) and Carlson et al. (2007), suggest
that the bentonite buffer may be sensitive to the presence of metallic iron, while others indicate a more
moderate interaction (e.g., Kumpulainen 2010). This is of significant importance since the KBS-3
concept employs copper canisters with iron inserts, and iron is present in other components of the
repository, such as rock reinforcement.

The ABM experiment offers valuable insights into iron-bentonite interactions due to the diversity
of clays used, as well as the repository-like conditions implemented in the study (e.g., compacted clay,
non-powdered metallic iron, swelling pressure from the clay, relatively large scale, in situ placement
at repository depth, and natural water sourced from the bedrock). The initial ABM1 experiment

has already been extensively studied and reported in publications (e.g. Svensson and Hansen 2013,
Svensson 2015, Kaufhold et al. 2013). The ABM project is conducted by SKB, however various
international partners are also involved in the analysis of the experiments.

This report provides a summary of observations from SKB’s internal investigations, as well as coopera-
tive efforts and publications, specifically focusing on the ABM2 and ABM5 experiments.

1.2 ABM test series
ABM 1-3

The ABM 1-3 test series was installed in 2006. The experiment comprised three medium-scale test
packages, each consisting of a central steel tube with heaters and a buffer of compacted clay. Eleven
different clays were selected for the buffers to investigate the effects of smectite content, interlayer
cations, and overall iron content. Additionally, bentonite pellets with and without additional quartz
were tested.

Test package 1 (ABM1) was retrieved in 2009, and the status of the material investigations was reported
by Svensson et al. in 2011. Test package 2 (ABM?2) was retrieved in 2013, and the results from the
initial analyses of the materials, as well as subsequent laboratory investigations, are described in this
report. Test package 3 is still ongoing.

ABM 45

A second test series, ABM 45, was installed in 2012. This new test series also included three test
packages with the same design principle as the first test series, but some of the materials used in the
first series were replaced with others.

SKB TR-23-25 9



Test package 5 (ABMS) was retrieved in 2017, and the results from the initial analyses of the materi-
als, along with subsequent laboratory investigations, are presented in this report. Test packages 4 and
6 are still ongoing.

1.3  Objectives

The overall objective of the ABM test series is to verify that the buffer material will retain its advanta-
geous hydromechanical properties under “realistic” repository conditions. This is done:

1. Indirectly, by investigations of the chemical and mineralogical evolution of the materials.

2. Directly, by investigations of the physical properties that are related to the desired safety functions.

1.3.1 Chemical and mineralogical evolution

One crucial property of the buffer material is its long-term mineralogical stability, which is essential
for the buffer’s sustained functionality. The long-term stability of Wyoming montmorillonite in contact
with a copper canister is being studied in another SKB project called LOT. The potential processes
identified as relevant for the bentonite in the ABM experiments can be categorized as follows:

Smectite to illite conversion.

Dissolution and neoformation of bentonite accessory minerals.
Cation exchange.

Salt dissolution/transport/precipitation.

Build-up of corrosion products.

A o e

Iron-bentonite interaction (impact on smectite mineral stability, important properties).

According to literature, corrosion and/or its products appear to react with clay minerals in some cases,
leading to the formation of new non-swelling minerals (Lantenois et al. 2005).

In ABM, special focus is on iron-bentonite interaction and the other field experiments at Aspd use
copper canisters.

Some possible scenarios for iron-bentonite interaction are:
— Formation of iron-montmorillonite through ion exchange.

— Reduction of iron within the octahedral sheet of the montmorillonite structure, potentially
coupled with dehydroxylation (reversible or irreversible).

— Dissolution and/or transformation of montmorillonite.

— Formation of corrosion products that may contribute to buffer cementation.

All these scenarios are likely to impact the buffer’s performance to some extent. The rate and extent
of smectite destabilization seem to depend on factors such as the nature of the smectite (dioctahedral/
trioctahedral), counter ion presence, and Fe(IIl) content (Lantenois et al. 2005). The reduction of iron
may negatively affect hydraulic conductivity and swelling properties. Additionally, an increase in
cation fixation capacity has been observed (Khaled and Stucki 1991).

1.3.2 Physical properties for important safety functions

The buffer material must meet several physical property requirements, including swelling pressure,
hydraulic conductivity, and stiffness or plasticity. These properties are examined using three selected
materials: MX-80, DepCAN, and Asha 505. Both re-compacted samples and drilled samples are
utilized to differentiate between irreversible changes resulting from mineralogical alterations and
reversible changes such as potential microstructural texture. These properties are expressed as a func-
tion of the compacted density of the buffer.

10 SKB TR-23-25



2 Experiment description

21 General
211 Experimental configuration
The ABM test packages have been installed at Aspd HRL in two different test series:

1. ABM 1-3. These first test-packages were installed in November 2006. The design and installation
of the three test packages are described in a report (Eng et al. 2007). Two of the tests have been
dismantled:

a. Test Package 1, ABM 1. The test was terminated in May 2009. A status report describing
the results from termination, dismantling and investigations of the materials are presented in
Svensson et al. (2011).

b. Test Package 2, ABM 2. The test was terminated in April 2013. The results from the field test
and initial investigations of the materials are presented in this report.

2. ABM 45. Three additional test packages were installed in November 2012. The design and instal-
lation of the three test packages are described in a report (Sandén et al. 2018). One of these tests
has been dismantled:

a. Test Package 5, ABM 5. The test was terminated in June 2017. The results from the field test
and initial investigations of the materials are presented in this report.

There was no intention in the ABM to study the hydration of the materials. In order to have a rela-
tively rapid, even and controlled water saturation process a sand filter was installed between the buffer
material and the rock. All test packages have had access to natural water from fractures in the rock
via a sand filter surrounding the bentonite blocks. In addition, a system for artificial wetting has been
installed which made it possible to inject water into the sand filter. Artificial water injection has been
made for all test packages but ABM 3 and ABM 5.

Test package ABM 5 has had a considerably higher temperature than the other tests. The maximum
temperature has been 130 °C in the other tests but 250 °C in ABM 5.

A compilation of the test program including time for installation, time for termination and the most
important test conditions is provided in Table 2-1.

Table 2-1. Test program for the Alternative Buffer Material project.

Test series  Test no. Installed Terminated Max temp. Artificial wetting Remark

ABM 1-3 ABM 1 Nov 2006 May 2009 130 °C Yes

ABM 1-3 ABM 2 Nov 2006 April 2013 130 °C Yes Heating after saturation
ABM 1-3 ABM 3 Nov 2006 Running 130 °C No

ABM 45 ABM 4 Nov 2012 Running 130 °C Yes

ABM 45 ABM 5 Nov 2012 June 2017 250 °C No High temperature

ABM 45 ABM 6 Nov 2012 Running 130 °C Yes

2.1.2 Principles

The experiment layout of the ABM tests is similar to the Swedish KBS-3 concept with a copper canister
surrounded by clay situated in crystalline bedrock at approximately 500 m depth. The differences are
mainly the scale and that the simulated canister is made of carbon steel (P235TR1) instead of copper.
The experiments consist of test-packages which were placed in separate vertical bore holes drilled in
granitic rock. Each test package consisted of a central steel tube including heaters on the inside, ring
shaped bentonite blocks and in addition also some instruments. The bentonite was during the test period
exposed to conditions similar to the KBS-3 concept except for the temperature, which was higher,
130 °C in all packages except for ABM 5 where the maximum temperature was 250 °C (compared to
90 °C in the KBS-3 concept). The higher temperature will accelerate the alteration processes.

SKB TR-23-25 11



All test packages were prepared in order to use an artificial water saturation system. The outermost
slot between bentonite blocks and rock was filled with sand in which titanium pipes, perforated with
drilled holes at different levels, were placed. The pipes were connected to a water tank which could
be pressurized.

2.2 Test packages
221 General

The installation and design of the first three test packages within the ABM experiment is described in
Eng et al. (2007). The installation and design of the second test series, ABM 45, is described in Sandén
et al. (2018). This chapter contains a brief description of the test design, the block manufacturing,
instrumentation and a description of the system for artificial wetting.

2.2.2 Test principle

All test packages have a similar design. The main differences are the material configuration, the test
duration, the maximum temperature and if there have been an artificial wetting or not, see information
provided in Table 2-1.

A schematic drawing of the test design is provided in Figure 2-1. The experiments consist of test-
packages placed in separate vertical bore holes drilled in granitic rock. Each test package consists of a
central steel tube including heaters on the inside, ring shaped bentonite blocks and some instruments,
mainly thermocouples (twenty pcs per test package).

2.2.3 Central tubes

The central tubes containing heaters were made of carbon steel, P235TR1. The tubes have a length
of about four meters and an outer diameter of 108 mm. In order to facilitate installation and to be able
to put together a complete test package, a steel plate was welded onto the tube at the bottom. The
ring-shaped blocks were threaded onto the tube. The upper part of the tube extends into the tunnel
and is accessible throughout the test.

2.2.4 Heaters

Three heaters were installed in each of the test packages. There was one central heater (1000 W), one

heater at the top (500 W) and one at the bottom (500 W). The effect of each heater could be adjusted

separately which made it possible to get an even temperature along the test package. The heaters were
placed inside the central steel tube, which is favorable in case of failure, since then a damaged heater
can be lifted up and a new installed very easily.

2.2.5 Blocks

All bentonite blocks used in the tests were compacted in a special mould with a pressure of 100 MPa.
The compaction technique was based on experiences from previous SKB projects concerning block

production. The blocks had a slightly axial conical shape and chamfered edges between the mantle and
end surfaces. In order to produce blocks of good quality it was also necessary to use a small amount
of grease to reduce the friction and facilitate de-moulding. The grease used is based on molybdenum
disulphide, MoS,. In ABMS5 special effort was used to minimize the use of grease and the outermost
approximately 1-3 mm of bentonite on the block surface towards the heater was removed by abrasion

in order to make sure that no grease was present in the heater-bentonite interface.

12 SKB TR-23-25



Bentonite pellets

1 |Heaters (central,
top and bottom)

G ) +—| Central tube (steel)

Top heater (500 W)

Sand layer between
blocks and rock

3000
Main heater (1000 W)

Thermocouples at 5 levels:
Tube surface and 5, 40 and 60 mm from tube

S
P

Bottom heater (500 W)

Figure 2-1. Schematic view of the principal test layout for the ABM experiments. Dimensions are given in mm.

The blocks were compacted with the as-delivered water content and granule size except for the Callovo-
Oxfordian and the Asha material. The Callovo-Oxfordian material was delivered as hard rock shards
and was crushed down to a maximum grain size of five mm by use of sledgehammer, jaw crusher and
finally a roller mill. The Asha 505 material was delivered with a water content of 26.6 % and was before
compaction dried to a water content of about 13 %. All manufactured blocks were after compaction
weighed and measured, see data provided in the installation reports (Eng et al. 2007, Sandén et al. 2018).
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2.3 Instrumentation
2.3.1 General

The ABM test packages were all sparsely instrumented, the reason for this is that the focus is on
investigations after dismantling. The main objectives with the test series were to expose the different
bentonite materials to conditions similar to a repository and to adverse conditions with respect to
temperature. This means that measurements of the temperature distribution in the test packages were
important.

The test program for the first series included that the heating of test package two, ABM 2, should not
start before the bentonite was judged to be saturated. In order to get a rough estimation of how the
saturation proceeded, this package was also equipped with four relative humidity sensors.

2.3.2 Thermocouples

Twenty thermocouples were installed in each of the test packages. The thermocouples are of type K with
the shield of the sensors made of cupronickel in order to withstand the tough conditions in the test holes.

Test package ABM 2

The thermocouples in test package ABM 2 were positioned in block numbers 3, 9, 15, 22 and 28.
Four thermocouples were positioned at each level, one inside the steel tube and three in the buffer.
The thermocouples in the buffer were positioned at different radial distances from the heater; 5, 40
and 60 mm.

Test package ABM 5

The thermocouples in test package ABM 5 were positioned almost as in test package ABM 2 with
some minor changes:

* The thermocouples were positioned in block numbers 3, 9, 15, 21 and 27.

* The thermocouples that in previous packages were positioned inside the tube were instead posi-
tioned on the outside of the tube. (The new positions were chosen to avoid any direct contact with
the electrical heater which may have been the case in previous packages.)

2.3.3 Relative humidity

The test program, Table 2-1, included that the heating of test package two, ABM 2, should start when
the bentonite was saturated. In order to get information regarding this process, four relative humidity
sensors were installed. These sensors were positioned in block numbers 3, 9, 22 and 28. The sensors

were installed in predrilled holes in the blocks about five cm down from the upper block surface and

at a radial distance from the heater of thirty mm.

The relative humidity sensors were delivered by Vaisala Oy. Before installation the sensors were
encapsulated in special housings in order to protect them physically.

2.4  Artificial wetting system

All test packages were prepared in order to use an artificial water saturation system. The outermost
slot between bentonite blocks and rock was filled with sand in which titanium tubes, d = 6 mm, were
placed. The sand served as a filter and distributed inflowing water around the outer mantle surface. Four
titanium tubes were installed in each of the test packages. They were connected in pairs underneath the
bottom buffer block, which made it possible to flush the system if needed. Holes were drilled in the
titanium tubes every meter. In order to avoid sand to enter or clog the small holes, a perforated plastic
“sock” was pulled over the pipes. The pipes were connected to a water tank which could be pressurized.

As mentioned in Section 2.1, test package ABM 2 was artificially wetted from test start while test
package ABM 5 did not have any artificially wetting.

14 SKB TR-23-25



2.5 Test sites
ABM 1-3

The test packages installed in 2006, ABM 1-3, were located in the TASQ tunnel at the —450 meter
level at Aspd HRL, red ring in Figure 2-2. A niche, NASQ, was excavated on the eastern side of the
tunnel and the three test holes were placed here. The bedrock consists of Aspd diorite and greenstone.
The tunnel holds quite many water bearing fractures further in, but these were avoided in the test niche
which was rather dry.

ABM 45 (4-6)

The three test packages that were installed 2009 were placed in a tunnel named TASD, blue ring in
Figure 2-2. The tunnel is located at the level —420 meters. The main requirements for the selection
were that the depth should be similar to a repository and that the site should be reasonably dry.

Borehole sealing

KBS-3H MPT

RNR Experiment

— True Block Scale

5 Alternative '
Buffer Materials

(Test package 1-3)

System design of Backfilling
= Deposition Tunnels, full scale test
MiniCan § Tunnel Sealing

‘ 3
. Backfill and Tests

Deposition Machine Tests
'\ Plug Test

Alternative BRIE Prototype Repository

Buffer Materials

(Test package 4-6) LOT

Canister Retrieval Test Microbe Projects

Buffer tests Dome Plug Project
Lasgit

Sulphide

Experiments

Matrix Fluid Chemistry Experiment
Caps - Counterforce

Applied to Prevent Spalling

POST

Tunnel =

production SWIW Experiment

Concrete and Clay

True-1
Colloid project

™~

Concrete
component tests

Concrete and Clay Detum-1 investigations
KBS-3H pilot

Larga scale casting hole drilling

of concrete caisson

Figure 2-2. Test sites in the lower part of the Aspé HRL. The ABM 1-3 test series is located in the TASQ
tunnel (ved ring) and the ABM 45 test series is located in the TASD tunnel (blue ring).
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2.6 Buffer materials

The materials for the ABM packages were selected on the basis that they should be interesting possible
alternatives to MX-80, either as actual buffer materials or that they should have scientifically interesting
properties. Some materials were selected on the interest from project partners.

2.6.1 General

ABM test package 2, ABM 2, included fourteen different types of blocks manufactured by eleven
different materials. ABM test package 5, ABM 5, included twelve different materials which were
compacted to blocks. Most of the materials in ABM 2 were also used in ABM 5 but there were some
changes (see also compilation provided in Table 2-2):

e Materials used in ABM 2 but not in ABM 5: Callovo Oxfordian (discs and compacted blocks),
Friedland, MX-80 granulate, and MX-80 granulates with quartz.

* New materials in ABM 5: Asha-NW BFL-L, Saponite and GMZ.

This chapter gives a short description of the materials regarding country of origin, the main content
of clay minerals and the commercial name and abbreviations, see also Svensson et al. (2011) and
Sandén et al. (2018).

Table 2-2. Compilation of the different materials used in ABM 2 and ABM 5.

Material ABM 2 ABM 5
MX-80 yes yes
Calcigel yes yes
lkosorb yes yes
Rokle yes yes
Kunigel yes yes
Febex yes yes
Callovo Oxfordian yes

Asha 505 yes yes
Friedland yes

Ibeco Seal yes yes
Deponit CAN yes yes
GMZz yes
Saponite yes
Asha NW BFL-L yes

2.6.2 Description of the different clay materials

* Asha 505 produced by Ashapura Minechem Co. is the commercial name of natural Na-bentonite
that is quarried in the Kutch area, 60—80 km from the ports of Kandla and Mandvi on the northwest-
coast of India. The bentonite is associated with the basaltic Deccan Trap rocks of Tertiary age and
formed through hydrothermal alteration of volcanic ash in saline water (Shah 1997). The bentonite
occurs in scattered pockets or layers within the basaltic rocks, with thicknesses ranging from a few
meters up to 30 meters. Due to the high content of secondary iron oxides the color is normally dark
reddish brown but there are also light colored variants low in iron.

¢ Calcigel is the commercial name of a natural Ca-bentonite produced from selected Bavarian benton-

ites by Siid-Chemie AG. The bentonites are quarried in the triangle between Mainburg, Moosburg
and Landshut in southern Germany, where the most important commercial deposits in Germany
are located. Most of the Bavarian bentonite deposits occur as scattered, rather thin (< 3 m) lenses
or layers in sedimentary sequences of late Miocene marls and tuffaceous sands, and are believed to
have formed by in situ alteration of acid vitreous tuff, originating from the volcanic activity in the
Carpathian Mountains (Siid-Chemie AG 2011). The bentonite quality varies from relatively pure
montmorillonite (up to 70 %) to material with rather much kaolinite, mica and quartz.
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The Callovo-Oxfordian (COX) sedimentary formation in the eastern part of the Paris basin was
selected by Andra to host the French underground laboratory in the Meuse/Haute-Marne region.
This macroscopically homogeneous Jurassic formation (~150-160 Ma) of argillites is ~130 m
thick and has a burial depth of more than 400 m below the ground surface in the region. The rock
formation was selected because it’s potential ability to act as barrier to radionuclide migration from
the storage to the environment due to a very low hydraulic conductivity and large vertical extension
on either side of the laboratory level. Quartz and calcite globally represent approximately 50 %
of the bulk rock, whereas clay minerals, including mixed-layers as well as discrete smectite, illite,
kaolinite and chlorite, represent 40-45 % (Claret et al. 2004).

IBECO Deponit CA-N is the commercial name of a natural calcium bentonite mined by Imerys.
The bentonite is quarried in the north-eastern part of the island of Milos, Greece, where some of the
economically most important bentonite deposits in Europe are concentrated. The island of Milos
is located in the central part of the South Aegean active volcanic arc. Pyroclastic tuffs and lavas of
andesitic to rhyolitic compositon are the main parent rocks of the bentonite, which forms irregular
bodies within the pyroclastics (Kelepertsis 1989). The volcanic rocks have yielded K-Ar ages in the
range 3.5—0.09 m.y. Based on isotope data, Decher et al. (1996) conclude that the bentonite forma-
tion is a result of hydrothermal reactions between the permeable volcanic rocks and percolating
groundwater heated during volcanic activity, although there is some disagreement about the genesis
e.g. Christidis et al. (1995).

The FEBEX bentonite is a Mg-Ca bentonite extracted from the Cortijo de Archidona deposit in
the southern part of Serrata de Nijar in Almeria, Spain. The deposit has been exploited by the
major Spanish bentonite producer, Minas de Gador S.A (now Siid-Chemie Espana). Conditioning
of the bentonite at the quarry/factory has been strictly mechanical. According to Caballero et al.
(2005) the bentonites in Cortijo de Archidona are alteration products of rhyodacitic glasses and
ignimbrites. Radiometric dating of the volcanic events indicates ages of 15 to 7 Ma. The FEBEX
bentonite (also called S-2 or Serrata clay) had been chosen as reference bentonite by ENRESA
before the start of the FEBEX project (Full-scale Engineered Barriers Experiment), among others
because of the homogenous nature and very high montmorillonite content (ENRESA 1998). The
subordinate amount of accessory minerals includes quartz, cristobalite, plagioclase and calcite.

Ikosorb Ca White (actual commercial name: IBECO RWC White) is a Ca-Mg-Na bentonite,
characterized by a high Montmorillonite content (> 80 %), a low sulphur content (< 0.1 %) and
an off-white color which is related to a low content of iron in the smectite clay minerals. The sub-
ordinate amount of accessory minerals includes quartz, mica, ct-opal and feldspar. The bentonite
was mined in Morocco in the Mount Tidienit area, where rhyolithic pyroclastic rocks related to
a rhyodacitic intrusive body of Pliocene/Pre-Pliocene age have been altered to bentonite (Martin
Vivaldi 1962).

Ibeco Seal M-90 (actual commercial name: IBECO RWN) is a natural sodium bentonite, character-
ized by a high Montmorillonite content (> 80 %) and a low sulphur content (< 0.1 %), produced
by Imerys. in the Askana region in Georgia/CIS. The subordinate amount of accessory minerals
includes quartz, illite and mica. The bentonite is derived from andesite-trachyte pyroclastic rocks
of Jurassic to Tertiary age. There are several theories for the formation of the bentonite ranging
from weathering or hydrothermal alteration to submarine alteration as described by Grim and
Giiven (1978).

Kunigel V1 is the commercial name of a sodium bentonite produced by Kunimine Industries Co.,
Ltd., Japan. The bentonite is quarried in under-ground mines in the Tsukinuno district, northern
part of Japan, which is the largest bentonite production area in Japan. The Tsukinuno formation
consists of stratified bodies of bentonitized felsic tuff beds intercalated in sedimentary hard shale
and mudstone of Miocene age (Takagi 2005). There are more than 30 bentonite layers in the mining
area, ranging in thickness from centimeters to several meters. The Tsukinuno bentonite is composed
of Na smectite with subordinate quartz, feldspars, illite, calcite, and zeolite.

The Wyoming bentonite MX-80, produced by American Colloid Co., is a blend of several natural
sodium dominated bentonite horizons, dried and milled to millimeter-sized grains. The Wyoming
bentonite occurs as layers in marine shales, and is widespread and extensively mined, not only in
Wyoming but also in parts of Montana and South Dakota. The bentonite formed through alter-
ation of rhyolitic tephra deposited in ancient Mowry Sea basin during the Createceous, more
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than 65 million years ago (Slaughter and Earley 1965). There are strong evidence that the tephra
altered in contact with the Mowry seawater (Elzea and Murray 1989, 1990), but palacosalinity and
palacoredox conditions within the semi-restricted basin varied spatially and through time, which
explains that the smectite composition varies both stratigraphically and laterally.

The Rokle deposit within the north Bohemian volcanic areas NW of Prague, is one of the econom-
ically most important deposits in the Czech Republic. The deposit is part of a series of argillised
volcanoclastic accumulations of Tertiary age, formed in shallow lacustrine basins within the
stratovolcano complex of Doupovské Mountains (Konta 1986). The lens-shaped bentonite body
has a maximum thickness of about 40 m. The volcanic glass is completely altered to smectite, but
flakes of biotite, which is a primary constituent of the basaltic magma, are relatively frequent. The
bentonite is highly variable in colour, ranging from olive-gray to yellow/red due to the admixture
of secondary iron and manganese oxides.

Asha NW BFL-L is produced by Ashapura Minechem Co, see Asha 505 for more data. This
material is less refined and is planned to be used as a backfill material. The material has been
investigated within another project (Sandén et al. 2014).

Geohellas saponite. Saponite is a smectite as montmorillonite, but a trioctrahedal mineral instead
of a dioctahedral mineral as montmorillonite. It has a somewhat different structure than montmo-
rillonite and also somewhat different properties. The material originates from Greece. Various
methods point to the existence of a significant amount of tetrahedral charge, which is typical

of ferruginous smectites. The major exchangeable cation is Mg*" (73-90 %), which represents
a special property of these materials compared with other bentonites (Kaufhold et al. 2019).

The GMZ-bentonite deposit has been selected as the most potential buffer/backfill material
supplier for China’s HLW repository. The GMZ-bentonite deposit is a large-scale one, located
in the northern China’s Inner Mongolia Autonomous Region, 300 km northwest of Beijing. The
deposit, with bedded ores, was formed in late Jurassic. The ore minerals include montmorillonite,
quartz, feldspar, cristobalite etc (Liu et al. 2001, Chen et al. 2018).
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3 Method descriptions

3.1 X-ray fluorescence (XRF) spectroscopy

The equipment used was a Panalytical Epsilon 3 XL spectrometer using a Rh X-ray tube. Helium
gas was flowed over the sample during the measurement to reduce the absorption by the air, and the
samples were analyzed as compacted discs of pure clay or as a milled sample placed on a mylar foil
depending on the amount of sample available. The measurement setup and evaluation was the standard
provided from the manufacturer (called Omnian). The XRF does not measure elements with atomic
number lower than sodium. The reported elements are reported as e.g. oxides and the sum is normal-
ized to 100 %.

3.2 Powder X-ray diffraction (XRD)

The XRD data was collected in reflection mode (theta-theta configuration) using a Panalytical
X'Pert Pro system with a Co X-ray source (broad focus; A = 1.789 A), a PIXcel1D linear detector and
programmable divergency- and anti-scatter slits. In order to maximize the intensity no monochromator
was used, however a thin Fe filter was used for suppression of white- and Co K-beta radiation, making
the K-beta intensity < 1 % of the K-alpha. The samples were either back-loaded or prepared on a
zero-background Si substrate, depending on the amount of sample available. Data collection was done
for typically 1-3 hours per sample at 40 kV and 40 mA.

3.3 Specific cation exchange capacity (CEC) and extractable
cations (EC)

Exchangeable cations (EC) were extracted with an NH,CI (or NH,OAc) solution in 76 % ethanol
solution instead of water (Belyayeva 1967) to minimize dissolution of gypsum.

Exchangeable cations are extracted by shaking milled bentonite (1000 mg + 10 mg) in ammonium
chloride solution in 76 % ethanol (saturated 1 M NH,CI; 12.5 ml) on a vibrating table for 30 minutes.
After 5 minutes centrifugation at 2 700 RCF (relative centrifugal force) the supernatant is separated
from the bentonite by decanting the extract to a sample tube. The extraction is repeated totally three
times (i.e. same sample is extracted three times with a total volume of approximately 38 ml). After
evaporation of the alcohol, the extract is filtrated (0.45 pum filter) and volume corrected with deionised
water to 50 ml. The cations are analysed by inductively coupled plasma (ICP) at external laboratory.
As EC are reported in relation to the dry weight of a bentonite sample water content of the material is
determined by weighing a separate bentonite sample before and after drying at 105 °C for 24 h.

The specific cation capacity (CEC) was measured using a Cu*'-triethylenetetramine complex
(Meier and Kahr 1999, Ammann et al. 2005). As the Cu-tri complex has a very strong blue colour

this exchange was quantified using spectrophotometry. The measured CEC of pure montmorillonite
(or other smectite) correspond very well to the calculated layer charge of Wyoming montmorillonite
based on chemical composition (Karnland et al. 2006) hence it is well established that the Cu*'-
complex is adsorbed as a divalent cation in amounts corresponding to the permanent charge of the
smectite. Milled bentonite (400 mg + 10 mg) is dispersed in deionised water (33 ml) on a vibrating
table for 30 minutes followed by ultrasonic treatment (15 minutes). The bentonite is then equilibrating
with Cu (Il)-triethylenetetramine solution (7 ml; 45 mM) and left on a vibrating table for 30 minutes.
After 5 minutes of centrifugation at 3000 RCF (relative centrifugal force) spectrophotometer measure-
ment at 583 nm of the supernatant is performed against a calibration curve. The CEC is calculated by
the difference in the copper concentration before and after ion exchange with the clay and is expressed
as cmol(+)/kg dry weight. As the CEC is reported in relation to the dry weight of a bentonite sample
the water content of the material is determined by weighing a separate bentonite sample before and
after drying at 105 °C for 24 h.
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3.4 Swelling pressure and hydraulic conductivity

The tests are performed according to the following, for details see also Karnland et al. (2006) and
Svensson et al. (2019), the total time for all steps is approximately six weeks:

1.

20

A compacted clay disc is emplaced into the swelling pressure cell or alternatively the clay is
compacted in situ in the cell. The compacted clay disc has a diameter of 35 mm and an approxi-
mate height of 5 mm, and a specific target density of choice.

The clay is saturated with deionised water and the swelling pressure is continuously measured with
an external force cell. This is done over a time period of about one week. The swelling pressure is
determined as the force divided with the cross-sectional area of the specimen and interpreted when
the pressure (force) is considered to be stable.

The hydraulic conductivity of the specimen is determined with deionised water. The determination
is made by applying a constant pore pressure gradient over the specimen while the amount of water
per time unit is measured continuously. The gradient is defined as the applied pressure in meters of

water column divided by the height of the sample. The evaluation is made according to Darcy’s law.
The measurement of the hydraulic conductivity continues for about one week and interpreted when

the outflow is considered to be stable.

Step 2 is repeated but with a 1 M CaCl, solution instead of deionised water, this will exchange
the bentonite to Ca-form.

Step 3 is repeated with the 1 M CaCl, solution.
Step 2 is repeated using deionised water (this removes the salt from the bentonite).

The specimen is taken out of the swelling pressure cell, and its bulk density and water content are
determined. The bulk density is determined by weighing a sample both in air and submerged in
paraffin oil with known density. The water content is determined by drying a sample in an oven
at a temperature of 105 °C for 24 hours. With the known density and water content the dry density
is calculated.

SKB TR-23-25



4 ABM2 evolution and excavation

41 Test layout
The schematic drawing provided in Figure 4-1 shows the block order in test package ABM 2.

ABM test package 2

MX-80
MX-80

30 I
' Febex

Tkosorb

MX-80 granulate
Deponit

25 MX-80 granulate+quarz
Rokle
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Figure 4-1. Schematic drawing of the ABM 2 test layout. The drawing shows how the different blocks
(no. 1-31) were positioned in the test.
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4.2 Field operation
The test included the following important milestones:
* 2006-12-04. Test package ABM 2 was installed in the test hole.

* 2006-12-07. The artificial saturation i.e. injection of water into the sand filter started three days
after installation.

* 2008-08-26. The heating was started 631 days after installation.
* 2013-03-03. The heating was stopped 2234 days after installation.
* 2013-04-09. The test package was released from the test hole.

421 Heating

The original planning of this first test series included that the heating of the ABM 2 test should start
after the bentonite was judged to be completely water saturated, Section 2.1.1. The bentonite was
judged saturated after 631 days test duration and at this time the heating was started. The power to test
package ABM 2 was increased in two steps, Figure 4-2. During the increase of power the achieved
temperature was controlled in order to achieve as even temperature as possible along the test package,
Figure 4-3 to Figure 4-7.

In conjunction with a restart of the computer, there was an interruption of the applied power to the
central heater, see day 1410 in Figure 4-2.

ABM 2, applied power
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Time, days (Day 0-4 dec 2006)

Figure 4-2. Applied power in ABM 2 plotted versus time.
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4.2.2 Temperature development

The registered temperature data for the five levels with instruments (block no. 3, 9, 15, 22, 28) is
presented in Figure 4-3 to Figure 4-7. The number of measuring points is limited but the registered
data gives a fairly good picture of the temperature distribution within the test package.

The data from the thermocouples placed inside the steel tube is not presented in the graphs since
the registered temperature was judged unrealistic (in the range 180-220 °C). The high temperatures
registered for these thermocouples depends probably on that they have been in direct contact with the
electrical heaters (the design was changed for the next test series, ABM 45, where the thermocouples
instead were mounted on the outside surface of the tube).

ABM 2, Block 3, Temperature developement
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Figure 4-3. Temperature measurements in block no. 3 plotted vs. time.
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Figure 4-4. Temperature measurements in block no. 9 plotted vs. time.
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ABM 2, Block 15, Temperature developement
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Figure 4-5. Temperature measurements in block no. 15 plotted vs. time.

ABM 2, Block 22, Temperature developement
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Figure 4-6. Temperature measurements in block no. 22 plotted vs. time.
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Figure 4-7. Temperature measurements in block no. 28 plotted vs. time.
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To get an overview of the temperature distribution within the test package, a contour plot of the
measured temperature was made using an interpolation program. The graph shows the temperature
distribution 2013-03-02 i.e. the day before the heating was stopped.

The contour plot indicates that the temperature close to the surface of the central tube had been between
120 and 140 °C (on the section from 400—2 700 mm from bottom). The temperature varied radially
within the test package, roughly according to the following:

* 0-20 mm: in the range 120-140 °C
*  20-40 mm: in the range 110-120 °C
*  40-60 mm: in the range 90-110 °C
*  60-96 mm: in the range 70-90 °C
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Figure 4-8. Temperature distribution in ABM 2.
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4.2.3 Relative humidity measurements

The results from the measurements of relative humidity from the sensors positioned in block 3, 9, 22
and 28, are provided in Figure 4-9. All sensors indicated a rather fast increase in humidity within the
first month and after approximately three months test duration they had all reached 100 % relative
humidity. The sensors were positioned 30 mm from the heater which means that the radial wetting
from the sand filter had reached 70 mm towards the heater after three months. The final wetting of the
innermost 30 mm was, however, judged to take long time.

It was planned that the heating of the ABM 2 test should start after the bentonite was judged to be
completely water saturated. The relative humidity measurements were intended to give an indication
of how the saturation process proceeded. The heating of the test package was started 631 days after
installation, see Figure 4-2.

4.2.4 Artificial water saturation

The water supply to test package 1 and 2 was made using the same system i.e. it was not possible to
distinguish the total inflow for a certain test package (test package 3 had no artificial water saturation).

The water injection started three days after installation and at the same time, the increase of tempera-
ture was started in test package 1. The graph provided in Figure 4-10 shows the applied water pressure
and the injected water volume from test start and until the termination of test package 2.

During the artificial saturation of test package 1 and 2 the following actions and decisions were made:

* During the first 50 days the inflow rate was very high (about 850 liters were injected) and in order
to avoid strong erosion of the installed bentonite during long time the inflow was stopped for
a period of about four months.

» After about four months a water pressure of 1.3 bar was applied and this was then increased in steps
up to 2.7 bar. At this pressure the water inflow increased again and it was decided to again decrease
the pressure. In order to avoid boiling at the intended test temperature (130 °C), 2.7 bar absolute
pressure is needed. The applied pressure during the test period of ABM 1 was about 1.7 bar which
is enough to prevent boiling up to 117 °C.

* The heating of ABM 2 was started after 631 days. This seems to have influenced the water injec-
tion that started to increase.

* In order to discover where the water flow took place; a small test was made on day 721. The valve
feeding test package 2 was closed for about eight hours but this did not have any impact on the
water consumption. The leakage therefore appears to mainly be linked to test package 1.

» The termination of test package 1 was done after 881 days. Before termination the heat was shut
down on day 863 and the artificial water saturation on day 872.

+ After termination of test package 1, it was possible to increase the applied pressure to above 4 bar. At
the same time, the water injection rate was rather constant and at a lower level than earlier. However,
after 1407 days, a sampling of water from the borehole (KA2598A) was made. This disturbance
resulted in a temporary increase of the inflow rate. The pressure was then decreased to about 3.3 bar.
The inflow rate was after that rather constant for the remaining test duration of ABM 2.

The composition of the water used for the artificial saturation was investigated 2009-10-07 (day 1407)
within the Aspd HRL campaigns and the results are given in Table 5-1.
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Table 4-1. Main elements in the water supply. The water was taken from bore hole KA2598A
2009-10-07.

Na K Ca Mg HCO, Cl SO, S0,-S Br F Si PH
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L pH unit

24700 124 2560.0 64.8 51.7 8580.0 483.0 171.0 59.0 1.5 6.3 7.33
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Figure 4-9. Relative humidity plotted vs. time.
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Figure 4-10. Applied water pressure and injected water volume plotted vs. time.
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4.3 Termination
4.3.1 Releasing the test package

The test package was terminated and released from the surrounding rock using the same technique
as had been used for earlier test packages of this type, see e.g. Svensson et al. (2011) for ABM-1 and
Sandén and Nilsson (2020) for LOT S2 and A3. The heater power was closed 2013-03-03, about one
month before the uplifting.

The test package was released by seam drilling in the surrounding rock, Figure 4-11. The diameter

of the holes was 89 mm and the depth around 3.5 meters. After finishing the overlapping drilling, two
core-drilled holes with a diameter of 300 mm were drilled at one side. In these holes wire sawing equip-
ment was installed which was used in order to release the rock column at the bottom, under the package.

The core drilling showed that the rock was very fractured which could cause problems when lifting
the package. In order to keep the package together it was covered with boards and then surrounded by
straps. The lifting of the package was made by positioning three wires with loops around the package
and outside the boards. The wires were used as lassos i.e. when lifting in the free end the loops were
stretched harder around the package. The free ends of the wires were led through a special cap placed
on the central steel tube. The lifting of the test package was made by a lorry with a crane, see left photo
in Figure 4-12. As shown in the close-up photo on the right side in Figure 4-12, there were a lot of
fractures in the rock surrounding the test package. As a result, the lower part of the rock cover was left
in the test hole when the package was lifted up, see left photo in Figure 4-12. All bentonite blocks were,
however, intact and after having covered them with boards, the complete package could be lifted. The
test package was then placed on the flatbed of the lorry and transported up to the ground.

4.3.2 Division and material handling

After retrieval the test package was immediately transported to the laboratory at Aspé HRL where the
work with division of the rock column and uncovering the bentonite blocks was made, Figure 4-13.

Figure 4-11. Photo showing the released test package. After the seam-drilling, two core drilled holes with
a diameter of 300 mm were drilled in order to make it possible to install the wire-sawing equipment and
saw off the rock column at the bottom.
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Figure 4-12. Left: The test package was lifted up in one piece. In order to avoid pieces from falling off
during the handling, the test package was surrounded by boards and straps. Right: Photo showing the rock
cover at the top.

Figure 4-13. The test package was transported to the laboratory at Aspé HRL.
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The division of the test package started from the bottom where the bentonite blocks were already
exposed (the bottom part of the rock cover was left in the test hole), Figure 4-14. The bottom plate
that was welded to the central steel tube was cut off and then the bentonite blocks were removed
using a special alligator saw. The blocks were cut at the interfaces between the different materials
and also along the block height so that they could be threaded off from the steel tube, Figure 4-15.

The rock surrounding the upper part of the test package was in general very fractured which facilitated
the dismantling. Some of the blocks were very fragile and fell into pieces in conjunction with the
removal of the rock cover.

Figure 4-15. The bottom plate has been cut off from the steel tube and some of the blocks have been removed.
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Figure 4-16. In the ABM?2 (a) the rock was locally highly fractured, (b) some of the blocks were very fragile
and fell into parts when the rock cover was removed, and (c) the iron heater was showing a different corro-
sion pattern in contact with different bentonites.
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Examples of different blocks and how they looked like are provided in Figure 4-17:

* The upper left photo shows block no. 30 which was a block made of MX-80 bentonite. The block
was complete with only a few fractures.

* The upper right photo shows block no. 26 which was made of Deponit CA-N. This block was
rather complete with only a few fractures.

* The lower left photo shows block no. 22 which was made of Kunigel V1. The block had fallen in
parts and consisted of many pieces.

* The lower right photo shows block no. 16 made of Callovo Oxfordian. This block was fractured
and consisted of a lot of small pieces.

The initial sampling (see description in Section 4.4) included that a slice with a thickness of about
20 mm was cut out from each block. This slice was then used to determine the radial water content
and density distribution at five positions. After having cut out this slice from every block, the remain-
ing block parts were placed in a sack made of alumina laminate which were evacuated and welded
together. The sacks were then placed in airtight barrels. A number of samples were also distributed
to other organizations for further analysis.

Figure 4-17. Examples of how the different blocks could look like. Upper left: Block no. 30, MX-80.
Upper right: Block no. 26, Deponit CA-N. Lower left: Block no. 22, Kunigel V1. Lower right: Block no. 16,
Callovo-Oxfordian.
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4.4 Water content and density determinations
441 General

Basic properties of the bentonite test materials were determined in many positions of the test package
to achieve a picture of the water content and density distribution. This data was then used to calculate
the degree of saturation. Samples were taken at the mid-height of each block at five different radial
distances from the heater, Figure 4-18.

In total, the water content and density were determined at 155 positions.

4.4.2 Test procedure and evaluation
Water content
The water content is defined as mass of water per mass of dry substance. The dry mass is obtained

by drying the wet specimen at 105 °C for 24 hours or until no more mass loss occurs.

The sample was placed in an aluminum tin and the bulk mass (m,) of the sample was determined by
use of a laboratory balance. The sample was placed in an oven for 24 h (or until no more mass loss is
observed) at a temperature of 105 °C. The dry mass of the sample (m,) was determined immediately
after removal from the oven. From these measurements the water mass (m,,) was calculated:

m,, = m, — my (Equation 4-1)

and the water content (w) of the sample determined:

W _m, (Equation 4-2)
mS

s |1 (W) 2(w) 3(w) 4w) 5w

S 8

T 1) |2(p)3(p) 4(p) 5(p) &

Figure 4-18. Schematic view of a slice from a block, showing how samples were cut out at different radial
distances from the inner surface closest to the heater and out to the rock surface. The distance from the
rock to the heater was approximately 100 mm.
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Bulk density, dry density and degree of saturation

The bulk density (p,) was determined by hanging the sample in a thin thread under a balance. The
sample was then weighed, first in air (m,) and then submerged into paraffin oil (m,,). The volume
of the sample was then calculated:

V= (mp—mpyp)

(Equation 4-3)
Pp

where p, is the paraffin oil density. The bulk density of the sample was then calculated:

P, = % (Equation 4-4)
After determining the water content and the bulk density of each sample it was possible to calculate
the dry density (p,):

P, = Py (Equation 4-5)

14w

Since the grain density (p,) and the density of the water (p,,) are known the degree of saturation (Sr)
can be calculated:

W'pb .pS 4
Sr= — (Equation 4-6)
[ps ) [1+W]_pb] pw

In the calculations different value of the grain density (p,) have been used for the different materials,
see next section.

Grain density

In the calculations of the degree of saturation, different values of the grain density have been used, see
Table 4-2, from Svensson et al. (2011). The grain density of the materials was determined by using
volumetric flasks. After determining the volume of the flasks very carefully, dried material was mixed
with 1 M NaCl solution (in order to prevent swelling of the bentonite). When the mass of the solids,
the total volume, the total mass (solids and flask) and the density of the liquid is known, it is possible
to calculate the grain density of the material (Svensson et al. 2011).

Table 4-2. Grain density for the different materials used in ABM 2 (Svensson et al. 2011).

Material Grain density
kg/m?®
MX-80 2780
Calcigel 2695
Ikosorb 2740
Rokle 2940
Kunigel 2681
Febex 2735
Callovo Oxfordian 2682
Asha 505 2869
Friedland 2828
Ibeco Seal 2753
Deponit CAN 2750
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4.4.3 Results

The results from the determinations of water content and density distribution are presented in Table 4-3

and Table 4-4. The calculated degree of saturation for each position is presented in Table 4-5.

Contour plots of the measured and calculated variables water content, dry density and degree of satura-
tion were made using an interpolation program. The results are presented in Figure 4-19 (water content

and dry density) and in Figure 4-20 (degree of saturation).

Since the test package consisted of blocks (and granulate) made of eleven different materials, with
different compaction properties but compressed with the same pressure, there were rather large
variations in the as-placed dry density of the blocks, see installation report (Eng et al. 2007). The
differences were to varying degree still present and there were thus large variations in water content

and dry density within the test package. The water content varied between 11 and 43 % and the dry

density varied between 1250 and 2 100 kg/m’. The degree of saturation was however high in the

complete test package, between 93 and 100 %.

Table 4-3. Results from radial water content measurements in ABM 2.

Water content distribution in test package ABM 2, %

Block no. Material Center position of sample, mm from heater
10 29 43 67 86
31 MX-80 26.0 26.9 27.3 28.5 29.8
30 MX-80 24.5 25.8 26.7 28.0 27.0
29 Febex 23.9 25.8 27.0 29.3 30.2
28 Ikosorb 22.9 23.6 26.2 29.8 30.0
27 MX-80 granulate 26.1 314 34.4 36.2 38.3
26 Deponit CA-N 26.2 271 33.1 35.9 37.2
25 MX-80 granulate+quarz 19.9 241 28.1 29.9 30.9
24 Rokle 245 284 34.1 38.6 39.4
23 Friedland 10.6 17.5 19.5 22.0
22 Kunigel V1 18.2 19.1 20.0 23.4
21 Asha 505 30.1 32.2 31.7
20 Callovo-Oxfordian discs
19 Callovo-Oxfordian 13.8 13.4 13.2 13.7 154
18 Calcigel 30.1 31.2 32.2 34.3 37.1
17 MX-80 31.3 30.6 31.2 31.9 35.9
16 Callovo-Oxfordian 11.8 12.8 12.7 13.1 14.6
15 Ibeco Seal 34.7 33.8 34.1 35.2 37.7
14 MX-80 granulate+quarz 26.4 26.7 27.5 28.3 28.8
13 Kunigel V1 225 234 23.8 24.6 26.3
12 Ikosorb 27.9 28.2 28.7 30.7 30.4
1 Ibeco Seal 27.9 28.2 28.6 30.3 32.2
10 Asha 505 27.0 28.0 28.6 30.9 33.0
9 Febex 26.9 28.5 33.0 36.7 35.7
8 MX-80 granulate 31.3 32.6 35.6 39.9 42.9
7 Rokle 30.4 31.7 34.1 35.4 37.6
6 MX-80 25.7 26.6 28.5 32.9 32.3
5 Deponit CA-N 27.8 28.4 29.6 31.3 33.0
4 Friedland 14.6 15.9 15.6 17.2 17.5
3 Calcigel 27.3 28.2 30.2 32.0 31.0
2 MX-80 26.2 271 28.8 33.1 32.1
1 MX-80 27.7 28.2 30.7 34.2 31.5
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Table 4-4. Results from radial density measurements in ABM 2.

Dry density distribution in test package ABM 2, kg/m®

Block no. Material Center position of sample, mm from heater
10 29 48 67 86
31 MX-80 1587 1586 1576 1552 1536
30 MX-80 1633 1593 1569 1539 1559
29 Febex 1641 1596 1564 1517 1474
28 Ikosorb 1649 1634 1556 1499 1486
27 MX-80 granulate 1568 1478 1425 1377 1318
26 Deponit CA-N 1534 1540 1440 1389 1360
25 MX-80 granulate+quarz 1596 1503 1466 1482
24 Rokle 1654 1553 1462 1361 1384
23 Friedland 2088 1872 1800 1741
22 Kunigel V1 1800 1777 1739 1664
21 Asha 505 1534 1432 1467
20 Callovo-Oxfordian discs
19 Callovo-Oxfordian 1984 1995 1990 1962 1921
18 Calcigel 1517 1497 1475 1429 1374
17 MX-80 1489 1483 1471 1454 1386
16 Callovo-Oxfordian 2072 2008 1988 1978 1926
15 Ibeco Seal 1408 1431 1423 1404 1351
14 MX-80 granulate+quarz 1571 1575 1555 1526 1512
13 Kunigel V1 1673 1661 1646 1621 1582
12 Ikosorb 1540 1539 1521 1488 1476
11 Ibeco Seal 1553 1549 1541 1512 1458
10 Asha 505 1608 1577 1568 1519 1466
9 Febex 1552 1525 1437 1352 1334
8 MX-80 granulate 1497 1458 1319 1293 1229
7 Rokle 1548 1513 1471 1412 1392
6 MX-80 1611 1591 1549 1457 1423
5 Deponit CA-N 1565 1547 1521 1486 1404
4 Friedland 1979 1943 1927 1878 1872
3 Calcigel 1573 1540 1516 1471 1479
2 MX-80 1595 1574 1542 1443 1459
1 MX-80 1572 1541 1502 1428 1465
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Table 4-5. Results from calculations of the degree of saturation in ABM 2.

Degree of saturation in test package ABM 2, %

Block no. Material Center position of sample, mm from heater
10 29 48 67 86
31 MX-80 96.1 99.4 99.2 99.9 102.1
30 MX-80 97.0 96.2 96.3 96.7 95.9
29 Febex 97.8 98.7 98.7 99.8 96.6
28 Ikosorb 94.7 954 94.5 98.5 97.4
27 MX-80 granulate 94.0 99.2 100.8 98.7 96.0
26 Deponit CA-N 91.0 94.8 99.9 100.7 100.1
25 MX-80 granulate+quarz 92.2 93.4 94.2 99.8
24 Rokle 92.6 93.5 99.2 97.7 103.1
23 Friedland 89.2 100.4 99.7 102.3
22 Kunigel V1 99.4 100.6 99.1 102.5
21 Asha 505 99.4 92.0 95.2
20 Callovo-Oxfordian discs
19 Callovo-Oxfordian 103.5 102.5 100.0 98.0 102.4
18 Calcigel 104.5 105.1 104.8 104.4 104.0
17 MX-80 100.4 97.2 97.4 97.3 99.2
16 Callovo-Oxfordian 105.4 100.0 95.8 96.9 98.2
15 Ibeco Seal 99.8 100.6 100.5 100.8 100.0
14 MX-80 granulate+quarz 97.2 98.9 98.7 97.5 97.2
13 Kunigel V1 100.0 102.0 101.7 100.8 101.7
12 Ikosorb 98.2 99.2 98.2 100.0 97.3
11 Ibeco Seal 99.4 100.0 100.1 101.5 99.8
10 Asha 505 98.6 98.1 99.0 99.8 98.8
9 Febex 96.6 98.4 99.9 98.0 92.9
8 MX-80 granulate 101.5 99.8 89.3 96.6 94.5
7 Rokle 99.4 98.8 100.4 96.1 99.4
6 MX-80 98.5 98.9 99.5 100.7 94.3
5 Deponit CA-N 100.8 100.4 100.6 101.2 94.7
4 Friedland 100.3 102.6 98.1 99.6 100.4
3 Calcigel 103.0 101.4 104.6 103.5 101.6
2 MX-80 98.2 98.4 99.6 99.3 98.5
1 MX-80 100.3 97.7 100.4 100.4 97.5
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Figure 4-19. Water content distribution (left) and dry density (right) for test package ABM 2.
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Figure 4-20. Degree of saturation for test package ABM 2.
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4.5 Comments

The ABM 2 test package has been artificial wetted from test start. A water pressure between 1.2
and 4.5 bar has been applied in the surrounding sand filter. The heating of the ABM 2 test package
was started after 631 days test duration when the bentonite was judged to be completely saturated.
The temperature close to the surface of the central tube (5 mm from the tube into the clay) had been
between 120 and 140 °C (on the section from 4002 700 mm from bottom).

The dismantling of the test and the following initial analyzes of the different blocks have shown that:

40

Since the test package consisted of blocks (and granulate) made of eleven different materials, with
different compaction properties, there was rather large variation in the as-placed dry density of the
blocks, see installation report (Eng et al. 2007). The differences were to varying degree still present
at the dismantling and there were thus large variations in water content and dry density within the
test package. The water content varied between 11 and 43 % and the dry density varied between
1250 and 2100 kg/m’.

The degree of saturation was high in the entire test package. Most blocks had a degree of saturation
of between 95 and 100 %. The lowest degrees of saturation, between 89 and 95 % were found close
to the heater at a length section between 2200 and 2 600 mm from the bottom. The blocks in this
section were made of Friedland, Rokle, MX-80 granulate+quarz and Deponit CA-N. The general
high degree of saturation in Calcigel was probably caused by an error in the determination of the
grain density.

In many blocks there were several fractures dividing the block into 3—5 large pieces, see photos in
Figure 4-17 (upper left and right). Other blocks were very fragile and fell into many small pieces,
see photos in Figure 4-17 (lower left and right). The most fragile blocks were block no. 3—5 and
no. 19-24.

SKB TR-23-25



ABM5 evolution and excavation

5

Test layout

5.1

The schematic drawing provided in Figure 5-1 shows the block order in test package ABM 5.
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Figure 5-1. Schematic drawing of the ABM 5 test layout. The drawing shows how the different blocks

(no.1-30) were positioned in the test.
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5.2

* 2012-11-08. Test package ABM 5 was installed in the test hole.

Field operation

The test included the following important milestones:

* 2012-11-13. The filter (sand filter) surrounding the three new test packages were filled with water.
The injected volume to ABM 5 was only 2 liters (about 29-30 liters in the other two packages),
then water started to leak out through the floor. It was judged that the filter already was filled with

inflowing formation water. See detailed description in Section 5.2.3.
* 2013-09-27. The heating was started 316 days after installation.
* 2017-04-10. The heating was stopped 1608 days after installation.

* 2017-06-26. The test package was released from the test hole.

5.2.1

Heating

The heating of the ABM 5 test started 316 days after installation. The applied power was increased
in steps to 340 W, Figure 5-2. This power was then applied for about 900 days. A new increase was
made after 1283 days. The power was increased in steps up to 1800 W. This power was then applied
until the test was stopped, 1608 days after installation.

5.2.2 Temperature development

The registered temperature data for the five levels (block no. 3, 9, 15, 21, 27) is presented in Figure 5-3
to Figure 5-7. The number of measuring points is limited but the registered data gives a fairly good

picture of the temperature distribution in the test package. In this test package, the innermost thermo-
couples were positioned outside the tube and in contact with the tube surface which resulted in reliable
measurements, see also Section 4.2.2.

To get an overview of the temperature distribution within the test package, a contour plot of the
measured temperature was made using an interpolation program. The graph shows the temperature
distribution the day before the heating was stopped.
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Figure 5-2. Applied power to the heaters in ABM 5 plotted versus time.
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Figure 5-3. Temperature measurements in block no. 3 plotted vs. time.
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ABM 5, Block 21, Temperature developement
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Figure 5-6. Temperature measurements in block no. 21 plotted vs. time.
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Figure 5-7. Temperature measurements in block no. 27 plotted vs. time.

The contour plot indicates that the temperature on the surface of the central tube had been between
200 and 240 °C (on the section from 600-2 500 mm from bottom). The temperature varied radially
within the test package, roughly according to the following:

*  0-20 mm: in the range 200-240 °C
* 20-40 mm: in the range 180-200 °C
*  40-60 mm: in the range 150-180 °C
*  60-96 mm: in the range 90150 °C
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Figure 5-8. Temperature distribution in ABM 5.

5.2.3 Artificial water saturation
Inflow measurements

After completion of the three test holes, the natural water inflow into each test hole was measured
(Sandén et al. 2018). Two of the test holes were very dry while one (the ABM 5 test hole) had a water
inflow of approximately 8.5 liters/24 hours. All inflow was judged to come from one fracture located

0.8 meter down from the floor.
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Test start ABM 45

The test packages were installed 2012-11-08. Five days later, after having cast the concrete lids and
mounted the steel beams, an attempt was made to artificially fill up the filters in the three tests. Water
was injected through the titanium tubes into the sand filters. The injected water volume was 29.3 liters
to ABM 4 and 28.9 liters to ABM 6. The injected volume to ABM 5 was about 2 liters and then water
started to leak out on the floor above the test hole. It was judged that the filter already had been filled
up with water from the earlier identified fracture. Since the fracture also had connections to the floor,
it was not possible to apply a water pressure in the filter. This was also the reason why the temperature
was kept below 100 °C for the first 1300 days. It was not possible to maintain a sufficient pressure in
the filter to avoid boiling. It was therefore decided to close the water injection to ABM 5. The artificial
water injection system has thereafter not been used in this test. The ABM 5 test package has thus only
had access to formation water, probably mainly from the earlier identified fracture. It is judged that
the composition of the formation water was the same as from the borehole HD0025A that was used
to supply the Canister Retrieval Test with water. This borehole is located only a few meters from the
ABM 45 test site. The composition of this water is presented in Table 5-1 (Dueck et al. 2011).

Artificial water injection to test packages ABM 4 and ABM 6

The water supply to test packages ABM 4 and ABM 6 have been made using one system. The water
has been taken from a water supply coming from the ground (freshwater). After the initial filling of the
sand filters a water pressure of 50 kPa has been applied.

Table 5-1. Main elements in the water supply. The water was taken from bore hole HD0025A
(Dueck et al. 2011).

Date Na K Ca Mg HCO,; Cl SO, S0,-S Br F Si
mg/L mg/L  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

1999-04-12 1830.0 16.8 1284.0 96.8 114.0 5530.0 363.0 1120 361 156 4.70
1999-10-04 1730.0 20.7 987.0 1231 1470 4590.0 3820 1150 253 1.31 5.50
2001-09-26  1390.0 30.7 286.0 1256.0 195.0 2540.0 261.0 98.9 121 1.20  5.51
2002-09-24 1590.0 27.8 629.0 120.0 1640 38413 316.2 996 219 164 540
2004-09-21 1480.0 293 611.0 106.0 170.0 3360.0 3250 1050 298 145 563

Mean 1604.0 25.1 759.4 114.2 1568.0 39723 3295 106.1 25.0 1.43 5.35
Std 179.11 6.01 384.10 12.24 30.02 1145.81 46.8 723 898 0.18 0.37
Date Feror Fe(ll) Mn Li Sr pH COND DOC NH,-N

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L  mg/L

1999-04-12  0.703  0.707 0.580 0.7000 16.10 7.40 1250.0 4.5 0.3978
1999-10-04  0.912 0.912 0.845 0.4975 14.00 7.40 1310.0 5.4 0.6766
2001-09-26  0.937  0.941 0.683 0.1200 439 7.50 830.0 56 0.6900
2002-09-24  0.897  0.904 0.667 0.3780 9.95 745 1178.0 5.1 0.8547
2004-09-21 0.843  0.841 0.590 0.4070 9.561 7.45 1020.0 5.6 0.9430

Mean 0.858  0.861 0.674  0.421 1079 74 1117.6 52 0.712
Std 0.09 0.09 0.1 0.21 452 0.04 193.93 0.46 0.21
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5.3 Termination
5.3.1 Releasing the test package

The test package was terminated and released from the surrounding rock using the same technique as
had been used for earlier test packages of this type. The heater power was closed 2017-04-10, and the
test package was lifted 2017-06-26.

The lifting of the test package was made by a lorry with a crane. There were some fractures running

along the rock cover, but the test package was successfully lifted from the rock, Figure 5-9. The left

photo in Figure 5-10 shows the test package from the bottom. As shown in the photo a small rock

piece had fallen off from the bottom part of the package. The right photo in Figure 5-10 shows the
rock surface after retrieval of the test package. From the photo it is easy to understand the technique

used to release the test package from the rock i.e. seam drilling around the periphery and then two
large core drilled holes that have been used to install the wire sawing equipment which was used to
saw off the rock column at the bottom.

Figure 5-10. Left: The test package was lifted up almost in one piece. A minor rock piece close to the bottom
fell off during the uplift. Right: Photo showing the rock after retrieval of the test package.
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5.3.2 Division and material handling

After retrieval the test package was immediately transported to an experiment hall at the surface of the
Aspd HRL where division of the rock package and uncovering the bentonite blocks were made. The
photo provided in Figure 5-11 shows the upper part of the test package. As shown in the photo there
was some fractures in the rock cover which facilitated the work with the removal of the rock.

The photo in Figure 5-12 shows the bottom of the test package where a small rock piece had fallen
off in conjunction with the uplift, see also Figure 5-10 to the left. The large fracture that runs along
the test package can also be seen in the photo. The division of the test package started by removing
the upper parts of the rock cover. After exposure of the bentonite, one could see that large fractures
were running along the complete package also in the bentonite, see example in Figure 5-13.

Figure 5-11. The test package was transported to the laboratory at Aspé HRL.

Figure 5-12. The bottom of the test package. A minor rock piece fell off during the uplift.
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Figure 5-13. Large fractures in the bentonite were present along the complete test package. The photo
shows the situation for block no. 20 (left) to block no. 11 (right).

The bentonite was removed from the central tube as long sections containing parts from different
blocks, see examples in the photos provided, Figure 5-14 and Figure 5-15. Some blocks were rather
intact while others were highly fractured and very fragile due to the high temperature.

The initial sampling (see description in Section 5.4) included that a slice with a thickness of about
20 mm was cut out from each block. This slice was then used to determine the radial water content
and density distribution at five positions. After having cut out this slice, the remaining block parts were
placed in a sack made of alumina laminate which were evacuated and welded together. The sacks were
then placed in airtight barrels.

Figure 5-14. Parts of blocks 6 to 9.
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Figure 5-15. Part of blocks 18-23.

5.4 Water content and density determinations
5.41 General

Basic properties of the bentonite test material were determined in many positions of the test package
to achieve a picture of the water content and density distribution. This data was then used to calculate
the degree of saturation. Samples were taken at the mid-height of each block at five different radial
distances from the heater, Figure 4-18.

In total, the water content and density were determined at 150 positions in the ABM 5 test package.

5.4.2 Test procedure and evaluation
Water content, dry density and degree of saturation

See description in Section 4.4.2.

Grain density

For the calculations of the degree of saturation, different values of the grain density have been used,
see Table 4-2 (Svensson et al. 2011). In the ABM 45 test packages there were two new materials, GMZ
and Saponite. The grain density used for GMZ was 2710 kg/m’ (Sun et al. 2014) and for Saponite
2300 kg/m’ (Engineering ToolBox 2021).

5.4.3 Results

The results from the determinations of water content and density distribution are presented in Table 5-2
and Table 5-3. The calculated degree of saturation for each position is presented in Table 5-4.
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Table 5-2. Results from radial water content measurements in ABM5.

Water content distribution in test package ABM 5, %

Block no. Material Center position of sample, mm from heater
10 29 48 67 86
30 MX-80 20.0 21.8 22.5 25.1 19.2
29 MX-80 14.4 16.3 17.7 19.8 14.2
28 Asha 505 16.5 17.9 18.8 18.7 18.9
27 Calcigel 121 11.8 12.7 13.3 13.0
26 Deponit CAN 16.4 18.2 20.3 21.6
25 Febex 171 17.7 18.5 19.7
24 GMzZ 14.2 16.2 16.9 18.8
23 Ibeco SEAL 15.2 17.7 19.4 201
22 Ikosorb 14.5 15.7 16.7 18.5
21 Kunigel V1 11.1 11.8 12.2 12.7
20 MX-80 15.7 16.4 18.0 19.5 18.8
19 Asha NW BFL-L [18.4 18.1 18.8 20.0
18 Rokle 171 19.0 201 223 214
17 Saponite 11.8 12.8 13.5 124
16 Asha 505 18.1 19.6 19.2 19.3 20.2
15 MX-80 18.5 18.7 18.6 18.0 16.7
14 Rokle 15.4 17.0 17.5 17.8 17.3
13 Febex 18.3 18.8 19.6 17.5 18.1
12 Saponite 11.7 134 12.8 14.8
1 Ibeco SEAL 21.6 21.7 23.0 241
10 Calcigel 14.7 14.6 14.7 17.0 16.8
9 Asha NW BFL-L [18.7 19.5 20.6 21.0 222
8 MX-80 17.8 19.2 18.5 19.7 20.3
7 Ikosorb 18.9 19.9 20.4 213 18.2
6 GMz 20.4 20.5 20.2 214 23.0
5 Kunigel V1 17.8 18.0 18.4 19.8
4 Deponit CAN 17.4 19.8 20.7 21.2 25.6
3 Asha NW BFL-L |20.6 216 221 26.5 28.6
2 MX-80 21.7 227 253 29.1 26.9
1 MX-80 23.9 26.1 27.9 30.2 313

Table 5-3. Results from radial density measurements in ABM5.

Dry density distribution in test package ABM 5, kg/m®

Block no.  Material Center position of sample, mm from heater
10 29 48 67 86

30 MX-80 1612 1611 1626 1592 1713
29 MX-80 1843 1810 1774 1740 1767
28 Asha 505 1826 1798 1773 1760 1775
27 Calcigel 1836 1798 1782 1776 1759
26 Deponit CAN 1758 1724 1670 1626
25 Febex 1792 1784 1754 1684
24 GMz 1847 1810 1801 1734
23 Ibeco SEAL 1727 1763 1730 1715
22 Ikosorb 1829 1806 1798 1743
21 Kunigel V1 1882 1888 1888 1906
20 MX-80 1802 1799 1765 1747 1751
19 Asha NW BFL-L |1797 1814 1780 1725
18 Rokle 1839 1789 1763 1699 1717
17 Saponite 1819 1789 1793 1811
16 Asha 505 1840 1782 1717 1781 1735
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Table 5-3. Continued.

Dry density distribution in test package ABM 5, kg/m®

Block no.  Material Center position of sample, mm from heater
10 29 48 67 86
15 MX-80 1765 1783 1757 1769 1805
14 Rokle 1890 1842 1825 1811 1805
13 Febex 1741 1728 1714 1752 1716
12 Saponite 1787 1782 1799 1812
11 Ibeco SEAL 1692 1734 1657 1633
10 Calcigel 1790 1806 1804 1747 1739
9 Asha NW BFL-L |1814 1784 1737 1733 1707
8 MX-80 1808 1776 1785 1754 1731
7 lkosorb 1754 1725 1697 1674 1772
6 GMz 1744 1732 1747 1718 1657
5 Kunigel V1 1802 1790 1771 1733
4 Deponit CAN 1788 1735 1712 1687 1553
3 Asha NW BFL-L |1750 1710 1685 1614 1556
2 MX-80 1715 1682 1623 1533 1559
1 MX-80 1644 1606 1560 1500 1506

Table 5-4. Results from calculations of the degree of saturation in ABM5.

Degree of saturation in test package ABM 5, %

Block no. Material Center position of sample, mm from heater
10 29 48 67 86
30 MX-80 76.6 83.7 88.1 93.3 85.6
29 MX-80 78.9 84.8 86.6 92.2 68.8
28 Asha 505 82.8 86.2 87.4 85.3 88.1
27 Calcigel 69.4 64.0 66.9 69.4 65.7
26 Deponit CAN 83.9 88.3 90.2 89.3
25 Febex 88.8 90.7 90.3 86.6
24 GMz 82.3 88.2 90.7 90.7
23 Ibeco SEAL 75.1 93.2 96.5 97.9
22 Ikosorb 79.6 83.1 87.4 88.8
21 Kunigel V1 70.0 75.2 77.6 84.0
20 MX-80 80.2 83.7 87.1 91.7 88.7
19 Asha NW BFL-L 88.3 89.5 88.2 86.3
18 Rokle 83.9 87.0 88.4 89.9 88.2
17 Saponite 102.8 103.0 109.5 106.0
16 Asha 505 92.9 92.4 82.2 90.5 88.5
15 MX-80 89.6 92.9 89.1 87.7 85.7
14 Rokle 81.2 83.7 84.0 84.0 80.9
13 Febex 87.5 88.2 90.2 85.5 83.3
12 Saponite 93.4 106.1 106.0 126.6
11 Ibeco SEAL 101.2 108.9 101.9 102.8
10 Calcigel 78.6 79.8 80.3 84.2 82.2
9 Asha NW BFL-L 92.1 91.9 90.8 91.9 93.6
8 MX-80 92.1 94.2 92.3 93.9 93.0
7 lkosorb 92.1 92.4 91.2 91.5 91.1
6 GMzZ 99.9 98.5 99.1 100.6 98.0
5 Kunigel V1 97.7 97.2 95.7 96.9
4 Deponit CAN 93.5 97.4 98.4 96.7 94.4
3 Asha NW BFL-L 92.4 91.5 90.3 97.7 97.2
2 MX-80 96.9 96.4 98.6 99.3 95.4
1 MX-80 96.1 99.2 99.1 98.3 103.0
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Contour plots of the measured and calculated variables water content, dry density and degree of satura-
tion were made using an interpolation program. The results are presented in Figure 5-16 (water content

and dry density) and in Figure 5-17 (degree of saturation).

Since the test package consists of blocks made of twelve different materials, with different compaction

properties but compressed with the same pressure, there was rather large variation in the as-placed
dry density of the blocks, see installation report (Sandén and Nilsson 2018). The differences were
to varying degree still present and there are thus large variations in water content and dry density
within the test package. The high temperature at the heater has also resulted in large water content
gradients. The water content varied between 11 and 31 % and the dry density varied between 1500

and 1906 kg/m’. The degree of saturation varied between 64 and 100 %.

ABM 5 ABM 5

Water content distribution Dry density distribution
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Figure 5-16. Water content distribution (left) and dry density (rvight) for test package ABM 5.
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Figure 5-17. Degree of saturation for test package ABM 5.
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5.5 Comments

The ABM 5 test package did not have access to artificial water injection. A water bearing fracture,
positioned about 0.8 meter down from the floor has, however, been in connection with the sand filter.
The heating of the ABM 5 test started 316 days after installation. The power was increased in steps to
340 W, Figure 5-2. This power was then applied for about 900 days. A new increase was made after
1283 days. The power was increased in steps up to 1800 W. This power was then applied until the test
was stopped, 1608 days after installation. The temperature on the surface of the central tube had been
between 200 and 240 °C (on the section from 600-2 500 mm from bottom).

The dismantling of the test and the following initial analyzes of the different blocks have shown that:

Since the test package consisted of blocks made of twelve different materials, with different
compaction properties, there was rather large variation in the as-placed dry density of the blocks,
see installation report (Sandén and Nilsson 2018). The differences are to varying degree still present
and there are thus large variations in water content and dry density within the test package. The
high temperature at the heater has also resulted in radial water content gradients, but the differences
between different blocks (materials are higher. The water content varies between 11 and 31 % and
the dry density varies between 1500 and 1906 kg/m’.

The differences regarding the degree of saturation were large within the test package, between 64
and 100 %. The lowest values were found in the upper half of the test package while the degree
of saturation in the sections between 0 and 900 mm from bottom and between 1100 and 1700 from
the bottom were close to saturation, between 90 and 100 %.

The applied power to the heaters resulted in high temperatures in the buffer. Since there wasn’t
any water pressure applied into the surrounding filter, the bentonite has dehydrated which in turn
has led to lower thermal conductivity and thus higher temperature in the bentonite.

After the exposure of the bentonite, in conjunction with the dismantling, one could see that large
fractures were running along the entire package in the bentonite, see example in Figure 5-13. The
bentonite was removed from the central tube as long sections containing parts from different blocks,
see examples in the photos provided in Figure 5-14 and Figure 5-15. Some blocks were rather intact
while others were highly fractured and very fragile due to the high temperature.
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6 ABM2 results from analysis

6.1 Chemical and mineralogical evolution in ABM2

Due to the extensive variety of clays and the complexity of the experiment, for us it was not feasible
to analyze all clays in detail to the same extent. The approach taken was to conduct a screening of
numerous samples and identify significant deviations in the mineralogy of clay minerals by observing
changes in the XRD pattern in the low-angle region (basal spacing region) or in the region of the
060 reflection (dioctahedral vs. trioctahedral clay minerals). If any changes were detected, further
investigation was conducted to better understand the details.

Table 6-1 provides an overview of the CEC (Cation Exchange Capacity) of the ABM2 samples. In
MX-80 block #2, it appears that the samples closest to the rock exhibit higher CEC compared to the
reference, while the samples closer to the heater show lower CEC than the reference. In Deponit CAN
block #5, all field test samples have higher CEC than the reference clay. In the remaining blocks, the
CEC of the field samples is similar to the reference clays. To summarize the CEC results of the ABM2
samples, no significant general trend is apparent. Most of the differences can be attributed to the rela-
tively low reproducibility of the CEC measurement in combination with minor dissolution-precipitation
(internal transport) of sulfates and carbonates. There is no indication of any significant overall change
in smectite content in the ABM2 samples based on CEC measurements.

Table 6-1. CEC of ABM2 samples.

Sample Sample id CEC cmol(+)/kg (n = 2) SD(n=2)
MX-80 ABM Reference c65d42 83.2 0.2
MX-80 ABM2 #2 0-2 mm d5eda7 77.7 0.6
MX-80 ABM2 #2 2—10 mm d5eda8 88.3 1.1
MX-80 ABM2 #2 10-20 mm d5eda9 80.9 1.1
MX-80 ABM2 #2 20-50 mm d5edaa 85.7 0.3
MX-80 ABM2 #2 50-70 mm d5edab 88.5 34
MX-80 ABM2 #2 70-100 mm d5edac 90.3 0.7
Calcigel ABM Reference c65d56 70.2 0.2
Calcigel ABM2 #3 0-2 mm d5edad 71.8 0.5
Calcigel ABM2 #3 2-10 mm d5edae 70.5 0.1
Calcigel ABM2 #3 10—-20 mm d5edaf 61.3 0.2
Calcigel ABM2 #3 20-50 mm d5edb0 68.4 0.7
Calcigel ABM2 #3 50-70 mm d5edb1 68.2 0.1
Calcigel ABM2 #3 70—100 mm d5edb2 67.9 0.5
Deponit CAN ABM Reference c65d52 83.3 1.1
Deponit CAN ABM2 #5 0—2 mm d5edb9 89.9 0.7
Deponit CAN ABM2 #5 2—-10 mm d5edba 90.8 1.7
Deponit CAN ABM2 #5 10-20 mm d5edbb 84.8 0.1
Deponit CAN ABM2 #5 20-50 mm d5edbc 86.7 0.5
Deponit CAN ABM2 #5 50-70 mm d5edbd 85.1 0.1
Deponit CAN ABM2 #5 70—100 mm d5edbe 84.2 1.2
Febex ABM Reference c65d5e 98.3 0.1
Febex ABM2 #29 0-2 mm d5ee49 96.0 2.0
Febex ABM2 #29 2-10 mm d5eeda 103.9 0.2
Febex ABM2 #29 10-20 mm d5eedb 96.6 1.2
Febex ABM2 #29 20-50 mm d5eedc 101.2 3.1
Febex ABM2 #29 50—70 mm d5ee4d 100.2 0.5
Febex ABM2 #29 70-100 mm d5eede 98.9 0.9
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Table 6-1. Continued.

Sample Sample id CEC cmol(+)/kg (n = 2) SD (n=2)
Ibeco Seal ABM Reference c65d8f 87.5 0.1
IbecoSeal ABM2 #15 0—2 mm d5edf5 91.0 0.6
IbecoSea ABM2 | #15 2—10 mm d5edf6 89.5 1.7
IbecoSea ABM2 | #15 10-20 mm d5edf7 83.8 0.7
IbecoSeal ABM2 #15 20-50 mm d5edf8 85.7 0.6
IbecoSeal ABM2 #15 50-70 mm d5edf9 83.0 1.6
IbecoSeal ABM2 #15 70-100 mm d5edfa 84.8 0.2
6.1.1 MX-80

In the XRD data of the MX-80 samples (Figure 6-1 to Figure 6-6), a reflection associated with illite/
mica at around 10 A (approximately 10 degrees two theta) was observed. Its presence varied, some-
times being absent, mostly minor, and occasionally somewhat larger. No correlation was observed
between the intensity of this reflection and the sample’s position relative to the heater. It is more likely
that the reflection was influenced by small grains of mica crystals that were oriented differently in
relation to the X-ray beam. Regarding the 060 reflection at around 75 degrees two theta, no changes
were observed when comparing the ABM2 samples with the reference data. No other reflections indi-
cating the formation of new clay minerals were found in the low-angle region. In summary, the XRD
analysis of the MX-80 samples in ABM2 did not reveal any significant qualitative changes in the
clay minerals present. The basal spacing reflection changed somewhat between the different samples,
as a consequence of different amount of hydration of the montmorillonite interlayer cations.

XRD - MX-80 ABM2 #1

—— 1. MX-80 ABM2 #1 0-2 mm.xy
— 2. MX-80 ABM2 #1 2-10 mm.xy
—— 3. MX-80 ABM2 #1 10-20 mm.xy
100000 4 —— 4. MX-80 ABM2 #1 20-50 mm.xy
— 5. MX-80 ABM2 #1 50-70 mm.xy

6. MX-80 ABM2 #1 70-100 mm.xy
—— 7. MX-80 ABM Reference.xy

f
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Figure 6-1. XRD patterns of the ABM2 MX-80 block 1. Co Ka. raditation.
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XRD - MX80 ABM2 #2
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Figure 6-2. XRD patterns of the ABM2 MX-80 block 2. Co Ka raditation.
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Figure 6-3. XRD patterns of the ABM2 MX-80 block 6. Co Ka raditation.
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XRD - MX-80 ABM2 #17
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Figure 6-4. XRD patterns of the ABM2 MX-80 block 17. Co Ko raditation.

XRD - MX-80 ABM2 #30
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Figure 6-5. XRD patterns of the ABM2 MX-80 block 30. Co Ko raditation.
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XRD - MX80 ABM2 #31

—— 1. MX80 ABM2 #31 0-2 mm.xy
—— 2. MX80 ABM2 #31 2-10 mm.xy
—— 3. MX80 ABM2 #31 10-20 mm.xy
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Figure 6-6. XRD patterns of the ABM2 MX-80 block 31. Co Ko raditation.

Chemical data of the ABM2 MX-80 samples is presented in Table 6-2 for bulk samples and Table 6-3
for clay fractions. There was no notable general trend observed for Mg. Fe typically increased in the
samples closest to the heater due to corrosion. Ca and Cl generally increased, while Na decreased due
to interactions with the Aspd water. The chloride content is higher in the two top blocks (#1 and #2)
than in the MX-80 blocks further down, which could indicate that there has been more interaction with
the groundwater in the top of the package. The Ca increase and the Na decrease is higher in the lower
blocks, which may be caused by exchange with the neighbouring blocks. The clay fractions exhibited
slightly higher Mg content in samples closer to the heater compared to those closer to the rock.

Table 6-2. ABM2 MX-80 Chemical composition (XRF).

Sample MgO AlLO; SiO, SO, K,O CaO Fe,O; CI Na,0 TiO,
MX-80 Reference — | 2.5 216 66.5 1.3 0.5 1.7 4.2 0.0 15 0.2
MX-80 Reference — Il 25 216 668 1.0 0.5 1.6 4.2 0.0 1.6 0.2
MX-80 Reference — IlI 2.5 216 66.7 0.8 0.6 1.6 4.2 0.0 1.7 0.2
MX-80 Reference — IV 2.5 216 666 0.8 0.6 1.6 4.4 0.0 1.7 0.2
MX-80 Reference — V 2.6 216 669 0.8 0.6 14 4.4 0.0 1.7 0.2
MX-80 ABM2 #1 0—2 mm 2.4 212 655 04 0.6 2.3 5.9 0.4 1.2 0.2
MX-80 ABM2 #1 2—10 mm 24 213 662 06 0.6 24 4.7 04 1.3 0.2
MX-80 ABM2 #1 10—20 mm 24 21.2 66.1 0.6 0.6 25 47 0.4 1.2 0.2
MX-80 ABM2 #1 20-50 mm 24 214 665 06 0.6 25 43 0.4 1.1 0.2
MX-80 ABM2 #1 50—-70 mm 2.4 213 664 06 0.6 2.6 4.3 0.4 1.2 0.2
MX-80 ABM2 #1 70—100 mm 2.4 213 666 05 0.5 2.6 4.3 0.5 1.2 0.2
MX-80 ABM2 #2 0—2 mm 2.5 211 648 0.6 0.5 2.9 6.1 0.3 1.1 0.2
MX-80 ABM2 #2 2—10 mm 2.4 211 66.1 0.7 0.6 2.3 5.0 0.4 1.2 0.2
MX-80 ABM2 #2 10—20 mm 2.4 216 66.6 05 0.5 2.1 4.7 0.3 1.1 0.2
MX-80 ABM2 #2 20-50 mm 24 217 667 05 0.5 24 4.2 0.4 1.1 0.2
MX-80 ABM2 #2 50—-70 mm 24 216 665 06 0.5 2.6 43 0.4 1.1 0.2
MX-80 ABM2 #2 70—100 mm 2.4 216 666 04 0.5 25 4.3 0.4 1.1 0.2
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Table 6-2. Continued.

Sample MgO AlLO; SiO, SO, K0 Ca0 Fe,O; CI Na,0 TiO,
MX-80 ABM2 #6 0—2 mm 3.3 212 648 0.7 0.4 3.2 5.6 0.2 0.5 0.2
MX-80 ABM2 #6 2—10 mm 24 215 663 0.7 0.4 3.1 4.6 0.3 0.6 0.2
MX-80 ABM2 #6 10—20 mm 2.3 218 66.7 06 0.5 3.0 4.3 0.2 0.5 0.2
MX-80 ABM2 #6 20—-50 mm 2.3 220 668 04 0.4 2.9 4.2 0.2 0.5 0.2
MX-80 ABM2 #6 50—-70 mm 23 219 668 03 0.5 3.0 4.3 0.2 0.5 0.2
MX-80 ABM2 #6 70—100 mm 23 218 670 04 0.5 2.9 4.3 0.3 0.6 0.2
MX-80 ABM2 #30 0—2 mm -1 24 203 622 16 0.5 3.5 8.7 0.1 0.6 0.2
MX-80 ABM2 #30 0—2 mm -2 24 19.8 621 1.5 0.5 3.6 8.9 0.1 0.6 0.2
MX-80 ABM2 #30 2—10 mm -1 2.1 212 656 1.2 0.5 34 5.1 0.2 0.6 0.2

MX-80 ABM2 #30 2—10 mm -2 2.1 206 653 1.3 0.6 3.5 5.4 0.1 0.7 0.2
MX-80 ABM2 #30 10-20 mm -1 2.2 209 660 0.7 0.5 3.1 5.4 0.2 0.6 0.2
MX-80 ABM2 #30 10-20 mm -2 22 207 662 0.7 0.5 3.2 54 0.2 0.6 0.2
MX-80 ABM2 #30 20—-50 mm -1 2.2 209 o664 06 0.5 3.1 4.9 0.2 0.7 0.2
MX-80 ABM2 #30 20—-50 mm -2 2.2 208 664 06 0.5 3.2 5.0 0.2 0.7 0.2
MX-80 ABM2 #30 50—70 mm -1 22 209 666 0.5 0.5 3.4 4.6 0.2 0.6 0.2
MX-80 ABM2 #30 50—70 mm -2 22 209 665 0.7 0.5 3.3 4.6 0.2 0.6 0.2
MX-80 ABM2 #30 70-100 mm -1 2.2 21.0 668 03 0.5 3.3 4.7 0.3 0.6 0.2
MX-80 ABM2 #30 70-100 mm -2~ 2.2 209 668 0.3 0.5 3.2 4.8 0.2 0.7 0.2

MX-80 ABM2 #31 0—2 mm -1 2.2 211 646 0.6 0.6 2.9 6.8 0.2 1.0 0.2
MX-80 ABM2 #31 0—2 mm -2 2.1 210 644 09 0.7 2.8 6.7 0.2 1.0 0.2
MX-80 ABM2 #31 2-10 mm -1 2.1 213 66.1 0.6 0.6 2.5 5.3 0.2 1.1 0.2

MX-80 ABM2 #31 2-10 mm -2 2.1 213 662 06 0.6 25 5.2 0.2 1.1 0.2
MX-80 ABM2 #31 10—-20 mm -1 21 217 664 05 0.6 23 5.0 0.2 1.1 0.2
MX-80 ABM2 #31 10—20 mm -2 2.1 217 664 0.5 0.6 23 5.0 0.2 1.0 0.2
MX-80 ABM2 #31 20—50 mm -1 22 216 666 0.6 0.6 2.7 4.4 0.2 1.0 0.2
MX-80 ABM2 #31 20—-50 mm -2 22 216 665 0.6 0.6 2.7 4.5 0.2 1.0 0.2
MX-80 ABM2 #31 50—-70 mm -1 2.2 217 66.7 05 0.6 2.7 4.2 0.2 1.0 0.2
MX-80 ABM2 #31 50—70 mm -2 2.2 217 666 05 0.6 2.7 4.3 0.2 1.0 0.2
MX-80 ABM2 #31 70-100 mm -1 2.2 21.7 669 0.3 0.6 2.6 4.3 0.3 1.0 0.2
MX-80 ABM2 #31 70-100 mm -2 2.2 217 669 03 0.6 2.6 4.3 0.3 1.0 0.2

Table 6-3. ABM2 MX-80 Clay fraction (< 0.2 pm) Chemical composition (XRF).

Sample MgO Al,O; SiO, SO; K,0 CaO Fe,0O, CI Na,0 TiO,
MX-80 ABM2 #30 CF 0—2 mm d5ee5b-1 2.5 222 652 0.0 0.1 0.1 7.2 0.0 2.6 0.1
MX-80 ABM2 #30 CF 0—-2 mm d5eebb-2 24 221 65.0 0.0 0.1 0.1 7.7 00 24 0.2

MX-80 ABM2 #30 CF 2—10 mm d5eeb5d-1 23 225 664 01 0.1 0.1 56 00 28 02
MX-80 ABM2 #30 CF 2-10 mm d5ee5d-2 23 225 664 01 0.1 0.1 55 00 28 0.2
MX-80 ABM2 #30 CF 10—20 mm d5ee5f-1 23 226 666 0.1 0.1 0.1 53 00 28 0.2
MX-80 ABM2 #30 CF 10—20 mm d5eebf-2 23 226 666 0.1 0.1 0.1 53 00 28 02
MX-80 ABM2 #30 CF 20—50 mm d5ee61-1 23 230 66.8 00 0.1 02 47 00 28 02
MX-80 ABM2 #30 CF 20-50 mm d5ee61-2 23 230 667 00 0.1 02 47 00 28 02
MX-80 ABM2 #30 CF 50—-70 mm d5ee63-1 23 230 670 00 0.1 02 45 00 27 02
MX-80 ABM2 #30 CF 50—-70 mm d5ee63-2 23 230 670 00 0.1 02 45 00 27 02
MX-80 ABM2 #30 CF 70-100 mm d5ee65-1 2.3 23.1 67.0 0.0 0.1 02 46 00 26 02
MX-80 ABM2 #30 CF 70—-100 mm d5ee65-2 2.3 23.0 669 0.0 0.1 02 48 00 26 02
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6.1.2 Calcigel

The Calcigel samples in ABM2 typically exhibited a dark reaction zone towards the iron heater
(Figure 6-7). In the XRD data of the Calcigel samples (Figure 6-7 to Figure 6-8), an illite/mica
reflection at around 10 A (approximately 10 degrees two theta) was consistently observed with similar
intensity. No correlation was found between the intensity of this reflection and the sample’s position
relative to the heater. The 060 reflection at around 75 degrees two theta did not show any changes when
comparing the ABM2 samples with the reference data. No other reflections indicating the formation
of new clay minerals were detected in the low-angle region. In summary, the XRD analysis of the
Calcigel samples did not reveal any significant qualitative changes in the clay minerals present.

Figure 6-7. ABM?2 Calcigel block 3. Showing a dark reaction zone towards the contact with the iron heater.
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Figure 6-8. XRD patterns of the Calcigel block #3 profile of samples. Co Ko. raditation.
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XRD - Calcigel ABM2 #18
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Figure 6-9. XRD patterns of the Calcigel block #18 profile of samples. Co Ka raditation.

Chemical data for the ABM2 Calcigel samples can be found in Table 6-4. There was a minor redistribu-
tion of Mg, with a slight accumulation towards the heater. Fe content typically increased in the samples

closest to the heater due to corrosion. CI generally increased, while Ca and Na showed little change.

Sulfate is strongly enriched towards the heater in block #18, but not in block #3.

Table 6-4. ABM2 Calcigel Chemical composition (XRF).

Sample MgO AlLO; SiO, P,Os SO; KO CaO MnO Fe,O, CI Na, 0 TiO,
Calcigel ABM2 #3 0-2 mm 3.62 2147 60.01 001 011 193 336 004 758 042 096 049
Calcigel ABM2#3 0-2 mm 350 21.18 59.13 0.01 0.10 163 410 0.04 878 035 0.78 0.40
Calcigel ABM2 #3 2—10 mm 3.69 20.89 60.83 0.00 0.06 186 339 0.04 7.05 047 098 048
Calcigel ABM2 #3 2—10 mm 3.57 20.76 59.97 0.00 0.05 161 395 0.04 812 039 089 043
Calcigel ABM2 #3 10-20 mm 347 2029 6241 000 0.01 177 314 0.04 659 036 095 052
Calcigel ABM2 #3 10-20 mm 333 1997 6189 0.00 002 149 376 003 757 031 079 045
Calcigel ABM2 #3 20-50 mm 353 2032 6221 0.00 0.01 177 328 003 6.65 041 098 049
Calcigel ABM2 #3 20-50 mm 3.38 20.03 6148 0.00 0.00 154 396 003 772 034 081 043
Calcigel ABM2 #3 50-70 mm 3.36 19.98 61.13 0.00 0.02 153 417 0.03 7.87 040 0.83 041
Calcigel ABM2 #3 50-70 mm 347 2061 61.64 0.00 0.00 181 344 004 6.75 048 096 049
Calcigel ABM2 #3 70—100 mm 3.35 20.00 60.89 0.02 0.03 150 439 003 780 044 081 042
Calcigel ABM2 #3 70—100 mm 342 2056 6136 0.00 004 180 360 0.04 6.78 054 098 0.52
Calcigel ABM2 #18 0-2 mm 3.17 1939 56.04 0.01 135 157 319 0.05 1343 068 069 044
Calcige ABM2| #18 0-2 mm 3.17 19.69 5590 0.01 1.08 164 3.08 0.05 1357 069 068 045
Calcigel ABM2 #18 2-10 mm 3.19 2115 5947 0.02 052 173 312 004 861 096 073 047
Calcigel ABM2 #18 2-10 mm 319 2135 5925 0.01 051 181 3.09 004 863 094 072 045
Calcigel ABM2 #18 10—20 mm 3.31 2090 6120 0.03 0.04 169 324 004 737 096 075 048
Calcigel ABM2 #18 10—20 mm 331 2094 6135 003 005 166 317 004 727 095 074 049
Calcigel ABM2 #18 20-50 mm 340 2156 6045 0.02 002 169 4.07 004 650 1.06 0.72 0.50
Calcigel ABM2 #18 20-50 mm 342 2155 60.63 0.01 0.02 172 397 004 640 1.07 070 048
Calcigel ABM2 #18 50—70 mm 338 2139 6080 0.02 0.01 170 399 004 638 1.06 0.74 0.50
Calcigel ABM2 #18 50-70 mm 3.38 21.38 60.83 0.02 0.01 168 4.02 0.04 631 110 0.73 0.50
Calcigel ABM2 #18 70-100 mm  3.31 21.29 60.46 0.02 0.02 1.67 4.05 004 664 129 0.74 048
Calcigel ABM2 #18 70-100 mm  3.30 21.34 60.53 0.01 0.01 1.67 4.01 004 661 124 0.77 048
Calcigel ABM reference c65d56 3.5 209 614 010 04 1.8 4.1 0.5 7.5 0.1 0.9 0.5
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6.1.3 Deponit CA-N

DepCAN (Deponit CA-N) samples typically showed a dark reaction zone towards the iron heater
and white precipitation bands (Figure 6-10). In the XRD data of the DepCAN samples (Figure 6-11
to Figure 6-12) no change could be seen in the low angle region or in the area of the 060 reflection
around 75 degrees two theta. XRD of the samples did not show any significant qualitative changes
of the clay minerals present. There is an observation of a 10 A reflection in one instance, that most
likely is associated with a mica mineral present in the bentonite.

Chemical data of the ABM2 DepCAN samples is seen in Table 6-5. Mg showed a clear redistribution
with minor accumulation towards the heater. Fe did not change significantly. Cl and Ca generally
increased, Na decreased somewhat.

Figure 6-10. ABM?2 DepCAN. Some of the blocks showed centro-symmetrical white precipitates with a fairly
constant distance to the iron heater.
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Figure 6-11. XRD patterns of the DepCAN block #5 profile of samples. Co Ko raditation.
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Figure 6-12. XRD patterns of the DepCAN block #26 profile of samples. Co Ko raditation.

Table 6-5. DepCAN ABM2 Chemical composition (XRF).

Sample MgO Al,O; SiO, P,0; SO; K, 0 CaO MnO Fe,O; CI Na,0 TiO,
Deponit CAN ABM2 #5 0-2 mm 347 201 585 023 154 095 757 000 6.04 026 052 0.92
Deponit CAN ABM2 #5 0-2 mm 346 202 587 020 152 096 737 000 6.03 025 045 091
Deponit CAN ABM2 #5 2—-10 mm 3.03 205 598 033 126 099 663 077 587 029 057 093
Deponit CAN ABM2 #5 2—10 mm 3.04 205 599 032 125 1.00 655 089 585 029 052 094
Deponit CAN ABM2 #5 10-20 mm  2.98 20.3 59.8 030 144 1.06 6.87 080 580 023 048 0.95
Deponit CAN ABM2 #510-20 mm 298 20.3 60.0 032 145 1.03 6.82 081 570 023 046 0.95
Deponit CAN ABM2 #520-50 mm 291 204 60.1 025 126 110 6.80 0.78 568 024 047 0.95
Deponit CAN ABM2 #5 20-50 mm  2.91 204 601 027 126 1.09 6.81 080 568 023 047 0.96
Deponit CAN ABM2 #5 50-70 mm  2.86 204 60.1 030 096 114 690 087 582 028 048 0.97
Deponit CAN ABM2 #5 50-70 mm  2.86 20.3 60.2 0.31 098 115 6.85 087 579 027 047 0.96
Deponit CAN ABM2 #5 70-100 mm 2.77 20.3 599 0.34 1.01 115 705 082 586 0.32 052 0.97
Deponit CAN ABM2 #5 70-100 mm 2.56 20.2 59.0 020 0.75 1.08 798 071 6.27 028 049 0.93
DepCAN ABM reference c65d52 31 203 595 037 13 13 62 09 63 01 06 11

6.1.4 IbecoSeal

In the XR-D data of the IbecoSeal samples (Figure 6-13 to Figure 6-14) a illite/mica reflection some-
times could be seen at around 10 deg two theta, however with no trend correlating to the position of the
sample in relation to the heater (very similar to what was seen in the ABM2 MX-80 samples). No other

significant change could be seen in the low angle region or in the area of the 060 reflection around

75 degrees two theta. XRD of the samples did not show any significant qualitative changes of the clay
minerals present. The basal spacing (001 reflection) moved towards lower angles (higher spacings) in
the samples from the ABM2 experiment, which is correlating with the higher Ca-content of the samples

(Ca-montmorillonite hydrates more easily than Na-montmorillonite at ambient relative humidity).
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Figure 6-13. XRD patterns of the IbecoSeal block #11 profile of samples. Co Ko. raditation.

XRD - IbecoSeal ABM2 #15

—— 1. IbecoSeal ABM2 #15 0-2 mm.xy
120000 1 —— 2. IbecoSeal ABM2 #15 2-10 mm.xy
—— 3. IbecoSeal ABM2 #15 10-20 mm.xy
—— 4. |becoSeal ABM2 #15 20-50 mm.xy
—— 5. |becoSeal ABM2 #15 50-70 mm.xy
6. IbecaSeal ABM2 #15 70-100 mm.xy
—— 7. IbecoSeal ABM Reference c65d64.xy
100000
2 s0000
c
3
Q
o
-
>
|
2 60000 |
@ |
= | |
= \
= Il . |
I
|
400004 f "‘
]
20000 1

10 20 30 40 50 60 70
208 angle (°)

Figure 6-14. XRD patterns of the IbecoSeal block #15 profile of samples. Co Ka raditation.
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Chemical data of the ABM2 IbecoSeal samples is seen in Table 6-6. Mg showed a clear redistribution
with minor accumulation towards the heater. Fe typically increased in the samples closest to the heater,
due to the corrosion. Cl and Ca generally increased, Na decreased significantly.

Table 6-6. IbecoSeal ABM2 Chemical composition (XRF).

Sample MgoO AlLO; SiO, P,0; SO; K, 0O CaO MnO Fe,O;, CI Na,0 TiO,
IbecoSeal ABM reference 419 19.67 6147 0.00 083 167 425 0.08 491 0.06 239 048
IbecoSeal ABM reference 4.08 19.92 6244 0.04 079 148 326 0.06 482 003 256 0.53
IbecoSeal ABM2 #11 0-2 mm 536 19.04 60.79 0.00 0.80 128 516 0.09 625 025 040 0.57
IbecoSeal ABM2 #11 0-2 mm 538 19.95 60.23 0.01 083 132 484 009 6.20 0.17 039 054
IbecoSeal ABM2 #11 0—2 mm 527 19.79 60.13 0.02 078 133 511 010 6.34 0.16 040 0.58

IbecoSeal ABM2 #11 2—10 mm 468 19.77 62.10 0.00 046 143 478 0.09 525 030 061 0.54
IbecoSeal ABM2 #11 2-10 mm 462 20.57 6152 002 051 139 466 008 547 019 043 0.54
IbecoSeal ABM2 #11 2-10 mm 457 2058 61.44 0.02 043 147 479 010 540 0.17 048 0.55
IbecoSeal ABM2 #11 10-20 mm 454 1963 61.80 0.00 029 146 567 010 5.03 019 044 049
IbecoSeal ABM2 #11 10-20 mm 434 2045 61.75 0.03 028 141 557 011 496 0.17 040 0.53
IbecoSeal ABM2 #11 10-20 mm 435 20.44 6180 0.03 028 142 554 011 493 017 040 0.53
IbecoSeal ABM2 #11 20-50 mm 426 1959 61.61 0.00 037 144 6.15 010 499 0.18 049 0.50
IbecoSeal ABM2 #11 20-50 mm 402 2032 6144 001 034 145 6.06 0.11 508 0.18 044 0.54
IbecoSeal ABM2 #11 20-50 mm 404 2036 6149 0.02 034 143 6.02 011 503 017 046 0.54
IbecoSeal ABM2 #11 50-70 mm 4.09 1949 6179 0.00 032 145 623 010 503 019 049 0.50
IbecoSeal ABM2 #11 50-70 mm 3.92 2037 6158 0.02 031 143 6.14 011 499 018 042 0.53
IbecoSeal ABM2 #11 50-70 mm 3.93 2044 6155 0.02 031 141 610 011 499 018 043 0.53
IbecoSeal ABM2 #11 70-100 mm  4.07 19.40 62.31 0.00 024 141 6.03 0.09 489 021 051 049
IbecoSeal ABM2 #11 70-100 mm  3.90 20.35 62.12 0.02 0.23 137 592 010 481 021 045 0.52
IbecoSeal ABM2 #11 70-100 mm  3.92 20.35 62.18 0.02 021 141 586 0.10 480 023 043 0.52
IbecoSeal ABM2 #15 0-2 mm 433 19.74 60.07 0.02 022 130 527 0.09 758 037 052 049
IbecoSeal ABM2 #15 0-2 mm 443 19.78 60.13 0.01 028 129 489 0.09 772 040 049 0.50
IbecoSeal ABM2 #15 2—-10 mm 402 2056 6145 0.02 022 138 496 008 579 042 060 0.52
IbecoSeal ABM2 #15 2—10 mm 3.95 2065 6181 0.02 022 140 474 008 560 046 057 0.50
IbecoSeal ABM2 #15 10—20 mm 3.88 2029 6130 0.02 023 141 6.08 010 519 042 054 0.53
IbecoSeal ABM2 #15 10-20 mm 3.92 2041 6144 002 023 137 595 010 508 042 055 0.52
IbecoSeal ABM2 #15 20-50 mm 3.85 2037 6132 002 022 138 636 011 486 043 057 0.2
IbecoSeal ABM2 #15 20-50 mm 3.85 20.34 6123 0.01 023 139 6.38 011 494 045 055 054
IbecoSeal ABM2 #15 50—70 mm 3.82 2034 6132 002 022 139 639 011 484 045 058 0.52
IbecoSeal ABM2 #15 50—70 mm 3.81 2033 6132 001 024 139 642 011 482 045 057 0.53
IbecoSeal ABM2 #15 70-100 mm  3.78 20.26 61.17 0.01 023 137 6.38 0.10 5.09 049 059 0.52
IbecoSeal ABM2 #15 70-100 mm  3.75 20.24 61.20 0.01 023 139 6.38 0.10 512 049 057 0.52

6.1.5 Ilkosorb

In the XRD data of the Ikosorb samples (Figure 6-15 to Figure 6-16) a minor illite/mica reflection
sometimes could be seen at around 10 deg two theta, however with no trend correlating to the position
of the sample in relation to the heater. No other significant change could be seen in the low angle
region. In the innermost sample closest to the heater the 060 region had a somewhat different pattern,
possibly indicating the presence of minor trioctahedral clay minerals (that sample is also higher in Mg;
Table 6-7).
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Figure 6-15. XRD patterns of the Ikosorb block #12 profile of samples. Co Ko raditation.
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Figure 6-16. XRD patterns of the Ikosorb block #28 profile of samples. Co Ko raditation.
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Chemical data of the ABM2 Ikosorb samples is seen in Table 6-7. Mg showed a clear redistribution
with minor accumulation towards the heater. Fe typically increased in the samples closest to the heater,
due to the corrosion. Cl and Ca generally increased, Na decreased significantly. There is a strong
accumulation of sulfate at 2—10 mm from the heater in block #28, but a general depletion in block #12.

Table 6-7. Ikosorb ABM2 Chemical composition (XRF).

Sample MgO AlL,O; SiO, P,0O; SO; K, O CaO MnO Fe,O, CI Na,0 TiO,
Ikosorb ABM2 #12 0-2 mm 298 2429 59.27 0.00 032 084 466 003 649 015 067 0.32
Ikosorb ABM2 #12 0-2 mm 296 2443 5948 0.00 0.28 086 422 002 662 016 067 0.30

Ikosorb ABM2 #12 2—10 mm 213 2592 62.06 0.00 010 096 357 002 39 022 076 0.32
Ikosorb ABM2 #12 2—10 mm 221 26.12 61.79 0.00 0.09 092 369 0.02 384 025 0.73 0.35
Ikosorb ABM2 #12 10-20 mm 2.03 26.07 6242 001 0.07 111 382 002 321 021 0.72 0.33
Ikosorb ABM2 #12 10-20 mm 2.03 26.02 6231 001 0.07 110 391 0.02 326 021 0.73 0.33
Ikosorb ABM2 #12 20-50 mm 206 26.34 6219 0.00 006 098 410 0.02 303 024 066 0.32
Ikosorb ABM2 #12 20-50 mm 2.07 2641 6219 0.00 006 095 4.03 0.02 302 027 066 0.31
Ikosorb ABM2 #12 50-70 mm 2.03 25.89 62.70 0.00 0.07 099 4.09 003 29 025 069 0.32
Ikosorb ABM2 #12 50-70 mm 2.04 2599 6263 0.00 008 095 4.09 0.03 294 027 067 0.32
Ikosorb ABM2 #12 70-100 mm  2.02 25.33 63.14 0.00 0.10 1.03 4.10 0.03 296 0.28 0.71 0.32
Ilkosorb ABM2 #12 70-100 mm  2.02 25.30 63.24 0.00 0.09 1.03 4.07 0.03 294 028 070 0.31
Ikosorb ABM2 #28 0—-2 mm 3.90 2546 60.18 0.00 0.17 0.70 350 0.02 477 053 046 0.31
Ikosorb ABM2 #28 0-2 mm 3.86 2556 60.26 0.00 0.18 066 348 002 467 054 046 0.30
Ikosorb ABM2 #28 2—10 mm 414 20.13 59.20 0.03 148 1.02 588 014 6.06 060 043 0.90
Ikosorb ABM2 #28 2—-10 mm 418 20.14 59.20 0.03 140 1.04 582 0.14 6.09 063 044 0.90
Ikosorb ABM2 #28 10-20 mm 235 2596 61.74 0.00 039 099 365 0.03 351 051 055 0.34
Ikosorb ABM2 #28 10-20 mm 237 2598 6168 0.00 039 099 366 003 352 051 055 0.34
Ikosorb ABM2 #28 20-50 mm 210 2578 61.71 0.00 033 1.07 435 0.02 310 054 068 0.32
Ikosorb ABM2 #28 20-50 mm 211 2576 6164 0.00 034 112 436 0.02 315 051 0.68 0.32
Ikosorb ABM2 #28 50-70 mm 1.78 2588 61.81 0.00 0.06 112 461 0.02 3.02 064 0.74 0.33
Ikosorb ABM2 #28 50-70 mm 1.81 2588 61.72 0.00 006 114 464 002 3.07 062 0.72 0.33
Ikosorb ABM2 #28 70-100 mm  1.72 25.82 61.89 0.00 0.06 1.16 444 0.01 311 071 0.76 0.32
Ilkosorb ABM2 #28 70-100 mm  1.73 2579 61.88 0.00 0.05 1.15 446 0.02 310 0.74 0.76 0.32
Ikosorb ABM reference c65d61  2.56 26 618 0 011 1.3 223 001 3.2 0.5 2 0.35

6.1.6 Kunigel

In the XRD data of the Kunigel samples (Figure 6-17 to Figure 6-18) the most dominant change is the
shift in the basal spacing reflections (e.g. 001) towards lower angles due to the ion exchange to more
Ca due to the interaction with other bentonites and/or the Aspd groundwater. No other significant
change could be seen in the low angle region. In some samples in block #22 a glassy phase was
observed (Figure 6-19). This glassy phase was identified as halite (NaCl) using XRD (Figure 6-18).
The halite was most likely formed due to enrichment of salt from the groundwater due to local boiling/
heavy evaporation. The halite formed a cake with the bentonite in the contact zone with the iron heater,
and the rest of the bentonite block was heavily physically effected.
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Figure 6-17. XRD patterns of the Kunigel block #13 profile of samples. Co Ko raditation.
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Figure 6-18. XRD patterns of the Kunigel block #22 profile of samples. Co Ko. raditation.
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Figure 6-19. ABM?2. A highly glassy halite present in lenses of approximately 8 x 4 mm size (Kunigel #22).
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Chemical data for the ABM2 Kunigel samples can be found in Table 6-8. Mg exhibited a minor
possible redistribution with a small possible accumulation towards the heater. Fe content typically
increased in the samples closest to the heater due to corrosion. Cl and Ca generally increased,
while Na decreased significantly, with the exception of the vicinity to the canister were Na + Cl
accumulated in halite. In the 45-60 mm sample, a local accumulation of SO; was found, likely in
the form of gypsum/anhydrite. The scraping sample was identified as akageneite with XRD.

Table 6-8. Kunigel ABM2 Chemical composition (XRF).

Sample Na,0 MgO AlO; SiO, SO, ClI K0 CaO TiO, MnO Fe,O,
ABM2 #22 Kunigel Scraping 0.12 069 3.12 0.15 6.67 0.09 0.11 0.08 0.037 88.7

ABM2 #22 Kunigel 0-10 mm 224 266 1417 631 072 740 074 363 0.19 0.050 5.12
ABM2 #22 Kunigel 40-45mm  0.67 3.05 1571 703 075 182 031 383 028 0.089 3.21
ABM2 #22 Kunigel 45-60 mm  0.66 252 1548 693 131 197 033 545 028 0.085 257
ABM2 #22 Kunigel 60-80 mm  0.74 2.31 1558 696 0.74 214 034 550 0.28 0.084 259
ABM2 #22 Kunigel 80-100 mm 0.73 229 1545 693 0.73 238 034 566 027 0.086 2.69
Kunigel ABM reference c65d59 2.05 2.38 16.63 726 061 0.002 0.36 239 028 0.076 2.56

6.1.7

In the XRD data of the Febex samples (Figure 6-20 to Figure 6-22), a significant change was observed
in block #9 samples towards the iron heater. A new reflection in the 060 region (around 75 degrees
two theta) was dominant in these samples. This new reflection indicates the presence of a trioctahedral
clay mineral. This change was observed in both the 0-2 mm sample (Figure 6-20) and a scraping
sample taken directly from the iron heater (Figure 6-21; Figure 6-23). Additionally, the scraping
sample was subjected to magnetic separation, and the magnetic fraction was identified as magnetite
(Figure 6-21). Other than these observations, no significant changes were observed in the XRD data
of the Febex samples.

Febex

XRD - Febex ABM2 #9

—— 1. Febex ABM2 #9 0-2 mm.xy
—— 2. Febex ABM2 #9 2-10 mm.xy
—— 3. Febex ABM2 #9 10-20 mm.xy
—— 4. Febex ABM2 #9 20-50 mm.xy
—— 5. Febex ABM2 #9 50-70 mm.xy

6. Febex ABM2 #9 70-100 mm.xy
—— 7. Febex ABM Reference.xy
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Figure 6-20. XRD patterns of the Febex 9 profile of samples. Co Ko raditation.
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XRD - Febex ABM2 #9 Scraping

—— 1. Febex ABM2 #9 - Scraping sample.xy

—— 2. Febex ABM2 #9 - Scraping sample magnetic fraction.zxy
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Figure 6-21. XRD patterns of the Febex 9 scraping sample, sub sample and reference. Co Ka raditation.

The two 060 reflections in diffractogram #3 are at 1.50 and 1.53 A.
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Figure 6-22. XRD patterns of the Febex 29 profile of samples. Co Ko raditation.
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Chemical data for the ABM2 Febex samples can be found in Table 6-9. Mg exhibited clear redistribu-
tion with minor accumulation towards the heater. Fe content typically increased in the samples closest
to the heater due to corrosion. Cl and Ca generally increased, while Na decreased significantly. In
the Febex ABM2 #29 10-20 mm sample, a local accumulation of SO; was found, likely in the form

of gypsum/anhydrite.

Table 6-9. Febex ABM2 Chemical composition (XRF).

Sample MgO AlL,O; SiO, SO, K,0O CaO MnO Fe,O; CI Na,O TiO2
Febex ABM Reference 497 2057 6526 0.15 137 211 0.03 428 0.09 093 0.23
Febex ABM Reference 5.00 20.69 64.85 0.14 135 225 0.03 436 0.10 098 0.26
Febex ABM Reference 515 20.78 65.51 0.07 121 195 0.03 4.07 0.09 093 0.21
Febex ABM Reference 491 2039 6564 011 131 202 0.03 432 010 093 0.25
Febex ABM2 #29 0-2 mm 536 19.78 63.38 0.18 1.02 3.62 0.04 547 051 043 0.23
Febex ABM2 #29 0-2 mm 538 19.74 6325 019 1.04 369 0.05 552 052 039 0.23
Febex ABM2 #29 2—-10 mm 429 20.27 64.04 043 111 380 0.03 475 053 050 0.25
Febex ABM2 #29 2-10 mm 430 20.25 64.14 041 110 3.80 0.05 473 055 045 0.23
Febex ABM2 #29 10-20 mm 423 19.86 6290 156 1.17 433 0.03 472 049 047 024
Febex ABM2 #29 10-20 mm 418 19.84 63.16 125 114 435 005 482 052 046 024
Febex ABM2 #29 20-50 mm 427 2023 64.46 038 1.08 406 0.03 425 051 052 022
Febex ABM2 #29 20-50 mm 427 2030 64.08 039 116 4.17 0.05 425 059 051 0.23
Febex ABM2 #29 50-70 mm 416 20.29 64.95 0.01 111 386 0.04 417 064 057 0.23
Febex ABM2 #29 50-70 mm 420 2043 64.75 000 1.12 3.88 0.03 4.14 058 0.63 0.23
Febex ABM2 #29 70-100 mm 424 2065 64.72 0.02 1.04 361 003 419 069 063 0.20
Febex ABM2 #29 70-100 mm 414 2042 6456 0.03 1.09 383 004 431 076 060 0.24
Febex #9 ABM2 0—-2 mm 510 19.04 6237 0.30 0.79 3.17 0.04 827 020 050 0.23
Febex #9 ABM2 2—10 mm 442 1995 6494 0.13 1.16 3.19 004 512 026 056 0.23
Febex #9 ABM2 10-20 mm 443 1970 6545 0.15 1.18 324 0.04 472 025 062 0.24
Febex #9 ABM2 20-50 mm 444 1968 6571 0.08 1.18 340 0.05 424 039 058 0.24
Febex #9 ABM2 50-70 mm 441 1974 6594 0.01 118 340 0.04 412 036 057 0.22
Febex #9 ABM2 70—100 mm 436 19.75 6536 0.14 1.05 356 004 446 046 060 0.23
Febex #9 Scraping 7.54 1451 5433 0.73 1.88 20.40 0.12 0.20
Febex #9 Ca-exchanged. Scraping 6.80 15.80 55.20 0.50 0.80 3.50 16.60 0.00

A significant increase was seen in the MgO content in the non-magnetic fraction (7.5 wt%) compared
with the original bentonite (4.9 wt%; Table 6-9). Also, the Fe,0; content increased from 4.5 % in
the original clay to 8.2 % in the sample taken at 0 to 2 mm from the heater, 20.4 % in the scraping
sample from the heater (including magnetite) and 16.6 % in the non-magnetic part of the sample (after
magnetite removal) and Ca-exchanged fraction. The CaO content in the entire profile in the field
test increased, and was interpreted as a result of cation exchange reaction with the Aspd ground water
and/or surrounding bentonite blocks. The mineralogical content of the purified sample was estimated
by Svensson (2015) with the Rietveld Siroquant software (CSIRO. version 3) using the XRD data. For
the smectite, the unit cell, the preferred orientation and the peak shape were refined. The estimated

mineralogical content was 91 wt% smectite, 6.5 % albite and 2.5 % quartz.
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The scraping sample collected from the surface of the iron heater (Febex block #9; Figure 6-23)
was found to be a mixture of magnetite resulting from corrosion, the original bentonite, and a newly
formed trioctahedral smectite (shown as a new 060 reflection next to the other one). The two 060
reflections were at 1.50 and 1.53 A. The sample was dispersed in water, and the magnetite fraction
was separated using a magnet. The non-magnetic fraction was then cation-exchanged into the calcium
form to eliminate any interlayer magnesium for the calculation of the structural formula. Saturation
with ethylene glycol resulted in a basal spacing of approximately 17 A, and no other reflections
corresponding to different clay minerals were observed in the low angle region (Svensson 2015). Due
to the limited amount of sample available (~ 100 mg), only a restricted number of measurements could
be performed. The intensity relationship between the 060 reflections in the XRD data allowed for an
estimation of the dioctahedral to trioctahedral smectite ratio in the sample, which was approximately
60:40 (this is a rough approximation).

In Svensson (2015) an attempt was made to estimate the chemical content of the new trioctahedral
phase. The chemical contribution of the identified accessory minerals and the estimated content of the
original dioctahedral smectite (based on the 060-intensity relation) were subtracted from the measured
elemental composition of the Ca-exchanged non-magnetic fraction of the scraping sample. The ratio
between dioctahedral to trioctahedral was varied slightly in order to obtain an (Mg+Fe)/(Al+Si) ratio
close to 0.75. which is the ideal theoretical value for a trioctahedral smectite. This was attained with
a 52.5 % dioctahedral smectite and 38.5 % trioctahedral smectite (58:42 ratio, very close to the 60:40
estimated from the 060 intensity relations). The estimated chemical composition of the trioctahedral
smectite fitted well with an iron rich saponite with excess Fe that possibly is present as amorphous
corrosion products intimately mixed with the smectites.

As a complement to XRD, also FR IR data was collected compared to saponite and ferrosaponite
samples from BGR (Figure 6-24). Linear combination of IR data from references support an approxi-
mately 60:40 relation between dioctahedral:trioctahedral smetite, based on overall best fit of the
OH-strech + H,O-bend + OH-bend bands.

Figure 6-23. ABM?2 Febex block 9. A crust on the surface of the iron heater.
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Figure 6-24. (a) FT IR dataset of ABM2 Febex block 9. Scraping sample and reference samples.
(b) Linear combination of IR data from references support an approximately 60:40 relation between
dioctahedral:trioctahedral smetite based on best fit of the OH-strech + H,0-bend + OH-bend bands.
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6.1.8 Rokle

In the XRD data of the Rokle samples (Figure 6-25) very little changed and no significant change
was observed. Some variations in 10 A reflections were observed, interpreted as mica that sometimes
gives very strong diffraction reflections based on its orientation.

Chemical data of the ABM2 Rokle samples is seen in Table 6-10. Mg showed a minor redistribution
or dilution, with minor depletion towards the rock. Fe increased in the sample closest to the heater,
due to the corrosion. Cl and Na generally increased. Ca did not change much, possibly enriched a little
towards the heater. No sulfate has entered into the Rokle block neither from the groundwater nor from
the surrounding blocks.

Table 6-10. Rokle ABM2 Chemical composition (XRF).

Sample MgO AlO; SiO, P,Os SO; KO CaO MnO Fe,O; CI Na, 0 TiO,
Rokle Reference 23 158 486 0.7 0.0 1.2 34 0.2 221 0.0 0.1 5.5
Rokle ABM2 #7 0—2 mm 23 168 495 0.6 0.0 0.9 3.7 0.2 198 03 0.5 53
Rokle ABM2 #7 0—2 mm 2.3 16.9 496 0.6 0.0 1.0 3.6 0.2 19.7 03 0.5 5.3

Rokle ABM2 #7 2—10 mm 22 170 495 0.7 0.0 1.0 3.6 0.2 196 03 0.5 5.3
Rokle ABM2 #7 2—10 mm 23 170 494 06 0.0 1.0 3.5 0.2 196 04 0.5 5.3
Rokle ABM2 #7 10-20 mm 2.0 17.0 508 0.7 0.0 1.1 34 0.1 18.7 03 0.5 5.3

Rokle ABM2 #7 10-20 mm 2.0 171 508 0.7 0.0 1.1 3.4 0.1 186 0.3 0.5 5.3
Rokle ABM2 #7 20-50 mm 2.0 171 680.7 0.7 0.0 1.1 3.4 0.1 188 0.3 0.5 5.3
Rokle ABM2 #7 20—-50 mm 2.0 171 580.7 0.7 0.0 1.1 3.4 0.1 188 0.3 0.5 5.3
Rokle ABM2 #7 50-70 mm 1.9 170 504 0.7 0.0 1.1 3.4 0.1 19.0 03 0.5 5.4
Rokle ABM2 #7 50-70 mm 1.9 171 506 0.7 0.0 1.1 3.4 0.1 189 0.3 0.5 5.4
Rokle ABM2 #7 70-100 mm 1.9 170 504 0.7 0.0 1.1 3.4 0.1 19.2 03 0.5 5.3
Rokle ABM2 #7 70-100 mm 1.9 171 503 0.7 0.0 1.1 34 0.1 19.2 03 0.5 53

XRD - Rokle ABM2 #7
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—— 2. Rokle ABM2 #7 2-10 mm.xy
120000 1 —— 3. Rokle ABM2 #7 10-20 mm.xy
—— 4. Rokle ABM2 #7 20-50 mm.xy
—— 5. Rokle ABM2 #7 50-70 mm.xy
Rokle ABM2 #7 70-100 mm.xy
—— 7. Rokle ABM Reference c65d78.xy
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Figure 6-25. XRD patterns of the Rokle 7 profile of samples. Co Ko raditation.
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6.1.9 Asha505

In the XRD data of the Asha505 samples (Figure 6-26) very little changed and the only significant
change observed was the shift of the 001 basal reflection from around 12 A to around 15 A due to ion
exchange of the Na-smectite to Ca-smectite during the experiment.

Chemical data of the ABM2 Asha505 samples is seen in Table 6-11. Mg showed a minor increase in

all samples, and an accumulation in the sample closest to the heater. Fe increased in the sample closest
to the heater, due to the corrosion. Na decreased, while Ca increased. Cl did decrease somewhat, while
S0; was somewhat accumulated towards the heater.

Table 6-11. Asha505 ABM2 Chemical composition (XRF).

Sample MgO Al,O; SiO, P,Os SO; KO Ca0O MnO Fe,O; CI Na,0 TiO,
Asha505 ABM2 #10 0—2 mm 3.45 2374 4911 0.00 058 0.11 240 0.09 1890 021 0.30 1.12
Asha505 ABM2 #10 0—2 mm 343 2379 4931 000 063 0.11 245 0.10 18.61 0.21 0.30 1.08
Asha505 ABM2 #10 2-10 mm 2.02 2516 51.85 0.01 046 0.11 252 0.05 16.04 024 039 1.14
Asha505 ABM2 #10 2-10 mm 2.07 2489 5210 0.01 0.31 0.12 251 0.06 16.13 024 0.38 1.19
Asha505 ABM2 #10 10-20 mm 1.94 2531 5282 0.01 029 012 238 005 1522 025 041 1.20
Asha505 ABM2 #10 10-20 mm 196 2513 5291 0.01 032 0.10 242 0.06 1524 026 0.39 1.20
Asha505 ABM2 #10 20-50 mm 198 2481 52.88 0.00 0.17 0.13 240 0.06 1563 0.25 0.40 1.30
Asha505 ABM2 #10 20-50 mm 2.00 2478 53.41 0.00 0.17 0.11 242 0.07 15.02 029 040 1.33
Asha505 ABM2 #10 50-70 mm 1.86 2565 52.67 0.00 0.02 013 242 0.06 1535 026 041 1.19
Asha505 ABM2 #10 50-70 mm 190 2534 52.88 0.01 0.03 0.13 237 0.07 1537 030 0.39 1.22
Asha505 ABM2 #10 70-100 mm  2.14 24.89 5426 0.01 0.03 0.23 237 005 14.13 0.32 045 1.13
Asha505 ABM2 #10 70-100 mm  2.19 2453 5456 0.01 0.03 021 275 0.08 1366 037 043 1.19
Asha 505 ABM reference c65d6¢c 2.0 246 521 0.02 041 0.1 0.8 0.1 16.7 0.5 1.8 1.3
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Figure 6-26. XRD patterns of the ABM?2 Asha505 block 10 profile of samples. Co Ka raditation.
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6.2 Conclusions and discussion ABM2

Based on the CEC results, there was no significant overall change in the smectite content between the
reference material and the exposed material. In general, the XRD data did not show significant changes
in the mineralogy of the clays, except for a few exceptions: (1) the formation of corrosion products,
(2) dissolution-precipitation reactions such as gypsum, halite etc, and (3) changes observed in the
060 region. In one specific case (Febex bentonite block #9), a significant formation of trioctahedral
smectite, likely ferrosaponite, was observed. However, this formation was extremely small and has
no impact on the buffer performance since the formed mineral is also a swelling clay mineral and the
extent of formation is very low.

Similar observations of trioctahedral smectite in ABM2 samples in XRD data was done by Leal
Olloqui (2020) and by Kaufhold et al. (2017). However, they only observed smaller changes in the
060 region compared to what was seen in the scraping sample in the Febex block #9.

The chemical data obtained from XRF analysis revealed that in sodium-dominated bentonites, calcium
(Ca) typically increased, while the opposite trend was observed in calcium-dominated bentonites. This
is expected due to cation exchange reactions between the different clay minerals. This cation exchange
is supported also by findings by Dohrmann and Kaufhold (2017), who did a detailed study on the
cation exchange reactions in ABM2.

The chloride (Cl) content generally increased in all samples due to interactions with the Aspd ground-
water. In Kunigel block #22 the accumulation of halite was extreme as visible lenses of halite was
observed, most likely this can be attributed to local boiling or similar accumulation process due to the
high temperature.

In the proximity of the iron heater, the clay samples showed an increase in iron (Fe) content. There
was also a redistribution and accumulation of magnesium (Mg) towards the iron heater observed in
many clays.

Wersin et al. (2021) reported no evidence of smectite alteration in ABM2. However, they observed the
presence of corrosion products, primarily ferric (oxyhydr)oxides, which resulted in the introduction
of iron into the bentonite at a distance of approximately 520 mm from the interface with the metallic
heater. Additionally, the authors noted that some of the structural iron in the smectite was partially
reduced during the experiment as the redox potential transitioned from oxidizing to reducing over the
course of the experiment.
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7 ABMS5 results from analysis

7.1  Chemical and mineralogical evolution in ABM5
Mineralogy

Powder X-ray diffraction (XRD) analysis was conducted to examine the crystalline phase composition
of the bentonite clays (Figure 7-1 to Figure 7-4). Overall, very few significant changes were observed
in the diffractograms. Minor differences are expected due to natural variations in the content of the
bentonites. No significant changes were observed in the 060 region around 73 degrees two theta, indi-
cating the absence of trioctahedral smectite formation. The appearance of the basal spacings sometimes
shifted somewhat due to the variations in the smectite hydration and interlayer cation composition. In
the Asha505 samples a calcite reflection (approximately 35 deg two theta; 3.03 A) was present in some
of the samples from the field experiment, and at the innermost contact with the heater a small reflection
is visible at approximately 15 deg two theta (7.59 A) of an unidentified phase.

Similar findings were reported by Kaufhold et al. (2021) in their analysis of bentonites from the ABMS5
experiment. They also did not observe any changes in the 060 region or additional interstratifications in
the smectites, such as illitisation. Their conclusions suggest that the minor changes observed were close
to the detection limit and not consistently observed.

In another study by Fernandez et al. (2022) focusing on the ABMS5 experiment, no significant changes
in mineralogy, except for corrosion products and dissolution/precipitation reactions of carbonates, were
observed. This further supports the notion that the observed changes in the XRD data of the bentonite
clays were minimal.

Additionally, Sudheer Kumar et al. (2021) conducted a Rietveld analysis of XRD data collected from
samples in the ABMS5 experiment and concluded that no significant loss of smectite was observed.

Taken together, these studies provide consistent evidence that there were no significant changes
in the mineralogy of the bentonite clays, including the absence of smectite loss or trioctahedral
smectite formation.

XRD - MX80 ABM5 #20
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Figure 7-1. XRD patterns of the ABM5 MX-80 block 20 profile of samples. Co Ka radiation.
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XRD - DepCAN ABM5 #26
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Figure 7-2. XRD patterns of the ABMS5 DepCAN block 26 profile of samples. Co Ka radiation.

XRD - Calcigel ABM5 #27
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Figure 7-3. XRD patterns of the ABM5 Calcigel block 27 profile of samples. Co Ka radiation.
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XRD - Asha 505 ABM5 #16

—— 1. Asha 505 ABM5 #16 0-2 mm.zy
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Figure 7-4. XRD patterns of the ABMS5 Asha505 block 16 profile of samples. Co Ka radiation.

Cation exchange

In the sodium bentonites (Asha505 and MX-80), the smectite basal spacings (XRD reflections below
10 degrees two theta) typically increased after the field experiment, indicating the conversion to mixed
Na-Ca smectites due to ion exchange with the Aspd water and between different bentonites. This is
consistent with observations made by Fernandez et al. (2022). On the other hand, in the calcium bento-
nites (DepCAN and Calcigel), the smectite basal spacings decreased after the experiment. This can be
attributed to the lower basal spacings of air-dried sodium smectites compared to calcium smectites. The
changes in smectite composition and basal spacings indicate the influence of ion exchange processes.

The total sum of exchangeable cations (total EC) generally increased in the samples from the field
experiment, especially in samples closer to the rock (Table 7-1). This increase in total EC suggests the
presence of soluble phases in the bentonites. However, the chloride levels were higher near the heater
compared to samples closer to the rock, indicating a different trend in soluble phases. Fernandez et al.
(2022) also noted a salinity gradient across the bentonite blocks, and Kauthold et al. (2021) suggested
that the chloride concentration was influenced by factors such as local inflowing water. The distribu-
tion of chloride was found to vary in different parts of the experiment.

In DepCAN, Calcigel, and Asha505, the cation exchange capacity (CEC) of the bulk generally
decreased somewhat after the experiment compared to the reference samples. However, in MX-80, the
CEC did not show a significant change. In contrast, the CEC of the clay fractions increased somewhat
in the samples from the ABMS experiment compared to the reference samples. Fernandez et al. (2022)
also observed a drop in CEC in all samples, with the most significant decrease at the heater interface.
They also observed a decrease in external surface area and a slight increase in total and tetrahedral
surface charge, which is consistent with the increase in CEC observed in the clay fraction by SKB.
The change in surface external area is probably also linked to the cation exchange (Kaufhold et al.
2010). There were indications from Sudheer Kumar et al. (2021) that changes in the smectite structural
formula occurred in the vicinity of the heater, possibly affecting the layer charge. The corrosion process
released Fe, and previous experiments have shown the dissolution of Si minerals such as cristobalite.
It is also common for Mg to accumulate towards the heater, which makes precise chemical formula
calculations of the smectite challenging. The increase in chloride content was observed, although
different trends were reported by different research teams. The decrease in CEC is not easily explained,
but it may be correlated with the lower external surface area observed by Fernandez et al. (2022),
considering that the smectite content remained constant.
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Table 7-1. Exchangeable cations (EC) and cation exchange capacity (CEC) of ABM5 samples.

Unit is cmol(+)/kg.

Sample Sampleid Ca K Mg Na Sec CEC Cu-tri (n = 3; SD)
Asha 505 ABM5 #16 0-2 mm d5ee9d 4501 1.27 1268  32.30 91.26 75.2 (0.2)
Asha 505 ABM5 #16 2-10 mm d5ee9%e 46.39 1.18 1255  32.54 92.66 78.1(1.1)
Asha 505 ABM5 #16 10—20 mm d5ee87 4731 125 15.07 29.15 92.78 74.5(0.1)
Asha 505 ABM5 #16 20—50 mm d5ee88 4954 145 1513  31.73 97.84 81.7 (0.3)
Asha 505 ABM5 #16 50—70 mm d5ee89 50.80 1.35 1518  32.08 99.41 82.6 (0.7)
Asha 505 ABM5 #16 70—100 mm d5ee8a 53.54 1.39 1519 3262 102.74 81.2(0.2)
Asha 505 reference c65d6¢c 17.02 0.7 16.25 56.02 90.00 87.6 (0.2)
MX-80 ABM5 #20 0-2 mm d5ee97 32.09 1.76 846  31.56 73.88 84.1 (0.35)
MX-80 ABMS5 #20 2-10 mm d5ee98 36.16 2.42 11.03  34.39 84.00 82.6 (0.7)
MX-80 ABM5 #20 10-20 mm d5ee99 38.00 243 11.50  36.01 87.94 83.0 (0.1)
MX-80 ABM5 #20 20-50 mm d5ee9a 38.43 2.62 10.63  37.60 89.28 84.4 (0.3)
MX-80 ABM5 #20 50-70 mm d5ee9b 36.74 2.18 9.85 36.12 84.88 85.3 (0.4)
MX-80 ABM5 #20 70—100 mm d5ee9c 40.31 215 10.37  37.32 90.16 87.7 (0.8)
MX-80 ABM reference c65d42 16.72 234 7.00 5195 78.01 83.4 (0.4)
Deponit Can ABM5 #26 0-2 mm d5eea3 65.35 2.84 3.31 26.07 97.58 77.5(0.7)
Deponit Can ABM5 #26 2—10 mm d5eead 64.81 3.55 510 27.41 100.87 79.1 (0.8)
Deponit Can ABM5 #26 10-20 mm d5eeab 64.99 3.36 568 26.89 100.91 78.2 (1.3)
Deponit Can ABM5 #26 20—-50 mm d5eeab 66.75 3.25 519  27.65 102.85 78.6 (0.6)
Deponit Can ABM5 #26 50—-70 mm d5eea7 71.27  3.01 3.07 2759 104.93 80.3 (0.3)
Deponit Can ABM5 #26 70-100 mm  d5eea8 69.87 292 285 2841 104.05 83.7 (0.7)
Deponit Can reference c65d52 39.93 240 29.22 22.16 93.72 78.9 (1.4)
Calcigel ABM5 #27 0-2 mm d5ee91 52.15  3.47 159 2219 79.41 63.7 (0.3)
Calcigel ABM5 #27 2-10 mm d5ee92 4433 4.38 347 2157 73.74 61.1(0.8)
Calcigel ABM5 #27 10—-20 mm d5ee93 4488 4.27 3.28 2202 74.46 62.4 (0.3)
Calcigel ABM5 #27 20-50 mm d5ee9%4 4526  3.51 1.42 19.77 69.96 62.8 (0.5)
Calcigel ABM5 #27 50—70 mm d5ee95 57.89 3.29 1.34 2047 82.98 63.1 (0.5)
Calcigel ABM5 #27 70—100 mm d5ee96 56.88 3.08 1.33 19.74 81.02 63.7 (0.3)
Calcigel reference c65d56 53.95 1.92 16.76 2.64 75.28 69.8 (0.6)

Chemical content

The chemical data (XRF) is presented in Table 7-2. In general, there was a small increase in Mg
content observed in all bentonites, except for DepCAN. However, there was no clear accumulation
of Mg towards the hottest part of the experiment. The increase in Mg content may be attributed to
various factors. The accumulation/redistribution of Ca, Na, and Cl content was discussed in the

previous section regarding cation exchange.

Fe content showed an overall increase in the vicinity of the corroding heater in all cases, consistent
with the observations made by Fernandez et al. (2022) and Kauthold et al. (2021). Fernandez et al.
(2022) conducted Mossbauer investigations and found that the Fe(II)/Fe(I1I) ratio increased towards
the heater, although Fe(III) dominated in all samples.

To summarize, Fe and Cl content tended to increase towards the heater in many cases, while there was
a general increase in Mg content observed overall, without significant accumulation towards the heater.
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Table 7-2. Chemical analysis of ABM5 samples using XRF.

Ident Na,0O MgO Al,0, SiO, P,0, SO; ClI K,O0 CaO TiO, MnO Fe,0,
Asha ABM5 #16 0-2 mm d5ee85 08 27 207 478 000 04 05 01 27 11 01 230
Asha ABM5 #16 2—10 mm d5ee86 09 28 208 488 000 02 10 01 57 11 01 185
Asha ABM5 #16 10—20 mm d5ee87 09 25 229 503 000 02 03 01 25 11 01 190
Asha ABM5 #16 20-50 mm d5ee88 09 26 231 515 000 01 04 01 27 11 01 174
Asha ABM5 #16 5070 mm d5ee89 10 25 233 517 000 01 04 01 32 12 01 164
Asha ABM5 #16 70-100 mm d5ee82 09 26 221 496 000 02 04 01 62 12 01 165
Asha 505 ABM reference c65d6¢ 1.8 20 246 521 0.02 01 05 0.1 08 13 01 16.7
MX-80 ABM5 #20 0-2 mm d5ee7f 10 27 219 629 000 05 07 06 22 02 00 7.2
MX-80 ABMS5 #20 2—10 mm d5ee80 10 27 223 639 000 05 08 06 22 02 00 58
MX-80 ABM5 #20 10—20 mm d5ee81 12 26 226 648 001 06 02 07 20 02 00 51
MX-80 ABM5 #20 20-50 mm d5ee82 12 27 226 649 000 06 02 06 22 02 00 49
MX-80 ABM5 #20 5070 mm d5ee83 12 26 227 649 001 05 02 06 22 02 00 48
MX-80 ABM5 #20 70-100 mm d5ee84 12 2.6 226 651 000 03 03 06 21 02 00 48
MX-80 ABM reference c65d44 22 23 219 672 009 02 00 05 05 02 02 50
Calcigel ABM5 #27 0-2 mm d5ee91 09 38 199 609 001 02 03 26 29 05 06 79
Calcigel ABM5 #27 2—10 mm d5ee92 08 37 196 614 005 02 02 21 33 04 05 83
Calcigel ABM5 #27 10-20 mm d5ee93 0.9 3.9 200 620 006 02 03 25 29 05 05 638
Calcigel ABM5 #27 20-50 mm d5ee94 0.9 3.9 200 61.8 000 04 02 26 32 05 06 6.9
Calcigel ABM5 #27 50-70 mm d5ee95 0.8 36 192 616 000 03 02 26 48 05 06 67
Calcigel ABM5 #27 70-100 mm d5ee96 0.7 3.7 198 61.6 000 03 02 26 39 05 06 69
Calcigel ABM reference c65d56 09 35 209 614 010 04 01 18 41 05 05 75
DepCAN ABMS5 #26 0-2 mm d5eea3 07 30 189 559 038 17 07 12 69 10 0.1 9.7
DepCAN ABM5 #26 2-10 mm d5eea4 0.7 31 199 584 038 11 05 12 66 11 10 73
DepCAN ABM5 #26 10-20 mm d5eea5 0.7 3.1 199 584 034 13 05 12 68 11 10 68
DepCAN ABM5 #26 20-50 mm d5eea6 0.7 3.1 199 584 034 13 05 12 7.0 11 10 65
DepCAN ABMS5 #26 50-70 mm d5eea7 0.8 3.0 199 582 031 11 05 13 75 11 0.1 6.5
DepCAN ABM5 #26 70-100 mm 5eea8 0.7 3.0 19.8 584 034 10 05 13 73 11 0.1 6.5
DepCAN ABM reference c65d52 06 31 203 595 037 13 01 13 62 11 09 63
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Figure 7-5. CEC of Asha 505 block 16 profile of samples.
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Figure 7-7. CEC of DepCAN block 26 profile of samples.
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Figure 7-8. CEC of MX-80 block 20 profile of samples.

7.2  Swelling pressure and hydraulic conductivity in ABM5

The swelling pressure was measured in a series together with hydraulic conductivity in several different
chemical conditions. First with deionised water, then with salt solution (1 M CacCl,), and then again
with deionised water (this is described in much better detail in Chapter 3). By looking on the last step
one gets the swelling pressure with deionised water. Hence one can compare the material from the
experiment with the reference clay and at the same time excluding effects from cation exchange and
salt accumulation which is ideal conditions for finding smectite degradation.

In Calcigel (Figure 7-9) the densities ended up a little bit low for ideal comparison, they suggest

a possible small increase in swelling pressure in the samples from ABMS5 compared to the reference
samples. However, the hydraulic conductivity showed a possible increase. Typically, when the swelling
pressure performance increase due to increased smectite content the hydraulic conductivity should
decrease. Most likely the explanation for this is that the experimental uncertainties increased at the
lower densities used, and the difference in behaviour is far from certain.

In Asha505 (Figure 7-10) the swelling pressure was the same in both ABMS samples and references.
In some samples from the ABMS5 experiment at low densities the hydraulic conductivity increased,
like in the calcigel case.

In DepCAN (Figure 7-11) and in MX-80 (Figure 7-12) no significant change could be seen between
ABMS samples and reference samples either in swelling pressure or hydraulic conductivity.

Summary: At the lowest tested densities possibly there were some changes in performance between
samples from ABMS5 and reference materials, most likely this was due to the experimental difficulties
at the low densities. At the higher densities (the target densities) no change in performance

was observed.
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Figure 7-9. ABM5 Calcigel #27 samples compared to reference samples. (a) Swelling pressure after
Ca-conversion in DI water. (b) Hydraulic conductivity after Ca-conversion in 1 M CaCl, solution.
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Table 7-3. Hydraulic conductivity (HC) and swelling pressure (SP) of ABM5 bentonite samples.

Sample Dry density HC DI SP DI HC 1M CaCl, SP 1M CaCl, SP DI Ca-exch.
(kg/m?®) (m/s) (kPa) (m/s) (kPa) (kPa)
MX-80 ABM Reference 1456.4 1.27E-13 47656 9.41E-14 2990.7 5160.2
MX-80 ABM Reference 1476.4 1.19E-13 5345.9 7.89E-14 3475.2 5838.7
MX-80 ABM Reference 1603.1 7.23E-14 11056.4 3.00E-14 10432.2 12809.0
MX-80 ABM Reference 1424.0 1.39E-13 37014 1.28E-13 2129.8 3795.3
MX-80 ABM Reference 1532.2 8.30E-14 71415 5.06E-14 5649.7 7789.5
MX-80 ABM Reference 1574.7 4.48E-14 10461.8 3.37E-14 9154.1 11581.7
MX-80 ABM5 #20 0—10 mm 1485.5 1.29E-13 5181.2 7.99E-14 3708.2 5601.8
MX-80 ABM5 #20 10-20 mm 1477.2 1.47E-13 6799.8 8.78E-14 5210.9 72341
MX-80 ABM5 #20 20-50 mm 1522.0 1.03E-13 8405.9 5.16E-14 6873.5 9122.1
MX-80 ABM5 #20 50—-100 mm 1573.8 8.54E-14 104839 3.21E-14 9334.5 11540.2
Deponit CAN Reference 1379.2 2.19E-13 4105.7 1.46E-13 2669.7 3911.6
Deponit CAN Reference 14351 1.72E-13 5760.3 1.34E-13 4196.5 5578.6
Deponit CAN Reference 1479.0 1.12E-13 7202.0 7.03E-14 5423.7 7085.8
Deponit CAN Reference 1394.4 2.10E-13 4277.0 1.56E-13 2849.7 4021.9
Deponit CAN Reference 14931 9.01E-14 8536.1 8.97E-14 6638.4 8402.7
Deponit CAN Reference 1526.1 5.62E-14 9695.0 6.57E-14 7819.4 9670.6
Deponit CAN Reference 13781 2.30E-13 3623.2 2.22E-13 2246.3 3356.2
Deponit CAN Reference 1482.8 8.07E-14 7852.7 7.92E-14 5891.6 7654.3
Deponit CAN Reference 1554.5 6.61E-14 12459.8 4.73E-14 10670.8 12548.8
Deponit CAN ABM5 #26 0—10 mm 14781 1.82E-13 6580.8 1.20E-13 5713.4 6866.4
Deponit CAN ABM5 #26 10—20 mm 13971 3.70E-13 52943 2.75E-13 45242 5487.4
Deponit CAN ABM5 #26 20-50 mm 1476.6 2.12E-13 7626.4 1.51E-13 6834.7 7985.7
Deponit CAN ABM5 #26 50—100 mm  1476.2 2.26E-13 7865.7 1.58E-13 7269.6 8318.2
Calcigel ABM Reference 1418.5 4.36E-13 31742 4.07E-13 2356.7 2967.5
Calcigel ABM Reference 1468.7 1.74E-13 5359.0 1.52E-13 4053.9 5170.0
Calcigel ABM Reference 1519.6 2.09E-14 7463.8 1.10E-13 5885.1 7215.2
Calcigel ABM Reference 1410.7 6.37E-13 28404 6.19E-13 1997.5 2659.4
Calcigel ABM Reference 1386.0 8.72E-13 27119 7.80E-13 1818.1 24948
Calcigel ABM Reference 1425.7 4.72E-13 32649 4.58E-13 2297.1 3064.8
Calcigel ABM Reference 1480.5 2.55E-13 44938 2.31E-13 3414.8 4304.3
Calcigel ABM Reference 1578.3 9.81E-14 89544 8.21E-14 7467.0 8722.2
Calcigel ABM Reference 1613.2 717E-14 11393.0 4.61E-14 9772.3 11188.7
Calcigel ABM5 #27 0—10 mm 13814 5.90E-12 26494 1.47E-12 2278.2 2844.5
Calcigel ABM5S #27 10-20 mm 1353.0 4.57E-12 2638.9 1.14E-12 2321.0 2819.5
Calcigel ABM5 #27 20-50 mm 1385.3 1.90E-11 3649.1  4.69E-12 3372.7 3915.5
Calcigel ABM5 #27 50-100 mm 1346.8 2.89E-11 4140.2 6.92E-12 3740.2 4272.2
Calcigel ABM5 #27 10-20 mm 1506.5 9.62E-13 7640.5 5.86E-13 7581.7 8328.5
Calcigel ABM5 #27 20-50 mm 1477.2 3.49E-12 77431  2.69E-12 7640.0 8228.4
Calcigel ABM5 #27 50-100 mm 1503.1 2.67E-12 97979 1.93E-12 9673.0 10404.5
Asha505 ABM Reference 1507.6 1.65E-13 75545 1.23E-13 7020.9 7834.2
Asha505 ABM Reference 1565.3 1.04E-13 10989.2 6.70E-14 10883.0 11728.5
Asha505 ABM Reference 1613.2 8.02E-14 14816.2 5.87E-14 15443.9 16158.8
Asha505 ABMS5 #16 0-10 mm 1481.0 1.37E-12 36449 1.69E-12 2587.9 3565.0
Asha505 ABM5 #16 10-20 mm 1501.1 7.43E-13 5552.7 5.87E-13 5361.1 6221.2
Asha505 ABMS5 #16 20-50 mm 1554.7 1.90E-13 9892.2 1.19E-13 9897.8 10756.6
Asha505 ABM5 #16 50-100 mm 1588.4 1.87E-13 115715 1.09E-13 11624.5 12555.2
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8 ABMS5 external results

8.1 Unconfined compression tests on bentonites from
test package 5

8.1.1 General

This chapter presents results of mechanical analyses of bentonite buffer from the field experiment test
series ABM4S5 test package 5 (ABM 5). The effects of repository-like conditions on the bentonite were
investigated by comparing the properties of the exposed bentonite with those of the reference material.

The material from the field experiment was analysed by unconfined compression tests. The specimens
from the field experiment were crushed, ground and re-compacted, and for the reference tests compacted
material from the installation of test series ABM45 was used. The test types were chosen to follow the
program previously used after dismantling of large-scale field tests at Aspd HRL in Sweden including
test package 1 (ABM 1) in the test series ABM 1-3. The analyses were performed at Clay Technology
on material delivered from SKB 2021-06-30.

Test plan for the hydro-mechanical analyses

In this study, samples from four blocks from ABM 5 were analysed together with samples from the
reference material. The reference material was taken from ABM45 reference material which was
saved from the manufacturing of blocks 2012. Unconfined compressive strength was determined on
crushed and re-compacted specimens from the field experiment and on compacted specimens from
the reference material. The testing programme and the dimensions of the specimens were decided
together with SKB. The number of tests and the type of preparation for the tests are summarized in
Table 8-1. Photos of the samples are provided in Appendix 1.

Table 8-1. The number of unconfined compression tests on each of the four materials. The
materials are given with block numbers together with positions of the specimens and the types
of preparation. The height of the specimens was 20 mm and the diameter 20 mm. The positions
were measured from the inner mantle surface.

Number of specimens
Material Block no. Position Preparation only saturated ion-exchanged
Asha505 16 20, 40, 80 crushed/recompacted 6 4
MX-80 20 20, 40, 80 crushed/recompacted 6 4
DepCaN 26 mixed crushed/recompacted 6 4
Calcigel 27 mixed crushed/recompacted 6 4
Asha505 reference compacted 4 3
MX-80 reference compacted 4 3
DepCaN reference compacted 4 2
Calcigel reference compacted 4 2
Sum 40 26

Denomination of specimens

Each test has a unique Test ID. The denomination of the material from the field experiment consists
of the test package and block number followed by the radial distance in mm from the inner mantel
surface. For example, the material AB5-20-20 refers to test series ABM 45 package ABM 5 and block
number 20 where the sample was taken 20 mm from the inner mantle surface.

Two of the delivered materials were in pieces at the delivery and material from different distances was
mixed to represent the whole profile, denominated AB5-26-50 and AB5-27-50. The reference material
used, from the installation of test series ABM 45, was denominated with the test package and the block
number, e.g. AB5-27 Ref.
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Type of water

The water used for the saturation before the unconfined compression tests was the formation water
also used for the specimens analysed after dismantling of ABM 1 (i.e. from borehole KA2598A).
The solution used had a concentration of 0.1 M Na and 0.06 M Ca.

ABM 5 was probably saturated with formation water shortly after installation. When the heating started
the profile dried out due to leakage and the degree of saturation was between 60 and 92 % in the actual
materials at the dismantling.

Determination of water content and density

The base variables water content w (%), dry density p, (kg/m?) and degree of saturation S, (%) or
determination of degree of saturation, the particle densities from Table 8-2 were used together with
the water density p,, = 1000 kg/m’.

Table 8-2. Particle density of the materials used (Table 4-2).

Material Block no. Particle density
kg/m®

Asha505 16 2869

MX-80 20 2780

Deponit CA-N 26 2750

Calcigel 27 2695

8.1.2 Unconfined compression tests
General

The unconfined compression test is an experimentally simple method where a cylindrical specimen

is compressed axially with a constant rate of displacement with no radial confinement or external
radial stress. With the test the unconfined compressive strength or the maximum deviator stress of the
specimen is determined. The strength is commonly determined on specimens having the height equal to
double the size of the diameter to allow the failure surface to fully develop. In this study the height was
equal to the diameter to keep the time to saturation as low as possible. To minimize the end effect on
these short specimens, lubrication of the end surfaces was made. Short specimens have previously been
used and further commented in the CRT and TBT projects (Dueck et al. 2011 and Akesson et al. 2012).

Four different materials from four blocks, see Table 8-1, were tested. All samples from the field
experiment were ground and re-compacted to predetermined densities and the reference material
was compacted to densities of the same range. The specimens were saturated before the unconfined
compression tests which was done by two different methods, described below.

Test equipment

The saturation was done in specially designed saturation devices for 10 or 6 specimens at a time.
During the compression test the specimens were placed in a mechanical press according to Figure 8-1
where a constant rate of displacement was applied. The end surfaces were lubricated to minimize
the end effects. During the tests the displacement and the applied force were measured by means
of a deformation transducer and a load cell. All transducers were calibrated prior to the shearing

of one series and checked afterwards.
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Figure 8-1. Set-up for the unconfined compression test.

Preparation of specimen and test procedure

Tests were made on material both from the field experiment and from the reference material. The
specimens were prepared in two different ways:

» ground to a grain size less than 1.5 mm and then re-compacted.

» compacted from powder samples.

The material from the field experiment was prepared by the first method and the dry density aim of
the re-compacted specimens was between 1480 and 1520 kg/m’. The reference material was prepared
by the second method in the bullet list above aiming at dry densities between 1420 and 1580 kg/m’.

The diameter of all specimens was 20 mm and the final height was 20 mm. All specimens were
prepared in a saturation device before the tests. Two different types of preparation were used for the
specimens; they were either saturated with ABM-water or ion-exchanged with 1M CaCl,. The ABM-
water used is defined in Section 8.1.1.

The specimens saturated with ABM-water were exposed to circulating ABM-water, above and under
the specimens, over a short period of time but as stagnant water during the main part of the time. The
time used for the saturation was 27-34 days. The specimens, ion-exchanged with 1M CaCl,. were

prepared for 77-93 days according to the following steps:

1. Saturation by stagnant ABM-water and circulation during shorter time periods, to remove air
trapped in the filters, for approximately 5 days.

2. lon-exchange to be calcium-dominated by continuous circulation of 1M CacCl, for approximately
40 days.

3. Removing excess salt by continuous circulation of de-ionized water (DI-water) for 30-50 days
until low electrical conductivity.

4. End of test and dismantling for the unconfined compression test.

The time used for the ion-exchange was calculated to correspond approximately to get 80 % ion-
exchange in the central part of the specimens. The time used for the circulation of DI-water, to remove
excess salt, was chosen to get low electrical conductivity, less than 0.1 mS/cm. After the preparation,
all specimens were removed from the saturation device at least 12 h before the shearing to homogenize
while protected from evaporation.
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The specimens were placed in a mechanical press and the compression was run at a constant deforma-
tion rate of 0.16 mm/min which corresponds to a strain rate of 0.8 %/min. The specimens were placed
between lubricated end plates and were surrounded by a thin plastic film to minimize evaporation
during shearing. After failure the water content and density were determined on all specimens.

The specimens were undrained during shearing and no volume change was taken into account. The
deviator stress g (kPa) and the strain ¢ (%) were derived according to:

q d (ZO_N) (Equation 8-1)
=—- quation 8-
4l
&= ?—l (Equation 8-2)
0

where F is the applied vertical load (kN), 4, is the original cross section area (m?), /, is the original
length (m) and 4/ is the change in length (m). The results were corrected for initial problems with the
contact surface by decreasing the strain with the intercept on the x-axis of the tangent to the stress-
strain curve taken at a stress of 500 kPa.

8.1.3 Results
General

Unconfined compression tests on specimens of Asha505, MX-80, Deponit CA-N and Calcigel were
run. The corresponding blocks are 16, 20, 26 and 27, see Table 8-1. The specimens were prepared in
two different ways according to Section 8.1.2. They were either saturated with ABM-water or they
were saturated with ABM-water and subsequently ion-exchanged to be calcium dominated.

Below results are presented in tables and diagrams. The tables show the maximum deviator stress
and the corresponding strain for each specimen together with the dry density, water content and
degree of saturation. Each test is presented with a Test ID and the type of material used for the test,
see Section 8.1.1. The materials from the field experiment are given with the distance from the
heater. In addition, the type of preparation and type of water used are also given. Additional results
can be found in Appendix 2.

In the diagrams, different colours (green, blue, red, orange) are used for the different materials
(Asha505, MX-80, Deponit CA-N, Calcigel) and the markers (circles, diamonds) show the type
of material (material from the field experiment, reference material).

Results of specimens saturated with ABM-water

The results are given in Table 8-3 with the maximum deviator stress and the corresponding strain for
each specimen presented with the dry density, water content and degree of saturation. The results are
also shown in Figure 8-2 to Figure 8-5 where the different colours are used for the different materials
and the markers circles and diamonds show specimens from the field experiment and from the refer-

ence material, respectively.
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Table 8-3. Maximum deviator stress and corresponding strain resulting from unconfined compression tests. All specimens had a height equal to the diameter.
For each specimen the Test ID and material are given together with dry density and water content after dismantling. The positions of the specimens from the
field experiment are given with block number and radial distance.

Test ID Type of material Material Block Radial distance Preparation Saturation fluid Dry density Water content Deg of saturation Max deviator  Corresponding
mm kg/m® % % stress strain
kPa %

UC5-1 Asha505 AB5-16-20 16 20 ground/recomp  ABM-water 1450 31.3 92 1050 4.0
uC5-2 Asha505 AB5-16-20 16 20 ground/recomp  ABM-water 1500 30.4 96 1370 4.0
UC5-3 Asha505 AB5-16-40 16 40 ground/recomp  ABM-water 1460 32.0 95 1110 4.0
ucs-4 Asha505 AB5-16-40 16 40 ground/recomp  ABM-water 1510 30.1 96 1660 4.3
uUC5-5 Asha505 AB5-16-80 16 80 ground/recomp  ABM-water 1500 29.9 94 1440 5.8
UC5-6 Asha505 AB5-16-80 16 80 ground/recomp  ABM-water 1530 29.4 97 1760 5.5
uCs5-7 Asha505 AB5-16 Ref comp ABM-water 1410 34.8 97 1140 4.6
UC5-8 Asha505 AB5-16 Ref comp ABM-water 1460 32.6 97 1650 4.5
uC5-9 Asha505 AB5-16 Ref comp ABM-water 1530 29.9 98 2530 5.3
UC5-10 Asha505 AB5-16 Ref comp ABM-water 1570 28.0 98 3430 5.5
UC4-1 MX-80 AB5-20-20 20 20 ground/recomp  ABM-water 1470 31.9 100 1290 8.2
UC4-2 MX-80 AB5-20-20 20 20 ground/recomp  ABM-water 1510 29.9 98 1550 8.0
UC4-3 MX-80 AB5-20-40 20 40 ground/recomp  ABM-water 1460 32.2 99 1320 8.1
UC4-4 MX-80 AB5-20-40 20 40 ground/recomp  ABM-water 1510 29.6 98 1680 8.0
UC4-5 MX-80 AB5-20-80 20 80 ground/recomp  ABM-water 1490 31.1 100 1460 9.8
UC4-6 MX-80 AB5-20-80 20 80 ground/recomp  ABM-water 1530 28.9 98 1840 9.6
uc4-7 MX-80 AB5-20 Ref comp ABM-water 1420 34.1 99 1100 8.2
UC4-8 MX-80 AB5-20 Ref comp ABM-water 1460 31.6 97 1460 8.2
UC4-9 MX-80 AB5-20 Ref comp ABM-water 1530 28.8 99 1970 7.9
UC4-10 MX-80 AB5-20 Ref comp ABM-water 1560 27.9 99 2310 7.7
uC6-1 DepCAN AB5-26-50 26 0-100" ground/recomp  ABM-water 1400 34.6 99 1150 4.9
ucCe-2 DepCAN AB5-26-50 26 0-100" ground/recomp  ABM-water 1430 33.0 98 1420 4.8
UCe-3 DepCAN AB5-26-50 26 0-100" ground/recomp ABM-water 1470 31.5 100 1890 54
ucCe6-4 DepCAN AB5-26-50 26 0-100' ground/recomp ABM-water 1480 30.3 96 2040 5.1
ucCe6-5 DepCAN AB5-26-50 26 0-100" ground/recomp  ABM-water 1520 28.7 97 2470 4.8
UC6-6 DepCAN AB5-26-50 26 0-100" ground/recomp  ABM-water 1530 28.8 100 25202 3.62
uce-7 DepCAN AB5-26 Ref comp ABM-water 1410 34.9 100 1510 8.5
uCe6-8 DepCAN AB5-26 Ref comp ABM-water 1450 33.1 101 1950 8.4
ucCe6-9 DepCAN AB5-26 Ref comp ABM-water 1510 29.9 100 2790 8.5
uCe6-10 DepCAN AB5-26 Ref comp ABM-water 1540 28.4 100 3390 8.5
UC7-1 Calcigel AB5-27-50 27 0-100' ground/recomp  ABM-water 1400 321 94 460 5.3
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Table 8-3. Continued.

Test ID Type of material Material Block Radial distance Preparation Saturation fluid Dry density Water content Deg of saturation =~ Max deviator = Corresponding
mm kg/m?® % % stress strain
kPa %
UC7-2 Calcigel AB5-27-50 27 0-100' ground/recomp  ABM-water 1440 31.1 97 630 4.0
UC7-3 Calcigel AB5-27-50 27 0-100' ground/recomp  ABM-water 1450 30.2 95 590 4.1
UC7-4 Calcigel AB5-27-50 27 0-100" ground/recomp  ABM-water 1460 29.5 95 750 4.5
UC7-5 Calcigel AB5-27-50 27 0-100' ground/recomp  ABM-water 1490 28.4 96 860 3.0
UC7-6 Calcigel AB5-27-50 27 0-100' ground/recomp  ABM-water 1520 26.9 94 1280 3.3
ucr-7 Calcigel AB5-27 Ref comp ABM-water 1360 33.2 92 980 4.5
UC7-8 Calcigel AB5-27 Ref comp ABM-water 1420 30.4 91 1210 3.5
UC7-9 Calcigel AB5-27 Ref comp ABM-water 1480 28.6 94 1580 3.6
ucC7-10 Calcigel AB5-27 Ref comp ABM-water 1530 26.7 95 2060 3.0

" A mixture of material from the distances 0—100 mm was used for the tests.
2 Uncertain value, small damage at dismantling from saturation device.
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Figure 8-2. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Asha505 from block 16 and from the reference material.
In the labels the distance from the heater is given in mm. The specimens were saturated with ABM-water.
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Figure 8-3. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of MX-80 from block 20 and from the reference material. In the
labels the distance from the heater is given in mm. The specimens were saturated with ABM-water.
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Figure 8-4. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Deponit CA-N from block 26 and from the reference material.
The specimens were saturated with ABM-water.
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Figure 8-5. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Calcigel from block 27 and from the reference material.
The specimens were saturated with ABM-water.




Compared to the references equal or lower maximum deviator stress was seen in all materials. The
corresponding strain was approximately the same as the references with the exception of Deponit
CA-N where the corresponding strain was clearly lower than the references.

Compared to the references the maximum deviator stress and the corresponding strain differed in the
following ways for the different materials:

* In Asha505 specimens the deviator stress was lower, and the corresponding strain approximately
the same.

* In MX-80 specimens the deviator stress was somewhat lower, and the corresponding strain was
the same or higher.

» In Deponit CA-N specimens the deviator stress was somewhat lower, and the corresponding
strain clearly lower.

» In Calcigel specimens the deviator stress was clearly lower, but the correspond strain was
approximately the same.

In specimens of Asha505 and MX-80 the influence of position could be evaluated and while no influ-
ence was seen on the deviator stress the corresponding strain was higher at the outermost position (at
80 mm) of these two materials.

Results of ion-exchanged specimens

The results are given in Table 8-4 with the maximum deviator stress and the corresponding strain for
each specimen presented with the dry density, water content and degree of saturation. The results are
also shown in Figure 8-6 to Figure 8-9 where the different colours are used for the different materials
and the markers circles and diamonds show specimens from the field experiment and from the refer-
ence material, respectively. The abbreviation ie used in the table and diagrams denote that the specimen
was ion-exchanged to be calcium dominated.
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Table 8-4. Maximum deviator stress and corresponding strain resulting from unconfined compression tests. All specimens had a height equal to the diameter. For
each specimen the Test ID and material are given together with dry density and water content after dismantling. The specimens were ion-exchanged to be calcium
dominated which is denoted by the abbreviation ie. The positions of the specimens from the field experiment are given with block number and radial distance.

TestID Type of material Material Block Radial distance Preparation Saturation fluid’ Dry density = Water content Deg of saturation Max deviator Corresponding

GZ-€2-d1l S

mm kg/m?® % % stress strain
kPa %

UC1-6  Ashab505 ie AB5-16-20 16 20 ground/recomp  ABM-water/CaCl,/Dl-water 1440 31.6 94 960 8.8
UC1-7  Ashab505 ie AB5-16-20 16 20 ground/recomp  ABM-water/CaCl,/DI-water 1480 31.2 95 1320 8.3
UC1-8 Asha505 ie AB5-16-40 16 40 ground/recomp  ABM-water/CaCl,/DI-water 1430 329 94 910 6.4
UC1-9 Ashab05 ie AB5-16-40 16 40 ground/recomp  ABM-water/CaCl,/DIl-water 1480 31.0 94 1270 6.3
UC1-10 Asha505 ie AB5-16 Ref comp ABM-water/CaCl,/Dl-water 1420 33.6 94 1220 5.8
UC3-2  Ashab505 ie AB5-16 Ref comp ABM-water/CaCl,/DI-water 1550 29.0 97 3100 6.4
UC3-6  Asha505 ie AB5-16 Ref comp ABM-water/CaCl,/Dl-water 1440 33.0 96 1520 57
UC1-1  MX-80ie AB5-20-20 20 20 ground/recomp  ABM-water/CaCl,/Dl-water 1470 31.7 99 1380 11.3
UC1-2 MX-80ie AB5-20-20 20 20 ground/recomp  ABM-water/CaCl,/Dl-water 1510 29.7 101 1660 7.2
UC1-3 MX-80ie AB5-20-40 20 40 ground/recomp  ABM-water/CaCl,/DI-water 1460 31.9 100 1380 8.4
UC1-4 MX-80ie AB5-20-40 20 40 ground/recomp  ABM-water/CaCl,/DI-water 1490 29.0 97 1660 8.7
UC1-5 MX-80ie AB5-20 Ref comp ABM-water/CaCl,/Dl-water 1460 30.7 96 1560 8.8
UC3-1  MX-80ie AB5-20 Ref comp ABM-water/CaCl,/DI-water 1580 26.4 97 2970 7.4
UC3-5 MX-80ie AB5-20 Ref comp ABM-water/CaCl,/Dl-water 1490 30.5 98 1920 8.6
UC2-1  DepCAN ie AB5-26-50 26 0-100° ground/recomp  ABM-water/CaCl,/Dl-water 1470 31.6 99 1720 6.6
UC2-2 DepCAN ie AB5-26-50 26 0-100° ground/recomp  ABM-water/CaCl,/Dl-water 1500 29.9 100 1410 4.8
UC2-3 DepCAN ie AB5-26-50 26 0-100° ground/recomp  ABM-water/CaCl,/DIl-water 1450 31.0 97 1580 7.3
UC2-4  DepCAN ie AB5-26-50 26 0-100° ground/recomp  ABM-water/CaCl,/DI-water 1490 30.3 101 2010 6.7
UC2-5 DepCAN ie AB5-26 Ref comp ABM-water/CaCl,/DI-water 1470 30.7 99 2240* 8.0*
UC3-3 DepCAN ie AB5-26 Ref comp ABM-water/CaCl,/Dl-water 1540 28.6 100 3320 9.0
UC2-6° Calcigel ie AB5-27-50 27 0-100° ground/recomp  ABM-water/CaCl,/Dl-water 1470 30.1 99 690 3.9
UC2-7  Calcigel ie AB5-27-50 27 0-100° ground/recomp  ABM-water/CaCl,/DI-water 1450 29.4 92 640 5.0
UC2-82 Calcigel ie AB5-27-50 27 0-100° ground/recomp  ABM-water/CaCl,/Dl-water 1410 314 93

UC2-9> Calcigel ie AB5-27-50 27 0-100° ground/recomp  ABM-water/CaCl,/DIl-water 1470 30.0 98

UC2-10 Calcigel ie AB5-27 Ref comp ABM-water/CaCl,/DI-water 1410 31.5 93 1240 3.4
UC3-4  Calcigel ie AB5-27 Ref comp ABM-water/CaCl,/DI-water 1480 28.1 92 2060 45

" The specimens were saturated with ABM-water, ion-exchanged with 1M CaCl, and excess salt was washed out with de-ionized water, see Section 8.1.2.
2 No test results. specimens in pieces before the test.* A mixture of material from the distances 0—100 mm was used for the tests.
4 Uncertain data, the specimen was tested twice. ® Problem with data acquisition for this specimen.
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Figure 8-6. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Asha505 from block 16 and from the reference material.
In the labels the distance from the heater is given in mm and ie denotes that the specimens were ion-exchanged to be calcium dominated.
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Figure 8-8. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Deponit CA-N from block 26 and from the reference material.

The specimens were ion-exchanged to be calcium dominated (ie).
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Figure 8-9. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Calcigel from block 27 and from the reference material.
The specimens were ion-exchanged to be calcium dominated (ie).




The specimens of Calcigel were brittle to handle and only two out of four specimens could be tested
since they fell apart at dismantling.

Compared to the references lower maximum deviator stress was seen in all materials. No large
differences in the corresponding strain compared to the references, however with a large scatter,
and examples of higher strain (Asha505) and lower strain (Deponit CA-N).

Discussion

In Figure 8-10 to Figure 8-13 the results from specimens saturated with ABM-water (markers with
black marker lines) are plotted together with the results from ion exchanged specimens (markers
without marker lines). All results were shown above. The colours and markers used are the same as
in the previous sections where different colours are used for the different materials and the markers
circles and diamonds show specimens from the field experiment and from the reference material,
respectively.

The deviator stress seemed to be independent of which method was used for the preparation, i.e. if
ion-exchange was made or not. This was seen both in the references and in the specimens from the
field experiment. In general and compared to the references equal or lower maximum deviator stress
was seen in all materials.

The corresponding strain of the reference specimens seemed also to be independent of whether ion-
exchange was made or not. However, the corresponding strain of specimens from the field experiment
showed somewhat higher values in specimens of Asha505, MX-80 and Deponit CA-N when ion-
exchanged while no difference between ion-exchanged and not ion-exchanged specimens was seen
in the results of Calcigel. In general and compared to the references a scatter was seen in the corre-
sponding strain and the most clear trend was seen in the results from Deponit CA-N with lower strain.
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Figure 8-10. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Asha505 from Figure 8-2 (black marker lines) and
Figure 8-6 (no marker lines).
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Figure 8-12. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Deponit CA-N from Figure 8-4 (black marker lines) and
Figure 8-8 (no marker lines).
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Figure 8-13. Maximum deviator stress and corresponding strain from unconfined compression tests on specimens of Calcigel from Figure 8-5 (black marker lines) and
Figure 8-9 (no marker lines).



All specimens were considered to be saturated at shearing. The specimens saturated with ABM-water
were prepared for 2634 days while the ion-exchanged specimens were prepared for 77-93 days. The
degree of saturation of all specimens are shown in Figure 8-14 to Figure 8-17 where the same colours,
markers and marker lines as in Figure 8-10 to Figure 8-13 are used. From the diagrams below it can
be seen that the degree of saturation was low in especially the specimens of Asha505 and Calcigel,
which was unexpected.

The influence of degree of saturation on the results from the unconfined compression tests was studied
in the report by Dueck (2010). No influence of degree of saturation on the deviator stress was seen
on specimens of MX-80 but lower corresponding strain was observed at lower degree of saturation,
approximately 2 % lower at a degree of saturation of 90 %.
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Figure 8-14. Degree of saturation of all specimens of Asha505. Both specimens saturated with ABM-water
(black marker lines) and those ion-exchanged (no marker lines) are shown, and both specimens from the
field experiment (circles) and references (diamonds) are shown.
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Figure 8-15. Degree of saturation of all specimens of MX-80. Both specimens saturated with ABM-water
(black marker lines) and those ion-exchanged (no marker lines) are shown, and both specimens from the
field experiment (circles) and references (diamonds) are shown.
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Figure 8-16. Degree of saturation of all specimens of Deponit CA-N. Both specimens saturated with ABM-
water (black marker lines) and those ion-exchanged (no marker lines) are shown, and both specimens from
the field experiment (circles) and references (diamonds) are shown.
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Figure 8-17. Degree of saturation of all specimens of Calcigel. Both specimens saturated with ABM-water
(black marker lines) and those ion-exchanged (no marker lines) are shown, and both specimens from the
field experiment (circles) and references (diamonds) are shown.
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Comparison with ABM 1

The package ABM 5 was installed in November 2012 and terminated after 4.5 years. The package was
exposed to a maximum temperature of 250 °C and no artificial wetting was used. The package ABM 1,
part of test series ABM 1-3, was retrieved 2009 after 2.5 years, exposed to a maximum temperature
of 130 °C and artificially wetted (Svensson et al. 2011). In this section the results from re-compacted
specimens from ABM 5 are compared to results from recompacted specimens from ABM 1.

In the tests on material from ABM 1 unconfined compression tests were run on ground and
re-compacted specimens of MX-80, Asha505 and Deponit CA-N, and ABM-water was used for the
saturation. In Figure 8-18 to Figure 8-20 the results from Figure 8-2 to Figure 8-4 are shown together
with the results from ABM 1 (Svensson et al. 2011).

The maximum deviator stress was approximately the same in specimens of MX-80 and Deponit CA-N
from ABM 1 and ABM 5 but lower in specimens of Asha505 from ABM 5. The corresponding strain
was approximately the same in specimens of Asha505 from the two packages but slightly lower in
specimens of MX-80 and clearly lower in specimens of Deponit CA-N when the results from ABM 5
were compared to those from ABM 1.

The references from the two test packages ABM 5 and ABM 1 agree well for all materials which was
expected since the same methodology and reference material were used.
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8.1.4 Concluding remarks

Material from the field experiment ABM 45 test package 5 (ABM 5) was analysed by unconfined
compression tests on ground and re-compacted specimens. Compared to the references the maximum
deviator stress and the corresponding strain differed in the following ways for the different materials
when saturated with ABM-water:

* Reduced maximum deviator stress was observed in the specimens of Asha505 and Calcigel.

* Somewhat reduced maximum deviator stress was observed in the specimens of MX-80 and
Deponite CaN.

+ Significantly reduced strain was observed in specimens of Deponit CA-N.
* The same or slightly higher strain was seen in specimens of MX-80.

* In specimens of Asha505 and MX-80 the influence of position was evaluated and while no influ-
ence was seen in the deviator stress the corresponding strain was higher at the outermost position.

Tests were also run on specimens ion-exchanged to be calcium dominated. The deviator stress seemed
to be independent on wether ion-exchange was made or not. This was seen both in the references and
in the material from the field experiment. The corresponding strain of the reference specimens seemed
also to be independent on the ion-exchange. However, the corresponding strain of specimens from
the field experiment showed larger values in specimens of Asha505, MX-80 and Deponit CA-N when
ion-exchanged while no difference between ion-exchanged and not ion-exchanged specimens was seen
in the results from Calcigel.

The specimens were considered to be water saturated at shearing. However, although prepared for four
weeks or longer the degree of saturation was relatively low especially in specimens of Asha505 and
Calcigel, which was unexpected. No large influence on the maximum deviator stress but somewhat
lower corresponding strain could be expected at the actual degree of saturation of these specimens.

The results from the re-compacted specimens from ABM 5 were compared to results from re-compacted
specimens from ABM 1. The maximum deviator stress was approximately the same in the specimens of
MX-80 and Deponit CA-N from the two packages but lower in the specimens of Asha505 from ABM 5
compared to those from ABM 1. The corresponding strain was approximately the same in the specimens
of Asha505 from the two packages but slightly lower in the specimens of MX-80 and clearly lower in
the specimens of Deponit CA-N when the results from ABM 5 were compared to those from ABM 1.
This is not expected to have any negative impact on the buffer performance.
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9 Conclusions

Experiments such as ABM2 and ABMS5 can be studied in so much detail and from so many perspec-
tives, but due to the complexity and high number of different clays the scope of the investigations
needs to be limited and well balanced even though many different groups have been working with the
experiments for a long time period.

Based on the findings presented in this report and the collaborative research efforts with multiple
groups and publications, the following conclusions can be drawn:

1. No general significant alteration of smectite in the bentonite was observed in either ABM2
or ABMS.

2. Minor changes were detected in the cation exchange capacity (CEC). However, these changes
do not seem to be correlated with smectite transformation or any significant impact on important
properties of the bentonite, such as swelling pressure and hydraulic conductivity.

3. The crucial properties of swelling pressure and hydraulic conductivity were largely unaffected
by the extremely high temperatures in the ABMS5 experiment.

4. Minor formation of trioctahedral smectite, most likely ferrosaponite, was observed in ABM2.
However, the extent of formation was minimal and is not expected to affect the performance of
the bentonite. It is important to note that this reaction has not been observed in experiments using
copper heaters, which are the actual canister material in the SKB KBS-3 design.

5. Corrosion products were formed in both ABM2 and ABMS5 (at the iron heater interface), as well
as dissolution-precipitation and cation exchange reactions.

6. Magnesium redistribution was occasionally observed, and in some cases, it correlated with the
formation of trioctahedral smectite and changes in the 060 region of the XRD patterns. Similar
magnesium redistribution and accumulation towards the heater have also been observed in experi-
ments with copper heaters to a minor extent, although the underlying mechanisms are not yet fully
understood.

7. Unexpected accumulation of halite was observed in the Kunigel block #22 of ABM2 and is attri-
buted to the high temperature, possibly coupled with a pressure drop resulting from a local fracture.

8. Unexpected physical breakdown of some of the bentonite blocks were observed in ABMS and is
attributed to the extremely high temperature conditions during the experiment.

The ABM3, ABM4, and ABM6 are ongoing experiments and are anticipated to be excavated in the
near future. The excavation of these experiments will provide an opportunity to further investigate and
continue the studies in this field. The data and insights gained from these experiments will continue to
contribute to the ongoing research efforts and enhance our understanding of the long-term performance
and behavior of the engineered barriers under relevant conditions.
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Appendix 1

Photos of sampling for unconfined compression tests

Samples from different parts of ABM 5 were taken for the actual analyses. Four different materials
(MX-80, Asha505, Calcigel, Deponit CA-N) were used and photos from the sampling are shown below.

| ABM 45:5 MX-80 |

. Block 20 NW

202107 0F/ad
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Figure A1-2. Asha505 samples from ABM 5 used for the analyses. Samples were taken from block number 16.
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Figure A1-3. Samples from ABM 5 for the analyses; Deponit CA-N (to the left) and Calcigel (to the right).
The samples were taken from block number 26 and 27, respectively.
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Appendix 2

Results from unconfined compression tests

In the diagrams below the results from all unconfined compression tests are presented as deviator stress
as a function of strain, see Section 8.1.3. The different materials (Asha505, MX-80, Deponit CA-N,
Calcigel) are marked with different colours (green, blue, red, orange) as in the section mentioned above
and the references are marked with black lines. The labels contain the Test ID, according to Table 8-3
and Table 8-4, and the dry density of the specimens.

In Figure A2-1 to Figure A2-4 results from specimens saturated with ABM-water are shown. In
Figure A2-5 to Figure A2-8 the results from specimens saturated with ABM-water and subsequently
ion-exchanged to be calcium dominated are shown.
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Figure A2-1. Evolution of deviator stress as a function of strain of Asha505 specimens saturated with ABM-
water. The colours green and black denote specimens from block 16 and reference material, respectively. The
labels contain Test ID and dry density (kg/m’).
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Figure A2-2. Evolution of deviator stress as a function of strain of MX-80 specimens saturated with ABM-
water. The colours blue and black denote specimens from block 20 and reference material, respectively. The
labels contain Test ID and dry density (kg/n?’).
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Figure A2-3. Evolution of deviator stress as a function of strain of Deponit CA-N specimens saturated with
ABM-water. The colours red and black denote specimens from block 26 and reference material, respectively.
The labels contain Test ID and dry density (kg/m’).
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Figure A2-4. Evolution of deviator stress as a function of strain of Calcigel specimens saturated with ABM-
water. The colours orange and black denote specimens from block 27 and reference material, respectively.
The labels contain Test ID and dry density (kg/m’).
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Figure A2-5. Evolution of deviator stress as a function of strain of Asha505 specimens saturated with
ABM-water and ion-exchanged with CaCl,. The colours green and black denote specimens from block 16
and reference material, respectively. The labels contain Test ID and dry density (kg/m’).
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Figure A2-6. Evolution of deviator stress as a function of strain of MX-80 specimens saturated with
ABM-water and ion-exchanged with CaCl,. The colours blue and black denote specimens from block 20

and reference material, respectively. The labels contain Test ID and dry density (kg/m’).
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Figure A2-7. Evolution of deviator stress as a function of strain of Deponit CA-N specimens saturated with
ABM-water and ion-exchanged with CaCl,. The colours red and black denote specimens from block 26 and
reference material, respectively. The labels contain Test ID and dry density (kg/m’). Specimen UC2-5 was

tested twice. The higher q,... was used in the report, however marked as uncertain.
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Figure A2-8. Evolution of deviator stress as a function of strain of Calcigel specimens saturated with ABM-
water and ion-exchanged with CaCl,. The colours orange and black denote specimens from block 27 and
reference material, respectively. The labels contain Test ID and dry density (kg/m’).

In the test series the failure surface through specimens prepared from field experiment material differed
somewhat from the failure surfaces through reference specimens. Theoretically the failure is assumed
to take place along a plane inclined 45° to the horizontal plane. Examples of failure surfaces from
some of the references are shown in Figure A2-9 and Figure A2-10. The vertical failure surface seen

to the right in Figure A2-10 was in this study only seen in specimens of Calcigel. However, it was seen
both in specimens from the field experiment and reference specimens and no coupling to the degree
of saturation could be seen.
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Figure A2-9. Photo after unconfined compression tests on ion-exchanged specimens of Asha 505 and MX-80
with dry densities 1550 kg/m’ and 1490 kg/m’ respectively.
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Figure A2-10. Photo after unconfined compression tests on ion-exchanged specimens of Deponit CA-N and
Calcigel with dry densities 1540 kg/m’ and 1480 kg/m’ respectively.
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