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Abstract

The filling of the placement room for the Mark Il geometry includes the use of both highly
compacted bentonite blocks that surround and maintain spacing between the used fuel
containers, as well as much-lower density granular bentonite materials that are used to fill the
voids between the bentonite blocks and the surrounding rock mass. A review of information
available regarding the thermal, hydraulic, gas transport, mechanical, chemical and other
related properties of water-saturated MX-80 bentonite has been completed in order to identify
key parameter values needed for the conduct of performance assessment modelling of
bentonite installed in NWMO6s Mar k 11 pl ace

Evaluation of the influence of environmental conditions and processes that may affect the
performance of bentonite under repository conditions has been included in the review of
available information. As NWMO is considering both Sedimentary and Crystalline rock as
potential host media for a deep geological repository, a very wide range of conditions must be
considered in the evaluation of the engineered barriers system.

Conditions that need to be considered in the evaluation of performance of bentonite-based
barriers include, but are not limited to: the effects of bentonite density, fluid saturation, pore fluid
composition (salinity, pH), temperature, interaction of bentonite with corrosion products from a
UFC, radiation, and bacterial activity. The parameters that will most immediately affect the
physical performance of the bentonite are its density, degree of water saturation and the salinity
of the water entering the system from the surrounding rock. The initially high thermal gradient
across the placement rooms shortly after UFC placement will affect system behaviour,
particularly prior to achieving water-saturation.

Over the longer-term, on achieving water saturation other parameters and processes such as
pH change, steady-state temperature, bacterial activity, corrosion and cementation may affect
the behaviour of bentonite. It would not appear that radiological conditions will physically affect
the behaviour of bentonite, although release and subsequent transportation of radionuclides
through the engineered barriers must be considered.

Based on the review of the properties of MX-80 Bentonite for use as a sealing material in the
NWMO placement concept, there are three opportunities that exist to build further confidence in
predicting parameter values and predict system performance, they are as follows:

1 Addressing the combined effects of elevated temperature and high groundwater salinity
on the deformation characteristics of bentonite;

9 Continued correlation of the results of quality-control testing on as-received bentonite
with expected performance behaviour, with the goal of making any appropriate
modifications to material acceptance criteria for a production setting; and

1 Conducting physical and numerical modelling of coupled T-H-M mockups of
current placement geometry in order to gain further confidence in the ability to
understand and predict sealing system behaviour.
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DEFINITION OF TERMINOLOGY AND ACRONYMS

The terminology used in this document follows that utilized by NWMO in its technical reports
related to its deep geological repository (DGR) concept. The terminology used by NWMO is not
necessarily identical to those used in other DGR projects and so a brief set of definitions and
acronyms related to the placement room and their definition is provided below.

APM - Adaptive Phased Management
AECL i Atomic Energy of Canada Limited.
ANDRA T Implementing agency for radioactive waste disposal in France.

Backfill i An engineered clay, aggregate-clay mixture, aggregate or other material designed to
fill a void in the DGR. Its composition may vary depending on its location and
functional requirements. I n NWMOOGs Matrcdncept,lplacerheatcoenme
backfill is assumed to be composed of bentonite clay.

Bentonite i The tradename used to describe commercially marketed, smectite-rich clay,
typically dominated by the clay mineral Montmorillonite.

Buffer i Highly compacted bentonite (HCB) installed immediately adjacent to the UFC (buffer
box) in the IFB placement geometry.

Buffer Box 1 the highly compacted bentonite box and UFC that make up the basic installation
package for NWMOs Mark Il repository concept.

Bulkhead i a massive structure intended to provide mechanical (and hydraulic) isolation to a
tunnel.

Deep Geological Repository (DGR) i Facility located deep underground that will be used to
host permanent isolation of used nuclear fuel.

Excavation Damaged Zone (EDZ) i rock showing macrostructural change as the result of
excavation and excavation-induced damage in the region immediately adjacent to the
tunnel openings. Caused by combination of tunnel excavation activities and
subsequent rock-stress induced damage to the rock.

Excavation Disturbed Zone (EdZ) i rock showing microstructural changes in its behaviour as
the result of excavation and excavation-induced disturbance.

Effective Montmorillonite Dry Density (EMDD) i A normalising parameter used to express
the density of the swelling clay component after factoring out mass and volume of
non-swelling clay solids.

Free Swell Index (FSI) -. A parameter used to describe the volume that a material will occupy
when allowed unlimited access to free water and unconfined. Parameter is usually
expressed as mL/2gm of dry soil.

Gap Fill (GFM) - The granular swelling clay material installed between the buffer and the
surrounding rock mass, also used to fill any other construction voids remaining within
the placement room.

Geosphere - The rock environment the DGR will be located within.
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Highly Compacted Bentonite (HCB) i Material produced by densely compacting bentonite
clay (a dried and crushed, smectite-rich shale) into desired shapes for use
immediately adjacent to the UFC (buffer box and spacer block, floor tablets). There is
no specific density associated with this material, rather it is a generic descriptor for a
highly densified bentonite mass. NWMO defines HCB as being 1700 kg/m? dry
density.

Hydraulic Pressure (HP) - The fluid pressure present in the geosphere or exerted on the
surface of a UFC or sealing structure.

Hydraulic Conductivity (K) - The advective flow velocity of a fluid (groundwater or porewater)
through a structure or material.

Horizontal Tunnel Placement (HTP) i The UFC placement geometry proposed by NWMO for
use in a sedimentary environment. It consists of a UFC installed on its side in a
deposition tunnel excavated to hold a series of these UFC-HCB buffer boxes.

In-Floor Borehole (IFB) i Placement geometry whereby UFCs are installed in boreholes drilled
in the floor of the placement room (reference concept for SKB and Posiva)

Isostatic Compaction T compaction method used to produce large accomplished by applying
equal pressure in all directions in order to achieve compaction.

Low-Heat High-Performance Concrete (LHHPC) i specially formulated concrete that has
limited heat generation during curing, exhibits high compressive strength after curing
(and typically has lower pH generation).

Mark Il Container - The copper-coated, carbon-steel container that holds 48 bundles of used
CANDU reactor fuel. This is the reference container for the NWMO UFD concept.
Nominal dimensions are 2.51 m in length and 0.56 m in diameter.

NAGRAT Transl ates to fANati onal Cooperative for the
(Switzerland).

NWMO i Nuclear Waste Management Organisation (Canada).

Pellets i Pre-manufactured, clay-based material, typically composed of bentonite-rich clay that
is processed into uniformly-sized, high-density aggregations that are used to fill
spaces and gaps associated with the buffer and backfill.

Permeability - The ability of a rock or soil mass to transmit water or gas

Placement Rooms i the specially-excavated tunnels in the DGR that are used to install the
waste packages in. In some concepts this is also referred to as the placement room
although in all cases tunnels are used.

POSIVA T Implementing agency for radioactive waste disposal in Finland
SKB - Swedish nuclear fuel and waste management company

Swelling Pressure - the mechanical pressure applied by a swelling clay on its confinement.
This is not the total pressure which is the sum of swelling pressure and hydraulic
pressure.

Total Dissolved Solids (TDS) i The quantity of soluble materials in a solution. Typically
expressed as gm/L of solution or % of solution mass.

Thermal Conductivity (TC) i Ability of a material to conduct heat, in a DGR environment this is
associated with movement of heat from UFC to the surrounding geosphere.
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Used Fuel (UF) i the used fuel assemblies removed from a CANDU power reactor. These
bundles will not have been physically altered or the used fuel reprocessed prior to
installation in a Mark 1l used fuel container.

Used Fuel Container (UFC) i The corrosion-resistant component of the engineered barriers
system used to hold the used fuel assemblies
the same component as that referred to as the Canister in the SKB/Posiva concepts.
In this document it is assumed that the NWMO Mark 1l container is used.

URL i Underground Research Laboratory.

UFC - Used-Fuel Container (holds the used-fuel bundles in repository)



1. INTRODUCTION

This document provides a summation of the current state of knowledge regarding thermal-
hydraulic-mechanical-chemical (T-H-M-C) parameters for the Highly Compacted Bentonite
(HCB) and Gap Fill Materials (GFM). These materials are proposed for use as engineered
barriers in a placement room of the type proposed for use by NWMO in its Mark Il disposal
concept. A brief review of the basic Deep Geological Repository (DGR) - relevant T-H-M-C
properties of sedimentary and crystalline rock is provided as a basis for discussion of the
geosphere influences on the placement room sealing materials.

With definition of the material properties for the host-rock, the T-H-M-C, biological (B) and
radiological (R) characteristics of the sealing materials installed in the placement rooms then
need to be determined in order to develop confidence in the overall robustness of the sealing
system. Confidence in robustness is developed as the result of determining the consistency and
reliability of the parameter values used in evaluation sealing materials and system performance
and an ability to predict system evolution with time.

1.1 GOALS
This report is intended to review and compile the key T-H-M-C (as well as B and R) properties
of the bentonite materials used in the priceacement

water saturation has been achieved. This will include consideration of the effects of conditions
expected to be present or develop at repository depth in both crystalline and sedimentary
geospheres. From these bounding conditions, an overview of the current literature on the
physically measured and anticipated T-H-M-C properties of these sealing materials is provided.
The influence of processes associated with biological (B) and radiological (R) conditions will be
only briefly considered. This review of material properties and parameter values will be used to
identify key influences on the properties of the sealing materials installed in a placement room
following completion of water saturation of the sealing materials and to identify areas where
information is currently lacking. Where possible, suggested material properties, parameter
values or relationships will be identified for the sealing system components.

The impact of material properties on the fabrication of bentonite products proposed for
repository use; and on their installation in the reference NWMO placement concept will also be
discussed as these are key in defining the later saturated and density-equilibrated behaviour of
the sealing system.

1.2 SCOPE

In order to complete the above-listed goals, this document:

1. Briefly reviews the NWMO DGR concepts for used nuclear fuel disposal,

2. Ildentifies key T-H-M-C parameters for the geosphere surrounding the placement rooms
in a DGR;

3. ldentifies the key T-H-M-C and B-R parameters of relevance to the NWMO DGR
Concept and the buffer component specifically, and outlines their anticipated range of
values within the DGR placement room;

4. Using literature sources, describes how materials properties will affect fabrication of
sealing system components and potentially impact their installation and use in a DGR;



5. Briefly discusses geosphere effects (e.g. mechanical deformation), beyond the

chemical and hydraulic impact of groundwater; and
6. Briefly considers the role of initial buffer density on buffer-gap fill density equilibration
as well as the influence of water saturation on bacterial activity in the vicinity of the

UFCs.

It should be noted that this document does not include discussions of the results of modelling
activities related to the prediction of the performance of sealing materials. This document is
intended only to provide a summary of the as-measured properties and anticipated changes in
behaviour as the result of differences in the thermal and hydro-geochemical environment in the
vicinity of the HCB and GFM installed in the placement room.



2. DESCRI PTI ON OF NWMOOGS DGR CONCEPT

NWMO has developed a generic deep geological repository approach to used fuel disposal
since both crystalline and sedimentary geosphere are both seen as potentially suitable for a
DGR. As noted in NWMO (2017), reference geospheres have been defined for the purposes of
concept design and materials development, much of the design is the result of historic
experience gained in Canada. The geosphere is an important part of the multi-barrier system
as it provides a natural barrier that is hydrogeologically, geomechanically and geochemically
stable on timeframes relevant to repository safety (i.e., one million years). The geosphere
isolates the repository from surface conditions and provides an environment that allows for a
long UFC lifespan (NWMO 2017).

2.1 GENERIC CONCEPT DESCRIPTION

The current conceptual focus for the DGR is on placement of UFCs in accordance with the
generic Mark Il design as illustrated in Figure 2-1. In this concept, the UFCs are encapsulated
by clay-based sealing materials (Buffer Box) and installed horizontally in the placement room.
Remaining voids are filled with GFM or other highly compacted bentonite components such as
the spacer blocks and floor-levelling tiles. NWMO is considering both deep sedimentary and
deep crystalline rock as options for the DGR. The installation geometry of the UFCs for the
sedimentary and crystalline rock types are similar, with only minor differences in the dimensions
of the underground openings and the spacing between the UFCs differing in these two
geosphere options. This difference in opening dimensions may be needed to accommodate the
difference in the mechanical properties of the rock types and UFC spacing may need to be
different due to thermal properties differences of the two rock types to dissipate the heat
generated by the used fuel in the containers.

From the perspective of bentonite-based sealing materials in the placement rooms, the
approach to both geospheres is similar. The basic requirements for these clay-based sealing
materials are:

1 To fill the excavated volume of the DGR's placement room;

1 To support the UFCs without experiencing unacceptable change in their location within
the placement room;

9 To resist physical and chemical deterioration by the local environment during the life of
the DGR;

9 To limit the rate of groundwater movement into and through the placement rooms; and

1 To limit the transport rate of any contaminants (chemical or radioactive) originating in
the placement room to the surrounding geosphere.
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Figure 2-1: Generic lllustration of the DGR Concept for the Mark Il UFC

An example of the Mark Il UFC is shown schematically in Figure 2-1 and a photograph of this
prototype UFC is shown in Figure 2-2 (Hatton 2015). It consists of a 2.51 m-long by
approximately 0.56 m-diameter, copper-coated, hemi-head carbon-steel container holding 48
bundles of used CANDU nuclear fuel. The filled and closed container will weigh approximately
2.7 tonnes. The Mark Il container is designed to withstand 45 MPa of hydrostatic load. This
design is likely to change slightly as optimization occurs but is a representative mass and size
that can be used for design of the surrounding sealing system.

The tunnels into which the UFCs would be installed are anticipated to be of approximately 3.2 m
width by 2.2 height (Noronha 2016; NWMO 2017), with lengths varying with location and
geological conditions at the repository site. Changes to the details of the sealing materials
design or opening size to accommodate the installation of the UFCs may result in these nominal
dimensions changing (likely slight increase in opening dimensions). These nominal tunnel
dimensions reflect anticipated shape of the placement room based on rock strength and
deformation characteristics for sedimentary or crystalline rocks, but final dimensions will be
determined once an actual repository site is selected and site-specific rock properties are
determined. Installation of the buffer boxes and spacer blocks would be accomplished as
shown in Figure 2-3 (Noronha 2016). A more detailed discussion of the various components of
the clay-based sealing system is provided in Section 3.



Canadian repository container,

S

- Bundles / Container 48
wgoreis 4
N Total Shell Length 2515m
standard :

pipe é Diameter 0.565m
Cylinder Surface Area 3.459 m?
= Lids Surface Area 1.002 m?
Copper coated TOTAL SURFACE AREA 2462
TOTAL VOLUME 0583 m?

Figure 2-2: Mark Il UFC Proposed for Use in NWMO DGR Concept

PLACEMENT

DENSE BACKFILL {057} B v surrer 6ok
I o0y COMPACTED BENTONITE 8 o 10
|
P 2ENTCHMITE PELLETS (AP FILLY SCALE 180 METRES
Highly Compacted
Bentonite Rock

Gapfill UFC Buffer Box

Floor HCB Spacer
Leveling Layer Block

Figure 2-3: Mode of Installation of Buffer Boxes and Spacer Blocks and Resultant
Assembly (side view) in one variant of Concept



Beyond the basic requirements and nominal placement room dimensions described above, the
following buffer design requirements for NWMO's UFC placement concept were provided by
Birch and Mielcarek (2017). The key requirements include maintaining:

A minimum thickness of 300 mm of 100 % bentonite buffer and gap fill between UFC
and geosphere;

A minimum swelling pressure upon saturation and density equilibration of the swelling
clay materials in the placement room of 100 kPa. This will provide a supporting pressure
on the excavation walls, thereby limiting the amount of rock that could potentially spall
from the excavation wall into a backfilled excavation;

A maximum saturated hydraulic conductivity of 10-1° m/s;

A maximum water activity (aw) of 0.96 to suppress bacterial activity and mobility (Stroes-

Gascoyne et al. 2007a,b). For groundwaters with salinity of less than 100 g/L, aw of less

than 0.96 is maintained with an average minimum buffer dry density of 1600 kg/m3. It

should be noted that a groundwaen@onmentawith ni ty of
aw < 0.96; and

A maximum UFC surface temperature of <100 °C.

Based on these more detailed requirements, a 100 % bentonite buffer has been selected for
use in isolating the UFCs. lIsolation would be provided through use of:

A fAbufxfoercomsi sting of highly compacted bentoni
compaction. This box consists of two segments of 2.9 m length (x) by 0.5m height (y)

and 1m depth (z) as viewed from the front face of the block assembly. These segments

will be machined so as to provide a tight-fitting enclosure for the UFC.

Hi ghl y c ospggaacc theldocik s consi sting of the same tyrg
used for the buffer box. They differ from the buffer box in that their dimensions will be

2.9m x 1m x (0.3 to 0.7 m). The depth (z) will be between 0.3 and 0.7 m with no

machined voids. Increasing the depth of the spacer blocks will increase the distance

bet ween the UFC6s and so provide for a | ower h
controlled in the placement room and surrounding geosphere. The final dimensions of

these blocks will be determined by the actual thermal conditions in the geosphere

location chosen for the repository as well as the distance between the placement rooms.

Highly compacted bentonite ffloor tabletsd wi | | be installed i mmedi at
box and spacer blocks. These tiles will be compositionally identical to the other HCB

materials. Their dimensions are not clearly defined but their height (y) is expected to be

in the order of 0.15 m. These tiles are intended to provide a greater spacing between

the UFC and the tunnel floor as well as providinga partialisacr i fi ci al 06 | ayer
any adverse chemical interactions between the floor leveling material(s) and the UFC

does not extend into the buffer-box materials. It is assumed that roughly 0.05 m of this

tablet material will lose its swelling and sealing capacity. In this manner the 0.3 m

thickness of functioning bentonite is maintained.

The use of drill and blast or other means of tunnel excavation will always result in some
degree of roughness or unevenness in the floor. In order to provide for a very smooth
and suitably level floor for subsequent placement of HCB floor tablets, buffer boxes and
spacer blocks a means to level the floor is required. At present, one solution would be
through the installation of an approximately 0.1m-thick concrete floor smoothing layer.
The formulation of this concrete will be such that its potential to adversely affect HCB



behaviour will be limited and extend no further towards the UFC than the thickness of the
floor tablets.

- The remaining gap between each of the walls and roof of the tunnel and the installed
HCB/UFC components is required to be no more than 0.3 m at lookouts (points of
deepest excavation caused in drill and blast excavation). This gap between the rock and
HCB blocks is additionally specified to be at least 0.15 m in width. Hence there is a 0.15
to 0.3 m wide gap that will need to be filled. NWMO is planning to use a granulated
material (GFM) produced from compacted bentonite and this material will be installed
using a special auger.

It is currently required that the bentonite-filled regions provide an average dry density that is
01600 kg/m3. The reasons for this specification are discussed in the body of this document but
are primarily associated with generating an environment that meets the buffer requirements
listed above and in particular, precludes discernible bacterial activity in the immediate vicinity of
the UFC. In order to achieve the required average buffer dry density (based on complete
density homogenization), the minimum dry densities established for the two bentonite
components (highly compacted bentonite blocks and granular bentonite material) are:

1700 kg/m3 for HCB components; and
1410 kg/m? for GFM Material.

The ability of existing block compaction and gap fill placement technology to meet these targets
is discussed in this document, as are the key T-H-M parameter values associated with the
reference installation geometry.

2.2 INFLUENCE OF GEOSPHERE TYPE AND CONDITIONS

As noted previously, NWMO is considering locating a DGR for used reactor fuel in either a
sedimentary or crystalline rock geosphere.

There are a number of features that will have particular influence on the sealing materials
installed to isolate the UFCs and the overall geometry of the DGR (e.g. placement room
geometry, UFC spacing and distances between placement rooms). The geosphere conditions
of most importance in defining these properties include:
1 Rock stability i mechanical strength, deformation characteristics, ability to transfer
stress to the sealing materials,
1 Rock hydraulic properties i presence of water-bearing fracture features, bulk hydraulic
conductivity, connected versus unconnected porosity,
1 Rock chemical properties i chemical composition of rock, ability of minerals to dissolve,
migrate or influence the local geosphere,
9 Thermal characteristics of rock i ability to conduct UFC-supplied heat to the surrounding
geosphere, and
1 Rock pore fluid 7 the chemical composition, pH and other properties that could influence
the behavior of the sealing materials and/or the robustness of the UFCs

Once the T-H-M-C properties of the host rock is established, the T-H-M-C (and B-R)
characteristics of the materials installed in the placement rooms are needed in order to model
system evolution and develop confidence in the overall robustness of the sealing system.
Confidence in robustness is developed as the result of determining and demonstrating sealing
materials performance and an ability to predict system evolution with time.



2.21 Sedimentary Rock

The sedimentary geosphere option under consideration by NWMO involves repository
construction in deep sedimentary rock formations of the type found in Ontario. Although a site
has not been selected, a generic geosphere has been identified and is as described in detail by
Gobien et al. (2018).

For the purposes of conceptual design and generic planning, it is anticipated that the type of
sedimentary sequencing anticipated to be present at a repository site will be similar to that
found at the Bruce Site in Ontario (Figure 2-4). This site was proposed to host a DGR for
Ontario Power Generation® low and intermediate level radioactive wastes (LILRW) (NWMO
2011a). The target sedimentary horizon proposed to host this DGR is located at a depth of
approximately 680 m in a massive limestone formation. This type of geological site provides a
deeply buried location where the massive host formation is directly overlain by ~200 m of very
low permeability shale and a further 425 m (at the Bruce Site) of cap-rock. This sequencing is
expected to provide excellent isolation to the repository level at the LILRW DGR site.

Figure 2-5showsagener i c | ayout for NWMOIidsedimeGi&yrockr wused f
(NWMO 2018). The layout illustrates the anticipated massive, intact nature of the host rock and

its lack of hydraulic or other structural features that would discernably alter the room layout.

The spacing of the placement rooms is nominally 20 to 25 m, but this is subject to change once

the thermal characteristics of the host rock at the actual repository site are characterized, the

heat generation of UF to be installed is known and thermal conditions are modelled for the site.

Sedimentary rock of the type considered for use in a DGR for used fuel isolation has a number
of T-H-M-C properties that will help in defining the nature of the materials best suited for use in
the placement room buffer. The limestone formations of the type considered for use (Cobourg
Formation) have the following T-H-M-C properties, as provided by Radakovic-Guzina et al.
(2015) Nasseri and Young (2014) and Noronha (2016). These values do not represent required
materials properties for a DGR but are values that are felt to be representative of conditions that
might be encountered.

Thermal:
9 Thermal conductivity 2.27 W/m°C
1 Specific heat capacity 1.63 MJ/m3°C

Hydraulic:
1 Hydraulic conductivity of the limestone rock matrix is in the order of 10-** m/s.

Mechanical Properties:

The mechanical properties of sedimentary formations will vary substantially, values for
sedimentary units of the type likely to be encountered in Southern Ontario are provided in
Table 2-1 (from Radakovic-Guzina et al. 2015).

Chemical Characteristics:
The key chemical properties for the reference sedimentary groundwater composition for deep
limestone (SR-L) are as follows:
1 Pore fluid composition, TDS of approximately 223 g/L comprised primarily of Na, Ca and
Clions (Dixon et al. 2018).
f pHianticipated to be Aneutral -LgreuhdwaterMé.@as ur ed pkF
(Dixon et al. 2018)
Greater detail regarding chemical composition of the reference sedimentary groundwater is
provided in Section 4-4.
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Table 2-1: Intact Rock and Bedding Plane Mechanical Properties for Sedimentary

Formations (Radakovic-Guzina et al. 2015)

Intact Lab Hoek Brown parameters Rock mass Mohr Coulomb
Unit ucs Ei GSI mi mb S a Erm Scm S5 °8 C f Bedding
kn GPa/m
MPa | GPa GPa | MPa | MPa MPa deg
Georgian 34 9.04 | 76 101 | 4.3 0.069 0.501 751 | 114 | 101 3.04 37
Bay*
Blue 34 9.64 | 77 6.0 2.6 0.078 0.501 8.14 | 101 | 121 3.16 31
Mountain®
Collingwood?* 117 36.9 | 76 10.0 | 4.2 0.070 0.501 30.7 | 39.2 | 12.8 6.66 44 1157
Cobourg? 121 435 | 89 114 | 7.7 0.295 0.5 414 | 67.3 9.4 11.1 49 1157
Cobourg i 101 39.1 | 89 7.2 4.8 0.295 0.5 372 | 524 | 141 11.4 42 1157
Lower?
Sherman Fall | 76 38.8 | 87 11.0 | 6.9 0.236 0.5 36.5 | 38.7 | 14.8 7.76 44

Note: 11 a part of Georgian Bay and Blue Mountain Formations
21 a part of Cobourg Formation
37 overburden weight

Bedding Plane Mechanical Data for Cobourg Limestone

. . . . Resi | Friction .
Peak Cohesion Peak Friction Angle Residual Cohesion e&d:iglelctlo Tensile Strength
MP Deg. MP MP
a eg a Deg. a
3.31 38.3 0 38.3 0.66

2.2.2 Crystalline Rock Geosphere

NWMO is also considering an alternative location for the DGR for UF in the ancient,

Precambrian crystalline rock of the Canadian Shield. As described by Noronha (2016), NWMO
(2017),the6r ef er ence
those of a typical Canadian Shield site containing a body of good quality rock. The geosphere is
assumed to be elastic, isotropic and homogeneous in nature.

geosphered

for a

c rayctosely match n e

Within the volume occupied by the repository, the rock mass is assumed to be of a very good
quality with a bulk hydraulic conductivity of about 10-1* m/s or less. It is possible that the near
surface rock will be of a lower quality and have permeable features. The geological structure of
a crystalline rock of the type that could be considered for use as a repository will vary with the
site considered and so a generic profile is not readily available, for illustration purposes a
conceptual layout previously considered by NWMO is provided in Figure 2-6.
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Typically referenced T-H-M-C properties for granitic rock of the type anticipated to be present at
the location of a DGR are provided by Radakovic-Guzina et al. (2015) and are as follows:
Thermal:
9 Thermal conductivity 3.00 Wm/°C
1 Specific heat capacity 2.28 MJ/m3°C
1 Linear coefficient of thermal expansion 10 1/°C

Hydraulic:

1 Hydraulic conductivity of bulk massive granite <10- m/s
Mechanical:

1 Rock mass peak UCS 105 MPa

91 Cohesion 14 MPa

9 Friction angle 590

1 Tensile strength 1.7 MPa

T Youngdbds Mgdu3dbiuGPa E

Chemical

1 Pore fluid composition i site dependent but reference crystalline rock pore fluid CR-
10 has a TDS of 11 g/L and is comprised primarily of NaCl and CaCl,. Other
granitic sites within the Canadian Shield have been determined to have TDS
contents approaching as high as 80 g/L (Gascoyne et al. 1987).

1 pH 71 will vary with site condition but is anticipated to be between 7 and 8 based on
site specific conditions.
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3. DESCRIPTION OF BUFFER AND GAP FILL MATERIALS

31 BUFFERMATERI ALS I N NWMOG6S REPOSI TORY SEALI

NWMO proposes use of Wyoming-type bentonite for filling the placement room volume not
occupied by the UFCs. A commercial product, MX-80 Bentonite, produced by Colloid
Environmental Technologies Company (CETCO), is the reference material chosen for use by
NWMO, although much work has and continues to be done using alternative bentonite products.
MX-80 has the advantage of having been used extensively as a reference material in repository
programs in Europe and elsewhere, providing for an extensive complimentary source of
materials behavior information. Mineralogical and physical properties of MX-80 are provided in
Section 4.

Target physical conditions of as-placed buffer.

NWMOG6 s r eposireqireythatHCB buffgp, spacer and floor tablet blocks have a
minimum dry density of 1700 kg/m3. The most effective means to produce such large blocks to
consistent density is the use of isostatic compaction technology. The gap fill component of the
placement room fill is produced from the same raw materials as the HCB. In order to maximize
the density to which this gap fill can be placed, a carefully graded blend of densified particles is
used. As the maximum grain size of the gap fill is small (< 8 mm), there is no need to use large
blocks of materials in its manufacture. An effective means to generate the graded gap fill
material is through the use of small, roller-compacted ribbons of compacted bentonite that can
be crushed and graded to the required specifications. The manufacture of these materials is
described in more detail below.

Method of HCB manufacture.

The buffer box concept for isolation of the Mark Il container adopted by NWMO requires the
manufacture of very large blocks of high density bentonite. Blocks large enough to be
machined to the estimated 1 m x 0.5 m x 2.8 m dimensions (Noronha 2016) are not readily
produced in lifts using dynamic or static compaction and blocks manufactured using those
methods are prone to issues related to density homogeneity and structural stability. The
remaining method to generate such large blocks of high-density bentonite is utilization of large
volume isostatic pressing. NWMO has explored the viability of isostatic compaction of large
blocks and their subsequent machining to produce highly consistent blocks as well as to
subsequently machine voids of size suitable for installation of a UFC. Figure 3-1 shows the
press used in manufacturing of full-size HCB blocks for use in Buffer Boxes and Spacer Blocks
(Mielcarek and Birch 2016a; Birch and Mielcarek 2017).

The bentonite density achievable using isostatic or uniaxial compression is dependent on the
parameters of moisture content and compaction pressure. The physical stability of the
manufactured blocks is also sensitive to the post-manufacturing environment they are exposed
to. It has been noted that blocks tended to exhibit some physical cracking if left exposed to very
dry or very moist atmospheric conditions for an extended time (Arvidsson et al. 2014,
Birgersson and Goudarzi 2015; Sandén et al. 2016). This is related to the high suction of the
HCB clay and either uptake of atmospheric moisture or its loss due to desiccation. Storage in a
moisture-controlled environment until they are ready to be used is therefore a requirement.

The NWMO production trials of isostatically-compacted, full-sized buffer blocks for use in
manufacture of prototype buffer boxes has successfully generated large HCB blocks suitable for
use in encasing a UFC. Following uniaxial compaction trials to establish a potentially suitable

NG



15

compression pressure to produce HCB blocks (Figure 3-2), isostatic compaction trials of full-
scale blocks were undertaken. Birch and Mielcarek (2017) determined that full-scale HCB
blocks produced by isostatic compaction at 100 MPa achieved very consistent internal density
and average block densities ranged from 1727 to 1747 kg/m? dry density, averaging

1743 kg/m3. The NWMO blocks could be readily machined to the dimensions required of the 2-
piece Buffer Box as shown in Figure 3-1c,d. This provides confidence that buffer and spacer
blocks of adequate density can be produced using existing technology.

Data related to isostatic compaction demonstrations is summarized in Table 3-1. Ritola and Pyy
(2011) reported dry densities in the order of 1791-1871 kg/m? using MX-80 bentonite and 100
MPa isostatic compaction, although they used a lower compaction moisture content than
currently being used by NWMO in their compaction trials which may have contributed to the
slightly higher density. The main difference in the materials used in these studies was the
much higher initial moisture content in the NWMO studies. This shows that there is still perhaps
room for NWMO to achieve higher block densities using lower moisture content material, but
this would need to be considered with respect to the influences on block mechanical stability
and the actual density needed to accomplish effective isolation of the UFCs.

The placement schedule for an operational DGR will require approximately 10 buffer boxes and
associated spacer blocks to be installed each day. This translates to 20 buffer box blocks plus
approximately 10 spacer blocks that need to be produced to accomplish this placement rate.
Prototype manufacturing trials require approximately 10 minutes of pressing once a filled mold
is installed. Following unloading of the press, machining is required to produce blocks of the
correct size (and voids for UFC). Optimization of the production process (and use of several
isostatic presses) will reduce the time required for buffer manufacture. Pre-production of blocks
will provide for effective UFC packaging and placement but establishing what storage conditions
are required and the mechanical stability of blocks stored for extended periods still need to be
determined.

Table 3-1: Compaction to Produce HCB Using 100 MPa Pressure

MX-80 MX-80 IBECO RWC MX-80**
PB1460-1* PB1460-5* PB1460-6*

Volume (m?) 1.5644 1.7586 1.7502 1.45
Bulk Density (kg/m?3) 2131 2093 2013
Water Content (%) 12.9 16.5 16.2 20
Dry Density (kg/m?) 1888 1797 1732
Subsamples
Bulk Density (kg/m?3) 2111 2086 2008 2092
Dry Density (kg/m?3) 1871 1791 1729 174345.5
Saturation (%) 75.4 84.9 75.4 97.1
Void Ratio 0.470 0.536 0.591 0.561

*|sostatic compaction by Ritola and Pyy (2011)
** |sostatic compaction by Birch and Mielcarek (2017), average of 3 blocks
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Stability of Compacted HCB materials

The HCB needs to be mechanically stable in order to accomplish safe handling and installation
of the buffer boxes and spacer blocks in the placement room. In the Swiss concept this is
accomplished through use of HCB blocks of moderate dry density (~1720 kg/m?) and relatively
high moisture content (15%) (Seiphoori, 2015). This is very close to the conditions proposed for
use by NWMO in the Mark Il disposal concept (1700 kg/m? and moisture content in the order of
20%). It was noted by Seiphoori (2015) that at higher density (1870 kg/m?) and lower (10.1%)
moisture content that the physical stability of the blocks was poor with cracking and splitting of
the blocks occurring soon after manufacture and exposure to atmospheric conditions. This is
explained in part by the suction-moisture behaviour of the bentonite comprising the blocks and
interaction with atmospheric moisture as discussed in Section 5.3. This is also evident in the
effect of moisture content on tensile behaviour of compacted bentonite (see Section 5.8)

32 GAP FlI LL MATERI ALS I N NWMO6S REPOSI TORY SEALI NG

The gap fill materials (GFM) pr oposed for wuse in NWMO6s Mar k || |
density granulate of suitable particle size gradation and density to allow for its installation to a

minimum dry density of 1410 kg/m3. The GFM will be installed in the space remaining between

the buffer box / spacer block assembly and the walls and roof of the placement room using a

screw-type auger, similar to that shown in Figure 3-3 and reported on by Mielcarek and Birch

(2016b) and Birch and Mielcarek (2017). A similar approach to GFM installation, also shown in

Figure 3-3, is proposed by NAGRA for use in their pedestal placement concept in sedimentary

rock (Muller et al. 2017).

In trials of GFM production and installation (Birch and Mielcarek, 2017), MX-80 bentonite,
delivered at a gravimetric water content of approximately 10% was dried to the required 2 to 3
%. The dried MX-80 bentonite was then fed through a roller compaction/granulation process.
Figure 3-4 shows the raw MX-80 bentonite, compacted ribbons of densely compacted bentonite
and the subsequently crushed materials. The granulated material was size-separated using a
series of screens in a process sifter that separates the individual crushed particles to produce a
blend of the desired particle size distribution with the largest particles being less than 8mm in
size. In this manner a consistent product can be produced in a process that could be done at
industrial scale.

In order to demonstrate that the 1410 kg/m?3 dry density targeted by NWMO was achievable, a
prototype placement auger was designed and constructed, with a series of placement trials
were completed by Birch and Mielcarek (2017). In eight GFM placement trials undertaken by
NWMO, GFM was demonstrated to be able to be placed to 1489 to 1595 kg/m? (average of
1556 kg/m?) in 100 mm-wide vertical gaps between the HCB and the walls of a tunnel mock-up.
A further series of 6 placement trials were undertaken to examine the density to which the GFM
could be placed in the wider horizontal gap between the buffer blocks and the roof. The as-
placed dry density of the GFM was measured to be 1480 and 1557 kg/m?® and averaged 1524
kg/m?3 (Birch and Mielcarek 2017). Further trials using a smaller test volume achieved GFM dry
densities of 1490+21 kg/m3. All of these trials exceeded the density specification currently set
for the GFM, providing room for future modification of GFM density specifications if required.

Granulated bentonite materials have also been produced by Nagra for use in surrounding their
waste container in a horizontal pedestal placement geometry (Muller et al. 2017). This
geometry has substantial differences from the NWMO concept, for example they propose use of
a much larger container, the use of a smaller circular tunnel, a pedestal consisting of HCB
blocks that acts as a cradle to support the waste container and filling of the majority of the
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tunnel volume with crushed bentonite materials. Figure 3-3 shows the type of machine
proposed for use by NAGRA and Figure 3-4 shows the material proposed for installation. The
auger system proposed is similar to that of NWMO and the granulated bentonite is also
produced by the crushing of HCB materials. The NAGRA concept uses a coarser gap fill
material as a result of the larger volume to be filled with granulated material and also a more
complex auger system, again largely as a result of the difference in the geometries considered.
The reference as-placed pellet dry density for NAGRA is 1450 kg/m? and they report achieving
average densities of 1490 to 1530 kg/m?.

=

Nagra Prototype showing UFC placement geometry (Mdiller et al. 2017)

Figure 3-3: Screw Augers Used to Evaluate Ability to Place GFM.

SKB and Posiva are considering a geometry that is different than NWMOs Mark 1l concept, with
installation of their Used Fuel Canisters in boreholes drilled in the floor of the placement rooms
(IFB). The boreholes and placement rooms will need to be backfilled. This is expected to be
achieved using a combination of HCB blocks and extruded bentonite pellets as gap fill. The
placement of the pellets in the KBS-3 placement geometry considered by SKB and Posiva will
need to be accomplished in gaps of similar dimension to that of the NWMO concept (Wimelius
and Pusch 2008). The current reference pellet materials proposed for use by SKB and Posiva
differ from those of NWMO and Nagra in that the pellets are larger, composed of extruded, rod-
shaped pellets as seen in Figure 3-4. There are several reasons for the difference in pellet size
and shape difference, including a smaller proportion of pellets to HCB and the need for the gap
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fill in the SKB and Posiva concepts to be able to deal with potentially substantial localized water
inflow during backfilling operations. The NWMO and Nagra concepts are focused on geosphere
conditions where, after any needed preliminary grouting in carried out, there is little to no
discernible water inflow to the openings during backfilling operations. Where there is a
discernible water inflow to the placement room, the rod-shaped gap fill proposed by SKB and
Posiva allows for greater initial water redistribution within the gap filled volume, reducing risk of
short-term disruption of the placed materials (Sandén and Jensen 2016). In placement trials for
extruded pellets it was determined that they could be reliably installed to an average dry density
of approximately 950 kg/m?3 (940 kg/m? Arvidsson et al. 2014; 860-997 kg/m? Sandén and
Jensen 2016) with slight differences in density based on the type of bentonite used in the pellet
manufacturing.

Based on gap fill placement experiences gained by NWMO and other organizations, it would
seem reasonable to expect that the type of GFM proposed for use in the Mark Il repository
concept can be installed to densities substantially higher than the 1410 kg/m? specified in
NWMOG6s pl ac e meThisis adesrrable githation as this provides for a greater degree
of confidence that the average density of the materials installed in the placement room will
exceed the 1600 kg/m? average specified in the current reference concept. Higher density of
the as-installed blocks and gap fill materials should not be problematic as this will allow
additional margin to the system should localized material loss by erosion, or hon-uniform
equilibrated dry density of the system.

Raw MX-80 Bentonite Dense bentonite chips and subsequently
Rautioaho & Korkiala-Tanttu (2009) granulated materials considered by NWMO
(Birch and Mielcarek 2017)

ﬁ 0 70

Granulated bentonite mixture considered Extruded bentonite pe“ets of type used by
by Nagra (Muller et al. 2017) SKB and Posiva (Johnsson & Sandén 2013)

Figure 3-4: Photographs of Raw Bentonite and Materials Prepared for Use as Gap Fill
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3.3 INFLUENCE OF COMPONENT DENSITY ON OVERALL SYSTEM DRY DENSITY

Although the topic of influence of component density change from the current reference dry
densities for the HCB blocks and gap fill materials will be discussed with respect to their T-H-M-
C and (B) properties in Section 5, a brief discussion is also provided below to illustrate the
impact of as-placed component variation. For the purposes of discussion, it is assumed that
there are no unfilled voids, component volume and density is uniform throughout the filled
volumes. Additionally, for discussion purposes it is assumed that there is no loss of material
from the regions where they were installed.

The placement room proposed for use in NWMOs DGR concept will have nominal dimensions
of between 3.2 and 3.35 m width by 2.2 and 2.55 m height (cross-section of 7.04 i 8.54 m?).
The final dimensions will be established based on site-specific and other operational
considerations. With the exception of the Gap Fill, the materials installed in the placement room
are expected to be of fixed volume and dimension. Options exist regarding these fixed
dimensions, (e.g. the width of spacer blocks), but once a container spacing is decided on (it will
be determined in part by the geological conditions present at the actual repository site and the
allowable thermal loading of the UFCs), they will also be of fixed dimensions. The volume
occupied by each Buffer Box is approximately 2.9 m® and it contains a single UFC of
approximately 0.58 m3.

Spacing between the Buffer Boxes (and hence UFCs) can be adjusted by changing the
thickness of the Spacer Blocks. The dimension of the spacer blocks will therefore determine the
thermal loading per m of tunnel length and so is important to evaluate during conceptual design
and repository design phases of planning.

For the purposes of analysis and design, there are two Spacer Block sizes currently being
evaluated (0.5 m and 0.3 m thick), as shown in Figure 3-3.
1 For a 0.5 m thick spacer block, there will be approximately ~1.33 Buffer Boxes
and ~1.33 spacer blocks per m of placement room length.
9 For a 0.3 m thick spacer block, Buffer Box loading increases to ~1.51 per m of
placement room length.

From these dimensions it is possible to estimate the amount of gap fill required per tunnel m-
length. It should be noted that the volumes estimated in this document do not take into account
the presence of construction voids (or gaps) between the Buffer Boxes and the Spacer Blocks.
These voids will result in slight reduction in the calculated homogenized dry clay density for the
system.

Based on the excavation and placement block dimensions provided above, scoping calculations
were undertaken in order to determine the effects of varying Buffer Box spacing, opening
dimension and density of the GF material installed on the homogenized clay density in the
placement room. Summary spreadsheets containing the results of calculations are provided in
Appendix F.

The data provided in Appendix F can be summarized as follows:
1 Fora 0.3 mor 0.5 m spacing between Buffer Boxes in the current base-case:
o0 There are 8 Spacer Blocks and 8 Buffer Boxes and 8 UFCs per 5.2 m of tunnel
for 0.3 m Spacer Blocks.
0 There are approximately 8 Buffer Boxes and 8 Spacer Blocks, and 8 UFCs for
every 6 m of tunnel length for 0.5 m thick Spacer Blocks,
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o the average dry density for the HCB-GFM components is between 1616 kg/m?3
and 1665 kg/m? for the extremes of placement room dimensions considered (2.2-
2.55 m height and 3.2 7 3.35 m width).

o The average dry density of the clay component exceeds the 1600 kg/m? required
of the placement room fill.

For the purposes of comparison, the effect on average density of using higher as-placed clay
component densities (1480 and 1730 kg/m?3 for GFM and HCB respectively) were evaluated
(Appendix F). These component densities have already been demonstrated as being achievable
but require considerably more effort to accomplish this level of densification. As expected, the
average bulk dry density of the HCB-GFM system increases slightly when these higher-density
components are used. Average dry density ranged from 1657 to 1700 kg/m? depending on
tunnel and spacer block dimensions selected.

Further increase of the GFM component density to 1550 kg/m? is a possibility based on
placement trials reported by Birch and Mielcarek (2017), but this results in only a further 10
kg/m? increase in the average density of the tunnel fill. The improvement of the GFM6 s - a s
placed dry density is therefore not particularly important to the average homogenized density of
the tunnel fill, it is however of significance with respect to the thermal, hydraulic and mechanical
behavior of the as-placed GFM. It should also be noted that local density variation will be also
be of importance with respect to the potential for biological processes to be active.

Again, it should be noted that for all the cases examined, the calculated average bulk dry
density of the placement room fill exceeds the 1600 kg/m? target currently set for the NWMO
Mark Il placement concept. The influence of these slightly higher densities will be discussed for
each of the T-H-M parameters discussed in this report. The density state of the bentonite
material will need to be further assessed once the equilibrium density conditions are determined
and the placement room dimensions are formally established.

3.4 EQUILIBRATED SYSTEM

It is recognized that for the purposes of design and system modelling, that the placement room
fill is assumed to come to density homogeneity over the longer-term. It is unclear if full density
homogenization will actually occur. In reviewing available information on this topic, (Dueck et al.
2010, 2014, 2016; Kim and Priyanto 2011; Kobayashi et al. 2014; Akesson et al. 2010a,b), it
can be concluded that if the bentonite used in construction of the blocks and pellets are very
similar compositionally, the HCB-Spacer Block-GFM system will evolve towards a more
homogeneous mass than was present at the time of construction. This does not mean that the
system will come to full density homogeneity, only that the lower density components (GFM) will
be consolidated to some degree by swelling and compression of the denser (HCB) components.

As the current NWMO placement room concept calls for use of the same bentonite materials
(100% bentonite from the same source), in the manufacture of buffer boxes, spacer blocks and
GFM, it can be assumed that some degree of density equilibration will occur. Based on the
reports by Dueck et al. (2010, 2014, 2016, 2019); Kim and Priyanto (2011); Kobayashi et al.
(2014) and Akesson et al. (2010a,b), it would seem unlikely that the GFM will reach exactly the
same dry density as the HCB block-filled regions. Depending on local interactions between the
HCB and its surroundings, there may also be some degree of anisotropy that persists over the
long-term.
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The final density state of the HCB-GFM system will be primarily controlled by the proportions of
each component present and their as-placed dry densities and their behaviour will be strongly
influenced by regional hydraulic and groundwater conditions. Density anisotropy will be present
in the materials installed in the placement room for a very long time after system saturation has
been achieved. The magnitude of this anisotropy is as-yet uncertain as is its potential influence
on system performance. This uncertainty highlights the desirability of installing the component
to as high an initial dry density as is practical. As can be seen in Table 3-2 and Table 3-3, the
density of the GFM will not substantially affect the average density of the placement room fill,
but it is desirable to have the GFM installed to sufficiently high density that it will require only
minor consolidation by the adjacent HCB to ensure that the entire system will meet performance
requirements early in the equilibration process. It should be noted that the calculations
summarized in Appendix F use slightly larger placement room dimensions than provided by
Noronha (2016) and NWMO (2017) and so provide densities lower than would be achieved in
the previously quoted placement rooms. These larger dimensions were used to address recent
thinking regarding installation of HCB tiles on the floor of the placement rooms (which will add
height to placement room opening needed), and additional placement room width to
accommodate equipment movement.

It can also be noted that increasing the as-placed dry density of the GFM and HCB components
from the currently proposed minimum values of 1410 and 1700 kg/m?3 respectively, to the
already demonstrated as being achievable values of 1480 and 1730 kg/m? will result in a
modest increase (~40 kg/m3) in the average density of a density equilibrated system. Within the
range of placement room dimensions and material densities considered under the current
geometries, the average placement room fill dry density will be between 1615 and 1675 kg/m?3,
all of which exceed the current reference of 1600 kg/m?3. It should also be recognized that final
dry density within the placement room will be impacted by variances in room dimensions due to
rock overbreak during excavation. As a result, on achieving water saturation some variation in
the dry density throughout the room is likely since it is unlikely that the system will come to full
density equilibrium. It will therefore be important to establish what the range of local density
variation will be rather than relying on estimated average density.
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4. T-H-M-C PROPERTIES OF HCB AND GFM MATERIALS

4.1 BASIC REQUIREMENTS AND PROPERTIES NEEDED IN HCB AND GFM

The prediction of the long-term T-H-M-C(B) behavior of the placement room fill is based on
several basic assumptions regarding initial and long-term properties and performance of HCB
and GFM.

The basic requirements for these clay-based sealing materials are:

1 To fill the excavated volume of the DGR's placement room. In order to accomplish this
the buffer (HCB and GFM) must have the ability to swell and fill any unfilled voids left
after sealing materials installation and also provide some active support to the
surrounding rock. The requirement of a minimum swelling pressure of 100 kPa in the
placement room is set to establish the rock support conditions. With a swelling pressure
comes the ability of the sealing materials to expand into any voids adjacent to them;

1 To support the UFCs without experiencing unacceptable change in their location within
the placement room. This will require that the sealing materials (HCB) located below
and around the UFCs exhibit adequate strength, stiffness and deformation
characteristics;

1 To provide an environment where the maximum temperature at the surface of the UFC is
kept below 100°C at all times after its installation,

1 To resist physical and chemical deterioration by the local environment during the life of
the DGR. This requires knowledge of;

o] Movement of groundwater in the vicinity of the placement rooms,
o] Influence of regional conditions on the materials T-H-M-C behaviour, i.e.;

AAbility of the sealing materials to limit water movement and mass transport of
contaminants to diffusional levels. A bulk hydraulic conductivity of <10-1° m/s
has been set to reflect this requirement,

AAbility of the sealing materials to resist relocation or dissolution by the
groundwater it comes in contact with,

AChemical interactions between sealing materials and other installed materials
(concrete floor, UFC) and how these might affect system behaviour,

AChemical interactions caused by radiolysis (radiation exiting surface of UFC),

ABiological processes that could affect contaminant migration or biochemical
degradation of the minerals or UFC. In order to suppress bacterial activity and
migration to levels where they will not impact UFC or buffer performance, a
maximum water activity (aw) of 0.96 has been identified (Stroes-Gascoyne et al.
2007a,b). For groundwater with salinity of less than 100 g/L, aw of less than
0.96 is achieved with an average weighted minimum buffer dry density of
1600kg/m3. 't should be noted that a groundwat el
in an environment with aw < 0.96.
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4.2 BASIC MATERIAL PROPERTIES THAT CAN BE USED TO HELP DETERMINE
BENTONITE BEHAVIOUR

4.2.1 Background

A number of basic characterization tests have been developed for use in geoscience and
geotechnical engineering that are readily utilized in determining basic material properties and
that allow for screening of candidate materials. These tests can also be used in evaluation of
any changes in behavior that occurred as the result of conditions that the sealing materials were
exposed to. As NWMO has selected a particular bentonite product (MX-80) as its reference
material for research, design and development, discussion of materials properties will focus on
this material. The general considerations outlined for MX-80 will be applicable to other products
but the values obtained for those materials will be different.

The montmorillonite family of minerals exhibit certain properties that make their behavior
unique. The material referred to commercially as bentonite is typically composed of a
montmorillonite-rich clay shale that has been excavated, dried and crushed. The characteristic
properties of each source will therefore vary depending on its geological history, composition of
its source materials and its processing.

Montmorillonite-type minerals have a sheet-like structure with very large and very highly
charged surfaces. These surfaces will, if not confined, take free water (and ions) into the
spaces between their unit cells and in so doing will expand. The ability to expand is dependent
on factors such as the magnitude of the surface charge, minor differences in the chemical
composition of the mineral structure, the composition of the water surrounding them, and other
environmental factors such as cementation of adjacent mineral layers. More detailed
descriptions of mineralogy and mineralogical considerations is provided by Karnland et al. (2006
and Karnland (2010). A schematic showing a conceptualized side view of two montmorillonite
layers is provided in Figure 4-1.

i-;ﬁ‘azng :I intertayer

SpacE
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layer ~ 9.2 A

Figure 4-1: Side View of Dry Montmorillonite Clay Platelets and Following Limited
Hydration (Karnland et al. 2006)

Some of the basic material properties of relevance to the sealing materials installed in a
placement room include:

Mineralogically Dominated Properties:
9 Mineral components present,
9 Chemical composition of mineral solids,
9 Surface area of minerals,
1 Cation Exchange Capacity (CEC),
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9 Exchangeable cation composition (EC), and
9 Water Activity (aw).

Mechanical Properties:
9 Grain-size distribution.

4.2.2 Mineralogy

Wyoming-type bentonites including MX-80 are the product of hydrothermal alteration of volcanic
ash laid down during the Cretaceous period in the large, shallow, brackish water-filled region
occupying what is now much of the central portion of the United States of America, extending
north into Canada (Dixon and Miller 1995; Dixon et al. 1996a). These ash deposits were
subsequently buried by further sedimentary actions and underwent geochemical alteration to
form layers of montmorillonite-rich clay shale. The MX80 bentonite is a hydrous aluminum
silicate comprised of clay minerals of the smectite group including montmorillonite, nontronite
and sodium aluminum silicate hydroxide. Although very consistent over large areas, they are
natural sedimentary deposits and so are subject to variability with respect to their composition
and properties of the subsequently mined clay shales. This makes knowledge of the
mineralogical and geochemical composition of the materials critical as the mineralogy of the
bentonite used in manufacture of the HCB or GFM components is a key parameter in
subsequent HCB and GFM production and the behavior of these materials. The amount of
montmorillonite, its chemical structure and the nature of associated cations or cations adsorbed
on its surfaces will define most of the T-H-M-C behavior of the HCB and the GFM.

Mineral Content of MX-80

Mineralogy is commonly determined through use of x-ray diffraction (XRD) analysis. This
involves comparison of the peaks present on an x-ray diffraction pattern of a specimen to those
of reference materials of known composition. This is now done routinely through computer
peak-matching software, resulting in highly consistent methodology for mineral identification and
guantification. An example of an XRD trace for MX-80 is provided in Figure 4-2. Determination
of the quantity and type of swelling clay minerals in a sample of bentonite, as shown in Table 4-
1, allows general predictions regarding material behavior since it is the montmorillonite content
that determines bentonite behavior. These patterns and analyses can also provide indications
of the presence of undesirable minor mineral components. Detailed discussion related to
mineralogical determination of MX-80 bentonite is provided by Karnland (2010). As can be
seen in Table 4-1, even subsamples of a single sample of MX-80, can show considerable
variability in their analytical results. Table 4-1 presents the results obtained from three
laboratories, with variability particularly evident for minor components. This illustrates the
challenge of establishment of the exact mineral content of bentonite specimens. Some of the
variation may be attributable to laboratory preparation, methodology or analytical method but
some may reflect localized variability of the material itself. This goes along with observations
that hydration state and density of the bentonite will also affect the XRD patterns, making
quantification challenging (Muurinen 2009).

The bulk chemical composition of the bentonite can be determined via x-ray florescence (XRF)
which provides a measure of the main cations present in the specimen and provides information
related to the structure of the clay as well as what minor components such as soluble iron or
calcite are present. Examples of XRF data for 3 identical MX-80 Bentonite samples is provided
in Table 4-2 Dixon et al. (2018). These data also show variations in the results obtained, further
illustrating the differences that can be encountered when examining subsamples of a single
sample of natural bentonite.
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Table 4-1: Semi-Quantitative X-Ray Diffraction Results for Identical Bulk MX80 Bentonite
Samples (3 Laboratories)

I SKB
Aoligion Her,  ske MRS Kamiana
9 al. (2006)
Mineral (%) (%) (%) (%) (%)
Montmorillonite 94.8 88.5 79 87.4+8.0 81.1-85.8
Calcite 2.2 3 3.6 2.9+0.7 0.1-0.5
Dolomite - TR - TR -
Quartz 1.6 2.3 3.5 2.5+1.0 4.6-7*
Biotite 1.4 - - <1.4 -
Muscovite (+illite) - 0.3 7.1 0.3-7.1 2.1-3.9
Plagioclase TR 0 6.8 0-6.8 1.8-4.2
K-Feldspar TR 3 - <3 0.3-2.1*
Siderite - 1.9 - <2 -
Pyrite - 0.6 - <0.6 0.5-0.6
Gypsum - 0.4 - <0.4 0.5-1.3
Iron minerals** - - - - 0.8-2.6
Total 100 100 100 99.9

Note: TR-6= =t rnaocte ;dedt ect ed

* values are sum of polymorphs of the indicated mineral group (e.g. quartz, cristobalite and tridymite;
microcline and orthoclase feldspars)

** sum of iron minerals goethite, hematite, magnetite and lepidocrocite

]
2
=]
[=]

Counts

[

10 20 a0 40 &0 a0 70

2@ Cobalt K-alpha
[l 1235788 - File: SA-440-SR-Sh01-B.RAW
[Li]oe-00-0087 (U} - Quariz - Si02
[L1]26-080-0003 {U) - Microcline - from Pike's Peak bathalith, Colorads, USA - - KAISIZ308
IEQQ-EQD—EIJSZ (U} - Andesine - from Hogarth Ranges, Australia - Na.488Ca 491 (A1 488512 50608)
©2-080-0005 (U} - Calcite, sym - CaCo3
92-080-0008 (U) - Siderite - FeCO3
93-080-0014 (U} - Pyrite - Fa32
IEQQ-EQD—EI]ZQ (U} - Muscovite - from Keystone, South Dakota, USA - KAIZSIZ3010(0H)2

Figure 4-2: X-Ray Diffraction Trace for MX-80 Bentonite (Dixon et al. 2018)



27

Table 4-2: Major Oxides Composition of MX80 Bentonite Samples (after Dixon et al. 2018)

. . . . . . Adjusted
Vb valuer | et vaiuer | SREL vaiuer [ SRC2 e | M7 ailer [y vatge STOe [|erature
values
Oxides
Na,O 1.87 2.29 1.98 2.41 1.49 1.78 1.56 1.88 1.97 2.32 2.14 0.26 2.53
MgO 3.16 3.87 3.09 3.76 2.25 2.68 2.26 2.72 2.7 3.18 3.24 0.50 3.30
Al,O3 18.57 22,76 | 18.24 22.20 18.80 22.42 18.80 22.60 20.51 24.18 22.83 0.70 21.78
SiO, 51.46 63.06 51.76 63.01 54.40 64.87 53.10 63.84 54.13 63.81 63.72 0.67 66.31
P,05 0.10 0.12 0.07 0.09 0.06 0.07 0.06 0.07 0.03 0.04 0.08 0.03 tr
K,0O 0.16 0.20 0.61 0.74 0.43 0.51 0.41 0.49 0.36 0.42 0.47 0.18 0.55
CaO 2.07 2.54 2.21 2.69 1.82 2.17 1.87 2.25 1.2 1.41 2.21 0.44 1.21
TiO, 0.16 0.20 0.16 0.19 0.19 0.22 0.18 0.21 0.22 0.26 0.22 0.02 0.18
MnO 0.02 0.02 <0.05 0.06 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.01
V,0s5 <0.003 - <0.05 0.06 - - -
Cr,0O3 | <0.001 - <0.05 0.06 - - -
Fe,03 3.78 4.63 3.86 4.70 4.20 5.01 4.59 5.52 3.47 4.09 4.79 0.47 3.74
FeO - - - - - tr
Cc - - - - - 0.11
S - 0.00 0.00 0.16 0.19 0.17 0.20 0.21 0.25 0.13 0.11 0.22
LOI** 17.41 17.62 17.19 17.40 15.80 15.99 15.90 16.09 15.12 15.30 16.48
Total 98.8 99.7 99.2 100.0 99.6 99.9 98.9 99.8 99.9 100.0 99.9 99.9

*  Value is adjusted to remove water, removing variability in received water content from data.

** | oss on ignition (heating to 1000C). This removes all water, carbonate, gypsum and organic matter from the
specimen.

*** Data provided by Minerals Technologies (Am. Colloid Company)

* Data from Karnland et al. (2006); Kiviranta and Kumpulainen (2011), Dixon (1994) and Dixon and Miller (1995).

4.2.3 Mineralogy-Related Materials Properties

Surface Area of Bentonite Clay

Surface area (SA) of the clay is a means used to estimate the potential of the clay to chemically
react with its surroundings. Montmorillonite materials have very high surface area per gram of
clay and so can be expected to interact substantially with their surroundings. Measurement of
SA, typically done using the Methylene Blue Test (ASTM C837) can be used to provide an
indication of the surface reactivity of the clay and hence its likely suitability for use. Changes to
SA as the result of exposure to harsh environments (e.g. high or low pH) or high charge cations
can result in discernible changes in SA available to react with pore fluid. Both of these
conditions may result in undesirable changes in the H-M behavior of the system. Values
determined for this parameter are provided in Table 4-3.

The large surface area and large negatively-charged clay surfaces allows for exchange of
cations between the mineral surface and the surrounding pore fluid. Cation Exchange Capacity
(CEC), Exchangeable Sodium Percent (ESP) and Exchangeable Cation (EC) parameters
provide an i ndi abdityfo atmact,ddnd ant releasel caignéd fsom its hydrated
surfaces as noted below;
1 The CEC measured for a clay provides an indication of the theoretical maximum degree
of cation exchange that could occur.
1 The ESP is the total adsorbed sodium (meq) that is present divided by the CEC. As a
result the higher the ESP, the more chemically reactive is the bentonite.
1 The EC measures the actual amount of adsorbed cations that will readily exchange with
their surroundings. This EC value is a more relevant measurement when assessing the
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reactivity of the bentonite, since strongly adsorbed cations (such as divalent Ca, Mg, Fe,
Cu) will not readily exchanged with the surrounding pore fluid once adsorbed on the
clay surface.

Low CEC, ESP or EC values indicate that the clay will have a lower swelling capacity, fewer
exchange sites to accommodate changes in pore fluid composition and potentially a higher
ability for advective flow. This also has significance to the DGR environment should strongly
adsorbing cations become available and then react with the bentonite to reduce barrier sorption
ability. Typical values of CEC and EC determined for MX-80 bentonite are provide in Table 4-3
and based on the information available a set of suggested reference values have been
developed. With further evaluation, these reference values may provide a good basis for quality
specifications or screening values for MX80 materials proposed for repository use.

4.2.4 Grain Size Distribution

Grain size distribution in bentonite products is almost entirely a function of the mining and
processing of commercial bentonite from its source clay-shale formations. The size distribution
of the dry bentonite particles used to produce HCB and GFM can affect the compaction
characteristics of the clay and in extreme cases unsuitable material could result in production of
unacceptable block or granulate. A second consideration is associated with the fines
component. The patrticles in the bentonite used in the manufacturing of sealing system
components include fines that are dominated by the strongly hydrating montmorillonite-type
minerals. These fines can have a disproportionate influence in the rate of water uptake and
initial sealing behavior of installed materials such as GFM, particularly if the GFM used is in
pellet form (Sandén and Jensen 2016). Granularity is therefore an important factor in both the
production of block and granules for use in HCB or GFM and needs to be defined.

MX-80 is the reference source material for NWMOs HCB and GFM component and has been
used extensively as a reference research material in the repository sealing programs of Finland,
Sweden and Switzerland. As indicated by its product name, MX-80 is a material that has a
target particle size of 80 mesh (0.177 mm) and for the majority of its mass to be contained
between 30 and 80-mesh screens. Figure 4-3 provides three examples of the grain-size
distribution measured for the as-received reference bentonite (MX-80) (Dixon et al. 2018; and
Wang et al. 2012).

There are a number of factors that will affect the grain-size distribution of the MX-80 bentonite
delivered for use, including:
1 processing during manufacture (moisture content at time of manufacture, durability of
the crushed clay-shales particles, effectiveness of particle screening);
i storage and handling of the commercial product (moisture change during transport and
storage, and segregation during handling); and
1 mechanical breakage of granules as the result of movement and handling of materials.

All of these can result in changes to how the material will respond during manufacture of HCB,
GFM and other components as well as the initial reactivity of the GFM since a high proportion of
fines will result in a more rapid initial rate of bentonite swelling at the site of water inflow.

Hence, grain-size distribution can affect the initial water uptake rate and distribution, particularly
in the lower-density GFM with its more heterogeneous granularity, and this has been
documented in studies of the pellet GFM produced for use by SKB/Posiva (Sandén and Jensen
2016). Nevertheless, over the longer-term hydration, subsequent swelling and density
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equilibration of the GFM and HCB, the system should minimize the effect of granularity of the
source materials or as-placed GFM on overall system performance.

Table 4-3: MX-80 Mineralogy and Mineralogy-Related Parameters

Parameter Misc Carlson Kim Abootalebi Karnland Dixon Possible
Values | (2004) etal. (2016) etal. (2006) | etal. Reference
(2012) Karnland (2018) Value
(2010)
Mineralogy (%)
Montmorillonite* 65-822 80-85 75-85 84.6 81.1-85.6 79-94.8 >80
75
79.2i
92¢
854
lllite 3t tr 2.1-3.9 0.3-7.1
Quartz 15.2 4712 8.6 4.6-7 1.6-3.5
2.8
3C
Feldspar 5-8 518 2.1-6.3 3-6.8
11.21
Calcite 0.7/0.6' 2.2-3.6
CEC 88-110° 80-110 75 80-88 >75
(meq/100g) 84-104f 75-78
76.7-78f
71-77
60-80°
759
EC (meq/100g)
Na 61 49-67 >50
Ca 10 11-15 <15
Mg 3 4-6 <6
Lig. Limit* (%) 457.1h 450-550 322 350 >350
397d
4234
Plastic Lim. (%) 32¢ 35 33 >30
659
Plasticity Index 365¢ 287 318 >310
358
Specific Surface 5122 7508 >500
(total), (m2/g) 5234
562
Specific Gravity 2.822 2.78 2.62-2.78° 2.72 2.75
2.74d 2.75-2.78

* Montmorillonite family of minerals;

™ These values were from testing in various liquids, highlighting sensitivity to method of measurement.
*value obtained is very sensitive to source material texture (fines) and method of preparation. It is also for
untreated, natural bentonite. Chemical treatment can substantially increase this value.

a. Villar and Gobmez-Espina 2008; b. Pusch 2002; c. Tang et al. (2008a);

d. Seiphoori 2015; e. Davies etal. 2017. f.Bradbury and Baeyens (2011)

g. Keto et al. 2009. h. Johannnesson and Boérgesson 2002; i. Montes et al. 2003;
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Figure 4-3. Grain Size Distribution Measurements for MX-80

4.3 POROSITY AND PORE-SIZE DISTRIBUTION IN GFM AND HCB

The thermal, hydraulic, swelling and air movement characteristics of the GFM and HCB are
strongly affected by the nature of the pore spaces, particularly their size and size distribution.
The determination of the pore space available for mass transport has been studied by
numerous investigators (Holmboe et al. 2012; Muurinen 2009; Pusch et al. 1990; Pusch 2002;
Suzuki et al. 2004) and the role of this parameter is briefly summarized below.

The pore spaces in a bentonite material can be broken down into two major sub-categories,
firstly the macro-pores (greater than approximately 25 nm), between the larger clay particles
and secondly, micro-pores (less than approximately 10 nm), consisting of the interlayer and
diffuse double layer (DDL) water components (Figure 4-4). The micro-porosity is often
inaccessible for use in movement of water through the clay mass but plays a very important role
in development of swelling pressure and later hydraulic conductivity.
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Figure 4-4: Pore-Size Distribution in Compacted Bentonite Measured Using Mercury
Porosimeter (Lloret et al. 2003; Romero and Simms 2008).

The proportion and distribution of the micro- and macro-pores may also affect movement of gas
through the clay. Figure 4-5 shows several schematic representations of the pore structure in a
compacted bentonite clay and how these pore sizes might be distributed. What should be noted
is that the distribution of these pore sizes within a clay is a result of the texture of the source
material, compaction method and conditions as well as the density to which the bentonite is
compacted. It is also subject to change with time, hydration state and stress history. Holmboe
et al. (2012) described the response of bentonite pore size distribution with increasing
densification as being largely associated with reduction of macro-pore presence and
corresponding increase in interlayer voids. The proportion of such macro-voids is substantial for
dry density of < 1800 kg/m? and at density approaching 1350 kg/m? the proportion of macro-
voids is about of 22% of the total porosity (Suzuki et al. 2004).
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Figure 4-5: Schematic Representations of Pore Structure of Compacted Bentonite

Figure 4-6 showsthee st i mat ed ff r eswuctpral or DBLiwatgr Gomgoneathin a
variety of bentonites and bentonite density conditions. Data for MX-80 indicates a change in
free porosity from approximately 8-10% at dry density of 1400 kg/m?® to < 3% at 1600 kg/m? or
higher (Holmboe et al. 2012). Such changes in pore size distribution can be seen in changes in
hydraulic and gas transport characteristics. A general conceptual model for this process has
been provided by Pusch et al. (1990, 2002), Muurinen and Carlsson (2013) and Muurinen
(2009).

Beyond conceptual models for clay microstructure and porosity, determined indirectly using
XRD or neutron scattering techniques, pore size and pore size distribution can be measured
through use of fluid (mercury) or gas intrusion measurement into compacted bentonite. Figure
4-6 shows an example of the pore volume analytical results obtained using this method and
clearly shows the bi-modal distribution of pore sizes and the loss of the macro-pore component
as the result of densification in bentonite materials (Lloret et al. 2003). A similar reduction is
observed where hydration is ongoing, with the larger pore size component reducing in
proportion as the clay swells into the larger voids (Kochmanova and Tanaka 2011). The
presence of a substantial sand-sized component in association with the bentonite shifts this
pattern to a tri-modal distribution with a third, larger component being associated with the sand
particles (Siemens et al. 2007).
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4.4 GROUNDWATER CONDITIONS

In a sedimentary geosphere the conditions encountered in the Queenston Shales that overly the
Cobourg limestone unit at the Bruce site in Ontario have been selected to represent the highest
salinity environment likely to be encountered. The Queenston Shale and Cobourg Limestone
have TDS values in the order of 336 g/L and 272 g/L respectively (See Gobien et al. 2018,
Table 7-2). Since the shafts of the DGR will pass through the more saline shale formation it is
assumed that the porefluid encountered with the sealing materials are essentially saturated
brines and are dominated by Na, Ca, and Cl. NWMO has generated reference formulations that
are representative of the types of groundwater that are anticipated to be encountered at a DGR
site. Compositional summaries for several of these pore fluids and they are presented in Table
4-4. Other sites may have less concentrated pore fluid conditions, but the issue of the more
saline fluids in materials characterization and performance prediction provides a conservative
bounding condition for evaluating system behavior. The depth and geological setting of the
Cobourg limestone unit makes it unlikely that there will be any substantive interaction between
groundwater of the biosphere with the deeper limestones (presence of overlaying low
permeability sedimentary units, presence of ancient salt formations in sedimentary units
overlying the limestones).

In a crystalline (granitic) geosphere, the groundwater conditions are expected to be much less
saline with values of 10-80 g/L TDS anticipated at the placement level (Gascoyne et al. 1987).
The interaction of the granitic formation with water originating in the biosphere is potentially
higher (glacial low TDS melt water driven downwards by glacier-induced gradients (Hedstrom et
al. 2015), or more saline deeper groundwaters being drawn upwards to repository level (Lofman
et al. 2010) than for the sedimentary case. In the sedimentary site, the presence of large
volumes of overlying highly-saline sedimentary formations, including salt deposits as well as low
permeability shales will act to isolate the repository from groundwater perturbations induced by
surface processes.
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Actual groundwater salinity varies with depth and location in both sedimentary and crystalline
rock formations. Examples of these data are presented in reports by Hobbs et al. (2011),
NWMO 2011b) and NWMO (2018) for sedimentary sites and Gascoyne et al. (1987), Gobien et
al. (2016), NWMO (2017) for crystalline rock conditions. These data illustrate the changes that
occur with depth at various locations. For the purposes of evaluating sealing system
performance, a set of bounding groundwater conditions have been defined for use in estimating
influences in system performance and these are provided in Table 4-4. As noted above, granitic
rocks in the Canadian Shield can exhibit higher salinity levels than the 11 g/L TDS of CR-10,
reaching concentrations of 55 g/L (Frape et al. 1984) or higher (~89 g/L at 420m- depth at CNL
URL site, Gascoyne et al. 1987). Therefore, the salinity at any location being considered will
need to be taken into consideration when defining swelling, hydraulic and other properties for
performance modelling purposes. These effects are discussed in more detail in Section 5.

Table 4-4: NWMO Reference Groundwater Compositions at Placement Level of DGR in
Sedimentary or Crystalline Host Rocks.

Parameter CR-10* SR-L** SR-Sh***
pH 7.0 O6neutralc 6neutral &
Na 1900 46000 55200
Ca 2130 19400 48100
K 15 17600 19500
Mg 60 4860 6080
Cl 6100 135100 205600
SO4 1000 480 96
TDS 11205 223440 334576

Note: Units are in mg/L, except for pH.

*Crystalline (granitic) rock

** Limestone at depth in Ontario

*** Shale units overlying limestone formations in Ontario

4.5 EFFECT OF RADIOLOGICAL PROCESSES ON BENTONITE STABILITY

4.51 Background

A brief review of literature that assesses the influence of radiological-induced processes on
bentonite stability and performance is provided in this section. As noted by Safi (2017), until
radionuclides are released from the UFC, the possibility of their transport through the barrier is
irrelevant. However, ifiwhen UFC failure occurs, there needs to be an assessment of the effects
of direct radiation and/or radiation induced processes on the microstructure of bentonite before
the breach occurred. As the HCB and water adjacent to the UFC will be exposed to an
extended period of irradiation by the alpha and gamma radiation being generated by the decay
of the UF, the possible effects of this prior to UFC breaching still needs to be evaluated as part
of a long-term degradation process.

4.5.2 Direct Radiation Damage to Mineral Structure

The potential for radiation reaching the bentonite adjacent to the UFC to change or damage the
microstructure of the montmorillonite minerals has been identified as a concern regarding
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barrier durability and performance. In its most severe form, radiation-induced alteration of the
crystalline minerals in the bentonite results in formation of amorphous silica and alumina
compounds. This was identified as an issue important for the radionuclide retention properties
of smectite clays as cumulative doses may alter the mineral structure and hence properties
such as sorption, swelling or water retention of clay minerals. Alternatively, formation of such an
amorphous material could also result in a reduction in the porosity of the surrounding materials,
thereby reducing transport capacity.

The influence of alpha and gamma radiation on the microstructure of bentonite has been
evaluated by numerous researchers over the past 40 years, unfortunately much of this work has
been done under very different and often not relevant boundary conditions (e.g. unrealistically
high radiation levels, massive short-term irradiation, highly elevated temperature (>300°C)). In
order to try and avoid confusion related to these studies, the results of several key papers
related to radiological effects on bentonite are summarized below in order of the date of
publication with the main observations from each underlined. Where possible the units of
radiological measurement have been converted to units of Gray (Gy).

4.5.3 Alpha Radiation

The Mark Il UFC is very effective in self-shielding for alpha and beta radiation. It is assumed
that there is effectively no alpha-radiation that makes it through to the outer surface of the UFC
so long as it remains intact. This is important in that the alpha radiation is generally recognized
as being most able to interact negatively with the HCB. The radiation dose rate is typically
referenced in Grays (Gy), which is a derived unit of ionizing radiation dose in the International
System of Units (SI). It is defined as the absorption of one joule of radiation energy per kilogram
of matter. The results of various studies examining alpha radiation are summarized below in
order of their publication date:

Reed et al. (1987) reviewed several studies that had examined the effect of alpha radiation on

the crystallinity of bentonite. Tests were done at extremely high alpha radiation fields (2.2 x 107

Gy/h) (as well as at significantly lower fields (1% and 0.1% of the original tests). There was

damage to the bentonite only in the high-dose experiment with reported loss of crystallinity, low
permeability and high expansivity of the clay. The sorption capacity was also reportedly higher

after irradiation. The dose rates and total doses the bentonite was exposed to in the high dose
experiments was estimated to be some 2000 to 107 times that expected for a container installed

in the basalt repository being considered in that report. It was concluded that the most
representative data with r eslpverddse-ratecomdiddO6 s DGR
examined and no structural damage was reported for the bentonite.

Allen and Wood (1988) reviewed several studies on the effects of sodium montmorillonite
exposure to alpha doses. It was concluded that high alpha irradiation can lead to structural
damage, but only if the container failed and there was a substantial alpha dose to the clay.

Sorieul (2003) examined cumulative alpha radiation damage to montmorillonite produced by
ionizing radiation including MX-80 derived montmorillonite. The importance of the iron content
of the montmorillonite minerals (or other accessory minerals) was identified. MX-80 derived
minerals were reported to contain 4% iron in its structure. lonizing irradiation was reported to
induce two main effects:

T Firstly, paramagnetic point defects were identified in irradiated montmorillonite as
trapped holes located on oxygen atoms of the smectite structure. These defects are
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characterized by different thermal stabilities, according to annealing experiments. Their
creation is limited by saturation curves with maximum damage around 100 MGy.

9 Secondly, there were substantial modifications of the oxidation state of structural iron
observed that were sample and dose-dependent. Irradiation was reported to induce
reduction and oxidation of iron, but the intensity of redox effects varied significantly with
the nature of the interlayer cation and less with the interlayer water content.

It was concluded by Sorieul (2003) that the alpha irradiation of montmorillonite has the potential
to strongly modify the layer charge of the montmorillonite owing to the production of positive
holes and oxidized iron. This conclusion was supported by observed changes of cation
exchange capacity made using He ion irradiation. The absorbed radiation dose required to
induce amorphization was measured and found to vary with the nature of interlayer cations and
density charge in the minerals.

Sorieul et al. (2008) discussed the potential for cumulative doses of radiation (alpha and

gamma) to degrade the mineral structure of montmorillonite to an amorphous state with

alteration of their sorption, swelling, and water retention properties. They reported that the

maxmum effect occurs at about -inButed dehydroxyladiah, wi t h t e mj
enhancing amorphization, but the exact relationship depends on the interlayer cation.

At ambient temperature, ionizing radiation and alpha-decay events do not show the same
efficiency of causing amorphization. At ambient temperature, ionizing radiation in the order of
10%° to 10 Gy is required to amorphize bentonite, which is much higher than the total radiation
dose expected from the wasteform and packaging considered in 10° years. In contract alpha
decay radiation will amorphize clays at doses consistent with those generated over 1000 years.
It is noted that the limited penetration of alpha particles and recoil nuclei is limited to the 100 nm
-2 0 ¢gange. This will minimize crystal structure damage in the clays further from the source
of irradiation.

Sorieul et al. (2008) concluded that montmorillonite clays will not be amorphized unless the
waste package is breached and released actinides are heavily sorbed onto the clay.

Wilson et al. (2011) examined existing literature and summarized the issue of radiological
influence of alpha radiation on bentonite properties as follows:

9 High doses of alpha radiation can have some impact through degradation of the clay
mineral structure should certain radionuclides migrate through the bentonite, especially if
the migration paths are narrow.

9 It was noted that SKB has considered the effect of alpha-damage on a bentonite buffer
(SR-Can assessment, KBS-3 disposal facility, SKB 2006a) assuming early canister
failure, and SKB concluded that only a small part of the buffer would be affected (and
that this would not be substantial). It was also noted by Wilson et al. (2011) that Nagra
also concluded that alpha-damage and deleterious effects were unlikely.

1 Several clay mineral properties such as solubility, specific surface area, and exchange
capacity can be altered by local damage produced by radiation, but the effects on
properties appear significant only for high doses and remain relatively limited in
distribution, being concentrated closest to the UFC.

Xie et al. (2012) concluded that the impact of alpha radiation on clay minerals (such as
smectite) is primarily related to changes in its microstructure and can be understood by
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considering the mechanisms for cation diffusion. Alpha radiation is expected to cause structural
disintegration along the migration paths. It was reported that experiments have shown that
montmorillonite that has been saturated with a radioactive solution that yielded around 5x1018
Ug, is completely destroyed and converted to an amorphous, siliceous mass. Xie et al. (2012)
referenced other studies that reported that an alpha dose of around 4x108 U -gs required to
completely destroy the crystal structure of montmorillonite. Crystal structure disruption as the
result of exposure to gamma radiation was expected to cause reduction of the size of the
crystallites and a related increase in specific surface area.

Author note: Converting these alpha doses to units of Gy is somewhat problematic since the paper lacked
some specific information regarding the energy of these alpha particles. However, assuming an energy
of 6 MeV/alpha patrticle, and 1 MeV being equal to 1.602E-13 joule, a value in Grays can be estimated as
1 Gray = 1 Joule/kg. From this, the alpha doses used and referenced by Xie et al. (2012) is
approximately 4.8 x 10° and 3.849 x 10° Gy. These alpha values are so high as to have limited relevance
to the NWMO DGR, particularly as the NWMO UFC is essentially self-shielding with respect to alpha and
beta radiation while it remains intact (Morco et al. 2017).

Safi (2017) undertook a review of the effects of radiation or radiation induced processes on the
bentonite barrier. It was noted that the dose rate and energy of the particles in the studies so
far differ substantially from those the bentonite will be exposed to in the KBS-3 repository. In
some studies, for example, alpha radiation has been used to study the response of clay
minerals and this is not particularly relevant for a UFC where the range of alpha radiation may
not be long enough to reach the bentonite barrier. In other studies, conditions expected in the
repository have not been considered properly. For example, bentonite response to electron
radiation is often studied under much higher temperatures than those expected at the surface of
the UFC in the KBS-3 (or NWMO) repository.

Author note: This means that the results reported by Safi are also incompatible with the conditions
anticipated in NWMO6és repository where fields wil!l be

Safi (2017) further concluded that even though amorphization of smectite minerals is unlikely
under ionizing radiation with moderate energies (alpha particles, beta and gamma rays)
(Gournis et al. 2000, Allard and Calas, 2009; Allard et al. 2013), it is possible that once
radioactive material is released following UFC failure, the radiation (alpha recoil nuclei) from
escaped transuranic elements may be able to induce amorphization of the montmorillonite. This
conclusion was however based on using rapidly accumulated radiation doses in laboratory tests
to simulate what the barriers might receive during the lifetime of the repository (Safi 2017). It
was concluded by Safi (2017) that since amorphization has a significant influence over the
dissolution kinetics of smectite, and thus on its radionuclide-retention properties, it is important
that the behavior of the montmorillonite clay under exposure to long-term radiation should be
considered in safety analyses. This conclusion was also reached by Sorieul et al. (2008);
Fourdin et al. (2010); Meunier et al. (1998) and Haire & Beall, (1979).

4.5.4 Gamma Radiation

Gamma radiation is capable if passing through the walls of the UFC and interacting with the
HCB surrounding it. The radiation dose rate is typically referenced in Grays (Gy), which is

a derived unit of ionizing radiation dose in the International System of Units (SI). It is defined as the
absorption of one joule of radiation energy per kilogram of matter. The conclusions reached by
various researchers are provided below and it should be noted that they are not entirely
consistent. These studies examining the effects of gamma radiation are presented in order of
their publication date:


https://en.wikipedia.org/wiki/SI_derived_unit
https://en.wikipedia.org/wiki/Ionizing_radiation
https://en.wikipedia.org/wiki/International_System_of_Units
https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Matter
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Allen and Wood (1988) examined the results of several studies related to the effects of sodium
montmorillonite exposure to gamma radiation and concluded that there was no evidence of
damage under high gamma irradiation. In a study for the HLRW canister considered for use in
the USA dur i ngwas deermihedl &hat the radiation would be almost exclusively
gamma, with a 1000-year total absorbed dose of 107 to 108Gy occurring. In a second
referenced study it was observed that a total absorbed dose of 3x108 Gy of 8°Co gamma
radiation resulted in no detectable crystallographic changes. The third study referenced by Allen
and Wood (1988) had a 3x107 Gy total absorbed dose of ®°Co gamma radiation plus heating to
300°C. It was concluded that no changes beyond those attributable to heating alone occurred.

Gournis et al. (2000) examined the effects of total doses of 8.4 x 10* and 4.2 x 10> Gy gamma
irradiation on montmorillonite clays. It was concluded that the interaction of gamma-rays with
smectite clays induced no noticeable changes in the structure of the minerals.

Negron et al. (2002) examined the effect of high doses (up to 2x108 Gy) of gamma-radiation on
the short-range structural organization in montmorillonite using infrared (IR) spectroscopy and
solid-state high-resolution 2’Al and 2°Si nuclear magnetic resonance (NMR). No change
attributable to irradiation was observed. A small variation in the water content was noted but it
is not systematic. The results showed that the montmorillonite structure can accumulate high
doses of gamma radiation without damage and therefore was suitable for use in the safe
disposal of radioactive waste.

Plotze et al. (2003) evaluated the influence of gamma-irradiation (1.1x10® Gy, absorbed dose

using®®Co) on the physicochemical parameters (Acrysta
capacity, main layer charge) of montmorillonite. The influence of gamma-irradiation on the

physicochemical properties was observed to be generally weak. A reduction of lattice iron

during irradiation could be measured, which causes decreasing values of cation exchange

capacity (CEC) and main layer charge of the smectites. A weak | oss of fAcrystall]
was noted and it was concluded that the structure of clay minerals is stable even at high

gammae-irradiation doses.

Sorieul et al. (2008) examined the effect of cumulative doses in the order of 10! Gy which is
an order of magnitude higher than they estimated would occur in a repository in 108 years. The
dose rate used in this study was 4 to 8 orders of magnitude higher than would be expected in
most repository conditions. It was concluded that montmorillonite clays will not be radiologically
amorphized unless the waste package is breached and released actinides are heavily sorbed
onto the clay overpack.

Huang and Chen (2004) noted that in a high-level waste repository, it is expected that most of
the alpha and beta radiations are attenuated in the fuel, while the gamma radiation can
penetrate to interact with the UFC and buffer materials. According to the Swedish evaluation,
the initial gamma dose rate is estimated to be 0.350 Gy/h outside the canister and declines with
time. Since the main contributor to the radiation dose rate is *¥’Cs, the gamma radiation will
have decayed to very low levels within 300 years. To evaluate the effects of strong gamma
radiation on the swelling of buffer materials, Zhisin clay was exposed to a cumulative dose of
between 1.05 and 1.06 x108 Gy gamma radiation. The irradiated clay was then used to prepare
specimens for free swelling test and reduced swelling capacity was observed. It should be
noted that this is some 20 times the irradiation amount considered by Plotze (2003 or Negron
(2002) and more than 1000 times that of the NWMO Mark Il container with its CANDU used fuel
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(10° year cumulative gamma-dose of approximately 5.1 - 3.1 x 10° Gy for 30 and 50 year-cooled
used fuel at the time of UFC installation (based on values provided by Morco et al. 2017)).

Wilson et al. (2011) reviewed experiments with bentonite under gamma-radiation and
concludedthatmanyof t hese studies didndét identify any str
repository-conditions. It was noted that:

9 Faster migration from an iron plate into clay occurred under radiation (Pusch 1993),

1 CEC of montmorillonite increased (Grauer 1986).

9 Solubility, specific surface area, and exchange capacity can be altered by local damage
produced by radiation. Structural breakdown of montmorillonite can potentially result
from radiolytic damage due to a severe ionizing radiation and clay minerals can be
amorphized under electron or ion beams (Allard and Calas 2009; Allard et al. 2013).

It was concluded that these effects on the T-H-M properties of montmorillonite appear significant
only for high doses and remain relatively | imited
DGR. Wilson et al. (2011) summarized the issue of radiological influence on bentonite
properties as follows:
1 Gamma radiation is less likely to result in damage to smectite crystallites.
1 Several clay mineral properties such as solubility, specific surface area, and exchange
capacity can be altered by local damage produced by radiation, but the effects on
properties appear significant only for high doses and remain relatively limited is
distribution, being concentrated closest to the UFC.

Xie et al. (2012) examined several studies that concluded that the exposure to gamma radiation
would disrupt the crystal structure as the result of cause reduction of the size of the crystallites
and a related increase in specific surface area. Although dose rates were not provided it was
concluded that only a small part of the buffer would be affected and appear only to be
substantial where radiation dose is high.

Jonsson (2012) summarized the situation regarding radiation effects on water and bentonite
associated with the waste canister proposed for use in disposing of used nuclear fuel in
Sweden. In a repository, bentonite will be exposed to gamma and neutron radiation even when
the canister is intact. The maximum dose rate will be the same as for the copper surface of the
canister. The total gamma-dose for the KBS-3 UFC will be in the order of 0.401 2.0 x 10° Gy
and it was concluded that even at very high doses of several MGy, only small or insignificant
effects have generally been found on both physical and chemical properties of bentonite and
montmorillonite.

Author Note: In comparison, the UFC considered by NWMO will have a 10° year cumulative gamma-dose
of approximately 5.10 and 3.10 x 10° Gy for 30 and 50 year-cooled used fuel at the time of UFC
installation (based on values provided by Morco et al. 2017).

Safi (2017) concluded that even though amorphization of smectite minerals is unlikely under
ionizing radiation with moderate energies (alpha particles, beta and gamma rays) (Gournis et al.
2000; Allard & Calas 2009; Allard et al. 2013), it is possible that once radioactive material is
released following UFC failure, the radiation (alpha recoil nuclei) from escaped transuranic
elements may be able to induce amorphization of montmorillonite.

4.5.5 Radiolysis Effects on Montmorillonite

As with the evaluation of the direct effects of ionizing radiation on the structural stability of
montmorillonite provided in Sections 4.5.3 and 4.5.4, there is also the need to consider the
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effects of radiolysis on this material. A series of brief summaries extracted from studies of the
radiolysis process and its interaction with the HCB is provided below.

Gournis et al. (2000) examined the effects of gamma irradiation on montmorillonite clays,
concluding that for sodium-montmorillonite, Méssbauer spectra show that gamma-irradiation
causes a partial reduction of trivalent iron to the divalent state due to hydrogen radicals
production from the radiolysis of interlayer water but that the clay maintained the two molecular
layers of water associated with the clay faces and therefore concluded that the radiolysis of
interlayer water causes no measurable changes in the architectural organization of the
interlayer environment.

Bradbury et al. (2012) discussed the issue of radiolysis with respect to possible undesirable
water oxidation effects on used fuel. Here, the main concern was the potential effect of water
radiolysis on other components in the near-field. Radiolysis by alpha and beta particles is
limited to a thin (a few tens of um-thick) layer of water in direct contact with the fuel surface (or
its corrosion products). Gamma radiation is more penetrating. However, most of the energy
transfer in water (and therefore the production of radiolytic species) occurs only within a few cm
distance from the gamma-radiation source.

It was noted that gamma-radiolysis produces mostly short-lived chemical radicals that rapidly
decay to redox-neutral species, mainly water. In anoxic water, molecular oxidants (H.O,) are
not produced in detectable amounts. For these reasons, it was concluded that water radiolysis
is not likely to affect the external components of the near-field system, notably the bentonite
buffer for installations involving either SF or vitrified HLW or SF. It was additionally noted that
any radiolytic oxidants produced will not play a role in interactions with the bentonite since they
will be consumed by reaction with Hz(g) produced during the anaerobic corrosion of steel or
because of the strongly decreased decay in the later stages of repository evolution. They also
note that the alpha radiation field generated from vitrified waste is always 1 7 2 orders of
magnitude weaker than for SF, and so radiolysis will also not be an issue in that environment.

Xie et al. (2012) discussed the effect of radiolysis of porewater with its resultant production of
H-bearing radicals and oxygen compounds (including ozone and hydrogen peroxide). These
radiolysis products may take part in chemical reactions affecting pH and oxidizing canister
metals. Oxygen compounds (in gaseous form) may occupy larger voids in the HCB and could
delay or inhibit water saturation of the HCB and hence contribute to heat-induced desiccation of
the buffer adjacent to the UFC. This was concluded to be of particular concern in HCB in a very
tight repository host media, such as argillaceous (sedimentary) rock and very fracture-poor
crystalline rock. Xie et al. (2012) concluded that radiolysis on its own is unlikely to result in a
significant build-up of gas pressure in the repository with most of the gas generated being the
result of iron corrosion.

Safi (2017) considered change or damage to the clay as the result of radiologically-induced
chemical processes (radiolysis). As discussed by Safi (2017) montmorillonite is a 2:1
phyllosilicate mineral with an alumina octahedral sheet sandwiched between two tetrahedral
sheets of silica. The octahedral sheet has aluminum as the central atom while the lower and
upper tetrahedral sheets have silicon as the central atom. The aluminum in the octahedral site
is partly substituted by (mainly) magnesium and silicon atoms in the tetrahedral sheets are
replaced by aluminum. The montmorillonite particles may also contain Fe, mostly as a
substituting atom for aluminum in the octahedral sheet, but also in other forms. It may be found
as iron oxides sorbed onto the surface of the layer and as hydroxyl complexes on the layer
surface located the edge of the montmorillonite layer. MX-80 has a 3 wt% Fe content.
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The composition and distribution of the accessory minerals in bentonite have great influence on
the long-term geochemical evolution of the buffer in the repository environment. The oxidation
state of the different species may have influence on different properties of montmorillonite. The
water-radiolysis products formed by radiation from the UF may alter the redox conditions in
water in the bentonite and at the copper-bentonite interface leading to changes in oxidation
states of the different species. Safi (2017) noted that in a relatively recent study that gamma-
radiation with doses within the levels expected at the bentonite surface may alter Fe(ll)/Feo:
ratio. The oxidation state of iron in the crystal structure of smectite minerals changes their
physical-chemical properties. The alteration of Fe(ll)/Fe ratio by radiation from the UF may
greatly influence a number of physical properties, such as cation exchange capacity (CEC),
swelling pressure, total layer charge and specific surface area, of montmorillonite. One of main
oxidants among the water-radiolysis products is H,O, which undergoes different processes at a
solid-liquid surface in relation to the processes taking place in the bulk water. It has for example
been reported that H.O, adsorbs on the surface of metal oxides such as UO, and undergoes
catalytic decomposition. It has also been noted that H.O, may be associated with the changes
in the observed Fe(ll)/Few: ratio under gamma-radiation. Safi (2017) concluded that the role of
radiolytically produced H;O: in the bentonite pore and layer water content as well at the copper-
bentonite interface needs to be investigated further.

4.5.6 Summary of Literature Information Regarding Radiation Effects on Bentonite

It should be noted that the NWMO UFC, like most containers proposed for use in deep
geological disposal provides substantial self-shielding, and so it is likely that the amount of gas
produced by radiolysis of the clay minerals will be small compared with the amount that will be
produced as a result of corrosion of the steel or cast iron internal components of the UFC.

As can be seen in Section 4.5, the available literature on the influence of radiation on the
structure and behaviour of bentonite under conditions relevant to the NWMO UFC is limited.
Much of the literature involves tests undertaken under radiological conditions either orders of
magnitude more severe than will occur or else under massive short-term exposures that do not
simulate field conditions. To summarize the relevant information, radiation effects will be
associated with two very different conditions:

1 The first stage in radiation interaction between the UF in the UFC and the surrounding
HCB occurs while the UFC is intact and radiation emitting from its surface is limited to
gamma. Gamma has been concluded to have very limited effects on the structure or
behaviour of the bentonite, even under conditions much more severe than will occur in
the DGR. The HCB immediately adjacent to the UFC will therefore have undergone little
or no radiologically-induced degradation before the UFC is breached.

9 The second stage of radiological damage to the HCB will be associated with alpha
radiation. This will not begin until the UFC is breached, and alpha radiation or alpha-
emitting radionuclides escape to allow for short-range interaction with the clay. Alpha
radiation has the potential to induce greater mineralogical damage to the bentonite, but
the zone affected by this process is generally concluded to be limited due to the poor
penetrating ability of this radiation and the ability of the bentonite to retard movement of
ions through it. The literature is not consistent with respect to either the degree to which
radiolysis will influence bentonite (Safi 2017) or if it will at all (Bradbury et al. 2012).
Much will depend on minor elements (e.g. iron) in the bentonite since these have a
controlling effect on the chemical processes arising from radiolysis. Additionally, it is
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recognized that gas generation as the result of radiolytic processes will be very small
relative to that associated with the corrosion of the steel insert components once water
enters the UFC.

Each UFC will have a slightly different surface field, depending on the specifics of the used fuel
bundles it contains (age and radiological component composition of the fuel bundles as
determined by the fuel history). The field that the bentonite closest to the UFC will experience is
also decreasing with time as the UF decays. The radiation fields present in the various waste
forms and containers considered by each national program differ substantially, as do the testing
conditions to evaluate effects of radiation on bentonite. The discussion below is therefore
generic in nature and intended only to provide indicative information regarding radiological
influences on bentonite. It should also be noted that detailed consideration of chemical and
radiochemical reactions and transport processes related to water radiolysis or interaction of
radiological elements released from a breached UFC with bentonite are not included in this
discussion.

To evaluate what is likelyt o occur in the case of NWMO6s UFC, t
actual radiation field that will be experienced by the bentonite rather than how unrealistically

severe experimental conditions can be demonstrated to cause changes. Actual radiation

contacting the bentonite will of course depend on factors such as age of the UF, shielding effect

of the massive steel UFC shell, the thick copper coating on its surface and hydration state of the

bentonite. The Mark Il UFC holds 48 bundles of used CANDU reactor fuel. | n NWMO® s

repository concept, before being packaged into a UFC, this fuel has been cooled for a period of

30 to 50 years after its removal from the reactor. The result of this cooling time is a very

substantial decrease in the radiation field (and heat generation) associated with it. This is

illustrated in Figure 4-7 and Table 4-5. The cooled UF is ultimately installed in the massive steel

UFC shown previously in Figure 3-2. The steel provides a very high degree of self-shielding to

the UFC, effectively eliminating alpha and beta r;
long as the UFC remains intact. Any damage to the HCB beyond the UFC would therefore be
as a result of gamma radiation.
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Figure 4-7: Radiation Dose Rate and Accumulated Dose for Outer Surface of Mark [l UFC
holding CANDU UF (Morco et al. 2017)

Based on Figure 4-7,thega mma r adi ati on exiting the surface of
estimated to be in the order of 5.6 to 9.6 x 10° Gy/a for 50 and 30 year-cooled UF at the time of
installation in a UFC (Morco et al. 2017). Based on these same data, after 10° years following
placement of the UFCs, the cumulative gamma dose at the contact with the surrounding buffer
would be in the order of 3.10 to 5.10 x 10° Gy for the 50 and 30 year cooled fuel. By 108 years
this dose would have increased to approximately 1.6 to 1.8 x 10° Gy for the 50 and 30-year
cooled fuel respectively. This level of gamma irradiation is considerably less (2 to 7 orders of
magnitude), than has been applied in the studies summarized in Sections 4.5.3 and 4.5.4. Even
those studies having 2 orders of magnitude higher gamma exposure were concluded to have
caused little to no substantive damage to the bentonite. Based on this, it is assumed that the
Thermal-Hydraulic-Mechanical properties determined for bentonite materials under conditions of
no-radiological field will persist in the repository.

Table 4-5: Summary of Internal and External UFC Gamma-Radiationfor NWMObs Mar k |

UFC (Morco et al. 2017)

Fuel age a Internal surface® Gy h™" External surface Gy h™’
10 51x% 10" 23 % 10°
20 3.4% 10" 14 % 10°
30 2.5% 10" 1.1 x10°
50 1.6x 10" 6.4 %107
100 4.9 % 10° 20% 107"
200 48% 107" 2.0% 1072
500 1.7x1073 6.8 % 107>
1,000 1.2x 1073 47 %107
10,000 12x 1073 56%107°
100,000 1.9% 1073 14%x107*
1,000,000 26%x 1073 21%x107*

“Includes assumed contribution from back-scattered B-radiation near the

internal surface.
Fuel age refers to the time since the fuel was removed from the reactor.



44

5. T-H-M-C(B) PARAMETERS DETERMINATION FOR HCB AND GFM

Based on the outlined DGR design, anticipated geosphere conditions, and repository T-H
evolution, the properties of the HCB and GFM components have been estimated. These
parameter values (and ranges) assume that MX-80 bentonite is used and that the reference as-
placed dry densities of the HCB and GFM components are 1700 and 1410 kg/m?3 respectively.
Discussion is also provided regarding the impact of varying the as-placed and equilibrated
buffer mass densities on key behavioural parameters.

5.1 VOLUME CHANGE PROPERTIES OF HCB AND GFM

5.1.1 Shrinkage During Drying

The HCB blocks and GFM components will be installed in the placement room in a condition
that is assumed to match their target as-built state (1700 and 1410 kg/m? respectively). The as-
placed condition of the buffer/GFM system is not expected to remain unchanged for very long
after material placement, with drying occurring at least locally adjacent to the UFC. This is the
result of the heat generated by the UFC driving moisture outwards towards the cooler perimeter
of the placement room. The degree of drying and its duration are variables that will be
determined largely by the amount of water entering the room from the surrounding rock. In the
sedimentary environment discernible inflow will not occur for an extended time following UFC
placement and so the amount of water removed from the central HCB regions will be notable.
In a wetter environment such as a crystalline geosphere, the amount of drying will be lower
since water will have been supplied to the perimeter from the rock, limiting the amount of water
that can be relocated from the region adjacent to the UFC. With drying there will be some
shrinkage of the HCB in the vicinity of the UFC, but this may not be immediately evident since
swelling of the materials at the perimeter may have compensated for this shrinkage.

The volume change of HCB materials as the result of drying is strongly affected by the initial
density of the material, its degree of water saturation when drying starts, the composition of its
pore fluid and temperature it is exposed to.

Density affects shrinkage in that a dense material will have lower porosity and hence lower
potential for volume shrinkage during drying. Additionally, in denser materials the particles will
be in closer physical proximity and hence the room for volume reduction before mineral-to-
mineral contact occurs (and further volume change ceases) is limited.

Unlike most clay and non-clay minerals, swelling clays have very high surface charge (Table 4-
3), resulting in a strong affinity to moisture. The water associated with the charged surfaces is
strongly held and therefore removal of this adsorbed water requires more energy than is needed
to vaporize free water. The gradual loss of moisture by drying also results in the remaining
water being more strongly held by the bentonite, this sorptive behavior is related to the
increasing suction that will be developed by a bentonite material as drying progresses. This
suction-moisture relationship will result in the development of increasing shrinkage forces as
water content decreases.

The drying shrinkage is also related to the temperature at which drying occurs. In a system

where the claybés pore fluid is a brine, there is ;
the water from the brine solution and energy required increases as the brine becomes more

concentrated. Hence the shrinkage behavior of a bentonite in a low temperature environment

will be different than is observed in one where the local temperature is higher. This is of
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importance when evaluating the behavior of bentonites in that the amount of water that can be
released during drying at 100°C will be very different than that at 90°C (lower) or 110°C (higher)
with extensive drying continuing until all the adsorbed water is lost (see Figure 5-1). This is
illustrated in thermogravimetric measurements where water loss occurring at various
temperatures are measured. Figure 5-1 shows examples of the dehydration behavior of a high-
surface charged, swelling clay (montmorillonite). The peaks on the left side of the figures are
associated with loss of (a) weakly bonded surface water at temperature below approximately
90°C, then the diffusive double layer water layers at temperatures of approximately 90-130°C
and (b) on the right side of the figure spikes in the graphs are associated with structural collapse
of the minerals at very high (>500°C) temperature.
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Figure 5-1: Thermo-Gravimetric Behavior of MX-80 Bentonite (Vieillard et al. 2016)

Shrinkage of bentonite materials can be presented as volume change as the result of
temperature change or as the result of desiccation induced by reduced relative humidity
(increased suction) in its environment.

The effects of porewater chemistry on the temperature-induced drying volume change
characteristics of HCB and GFM-type components has been extensively studied. As noted in
the discussion of mineralogy, the swelling clay minerals making up the majority of the volume of
the bentonite are highly influenced by the composition of the water within and surrounding it as
well as how close the individual particles are to one-another (density). In extreme cases, where
the pore fluid salinity is very high, HCB materials may show reduced drying shrinkage. This is a
result of the salt gradually coming out of solution to form a new solids phase that resists
contraction of the clay. Additionally, as salinity increases so does the force with which it
attempts to draw in (or hold) water. The role of suction on bentonite behavior is discussed
further in Section 5.3.

The influence of change in relative humidity on the volume of bentonite is most relevant to the
HCB since it is installed as massive blocks that could be subjected to substantial changes in the
local relative humidity as the result of temperature-gradient and moisture migration towards the
cooler rock surfaces.

The granular GFM is unlikely to see substantial drying during system evolution unless rock
desaturation occurs. The nature of the GFM is such that in its as-placed condition (dry
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granulate), it will behave much as an inert granular material and hence be little effected by
localized drying. Should the GFM undergo a drying phase following its hydration it could be
expected that it would then experience a degree of volumetric shrinkage and potentially

mechanical disruption in the form of drying cracks. Of greater concern regarding drying of GFM
and HCB is the tendency of these materials to become more brittle as desiccation progresses.
In the pre-installation phase this might be reflected in an increased risk of HCB blocks cracking
or breaking. In this situation, the GFM particles may also reduce in size with development of a

higher dust component, which is more of an operational (health and safety) concern than a
performance issue.

5.1.2 Swelling on Contact with Free Water and Drying Shrinkage
The effect of water supplied to the HCB and GFM components within the placement room

reflects a complex H-M interaction between bentonites of very different density, initial degree of
saturation and compressive behavior. Added to this is the effect of the chemical composition of

the free water component that is entering the placement room.

Swelling capacity of bentonite can be evaluated through several simple tests where the volume

occupied by a fully-hydrated material is measured. The swelling capacity can be assessed
based on interaction of a loose bentonite material and the volume the hydrated bentonite

occupies. This will provide a measure of void volume that bentonite could swell into before
there is no further capacity to expand. This is not a situation that is anticipated to exist in a
placement room as it will be carefully filled with HCB and GFM, the techniques are of more
relevance to assessment of delivered raw bentonite as part of a quality assurance program.

Thecommonly-us ed -§ifveleled test used to provide i
based on a standard methodology (ASTM D-5890-11), used to determine the water uptake

ndex

capacity of soils. Use of this method on bentonite has some limitations as the values obtained

are very sensitive to the granularity of the material, operator bias regarding visualization of

hydrated volume and also the nature of the water available for uptake. The Free-Swell Index

(FSI) is obtained by adding a known mass (2 g) of oven-dried bentonite slowly to 100 cm? of

water (or solution) and then determining the volume occupied by the fully hydrated gel that
settles out of solution.

As noted previously, the crystal structure and high surface charge of montmorillonite-type

minerals results in a strong affinity to drawing water into the spaces between clay platelets. In a

low salinity environment this results in development of an extensive hydration layer on the

platelet faces and hence a high swelling capacity. However, if the pore fluid is saline the cations

in solution will tend to sorb on the clay particle faces, reducing the strength of the charged
surface and hence a lowering of the amount of water that will be drawn into the interparticle
spaces and hence a lower volumetric swelling capacity. The presence of high salinity

groundwater results in near-elimination of the development of hydration layers on the mineral

surfaces. It is therefore very important to test free swell capacity in groundwater conditions

relevant to the repository site. Table 5-1 and Figure 5-2 present some representative free-swell

data and it can be clearly seen that it does not require very much in the way of porewater
salinity to substantially reduce the swelling capacity of MX-80 bentonite. Similarly, the

granularity of the material added to the sedimentation column will affect the results, with very

fine-grained materials tending to form larger hydration flocs and occupy a larger volume.

Coarser-grained materials will tend to settle quickly to the bottom of the test cylinder where they

will hydrate less effectively and occupy a smaller volume as a hydrated gel.

v al
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The results of a free swell test provide an indication of the minimum field density that might
develop in a location where there is a large unfilled void and no discernible mechanical
consolidation of the loose bentonite is achieved by adjacent denser materials. The zero-free-
swell condition also provides an estimate of the density to which the GFM would need to
decrease before it is unable to expand into an adjacent void. Additional discussion of the role of
solution composition is provided by Birgersson et al. (2009) where the role of cation type and
concentration are examined.

Table 5-1: Free Swell Index & Hydrated Density of Loose MX-80 and National Standard
Bentonite in Various Groundwaters.

FSI Freshwater CR-10 SR-160 SR-L SR-Sh
(Granitic)

(cm3/[2g]) (11g/L) (160 g/L) (223 g/L) (335 g/L)

MX80" 326+1.6 7.2+04 42+0.2 36+04

MX-80 34.8, 28"

MX-80 34-42+*

Wyoming Bentonite 27+ 22-30* 10.5% 6.5" 4*

Possible Reference >25 7-10 7 4 4

Value

" Dixon et al. 2018; "Davies et al. 2017; * Priyanto et al. (2013); ** Oscarson and Dixon (1996b); ***
Kim et al. (2012).

Figure 5-3 presents the drying shrinkage behaviour of MX80 bentonite determined by
Abootalebi (2016). This provides an indication of the volume change that might occur if a fully-
saturated HCB material were to be exposed to a temperature of 110°C and moisture released
by the heated material were able to escape from the system. Movement of water could occur
through vapour transport from the warmer regions adjacent to the UFC to the cooler areas
adjacent to the surrounding rock. It would seem possible that a fully-saturated MX80 material at
initial dry density comparable to the HCB could shrink as much as 10%.

The data presented in Figure 5-3 also shows the effect of a highly saline pore fluid on drying
shrinkage. Shrinkage resulting from drying at 110°C resulted in approximately 3% shrinkage. It
should be noted that Abootalebi (2016) also noted that a finely ground (200-mesh) Wyoming
bentonite, exhibited similar drying shrinkage with freshwater pore fluid, but nearly 6% drying
shrinkage when a saline pore fluid was present. This indicates that there are factors (i.e. particle
size) other than salinity that will affect shrinkage behaviour of smectites. These tests do
however provide some bounding values for use in evaluating the potential mechanical effects of
bentonite desiccation.
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Figure 5-3: Drying Shrinkage of MX-80 at 1700 kg/m?® Dry Density and Influence of Pore
Fluid Salinity (Abootalebi 2016)

5.1.3 Volume Equilibration of Buffer/Gap Fill Materials

The issue of volumetric equilibration of the HCB and GFM in a placement room requires
consideration of a large number of H-M-C factors. This was briefly introduced in Section 4.3
and it was concluded based on literature review (Dueck et al. 2010, 2014, 2016, 2019; Kim and
Priyanto 2011; Kobayashi et al. 2014; Akesson et al. 2010a,b), that the GFM will undergo some
consolidation by the HCB components, but that this will likely not result in a fully-homogeneous
sealing system. The degree and rate of GFM consolidation by the HCB will be a function of the
following factors:

1 Dry density of GFM and HCB,

1 Chemistry of the water present to hydrate the bentonite,

1 Rate of water uptake, and

1 Mass or Volume Ratio of HCB to GFM
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Also, as noted in Section 3.3, there is a likelihood that there will be some degree of density
anisotropy between the HCB and GFM occupied regions. This makes optimizing (maximizing)
of the as-placed density of the GFM important as there is a need to allow for some degree of
density anisotropy in the equilibrated buffer-GFM system. These factors are discussed later in
sections discussing H-M properties of the sealing materials.

The bounding density values can be estimated based on the range of materials volumes and
as-placed density for the range of placement room dimensions. From those values, the degree
of consolidation of the GFM by the HCB can be estimated using the mechanical (consolidation)
behavior of the GFM.

5.1.4 Summary of Volume-Change Behaviour

The ability of the density-equilibrated HCB-GFM volume to maintain an ability to swell into any
adjacent voids or voids that might develop as the repository evolves, is very important to the
safety case for the DGR. The volume change capability of the HCB and GFM under the range
of groundwater conditions anticipated to develop in a DGR in crystalline or sedimentary rock
has been evaluated. The swelling capacity of the sealing materials is related to the swelling
pressure and hence the swelling clay content and groundwater composition.

5.2 THERMAL PROPERTIES OF HCB AND GFM

5.2.1 Key Environmental Parameters Effecting HCB and GFM Thermal Properties.

One of the primary roles of the buffer and GFM components is to provide for effective transfer of
heat from the UFC to the surrounding geosphere where dissipation occurs. Presence of a
placement room fill material that has inadequate thermal transfer capacity could result in
development of undesirably high temperatures at the UFC surface or in the HCB closest to the
UFC.

In the placement room, the fill materials are 100% MX-80 bentonite, initially in the form of HCB
and GFM. The thermal properties of these materials are primarily affected by their density,
water content (degree of saturation), and to a lesser extent the nature of the pore fluid present
in these materials. The movement of heat through the HCB and GFM is primarily via
conduction and this can be adversely affected by the presence of gaps or voids in the space
between the UFC and the surrounding geosphere. Other factors such as non-bentonite
components in the compacted bentonite (e.g. sand or graphite) will also affect movement of
heat through the placement room fill, however the NWMO concept does not include such
materials and so discussion of these factors is not included in this study.

5.2.2 Thermal Properties of Bentonite

5.2.2.1 Background

The measurement of thermal properties of materials proposed for use in isolating UFCs in a
DGR has been completed in numerous studies by NWMO and elsewhere. As noted above, the
primary influences on thermal conduction in these materials is density, water content and pore
fluid composition. It should also be noted that each bentonite material will have slightly
different thermal behavior as a result of differences in mineralogical composition and granularity.
Since NWMO has selected MX-80 as its reference bentonite product, these considerations are
less important since this product has shown long-term consistency in its composition and
granularity. Should a different material be selected for use, there could be expected to be slight
differences in its thermal properties.
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The HCB used as buffer boxes, spacer blocks and floor tablets in a placement room are
expected to be the same density and degree of water saturation at the time of their installation.
The GFM is also to be placed at a known initial condition. From these as-placed conditions, the
system will begin to undergo density, saturation and pore fluid composition evolution. This may
include localized drying (HCB adjacent to UFC), saturation (GFM initially and then HCB closer
and closer to UFC), changes in the density of the HCB and GFM (as GFM is consolidated by
expanding HCB). The pore fluid in the bentonite materials will also be changing as water moves
away from the regions closest to the UFC initially, coupled with water uptake by the GFM from
the surrounding rock (and/or the HCB). All of these changes in density and water content will
result in changes in the thermal properties of the HCB and GFM.

The key thermal properties parameters of concern in the bentonite materials are thermal
conductivity, thermal diffusivity and specific heat. They are related by the following equation:

‘A 5-1

where | is thermal conductivity, C is volumetric heat capacity, k is thermal diffusivity and r is
density.

Each component of the engineered barrier system has its own set of thermal characteristics,
and each needs to be characterized in order to accurately predict the thermal evolution of the
UFC-bentonite system and then the broader thermal evolution of the DGR over time. There is a
comprehensive body of information collected by a variety of means on bentonite materials as
well as bentonite-sand mixtures (e.g. Abootalebi 2016; Abootalebi and Siemens, 2017,
Borgesson et al. 1994; Dixon et al. 2018; Graham et al. 1997; Kim et al. 2012; Lee et al. 2016;
Madsen 1998; Man et al. 2011; Ould-Lahoucine et al. 2002; Radhakrisha et al. 1989; Suzuki et
al. 1992; Tang et al. 2008a,b). Baumgartner (2006) estimated the thermal conductivity and
specific heat capacity of bentonite materials based on their composition and density and this
provided a useful means of estimating TC for use in modelling thermal evolution of the DGR.
Description of the thermal behaviour of bentonite materials is ideally provided as a series of
sinusoidal curves for thermal conductivity as a function of degree of saturation for a given
density as shown by Baumgartner et al. (2006). The information provided in the many thermal
properties studies indicate general trends for thermal conductivity, but a considerable scatter
exists in the data. Scatter would seem to be attributable to differences in mineralogy (Tang et
al. 2008), texture and the method used to prepare the materials for testing. The test method
used to obtain thermal properties may also result in differences in the measured values
(although in theory this should not be the case).

5.2.2.2 Statistical Evaluation of Thermal Properties Data

The thermal properties data presented in Section 5.2.2.3 and Section 5.2.2.4 and whose best-fit
equations are provided in Tables 5-2 and 5-3, were statistically analysed in order to determine
their regression equations, correlation coefficient (R?), confidence and prediction bands. The
results of these analyses are provided summarized in Table 5-2 and provided in Appendix C.

A MS-Excel based program was created by Priyanto (2012) was used to perform statistical
analyses to determine 95% confidence and prediction bands for the best-fit lines. This program
was based on the equations described in Kleinbaum & Kupper (1978) and the assumptions that
the variation of the parameter of interest follows normal Gaussian distribution at each value of
dry density. The excel formulations have been modified to evaluate the effects of dry density on



51

parameters of current interest. The definitions of confidence and prediction bands, confidence
intervals are taken from those provided at (http://en.wikipedia.org/ ) and as they were applied by
Priyanto (2012) and to this study are summarized below.

- dTheconfidence intervals an interval estimate of population parameter and used to indicate the reliability
of an estimate. It is an observed interval and calculated from the observdtiates) Confidence intervals
indicate how well the mean (i.e., beft point) is determined for a given data set.riexample, assuming the
95% degree of confidence, repeating the calculation of the confidence interval of the mean from each data
point, one would expect about 95 % of those intervals to include the true value of the population mean. The
confidence intervhindicates the likely location of the true population parameter.

- &Confidence bandare used in statistical analysis to represent the uncertainty in an estimate of a curve or
function based on limited or noisy data. Confidence bands are often used asf plagtgraphical presentation
of results in a statistical analysis. Confidence bands are closely related to confidence intervals, which represent
the uncertainty in an estimate of a single numerical value.

- 0A prediction intervalis an estimate of an intgal in which future observations will fall, with a certain
probability, given what has already been observed. It indicates where the next data point would be. The
prediction interval shows the distribution of values, not the uncertainty in determiningptipeilation mean.

A larger population size normally will lead to a better estimate of the population parameter. Prediction
intervals must account for both the uncertainty in knowing the value of the population mean, plus data
scatter.So,a prediction inteval is always wider than a confidence intenéal.

- OPrediction bandsare related to prediction intervals in the same way that confidence bands are related to
confidence intervals. Prediction bands commonly arise in regression analysis. The goal of a prediction band is
to cover with a prescribed probability the values ofasr more future observations from the same
population from which a given data set was sampled. Just as prediction intervals are wider than confidence
intervals, prediction bands will be wider than confidence bahids.0 t NA & yi2 HAMHO @

5.2.2.3 Thermal Conductivity of Bentonite

In order to minimize the effects of method and material differences in determining the thermal
conductivity of GFM and HCB of interest to NWMO, data was collected for well documented
source materials (MX-80 and National Standard Bentonite). These data are provided by
Borgesson et al. (1994); Knutsson (1983); Man and Martino (2009), Man et al. (2011), Kim et al.
(2012), Dixon et al. (2018) and Abootalebi (2016); Abootalebi and Siemens, (2017) and Tang et
al. (2008a,b). The studies by Man et al. (2011), Man and Martino (2009), Kim et al. (2012),
Dixon et al. (2018); Abootalebi (2016) were done using the same measuring device and similar
methodology but by different laboratories (thereby providing an indication of the reproducibility
of the results).

The densities of particular interest to NWMO are 1410 kg/m?2 (Gap fill); 1700 kg/m3 (HCB blocks)
and 1600 kg/m? (anticipated density at full homogenization of GFM and HCB). For the purposes
of completeness, a wider range of densities (1300 i 1800 kg/m?3) was examined. This provides a
set of regression equations that leaves room for subsequent modification of the reference
densities of the bentonite materials used in the NWMO repository concept.

Figure 5-4a presents the thermal conductivity data for materials of interest for GFM, identifying
both the dry density and the type of bentonite used to produce the test specimens. Figure 5-4b
combines these data based solely on dry density so as to allow statistical analysis and
determination of data variability. The data clearly shows the increase in TC with increasing
degree of water saturation and also the effect of increase in density from 1400 kg/m? to

1500 kg/m?3 but little difference between behaviour at 1300 kg/m?and 1400 kg/m3.


http://en.wikipedia.org/
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Figure 5-4: Thermal Properties of Bentonite: Effect of Material Source, Texture and
Density on Thermal Conductivity at < 1500 kg/m? Dry Density

The apparent effect of material texture at low (<70%) water saturation is seen in Figure 5-4a.
Thermal data for compacted materials of 1400 and 1500 kg/m? dry density that were produced
using fine-grained (~200 mesh) source materials (identified as Wyoming Bent or HCB), and the
coarser grained MX80 (80 mesh) are presented. The data shows a slightly lower thermally
conductivity in materials produced from finer-textured bentonite than materials produced from
coarser MX80 materials. However, the difference is relatively small and the data overlaps.
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The coarser GFM granules proposed for use by NWMO tends to produce a less uniform soil
matrix, and hence a potentially heterogeneous initial as-built distribution of voids within it,
particularly in the small specimens used in laboratory testing. The result would be an initially
poorer thermal conduction performance. This effect would be expected to be less pronounced
over a larger scale where local variations are less of an influence on overall system behaviour
and as the material increased in saturation.

The statistical fit to the data is provided in Table 5-2, with confidence and prediction limits also
calculated. The data fit equations in Figure 5-4 and Table 5-2 are provided as linear best-fit
eguations as these are the simplest mathematically and more complex regressions do not
provide substantively better regression coefficients (as can be seen in the test data provided in
Appendix C).

It is anticipated that the HCB material making up the buffer box, spacer blocks and floor tiles in
the placement room will be of the same composition and initial dry density (1700 kg/m?3).
Achieving this manufactured HCB density is well demonstrated (see Section 3-1). With
hydration of the HCB and subsequent compression of the GFM component, the average dry
density of the bentonite in the placement room is expected to be no less than 1600 kg/m?3. In
order to assess the changes in the TC of the bentonite-filled volume, a compilation of data
obtained using the same measuring device and similar testing methodologies is provided in
Figure 5-5. All the data follow the same general trend of increasing TC with increasing degree
of saturation and all data was collected using the hot-disk thermal properties analysis (HD-TPA)
device (Figure 5-6), excepting that of Knutsson (1983) who tested materials of higher density
than reported elsewhere (1860 - 1930 kg/m?) and used a thermal probe device. The thermal
conductivity of the data from Knutsson (1983) falls within the scatter of values obtained for
materials having dry density of 1700 to 1800 kg/m?.

The data presented in Figure 5-5 for HCB shows the same type of increasing TC with density
and saturation as was observed for the lower density materials, but HCB has a higher TC for a
given degree of water saturation. As can be seen in Figure 5-5, for the data collected using the
TPS measuring device, the uncertainty in the TC value generated from the best-fit equations
over the entire range of saturation is likely no more than about 0.12 to 0.17 W/mK. The data
also indicates that there is little improvement in the TC of the bentonite materials for a given
degree of water saturation when dry density increases beyond approximately 1700 kg/m® and
degree of saturation exceeds approximately 60%. The fitting of regression lines to the data
shown in Figure 5-5 showed little discernible difference in R? if linear or polynomial fits were
used and so for the purposes of mathematical simplicity the linear best-fits are provided. Table
6.2 provides the regression equations and correlation coefficients for the TC as a function of
degree of specimen saturation with freshwater. The data, and subsequently-determined
confidence and predictive limits are provided in Appendix C. The consistency of the data
associated with MX80 and other high-quality Wyoming bentonites shown in Figure 5-5a allows
for the data sets to be combined to produce a generic TC versus freshwater saturation plot
(Figure 5-5b) and regression equations.

Summary of TC Behaviour

As noted in Section 3-1, the as-placed densities assumed in the current reference GFM and as-
built HCB materials are readily achieved using currently available technologies and could be
improved to a limited degree. The data provided in Figure 5-4 and Figure 5-5 indicates that an
increase in average dry density of the placement room fill will result in an increase in its TC, but
this improvement would not be substantial. The increase in TC for the GFM at a dry density of
1410 kg/m? would only be in the order of 0.075 W/mK per 100 kg/m? increase in dry density. A
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smaller improvement of the TC of the HCB could be expected for an increase from 1600 to 1700
kg/m?® average density of the system, less than approximately 0.05 W/mK per 100 kg dry density
increase. The data also indicates that there is little discernible improvement in the TC of HCB
when dry density exceeds approximately 1800 kg/m?.
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Figure 5-5: Thermal Properties of HCB: Effect of Material Source, Texture and Density on
Thermal Conductivity at >1600 kg/m? Dry Density
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Table 5-2. Best-Fit Equations, Correlation Coefficients and Prediction Bands for Thermal
Properties of MX80 Wyoming Bentonite

Dry Density (kg/m3) Equation Prediction R2
Band** (%)

1300* TC =0.0098S + 0.204 0.14 0.969
SH = No data found
TD = No data found

1400* (as-placed GFM) TC =0.0087S + 0.230 0.13 0.963
SH =0.0246S + 0.998 0.40 0.966
TD = No data found

1500** TC =0.0084S + 0.400 0.17 0.937
SH =0.01445S + 1.534 1.05 0.480
TD = 0.0015S + 0.221 0.17 0.282

1600** (equilibrated TC =0.0085S + 0.368 0.12 0.958

placement room fill) SH = 0.0090S + 1.092 0.47 0.573
TD = No data

1700* (as-placed HCB) TC =0.0084S + 0.475 0.17 0.990
SH =0.0130S + 1.822 0.72 0.640
TD = 0.0016S + 0.295 0.11 0.554

1800* TC =0.0089S + 0.4159 0.974

* Compiled literature data Borgesson et al. (1994); Knutsson (1983); Man and Martino (2009), Kim et
al. (2012); Abootalebi (2016); Abootalebi and Siemens (2017) and Tang et al. (2008a,b).

** Data from Dixon et al. (2018), Kim et al. (2012) and Man and Martino (2009)

* Abootalebi and Siemens et al. (2017)

** Band * in which 95% of data can be found for a specific degree of saturation

TC is in W/m°K; S is % saturation; SH is specific heat in MJ/m3K; TD is thermal diffusivity in mm?/s.
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Figure 5-6: Thermal Properties Analyzer (TPS) Used in NWMO Studies
(Abootalebi 2016; Abootalebi and Siemens 2017)
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5.2.2.4 Thermal Diffusivity, Specific Heat Parameters

The thermal diffusivity and specific heat capacity parameters are linked as shown in Equation 5-
1. These parameters are less often reported in the literature but a recent study by NWMO
examined MX80 materials prepared with freshwater to densities of 1500 and 1700 kg/m? (Dixon
et al. 2018). Figure 5-7 presents the data associated with these tests as well that that from Man
and Martino (2009) who examined a Wyoming bentonite of similar composition but finer texture
(200-mesh) than MX80 (80-mesh) and also show the 95% confidence and predictive limits. The
data associated with these tests are provided in Appendix C and the statistical best fits and
coefficients of correlation are provided in Table 5-2.
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Figure 5-7. Thermal Diffusivity and Specific Heat Parameters for HCB at 1500 and
1700 kg/m?3 Dry Density.
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The data presented in Figure 5-7 show that the high-quality Wyoming bentonites examined
(MX80 and 200 mesh) show a very consistent pattern of increasing TC with increasing degree
of water saturation and modest increase in TC with increased dry density as well as a slightly
lower TC for finer grained source material. In terms of the parameters of specific heat (MJ/m3k)
and thermal diffusivity (mm?/s) the data shows the following:

- Specific heat shows a trend of increasing values with increased degree of saturation but
also an apparent influence of the original granularity of the bentonite with finer-grained
source material exhibiting a lower specific heat.

- Specific heat values show considerable scatter and as a result broad predictive bands are
present.

- Thermal diffusivity shows a very weak trend of increasing value with increasing degree of
saturation and a great degree of scatter in the available data.

- Thermal diffusivity shows no discernible change with density for a given water saturation.

5.2.3 Influence of Ambient Temperature on Thermal Properties

Each repository program considering the use of GFM is examining materials of differing

granularity and installed density. The potential for change in the TC of the GFM or HCB as the

result of thermal conditions within the DGR needs to be known in order to ensure that thermal

evolution of the DGR can be accurately estimated and predicted. For NWMO6s Mar k 11 D
concept it is anticipated that the temperature within the bentonite-filled region will be <80°C.

Figure5-8pr esent s t he dat a av aGFM todether with gpame additiongl NWMOOG s
data generated for GFM in other DGR programs. The majority of thermal testing on bentonite

materials has been done under room temperature conditions (~25°C). In a repository

environment this may be close to the conditions present at the time of placement room filling,

but it will not persist for long as the heat generated by the UFCs will result in a rise in the far-

field temperature conditions. Over the relatively short-term it is expected that the temperature at

the surface of the UFC will approach 100°C and that much of the bentonite-filled volume

adjacent to the UFCs will experience temperatures in the order of 80°C.

There have only been a few studies that systematically examined the effects of ambient
temperature on thermal properties. Pusch (2002) indicated that the effect of temperature on the
TC of buffer (HCB) will be small. A more recent study of the effect of temperature on TC has
been completed by Abootalebi (2016) on the bentonite materials (Wyoming-type and MX-80) of
interest to NWMO. The results of these measurements are provided in Figure 5-8 and include
both GFM and HCB materials. In the HCB materials generated using MX-80 there was only a
small change in TC as the result of ambient temperature conditions, while for HCB fabricated
from finer textured bentonite there was no discernible change in TC. The apparent difference in
TC of MX80 HCB at 25 and 80°C can be attributed to the coarser texture of MX-80 source
material. This results in a slightly less uniform microstructure and a higher number of larger
pores, resulting in greater influence of thermal conditions on heat conduction.

The GFM data shows a small (~0.1 to 0.2 W/m°C) increase in thermal conductivity with increase

in ambient temperature from 25 to 80°C for materials having a degree of saturation greater than

20%, produced using either MX-80 or a finer-grained Wyoming bentonite. There is limited

increase in TC for degree of saturation 0% to 20%, which is consistent with the Boltzmann

sigmoidal curve predicted by Baumgartner (2006). At this low saturation level, the limited water
present is tightly bonded to the mineral surfaces
mineral assembly, hence there would be little expectation of changing TC with ambient

temperature. Once there is a notable moisture content (>20% saturation), there is easier

movement of the fluid phase within the GFM, and hence better heat transport capacity and



58

increasing the apparent thermal conductivity with higher ambient temperatures (Beziat et al.
1988; Abootalebi 2016)). In a relatively loose system like the GFM there is a notable macro-
pore component and so there will be a higher air void fraction and water void fraction compared
to HCB and this may be the source of the apparent increase in TC with increase in temperature.
It should also be noted that the TC of the GFM produced from MX-80 or 200 mesh bentonites is
essentially identical.
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Figure 5-8: Influence of Ambient Temperature on TC of Bentonite (Abootalebi 2016)

5.2.4 Influence of Pore Water Composition on Thermal Properties

The evolution of the placement room fill will involve the eventual influx of groundwater from the
surrounding geosphere. The rate of influx will be highly site specific and so the HCB/GFM
system may experience a period of unsaturation and relatively fresh pore fluid conditions. In
this phase the TC conditions described in Section 5.2.3 will persist. Over the longer-term water
will enter the placement room and be taken up by the bentonite, ultimately resulting in bentonite
saturation. With water uptake the thermal conductivity will increase, however there is an as-yet
undetermined role that pore fluid salinity will have in the thermal behavior of the bentonite
system. The thermal conductivity of pure water is commonly referenced to be approximately 0.6
W/(mK) at 20°C and increases to approximately 0.67 W/(mK) at 100°C. In a saline system
(NaCl) the TC decreases with increasing TDS, and at ~236 g/L concentration is approximately
0.557 at 20°C and 0.643 at 80°C. This represents an approximate reduction in TC of 7% at
20°C and 4% at 80°C in a fully-saturated system, based on data from Ozbek et al. (1977). As
there is no readily available information on thermal properties of HCB or GFM under saline
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groundwater conditions, these values provide only some general guidance regarding a
saturated placement room fill having a high TDS content.

An additional and reverse influence consideration regarding the influence of pore water
composition on thermal behavior is the influence of cations in solution on the water associated
with the clay particles. With increasing TDS in the pore fluid, the amount of readily mobile
porewater increases and hence an increase in TC might be expected as the system evolves.

If extremely accurate values regarding TC in brine are needed there is a need to develop a set
of materials properties parameters related to the thermal properties of the GFM and HCB under
the range of groundwater compositions of concern in a DGR.

5.2.5 Role of Secondary Processes (e.g. cementation, bacteria)

Beyond the intrinsic thermal properties of the bentonite materials, there can be changes in the
thermal properties as the result of processes going on in and around the bentonite. The
process of greatest potential influence to thermal behavior is the precipitation (or dissolution) of
minerals within the buffer and gap fill. As solid minerals have higher thermal conduction
properties than air, gas or liquid the replacement of those components by precipitated minerals,
or conversely the loss of minerals through dissolution will result in an increase or decrease in
the thermal conductivity respectively. There is no literature information available that clearly
demonstrates the influence (or lack of influence) of cementation on the thermal properties of
HCB or GFM.

The other potential effect on the thermal characteristics of the HCB and GFM is related to the
development of biofilms or extensive quantities of organic material within or surrounding the
buffer. The presence of substantial organic material in the clay could in theory result in a
degree of thermal insulation, but the total and organic carbon component of MX-80 bentonite is
in the order of 0.72% and 0.11% respectively (Marshall and Simpson 2014), making it very
unlikely that it could discernibly alter the thermal behaviour. The HCB-GFM system is also
designed so as to minimize/preclude the activity micro-organisms by maintaining a sufficiently
high dry density, thereby limiting any potential influence of this on system TC. The nature of
biological materials in the HCB and GFM are presented in papers by Stroes-Gascoyne et al.
(2005; 2006; 20074, b; 2010a, b); and Pederson et al. (2000).

5.2.6 Summary of Thermal Properties

Sections 5.2.2 through 5.2.4 have provided a basic outline of the thermal characteristics of HCB
and GFM of the types considered for use by NWMO. The currently established thermal
properties of MX-80 GFM and HCB materials have been estimated and predictive equations
were provided in Table 5-2. The greatest effects on thermal properties of the GFM and HCB
have been confirmed to be density and degree of water saturation. It would also appear that
increasing the dry density of the HCB beyond approximately 1700 kg/m? does not result in any
substantive increase in its TC for a given degree of water saturation. Other factors such as
groundwater salinity are anticipated to have only a secondary influence, possibly with materials
having high salinity exhibiting slightly lower TC, but this has not yet been established through
TC testing. There is no demonstrated influence of bacterial activity on thermal behavior of the
GFM or HCB.

Statistical treatment of available data shows that there is a notable degree of data scatter in the
literature, this results in a range in the prediction interval for thermal properties that needs to be
considered when using these parameters in predictive or performance modelling.
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5.3 WATER ACTIVITY AND SUCTION-MOISTURE PROPERTIES

5.3.1 General

The movement of water into or out of a bentonite barrier, particularly during the pre-saturation
period is largely controlled by the suction-moisture behaviour of the bentonite. This is
dominated by the interaction between water (liquid or vapour) and the mineral surfaces as the
montmorillonite tries to balance or reduce the strong surface charges, by taking on water from
the surrounding atmosphere in order to increase the spacing between particles (swelling). The
result is a high suction potential associated with clay particles and a tendency to draw moisture
in from its surroundings. If the clay can physically expand, water uptake will occur due to the
osmotic gradient present between adjacent particles and with expansion and increasing water
saturation the suction will reduce.

Water activity (aw) is defined as the ratio of vapor pressures of the solution and a solvent.
av=P /P, 5-2

Where P is vapor pressure in solution and Po is the vapor pressure in the solvent.

In bentonite systems, ay is primarily associated with the degree to which the water from the
surrounding environment is drawn to the highly charged mineral surfaces where it becomes
strongly held. The clay surfaces generate a high suction effect on their surroundings,
particularly when the system is unsaturated. The result of this in unsaturated conditions is the
reduction of the relative humidity (rH) in the air phase. This is accompanied with the suction
generated by water tension in the larger pore spaces. As a result, bentonite will tend to reduce
the vapour pressure of the air associated with it, generating a system where water is pulled
towards the bentonite surfaces. This suction will reduce in magnitude as the bentonite hydrates
and once sufficient hydration occurs (and if physical conditions allow), the bentonite will expand
provided water supply continues.

The suction i moisture relationship for bentonite is therefore directly related to water activity as
the suction generated by the montmorillonite particles will reduce the rH of the atmosphere
immediately surrounding the clay. This generates a lower ratio between the vapour pressure in
solution (or soil and porefluid) and the solvent (e.g. fluid within an organism). The relationship
between the repulsive forces between montmorillonite particles and its confinement under
saturated conditions is the source of swelling pressure in bentonite. Similarly, in an
environment where water is being driven off as the result of thermal conditions (drying), water
adsorbed to the particle surfaces is lost but the force with which the remaining water is held
increases. This can result in a tightening of the soil matrix and shrinkage of the bentonite as
shown previously in Figure 5-3.

As noted by Bag (2011), the total suctions of bentonite-water mixture can be calculated from the
measured water activityandt e mper at ure using the Kelvinds

Total suction,y = (RT /M) In(aw) 5-3

where R is the universal gas constant (Jmol-1K-1), T is the laboratory temperature (°K), aw
is the water activity and M is the molecular mass of water. The water content, temperature,
water activity and suction results for MX-80 measured in freshwater by Bag (2011) are
presented in Table 5-3. Based on these results, the a, of bentonite remained below the
required maximum value of 0.96 for the entire range of tests, excepting the wettest (0.967 @
32.8 % water content). At that water content, the maximum dry density (at water saturation)

equat.i
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would correlate to 1446 kg/m?3, essentially the as-placed state of the GFMi n NWMOG6s. concept
Since salinity will also act to depress the ay value, it could be expected that a bacteria-unfriendly
environment would be maintained.

Table 5-3: Chilled-Mirror Hygrometer Test Comparing Suction and aw (Bag 2011).

Final Water content (%) Temperature ( C) Water activity Suction (MPa)
(1) 2) 3) (4)
11.0 20.8 0.783 08.83
12.8 20.8 0.557 79.23
15.5 20.8 0.650 58.32
17.4 20.8 0.723 43.91
20.0 20.7 0.826 25.87
22.6 20.7 0.891 15.62
253 20.8 0.927 10.26
28.1 20.7 0.944 7.80
32.8 20.8 0.967 4.54

5.3.2 Water Activity (aw): Impact on Bacteria Viability

Of concern over the longer-term in a DGR is the potential for microbial activity to create an
environment that is detrimental to the UFCs. The microbial risk to the UFC is primarily
associated with microbially (bacterially)-induced corrosion (MIC) of carbon-steel (but also to a
lesser-extent copper). This process has been investigated by numerous investigators including
Stroes-Gascoyne et al. (2005; 2006); Johnson and King (2002); Motamedi (1999); Pedersen et
al. 2000 and Bengtsson et al. (2015). In order to avoid potential issues related to MIC,
achieving and maintaining a high density in the bentonite-filled volume is necessary. At high
density the fluid saturated bentonite has very small pore spaces, making bacteria movement or
activity difficult, but more importantly the water activity (aw) is low enough to preclude (or
severely limit bacterial activity (although bacteria might persist in a non-active (spore) state).

As bacteria of concern in the DGR can generally not tolerate ay, of less than 0.96 the
combination of solution salinity, suction associated with the clay particle surfaces and soil matrix
will have a very substantial effect on bacteria viability. There is a relatively narrow range of
water activity (a measure of vapour pressure difference from that of the environment,
maintained by the organism), where bacteria can persist as active, growing organisms,
generally set as ay > ~0.96 (Stroes-Gascoyne et al. 2006). When ay decreases below this level
the cell membranes are not able to maintain hydration within the cell and the bacteria either dies
as the result of desiccation or if possible, wi | | move into an inactive fAspo
environmental conditions again become favorable for metabolic processes to re-activate. These
spores are typically much smaller in size than the active organism and so can persist in smaller
pore spaces.
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The simplest means to controlling bacteria activity is through maintaining a sufficiently elevated
temperature and a dry (unsaturated) environment where the combination of high clay suction
associated with dry clay and temperature is sufficient to result in no growth by the bacteria.
Reliance on container heating to dry the sealing materials as an ongoing control over bacteria
activity in the long term is however not a viable approach. It was observed by Stroes-Gascoyne
and Hamon (2010) that bacteria survived in the Alternative Buffer Material (ABM) experiment
conducted by SKB where temperatures reached 95°C to 135°C, although most likely as spore-
forming organisms. They noted that at such temperatures little survival of vegetative cells is
expected and spore-form does not pose a direct danger to the longevity of containers in a future
repository because spores by their nature are not active. A concern expressed that the
presence of a significant population of such spore-formers represents a potential for future
increased bacteria activity, if and when conditions become more favourable. With improved
environmental conditions (more moderate temperatures, reduced density and supply of low
salinity water), spores could become vegetative cells, with an active metabolism that could
produce corrosion-inducing metabolic by-products, such as organics acids, or in the case of
Sulfate Reducing Bacteria (SRB), sulphides (Stroes-Gascoyne and Hamon 2010). This is
consistent with the results provided by Stroes-Gascoyne et al. (2006) where it was concluded
that in order to keep culturable (not necessarily active), bacteria at or below the background
levels in the as-sourced bentonite, for a 100% bentonite system, one or more of the following
criteria need to be achieved:

1 An ay value less than or equal to 0.96 This would result from an in situ dry density of

at least 1600 kg/m3 ( EMDD& 14 0®Qork g/ m
1 A swelling pressure value of >2000 kPa is present; or
1 Porewater salinity in excess of 60 g/L.

Consistently present in the patterns observed by Stroes-Gascoyne (2005), Motamedi (1999)
Pedersen et al. 2000 and Bengtsson et al. (2015) was a rapid decline in the quantity of viable
bacteria as density increases in repository-relevant MX-80 materials. The anticipated supply of
high-pressure groundwater from the surrounding rock mass (crystalline environment) or more
gradual uptake of water by the bentonite (sedimentary environment) all lead to an expectation
that the system will achieve saturation, possibly over the relatively short term. The temperature
at the surface and i n acéwl aksdbe deareasing withtimetwhthemna UF C06 s
relatively short time of repository closure (maximum temperature is 92°C at UFC surface at 47
years following placement (Guo 2018)). As a result, maintaining bacterially-hostile conditions
will require maintaining sufficiently high bentonite density, particularly under groundwater
conditions where TDS is lower than ~60 g/L.

Stroes-Gascoyne (2010b), Stroes-Gascoyne et al. (2005; 2006; 2007a,b; 2010b) and Pedersen
et al. (2000) all indicate that if the aw can be maintained at less than approximately 0.96,
bacteria should be inactive. Such low a, environments can be achieved by using water-
saturated, bentonite-based materials with high dry density or where there is a high salinity. For
applicability to bentonites of differing montmorillonite contents, the a, can also be related to
effective montmorillonite dry densities (EMDD) (Dixon et al. 2005; Stroes-Gascoyne et al. 2005).
EMDD is a measure of the density of the montmorillonite component once the mass and volume
occupied by non-montmorillonite solids are excluded. The non-montmorillonite components are
treated as inert filler materials that have no influence on the H-M behaviour of the compacted
bentonite. EMDD was developed to allow for normalization of the behaviour observed for
bentonites of differing montmorillonite content.



63

EMDD is defined as follows:
EMDD = Mm / (Vm + V\/) = (MT T Mnm) / (VT T Vnm) 5‘4

where Mn, = dry mass of montmorillonite clay; Mam = mass of non-montmorillonite mineral
component; M= total dry mass of specimen; V, = volume of the montmorillonite; V,m = volume
of non-montmorillonite mineral solids; Vr = total volume; and V, = volume of voids.

As described by Stroes-Gascoyne et al. (2005 ; 2006 ; 2007a.b ; 2010b)), water activity ay is
affected by pore water salinity as follows: (1) increasing salinity results in decreased swelling
pressure of the montmorillonite and (2) increasing salinity of the pore fluid reduces the value of
aw as presented by Robinson and Stokes (1959) as shown in Figure 5-9. Figure 5-10 shows
the relationship between ay, EMDD and dry density of MX-80 bentonite where montmorillonite
content is assumed to be 80%. For systems having a montmorillonite content greater than 80%
the dry density value will shift to the left for a given EMDD. Figure 5-10 shows that for a
groundwater TDS of approximately 70-80 g/L the environment will be unable to support
meaningful bacteria activity, regardless of the effects of the bentonite component.
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Figure 5-9: Relationship Between Water Activity and TDS Concentration
(Dixon et al. 2005)

Combining the swelling pressure (osmotic suction forces that draw water into the clay interstices
and result in swelling pressure development) and solution concentration effects on aw, results in
the relationship shown in Figure 5-10 (Dixon et al. 2005; Stroes-Gascoyne et al. 2006). Density
in Figure 5-10 is shown in terms of both dry density and EMDD (for MX-80 having 80%
montmorillonite content). This means that a way of dealing with bacteria activity over the longer
term (saturated environment) can be developed through density control of the placement room
bentonite. From these plots it was estimated that at an EMDD greater than 1350 kg/m? (MX-80
dry density of approximately 1500 kg/m?) and in a freshwater environment, bacteria would be
inactive. The actual density at which this condition occurs will be influenced by factors such as
montmorillonite content (which affects ay), and perhaps the pore-size conditions in a particular
material. It is also likely that the bentonite-filled volume will be non-homogeneous, with regions
of slightly higher- and lower-than-average density persisting over the longer-term. This could
give rise in conditions where bacterial activity is not entirely supressedatan favedry ageo
density of 1500 kg/m3. Given that the groundwater conditions in a DGR will certainly be saline to
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some degree, in order to achieve an ay of less than 0.96, the dry density of the MX-80 will need
to be closer to 1600 kg/m? in an environment having groundwater salinity of less than ~70 g/L
TDS as discussed in Stroes-Gascoyne et al. (2007b) and Dixon et al. (2005). It should be noted
that environments with TDS > 70 g/L can have dry densities less than this 1600 kg/m? value
while maintaining bacterially-hostile conditions.

Studies using MX-80 bentonite by Stroes-Gascoyne and Hamon (2008) and Stroes-Gascoyne
et al. (2010a,b,c) reported generally similar results to those reported in Dixon et al. (2005) and
Stroes-Gascoyne et al. (2007b), but:

1 The 2008 study concluded that the threshold dry density and salinity that will result in
bacteria culturability at or below that the source material could likely be lowered to 1400
kg/m? at salinity of greater than 50 g NaCl/L;

1 The 2010 study concluded that in a low salinity environment a dry density of 1600 kg/m3
and high swelling pressure is required to suppress bacteria growth. It was also
concluded that in a high salinity (O @ @/L TDS) environment dry density of > 1000
kg/m?® was all that was needed to suppress microbial activity.

There are also recent data that indicate that the critical dry density required to suppress
sulphate-reducing bacteria may be in the order of 1350-1400 kg/m? for MX80 bentonite
Bengtsson et al. (2016). This is a much lower density than 1500-1600 kg/m? previously reported
by Dixon et al. (2005); Stroes-Gascoyne et al. (2010b) and Bengtsson et al. (2015). The actual
density at which SRB activity is severely surpressed needs further evaluation as part of
establishing a density specification for the bentonite components

Consistent with the observations of Stroes-Gascoyne et al. (2007b), Bengtsson et al. (2015)
noted a substantial decrease in the number of culturable bacteria when saturated density was
increased from 1750 to 2000 kg/m? in a low salinity (<10 g/L TDS) groundwater. These
saturated densities correspond to dry densities of approximately 1200 and 1580 kg/m?
respectively, the higher density is comparable to the density threshold identified in Figure 5-11

aswellasanay, 0f 0.96. Figure5-11descri bes the fAswelling pressuread

as described in Dixon et al. (2005), the high swelling pressure present at EMDD greater than
approximately 1400 kg/m? results in the compression of gaps, voids or pore spaces present in
the as-placed system, the resulting pore spaces are very small and represent an environment
that is hostile to bacterial activity since there is insufficient room for them to persist as viable,
active organisms. It should also be noted that in Figure 5-10 and Figure 5-11 that the term

Aimi crobed is actually referring to bacteria.

these studies and have yet to be assessed with regards to their potential effects and viability in
the repository environment.

The preceding summary of studies to determine the roles of density, salinity and other
environmental factors on water activity and bacterial viability show that despite all the laboratory
data and conceptual descriptions described above, the conditions required to ensure a low
bacterial viability is not entirely clear. General patterns of bacteria response to their environment
have been identified with increasing density and salinity clearly having an adverse effect but the
thresholds where these lead to non-viability or non-culturable bacteria are not clearly
established. This topic requires further evaluation in order to clearly establish the environmental
conditions that will preclude significant bacteria activity.

Ot hel
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Figure 5-10: Relationship Between a, and Density (after Dixon et al. 2005)
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5.4 HYDRAULIC PROPERTIES OF HCB AND GFM

5.4.1 Background

One of the most important parameters in evaluating the safety of a DGR is the ability of the
water-saturated sealing materials to restrict movement of contaminants within the placement
room to diffusion-dominated rates. In the bentonites considered for use in the HCB and GFM,
this corresponds to an advective flow rate of <101° m/s in a water-saturated system.

Influencing the movement of water within the as-placed barrier materials is the strong suction
present in the unsaturated materials. A portion of the suction forces is related to the physical
arrangement of the particles and the matric suction associated with the hydration and
dehydration of the voids. The more substantial suction force is the osmotic suction associated
with the highly charged particle surfaces and the resultant drawing in, or retention of water.
These forces are greatest in dry materials and suction decreases as hydration progresses. The
basic effect of suction forces in unsaturated materials is an initial rate of water uptake that is
higher than would be expected under the local groundwater conditions, with inflow rate
decreasing as saturation is approached. The suction forces in an unsaturated bentonite can
also result in local desaturation of the surrounding host rock if it has inadequate ability to supply
water. This can result in subsequent disturbance of the T-H-M characteristics of the rock,
particularly subsequent supply of water to the bentonite-filled region. The suction generated by
the clay therefore has a substantial influence on the early T-H-M evolution of the placement
room.

In an environment where water supply to the bentonite is sufficient to avoid rock desaturation,
water uptake by an unsaturated bentonite is controlled by water interaction with the clay particle
surfaces and soil porosity (suction), this includes a strong influence of the ionic composition of
that water. The movement into or presence of a pore fluid of high ionic strength results in a
decrease in the extent of the osmotic forces in the clay-water system as the high negative
charges on the mineral surfaces are neutralized by nearby cations or hydrated cation
complexes provided by the pore fluid. With surface force neutralization, water movement
through the clay becomes easier since the pore space available for movement has increased,
interaction with particle surfaces is reduced and flow can then be described using conventional
advective flow relationships. Other factors that affect the pore volume available to conduct fluid
movement, pore structure or fluid movement include the precipitation or dissolution of minerals
within the clay. Besides reducing pore space available for water movement, microbes if present
and active can also potentially affect the movement of ions within the clay through development
of chemical concentration gradients associated with their metabolic processes or by generating
corrosion-inducing by-products.

The pore structure of the HCB or GFM components can be conceptualized as presented in
Section 4.3, with several pore size groupings present in compacted bentonite. Much of the
micro pore volume is associated with the strongly adsorbed (diffuse double layer (DDL)), water
between clay platelets as described in Mitchell (1993) or is otherwise unavailable to take part in
advective flow. Movement of water throughthes oi | 6 s pore spaces is such t
micropores is highly restricted with most flow occurring through the larger (macro) pores.
Changes in the distribution of the macro/micro porosity distribution as the result of macro-strain
(volume expansion or consolidation) could therefore be expected to influence the nature of
water movement through the bentonite. Such changes will be most evident in low-density
systems where strain is more readily accomplished, higher-density systems will be less readily
affected. It should be noted that for the purposes of modelling diffusive transport through clays,
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a single porosity model has been developed and is described by Idiart and Pekala (2015). This
model is a numerical means of trying to reproduce behaviour observed in diffusion tests, with
diffusion of ions assumed to occur through the entire interlayer phase. This is inconsistent with
the generally accepted assumption of anion exclusion from the interlayer as referenced by Idiart
and Pekala (2015).

As a result of the complex interaction of all the above-listed processes, the movement of water
into, out of or through the bentonite is subject to a degree of variability beyond that attributable
to density alone. This may be the source of the scatter in the measured hydraulic conductivity
values and is further complicated when cations in solution interact with both the clay surface
and the water molecules surrounding them. The interaction can be briefly summarized as
follows:

1 Development of a diffuse double layer (DDL) on the particle surfaces actually reduces the
porosity available for mass transport (effective porosity). In cases where the free pore
water cation concentration is low, the thickness of this DDL is large and the surrounding
water molecules become strongly associated with the clay particles, restricting the ability
to transmit water through this part of the porosity. High surface charge and a low ionic
concentration will also result in the presence of strong repulsive forces acting between the
platelets. This will encourage the particles to move further apart (swelling), reducing the
macro-pore volume available for water movement.

9 Should the pore water subsequently become more saline, the DDL will reduce and the
porosity available for flow will increase (as will hydraulic conductivity, k). Saline pore fluid
actually becomes more Newtonian in nature as TDS increases (Swartzendruber 1962)
changing the way it moves through the soil matrix.

1 When cation concentration in the free pore fluid is high to begin with, the thickness of the
DDL layer is small, with higher k and reduced swelling capacity.

The physical structure of the bentonite porosity will therefore depend on the particle charges,
the type of cations initially present in the double layer (adsorbed cations) and free porewater
regions, as well as the cation concentration in the free pore water.

The Darcy equation for flow through porous media is the most commonly used means to
present the hydraulic behaviour of bentonite.

Darcy Equation at constant temperature is:
Q =kiA 5-5

Where Q is quantity of flow per unit time (m?/s), k is hydraulic conductivity (m/s), i is the
hydraulic gradient (m/m) which is determined by the hydraulic head difference (m) across the
specimend s | ,eamddAtislthe cross-sectional area (m?) of the specimen being tested.

It is important to note that many of the basic assumptions associated with applicability of
Darcyb6s Law are not mai nancdo naednust be usedcimintespreiinge sy st e
changes in flow behaviour using this relationship. Dar cy 6s | aw i sthat:i ci tly assu
9 Isotropic soil structure exists,
9 Soil fabric does not change,
9 Fluid viscosity is constant,
o Brine solutions are more viscous than freshwater,
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0 The viscosity of water is a constant 1.005 mPa.s at 20°C,

0 Freshwater viscosity will change with temperature and at 90°C it is
approximately 0.315 mPa.s (Pramudiya 2011),

9 Fluid density is constant. Brine solutions are of higher density than freshwater, but also
experience density reduction and viscosity decrease with temperature rise (Ozbek et al.
1977),

9 Laminar fluid flow occurs,

1 Non-pressure gradients and counter-gradients (e.g. chemical or microbial osmotic
gradients) are not present,

1 A constant temperature is present, and
9 Water density is constant, when various conceptual models for water flow were examined.

It was observed by Dixon (1995) that the Poiseuille equation can be used to predict hydraulic
behaviour in bentonite-based materials (Lambe and Whitman 1979; Mitchell 1976, 1993; Yong
and Warkentin 1975). The Poiseuille equation is based on flow through tubular pore channels,
providing further support to the concept that flow is dominated by the limited number of
macropores. The basic Poiseuille equation for flow through a tube is presented below as
Equation 5-6:

. ave — pWRZih/ 8 d_ 5-6

Where vaye is the average fluid velocity, R is the tube radius, } v is the mass density of the
permeating water, i is the hydraulic gradient and d is the water viscosity.

However, in order to provide a more representative model for flow through soils, the Poiseuille
equation has been modified (Mitchell 1976). The modified Poiseuille equation provided below
gives a good predictive estimate of water flow and allows for evaluation of changing
environmental conditions (temperature, porosity, salinity effects on fluid viscosity and density
parameters can be changed). The estimation of flow requires knowledge (or estimation) of
numerous parameters associated with the soil and so can prove challenging to use.

g = CsVe2} we3S3nA / (dS.(1+€)) 5-7

where (q) is flow rate as it allows for consideration of factors such as degree of saturation (S),
pore shape coefficient (Cs), porosity (e), specific surface of particles (So), particle volume (Vs),
fluid density (} w), water viscosity (d), and the cross-sectional area of the specimen (A).

Despite the apparent limitations ofusingDar cy6s | aw as a predictive too
using this relationship has been demonstrated to provide a consistent means of comparing the

gross changes in flow as the result of changes in the density, thermal or chemical conditions.

Hydraulic conductivity (Klasgener at ed using Darcyoés | aw is the we
presents flow behaviour and changes in flow behaviour and so it is maintained in this

discussion.

5.4.2 Advective Flow Through MX-80

On achieving water saturation and internal structural equilibrium of the pore spaces, the
physical advective movement of water as well as dissolved minerals or contaminants becomes
a process that can be described by Darcian flow under constant temperature conditions.
Darcyb6s | aw f omrsoila(@quationt5iSMsegentrallp wsedito describe flow in water-
saturated bentonites although it may not be readily applied under low gradient or very low
density conditions since the quantity of mobile water may change as a result of the diffuse
double layers (DDL) associated with montmorillonite particles (Dixon 1995; Dixon et al. 1999).
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The DDL is discussed further in Section 5.5. Since pore fluid TDS will affect the porosity
available to transfer fluid (or gas), k will vary with groundwater conditions, even where the
density of the clay is the same. It is therefore important that the groundwater composition and
anticipated salinity conditions during the repository lifetime be known so that accurate
estimation of k can be accomplished.

5.4.2.1 Flow Under Freshwater Conditions

Measurements of the advective flow behavior of bentonites of the type used as the reference
clay by NWMO (MX-80) have been reported in numerous research reports including; Barone et
al. 2014; Bennett 2014; Bucher et al. 1986; Daniels et al. 2017; Dixon 1995, Dixon and Miller
1995; Dixon et al. 1987, 1996a,b, 1999, 2016, 2018; Man and Martino 2009; Oyang and
Daemen, 1992; Pusch 1980b; Studds et al. 1998; and Westsik et al. 1982. Figure 5-10 shows
the effect of density under freshwater conditions on the hydraulic conductivity of MX-80. There
is a very substantial and consistent decrease in k as the density increases, a behavior that is
consistent with what would be expected where macro-pore volume decreases, and micro-pore
volume is unchanged. Ultimately there is effectively no macroporosity and what flow occurs is
forced through the micropores and interlayer water associated with particles (as discussed in
Section 4.3). There is a degree of scatter in the data, as would be expected when testing is
undertaken by different labs using slightly different testing equipment, test methodologies and
materials sourced over several decades, but this does not affect the overall trend in behaviour
observed. The hydraulic conductivity is less than 10-! m/s for the density range shown in
Figure 5-12.
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Figure 5-12: Hydraulic Conductivity of MX-80 Under Freshwater Conditions

As noted earlier in this document, bentonites are natural materials that are typically mined and
processed (crushed, dried and sometimes chemically treated) for industrial use. This means
that materials sourced from different locations, and perhaps even within the same deposit will
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vary compositionally. This is reflected in a considerable range of montmorillonite-type clay
mineral content and variations in their chemical composition and surface charges. As well the
nature of the cations present in the natural clay will affect the ability of the clay to swell (e.g.
monovalent Na versus multi-valent Ca, Mg, Fe, Cu) when provided with water. Monovalent
cations generally result in a higher swelling capacity. In order to provide a means to compare
the behavior of these different bentonites as well as bentonite-aggregate mixtures a parameter
known as Effective Montmorillonite Dry Density (EMDD) was developed (Dixon et al. 2003).
This parameter allows for prediction of the hydraulic properties of clays of differing source based
on their montmorillonite content. This parameter also allows for prediction of the hydraulic
characteristics of bentonite i aggregate contents. As this report focusses on the behavior of
100% MX-80 bentonite the EMDD parameter is not used and data is presented as dry density.

5.4.2.2 Effect of Pore Fluid Salinity on Hydraulic Conductivity

The presence of dissolved solids (salts) in the pore spaces of a bentonite clay has a well-
documented effect on the movement of water through the system. With increasing TDS comes
an increase in hydraulic conductivity for a given clay density. The magnitude of this effect is
generally agreed upon to be greatest at low dry density, likely as the result of space being
available for clay-cation interaction as well as the larger porosity being available for water
movement. Figure 5-12 shows examples of the pattern of changing k with salinity observed for
low density bentonite systems (Studds et al. 1998) and high density materials (Villar et al.
2005). In Figure 5-13 void ratios of 1.0 and 2.0 correspond to bentonite dry densities of
approximately 1380 kg/m? and 920 kg/m? respectively. Similar behaviour has been observed
for denser bentonite systems (e.g. Barone et al. 2014; Dixon 2000 ; Dixon et al. 1999, 2003,
2018; Khan 2013; Pusch 1980b; Villar et al. 2005; Alonso and Ledesman 2003; Cui 2017;
Johannesson et al. 2015; Martikainen and Schatz 2011; Priyanto et al. 2013; Westsik et al.
1982).
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Figure 5-13: Effect of Pore Fluid Salinity on Hydraulic Conductivity
(Studds et al. 1998; Villar et al. 2005)

While literature clearly shows the effect of increasing salinity on hydraulic conductivity, when the
results of different studies are combined, it becomes more difficult to quantitatively determine
the impact of salinity. Figure 5-14 presents combined literature related to the effects of ionic
strength on the hydraulic behavior of MX-80 bentonite, clearly showing the increased ability of a
material exposed to brine conditions to conduct fluid but also the overlap in the available data,
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particularly as density increases. The greatest effects of changing porewater composition on k
are observed at low to moderate salinity. Based on limited data, it would appear that once
salinity increases beyond approximately 100 g/L there is limited additional influence of Total
Dissolved Solids (TDS) increase on hydraulic behavior. At high TDS concentration, the volume
of pore space effected by surface charge on the clay platelets has been greatly reduced and the
guantity of structured water/cations on the surface is small. As a result, additional concentration
of cations in solution do not result in further change in the porosity available for advective flow.
The exponential and power best-fit equations for the hydraulic conductivity-density data
provided in Figure 5-14 are summarized in Table 5-4. Plots of the data used to derive the
regression lines and correlation coefficients are provided in Appendix D.

It should also be noted that the density-hydraulic conductivity data presented does not extend to
extremely low density conditions (<500 kg/m?3 dry density), where estimation of k is complicated
by development of extremely large hydration layers around the particles under freshwater
conditions. Such low density conditions are not particularly relevant to a DGR where materials
will be placed at much higher densities (1400 to 1700 kg/m3).
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Figure 5-14: Hydraulic Conductivity of MX-80 Under Saline Groundwater Conditions

5.4.2.3 Statistical Evaluation of Hydraulic Conductivity Data

The hydraulic conductivity data presented in Section 5.4.2.2 and whose best-fit equations are
provided in Table 5-4 were statistically analysed in order to determine their confidence limits as
well as their prediction bands. These analyses were undertaken using the methodology outlined
in Section 5.2.2.3 and are summarized in Appendix D. From these plots the predictive bands for
data can be seen for the range of groundwater salinity of interest in a DGR. In some cases,
there is limited data available for use in these analyses and as a result the confidence and
predictive bands are quite large, particularly when densities are substantially above or below the
reference values.



72

Table 5-4: Best-Fit Equations and Prediction Intervals for Hydraulic Conductivity of MX-80 Bentonite @ Room Temperature

Pl

4.1E-12 to 1.1E-9

2.7E-13to0 7.1E-11

Solution Best-fit Equation R2 K at K at K at
1.4 Mg/m? 1.6 Mg/m3 1.7 Mg/m?3
(m/s) (m/s) (m/s)

MX-80 in Freshwater | k = 1E-12 x DD:62 0.740

K = 5E-11e-369400 0.709 3.0E-13 1.4E-13 9.8E-14

Pl 3.4E-14 10 2.6E-12 | 1.6E-14t0 1.2E-12 | 1.1E-14 to 8.5E-13
MX-80in5-15 g/l | k= 2E-11 x DD | 0.671
DS K = 4E-08e-792900 0.607 5.7E-13 1.2E-13 5.3E-14

PI 3E-14t0 L1E-11 | 6E-15t02.3E-12 | 2.7E-15to 1E-12
MX-80 in 50-70 g/L | k = 4E-11 x DD%6 0.813
DS k = 8E-04e-15:6800 0.794 3.6E-13 1.1E-14 2E-15

PI 5.2E-17 10 2.4E-9 | 7E-19t0 1.8E-10 | 8E-20 to 5.4E-11
MX-80 in 100-160 | k = 2E-10 x DD762 | (0.695
g/L TDS k = 2E-07¢-6:52100 0.775 2 2E-11 5.9E-12 3.1E-12

Pl 42E-12102.2E-8 | 1.3E-13102.4E-8 | 6.8E-14 t0 2.6E-8
MX-80in>223 g/L | k= 2E-09 x DD42 | 0.839
DS K = 3E-04e11550D 0.808 2.9E-11 2.8E-12 9E-13

PI 3.1E-1310 2.6E-9 | 3.1E-14t0 2.6E-10 | 9.6E-15 to 8.4E-11
MX-80in>325g/L | k = 1E-08 x DD682 | 0.967
DS k = 1.36E-02e°13600 | 0.946 6.7E-11 4.4E-12 1.1E-12

6.6E-14 to 1.9E-11

Where DD is dry density of MX-80 expressed as Mg/m?® and k is in m/s; Pl is 95% prediction interval.
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Potential reasons for the scatter in literature data for MX80 bentonite are numerous. The most
likely are associated with:

- The natural variability of the composition of bentonite. It is a natural material subject to
localized differences in its montmorillonite content as well as its soluble salts and minor
mineral compaosition.

- Different testing methods and equipment are used in each lab providing measurements.
While the basic concepts for testing and equipment design are similar, variations will result
in differences in the measurements obtained.

5.4.3 Effect of Temperature on Hydraulic Properties of Dense Bentonite

In addition to the effects of density and pore fluid salinity, the movement of water through the
GFM and HCB materials is influenced by temperature. In the early evolution of the placement
room, the movement of moisture will be driven in part by the thermal gradient from the heat-
generating UFC to the rock contact beyond the GFM. With time and water uptake from the
surrounding rock, the bentonite filled regions will move towards saturation. The hydraulic
conductivity of the water-saturated bentonite is influenced by the effects of ambient
temperature, largely as the result of change in fluid viscosity with change in temperature. The
Darcy equation for flow in porous media recognizes the influence of changing water viscosity
with temperature, and so k will change with temperature. Figure 5-15 shows how a temperature
increase from 20 to 90°C results in a reduction in water viscosity (1000 to 350 mPa.s), making it
easier for water to move through the clay matrix as temperature increases. As can also be seen
in Figure 5-15, the density of pure water decreases from 1000 to approximately 965 kg/m? as
temperature rises from 20°C to 90°C (Pramuditya 2011; Anton-Paar 2011). This can also have
a substantial effect on the pore pressures generated in a fully-saturated very low permeability
system if temperature changes more rapid than the systemé s tg to mdve fluid into or out of
its pores.
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Figure 5-15: Effects of Temperature on Freshwater Density and Viscosity
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Viscosity-dominated change in hydraulic conductivity has been observed in measurements
made by numerous researchers (Bennett 2014; Cho et al. 1999, 2000; Dixon 1995; Dixon et al.
1987, 1996a,b; Daniels et al. 2017; Oscarson and Dixon 1990; Villar et al. 2010; Zihms and
Harrington 2015). All of these studies noted a significant increase in the hydraulic conductivity
with temperature increase. Figure 5-16 shows examples of the observed changes in the
hydraulic conductivity of bentonites having similar mineralogical compositions as the result of
temperature change. Literature data and theory all indicate that hydraulic conductivity increases
with increasing temperature and can be explained primarily by change in water viscosity,
although the data is not entirely consistent. Although change in viscosity of water is the
dominant factor, there are other factors such as mineral surface charge, surface area, adsorbed
cation composition, flow path tortuosity and pore size distribution that affect flow.
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Figure 5-16: Effect of Temperature on Freshwater Hydraulic Conductivity of Bentonite

Although temperature change clearly affects the hydraulic conductivity of compacted bentonite,
there is also the question as to whether these changes in flow velocity are associated with any
intrinsic ability of the bentonite to conduct water. Daniels et al. (2017) examined flow through
MX-80 bentonite having a dry density of 1560 kg/m? at temperatures from 20 to 170°C with the
results shown in Figure 5-17. From these data it would appear that for the temperature range of
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interest (<100°C), there is no substantial change in the permeability with change in temperature
once viscosity of water is considered. At temperatures in the >100°C to <150°C range, the
permeability seems to exhibit a reduction (~2% / °C) with temperature rise. The change in
hydraulic conductivity (or permeability) is not exactly accounted for by water viscosity and this
may be associated with changes in solid-liquid volume ratio as the result of thermal expansion
of solids. Additionally, water movement may be influenced by changes in the macro-micro void
ratios as the result of thermal expansion and gradual changes in the soil microstructure with
time, hydration and water movement. The dashed lines shown for very high temperature shown
in Figure 5-17 are for readings associated with equipment malfunction and so are not
considered representative of real behaviour. The results of Daniels et al. (2017) are consistent
with the conclusions of Oscarson and Dixon (1990) who examined the effects of elevated
temperature and also exposure to and subsequent cooling of initially unsaturated and saturated
bentonite-sand mixtures having clay dry density of 1000 to 1300 kg/m3. In that study there was
no discernible irreversible effect of thermal cycling and temperature, behaviour is attributable to
changes in water viscosity, porosity and water density.
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Figure 5-17: Effect of Temperature on Intrinsic Permeability of MX-80 Once Correction for
Viscosity Change is Applied (Daniels et al. 2017)

5.4.4 Effects of Secondary Processes Such as Cementation, Mineral Dissolution and
Bacteria on Hydraulic Behaviour

The hydraulic properties of the HCB and GFM system can also be affected by a number of
secondary process that could develop over the longer term. These include but are not limited
to:
1 Cementation of the soil matrix through precipitation of materials within the clay.
9 Dissolution of minerals in the clay and subsequent alteration of the porosity of the clay
or changes to the ability of montmorillonite to restrict water movement.
1 Development of microbial colonies.

5.4.4.1 Cementation/Dissolution

Cementation or dissolution of materials within the bentonite-filled volume are secondary
processes associated with changes to the chemical environment surrounding and within the
GFM or HCB. Cementation of the clay particles will require either transport into and
precipitation of soluble materials within the clay-filled volume, or local dissolution and
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reprecipitation of a portion of the original clay or accessory minerals (not necessarily the
swelling clay). Cementation across particle boundaries could result in loss of swelling capacity
and subsequently adversely affect self-sealing of the HCB-GFM volume. Cementation could
also however result in clogging of key pathways for water (and contaminant) movement,
reducing the ability of contaminants to move through the system. This process was described
by Pusch (1977) and discussed with respect to internally-occurring, silica cementation in
bentonite systems by soluble silica naturally present within the bentonite, with a conclusion that
cementation would not be able to produce brittle behavior in dense bentonite. Other sources of
potentially cementitious material include:

1 Gypsum, which occurs naturally within bentonite and is readily soluble.

9 Calcite, which occurs naturally within bentonite. Calcite or gypsum (calcium sulphate)
are readily dissolved or precipitated materials that are likely to move within the bentonite
as temperature conditions evolve, and so may play a role in longer-term alteration in the
bentonite swelling or hydraulic behaviour.

1 Amorphous iron naturally present in the bentonite or from iron-rich materials left behind
during repository closure (e.g. rock bolts, reinforcing bars in concrete, UFC).

The presence of natural iron in the bentonite is very limited and of more concern is the
introduced iron-bentonite reaction and the potential subsequent reduction in swelling pressure.
Carlson et al. (2006) and Wersin et al. (2008) examined iron-bentonite reactions with respect to
the UFC and the surrounding bentonite. The results by Carlson et al (2006) were not clearly
conclusive, while Wersin et al. (2008) concluded that iron migration into bentonite was unlikely
to be very substantial (only a few cm), even over a very long time. Bradbury et al. (2012)
indicates that montmorillonite alteration at temperatures less than 100°C in the relatively
freshwaterc ondi ti ons in Nagrads repository concept woul
conversion to Fe-smectites, although there is still some uncertainty regarding effects of other
possible alteration products such as iron-chlorite. Davies et al. (2017) also reviewed thermal
(20-300°C) and corrosion-related processes in very high TDS / MX-80 systems and noted that
corrosion-alone does not appear to significantly affect swelling behaviour of bentonite. It was
noted that in mixed ion systems (such as natural high-salinity groundwaters) that interlayer
exchange of cations was accelerated under elevated temperature conditions. They also
concluded that in their gel-consistency specimens that salinity will have a greater influence on
the bentonite than will corrosion products, with corrosion products generally forming poorly
crystalline precipitates within the clay matrix rather than altering the adsorbed ion composition.
Over the short-term Davies et al. (2017) noted that this increased the swelling capacity of the
clay but over longer duration (2yr), a reduction in the swelling capacity was observed. It should
be noted that these results are for materials tested as clay-fluid suspensions and so may not be
representative of processes that can occur under actual field conditions (e.g. high density, low
porosity).

Laine and Karttunen (2010) identify two processes that may lead to changes in swelling
pressure, hydraulic conductivity, ionic diffusivity and loss of plasticity of the buffer as
precipitation of SiO» and/or montmorillonite transformation to non-expandable minerals such as
illite. Arthur & Zhou (2005) attribute cementation in natural bentonite formations to be mainly a
result of the smectite/illite conversion reaction which has occurred over the many millions of
years since it was initially deposited as silica-rich volcanic ash. Cementation can also be the
result of precipitation of agents other than Si, such as iron-oxides, calcite or gypsum.

The buffer in the placement room will have a temperature gradient across it as the result of the
heat-generating UFCs. These may cause migration of dissolved compounds inwards or
outwards within the bentonite and if they reach a temperature, pH and other conditions where
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the precipitation is possible they will come out of solution and fill part of the pore volume as well
as potentially cementing the clay particles together (Pusch et al. 1998, Pusch 2001, Pastina &
Hella 2006, Wersin et al. 2007). Similarly, if conditions become less favourable, they may also
redissolve and migrate elsewhere in the bentonite or repository volume. Each potential
cementing agent will have a unique condition under which it will precipitate.

In the study by Wersin et al. (2007), temperature related cementation was summarized as
follows:

1 No significant cementation seems to occur below the temperature 110 °C.

9 Slight cementation at 130 °C.

1 Significant cementation at 150 °C and perhaps also smectite to illite transformation.

Wersin et al. (2007) also referenced a study on Kinnekulle bentonite as a natural analogue data
which indicated that bentonite retains low hydraulic conductivity even after extended exposure
to elevated temperatures and substantial illitization and cementation has occurred. A more
recent review of montmorillonite stability under near-field repository conditions relevant to

Nagrabs sedimentary repository concept as well

repository concepts was completed by Nagra (Leupin et al. 2014). These three repository
concepts all have relevanceto NWMOG6s repository concept as
rock concepts are being considered by NWMO and bentonite is proposed for use as a sealing
system component immediately surrounding the used fuel containers and similar temperature
conditions are expected to exist. It was concluded that for realistic geochemical and thermal
conditions that so far as swelling or cation adsorption is concerned there would be little change
and that the fundamental physical and chemical properties of the smectite will be preserved
over the longer-term.

The conclusions of Leupin et al. (2014) are consistent with the earlier finding reported for the
FEBEX project where evaluation of the effect of five years of contact of highly compacted
bentonite with a cast concrete plug was examined (Enresa 2006). The FEBEX installation was
operated in a granitic geosphere at elevated temperature (~65°C at concrete-bentonite contact)
and water in the system migrated towards these contacts where essentially saturated conditions
existed. At the end of the five years of testing, extensive mineralogical, geochemical and
chemical analysis was undertaken on the bentonite and the porefluid associated with it. The
mineralogical composition of the bentonite was not discernibly altered although some minor
mineral phases (gypsum and calcite) were evident at the time of decommissioning.

As noted by Laine and Karttunen (2010), silica polymorphs (quartz, cristobalite and amorphous
silica) can precipitate over a wide temperature range. The precipitation temperatures were
identified to range from 18 to 500 °C depending on the prevailing salinity/pH conditions. SiO;
content in groundwater in the repository was identified as being controlled by the following
processes and are relevant to the MX-80 immediately adjacent to the UFCs:

9 Dissolving of smectite and other minerals of bentonite,

9 Dissolving of minerals of host rock,

9 Dissolving of cement-based construction materials, and

9 Dissolving of silica based grouting material.

Chemical dissolution of smectite is assumed to be a temperature-related reaction (Wood 1983,
Pusch et al. 1998), that is also affected by the solid/liquid ratio of the system and pH. The
dissolution of smectite may release silica and aluminum. Released Si may later function as a
cementing agent in bentonite when a suitable site for reprecipitation is encountered. In a
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particularly aggressive environment, where very high pH conditions (>11) exist, dissolution of
some of the mineral component of the bentonite may occur. There is however no currently
identified mechanism whereby such an environment would persist in a DGR.

The presence of cementitious materials (e.g. concrete) in contact with the bentonite materials
will result in a localized increase in the pH conditions to between 9 and 11 for the period
immediately following the concrete and bentonite placement if specially formulated low pH
cementitious materials are used. The duration of this pH anomaly will depend on many factors
but predominantly on the formulation of the cementitious materials used, the number of pore
volume exchanges that occur and neutralizing reactions with the clay and surrounding rock
mass. The reaction process associated with cementitious materials has been studied by
Onofrei and Gray (1990), Kim et al. (2011) and considerations regarding their use has been
reviewed by (Hansen 2004; Kim et al. 2011). In order to deal with potential long-term
interaction, the general approach has been to allocate a portion of the bentonite thickness as a
sacrificial zone where bentonite alteration (and or cementation) occurs based on the quantity of
concrete present. For exampl e, in Nagradbds tunnel pihed c e me n t
tunnels will result in an anticipated <0.13 m of bentonite alteration to illite, hydroxides,
carbonates, calcium silicate hydrates and aluminosilicates, over a 1 million year period
(Bradbury et al. 2012). A subsequent report by Savage (2013) loss of bentonite in concrete-
lined tunnel was estimated. For concrete thickness of 150-250 mm (similar to thickness of
NWMO placement room floor), it was estimated that bentonite alternation would extend some
38 to 67 mm beyond the original contact. This is substantially less than that predicted by
Bradburry et al. (2012) and also less than the estimated 150 mm thickness of the bentonite floor
tablets present between the concrete and thelowers ur f ace of the buffer box
placement rooms. The swelling pressure and contaminant retention properties of this alteration
zone would be reduced but not zero.

In a study to identify the magnitude of the effect of high pH on the properties and behaviour of
bentonite, Oscarson et al. (1996a) examined the effects of bentonite exposure to high (0-5% by
dry weight) concentrations of Ca(OH),, followed by percolation with freshwater. The results
were not able to detect any changes in the swelling pressure or hydraulic conductivity of the
bentonite, although conversion from a sodium to a calcium bentonite was observed.

Additionally, a study by Lehikoinen (2009) examined the possible extent of mineralogical
alteration as the result of continued exposure of bentonite to elevated pH (12.2; 11.6 and 9.7)
and it was concluded that while extended exposure would result in mineralogical damage, it
would be confined to the region close to the interface between the clay and high pH material
and would likely result in clogging of the pores in that region.

5.4.4.2 Bentonite Erosion

The loss of substantial quantities of bentonite from the placement room via conventional erosion
cannot readily occur in a placement room unless there is very substantial water inflow occurring
during the placement process. Physical erosion involves the relocation of bentonite as the
result of water flow through the placement room, either during UFC installation or immediately
following placement room closure. The loss of bentonite during UFC installation is a potential
concern only in that situation. It is not anticipated that discernible water inflow will occur during
UCF installation in a sedimentary environment such as that considered by NWMO (similar to
what is anticipated for other sedimentary concepts in Belgium, France and Switzerland). Water-
induced mechanical erosion is a possibility in crystalline rocks such as considered by Canada,
Sweden and Finland and is discussed by Sandén et al (2008). If inflow is locally substantial,
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means to control water inflow such as grouting or installation of water drainage systems or
structures can be used (Akesson et al. 2016; Koskinen 2015; Koskinen and Sandén (2014),
Sandén 2016; Sandén and Borgesson 2014; Sandén et al. 2008). These will allow for UFC and
sealing material installation to continue under conditions of modest water inflow, should inflow
be too high to deal with those placement rooms (or sections of placement rooms) would not be
used. Under conditions of low to moderate water inflow, the potential exists for water to relocate
some of the bentonite installed in the tunnel, this would be a local phenomenon and should not
result in a substantive alteration in the density of the installed bentonite. However, this factor
needs to be carefully considered when undertaking UFC installation in a wet environment.

The intrusion of bentonite into small fissures or cracks in the surrounding rock mass can occur
to a limited extent, the depth of penetration will depend on many local physical and
environmental factors. It will ultimately be restricted through the development of filter layers as
coarser particles clog the openings, limiting further movement of material into the rock.
Birgersson et al. (2009) note that for Na-montmorillonite pore sizes of <0.5 to 0.2 um will stop
bentonite movement while a Ca-montmorillonite will require pore sizes > 100um to migrate.

Bentonite erosi on t hoteutlgalmchémical dissaluioa had beeme a n s

suggested as being possible under conditions of hyper-freshwater intrusion to repository depth,

combined with contact of bentonite with this solution in a water-conductive geological feature

(fracture or fault) (Birgerssonetal. 2009). Thi s type of fAerosiveod |l oss by
Aibentonite solod is the result of ongoing dispersi
exchange sites), into the moving hyper-fresh groundwater. There is a dramatically lower

capability for this type of sol formation where the bentonite is in the Ca/Na form or Ca is the

dominant (90%) exchangeable cation. In a Ca form the montmorillonite is not prone to

formation of sols. The sedimentary formations considered by NWMO are located below and

within hyper-saline structures (see Table 4-4 for groundwater composition), that have survived

multiple glaciations without evidence of dilution of their pore fluid to hyper-fresh conditions.

As noted by Birgersson et al. (2009) the critical coagulation concentration (CCC) for Wyoming-
type bentonite is in the order of 25 mM (1.17 g/L) in a pure NaCl form. At higher concentrations
the bentonite will coagulate and become a non-colloidal particle that is less mobile. In mixed
Na/Ca systems the CCC is even lower. It is unlikely that this type of mechanism would be
encountered in the sedimentary rock formations considered by NWMO as the overlying and
target installation-level structures all contain substantial natural concentrations of salt in their
pore fluid, with evidence that there has been little interaction of the deeper (>330 m depth) at
the Bruce Site in Ontario groundwater with surface water over many millions of years (Clarke et
al. 2013, 2015 and Al et al. 2015).

Formation and subsequent movement of bentonite in a colloidal form requires the presence of
hyper-freshwater in order for this process to become discernible. Tests by Birgersson et al.
(2009) indicated that TDS levels in the order of 1-5 mM (0.05 7 0.42 g/L) of sodium or Na/Ca
chlorides were sufficient to prevent erosion of Na-dominated bentonite. It was concluded by
Birgersson et al. (2009) that for the situation in the Grimsel site, located in granitic rock that
glacier-generated meltwater would be insufficient to trigger colloidal release from the bentonite.
Hence in the type of geological conditions anticipated in a DGR located within the granitic rocks
of the Canadian Shield, conditions that could lead to colloidal release by the bentonite is highly
unlikely given the depth, hydraulic gradient conditions and also the presence of a substantially
higher natural groundwater TDS concentration than is present at the Grimsel site.
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5.4.4.3 Microbes

The presence of a viable and active microbial (bacteria, fungi) population has been determined
as being able to alter the hydraulic properties of clay soils, typically by generation of biofilms or
intrusive growth into the pore space between particles. As a result, microbiological activity is
typically something that will decrease water flow through soils. The potential therefore exists
for microbial activity to influence water movement and have some influence on the hydraulic
behavior of the sealing system. The environmental conditions required to allow for bacterial
activity are not however generally found in the HCB and is unlikely to persist in the GFM for long
after density equilibration begins. This bacteria-unfriendly environment is caused by a number
of factors (Stroes-Gascoyne et al. (2005; 2006; 2007a, b; Stroes-Gascoyne and Hamon 2008;
2010), Stone et al. (2016) with the main factors being:

1 The very high porewater suction present within the bentonite in the pre-saturation phase
makes it difficult for bacteria to survive in an active form;

1 The very small pore spaces in which the bacteria would need to exist precludes their
active presence although they may persist as spores;

9 The very low water activity (aw) conditions induced by highly saline fluid; and

1 Elevated temperatures adjacent to the UFC (Stroes-Gascoyne and Hamon 2010).

The role of these factors in discouraging bacterial activity is discussed in detail by Stroes-
Gascoyne 2005; Stroes-Gascoyne and Hamon 2008, 2010; Stroes-Gascoyne et al. 2005; 2006;
2007a, b; Stone et al. 2016). It was conservatively estimated that in order to have essentially no
bacterial activity in a low salinity bentonite environment that a dry density of greater than
approximately 1600 kg/m?® must be present. This condition is met in the HCB component and
with consolidation of the GFM by swelling of the HCB, this potentially viable density condition
may not persist within the perimeter bentonite for very long. Alternatively, if low density persists
or develops a region that previously had no viable bacteria population may see re-establishment
of microbial activity (Stroes-Gascoyne and Hamon 2010).

A study of the effects of bacterial action on advective flow through compacted bentonite was
included in the work by Stroes-Gascoyne et al. (2006) and it was concluded that bacterial
activity was not a discernible influence on water flow through bentonite, and that presence of a
saline (68 g/L TDS) pore fluid resulted in a very substantive reduction in bacterial presence in
and around the bentonite. In the studies by Stroes-Gascoyne and Hamon (2008, 2010), the
presence of an initially active and viable bacterial population within the loose bentonite before
compaction into HCB did not persist and although still present at the interface between the HCB
and filter stones on the upper and lower faces of the specimen, there was no discernible change
in the hydraulic conductivity (or swelling pressure) measured. This has particular relevance to a
DGR since there will be contact interfaces between the HCB, GFM and surrounding rock mass
at a sufficient distance from the UFC surface that temperature will be substantially lower than at
the surface of the UFC. The result will be a less-harsh environment that might be more
conducive to bacterial growth. Hence, based on the laboratory tests where a more microbe-
friendly environment was present and no discernible effect on Ps or k was observed, it might be
concluded that this situation will also occur in the placement room.

The temperature at the HCB-UFC contact will rapidly increase to approximately 90°C. Stroes-
Gascoyne and Hamon (2010) examined the effects of temperature and density on the
culturability of bacteria native to Wyoming MX-80 bentonite. It was noted that there was a five-
order of magnitude decrease in the culturable cells when temperature was 60°C although there
was still some cell viability at 80°C. Once temperatures were raised to >121°C the bentonite
was essentially sterilized although there was still a very low level of aerobic culturability
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detected once temperature decreased. Stroes-Gascoyne and Hamon (2010) also noted that
viability was also influenced by clay density with higher viability at lower densities.

5.4.5 Summary

The advective flow behaviour of bentonite is primarily controlled by the dry density of the clay
and the salinity of its pore fluid. Relationships describing the swelling pressure-density of MX-
80 bentonite behaviour have been developed and provided in Table 5-5. The effects of further
increasing TDS concentration of the pore fluid seem to be limited when they exceed
approximately 100 g/L. Factors such as exchangeable cation composition, cation ratio and
bacteria will have a limited discernible effect when the density of the bentonite is high. When
the density of the bentonite is low, secondary processes and effects become more easily
identified. At elevated temperature the advective flow velocity (hydraulic conductivity) will
change primarily as a function of changing water viscosity. Fluid flow may change with time
depending on the presence of processes leading to erosion, cementation/precipitation and
bacterial activity but at present, under conditions relevant to the DGR, none of these processes
have been clearly demonstrated to be present at levels that would substantially alter fluid flow
(and hence contaminant migration). A further evaluation of processes likely to be of importance
will need to be undertaken once a repository site is selected and site-specific groundwater
information is available as well as site-specific thermal evolution following UFC installation and
facility closure.

5.5 SWELLING PRESSURE OF HCB AND GAP FILL

5.5.1 Background

Swelling pressure is defined as the mechanical load per unit area of surface of a rigidly-
confining medium. In the DGR swelling pressure is the pressure applied to the rock or UFC by
a fully-hydrated bentonite.

As a result of the high negative surface charge present on the faces of the bentonite particles
there is a strong repulsive force developed between the plates. This repulsive force is
evidenced by a swelling potential (pressure) where there is no means to allow the particles to
move apart (saturation has not been achieved or material is rigidly confined). Where water is
supplied to the bentonite and volume strain can occur, the water and cation-water complexes
allows the particles to hydrate and move apart. The force developed by this repulsion can be
very substantial and the closer the particles are required to remain to one-another the higher is
this repulsion. As discussed previously, the presence of balancing cations in the water between
the particle surfaces reduces the magnitude of the repulsive forces and hence decreases the
force developed on the confinement. This is described in greater detail in Dixon 1995; Karnland
1997, 1998 and Bag 2011. Figure 5-18 shows the diffuse-double-layer concept with the various
forces and regions of structured water associated with parallel clay particles. In dense systems
the majority of the water associated with the bentonite is held in a structured form and so is not
entirely free to move through the clay. The strength of the electro-chemical bonding will vary
with factors such as internal structure of the clay particles, distance between particles and the
presence and composition of the cations present in the free water phase. Factors such as
temperature, hydraulic pressure and bacterial activity may also play a role in determining the
swelling pressure that a confined bentonite will develop.
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Figure 5-18: Distribution of Layer Charges in a Clay Electrolyte System (Bag 2011)

5.5.2 Swelling Pressure in MX-80

The forces driving particles to separate are measured as swelling pressures on the walls of a
rigid confinement. These same forces control water movement through the bentonite. The
swelling pressure of a clay is therefore primarily a function of the strength of the surface charge
on the clay platelets and the distance that these plates can separate. The controlling
parameters are density (distance between clay particles) and pore fluid salinity (and
composition), with a secondary influence of temperature.

The development of swelling pressure in MX-80 bentonite at densities relevant to the GFM and
HCB has been studied by many laboratories. There are a number of methods available to
generate swelling pressure values, rigid-wall constant-volume cells, triaxial consolidation tests
and uniaxial consolidation cells. All have been used at various times and all provide a measure
of bentonite swelling pressure at a known density. Although they should all provide the same
value for swelling pressure for a given dry density, they unfortunately have some limitations with
their comparability and speed with which testing can be accomplished. The most commonly
used method to measure swelling pressure is use of the rigid-wall constant-volume cell and has
the least complicated measuring system, requiring only a load measuring device to determine
swelling pressure. Other methods allow for potentially substantial changes in specimen volume
to occur before pressure-volume equilibrium is achieved and this may result in challenges in
defining the density and swelling pressure associated with the specimen.

5.5.2.1 Role of Density and Pore Fluid Salinity

As with many other properties of bentonite materials, the swelling pressure developed is a
function of the montmorillonite content, the density to which the montmorillonite is compacted,



