Review oH-M-€Chler dpert
MX80 Bentonite

NWMOT R2 @ 90 7 June 2

Davi d A. Di xon

Golder Associates Limited

NnwWmMmo

NUCLEAR WASTE SOCIETE DE GESTION

MANAGEMENT DES DECHETS
ORGANIZATION NUCLEAIRES




Nuclear Waste Management Organization
22 St. Clair Avenue East, 6" Floor

Toronto, Ontario

M4T 2S3

Canada

Tel: 416-934-9814
Web: www.nwmo.ca



Review BHM-CBreoperti e&s0 oBe nvXo n

NWMGT R2 0 2097

r Associates Limited

This report has been prepared under contract to NWMO. The report has been reviewed by NWMO,
but the views and conclusions are those of the authors and do not necessarily represent those of the NWMO.

All copyright and intellectual property rights belong to NWMO.



Document History

Title:

Review of the T-H-M-C Properties of MX-80 Bentonite

Report Number:

NWMO-TR-2019-07

Revision:

[R{0]0]0] Date: June 2019

Golder Associates Limited

Authored by:

David A. Dixon

Verified by:

Frank Barone

Approved by:

George Schneider

Nuclear Waste Management Organization

Reviewed by:

Kenneth Birch

Accepted by:

Chris Boyle
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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.
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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
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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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Figure 3-1: Isostatic Production of HCB Blocks and Resulting Buffer Box
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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?.

NWMO prototype (

R

Birch and Mielcarek 2017)

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



