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Abstract 

Within Canada there are more than 2.5 million bundles of spent nuclear fuel with another approximately 2 

million bundles to be generated in the future. Canada, and every country around the world that has taken a 

decision on management of spent nuclear fuel, has decided on long-term containment and isolation of the 

fuel within a deep geological repository. At depth, a deep geological repository consists of a network of 

placement rooms where the bundles will be located within a multi-layered system that incorporates 

engineered and natural barriers. The barriers will be placed in a complex thermal-hydraulic-mechanical-

chemical-biological (THMCB) environment. A large database of material properties for all components in 

the repository are required to construct representative models. Within the repository, the sealing materials 

will experience elevated temperatures due to the thermal gradient produced by radioactive decay heat 

from the waste inside the container. Furthermore, high porewater pressure due to the depth of repository 

along with possibility of elevated salinity of groundwater would cause the bentonite-based materials to be 

under transient hydraulic conditions. Therefore it is crucial to characterize the sealing materials over a 

wide range of thermal-hydraulic conditions. A comprehensive experimental program has been conducted 

to measure properties (mainly focused on thermal properties) of all sealing materials involved in Mark II 

concept at plausible thermal-hydraulic conditions. The thermal response of Canada’s concept for a deep 

geological repository has been modelled using experimentally measured thermal properties. Plausible 

scenarios are defined and the effects of these scenarios are examined on the container surface temperature 

as well as the surrounding geosphere to assess whether they meet design criteria for the cases studied. The 

thermal response shows that if all the materials even being at dried condition, repository still performs 

acceptably as long as sealing materials remain in contact. 
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Chapter 1 

Introduction 

Global energy consumption growth together with climate change awareness brings about the expansion of 

clean and renewable energy sources. The main contribution of sustainable energy sources are a reduction 

of greenhouse gases emissions compared to carbon-based sources. One of the carbon-reduced alternative 

energy sources to fossil fuel is nuclear power. Nuclear power is used around the world as well as in 

Canada. In the province of Ontario (population 13 million), more than half of the electricity requirements 

are met by nuclear power.  

While being environmentally friendly from a carbon perspective, disposal of nuclear waste brings 

a responsibility to protect people and environment from its effects in the long-term. Within Canada there 

are more than 2.5 million bundles of spent nuclear fuel with another approximately 2 million bundles to 

be generated in the future (Garamszeghy 2015). In Canada current inventory for used nuclear fuel is 

located at surface; used fuels (Figure  1.1a) and then transferred to dry storage for the interim 

(Figure  1.1b). Both of these initial stages are only short-term solutions to the issue at hand. Worldwide, 

the accepted long term solution for containment and isolation of used nuclear fuel is a deep geological 

repository.  

A deep geological repository consists of a network of placement rooms at around 500 m depth 

where the used fuel bundles will be located within a multi-layered system that incorporates engineered 

and natural barriers (Figure  1.2). Performance of repository will be monitored over time at a surface 

facility. One of the engineered barriers which fill the gap between used fuel bundle inside the container 

and the surrounding geosphere are bentonite-based sealing materials. Bentonite is known to be a robust 

and durable barrier due to its physical and chemical properties.  

Due to the radioactive decay, heat generated by the used fuel, as well as the depth where room 

placement is located (500-1000 m), the repository will undergo a complex thermal-hydraulic-mechanical-



 

 

 

2 

chemical –biological (THMCB) environment during its lifetime. Since a successful deep geological 

repository provides safe isolation of used fuels for a million years, comprehensive THMCB models will 

be used to predict the behavior of repository under the both likely and unlikely scenarios. Numerical 

models depend on reliable material properties as inputs. Thus, large database on material properties for all 

components involved in repository are required to construct representative models. 

Within the repository, the sealing materials will experience elevated temperatures due to the 

thermal gradient produced by radioactive decay heat from the waste inside the container. Furthermore, 

high porewater pressure due to the depth of repository along with possibility of elevated salinity of 

groundwater cause the bentonite-based materials to be under transient hydraulic conditions. Therefore, it 

is crucial to characterize the sealing materials over a wide range of thermal-hydraulic conditions. 

Although bentonite is natural stable material since it’s formed million to hundred millions of years ago 

from volcanic ash (NWMO 2015), its properties might vary spatially insitu. Hence, variability study on 

available source of bentonites has to be conducted to assure selected bentonite meets required criteria for 

using in the repository.  

In the Canadian concept of a deep geological repository, a design criterion has been defined so 

that the container surface temperature should not exceed 100°C to prevent damage to containers and 

avoid any alteration in swelling properties of bentonite (Maak 2006). Therefore, amongst other design 

aspect, efficient dissipation of thermal energy through the placement room to the surrounding geosphere 

depends on thermal properties of the sealing materials.  

1.1 Objectives 

1. Due to the need to build further confidence in the experimental data on these naturally occurring 

bentonite materials, comprehensive experimental tests have to be performed to evaluate effect of 

bentonite type and porewater chemistry on index properties as well as degree of saturation and 

temperature on thermal properties of high and low density proposed materials. Additionally, 
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measured thermal properties are compared with an empirical correlation (Baumgartner 2006) to 

evaluate compatibility of predicted values with measured values. 

2. The thermal response of Canada’s concept for a deep geological repository can be modelled using 

experimentally measured thermal properties. Potential scenarios are defined and the effects of these 

scenarios are examined on the container surface temperature as well as the surrounding geosphere to 

assess whether they meet the maximum 100°C criterion. 

1.2 Thesis Format 

The thesis has been prepared in manuscript format in accordance with the regulations of the School of 

Graduate Studies at Queen’s University. Chapter One provides a general introduction to the research. 

Chapter Two, “Characterization of Engineered Barriers for Canadian Deep Geological Repository for 

Used Nuclear Fuel” describes the characterization of sealing materials involved in current concept of 

deep geological repository, highlighting the results and procedures associated with multiple laboratory 

tests. Chapter 3, “Thermal-Hydraulic Model of Canadian Deep Geological Repository” describes series 

of finite element models of thermal response of deep geological repository using experimentally 

measured thermal properties over plausible scenarios. Chapter Four provides the overall conclusions of 

the research described above, summarizing the findings of Chapter two and Chapter three.  

1.3 References 

Baumgartner, P. 2006. Generic thermal-mechanical-hydraulic (THM) data for sealing materials-Volume 

1: Soil–water relationships. Atomic Energy of Canada Ltd, AECL, TR-06819.  

Garamszeghy, M. 2015. Nuclear Fuel Waste Projections in Canada–Update. Nuclear Waste Management 

Organization, NWMO, TR-2015-19.  

Maak, P. 2006. Used fuel container requirements. Ontario Power Generation Preliminary Design 

Requirements. 06819-PDR-01110-10000 R02 

NWMO 2015. Ensuring safety: multiple-barrier System (background) 
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Figure  1.1.Current Canadian storage facility above the ground; a) wet storage b) dry storage 

a) 

b) 
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Figure  1.2. Canadian concept of deep geological repository (NWMO 2015) 
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Chapter 2 

Characterization of Engineered Barriers for Canadian Deep Geological 

Repository for Used Nuclear Fuel 

2.1 INTRODUCTION 

Global energy needs continue to rise along with society’s desire for carbon-reduced energy sources to 

limit climate change effects. One viable carbon-reduced energy source is nuclear power. More than half 

of the electricity requirements of the province of Ontario, Canada (pop. 13 million) are met by nuclear 

power. Along with the efficiency, safety, carbon-reduction, and reliability benefits of nuclear power 

comes the ethical and environmental responsibility to safely care for the waste products. Within Canada 

there are more than 2.5 million bundles of spent nuclear fuel with another approximately 2 million 

bundles to be generated in the future (Garamszeghy 2015). Canada, and every country around the world 

who has come to the decision on a long-term solution for nuclear waste, has chosen long-term burial in a 

deep geological repository as their solution. A deep geological repository (Figure  2.1a) consists of a 

network of placement rooms at depth where the bundles will be located within containers and surrounded 

by an engineered barrier system. The engineered barrier system (Figure  2.1b) is composed of bentonite-

based materials due to bentonite’s desirable material properties such as low permeability, high swelling 

potential, and durability in the presence of high temperatures and aggressive chemical environments. A 

deep geological repository will be subjected to complex thermal-hydraulic-mechanical-chemical-

biological conditions as the waste products will be placed at an elevated temperature during construction 

and the surrounding groundwater chemistry will likely have elevated salinity. The performance of the 

repository must be evaluated for this complex set of conditions to ensure isolation of the waste products. 

In order to construct a representative model, accurate and reliable material properties for all components 

of the repository are required. Thus, since 1980s jurisdictions in charge of nuclear waste management 
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have been characterizing proposed sealing materials as well as the host rock by performing full-scale and 

laboratory tests.  

Countries around the world have considered various barrier compositions based on their specific 

waste, geologic conditions, and available supply. In view of the required properties of the sealing 

materials, Pusch (1979) suggested the use of high density bentonite blocks, which can meet the design 

requirements of the barrier system. Since that time, jurisdictions have proposed their own sealing 

materials which may be cement or bentonite based. However, most are considering the use of bentonite 

rather than cement (ANDRA, France; ENRESA, Spain). In addition, some countries include a mixture of 

aggregate with either expansive or non-expansive clay as the sealing component. A number of mixture 

materials have been proposed including: crushed granite and sand (NWMO, Canada), crushed basalt 

(DOE, United State), zeolytes and quartz (JNC, Japan), quartz and graphite (ANDRA France; 

ONDRAF/NIRAS, Belgium) as aggregates. The main motivation of adding coarse crystalline particles are 

to improve thermal properties of system, increase the mechanical resistance of the compacted blocks, and 

reduce costs (Villar 2002). Furthermore, to increase constructability, some studies have examined using 

high density bentonite pellet combined with powdered bentonite as an engineered barrier (Salo & 

Kukkola 1989 and Volckaert et al. 1996). This combination would create a dual porosity material that 

would increase the dry density of the barrier. 

Amongst other design aspects, the engineered barriers will transfer the thermal energy from the 

spent nuclear fuel to the surrounding geosphere. Therefore, the thermal properties of the engineered 

barrier are a key attribute of the system in terms of efficiency and size of the repository. The environment 

will likely include competing gradients of groundwater pressure driving moisture into the repository and 

thermal gradients driving moisture away from the used fuel container. Over their lifetime the engineered 

barriers will be at variable saturation levels and temperatures. It is necessary to determine thermal 

properties of engineered barriers over a wide range of moisture contents (degree of saturations) and 

variable temperatures (25°C and 80°C). With respect to Canadian concept (Figure  2.1), a key design 
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criterion of the repository is the maximum surface temperature of the used fuel container must be below 

100°C (Maak 2006). A number of studies have examined the thermal behavior of proposed sealing 

material over different conditions such as density, saturation, and temperature (Coulon et al. 1987, Beziat 

et al. 1988, Radhakrisha et al. 1989, Borgensson et al. 1994, Graham et al. 1997, Madsen 1998, Villar 

2002, Ould-Lahoucine et al. 2002, Engelhardt and Finsterle 2003, Tang et al. 2007, Man et al. 2011, Kim 

et al. 2012 and Likos 2014). Alternatively, Baumgartner et al (2006) estimated the thermal properties of 

bentonite materials based on their composition and density. Their predictions consisted of a series of 

sinusoidal curves for thermal conductivity and specific heat capacity as a function of degree of saturation. 

Although these experimental and theoretical prediction studies are found in the literature, there still is a 

need for site-specific materials properties of the materials for the proposed Canadian deep geologic 

repository. An additional Canadian consideration is there are two potential bentonite sources, which are 

MX80 and National Standard. These bentonites are naturally occurring materials and their properties may 

vary spatially in nature. Once the deep geological repository is under construction, commercial bentonite 

will be received at the facility over a 30-year period and the material properties will need to meet well 

established performance requirements throughout construction. In Canada, much of the previous 

laboratory work on Wyoming bentonite properties was carried out on a limited number of shipments, and 

there is a need to develop a larger database. Moreover, the focus of previous work has been largely on 

saturated as-placed bentonite. In Canada, the exact site of the repository is still unknown and therefore the 

precise geological conditions of the repository are potentially variable. From a hydraulic perspective the 

quantity and type of groundwater infiltration into the repository will be governed by the local and regional 

rock type, fracture network, and pore pressure conditions. Theoretically there is a potential for limited 

infiltration during the thermally transient phase of the repository, which would allow significant drying of 

the sealing materials. As such, the need to measure bentonite properties in a relatively dry environment is 

apparent. 
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The purpose of this chapter is to provide a database of material properties, mainly focused on 

thermal properties, of sealing materials to support Canada’s concept for a deep geological repository, to 

compare the results with predicted values and to examine the variability within the results. A 

comprehensive study examining the effect of bentonite type and porewater chemistry on index properties 

as well as degree of saturation and temperature on thermal properties of high and low density bentonite 

materials is currently unavailable in the literature in particular for the unique highly saline groundwater 

conditions that could be encountered in a Canadian sedimentary rock geosphere. The results from this 

study are directly applicable to provide information on the performance of sealing materials over a wide 

range of thermal, hydraulic and chemical environments. The tests reported in this study were performed 

under a Quality Assurance and Quality Control protocol approved by Nuclear Waste Management 

Organization (NWMO) of Canada. Additionally results will be compared with the Baumgartner et al. 

(2006) curves to examine the predicted values versus physically measured properties.  

2.2 MATERIAL AND METHODS 

The materials examined in this study are proposed to be used in the deep geologic repository show in 

Figure  2.1b and include highly compacted bentonite, gapfill, and dense backfill. The materials were 

prepared using one of two bentonite sources. Additionally, experiments on bentonite-based materials 

require special considerations owing to the low hydraulic properties of the constituents. In this section the 

material compositions and specific testing methodologies used in the study are presented.  

2.2.1 Materials 

Two Wyoming bentonites which is VOLCLAY MX80 – manufactured by American Colloid Company 

and National Standard (Na.St) – manufactured by Bentonite Performance Minerals LLC have been 

evaluated as a source of bentonite in this study. The focus of this study is on the following sealing 

materials involved in the Canadian concept for a deep geological repository; 

1. Highly Compacted Bentonite (HCB) – 100% bentonite clay will be placed in the repository as a 

high density block with minimum dry density of 1.7 g/cm
3
 and located immediately adjacent to 
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used fuel container. This component will swell on contact with water and homogenize with 

adjacent gapfill pellet material. The average specific gravity of 2.87±0.06 and 2.72 ±0.02 was 

measured for National Standard powder and MX80 powder respectively based on ASTM (D854). 

2. Gapfill (GF) – 100% bentonite clay fabricated in the form of dense pellets with minimum dry 

density and maximum grain size of 2.12 g/cm
3
 and 8 mm respectively and mixed with the as-

placed bentonite. This material would be placed in a repository as high density clay pellets at an 

minimum total dry density of 1.41 g/cm
3
. Gapfill for this study was prepared using two methods 

which depended on bentonite type. Gapfill material made out of National Standard was 

manufactured by NAGRA (National Cooperative for the Disposal of Radioactive Waste of 

Switzerland) and provided for testing. The average specific gravity of 2.81±0.04 was achieved for 

this material. Gapfill material made out of MX80 bentonite was prepared at Royal Military 

College. For doing so, a large number of MX80 pucks were compacted to an average dry density 

of 2.10 g/cm
3
 from MX80 powder. These pucks were then crushed and dried to make pellets. In 

order to meet the proposed particle distribution of gapfill material, crushed pucks were sieved 

through nine (9) different mesh sizes and mixed to meet the required particle size distribution. 

Figure  2.2a presents the proposed particle size distributions and the ones used in this study to 

show they are in agreement. 

3. Dense Backfill (DBF) –composed of crushed granite, lake glacial clay and bentonite aggregate 

with mass percentage of 70%, 25% and 5% respectively. This material will be placed as 

compacted blocks in the repository with minimum dry density of 2.12 g/cm
3
 as a spacer block 

between adjacent buffer boxes (including the used fuel container housed by highly compacted 

bentonite) (See Figure  2.1b). Non-swelling components of dense backfill were sourced and pre-

approved by NWMO prior testing. Due to the particle distribution and the elemental compositions 

of dense backfill materials (after Baumgartner 1994 and 2000), crushed Lac du Bonnet granite 

from Cold Spring Granite (Canada) Ltd and B-Clay from Plainsman Clays Ltd., which represent 
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the non-swelling components of dense backfill, were selected and approved by NWMO. Four 

pails of crushed granite were supplied by Cold Spring. The particle distribution of supplied 

materials was modified to meet the criteria. Figure  2.2b shows modified particle size distribution 

of crushed granite which was used in this study. Figure  2.2c presents sieve analysis as well as 

hydrometer test done on B-clay and the result are shown amongst proposed particle size. Given 

that index properties of B-Clay (Table  2.1) as well as XRD and XRF (Appendix B) test results, 

this clay material is the closest clay to glacial lake. A series of specific gravity tests were 

performed on mixed dense backfill and the value of 2.70±0.01 were measured. 

2.2.2 Methods 

2.2.2.1 Sample Preparation 

Soil specimens for all tests including index and thermal properties were prepared using a process based on 

Martino et al. (2011) to achieve reliable moisture content values. The constituent soil sample is placed 

within an oven at 105°C for at least 24 hours. The material is removed from the oven, sealed, and allowed 

to come to thermal equilibrium with the laboratory. Then the quantity of soil sample required for testing is 

removed and placed in a mixing bowl. Wetting agent is added to the sample via misting with a spray 

bottle to achieve the target moisture content. Following mixing (20 min for each batch), the soil is placed 

within two sealed bags in a fridge for at least 48 hours for moisture equilibrium. Each weekday the soil is 

mixed inside the bag to encourage moisture equilibrium.  

2.2.2.2 Salt Solution Preparation  

The chemical composition of the groundwater which surrounds the deep geologic repository will be 

specific to the geologic conditions present. In a conceptual sense, the geologic conditions for a Canadian 

deep geologic repository are likely sedimentary or crystalline. The target compositions for the reference 

groundwater to be used in the study are; 1) distilled water (DW) and 2) reference sedimentary rock saline 

water representing limestone (SR-L-2013). The reference water composition is listed in Table  2.2. A 
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number of index properties were determined for the distilled water and saline porewater, including 

compaction, consistency limits, and swell index. Precise procedures were followed to prepare the 

reference water solution. Three samples from each mixed solution were taken to measure density as well 

as total dissolved solid (TDS) by placing known volume of solution in the oven over the night. Table  2.3 

summarizes the average density and TDS for the four solutions used in this study.  

Measuring the water content is one of the most basic parameters that has to be calculated properly in 

most geotechnical tests (ASTM D2216). However, once the salty solution is used as a pore fluid, the 

solute component of the solution will remain with the soil following drying. Because of the additional 

component, three water contents are defined for water content tests on the soil with salty pore water 

(Priyanto et.al 2008): 

- Bulk water content (W) defined as below: 

 
𝑊 =

𝑀𝑤

𝑀𝑠 + 𝑀𝑠𝑎𝑙𝑡
 [1] 

where 𝑀𝑤 is mass of water, 𝑀𝑠 is mass of soil and 𝑀𝑠𝑎𝑙𝑡 is mass of salt. 

- Gravimetric water content (Ww) which is: 

 
𝑊𝑤 =

𝑀𝑠𝑜𝑙 − 𝑀𝑠𝑎𝑙𝑡

𝑀𝑠
 [2] 

where 𝑀𝑠𝑜𝑙 is mass of solution. 

- Gravimetric solution content which can be found as below: 

 
𝑊𝑙 =

𝑀𝑤 + 𝑀𝑠𝑎𝑙𝑡

𝑀𝑠
 [3] 

Mass fraction of the solute to the solution can be presented as Cm: 

 
𝐶𝑚 =

𝑇𝐷𝑆

𝜌𝑠𝑜𝑙
 [4] 

where 𝜌𝑠𝑜𝑙 is solution density. 
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By knowing Cm and assuming that salt concentration remains constant during test, these defined water 

contents can be calculated from each other and used interchangeably based on the following equations: 

 
𝑊 =

𝑀𝑤

1 + 𝑀𝑙 − 𝑀𝑤
 [5] 

 

 
𝑊𝑤 =

𝑤(1 − 𝐶𝑚)

1 − 𝐶𝑚(1 + 𝑤)
 [6] 

 

 
𝑊𝑙 =

𝑤

1 − 𝐶𝑚(1 + 𝑤)
 [7] 

 

Due to aforementioned diverse definitions for water content while having salt in system, it is necessary to 

know which definition is considered for index properties such as dry density and consistency limits.  

2.2.2.3 Compaction 

Since maximum achievable dry density has affects mechanical behavior as well as thermal properties of 

materials, for designing purposes, it is useful to investigate optimum density and moisture content of the 

proposed materials. Furthermore, the maximum attainable dry density can be affected by the groundwater 

composition. Thus, sensitivity of dry density of sealing materials to the existence of salty pore water has 

to be known. A series of compaction tests were performed for two proposed groundwater compositions 

with at least four duplicates to represent variability. Two test methods were used to evaluate compaction 

behavior of the sealing materials: 1) Miniature Compaction Test (Dixon et.al 1985) 2) ASTM D1557 

titled “Standard Test Methods for Laboratory Compaction Characteristics of Soil Using Modified Effort”.  

In terms of the former method, Dixon et al. (1985) developed a method for compaction of fine-

grain materials (<2 mm) in a timely manner and without wasting too much soil. Dixon et al. (1985) 

observed relatively high coefficient of correlation (>98%) with modified proctor test in the extensive 

number of tests, so that this method can be considered as an alternative to conventional modified proctor 
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test for fine-grain materials. In this method, small-scale compaction mould (Figure  2.3) is used for 

making specimens, 31.5 ± 3 mm height and 31.5 ± 3 mm diameter in just one layer via using 8 dynamic 

drops of the modified compaction hammer. Then, compacted soil is extruded from the mould using 

hydraulic jack and a sample extruder. Bulk density of compacted pucks can be achieved by measuring 

accurately the volume of sample (measurement has been taken from four locations by caliper from both 

height and diameter of the sample in this study) and weighing them. By having moisture content of pucks 

it is possible to calculate the dry density based on equation as below: 

 
𝜌𝑑 =

𝜌𝑏

1 + 𝑊
 [8] 

where 𝜌𝑑 is dry density, 𝜌𝑏 is bulk density and W is water content. In present of salty solution, 

calculating dry density using different definition of water content evaluates the sensitivity of dry density 

to the saline environment. It should be noted that specimen has to conform to the specified sizes otherwise 

the energy-to-volume ratio applied in this method is no longer appropriate. Also maximum grain size of 

soil sample has to be less than 2 mm to avoid wall effects of the compaction mould. This methodology 

has been used for measuring compaction properties of two provided bentonites (MX80 and Na.St), both 

of which meet the grain size criteria. Since pellet grains in the gapfill materials will be crushed due to the 

compaction efforts, pure MX80 and National Standard were used for evaluating compaction properties. 

Due to aggregates exist in dense backfill material (up to 10 mm), ASTM D1557 titield “Standard Test 

Methods for Laboratory Compaction Characteristics of Soil Using Modified Effort” was used to obtain 

dry density- water content relation. 

2.2.2.4 Volume Change on Drying 

Notable shrinkage of the compaction samples was measured following drying. Shrinkage strains during 

the transient phase of the repository could be a cause of development of air gaps within the sealing 

materials. Air, having significantly lower thermal properties compared with the sealing materials, would 

have an insulating effect on the dissipation of thermal energy, which would affect the maximum container 
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temperature. Thus, to evaluate shrinkage of sealing materials during the drying process, all the samples 

prepared for compaction were volume measured after drying for at least 24 hours at 105° C. The samples 

remained cylindrical, which allowed the volume of dried pucks to be measured accurately afterwards. The 

results will provide quantifiable information on the volumetric shrinkage potential of the sealing 

materials. 

2.2.2.5 Swell Index 

The high montmorillonite content (60-90%) of bentonites leads to swelling capacity to be as high as 20 

times its initial volume (Norrish 1954), which is why bentonite-based materials have been proposed for 

the deep geologic repository. This swelling capability, which is attributed to the adsorption of hydrated 

cations and water molecules (Lee et. al 2005), may vary batch to batch due to local differences in 

montmorillonite content. Therefore it is important to have insight regarding swelling properties of 

proposed sealing material prior to installation. One of the methods to determine swelling properties of 

bentonite is swell index defined by ASTM D5890, Standard Test Method for Swell Index of Clay Mineral 

Component of Geosynthetic Clay Linear. In this method 2 g of loose, oven dried soil is exposed gradually 

to an unlimited supply of water (100 mL) to swell and swell index (SI) is reported as volume of 100 mL 

water-filled volumetric cylinder occupied of 2 gram of soil. With regards to sample gradation, to meet 

criteria defined by ASTM, grinding using pestle and mortal might be required. In this case oven-dried 

sample is grinded and then placed in the oven again 24 hours before testing. Samples were kept in 

desiccators for at least 4 h prior testing to allow for equilibration with room temperature. In tests on dense 

backfill, swell index is performed on clay components only. 

2.2.2.6 Solution Retention Capacity  

Several studies have shown that hydraulic conductivity of bentonite-based materials is highly correlated 

to the swell index (Shackelford et al. 2000 and Jo et al. 2001). Thus, the swell index results can be 

empirically correlated to the hydraulic behavior of material. However, a number of factors involved in 

measurement of swell index may affect the accuracy, including inconsistency in the hydration process, 



 

 

 

16 

failure to spread clay evenly, and friction between the bentonite and graduated cylinder (Shackelford et al. 

2000). Furthermore, this test method is tedious and time consuming (Lee et al. 2005). Lee et al. 2005 

introduced a method for evaluating swell properties of sodium bentonite as an alternative method to 

conventional one which is simple, rapid and inexpensive. Generally, solution retention capacity (SRC) 

works based on measuring indirectly the volume of liquid remained per specific mass of dried bentonite. 

1 gram of sodium bentonite is prepared in the same manner as ASTM (D5980) and placed in 50 ml (𝑉𝑠𝑜𝑙) 

of distilled water (to keep soil-to-liquid ratio as swell index test) within a centrifuge tube. Then the tube is 

shaken for about 30 s in a vortex to separate particles and encourage the hydration process (Lee et al. 

2005). This shaking process is repeated before placing the tube in a centrifuge (Lee et al. 2005).  

In this study, all sample tubes were centrifuged for 2 h at 3500 rpm (i.e., acceleration equal to 2109 g). 

Due to the lower maximum g of the available centrifuge compared to the Lee et.al 2005 (5000 rpm equal 

to 2750 g), period of placing the sample in the centrifuge increased 4 times to make sure that enough 

compression provided to compress the bentonite. For measuring water retained in bentonite, supernatant 

has to be decanted. There is a possibility that bentonite particles might be lost during the decanting 

process (after Lee et.al 2005) and thus, the amount of lost soil should be calculated and included in SRC 

equation. The equation for calculating the SRC can be defined as follows: (Lee et al. 2005) 

 
𝑆𝑅𝐶 = (

𝑀𝑏

𝑀𝑏 − 𝑀𝑏,𝑙𝑜𝑠𝑡
) [

𝑀𝑓 − 𝑀𝑡𝑢𝑏𝑒 − (𝑀𝑏 − 𝑀𝑏,𝑙𝑜𝑠𝑡)

𝜌𝑠𝑜𝑙
] [9] 

where 𝑀𝑏 is prepared oven dried mass of bentonite, 𝑀𝑏,𝑙𝑜𝑠𝑡 Is the mass of soil lost during decanting 

process, 𝑀𝑓 is total mass of tube and remaining hydrated bentonite, 𝑀𝑡𝑢𝑏𝑒 is the mass of centrifuge tube 

and 𝜌𝑠𝑜𝑙 is density of solution/water. 

By oven drying decanted supernatant, mass of lost bentonite (𝑀𝑏,𝑙𝑜𝑠𝑡) Can be determined as follows: 

 
𝑀𝑏,𝑙𝑜𝑠𝑡 = (

𝜌𝑠𝑜𝑙

𝜌𝑠𝑜𝑙 − 𝑇𝐷𝑆
) × {𝑀𝑑𝑟𝑖𝑒𝑑 − 𝑇𝐷𝑆 [𝑉𝑠𝑜𝑙 − (

𝑀𝑓 − 𝑀𝑡𝑢𝑏𝑒 − 𝑀𝑏

𝜌𝑠𝑜𝑙
)]} [10] 

 



 

 

 

17 

2.2.2.7 Consistency Limits 

The liquid and plastic limits used to classify fine-grained soils as well as define the water contents over 

which they behave plastically. Plastic limit is water content at which soil behavior changes from semi-

solid to plastic phase, whereas liquid limit is a water content of the soil correspondent to the shear 

strength equal to 1.7-2.0 kPa in which soil behavior changes from plastic to liquid. The range of water 

content where the soil acts plastically is called plasticity index (PI) and is the difference of liquid limit 

and plastic limit. Liquid and plastic limit is highly related to compositional factor such as grain size, 

mineralogical properties and porewater chemistry, hence it is crucial to see how consistency limits might 

vary from batch to batch and also against different water compositions. Special effort is required for 

100% bentonite mixed with distilled water as tests take approximately 2-3 h for each batch. One 

particular aspect of note is calibration of the Casagrande cup drop as it is essential to ensure energy 

imparted to the soil is consistent. Therefore the drop-height of the cup is checked before each test point. 

2.2.2.8 Thermal Properties 

A comprehensive experimental program has been conducted to measure the thermal properties of all 

sealing materials involved in the Canadian concept for a deep geological repository. Samples were 

prepared at a range specified degrees of saturation ranging from 0-100% at room temperature and 4 

degrees of saturation at 80°C with at least three duplicates at each moisture condition to evaluate 

variability of the properties. For all the tests, distilled water is used as a pore fluid. The range of proposed 

dry densities and moisture contents of the tests necessitates two compaction methods using two separate 

manufactured moulds; 1) two-sided test and 2) one-sided test.  

1. Two-sided test method. This method is used in compacted specimens that will keep their shape 

without damaging during removal from a mould. In this study, this method is used for all highly 

compacted bentonite at all moisture conditions and dense backfill at a high degree of saturations 

(Sr > 60%). Specimens are prepared by compacting two adjacent cylindrical pucks in three split 

mould (Figure  2.4a). The size of the puck is related to the maximum grain size and homogeneity 
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of the sample. A piece of plastic wrap is placed between the pucks to allow them to be separated 

after compaction. This type of test is termed a ‘two-sided test’ as the thermal conductivity sensor 

is placed between two bentonite specimens (Figure  2.4b). Due to the presence of granular rocks 

(up to ~10 mm) and non-uniform sampling in dense backfill material, 75 mm-diameter split 

mould is used to make the puck with 30 mm height, whereas for highly compacted bentonite 

material, two 50 mm-diameter by 20-mm pucks is made in each two-sided test. The requirement 

of high compaction force results in using high strength clamps to reinforce the mould 

(Figure  2.4a). After placing compacted pucks in sample holder (Figure  2.4b) while having sensor 

sandwiched between two pucks, a metal disk is located on the top of the pucks and with the 

support of screw, the load is distributed evenly along the surface of samples and the surface of the 

sensor. This does not allow air to be trapped between the sensor and sample, which would 

compromise thermal properties measurement. By knowing the volume (measured by caliper in 

four different directions for both height and diameter), mass and water content of each puck, dry 

density as well as the degree of saturation of compacted pucks can be calculated.  

2. One sided test. A second mould was constructed to allow for compaction and testing of lower 

density specimens without removal from the compaction mould. This method also is used for 

gapfill and drier dense backfill specimens due to relative fast procedure and less sample loss 

during removal. Photographs of the compaction and thermal property testing arrangement are 

shown in Figure  2.5b. In Figure  2.5a the compaction mould is shown with a slit cut into the side 

of the mould to allow for placement of the thermal conductivity sensor on the top face of the 

compacted specimen. During compaction the slit is covered to avoid soil spillage and loss of 

confinement. For dense backfill, a special blockage method is followed to cover the slit due to the 

high pressure associated with the compaction of this material (Figure  2.5c). During thermal 

testing, a block of insulation is placed above the specimen to limit thermal energy loss 

(Figure  2.5b) and cylinder shape of blue Styrofoam was used in this study. Since Styrofoam is not 
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perfectly insulated, thermal properties of the Styrofoam are measured and used as an input for 

software to consider how much energy is lost. A metal disk encourages contact between the 

sensor and the specimen by normal stress. This type of test is termed a ‘one-sided test’ as the 

thermal conductivity sensor is only in contact with the test specimen on one side. In this method, 

specimen is compacted to 20 mm-height by 75 mm-diameter for all gapfill material over different 

degrees of saturation. Height of the sample is determined by measuring from top edge of the 

mould to the compacted sample in 8 different directions and subtracting from mould height. By 

knowing the volume (diameter of the mould is measured in four different directions in each test), 

mass of moist puck and water content, the target bulk density is achieved and followed by back 

calculating dry density and degree of saturation. It should be noted that special care is considered 

to prevent moisture loss during compaction for both test methods by wrapping sample and mould 

with plastic wrap. Furthermore, moisture content measurement is taken from the leftover sample 

for all tests to check water loss because of compaction procedure and always it is less than 0.4% 

in terms of water content. 

To confirm that both methods were providing reliable measurements, repeat tests using both 

methods were performed on stainless steel pucks, which have well-defined values. The results did 

not deviate more than 2%, which was less than the provided acceptable range of 5% deviation 

(Hot Disk 2014). Therefore the one-sided tests are considered equivalent.  

A similar methodology is used for testing thermal properties at elevated temperature for both one-sided 

and two-sided tests. According to the two-sided test, two compacted pucks of the sample on the top of 

each other is wrapped with at least 5 layer of plastic wrap (Figure  2.6a) and slice cut same as the width of 

sensor is placed on plastic wrap at the interface of two pucks. This cut is used for inserting the sensor 

between two pucks and extra plastic wrap is used to seal the cut around sensor (Figure  2.6b). As it’s 

shown in Figure  2.6c and Figure  2.6d, the sample holder along with pucks is wrapped again with plastic 

wrap (at least 5 layers) followed by placing it in the Ziplok. A hole at the bottom of the bag, to allow 
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passage of the sensor wire, is sealed by using tuck tape. With respect to one-sided test, the base of sample 

holder for two-sided test is used to fix the sensor at predetermined location. The height of sensor from the 

base and height of the slit are levelled with a wood block (Figure  2.7a). Any area opened to air (around 

the slit on the side of mould after placing the sensor as well as the gap between Styrofoam and mould) is 

filled with plastic wrap to prevent moisture lost. After that, the same procedure as two-sided test is 

followed to seal the sample (Figure  2.7b and Figure  2.7c). Then, for all tests, the sample holder along 

with the specimen is placed in the oven at 80°C along with a bowl of water maintain high relative 

humidity conditions and reduce moisture loss. Thermal property measurement is performed in a standard 

manner after specimen is equilibrated with the elevated thermal environment.  

Static compaction was selected for specimen preparation as it results in a specimen with uniform 

density over a wide range of moisture content (Radhakrishna et al. 1989). A strain-based criterion is 

developed for the compaction procedure within a compaction frame. Each compression stage consists of a 

10-second interval in which the specimen is over compressed by 0.8 mm for highly compacted bentonite 

and 0.25 mm for dense backfill to allow for elastic rebound to the target height. Gapfill isn’t over 

compressed due to the lower density. Large compression loads are required to achieve the high target dry 

density at the cross-sectional area for thermal testing. Compaction is performed using a General Electric 

30,000 lb. (130 kN) electromatic universal testing machine. Results in terms of compaction pressure and 

force versus degree of saturation and gravimetric water content are plotted in Figure  2.8a and Figure  2.8b 

for highly compacted bentonite specimen made out of both supplied bentonites and dense backfill 

specimen respectively. Compaction force is a minimum at 100% saturation for all materials and increases 

for lower moisture contents. Compaction force increases two-fold from 40 kN to over 80 kN at Sr=5% for 

highly compacted bentonite specimens. Somewhat lower compaction effort is required for highly 

compacted bentonite samples made from MX80 due to more grain size particles in the matrix as opposed 

to National Standard bentonite. With respect to the dense backfill compaction force, it requires lower 

compaction force at high saturation degrees compared to highly compacted bentonite, but as specimen 
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dries compaction force raises considerably and reach to 80 kN corresponds to 27 MPa at degree of 

saturation of 5%. 

The device used in the thermal property testing is a Hot Disk Thermal Constants Analyser (Hot 

Disk 2014). This test analyser is based on a Transient Plane Source Technology, which allows for 

measurement of thermal conductivity, thermal diffusivity as well as volumetric heat capacity during a 

single test. The thermal properties are related based on following equation: 

 
𝜆 = 𝐶𝜌𝜅 [11] 

where λ is thermal conductivity (W/m.K), C is specific heat capacity (J/kg.K) and 𝜅 is thermal diffusivity 

(mm
2
/s). The term volumetric heat capacity (J/m

3
.K) is used, which is simply product of the specific heat 

capacity and the density of the medium. The method uses a transiently heated planar sensor (Figure  2.4c), 

which consists of an electrical conducting pattern in a shape of double spiral etched out of the thin sheet 

of nickel. Covering both sides of the sensor are thin sheets of an insulating material (Kapton). When 

carrying out a measurement, the sensor is both a heat source and a dynamic temperature sensor. The 

sensor is assumed to be located within an infinite medium. In the two-sided test, the sensor is sandwiched 

between two circular blocks (Figure  2.4b). In the one-sided test the sensor is located on one side with the 

specimen to be tested and the other side with an insulation material (Figure  2.5b). During a test, the 

thermal front generated by the sensor must not reach the outer boundary of the specimen (Figure  2.9). The 

thermal front penetration distance is defined as the probing depth (Δp) and calculated as: 

 
∆𝑝 = 2√𝜅𝑡 [12] 

where t is the measurement time. Available probing depth is the minimum distance from the outer edge of 

the sensor to the boundary of the sample in both vertical and horizontal directions. In order to measure 

thermal properties accurately, any distance between sensor edge and any outer of the specimen must 

exceed the probing depth (Δp). For all tests performed in this study, available probing depth is checked 
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with the calculated one to assure that the effect of the boundary condition does not interfere with test 

results. 

The sensor applies a constant power to the specimen and also measures the incurred temperature 

change. Tests are interpreted by solving the thermal conductivity equation assuming that hot disk consists 

of a certain number of concentric ring heat sources located in an infinitely large sample. For the 

configuration specific to the sensor used in the tests, temperature increase of the specimen surface is 

given as: 

 
∆𝑇𝑖 + ∆𝑇𝑎𝑣𝑔(𝜏) = (

1

𝛼
) {[

𝑅(𝑡)

𝑅0
] − 1} [13] 

where ∆𝑇𝑎𝑣𝑔(𝜏) is the average temperature increase of the specimen surface in contact with the sensor 

surface, ∆𝑇𝑖 is the constant temperature difference that develops over the insulation on the sensor, 𝑅0 is 

the resistance of the disk prior to heating at time (t) =0 and α is the temperature coefficient of resistivity 

of nickel. 

The temperature difference across the sensor’s insulating layer, ∆𝑇𝑖, becomes constant over a short period 

of time ∆t, which can be estimated as: 

 
∆𝑡 = (

𝛿2

𝜅𝑗
) [14] 

where δ is the thickness of the sensor’s insulating layer and κj is the thermal diffusivity of the layer. By 

introducing dimensionless integration variable termed the characteristic time ratio, τ: 

 
𝜏 =

√𝜅𝑡

𝑎
 [15] 

where 𝑎 is radius of sensor, it is possible to solve the differential equation of heat conduction in an 

isotropic material. Then temperature increase can be determined as a function of characteristic time (He 

2005): 
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∆𝑇(𝜏) =

1

(𝑚 + 1)𝜋𝑎

𝑃0

2𝜋3 2⁄ 𝑎𝑚(𝑚 + 1)𝜆
∫

𝑑𝜏

𝜏2

𝜏

0

∑
𝑘𝑎

𝑚

𝑚

𝑘=1

× ∑ 𝑙𝑒
−((𝑘2 𝑚2⁄ )+(𝑙2 𝑚2⁄ )) 4𝜏2⁄

𝑚

𝑘=1

𝐼0 (
𝑘𝑙

2𝑚2𝜏2
) 2𝜋 =

𝑃0

𝜋3 2⁄ 𝑎𝜆
𝐷(𝜏) 

[16] 

where 𝑃0 is power output of hot disk sensor, 𝜆 is thermal conductivity of sample, 𝑚 is a number of 

concentric rings of sensor and 𝐼0 is the first kind modified Bessel function and 𝐷(𝜏) is geometric function 

of sensor. By knowing the relationship between t and τ, ∆T(τ) can be plotted as function of D(τ) which 

result in a straight line and from slope of that line which is 𝑃0 (𝜋3 2⁄ 𝑎𝜆)⁄ , thermal conductivity of the 

sample can be calculated. However, the proper value of τ is generally unknown since it is related to 

thermal diffusivity of the sample. Thus, the final straight line from which the thermal conductivity is 

calculated is obtained through an iterative process. A typical thermal conductivity test result is plotted in 

Figure  2.10a Figure  2.10b. First, the temperature increase of sample is detected by sensor over 80s 

(Figure  2.10a). The sharp initial temperature increase arises from the insulation material of the sensor and 

contact resistance between sensor and sample and may vary sample to sample. Thus, data from linear part 

of graph is selected for analysis of the soil’s thermal properties. By performing the calculation, a constant 

temperature increase versus dimensionless function, D(τ), can be achieved and from the slope of this line 

thermal conductivity of the sample is determined. It should be noted that selecting proper size of sensor is 

critical to get reliable results. The diameter of sensor has to be at least twice of maximum grain size of 

sample (Hot Disk 2014). Due to the maximum grain size of 8 mm and around 10 mm for gapfill and 

dense backfill material respectively, sensor 8563 with radius of 9.868 was selected. Furthermore, in terms 

of dense backfill material, crushed granite from modified pail#2 (Figure  2.2b) is used for all thermal 

testing in which is more fine compared to other pails.  

For thermal property measurements at elevated temperature the Hot Disk method accounts for 

temperature drift before actual measurement. Hence, following placement in the oven, thermal property 

measurements are performed periodically until thermal equilibrium is confirmed. The thermal equilibrium 
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criterion was developed to have temperature drift equal or less than 0.4 mK/s. Initial tests at 80°C 

illustrated that most needed at least 5-6 h to reach to the thermal equilibrium. Figure  2.11 shows an 

example of temperature drift recorded by sensor in six time intervals. The software has an option called 

temperature drift compensation (TDC) that can correct thermal conductivity and thermal diffusivity 

measurement if any systematic temperature drift observed. Thus, sensitivity analysis was performed for 

highly compacted bentonite, gapfill and dense backfill to make measurement more efficient in terms of 

time which results in less moisture loss. It is noted for highly compacted bentonite and gapfill that by 

reaching temperature drift equal to 1 mK/s which takes 3-4 h and using temperature drift compensation 

option, the same result was achieved as waiting 6 h and a temperature drift of less than 0.4 mK/s. 

However, no correlation was observed for dense backfill material so the waiting period of around 6 h was 

used for all tests. 

In addition, for all tests performed at elevated temperature moisture content of sample is 

measured in three different ways; 1) from the left over of sample before placing in the oven 2) taking 

sample after thermal measurement 3) from the weight diffidence of sealed sample holder before and after 

test. Less than 5% decrease in degree of saturation was observed for all highly compacted bentonite and 

gapfill tests performed at 80°C. Dense backfill materials became desaturated at most 10% at high 

moisture contents. However, all the graphs are plotted versus moisture content measured after the test. It 

should be noted that some shallow cracks appeared on the surface of the highly saturated samples from 

the side where the sensor is placed for both one-sided and two-sided tests at elevated temperature. Since 

the calculated probing depth doesn’t reach to the place where the cracks start to grow, thermal properties 

results haven’t been affected by cracks.  

2.3 RESULTS 

Characterization of sealing materials proposed for the Canadian concept of a deep geologic repository 

was completed following procedures outlined in Section 1.2. This section will present the results in terms 
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of compaction, index properties, and thermal properties of highly compacted bentonite, dense backfill and 

gapfill for samples prepared with MX80 and National Standard bentonites. 

2.3.1 Compaction and Index Tests 

Results for compaction of MX80 bentonite, National Standard bentonite and dense backfill are plotted in 

Figure  2.12a-c as dry density versus water content. For tests completed using saline pore water results are 

plotted for both bulk water content and solution water content. Fourty-three (43) compaction points for 

MX80 bentonite were tested using distilled water as pore fluid and twenty-eight (28) points with the a 

characteristic sedimentary rock porewater solution (SR-L-2013). Figure  2.12a includes data for both 

water compositions for MX80 bentonite. Due to the difference of densities of the pore fluids used in this 

study, zero air void lines (ZAV) are plotted for both distilled water and SR-L-2013. The distilled water 

results show a maximum density of 1.81 g/cm
3
 at optimum water content of 19.5%. By comparing results 

for distilled water and salty solution against solution water content, both have similar compaction 

outcomes for the energy imparted during the test. When the saline results are plotted in terms of bulk 

water content, MX80 bentonite shows sensitivity to the saline environment. In this case, the average 

maximum dry density of equal to 1.87 g/cm3 was obtained at 15.3% bulk water content. 

Figure  2.12b plots results for National Standard bentonite in the same manner. In this case, 28 

compaction points were performed against both water compositions. When compacted with distilled 

water, the dry density of National Standard shows relatively low sensitivity to water content with the 

average dry density equal to 1.68-1.69 g/cm
3
 over the range of 0-25% moisture content. However, when 

the result is plotted alongside bulk water content for salty solution, it has upward trend and the maximum 

dry density of 1.82 g/cm
3
 was achieved at bulk water content 18%. Result against solution water content 

holds same trend with lower sensitivity relative to bulk water content. Maximum recorded dry density of 

1.74 g/cm
3
 was achieved at 24% bulk water content. 

Modified compaction tests on dense backfill are plotted on Figure  2.12c. Results for both distilled 

water and solution water content are comparable with maximum dry density of 2.20 g/cm
3
 measured at 
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6% water content. Moderately higher sensitivity is observed once the results are plotted for bulk water 

content for salty samples with the maximum dry density of 2.23 g/cm
3
. 

Volume change during drying was noted on MX80 and National Standard compaction samples, 

which measure the shrinkage potential of the materials over the range of prepared moisture contents and 

densities. Results in terms of volume change during drying versus initial water content are plotted in 

Figure  2.13a and Figure  2.13b with saline experiments plotted versus solution water content. Volume 

change during drying increases with increasing initial water content with consistent results noted for 

samples prepared at the same moisture content. The distilled water samples decrease volumetrically more 

than their saline counter parts for both bentonite types at higher moisture contents with a maximum 

average volume as maximum volumetric strains of 10% and 3.5% were measured for MX80 and 12% and 

7% for National Standard. At moisture contents lower than 10% (MX80) and 5% (National Standard) 

similar shrinkage results are noted.  

Photographs of swell index test cylinders and solution retention capacity test tubes are shown in 

Figure  2.14 and Figure  2.15 with results given in Figure  2.16. Average values are plotted on the bar graph 

with one standard deviation error bars also given for swell index tests with distilled water as repeats were 

performed. Swell index tests for both distilled water and SR-L-2013 show that National Standard 

bentonite has the greatest swell capacity followed by MX80 and dense backfill significantly less. National 

Standard gapfill is somewhat greater swelling capacity compared with the batch of bentonite used in the 

highly compacted bentonite tests. Comparing the SR-L-2013 results shows that the saline solution 

decreases the swelling capacity significantly. This is consistent with reduced interlayer distance between 

the negatively-charged surfaces of montmorillonite molecules due to the higher concentration of cations 

in a salty solution (Sposito 1981; McBride 1994; Shackelford et al. 2000; Jo et al. 2001).  

Lee et.al (2005) found linear relationship correlation between solution retention capacity and 

swell index with R
2
= 0.887 for a salty solution with TDS ranging from 0.5 to 50 g/L (used CaCl2 as a 

salt). This line is an agreement with current results (Figure  2.17) and can be used to predict free swell 
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index from solution retention capacity with average standard deviation of 2.2 mL for salty solution. No 

correlation was found for test performed against distilled water. 

Plasticity index is plotted against liquid limit for all consistency limit results (Figure  2.18) along 

with A-Line. The average of 611% liquid limit was achieved for National Standard bentonite as opposed 

to 322% for MX80. The plasticity tests on dense backfill with distilled water gave an average plasticity 

index equal to 25 %. A very high liquid limit is indicative of high smectite contents due to high quantity 

of interlayer water content. In the salty test since thickness of interlayer of montmorillonite decreases and 

liquid limit drops significantly to 50% and 43 % for National Standard and MX80 respectively. Of note 

was an effect of oven drying samples prior to testing. The oven dried results for National Standard show 

50-60% decrease in liquid limit. Further testing may be warranted in the context of variability to evaluate 

the effect of temperature on consistency limits.  

2.3.2 Thermal properties 

Measured thermal conductivity and volumetric heat capacity are plotted versus degree of saturation for 

highly compacted bentonite, dense backfill, and gapfill in Figure  2.19, Figure  2.20 and Figure  2.21. 

Figure  2.19 summarizes the results for highly compacted bentonite for both sources of bentonites at room 

temperature and 80°C. Good repeatability is indicated in all results with R
2
 value more than 0.95. 

Comparing the Sr=0% and Sr=100% results indicates a 2-3 fold increase in thermal conductivity as well 

as volumetric heat capacity from dried to saturated condition. At 80°C, the average 12% increase of 

thermal conductivity was detected for highly compacted bentonite made out of MX80 at the degree of 

saturation between 5-50% as opposed to saturated sample where no alteration in thermal conductivity was 

recorded. Increasing temperature by 60°C does not affect thermal conductivity of highly compacted 

bentonite composed of National Standard (less than 5% increase). Whereas volumetric heat capacity 

increases by 20% in average over different moisture condition at 80°C compared to room temperature for 

both bentonites (Table  2.4). 
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With respect to the gapfill, thermal conductivity results are internally consistent over a wide 

range of moisture content with 3-4 fold increase from dry to saturated condition. Notable is that little 

increase in thermal conductivity occurs from degree of saturation from 0% to 20%. This is consistent with 

the Boltzmann sigmoidal curve predicted by Baumgartner (2006). R
2
 value more than 0.95 is achieved 

using the four parameter Boltzmann curve shape. Because of dual porosity and dispersity of particles of 

the gapfill, results of volumetric specific heat capacity deviate slightly more. Thermal conductivity of 

gapfill rises about 15-30 % at 80°C with more increase at lower moisture content (Table  2.4). This trend 

mainly stems from higher air void fraction and water void fraction of gapfill material compared to highly 

compacted bentonite. Thus, higher movement of fluid phase results in transporting heat better, thereby 

increasing the apparent thermal conductivity (Beziat et al. 1988). An increase in volumetric specific heat 

capacity of gapfill material at elevated temperature environment is observed between 2% to 35% 

(Table  2.4). Figure  2.21 plots results for dense backfill material including thermal conductivity and 

volumetric heat capacity. Thermal conductivity changes from 0.9 W/m.K at Sr=0% to 2.2 W/m.K at 

Sr=100%. Heterogeneity of dense backfill materials due to the various grain-sizes incorporated into the 

mixture can be considered as the main reason of achieving more disperse results compared to 100% 

bentonite materials. Fluctuation of volumetric heat capacity results at specified saturation signifies more 

than thermal conductivity. Less 5% increase in thermal conductivity is observed at 80°C for the samples 

at Sr=50% or less compared to room temperature. However, thermal conductivity of saturated samples 

decreases by 13% due to increasing ambient temperature by 60°C. 

2.4 DISCUSSION 

The material properties reported in this study are affected by their constituent materials, moisture content, 

porewater salinity, and inherent variability in the source materials. In this section the influence of these 

controlling factors on the results will be examined and the thermal properties will be compared with 

predictions made by Baumgartner (2006). 
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2.4.1 Influence of Bentonite Types on Compaction and Index Properties 

Notable trends are observed in the compaction and index properties results are presented in Figure  2.12 to 

Figure  2.18, which concur with the distinctive properties of the constituent materials and porewater 

chemistry. The results from this section can be used as background information on anticipated properties 

that would be encountered during construction of a deep geologic repository. The information is useful to 

direct QAQC guidelines in terms of anticipated variability in these properties. Comparing the two 

bentonite sources on compaction of highly compacted bentonite shows that higher modified optimum dry 

density is measured in the MX80 compared with National Standard. This is likely due to the granular 

nature of the MX80 as opposed to the very fine grain-size of the National Standard bentonite powder. 

Considering the influence of porewater salinity indicates that optimum density increases by 0.4 g/cm
3
 for 

National Standard compared to 0.7 g/cm
3
 for MX80. Other measured values for optimum density of 

highly compacted bentonite composed of National Standard and MX80 were reported by Priyanto et al. 

(2013 (unpublished report), 1.61 g/cm
3
) and Golder (2014 (unpublished report) 1.66 g/cm

3
) respectively. 

The optimum density of 1.69 g/cm
3
 and 1.81 g/cm

3 
for National Standard and MX80 respectively 

achieved in this study indicates some minor variability in the measurements as well as comparability of 

results from three different laboratories.  

Plasticity and swelling potential / shrinkage properties are intimately related and are both a 

function of the montmorillonite content of the clay materials, grain size and the porewater chemistry. The 

results plotted in Figure  2.16 and Figure  2.18 are internally consistent in terms of the high swelling 

potential and liquid limit of National Standard bentonite compared with MX-80 bentonite. Plasticity 

index of National Standard is almost twofold of MX80 against distilled water and due to the almost same 

smectite content of 87%, the difference can be justified by existence of granular particles of MX80 

relative to extreme fine particle of National standard. However, by using SR-L as a wetting agent, 

comparable consistency limits are obtained for both bentonites. Swelling potential of National Standard is 

also higher than MX80 against unlimited supply of distilled water, but they behave in a similar manner 

for SR-L pore fluid. Finally, on the shrinkage side (Figure  2.13), both highly compacted bentonite shrinks 
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at approximately the same level regardless of bentonite type if distilled water is used as the pore water. 

However, using saline pore fluid causes the maximum volumetric shrinkage upon drying of National 

Standard to be twice that of MX80.  

2.4.2 Influence of Bentonite Type and Degree of Saturation on Thermal Properties 

Thermal properties of geo-materials are a function of their constituents, moisture content, dry density, and 

temperature. Each of these influences is examined in the results. Comparing the influence of bentonite 

type on highly compacted bentonite shows comparable results for the National Standard and MX80 

results (Figure  2.19). Both types show linear increase in thermal properties over the range of possible 

moisture contents. Thermal conductivity of highly compacted bentonite composed of MX80 shows a 

nominal more sensitivity to temperature compared with National Standard. For volumetric heat capacity 

the National Standard shows more of an increase relative to MX80. The gapfill results display the 

influence of dry density (1.41 g/cm
3
) compared with highly compacted bentonite (1.7 g/cm

3
). Thermal 

conductivity of gap fill is lower than highly compacted bentonite for the entire range of saturation due to 

the lower overall density. Thermal conductivity of gapfill is non-linear versus degree of saturation as 

opposed to the linear behavior observed in highly compacted bentonite. Little increase in thermal 

conductivity occurs from 0-20% saturation followed by a relatively linear increase from 20-100%. 

Gapfill, which is composed of pellets compacted to a range of grain-sizes, has a non-uniform distribution 

of water content in the low range. With a disconnected water phase little increase in thermal conductivity 

occurs until the water phase becomes connected at 20% saturation. On the influence of temperature on the 

results shows that gapfill has an increase in 15-30% thermal conductivity owing to the 60°C increase in 

temperature. With its lower density and corresponding higher gravimetric water content for the same 

degree of saturation, gapfill is more sensitive to temperature relative to highly compacted bentonite.  

Dense backfill, composed of 70% crushed granite shows a significantly higher thermal 

conductivity relative to the 100% bentonite materials. The increase is approximately 1 W/m.K over the 

range of 0-100% saturation. Dense backfill also shows sensitivity in the volumetric heat capacity results 
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to the composition. With just 25% clayey materials and 70% crushed granite, the volumetric heat capacity 

results show more scatter than the 100% bentonite materials. This is due to the inherent heterogeneities 

within dense backfill, which is used as a spacer and support block for the used fuel containers placed 

within the highly compacted bentonite blocks (Figure  2.1b). Also since in this method volumetric heat 

capacity is calculated indirectly by dividing thermal conductivity to thermal diffusivity, this fluctuation in 

results even becomes more variable. 

2.4.3 Compare Thermal Properties with Baumgartner Empirical Equations 

Baumgartner (2006) introduced family of curves for predicting thermal conductivity of highly compacted 

bentonite. By doing regression analyses on sparse data, they selected Boltzmann sigmoid curves to 

represent thermal conductivity of highly compacted bentonite and bentonite-sand buffer (BSB) as follows 

(Baumgartner 2006, Villar 2002); 

 
𝜆 = 𝐴1 +

(𝐴2−𝐴1)

1 + 𝑒
(

𝑉50−𝑆𝑟
ℎ

)
 [17] 

where 𝐴1 is value of thermal conductivity of dry sample (Sr = 0%), 𝐴2 is value of thermal conductivity of 

saturated sample (Sr = 100%), 𝑉50 and h are regression parameters. 

The fitted values of Boltzmann sigmoid parameter describing the family of curves for Wyoming Na-

bentonite of variable dry density (ρd) are as follows: 

 
𝐴1 = 5.17 × 10−7𝜌𝑑

2 − 1.16 × 10−3𝜌𝑑 + 0.94 [18] 

 
𝐴2 = 8.25 × 10−5𝜌𝑑 + 1.26 [19] 

 
𝑉50 = 2.75 × 10−7𝜌𝑑

2 − 7.28 × 10−4𝜌𝑑 + 1.057 [20] 

 
ℎ = 5.42 × 10−5𝜌𝑑 + 0.0847 [21] 
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Baumgartner (2006) also suggested the equation for calculating specific heat capacity based on specific 

heat capacity of solid constituent and water as a function of dry density and degree of saturation: 

 

 
𝐶 =

𝑆𝑟. (𝐺𝑠. 𝜌𝑤 − 𝜌𝑑). 𝐶𝑤 + 𝐺𝑠. 𝜌𝑑 . ∑ (𝑓𝑖. 𝐶𝑖)
𝑛

𝑖=1

[𝐺𝑠. 𝜌𝑑 + 𝑆𝑟. (𝐺𝑠. 𝜌𝑤 − 𝜌𝑑)]
 [22] 

 

where 𝐶𝑤 is specific heat capacity of water and 𝐶𝑖 is specific heat capacity of solid constituent material in 

which the value of 4186 J/kg.K and 800 J/kg.K was suggested for water and highly compacted bentonite 

or gapfill respectively (Baumgartner 2006) and 𝑓𝑖 is mass fraction of solid constituent material. The data 

reported in this study is plotted along with the Baumgartner curves in Figure  2.22 and Figure  2.23. In 

general, sigmoidal curve assumption for highly compacted bentonite is incompatible but it still can be 

considered as a threshold for dry density of 1.7 g/cm
3
 for both sources of bentonite (Figure  2.22a and 

Figure  2.22b). Measured volumetric heat capacity (MJ/m
3
.K) can be converted to specific heat capacity 

(J/kg.K) by multiplying by dry density. Baumgartner equation for specific heat capacity can predict this 

parameter for highly compacted bentonite precisely (Figure  2.22c and Figure  2.22d). Although sigmoidal 

trend for gapfill is correct, thermal conductivity is overestimated by this model (Baumgartner 2006) 

compared to measured data (Figure  2.23a and Figure  2.23b). Since equation for specific heat capacity is 

proposed for highly compacted bentonite, the prediction is not valid for gapfill. To evaluate the fit the 

root mean square error and mean values are calculated as follow: 

 

 

𝑅𝑀𝑆𝐸 =
√

∑ (𝜆(𝐶)𝑐𝑎𝑙,𝑖 − 𝜆(𝐶)𝑒𝑥𝑝,𝑖)
2𝑛

𝑖=1

𝑛
 

[23] 

 
𝑀𝐸𝐴𝑁 =

1

𝑛
(∑ 𝑅𝑖)

𝑛

𝑖=1
 [24] 
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where RMSE is root mean square error, 𝜆(𝐶)𝑐𝑎𝑙,𝑖 is predicted (modelled) value of thermal conductivity or 

specific heat capacity, 𝜆(𝐶)𝑒𝑥𝑝,𝑖 experimental (measured) value, 𝑅𝑖 is ratio of measured value to predicted 

one either for thermal conductivity or specific heat capacity, and 𝑛 is number of experiments performed.  

RMSE represents error involved in predicting values in same units as the data, and Mean shows whether 

model underestimates or overestimates actual thermal properties. Furthermore, these statistical values 

were calculated not only for each material over the 0 -100% saturation condition, but also for three 

different saturation ranges: Sr<20%, 20%<Sr<60%, Sr>60% (Table  2.5 and Table  2.6) (after Farouki 1986 

and Barry-Macaulay et al. 2015) 

For all the materials predicted values are plotted over measured value (Figure  2.24 and 

Figure  2.25). In general, Baumgartner empirical model can predict thermal conductivity with average 

error of ±0.08 and ±0.1 for highly compacted bentonite made out of MX80 and National Standard 

respectively. MEAN value releases that, in overall, the model underestimates thermal conductivity 

especially at 20% <Sr<60% by 15-20% (Table  2.5). However, the model can predict the thermal 

conductivity of highly compacted bentonite at low saturation (Sr<20%) and high saturation (Sr>60%) 

quite accurately with average RMSE value equal to ±0.06. Calculated specific heat capacity by proposed 

equation (Baumgartner 2006) gives error equal to ±97 and ±60 for highly compacted bentonite made out 

of MX80 and National Standard respectively. Since specific heat capacity is in the order of magnitude 

between 700 J/kg.K and 1700 J/kg.K, it can be considered as good prediction except for highly 

compacted bentonite made out of MX80 at degrees of saturation more 60% which gives slightly higher 

error equal to ±165. Generally, specific heat capacity of highly compacted bentonite made out of MX80 is 

slightly underestimated by this method at Sr>60% (around 10%) as opposed to highly compacted 

bentonite made out of National Standard which is overvalued by just 5%. By comparison of measured 

data (thermal conductivity and specific heat capacity) with predicted data for gapfill, Baumgartner 

empirical equation overestimates thermal conductivity of gapfill material even by 23%. This is not 

surprising, considering that this equation was proposed for highly compacted bentonite, which is prepared 
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so the moisture distribution is uniform throughout. In gapfill moisture is added to pelletized bentonite 

creating a more complex moisture distribution with heterogeneous moisture bridges. This heterogeneity 

combined with the increased air content (due to the lower overall dry density) results in a lower thermal 

conductivity. Of low saturation degrees (Sr<20%), despite the overvalue predictions (around 10%), this 

method can forecast thermal conductivity of gapfill by an average RMSE value equal to ±0.05. With 

respect to specific heat capacity, reverse trend is observed with underestimating even by 40% of high 

saturated samples (gapfill-Na.St with Sr>60%). This trend again is attributed to the heterogeneity in the 

air and moisture distribution and the greater air content in comparison with highly compacted bentonite, 

thereby, due to the higher specific heat capacity of dry air and water (1000 J/kg.K and 4186 J/kg.K 

respectively) compared to specific heat capacity of solid constituent (800 J/kg.K), higher values were 

measured. The specific heat capacity equation can just give a rough estimation at low saturation with 

average error equal to ±150 for both gapfill materials. 

2.5 CONCLUSION 

Analysis of proposed concepts for a deep geologic repository requires reliable material properties for 

assessment critical aspects. The deep geologic repository will encounter transient hydraulic, chemical, 

thermal and mechanical gradients during its lifetime. A key aspect in the efficiency of the dissipation of 

thermal energy is the thermal properties of the sealing materials in order to meet the design criterion of 

maximum surface temperature of the used fuel container of 100°C. Another key decision that remains 

open is the bentonite source, whether MX80 or National Standard. The purpose of this study was to 

measure report and comment on material properties of the highly compacted bentonite, dense backfill, 

and gapfill with consideration to bentonite source, porewater chemistry, temperature, variability, and 

moisture content. The results show that although the bentonite source affects index properties including 

plasticity, swelling potential, and a nominal effect on compaction, its effect on the thermal properties was 

limited. Some more sensitivity was noted at high saturation and elevated temperature for gapfill due to its 

lower overall density. Increasing porewater chemistry serves to significantly reduce plasticity and 
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swelling potential and increase optimum dry density, which agrees with anticipated trends from literature. 

Variation of thermal conductivity with saturation was linear for highly compacted bentonite and dense 

backfill as the pore space filled up with water. However, gapfill showed nonlinear trends with very little 

increase in thermal conductivity at low saturation due to the water being isolated around the pellets rather 

than distributed uniformly as in the highly compacted bentonite. Increased temperature caused an increase 

in thermal properties with an attenuated effect on highly compacted bentonite owing to its high density. 

Dense backfill has the greatest thermal conductivity across all tested moisture contents due to its 70% 

crushed granite composition. Finally the results were compared with predicted curves from Baumgartner 

(2006) who selected sigmoidal curves. In highly compacted bentonite the predicted curves underpredicted 

the measured values because a linear trend was noted in the experimental data rather than the nonlinear 

curve. For gapfill there is a systematic 20% over prediction in the thermal conductivity from 0-100% 

saturation. These results are now available to perform the numerical models which can be performed 

using physically measured material properties for the proposed Canadian deep geologic repository for 

spent nuclear fuel. 
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Table  2.1. Index Properties of B-clay 

Material 
Liquid 

Limit 

Plasticity 

Index 

Specific 

Gravity 

Free Swell 

Index 

Glacial Lake 

Clay
1
 

31 11 2.699 <1 

B-clay
2
 32 18 2.67 <1 

1 Index properties of Glacial Lake clay have been taken from D.A Dixon (1995) 

2 Index properties of B-clay have been taken from tests performed at RMC 

 

 

Table  2.2. Reference water composition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 SR-L-2013 

pH “neutral” 

TDS (g/L) 223 

Na (mg/L) 46000 

Ca (mg/L) 19400 

K (mg/L) 17600 

Mg (mg/L) 4860 

Cl (mg/L) 135100 

SO4 (mg/L) 480 

Ion concentrations (mol/L) 

Na  2.000 

Ca  0.485 

K  0.450 

Mg  0.200 

Cl  3.810 

SO4  0.005 

Recipes (mol/L) 

NaCl  2.0 

KCl  0.45 

CaCl2-2H2O  0.48 

MgCl2-6H2O  0.20 

CaSO4  0.005 
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Table  2.3. Achieved density and TDS of prepared solution 

 

 

 

 

 

 

 

 

 

 

 

 

Table  2.4. Relative difference of 80°C to room temperature-thermal properties results 

  

SR-L 

Solution 

Target 

TDS (g/L) 

Achieved 

Average 

TDS (g/L) 

 Average Solution 

Density (g/cm3) 

1 223 226 1.148 

2 223 231 1.142 

3 223 238 1.151 

4 223 228 1.148 

Properties Thermal Conductivity 

(W/m.K) 

Specific Heat Capacity 

(MJ/m
3
.K) 

Degree of 

saturation (%) 
5 25 50 100 5 25 50 100 

Material Relative difference (%) Relative difference (%) 

HCB-MX80 10 15 12 0 32 18 19 14 

HCB-Na.St 3 3 1 4 13 16 17 34 

GF-MX80 25 19 18 14 20 11 17 8 

GF-Na.St 28 24 28 14 25 2 35 2 

DBF 5 0 4 -13 21 57 22 -42 
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Table  2.5. Statistical values calculated for thermal conductivity of GF and HCB  

Saturation 

Thermal Conductivity 

MEAN 

value 

RMSE  

value 

HCB-MX80 

Sr < 0.2 1.10 0.062 

0.2 < Sr < 0.6 1.15 0.104 

Sr > 0.6 1.01 0.049 

0 < Sr < 1 1.10 0.078 

HCB-Na.St 

Sr < 0.2 1.15 0.086 

0.2 < Sr < 0.6 1.21 0.150 

Sr > 0.6 1.03 0.054 

0 < Sr < 1 1.14 0.100 

GF-MX80 

Sr < 0.2 0.87 0.052 

0.2 < Sr < 0.6 0.91 0.065 

Sr > 0.6 0.84 0.176 

0 < Sr < 1 0.87 0.104 

GF-Na.St 

Sr < 0.2 0.90 0.046 

0.2 < Sr < 0.6 0.84 0.091 

Sr > 0.6 0.77 0.260 

0 < Sr < 1 0.85 0.142 

 

Table  2.6. Statistical values calculated for specific heat capacity of GF and HCB 

Saturation 

Specific Heat Capacity 

MEAN 

value 

RMSE 

value 

HCB-MX80 

Sr < 0.2 0.95 64 

0.2 < Sr < 0.6 1.04 72 

Sr > 0.6 1.10 165 

0 < Sr < 1 1.01 97 

HCB-Na.St 

Sr < 0.2 0.94 62 

0.2 < Sr < 0.6 0.98 41 

Sr > 0.6 0.97 71 

0 < Sr < 1 0.96 60 

GF-MX80 

Sr < 0.2 1.00 142 

0.2 < Sr < 0.6 1.24 292 

Sr > 0.6 1.33 563 

0 < Sr < 1 1.16 344 

GF-Na.St 

Sr < 0.2 0.89 165 

0.2 < Sr < 0.6 1.20 271 

Sr > 0.6 1.43 679 

0 < Sr < 1 1.11 385 
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Figure  2.1. a) Canadian concept of a deep geological repository and b) Mark II placement room 

(NWMO 2015) 

a) 

b) 
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Figure  2.2. Particle size distribution a) GF-MX80 b) Lac Du Bonnet granite c) B-Clay 
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Figure  2.3. Miniature compaction mould 
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Figure  2.4. Two-sided thermal testing a) reinforced mould used for making pucks and b) two-sided 

test with the sensor placed between two pucks c) thermal testing sensor 
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Figure  2.5. One-sided thermal conductivity test; a) 75 mm diameter mould with a slit on the side b) 

thermal conductivity sensor placed on the soil along with the insulation on top c) method used to 

keep the slit closed during compaction of high density material 
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Figure  2.6. The procedure used for sealing two-sided test at elevated temperature (a to d) 
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Figure  2.7. The procedure used for sealing on-sided test at elevated temperature (a to d) 
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Figure  2.8. Compaction pressure and force versus degree of saturation and water content; a) HCB 

b) DBF 

 

 

 

 

Figure  2.9. Thermal front penetration and available minimum distance from the sensor to 

boundary surface of specimen 
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Figure  2.10. Typical thermal conductivity test result: change in temperature versus: a) time and b) 

normalized time, D(). 
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Figure  2.11 An example of temperature drift detected by sensor during thermal property 

measurement at different times following placement in the oven 
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Figure  2.12. Compaction results, dry density versus water content for both water composition; a) 

MX80 b) Na.St c) DBF 
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Figure  2.13. Shrinkage result for both water compositions, volume change versus water content; a) 

MX80 b) Na.St 
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Figure  2.14. Examples of swell index test  

 

 

 

 

 

 

Figure  2.15. Examples of solution retention capacity test 
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Figure  2.16. Swell index (SI) and solution retention capacity (SRC) results 

 

 

Figure  2.17. Correlation between swell index (SI) and solution retention capacity (SRC) 
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Figure  2.18. Consistency limits results 
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Figure  2.19. Thermal properties versus degree of saturation for HCB; a) MX80-thermal 

conductivity b) Na.St-thermal conductivity c) MX80-volumetric heat capacity d) Na.St-volumetric 

heat capacity 
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Figure  2.20. Thermal properties versus degree of saturation for GF; a) MX80-thermal conductivity 

b) Na.St-thermal conductivity c) MX80-volumetric heat capacity d) Na.St-volumetric heat capacity 
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Figure  2.21 Thermal properties versus degree of saturation for DBF; a) thermal conductivity b) 

volumetric heat capacity  
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Figure  2.22. Thermal properties versus degree of saturation for HCB compared with Baumgartner 

(2006); a) MX80-thermal conductivity b) Na.St-thermal conductivity c) MX80-specific heat capcity 

heat capacity d) Na.St-specific heat capacity 
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Figure  2.23. Thermal properties versus degree of saturation for GF compared with Baumgartner 

(2006); a) MX80-thermal conductivity b) Na.St-thermal conductivity c) MX80-specific heat capcity 

heat capacity d) Na.St-specific heat capacity 
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Figure  2.24. Experimental thermal conductivity and specific heat capacity compared with 

calculated thermal conductivity and specific heat capacity for HCB; a) MX80-thermal conductivity 

b) MX80-specific heat capacity c) Na.St-thermal conductivity d) Na.St-specific heat capacity 
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Figure  2.25. Experimental thermal conductivity and specific heat capacity compared with 

calculated thermal conductivity and specific heat capacity for GF; a) MX80-thermal conductivity 

b) MX80-specific heat capacity c) Na.St-thermal conductivity d) Na.St-specific heat capacity 
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Chapter 3 

Thermal-Hydraulic Model of Canadian Deep Geological Repository 

3.1 INTRODUCTION 

Energy demand continues to rise globally at the same time as society’s desire for power sources with 

carbon-reduced effects to decrease climate change. In Canada, electricity utilities are shifting away from 

coal-based power plants to other sources. One carbon-reduced power source is nuclear energy, which in 

Canada has been a vital contributor to the Canadian economy and power grid for decades. Experience in 

Canada with nuclear power is one of safety, reliability, and efficiency. More than half of the electricity 

requirements of the province of Ontario, Canada (pop. 13 million) are met by nuclear power. Along with 

the benefits of nuclear power, there is the duty to deal with the waste in a responsible manner. Within 

Canada there are more than 2.5 million bundles of spent nuclear fuel with another approximately 2 

million bundles to be generated in the future (Garamszeghy 2015). Canada, and every country around the 

world that has taken a decision on management of spent nuclear fuel, has decided on long-term 

containment and isolation within a deep geological repository. The deep geological repository 

(Figure  3.1) will be constructed at a depth of roughly 500 m, depending on the geological characteristics 

of the site, and consist of network of placement rooms for used fuels at depth and surface facilities to 

support the operation of the repository. An engineered barrier system will fill the area between used fuel 

containers and surrounding geosphere in order to contribute to the multi-layer system, which isolates the 

waste from the environment. The barrier system is composed of bentonite-based materials due to 

bentonite’s desirable physical and chemical properties.  

The repository will go through a number of phases during its lifetime. Initially the used fuel containers 

will be at an elevated temperature. Being placed at depth the repository will be subject to potentially high 

pore pressures. Therefore the engineered barriers will be subjected to competing gradients of thermal 

energy driving moisture away from the containers and hydraulic gradients driving moisture into the 
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repository. At the same time, the efficiency of every component of the system including fuel container 

corrosion rate and performance of sealing materials around containers as well as mechanical stability of 

surrounding rock is a function of the temperature (Guo 2016). The critical design criterion from a thermal 

perspective, is to keep the maximum container surface temperature below 100°C to avoid thermal 

alteration of the bentonite as well as prevention of damage to containers (Maak 2006). In order to 

examine the performance of the repository during its lifetime, studies of the thermal energy dissipation 

have been performed for some time (Acres et al. 1985, 1993; Mathers 1985; Tsui and Tsai 1985; Golder 

Associates Ltd. 1993; Baumgartner et al. 1994; Guo 2007, 2008, 2015, 2016). However, material 

properties for the current configuration for the Mark II concept were unknown until recently (Chapter 2). 

This recent addition in knowledge allows to examine the response of the Mark II concept for physically 

measured material properties. Thermal properties are defined for the range of potential moisture 

conditions (from saturated to dry) for the three barrier materials in the placement room, which are highly 

compacted bentonite, dense backfill, and gapfill. The effect of saturation on dissipation of thermal energy 

for the Mark II placement room is examined first for the container located within the highly compacted 

bentonite box in air and then for various scenarios. Each scenario considers a potential mechanism of 

either drying or development of air gaps in the system to predict the effect on the maximum container 

temperature. The scenarios are believed to bound the thermal response of the repository under 

hydraulically static conditions. The results show that the 100°C criteria is met if continuity is maintained 

in the engineered barrier materials between the container and the surrounding rock.  

3.2 MODELING 

3.2.1 Mathematical Software 

Numerical simulations used the finite element method to model heat transfer for the repository using 

Comsol version 5.2. The governing equations solved by the software are based on the first law of 

thermodynamics as follows (Comsol 2015): 
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𝜌𝐶 (

𝜕𝑇

𝜕𝑡
+ (𝑢. ∇)𝑇) = −(∇. 𝑞) + 𝜂: 𝑆 −

𝑇

𝜌

𝜕𝜌

𝜕𝑇
|

𝑝

(
𝜕𝑝

𝜕𝑡
+ (𝑢. ∇)𝑝) + 𝑄 [25] 

 

where 𝜌 is density, 𝐶 is the specific heat capacity, 𝑇 is absolute temperature, 𝑢 is the velocity vector, 𝑞 is 

the heat flux by conduction, 𝑝 is pressure, 𝜂 is the viscous stress tensor, 𝑆 is the strain-rate tensor and 𝑄 is 

heat sources other than viscous heating. 

It was assumed the mass quantity is constant over time and therefore that density and velocity are related 

through:  

 𝜕𝜌

𝜕𝑇
+ ∇. ( 𝜌𝑉) = 0 [26] 

 

For solving heat transfer equation, Fourier’s law of heat conduction is used which states conductive heat 

flux, 𝑞, is proportional to the temperature gradient: 

 
𝑞𝑖 = −𝜆

𝜕𝑇

𝜕𝑥𝑖
 [27] 

 

where 𝜆 is thermal conductivity. 

By setting velocity to zero, ignoring viscous heating as well as pressure work, pure conductive heat 

transfer in solids is obtained as follows: 

 
𝜌𝐶

𝜕𝑇

𝜕𝑡
+ ∇. (−𝜆∇T) = 𝑄 [28] 

 

This equation is solved through the geometry for the temperature T over the time. 

3.2.2 Geometry and Boundary Conditions 

Two types of used fuel containers (UFC) are being considered; 1) Mark I and 2) Mark II. Mark I used fuel 

container provides containment for 288 CANDU used fuel bundles within a copper outer shell and carbon 
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steel inner vessel design which can be placed either at vertical borehole in crystalline rock (Figure  3.1 

Option #1) or horizontally along the length of placement rooms where the deep geological repository is 

located in sedimentary rock (Figure  3.1 Option #2). With respect to in-room placement concept (Mark II), 

container with a size of 0.562m × 2.512 m in a shape of cylinder with hemispherical heads on each end is 

loaded with 48 CANDU used fuel bundles in four storage modules (Figure  3.2). The container is coated 

by 3-mm-thick layer of copper for corrosion resistance. Each container is surrounded by highly 

compacted bentonite compacted to a dry density of 1.7 g/cm
3
 held together by a thin metal box. 

Thereafter, the buffer box (including the used fuel container housed by highly compacted bentonite) is 

placed in the tunnel laterally in two sequential layers. Between adjacent buffer boxes are placed a 

compacted block of dense backfill. Dense backfill is composed of a mixture of 70% crushed granite, 25% 

illite clay, and 5% bentonite compacted to a dry density of 2.12 g/cm
3
. The space between the stacks of 

buffer boxes and dense back fill blocks and the surrounding rock will be filled with gapfill. Gapfill is 

composed of 100 % bentonite pellets, which are compacted to 2.1 g/cm
3
 and then crushed to a specified 

dry density. The crushed mixture is placed in the tunnels at an average dry density of 1.41 g/cm
3
 

(Figure  3.2). In this study the focus of the simulations are on the Mark II concept because the geologic 

setting for the Canadian deep geologic repository is unknown and the Mark II concept can be used in both 

crystalline and sedimentary geological formations.  

3.2.2.1 Buffer Box in Air 

Thus, the three dimensional geometry of the Mark II concept was formulated to model the buffer box in 

air and also the repository. During construction the buffer box will be prepared above ground. Therefore 

the first model considered the buffer box in air as shown in Figure  3.3a. Due to the symmetry, half of the 

buffer box with dimensions of 0.962 m × 0.962 m × 1.456 was modelled. Due to the relatively high 

thermal conductivity of metal sheet around buffer box, this material was ignored similar to Guo (2015). In 

the buffer box model, there are two materials, which are highly compacted bentonite block and the outer 

copper surface of the used fuel container with thickness of 3 mm. Continuity between the container 
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surface and the highly compacted bentonite is assumed. The initial temperature is set to 20°C of both 

materials. Heat flux with a convective heat transfer coefficient of 4 W/(m
2
.K) (Abdel-Ghany et al. 2006 

and Guo 2015) and temperature equal to 20°C was applied to the all boundary surfaces except for front 

face where the symmetry boundary condition was applied (Figure  3.3a). Heat source generated by 

container was applied as a heat flux to the surface of the container. The heat energy was modeled as a 

decay function based on the number of bundles (Figure  3.5) within the container (24 bundles for half of 

the container) and the assumption that bundle has a decay period of 30 years. The finite element mesh of 

the buffer box with 100079 tetrahedral elements along with container inside is shown in Figure  3.3a. 

Series of sensitivity analysis were performed to eliminate discretization effects and find sufficient number 

of element. 

3.2.2.2 Deep Geologic Repository 

A cross-section of a placement room for the Mark II concept of the deep geologic repository is shown 

schematically in Figure  3.4 (NWMO 2015). The tunnel is rectangular shaped with a height of 2.12 m and 

the width of 3.12 m. The tunnel includes two layers of buffer boxes along with dense backfill block and a 

thin layer of gapfill (10 cm) around perimeter. Due to the relatively lower thermal properties of 

sedimentary rock compared to crystalline, the thickness of the spacer block is increased by 0.2 m. Due to 

the symmetric shape of the emplacement room (Figure  3.4), a section (shown Figure  3.3b) is formulated 

to simulate the DGR for either crystalline or sedimentary rock (Guo 2015). The only difference between 

crystalline and sedimentary section is the width of section which is 0.73 m for crystalline and 0.83 m for 

sedimentary rock. The height and width of the overall section were assumed to be 1000 m and 10 m 

respectively. The conceptual placement room section at a depth of 500 m consists of symmetric buffer 

boxes on top of each other with a spacer block attached to the side of each buffer box. Due to symmetry 

one-quarter of each block is simulated. A layer of gapfill material with thickness of 10 cm was applied to 

the perimeter of the tunnel. A thin layer of copper with thickness of 3 mm was applied to container 

surfaces as a corrosion resistant layer (the properties of copper have been taken from Comsol library, 
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Table  3.1). Figure  3.3b also shows mesh elements developed through the repository with 183592 

tetrahedral elements. A smaller element size was applied to the repository compared to the report (Guo 

2015) and initial results checked to maintain consistent results. An initial temperature that varied across 

the depth of the model from 5°C to 21°C was assumed for whole system based on equation as follows 

(Guo 2010): 

 
𝑇0(𝑧) = 5 + 0.016 × 𝑧 [29] 

 

where 𝑇0(𝑧) is initial temperature at depth and 𝑧 is depth from the ground surface. 

Constant temperature equal to 5°C and 21°C were applied at the surface and the bottom of the model 

during the transient phase. Symmetric boundary conditions were applied to the four vertical boundary 

surfaces. Twenty-four times the heat source from the one decaying standard waste bundle (Figure  3.5) 

was uniformly applied to the inside surface of the container. Simulations were run for 100 years and the 

container surface temperature, temperature at the tunnel and the centerline between adjacent tunnels was 

monitored with time. 

3.2.3 Heat Source 

After use in the reactor each bundle continues to generate heat at a rate of 37000 W. One year later the 

power output drops dramatically to 37 W. However, after 10 years, it reaches to 5 W and down to 1 W 

after 100 years (AECL 1994). Figure  3.5 plots the heat source decay for CANDU bundles with a fuel 

burnup (the energy released per unit mass of uranium) of 220 MWh/(kgU) (Tail et al. 2000). In this study, 

the Mark II concept uses a bundle with 37 elements and this function was used to compute the boundary 

condition applied to the interior of the copper layer throughout simulations. 

3.2.4 Materials Properties 

Material properties required for thermal analysis include thermal conductivity and specific heat capacity 

for each material including copper, highly compacted bentonite, dense backfill, and gapfill. Selected 
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material properties reported in Chapter 2 are plotted in Figure  3.6a and Figure  3.6b as thermal 

conductivity and specific heat capacity for three discrete saturations of 0, 50 and 100%. The measured 

volumetric specific heat capacity was divided by its dry density to calculate specific heat capacity for 

each material. The open data points are the actual measurements and black points are the average 

properties which have been used in this study.  

3.3 RESULTS 

3.3.1 Buffer Box Model in Air 

The first simulation was performed to compare with a NWMO (2015) report to confirm the model was 

performing as anticipated. In this simulation, thermal properties from the report (Guo 2015) were used. 

Results are given in Figure  3.7 including the temperature regime of the model at maximum container 

surface temperature (Figure  3.7a) and container surface temperature versus time (Figure  3.7b). The 

container surface temperature increases for the first 20 days up to a maximum of 37.1°C and then 

decreases over the remaining 50 years. Figure  3.7b compares the results for the container surface 

temperature over 50 years and shows that the results are in agreement.  

After verification, a second series of models was performed, which used the measured material properties 

(Figure  3.6) and considered the effect of drying on container temperature. The scenarios are described by 

the schematic on Figure  3.8 and Table  3.2. The scenarios consider a saturated buffer box, a dry buffer 

box, as well as two intermediate scenarios where areas adjacent to the container are progressively set to 

dry. In these later two scenarios the buffer box around the container was divided equally into 3 regions, 

which are incrementally dried as indicated in Table  3.2. These scenarios are assumed to bound the 

possible maximum and minimum temperatures for the configuration when continuity is assumed. 

Thermal properties of highly compacted bentonite based on experimental data for 0 and 100% degrees of 

saturation were applied to the buffer box dry and saturated sections respectively. The results plotted for 

both 50 years and 50 days are given in Figure  3.8 as surface temperature versus time. In all models the 

container surface temperature is initially at 20
o
C and increases to the maximum temperature in 
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approximately 20 days. Over time, the thermal energy dissipates and the temperature decreases 

asymptotically approaching 20
o
C. The direct relationship between saturation and the thermal conductivity 

is reflected in the model results for different saturation conditions. In the model where thermal 

conductivity associated with Sr=0% was applied to the all the regions, the maximum surface temperature 

of the container is 37.0°C after 20 days. When increased to Sr=100% the maximum temperature 

decreased to 29.1 °C after 24 days. Two other saturation conditions between fully dried and fully 

saturated were assumed where the maximum container surface temperature equal to 33.0°C and 35.2°C 

was achieved. Thus, if left in air, the degree of saturation of the highly compacted block affects the 

maximum container surface temperature by 8 °C. 

3.3.2 Deep Geological Repository Model 

3.3.2.1 Verification Models 

Model scenarios for the deep geological repository model proceeded as follows: first, thermal properties 

of highly compacted bentonite, dense backfill, gapfill and rock were input to be the same as Guo (2015) 

for verification. The model temperature for 100 years at three points across geometry, including container 

surface, rock-tunnel interface, and center line of two adjacent tunnel are shown in Figure  3.9a and 

Figure  3.9b for sedimentary and crystalline rock respectively. Figure  3.9c shows temperature along a slice 

of the repository for the maximum container surface temperature which is 95.0°C after 42.4 years for 

sedimentary rock. A similar model for crystalline rock gave the maximum surface temperature as 91.0 °C 

after 33.8 years. Results for sedimentary was compared with two models performed previously by 

NWMO with Ansys and Comsol software (Guo 2015) and results are in agreement. At the other two 

points of interest, which are the perimeter of the tunnel and the symmetrical boundary, a moderated 

thermal response is noted. At the tunnel perimeter temperature peaks at 81°C and started to decrease 

slightly after 98 years. At the symmetrical boundary the maximum center line temperature between two 

adjacent tunnels is 74.8°C after 100 years (Figure  3.9a). The same trend was observed in crystalline rock 

with around 4-5°C lower maximum temperature at both rock tunnel interface as well as tunnel center line. 
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This behavior is due to higher thermal conductivity of crystalline rock (3.0 W/m.K) compared to 

sedimentary rock (2.3 W/m.K) (Table  3.1). 

3.3.2.2 Repository Scenarios 

During the lifetime of the repository, competing thermal and hydraulic gradients will be at work during 

the transient stage. Once a site is selected, coupled models considering thermal-hydraulic-mechanical-

chemical-biological effects will be performed to predict the repositories performance. At this time there 

are still many unknowns and therefore selected scenarios are considered in this study. From a thermal 

perspective, the thermal properties, which are reported in Chapter 2 serve as the required inputs. The 

scenarios will apply static values of thermal conductivity, associated with developing drying and wetting 

conditions for the barrier materials, throughout each model. Five different possible scenarios were defined 

as below to see how the container surface and rock temperatures react, which consider the: 

- Effect of fuel age – how long to wait after removal from reactor until the containers may be 

placed in repository? 

- Effect of air gaps – what is the impact of poor quality control on gapfill installation causing air 

gaps to appear near perimeter of tunnel? 

- Effect of gapfill thickness – what is the impact of tunnel compliance? If the tunnel is larger than 

specified, what is the impact on temperature? 

- Effect of degree of saturation of the materials – what is the impact of discrete changes in 

saturation? 

- Effect of thermal drying of highly compacted bentonite blocks– if the highly compacted bentonite 

blocks dry out and shrink, what is the impact on thermal heat transfer?  

In the preliminary model above, higher maximum temperatures were observed for the sedimentary 

environment, and therefore the geometry and thermal properties of sedimentary rock were applied for all 

scenarios. 
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Effect of fuel age – how long to wait after removal from reactor until the containers may be placed in 

repository?  

Under normal circumstances, spent fuel is first stored in wet storage followed by dry storage after which 

it is suitable for placement within a repository. Initially the thermal energy released is quite significant, 

however it drops off as seen in Figure  3.5. The first model (Figure  3.9) assumed the waste was 30 years 

old and the barriers were dry. To add to this area of interest simulations were performed to investigate the 

effect of placing waste that has decayed for 10, 15, 20, 25 and 30 years with a fuel burnup of 220 

MWh/(KgU) in barriers that are either dry or saturated. The results from simulations performed for 100 

years are plotted in Figure  3.10 as temperature versus time for the container surface, perimeter of tunnel 

and symmetric boundary representing the center line between tunnels. Similar to the base case, container 

surface temperature rises following placement up to a maximum and then dissipates for the remainder of 

the simulation. The tunnel perimeter and center line between tunnels also increases in temperature up to a 

maximum but at a level tempered compared to the container. For dry barriers, the maximum container 

surface temperature is 95.0°C for 30 year-old waste and increases to 129.0°C for 10 year-old waste. This 

increase in maximum temperature is consistent with the increase in thermal energy loss associated with 

younger waste compared with older waste (Figure  3.5). If the barriers are set to thermal conductivities 

associated with being saturated, the temperature increase is further tempered as the system operates more 

efficiently due to the higher thermal properties associated with saturated barriers. For 10 year old and 30 

year old waste the maximum temperature is 114.7°C and 86.3°C respectively for saturated barrier 

materials. For the perimeter of the tunnel and the centerline the temperature increases follow expected 

trends. Maximum temperature decreases for older waste and those simulations with saturated barriers. 

Effect of air gaps – what is the impact of poor quality control on gapfill installation causing air gaps to 

appear near perimeter of tunnel? 

The gapfill material around the perimeter of buffer box (Figure  3.2) is placed hydraulically, so there may 

be a chance of air pockets developing along the perimeter of the tunnel. Although this is an extreme case, 

air gaps which were 0, 4, 6, and 10 cm thick were placed along the top and side of the tunnel. In these 
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cases, gapfill elements were changed to air (thermal conductivity = 0.02 W/m.K and specific heat 

capacity = 1000 J/kg.K, Table  3.1). The effect of air gaps were studied for simulations run for over 100 

years for saturations of 0% and 100% for the sealing materials. It should be reinforced that the air gap in 

this simulation runs along the entire length of the tunnel which is a worst case scenario. The waste was 

assumed to be 30 years-old to coincide with other scenarios. 

The results, in terms of temperature versus time plotted in Figure  3.11 for the container surface, 

tunnel perimeter and centerline appear qualitatively similar to previous simulations with temperatures 

rising to a peak followed by dissipation of the thermal energy to the surrounding environment. As was 

anticipated, due to the significantly lower thermal conductivity of air compared to the sealing materials, 

the maximum container temperature increases with increasing gap thickness. For saturated barriers, a 10 

cm air gap causes an increase in maximum temperature from 86.3°C to 99.5°C. The sharp rise in 

container surface temperature is even more evident for dry barriers as a temperature of 117.5°C was 

obtained for 10 cm air gap. The existence of an air gap even just 4 cm thick along the length of the tunnel 

causes the criterion for container temperature not to be met. The air serves as insulation to the heat 

dissipation to the surrounding geosphere. Somewhat intuitively the air gap causes a decrease in maximum 

temperature of the perimeter of the tunnel and centerline between tunnels. Because the air gap is 

insulating the system, less thermal energy is released to the geosphere and with further increases in air 

gaps, the effect is further notable. 

Effect of gapfill thickness – what is the impact of tunnel compliance? If the tunnel is larger than specified, 

what is the impact on temperature? 

There is a possibility of tunnel construction compliance issues which could cause the tunnel size to be 

slightly larger or smaller than specified. The consequence would be a gapfill thickness, which is thicker or 

thinner than specified. Since gapfill has the lowest thermal properties of the engineered barriers, a case 

due consideration is to examine the effect of gapfill thickness on the thermal response. Hence, the gap 

around the buffer box was changed from 5 cm to 20 cm and model was run for 100 years for both 
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saturated and dried conditions. The container surface temperature and rock temperatures for this scenario 

are plotted in Figure  3.12 for 30 year old waste and compared to the base case of 10 cm thick. From 

Figure  3.12, the only detectable affect is the container surface temperature for dry barriers. In these cases 

the maximum surface temperature increases from 90.7°C to 98.3°C, however even for this extreme case 

the temperature stays below the 100°C criterion. All the other results plotted in Figure  3.12 are nominally 

equivalent to the base case.  

Effect of degree of saturation of the materials – what is the impact of discrete changes in saturation? 

Chapter 2 summarized a comprehensive experimental program to measure thermal properties of 

engineering barriers involved in Mark II concept over the wide range of moisture condition and for both 

room temperature and elevated temperature. The results show that by changing the degree of saturation of 

sealing materials from 0% to 100% results in 2-3 fold increase in thermal conductivity of materials. The 

repository will undergo drying during thermal energy release and therefore, it is crucial that to consider 

the effect of degree of saturation on container surface temperature as well as rock temperature. In this 

study, discrete levels of drying were considered as summarized in Table  3.3. These levels were defined 

for to bound the maximum and minimum temperature of the repository and provide intermediate points. 

Gapfill material will be placed as-fabricated with the degree of saturation less than 10%, however, since 

the repository is placed around 500-1000 m below the water table and this material is the closest one to 

rock, it was assumed that it gain saturation of 50% after placement. Highly compacted bentonite and 

dense backfill are modelled initially at 100 % saturation to assess the most efficient possible mode of 

dissipating thermal energy from the container. The other extreme condition simulated was all materials 

are dry. Three intermediate points were also considered with an internal section that was dry and an outer 

section that was saturated. Figure  3.13 plots the results for temperature versus time for the 5 saturation 

conditions. With progressive drying the maximum container temperature increased as anticipated. The 

maximum container surface temperature increased by 9°C from 95.7°C for the dry condition (condition 

#5) from 86.9°C for the saturated condition (condition #1). The intermediate saturation levels provide 
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transitional points of thermal heat dissipation between dry and saturated. Similar to previous scenarios the 

rock temperatures do not vary with saturation condition when continuity is maintained between the gapfill 

and surrounding rock. 

Effect of thermal drying of highly compacted bentonite blocks – if the highly compacted bentonite blocks 

dry out and shrink, what is the impact on thermal heat transfer?  

The volume change testing results reported in Chapter 2 for highly compacted bentonite showed that this 

material can shrink by up to 10% when initially saturated with distilled water. This shrinkage would be 

significant in the repository as it represents a second mechanism for potential formation of air gaps within 

the placement room. Reducing the highly compacted block by a volume strain of 10% results in a 

shortening of the buffer box by 4 cm, 8 cm and 8 cm in width, height and length respectively. In the deep 

geological repository, it was assumed this area because of the shrinkage is filled with air at the top buffer 

box between rock and gapfill with the thickness of 8 cm, between dense backfill block and buffer box 

with thickness of 4 cm and at the back of the buffer box between highly compacted bentonite block and 

gapfill with the thickness of 8 cm. It should be noted that it was assumed dense backfill block doesn’t 

shrink since they are composed from 70% crushed granite and the clay mainly fills in the matrix. The 

model was run for 100 years with 30 years old waste and shrinkage strains of 0%, 5 % and 10% of the 

highly compacted bentonite blocks in either dry or saturated environments. The results are plotted in 

Figure  3.14. For the saturated condition, shrinkage of buffer box increases the container surface 

temperature by 9°C while in the dry condition the container increases 13°C. However, if the repository 

remains saturated, even at 10 % shrinkage rate the maximum container temperature remains less than 

100°C. The rock temperatures show similar behavior as the air gap models due to the insulating effect of 

the air and rock temperature decreased with increasing shrinkage. 

3.4 DISCUSSION 

Several scenarios were considered to investigate potential impactful mechanisms, which would alter the 

dissipation of thermal energy within the repository. In this section, the scenarios are discussed to assess 
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the impact on the thermal design criterion, which is the maximum container surface temperature. 

Figure  3.15 summarizes the results with plots of maximum container surface temperature for the five 

scenarios. Fuel age (Figure  3.15a) has the greatest impact on container surface temperature compared to 

the other scenarios and by decreasing fuel age from 30 years to 10 years maximum container surface 

temperature increases from 86.3°C to 114.7°C in a saturated environment as opposed to dried condition 

where the container surface temperature increase from 95.0°C to 129.0°C (Figure  3.15a). At dried 

environment all the fuel ages pass 100°C criterion except for the container with 30 years fuel age. 

Whereas at saturated environment container with less than 20 years fuel age passes the 100°C line at 

critical times. This effect can be interpreted in 2 ways. First, the protocols currently in place are valuable 

to dissipate the heat from the decaying waste and should be continued. Also, if the results are extrapolated 

to older waste, benefits in terms of dissipation efficiency within the repository may be gained by waiting 

longer than the 30 years.  

Quality control protocols on the gapfill installation are shown to be important in Figure  3.15b. By 

having just 4 cm of air, the container surface temperature increase from 95.0°C to 103.3°C at for dry 

barriers. Further decreasing of the gapfill thickness and replacing with air can caused the container 

surface temperature to reach 117.6°C. For the saturated condition, the container surface temperature 

increases directly with the thickness of air gap. With a 10 cm of air gap, the 100°C criterion is 

approached. 

In Figure  3.15c, construction compliance of the tunnel is shown to impact the thermal dissipation 

in dry scenarios. If the tunnel is larger and the compacted blocks are consistent size, the consequence will 

be to fill the annulus with gapfill, which has a lower thermal conductivity compared with the rock. For the 

dry condition, the expected trend was observed with maximum container surface temperature increasing 

by 8°C from 90.7°C with just 5 cm gapfill to 98.3°C with 20 cm gapfill. The increase in maximum 

temperature is not linear and appears to asymptotically approach the 100°C criteria. If saturated, the 
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thickness of the gapfill layer has limited effect on the container surface temperature as it remains flat on 

Figure  3.15.  

The saturation scenarios (Figure  3.15d) display the intermediate effects of incrementally changing 

from a saturated to dry condition discretely. These models had a fuel age of 30 years, 0cm air gap and 

10cm gapfill thickness. Therefore saturation conditions 1 and 5 correspond to the saturated and dry 

models from the other scenarios. The intermediate points help understand how the evolving saturation 

will affect the thermal regime.  

Finally shrinkage of highly compacted bentonite block is a plausible due to drying and its effect 

on the maximum container surface temperature is plotted in Figure  3.15e. Shrinkage causes air gap 

development and another mechanism for insulating effects on the heat dissipation. The consequence is an 

increase of 13°C for the dry environment but just 8°C for the saturated environment.  

To summarize, the results show that as long as the barriers remain in contact with the container 

and the rock, the limiting temperature criteria is satisfied. All scenarios with fuel age of 30 years or more 

in which continuity was maintained in the sealing materials, the simulated temperature did not rise above 

100°C, even if the system was dry. The scenarios in which air gaps were examined in this study are 

extreme and very rare events. Their likelihood must be considered in the impact of this research. Further 

coupled modelling would also help determine the scenarios for which air gaps could develop.  

3.5 CONCLUSION 

A deep geological repository for Canada will serve to safely store used nuclear fuel for the long term. 

Placement of the waste within a repository will allow dissipation of the remaining thermal energy to the 

surrounding geosphere. This study is the first thermal model of the Canadian concept of deep geological 

repository using experimentally measured material properties. The second purpose of this research was to 

consider five scenarios for hydraulic and volumetric evolution of the repository and their effect on the 

maximum container surface temperature. Plausible scenarios of deep geological repository give us an 
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insight where the critical analysis cases are that may want to perform coupled models in the future. 

Changing the fuel age from 30 year to 10 year can increase container surface temperature by even 34°C at 

dried condition whereas, rock temperatures increase up to 25°C. Due to the 2-3 times lower thermal 

conductivity of dried materials compared to saturated condition, developing air pocket whether by poor 

installation of gapfill or shrinkage of highly compacted bentonite can result in passing 100°C criterion. 

Increasing the thickness of gapfill by 15 cm can cause container surface temperature to rise up by 7-8°C 

at Sr=0% despite saturated environment where no change were observed. Drying process of sealing 

materials can increase container surface temperature just by 9°C. In all scenarios rather than fuel age, 

rock temperature are not be affected. In general, the results showed that the barrier system efficiently 

transfers the thermal energy to the surrounding geosphere as long as continuity is maintained between the 

container and the rock. Some further work is warranted to examine the potential for development of air 

gaps in the system to determine the risk and further refine understanding of the consequence.  
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Table  3.1. Materials properties involved in modelling rather than sealing materials 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Materials 

Properties 

Density 

(kg/m
3
) 

Thermal conductivity 

(W/m.K) 

Specific heat capacity 

(J/kg.K) 

Sedimentary 

rock
1 

2600 2.3 830 

Crystalline 

rock
1 

2700 3.0 845 

Copper
2 

8960 400 385 

Air
2 

Pa×0.02897/8.314/T 

-0.002+1.154e-4×T-

7.902e-8×T2+4.117e-

11×T3-7.438e-15×T4 

1047.636-

0.372×T+9.4534e-4×T2-

6.024e-7×T3+1.2851e-

10×T4 

1.Guo (2010) 

2.Comsol (2015) materials library 

Pa is air pressure equal to 1(atm) 

T is temperature in Kelvin 
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Table  3.2. Saturation condition of buffer box model in air 

 

 

 

 

 

 

 

 

 

 

 

Table  3.3. Saturation condition for DGR model 

Saturation condition 
Degree of saturation (%) 

HCB-1 HCB-2 DBF GF 

1 100 100 100 50 

2 0 100 100 50 

3 0 0 100 50 

4 0 0 0 50 

5 0 0 0 0 

 

  

Saturation condition 
Degree of saturation (%) 

Region1 Region2 Region3 

1 100 100 100 

2 0 100 100 

3 0 0 100 

4 0 0 0 
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Figure  3.1. Canadian concept of deep geological repository (NWMO 2015) 

 

 

 

 

 

 

Figure  3.2. Mark II placement room concept (NWMO 2015) 
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Figure  3.3. Geometry, boundary condition and finite element mesh a) buffer box model in air b) 

buffer box in DGR 
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Figure  3.4. The layout of room placement concept with dimensions (all in meters, NWMO 2015) 

 

 

 

 

 

Figure  3.5. Heat Source per 28 element bundle and per 37 element bundle for a fuel burnup of 220 

MWh/(KgU) 
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Figure  3.6. Measured thermal properties of buffer materials-The open data points are the actual 

measurements and black points are the average properties which have been used in this study; a) 

thermal conductivity b) specific heat capacity 

 

 

 

Figure  3.7. a) Container surface temperature over 50 years compared with report by NWMO (Guo 

2015) b) maximum container surface temperature reached after 20 days equal to 73.1°C. 
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Figure  3.8. Effect of buffer box degree of saturation (Table  3.2) on the container surface 

temperature - buffer box model in the air a) over 50 years b) over 50 days 
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Figure  3.9. Deep geological repository model temperature at three points (T1, T2, T3) along 

repository; a) sedimentary rock b) crystalline rock c) rock temperature at the repository at 

maximum container surface temperature after 42 years for sedimentary rock.  
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Figure  3.10. Effect of fuel age - DGR model; a) container surface temperature - saturated sealing 

materials b) container surface temperature - dried sealing materials c) tunnel rock interface 

temperature - saturated sealing materials d) tunnel rock interface temperature - dried sealing 

materials e) center line temperature between two adjacent tunnels - saturated sealing materials f) 

center line temperature between two adjacent tunnels - dried sealing materials 
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Figure  3.11. Effect of air gaps - DGR model; a) container surface temperature - saturated sealing 

materials b) container surface temperature - dried sealing materials c) tunnel rock interface 

temperature - saturated sealing materials d) tunnel rock interface temperature - dried sealing 

materials e) center line temperature between two adjacent tunnels - saturated sealing materials f) 

center line temperature between two adjacent tunnels - dried sealing materials 
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Figure  3.12. Effect of gapfill thickness - DGR model; a) container surface temperature - saturated 

sealing materials b) container surface temperature - dried sealing materials c) tunnel rock interface 

temperature - saturated sealing materials d) tunnel rock interface temperature - dried sealing 

materials e) center line temperature between two adjacent tunnels - saturated sealing materials f) 

center line temperature between two adjacent tunnels - dried sealing material 
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Figure  3.13. Effect of degree of saturation - DGR model; a) container surface temperature b) tunnel 

rock interface temperature c) center line temperature between two adjacent tunnels 
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Figure  3.14. Effect of shrinkage of HCB block - DGR model; a) container surface temperature - 

saturated sealing materials b) container surface temperature - dried sealing materials c) tunnel 

rock interface temperature-saturated sealing materials d) tunnel rock interface temperature-dried 

sealing materials e) center line temperature between two adjacent tunnels - saturated sealing 

materials f) center line temperature between two adjacent tunnels - dried sealing materials 
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Figure  3.15. Maximum container surface temperature for five defined scenarios; a) fuel age b) air 

gap thickness c) gapfill thickness d) saturation condition e) shrinkage of HCB block 
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Chapter 4 

Conclusion 

Continual demand for economic growth results in upward trend for more energy. Global efforts for 

diminishing climate change effects result in using green sources of energy rather than fossil fuels. Nuclear 

power is one of the carbon-reduced sources of energy which provides a significant portion of many 

countries’ electricity (more than 50% Ontario province in Canada, pop-13 million). Although nuclear 

power is considered to have a relatively low carbon footprint energy, it leaves society with nuclear waste 

that has to be safely taken care of for time periods going on one million years. The future plan for 

Canada’s inventory of spent nuclear fuel is long-term isolation in a deep geological repository. During the 

transient phase of the deep geological repository, a number of thermal, hydraulic, mechanical, chemical 

and biological aspects of the engineered barriers must be considered. The sealing materials within the 

repository will be under a wide range of physical phenomena including temperature and hydraulic 

gradients. Thus, large database on materials properties of current Canadian concept of repository (Mark 

II) have to be developed reflecting settings involved in the repository such as temperature and 

groundwater chemistry and hydraulic conditions. Furthermore, due to the variety available sources of 

bentonite and considering bentonite as natural material, database has to reflect variability involved in 

bentonite properties.  

The first purpose of this study was to provide necessary material properties mainly focused on 

thermal properties for all bentonite-based components involved in Mark II concept. Thermal properties 

results including thermal conductivity and volumetric heat capacity show 2-3 fold increase by changing 

degree of saturation from 0% to 100% for all materials. Heterogeneities along individual soil types 

resulted in some minor deviation in thermal properties with the fluctuation most obvious for dense 

backfill materials as opposed to 100% bentonite materials. At low dry density, elevated served to increase 

thermal properties while this effect is tempered at higher dry density. Minor influences of bentonite type 
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on thermal properties were identified for both bentonites tested in this study. With respect to index and 

compaction tests, salinity of porewater decreases swell potential and consistency limits notably. Whereas 

in the compaction test, increases in porewater salinity served to increase the optimum dry density. In 

terms of effect of bentonite type on index and compaction test, generally National Standard bentonite has 

higher swell potential and plasticity index, while by using MX80 higher dry density can be achieved. 

The second purpose of this study was to evaluate numerically the thermal response of mark II 

concept using measured thermal properties to bound maximum and minimum temperature along the 

repository. A secondary purpose was to assess scenarios where the 100°C criterion for the container 

surface temperature was met. Heat transfer was simulated for different plausible scenarios to predict the 

maximum container surface temperature as well as rock temperature at critical times. The results showed 

that the barrier system efficiently transfers the thermal energy to the surrounding geosphere as long as 

continuity is maintained between the container and the rock. 
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Appendix A 

Triaxial Testing on Proposed Sealing Materials  

Triaxial Testing 

Canada’s Nuclear Waste Management Organization (NWMO) has issued a Request for Proposal (RFP) 

SA440-2013 for Bentonite Seal Properties in Saline Water. The testing will be conducted at three 

laboratories, including Golder’s Mississauga, Winnipeg and Saskatoon laboratories and the Royal 

Military College (RMC) Geotechnical Laboratory. Triaxial with high swelling pressures are conducted 

using RMC’s high pressure systems. For doing so, first old available high pressure cells were modified 

for high pressure saturated test (Figure A.1) Furthermore two new setups were designed from scratch to 

conduct saturated triaxial testing up to 15 Mpa cell pressure.(Figure A.2) 

 

Figure A.1. Old high pressure setups-modified for saturated specimen 
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Figure A.2. New high pressure setups- saturated tests- up to 15 MPa cell pressure 

 

As-fabricated samples of the reference clay sealing material prepared using different reference water 

solutions were requested to be tested for mechanical properties including: 

 Bulk Modulus (K); 

 Elastic-plastic parameters (κ and λ); 

 One-dimensional compression indices (volume compressibility (mv), compression index (Cc) and 

swelling index (Cs)); 

 Shear Modulus (G); and 

 Young’s Modulus (E). 
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Isotropic Compression Test Procedure 

Isotropic triaxial consolidation tests are used to determine the Bulk Modulus (K) and the elastic-plastic 

parameters κ and λ. These tests will require saturation at a cell pressure equal to the swelling pressure to 

prevent swelling from the as-fabricated condition. Saturated specimens are required in order to measure 

volume change during incremental loading later in the test. Following saturation, the specimens are 

incrementally loaded. Since these tests require saturated specimens, only one replicate is proposed per 

condition. Due to very long saturation times and low hydraulic conductivity (lowering as the stress 

increments increase), some tests could take the entire two years. At the end of these tests, the specimens 

are sheared to provide a point on the strength envelope and supplement the Young’s Modulus data (for a 

hardened specimen 

Undrained Shearing Test procedure 

The triaxial testing is conducted using the standard method for Consolidated Drained Triaxial 

Compression Testing of cohesive soils (Head 1986), with some modifications as described below. The 

modifications are based on the work of Blatz et.al (2008) on similar clay seal material, and are required 

due to the very low permeability and high swelling potential of the material. Each specimen is built into 

the triaxial systems at their prescribed composition, density and pore fluid. A cell pressure will be applied 

that matches the expected swelling pressure of the material to prevent any swelling during the test. . Since 

porewater pressure measurements are required for CIŪ tests, these tests must be performed on saturated 

specimens (not as-fabricated). Due to very long saturation periods expected for these specimens (9 to 18 

months), only one replicate is tested . The Shear Modulus will be determined from the elastic portion of 

the stress-strain curves established from these tests. The CIŪ testing involves manufacturing specimens to 

nominal dimensions of 50 mm diameter and 100 mm length at as high an initial water content as possible 

(Sr ~95%) and then sealing the sample in a latex membrane with a filter paper and porous stone placed on 

the top and bottom of the sample. The assembled sample is placed in the triaxial cell and consolidated to a 

specific isotropic effective confining pressure, the magnitude of which is based on the estimated swelling 
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pressure of materials of materials having similar density and salinity conditions. This is done in order to 

minimize the volume change the specimen undergoes during the saturation process. The volume change 

during the consolidation is monitored in order to obtain the total volume of the sample at the end of the 

consolidation stage, which will supplement determination of Bulk Modulus. 

Drained Shearing Test Procedure 

The same size of specimen will be used for the CID tests as above. No water is supplied to the CID test 

specimens so that they are sheared in their as-fabricated state. After an equilibration period of 

approximately one week, the specimens are sheared under drained conditions, with no back pressure. The 

rate of shearing will be sufficiently slow to prevent the build-up of pore pressures in the specimen during 

shearing (approximately a two week shearing phase). Young’s Modulus is determined from the elastic 

portion of the stress-strain curves established from these tests. Since saturation and pore water pressure 

measurements are not required for these tests, they will be relatively fast to conduct and therefore three 

replicates are conducted.  

Test Matrix 

Proposed test matrix as well as status of each test is shown in Table1. Three drained shear tests have been 

performed on bentonite-sand (70%-30%) mixture at 1.8 g/cm
3
 against distilled water (test # 6 ,7 and 8).  

Test # 4 with same dry density and composition as CID tests was initiated on July 2015 to 

evaluate undrained shear behaviour. Due to relatively high density (1.8 g/cm
3
) and low hydraulic 

conductivity of this type of bentonite sand mixture, the saturation phase still is going on. 

Isotropic compression test on highly compacted bentonite at 1.5 g/cm
3
 dry density(#3) also was 

started at July 2015, and because of lower density it reached to saturation phase on January 2016. Since 

then sample was loaded twice as swelling pressure and volume change of sample have been being 

monitored daily. 

 

Table A.1. Proposed test matrix along with the status of each test 
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Test Results 

Test Material Dry density 

g/cm
3 

Test type 
Porewater 

chemistry 

Swelling Pressure 

(kPa) 

DW CR10 

1 
70-30% 

Bentonite- Sand 
1.80 Isotropic consolidation DW 5500 

 

2 
70-30% 

Bentonite- Sand 
1.80 Isotropic consolidation CR10 

 
5500 

3 100% Bentonite 1.5 Isotropic consolidation DW 2000 
 

4 
70-30% 

Bentonite- Sand 
1.80 Undrained shear (CIU) DW 5500 

 

5 100% Bentonite >1.7 to <1.8 Undrained shear (CIU) DW 8000 
 

6 
70-30% 

Bentonite- Sand 
1.80 Drained shear (CID) DW 5500 

 

7 
70-30% 

Bentonite- Sand 
1.80 Drained shear (CID) DW 5500 

 

8 
70-30% 

Bentonite- Sand 
1.80 Drained shear (CID) DW 5500 

 

 completed. 

 Under saturation phase since July 2015. 

 
Saturation phase completed with B Value equal to 0.98, isotropic compression started 

since January 2016  
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Following graphs are summarized post processing of three drained shearing test results. (Figure A.3 to 

Figure A.5). 

 

 

Figure A.3. CID results- Test #6, 7 and 8 (Table A.1) - volumetric strain vs time  
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Figure A.4. CID results- Test #6, 7 and 8 (Table A.1) - deviator stress vs axial strain  
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Figure A.5. CID results- Test #6, 7 and 8 (Table A.1)– deviator stress vs effective principal stress   
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Figure A.1.6 represents isotropic compression test result on HCB with dry density of 1.5 g/cm
3 
over 200 

days followed by calculation of T90 ( Figure A.1.7) which is equal to 114 to 128 days. 

 

 

 

 

 

 

 Figure A.6. Isotropic compression test result- test #3 (Table A.1)- volumetric strain vs time 
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Figure A.7. Isotropic compression results- test #3- T90 - calculation- volumetric strain vs SQRT of time 
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Appendix B 

XRD and XRF Test Results 

Three laboratories were selected to meet the QA and QC requirements of the study. Higher variability is 

noted in the montmorillonite content of the results. The Hutton laboratory is considered reliable, while 

SRC (Saskatchewan Research Council) no longer provides clay speciation. Given the large variability of 

the results in terms of XRD tests more testing may be warranted. Tables 1 to Tables 8 summarize results 

from XRD and XRF achieved from three labs. 
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Table B.1. Mineralogical composition of gapfill National Standard  

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

Muscovite - - 34.6 34.6 - 

Boggsite - - 23.2 23.2 - 

Sepiolite - - 18.2 18.2 - 

Smectite (montmorillonite) - 87.3 13.7 50.5 52.043 

Quartz 9.4 6.6 6.4 7.467 1.677 

Gypsum - - 3.2 3.2 - 

Biotite - - 0.6 0.6 - 

Dickite - - - nil - 

Albite - - - nil - 

Microcline - - - nil - 

Clinochlore - - - nil - 

Annite - - - nil - 

Illite 57.2 - - nil - 

Plagioclase 12.4 5.8 - 9.1 4.667 

K-feldspar - - - nil - 

Pyrite - 0.4 - 0.4 - 

Kaolinite - - - - - 

Chlorite - - - - - 

Amorphous 21.0 - - 21.0 - 

Total 100.0 100.1 99.9   
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Table B.2. Mineralogical composition of National Standard bentonite 

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

Muscovite - - 16.3 16.3 - 

Boggsite - - 5.5 5.5 - 

Sepiolite - - 33.8 33.8 - 

Smectite (montmorillonite) - 84.6 35.0 59.8 35.072 

Quartz 7.7 8.6 5.5 7.267 1.595 

Gypsum - - 2.8 2.8 - 

Biotite - - 1.0 1.0 - 

Dickite - - - nil - 

Albite - - - nil - 

Microcline Tr - - Tr - 

Clinochlore - - - nil - 

Annite - - - nil - 

Illite 54.7 - - 54.7 - 

Plagioclase 9.9 6.4 - 8.15 2.475 

K-feldspar   0.4 - 0.4 - 

Pyrite - - - nil - 

Kaolinite - - - nil - 

Chlorite - - - nil - 

Amorphous 27.7 - - 27.7 - 

Total 100.0 100.0 99.9   
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Table B.3. Mineralogical composition of B-Clay 

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

Muscovite - 10.6 27.9 19.25 12.233 

Boggsite - - - nil - 

Sepiolite - - - nil - 

Smectite (montmorillonite) - - - nil - 

Quartz 54.0 49.5 45.9 49.8 4.058 

Gypsum - - - nil - 

Biotite - - - nil - 

Dickite - - 26.2 26.2 - 

Albite - - - nil - 

Microcline - - - nil - 

Clinochlore - - - nil - 

Annite - 11.3 - 11.3 - 

Illite 28.5 - - 28.5 - 

Plagioclase - 0.3 - 0.3 - 

K-feldspar - 2.8 - 2.8 - 

Pyrite -  - nil - 

Kaolinite 17.5 25.5 - 21.5 5.657 

Chlorite - - - nil - 

Amorphous - - - nil - 

Total 100.0 100.0 100.0   
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Table B.4. Mineralogical composition of granite 

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

Muscovite - 2.0 3.35 2.675 0.955 

Boggsite - - - nil - 

Sepiolite - - - nil - 

Smectite (montmorillonite) - - - nil - 

Quartz 27.8 36.9 26.1 30.267 5.807 

Gypsum   - - nil - 

Biotite 2.9 - - nil - 

Dickite   - - nil - 

Albite   - 37.3 37.3 - 

Microcline 29.6 - 30.0 29.8 0.283 

Clinochlore - - 1.85 1.85 - 

Annite - - 1.45 1.45 - 

Illite - - - nil - 

Plagioclase 38.7 33.6 - 36.15 3.606 

K-feldspar - 26.0 - 26.0 - 

Pyrite - - - nil - 

Kaolinite - - - nil - 

Chlorite 1.0 1.4 - 1.2 0.283 

Amorphous - - - nil - 

Total 100.0 99.9 100.05    
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Table B.5. Chemical composition of National Standard bentonite 

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

siO2 58.74 58.544 61.1 59.461 1.423 

Al2O3 17.93 17.534 18.9 18.121 0.703 

Fe2O3 3.47 3.493 4.05 3.671 0.328 

CaO 1.06 1.087 1.26 1.136 0.109 

MgO 2.17 2.171 2.39 2.244 0.127 

Na2O 1.84 1.977 1.86 1.892 0.074 

K2O 0.56 0.541 0.549 0.55 0.01 

P2O5 0.08 0.046 0.054 0.06 0.018 

Co3O4 <0.005 - - <0.005 - 

BaO - 0.045 - 0.045 - 

TiO2 - 0.136 0.171 0.154 0.025 

MnO 0.011   0.027 0.019 0.011 

Cr2O3 <0.01 <0.01 - <0.01 - 

ZnO - 0.025 - 0.025 - 

SrO - 0.027 - 0.027 - 

CuO <0.005 <0.01 - <0.0075 - 

NiO <0.003 0.01 - 0.01 - 

Mn3O4 - 0.014 - 0.014 - 

V2O5 <0.003 <0.01 - <0.0065 - 

ZrO2 - 0.025 - 0.025 - 

PbP - <0.01 - <0.01 - 

HfO2 - <0.01 - <0.01 - 

LOl 13.74 13.01 - 13.375 0.516 

Total 99.601 98.685 90.361 100.829   
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Table B.6. Chemical composition of B-Clay 

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

siO2 70.11 66.152 73.75 70.004 3.8 

Al2O3 17.25 16.206 18.55 17.335 1.174 

Fe2O3 1.38 1.26 1.525 1.388 0.133 

CaO 0.12 0.152 0.231 0.168 0.057 

MgO 0.6 0.568 0.735 0.634 0.089 

Na2O 0.02 0.028 0.034 0.027 0.007 

K2O 2.65 2.528 2.735 2.638 0.104 

P2O5 0.04 0.019 0.018 0.026 0.012 

Co3O4 <0.005 - - <0.005 - 

BaO - 0.446 - 0.446 - 

TiO2 0.65 0.594 0.709 0.651 0.058 

MnO 0.002 - 0.018 0.01 0.011 

Cr2O3 <0.01 <0.01   <0.01 - 

ZnO - <0.01 - <0.01 - 

SrO - <0.01 - <0.01 - 

CuO <0.005 <0.01 - <0.0075 - 

NiO <0.003 <0.01 - <0.0065 - 

Mn3O4 - <0.01 - <0.01 - 

V2O5 <0.003 0.017 - <0.01 - 

ZrO2 - 0.032 - 0.032 - 

PbP - <0.01 - <0.01 - 

HfO2 - <0.01 - <0.01 - 

LOl 6.24 10.05 - 8.145 2.694 

Total 99.062 98.052 98.305 101.504 - 
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Table B.7. Chemical composition of granite 

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

siO2 73.84 69.516 70.3 71.219 2.304 

Al2O3 14.2 13.046 13.8 13.682 0.586 

Fe2O3 1.63 1.256 1.53 1.472 0.194 

CaO 1.33 1.186 1.45 1.322 0.132 

MgO 0.33 0.305 0.476 0.37 0.092 

Na2O 3.57 3.527 3.6 3.566 0.037 

K2O 4.95 4.762 4.82 4.844 0.096 

P2O5 0.07 0.042 0.052 0.055 0.014 

Co3O4 <0.005 - -   - 

BaO - 0.084 - 0.084 - 

TiO2 0.19 0.144 0.19 0.175 0.027 

MnO 0.024 - 0.043 0.034 0.013 

Cr2O3 <0.01 <0.01 - <0.01 - 

ZnO - 0.016 - 0.016 - 

SrO - 0.015 - 0.015 - 

CuO <0.005 <0.01 - <0.0075 - 

NiO 0.006 <0.01 - <0.008 - 

Mn3O4 - 0.023 - 0.023 - 

V2O5 <0.003 <0.01 - <0.0065 - 

ZrO2 - 0.016 - 0.016 - 

PbP - <0.01 - <0.01 - 

HfO2 - <0.01 - <0.01 - 

LOl 0.53 6.32 - 3.425 4.094 

Total 100.67 100.258 96.261 100.317   
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Table B.8. Chemical composition of MX80 

 

  

Minerals 

Activation 

Lab 

(%) 

Hutton 

institute 

(%) 

SRC 

(%) 

Average 

(%) 

Standard 

Deviation 

siO2 58.58     

Al2O3 17.86     

Fe2O3 3.56     

CaO 1.38     

MgO 1.72     

Na2O 2.59     

K2O 0.87     

P2O5 0.09     

Co3O4 <0.005     

BaO -     

TiO2 0.2     

MnO 0.026     

Cr2O3 <0.01     

ZnO -     

SrO -     

CuO <0.005     

NiO <0.003     

Mn3O4 -     

V2O5 <0.003     

ZrO2 -     

PbP -     

HfO2 -     

LOl 12.66     

Total 99.536     
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Thermal property testing of an engineered 
barrier for use in a deep geological repository 
 
Pedram Abootalebi & Greg Siemens 
GeoEngineering Centre at Queen’s-RMC, Kingston, ON, CANADA  
 
 
ABSTRACT 
There are over 2.5 million bundles of used nuclear fuel in Canada and upwards of an additional 2 million bundles 
anticipated to be generated in the future. Canada, and all countries around the world that have taken a decision on long-
term storage of spent nuclear fuel, has decided on central storage within a deep geological repository. A deep geological 
repository provides centralized containment and isolation of the used nuclear fuel hundreds of meters below ground 
surface. Spent nuclear fuel bundles are to be placed at depth surrounded by engineered and natural barriers, which are 
Used Fuel Container (UFC), Bentonite Sealing System and natural low permeability rock. A key component of the 
performance of a repository is the capability of the Bentonite Sealing System to transfer the thermal energy, generated 
by decaying spent fuel, to the surrounding rock. In this paper thermal property testing of one engineered barrier, highly 
compacted bentonite material is presented. The challenges associated with high density specimen preparation are 
highlighted and preliminary results are reported.  

RÉSUMÉ: Il y a plus que 2.5 millions de faisceaux de combustible nucléaire irradié au Canada avec un autre 2 millions 
qui peut être générés dans le futur. Canada, et tous les pays autour du monde qui ont pris une décision sur le stockage 
à long terme du combustible nucléaire irradié, ont décidé sur le stockage central dans un dépôt géologique en 
profondeur. Un dépôt géologique en profondeur fournit le confinement et l’isolation centralisés du combustible nucléaire 
irradié des centaines de mètres sous la surface du sol. Des faisceaux de combustible nucléaire irradié doivent être 
placés à une profondeur entourée de barrières artificielles et naturelles, qui sont un conteneur de combustible usé, un 
système d’étanchéité bentonite et des roches imperméable naturelle. Un élément clé de la performance d’un référentiel 
est la capacité des barrières ouvragées pour transférer l’énergie thermique générée par des faisceaux de combustible à 
la barrière naturelle environnante et la roche. Les propriétés thermiques d’une barrière ouvragée, de bentonite fortement 
compacte, est présentée dans  cet article. Les défis associes a la préparation des échantillons a haute densité sont mis 
en évidence et les résultats préliminaires sont rapportés. 

1 INTRODUCTION 
 
Within Canada there are more than 2.5 million bundles of 
spent nuclear fuel with another approximately 2 million 
bundles to be generated in the future. Canada, and every 
country around the world that has taken a decision on 
management of spent nuclear fuel, has decided on long-
term containment and isolation of the fuel within a deep 
geological repository. At depth, a deep geological 
repository (Figure 1) consists of a network of placement 
rooms where the bundles will be located within containers 
and surrounded by an engineered barrier system.  

Amongst other design aspects, the engineered 
barriers will transfer the thermal energy from the spent 
nuclear fuel to the surrounding geosphere. The 
environment could include competing gradients of 
groundwater pressure driving moisture into the repository 
and thermal gradients driving moisture away from the 
Used Fuel Container and out of the highly compacted 
bentonite. A design criterion of the repository system is to 
keep the external surface temperature of the Used Fuel 
Container below 100

o
C (Maak 2006). Therefore the 

thermal properties of the highly compacted bentonite 
engineered barrier is a key attribute  of the system. 
Bentonite materials will be at variable water saturation 
levels and temperatures over their design life. An 
experimental program was initiated to measure the 
thermal properties of a number of potential barrier 
materials under variable moisture and temperature 

conditions. In this paper the experimental methodology for 
thermal property measurement is presented along with 
preliminary results. High density specimen preparation 
methods are also highlighted. 
 

Figure 1. Concept of a deep geological repository (after 
NWMO 2015)  
 



 
2 MATERIALS AND METHODS 
 
2.1 Material Description and Preparation 
 
A number of engineered barriers are proposed for use 
within the deep geological repository. Thermal property 
testing, reported here, is performed on Highly Compacted 
Bentonite (HCB), which is composed of 100% bentonite 
clay compacted to a dry density of 1.7 Mg/m

3
. The test 

specimens described within this paper were prepared 
using National Standard Bentonite acquired from 
Bentonite Performance Minerals LLC.  
 
2.2 High Density Specimen Preparation 
 
HCB specimens are prepared using a process based on 
Martino et al. (2010) to achieve reliable moisture content 
and density. The constituent bentonite is placed within an 
oven at 105

o
C for at least 24 hours. The material is 

removed from the oven, sealed, and allowed to come to 
thermal equilibrium with the laboratory. Then the quantity 
of bentonite required for specimen preparation is removed 
and placed in a mixing bowl. Water is added to the 
bentonite via misting with a spray bottle to achieve the 
target moisture content that ranged from 0 to 23 %. 
Following mixing, the soil is placed within two sealed bags 
in a fridge for at least 48 hours for moisture equilibrium. 
Each weekday the soil is mixed inside the bag to 
encourage moisture equilibrium.   

The high target dry density values required for HCB 

(d= 1.7 Mg/m
3
) necessitates a specialized compaction 

method. In addition, the specialized method is required 
since drier specimens are damaged during removal from 
a compaction mould. Therefore two types of compaction 
moulds are manufactured to compact high-density 
specimens (Figure 2a and Figure 3a). Wetter specimens 
are prepared by compacting two adjacent cylindrical 
pucks in a 50 mm-diameter mould (Figure 2a). A piece of 
plastic wrap was placed between the pucks to allow them 
to be separated after compaction. This type of test is 
termed a ‘two-sided test’ as the thermal conductivity 
sensor (Figure 2b) is placed between two bentonite 
specimens (Figure 2c). Two 50 mm-diameter by 20-mm 
pucks are used in each two-sided test. 

A second mould was constructed to allow for 
compaction and testing of drier specimens without 
removal from the compaction mould. Photographs of the 
compaction and thermal property testing arrangement are 
shown in Figure 3a-c. In Figure 3a the compaction mould 
is shown with a slot cut into the side of the mould to allow 
for placement of the thermal conductivity sensor on the 
top face of the compacted specimen. During compaction 
the slot is covered to avoid soil spillage and loss of 
confinement. Figure 3b shows the compacted specimen 
with the thermal conductivity sensor in place. A block of 
insulation is placed above the specimen to limit thermal 
energy loss (Figure 3c) and a normal stress encourages 
contact between the sensor and the specimen. This type 
of test is termed a ‘one-sided test’ as the thermal 
conductivity sensor is only in contact with the test 

specimen on one side. One-sided test specimens are 
compacted to 20 mm-height by 75 mm-diameter. 

 
Figure 2. Two-sided thermal property test: a) 50 mm-
diameter compaction mould and b) thermal conductivity 
sensor and c) two-sided test with sensor placed between 
two pucks.  



 
Figure 3. One-sided thermal conductivity test: a) 
compacted soil in 70 mm-diameter mould, b) thermal 
conductivity sensor placed on soil, and c) insulation 
placed on top of sensor.   
 

Static compaction was selected for specimen 
preparation as it results in a specimen with uniform 
density over a wide range of moisture content 
(Radhakrishna et al. 1989). A strain-based criterion was 
developed to the compaction procedure using a 
compaction frame. Each compression stage consisted of 
a 10-second interval in which the specimen was over 
compressed by 0.8 mm to allow for elastic rebound to the 
target height.  

Large compression loads were required to achieve the 

high target dry density (d= 1.7 Mg/m
3
) at the cross-

sectional area required for thermal conductivity testing. 
Compaction was performed using a GE (General Electric). 
30,000 lb (130 kN) electromatic universal testing machine. 
Typical results in terms of compaction pressure and force 
versus degree of saturation and gravimetric water content 
are plotted in Figure 4. Compaction force is a minimum at 
100% saturation and increases for lower moisture 
contents. Compaction force increases two-fold from 40 kN 
to over 90 kN at Sr=10%.  
 

 
Figure 4. Compaction results to achieve dry density 

d=1.7 Mg/m
3
 in terms of compaction pressure and force 

versus degree of saturation and gravimetric water content.  
 
2.3 Thermal Conductivity Test Interpretation 
 
The device used in the thermal property testing is a Hot 
Disk Thermal Constants Analyser (Hot Disk 2014). This 
test analyser is based on a Transient Plane Source 
Technology, which allows for measurement of thermal 
conductivity, thermal diffusivity as well as heat per unit 
volume of the material during a single test. The method 
uses a transiently heated planar sensor (Figure 2b), which 
consists of an electrical conducting pattern in a shape of 
double spiral etched out of the thin sheet of nickel.  
Covering both sides of the sensor are thin sheets of an 
insulating material (Kapton). When carrying out a 
measurement, the sensor is both a heat source and a 
dynamic temperature sensor. The sensor is assumed to 
be located within an infinite medium. In the two-sided test 
the sensor is sandwiched between two-pieces of 
bentonite (Figure 2c). In the one-sided test the sensor is 
located on one side with the specimen to be tested and 
the other side with an insulation material (Figure 3b and 



Figure 3c). During a test, the thermal wave generated by 
the sensor must not reach the outer boundary of the 
specimen. The thermal wave penetration distance is 

defined as the probing depth (p) and calculated as: 
 

∆𝑝 = 2√𝜅𝑡    [1] 

 

where  is a thermal diffusivity of bentonite specimen and 
t is the measurement time. In order to measure thermal 
properties accurately, any distance between sensor edge 
and any outer of the specimen must exceed the probing 

depth (p). 
The sensor applies a constant power to the specimen 

and also measures the incurred temperature change. 
Tests are interpreted by solving the thermal conductivity 
equation assuming that hot disk consists of a certain 
number of concentric ring heat sources located in an 
infinitely large sample. For the configuration specific to the 
sensor used in the tests, temperature increase of the 
specimen surface is given as: 

 

∆𝑇𝑖 + ∆𝑇𝑎𝑣𝑔(𝜏) = (
1

𝛼
) {[

𝑅(𝑡)

𝑅0
] − 1}   [2] 

 

where Tavg() is the average temperature increase of the 

specimen surface in contact with the sensor surface, Ti 
is the constant temperature difference that develops over 
the insulation on the sensor, R0 is the resistance of the 
disk prior to heating at time (t) =0 and α is the temperature 
coefficient of resistivity of the insulating layer. 

The temperature difference across the sensor’s 

insulating layer, Ti, becomes constant over a short 

period of time t, which can be estimated as: 
 

∆𝑡 = (
𝛿2

𝜅𝑗
)     [3] 

 

where  is the thickness of the sensor’s insulating layer 

and j is the thermal diffusivity of the insulating layer. 

Generally t is less than 10 seconds in the experiments. 
Solving the thermal conductivity equation gives the 

time dependent temperature increase of the specimen 
surface as: 

 

∆𝑇𝑎𝑣𝑔(𝜏) = (
𝑃𝑜

𝜋1.5𝑟𝜆
)𝐷(𝜏)   [4] 

 
where P0 is power output from the sensor, r is the radius 

of the sensor disk,  is the thermal conductivity of the 

bentonite specimen and D() is a dimensionless time 

function with  defined as: 
 

𝜏 = √
𝑡

θ
     [5] 

 
where t is the time measured from the start of transient 

recording and  is characteristic time calculated as: 
 

θ =
𝑟2

𝜅
     [6] 

  

where  is thermal diffusivity of specimen.   
By constructing a graph of increase in temperature 

versus D(), a straight line is obtained. The y-intercept of 
the line is ΔTi. The slope of the line is a function of both 

the specimen’s thermal conductivity, , and specimen’s 

thermal diffusivity, . Therefore an iterative process is 
performed to solve for both thermal conductivity and 
thermal diffusivity. 

 

 
a) 

 
b) 

Figure 5. Typical thermal conductivity test result: change 
in temperature versus: a) time and b) normalized time, 

D(). 
 
 
3 EXPERIMENTAL RESULTS 
 
A thermal property test consists of applying a constant 
power to the specimen and measuring the temperature 
change. Sensor 8563 is used in tests reported here (Hot 
Disk 2014). From guidelines given by the manufacturer, a 
heating power of 0.5 to 1 W and measurement time of 80-



160 s has been used for high density, clay-based 
materials. A typical test result plotted as change in 
temperature versus time is plotted in Figure 5a. Initially, a 
rapid increase in temperature is measured followed by a 
linear increase in temperature with time. Using the 
procedure described above the time data is normalized to 

calculate D() and replotted in Figure 5b. In this version a 
clear positive relationship is observed, which allows for 
interpretation of the thermal properties.  

Selected thermal conductivity results are plotted in 
Figure 6. In general thermal conductivity increases with 
degree of saturation. The thermal conductivity of water is 
greater than the bentonite particles and air. Therefore 
filling of the air voids with water causes an increase on the 
bulk thermal conductivity of the multi-phase system.  
 

 
Figure 6. Thermal conductivity measurements as a 
function of degree of saturation. 
 
 
4 SUMMARY 
 
The current concept for Canada’s inventory of spent 
nuclear fuel is a deep geological repository. During the 
transient phase of the deep geological repository 
evolution, a number of thermal, hydraulic, chemical and 
mechanical aspects of the engineered barriers must be 
considered. The engineered barriers within the repository 
will be under a wide range of physical phenomena 
including temperature gradients as the used fuel 
containers transfer their thermal energy to the surrounding 
highly compacted bentonite. A current design criterion of 

the repository is for temperatures to remain less than 
100

o
C on the exterior surface of the used fuel container. 

Therefore the characterization of the thermal properties of 
the highly compacted bentonite engineered barrier as a 
function of moisture content and temperature is a key 
component of the analysis. In this paper the thermal 
property test methodology and select results on a highly 
compacted bentonite are presented. The elevated 
compaction effort required to prepare high density 
specimens is highlighted. In general, thermal conductivity 
generally increases with degree of saturation. Future 
experimental programs will examine the range of 
anticipated moisture contents within the repository. 
 
 
ACKNOWLEDGEMENTS 
 
The support of the Nuclear Waste Management 
Organization (NWMO) in this research is gratefully 
acknowledged. 
 
 
REFERENCES 
 
NWMO. 2015. Progress Through Collaboration – Annual 

Report. 173 pp. 
Hot Disk. 2014. Hot Disk Thermal Constants Analyser – 

Instruction Manual. 135 pp. 
Maak, P. 2006. Used fuel container requirements. Ontario 

Power Generation Preliminary Design Requirements. 
06819-PDR-01110-10000 R02. 

Man, A., Martino, J.S., Kim, CS., Priyanto, D.G. 2011. 
Characterization and improving the thermal 
conductivity of engineered clay barriers for sealing a 
deep geological repository. Waste Management, 
Decommissioning and Environmental Restoration for 
Canada’s Nuclear Activities, Toronto, Canada. 

Radhakrishna, H. S., Chan, H. T., Crawford, A. M., & Lau, 
K. C. 1989. Thermal and physical properties of 
candidate buffer-backfill materials for a nuclear fuel 
waste disposal vault. Canadian Geotechnical 
Journal, 26(4), 629-639. 

Russell, S.B. and G.R. Simmons. 2003. Engineered 
barrier system for a deep geologic repository. 
International High-Level Radioactive Waste 
Management Conference, Las Vegas, USA. 

 

 



 

 

 

119 

Appendix D 

Second Conference Paper 

 



1 INRODUCTION  

Global energy needs continue to rise along with the 
need for carbon-reduced energy sources to limit cli-
mate change effects. One viable energy source is nu-
clear power, which generates power using a carbon 
neutral source. Half of the electricity requirements of 
the province of Ontario, Canada (pop. 13 million) are 
met with nuclear power. Along with the benefits of 
nuclear power comes the ethical and environmental 
responsibility to safely care for the waste products. 
Within Canada there are more than 2.5 million bun-
dles of spent nuclear fuel with another approximately 
2 million bundles to be generated in the future. Can-
ada, and every country around the world that has 
come to the decision on a long-term solution for nu-
clear waste, has decided deep geological repository. 
A deep geological repository (Figure 1) consists of a 

network of placement rooms at depth where the bun-
dles will be located within containers and surrounded 
by an engineered barrier system.  

 Amongst other design aspects, the engineered 

barriers will transfer the thermal energy from the 

spent nuclear fuel to the surrounding geosphere. The 

environment would likely include competing gradi-

ents of groundwater pressure driving moisture into 

the repository and thermal gradients driving moisture 

away from the used fuel container. A design criterion 

of the repository system is to keep the external surface 

temperature of the used fuel container below 100°C 

(Maak 2006). Therefore the thermal properties of the 

engineered barriers are a key attribute of the system. 

The engineered barriers, composed of bentonite-

based materials, will be at variable saturation levels 

and temperatures over their design life. Thus, it is 

Thermal-hydraulic modelling a Canadian deep geological repository  
P. Abootalebi 
GeoEngineering Centre at Queen’s-RMC, Kingston, ON, CANADA 

G.A. Siemens 
GeoEngineering Centre at Queen’s-RMC, Kingston, ON, CANADA 

 

ABSTRACT: Within Canada there are more than 2.5 million bundles of spent nuclear fuel with another 
approximately 2 million bundles to be generated in the future. Canada, and every country around the world that 
has taken a decision on management of spent nuclear fuel, has decided to on long-term containment and isola-
tion of the fuel within a deep geological repository. At depth, a deep geological repository consists of a network 
of placement rooms where the bundles will be located within containers and surrounded by an engineered bar-
rier system. Amongst other design aspects, the engineered barriers will transfer the thermal energy from the 
spent nuclear fuel to the surrounding geosphere. The barriers will be placed in a complex thermal-hydraulic-
mechanical-chemical environment. The environment will include competing gradients of groundwater pressure 
driving moisture into the repository and thermal gradients driving moisture out. A current design criterion of 
the repository is to keep temperatures below 100oC. Therefore the thermal properties of the engineered barriers 
are a critical component of the system in terms of its efficiency and size. Barrier materials will be at variable 
saturation levels and temperatures over their design life. An experimental program was initiated to measure the 
thermal properties of a number of potential barrier materials under variable moisture and temperature condi-
tions. In this paper the experimental methodology for thermal property measurement is presented along with 
preliminary results. Preliminary modeling of the Canadian concept for the deep geological repository is also 
presented.  The results show the impact of coupled thermal-hydraulic properties on the surface temperature of 
the container. 
 



necessarily to determine thermal properties of engi-

neered barriers over a wide range of moisture con-

tents (degree of saturations) and variable tempera-

tures (25°C and 80°C).     
In this paper, the experimental methodology for 

thermal property measurement is presented along 
with preliminary results. Preliminary modeling of the 
Canadian concept for the deep geological repository 
is also presented.  The results show the impact of cou-
pled thermal-hydraulic properties on the container 
surface temperature over the lifetime of the deep ge-
ologic repository. 

 

 
a) 

 
b) 

Figure 1. a) Canadian concept of a deep geological repository and b) 

Mark II placement room (after NWMO 2015). 

2 METRIALS AND METHODS 

2.1 Material Description 

The engineered barriers that surround the used fuel 
containers within the Canadian concept include 
highly compacted bentonite, dense back fill and gap 
fill. The container is surrounded by highly compacted 
bentonite, which is compacted to a dry density of 1.7 
Mg/m3. Between adjacent containers is placed a 

spacer block made of dense backfill, which is com-
posed of a mixture of crushed granite, illite clay and 
bentonite, compacted to a dry density of 2.1 Mg/m3. 
The gap between bedrock and buffer box will be filled 
with gap fill material which is 100 % bentonite com-
posed of pellet size grains in the matrix with a dry 
density of 1.41 Mg/m3. The gap fill and highly com-
pacted bentonite specimens described within this pa-
per were prepared using National Standard Bentonite 
acquired from Bentonite Performance Minerals LLC. 

2.2 Specimen Preparation 

Specimens are prepared using a methodology from 
Man et al. (2011) to achieve reliable moisture content 
and density conditions. The constituent bentonite is 
placed within an oven at 105oC for at least 24 hours. 
The material is removed from the oven, sealed, and 
allowed to come to thermal equilibrium with the la-
boratory. The mass of bentonite required for speci-
men preparation is removed and placed in a mixing 
bowl. Water is added to the bentonite via misting with 
a spray bottle to achieve the target moisture content. 
Following mixing, the soil is placed within two sealed 
bags in a fridge for at least 48 hours for moisture equi-
librium. Each weekday the soil is mixed inside the 
bag to encourage suitable moisture distribution. 

Static compaction was selected for preparing ther-
mal conductivity specimens in order to achieve uni-
form density over the wide range of moisture con-
tents. However, due to high target dry density value 
(ρd= 1.7 Mg/m3) required for highly compacted ben-
tonite, low saturation specimens were compacted in a 
General Electric 30,000 lb (130 kN) electromatic uni-
versal testing machine. Typical results in terms of 
compaction pressure and force versus degree of satu-
ration and gravimetric water content are plotted in 
Figure 2. Compaction force is a maximum at low sat-
uration and decreases asymptotically from 90 kN to 
over 40 kN at Sr=100%.   
 

 
Figure 2. Compaction results to achieve dry density ρd =1.7 Mg/m3 in 

terms of compaction pressure and force versus degree of saturation 

and gravimetric water content. 



Two test configurations are implemented for 
measuring thermal properties depending on the mois-
ture content of the specimen. For higher moisture 
contents a two-sided test is used (Figure 3a) and at 
lower moisture contents a one-sided test methodology 
is used (Figure 3b). In the two-sided test, two 50 mm-
diameter by 20-mm pucks are compacted and the sen-
sor is placed between. A nominal normal stress is ap-
plied through the frame to ensure good contact be-
tween the soil and the sensor. For one-sided tests a 
special mould (Figure 3b) was constructed to allow 
for thermal property measurement without removal 
from the compaction mould. In some materials at low 
saturations, excessive disturbance occurred during re-
moval from the two-sided compaction mould. In Fig-
ure 3b the one-sided test compaction mould is shown 
with a slot cut into the side to allow for placement of 
the thermal conductivity sensor on the top face of the 
compacted specimen. During compaction the slot is 
covered to avoid soil spillage and loss of confine-
ment. Figure 3b shows the compacted specimen with 
the thermal conductivity sensor in place. A block of 
insulation is placed above the specimen to limit ther-
mal energy loss and an applied normal stress encour-
ages contact between the sensor and the specimen. 
This type of test is termed a ‘one-sided test’ as the 
thermal conductivity sensor is only in contact with the 
test specimen on one side. 

A third methodology is used for testing thermal 
properties at elevated temperature. The same com-
paction method was followed for both one-sided and 
two-sided tests, but in this case the sample is wrapped 
up with plastic wrap and placed in ziploc (Figure 3c). 
The bag is sealed around the wire with tuck tape. 
Then the sample holder along with the specimen is 
placed in oven at 80°C along with a bowl of water to 
keep relative humidity close 100% and reduce mois-
ture gradients. Thermal property measurement is per-
formed in a standard manner after specimen equili-
brates with the elevated thermal environment. 
Following placement in the oven thermal property 
measurements are performed periodically until ther-
mal equilibrium is confirmed. Figure 4 shows an ex-
ample of temperature drift detected by sensor over the 
80 second test during 4 different time intervals. For 
this test, the time required to reach thermal equilib-
rium was more than three hours. After the specimen 
is taken out of the oven the final moisture content of 
the specimen is measured and used to plot the results. 

2.3 Thermal Properties Test Interpretation 

The device used in the thermal property testing is a 

Hot Disk Thermal Constants Analyzer (Hot Disk 

2014). The sensor (visible in Figure 3b) consists of an 

electrical conducting pattern in the shape of a double 

spiral etched out of the thin sheet of nickel. The nickel 

plate is covered on both sides with thin sheets of in-

sulation. The sensor applies a constant thermal energy  

 
Figure 3. Test procedures for measuring thermal properties: a) one-

sided test and b) two-sided test and c) 80°C test. 

to the specimen and measures the surface temperature 

change. The experimental methodology and interpre-

tation framework allows for measurement of thermal 



conductivity, thermal diffusivity as well as volumet-

ric heat capacity during a single test. 
 

 
Figure 4. An example of temperature drift detected by sensor during 

thermal property measurement at different times following placement 

in the oven. 

The temperature increase of the sample surface is 

measured by monitoring the total resistance of the hot 

disk sensor: 

 

∆𝑇𝑖 + ∆𝑇𝑎𝑣𝑔(𝑡) = (
1

𝛼
) {[

𝑅(𝑡)

𝑅0
] − 1} 

                     [1] 

 

where Tavg() is the average temperature increase of 

the specimen surface in contact with the sensor sur-

face, Ti is the constant temperature difference that 

develops over the thin insulation layer covering the 

sensor, R0 is the resistance of the disk prior to heating 

at time (t) =0 and α is the temperature coefficient of 

resistivity which is well-known for nickel. 

The temperature difference across the sensor’s in-

sulating layer, Ti, becomes constant over a short pe-

riod of time t, which can be estimated as: 

 

∆𝑡 = (
𝛿2

𝜅𝑗
) 

                     [2] 

 

where  is the thickness of the sensor’s insulating 

layer and j is the thermal diffusivity of the insulating 

layer. Generally ∆𝑡 is less than 10 seconds in the ex-

periments. 

 By introducing dimensionless integration variable 

termed the characteristic time ratio, : 

 

𝜏 =
√𝜅𝑡

𝑎
 

  [3] 

 

where t is the time measured from the start of transi-

ent recording,  is the thermal diffusivity of the spec-

imen and  𝑎 is radius of sensor, it is possible to 

solve the differential equation of heat conduction in 

an isotropic material. Then temperature increase can 

be determined as a function of characteristic time:  

∆𝑇(𝜏)

=
1

(𝑚 + 1)𝜋𝑎

𝑃0

2𝜋3 2⁄ 𝑎𝑚(𝑚 + 1)𝐾
∫

𝑑𝜏

𝜏2

𝜏

0

∑
𝑘𝑎

𝑚

𝑚

𝑘=1

×∑𝑙𝑒−(
(𝑘2 𝑚2⁄ )+(𝑙2 𝑚2⁄ )) 4𝜏2⁄

𝑚

𝑘=1

𝐼0 (
𝑘𝑙

2𝑚2𝜏2
) 2𝜋

=
𝑃0

𝜋3 2⁄ 𝑎𝐾
𝐷(𝜏) 

 
 [4] 

where 𝑃0 is power output of hot disk sensor, 𝐾 is ther-

mal conductivity of sample, 𝑚 is a number of concen-

tric rings of sensor and 𝐼0 is the first kind modified 

Bessel function and 𝐷(𝜏) is geometric function of 

sensor. 

By knowing the relationship between 𝑡 and 𝜏, 

∆𝑇(𝜏) can be plotted as function of 𝐷(𝜏) which result 

in a straight line and from slope of that line which is 

𝑃0 (𝜋3 2⁄ 𝑎𝐾)⁄ , thermal conductivity of the sample 

can be calculated. However the proper value of 𝜏 is 

generally unknown since it is related to thermal dif-

fusivity of the sample. Thus, the final straight line 

from which the thermal conductivity is calculated, is 

obtained through an iterative process. 

3 EXPERIMENTAL RESULTS 

Selected thermal conductivity results are plotted in 
Figure 5 and Figure 6 for highly compacted bentonite 
and gap fill respectively. The blue circles are room 
temperature data and the red diamonds are the ther-
mal conductivity results for tests performed at 80°C. 
Room temperature tests were performed at 11 degree 
of saturations in triplicate. The 80°C tests were per-
formed at 4 degree of saturations again in triplicate. 
The test results show thermal conductivity increases 
with increasing saturation in both highly compacted 
bentonite and gap fill. Good repeatability is indicated 
in the results with R2>0.97 for both materials. Com-
paring the Sr=0% and Sr=100% results shows indi-
cates a 2-3 fold increase in thermal conductivity from 
dry to saturated. In highly compacted bentonite the 
relationship is linear. A Botzmann sigmoidal curve 
was required to fit the gap fill results. The gap fill, 



composed of bentonite pellets is prone to non-uni-
form distributions of saturation given the high density 
of the pellets and the low overall density of the mate-
rial.  

The effect of temperature is notable in the gap fill 
but is undetectable in the highly compacted bentonite. 
The gap fill results indicate a 15-30% increase in ther-
mal conductivity over the 60oC increase in tempera-
ture. The highly compacted bentonite results show the 
same trend and quantitative measurements were rec-
orded in the 20oC and 80oC tests. 
 

 
Figure 5. Thermal conductivity measurements of highly compacted 

bentonite as a function of degree of saturation at 20oC and 80oC. 

 
Figure 6. Thermal conductivity measurements of gap fill as a function 

of degree of saturation at 20oC and 80oC. 

4 THERMAL-HYDRAULIC MODEL  

The thermal-hydraulic modelling efforts began with 
modeling an isolated component of the repository and 
continued by considering a representative cross-sec-
tion. Comsol version 5.2 was used as a finite element 
software to model heat transfer. This is the first time 
numerical simulations of the current Canadian con-
cept for deep geologic repository have considered the 
effects of moisture on the thermal response. The crit-
ical design consideration is surface temperature of the 

container. These models with constant thermal prop-
erties are used to bound the maximum and minimum 
temperature of the container at critical times of its 
use.  

 
Figure 7. Buffer box model in air: a) Mesh developed through half of 

container b) Maximum container surface temperature reached after 20 

days equal to 73.1°C c) Container surface temperature over 50 years 

compared with report by NWMO (Guo 2015). 



4.1 Buffer Box Model in Air 

The finite element mesh of the first model is shown 
in Figure 7a. Due to the symmetric shape of container 
half of the container in buffer box was modelled. In 
the buffer box model, there are two materials, which 
are highly compacted bentonite block and the outer 
copper surface of the used fuel container. Perfect con-
tact between the container surface and the highly 
compacted bentonite is assumed. The initial tempera-
ture is set to 20°C of both materials. Boundary condi-
tions for the transient model include heat energy ap-
plied to the inside of the container and the 
temperature at the outside of the buffer box. The heat 
source was modeled as a decay function based on the 
number of bundles within the container. The outside 
of the buffer box was set to 20oC. Results are given 
in Figure 7 including the temperature regime of the 
model at maximum container surface temperature 
(Figure 7b) and temperature versus time (Figure 7c). 
To verify the model, thermal properties from a Nu-
clear Waste Management Organization report 
(NWMO 2015) were initially used. Figure 7b shows 
maximum container surface temperature after 20 days 
was equal to 37.1°C. Figure 7c compared these results 
for container surface temperature for 50 years with 
NWMO (2015) and showed that results are in agree-
ment. 

After verification, thermal properties of highly 
compacted bentonite based on experimental data for 
four different degrees of saturation were applied to 
the buffer box and the container surface temperature 
was modelled for 30 days. These results bound the 
possible maximum and minimum temperatures for 
this initial configuration. Results for this model show-
ing the impact of saturation on the container surface 
temperature are plotted in Figure 8. The direct rela-
tionship between saturation and thermal conductivity 
is reflected in the model results. In the model where 
thermal conductivity associated with Sr=0% was ap-
plied the maximum surface temperature of the con-
tainer was 36.6°C.  When increased to Sr=100% the 
maximum temperature decreased to 29.2 °C.  

4.2 Buffer Box Model in Deep Geological 
Repository 

The geometry and dimensions of one tunnel within 
the repository in room placement concept is shown in 
Figure 1b including the locations of the used fuel con-
tainer, highly compacted bentonite, dense back fill 
and gap fill within the insitu rock. Because of the 
symmetric shape of the part of the repository where 
the containers placed, a section of the repository 
based on Figure 1b was selected which represents a 
deep geological repository at sedimentary rock. The 
section is shown in Figure 9a as well as the dimen-
sions and boundary conditions. Figure 9b shows mesh 
developed for repository and bedrock around, again 

extremely fine mesh was used for buffer box and con-
tainer compared to surrounding geosphere. The 
height and width of the section were assumed to be 
1000 m and 10 m respectively. The placement room 
at a depth of 500 m consists of two one-quarters of 
the buffer box on top of each other with the quarter of 
spacer block is attached to the side of each buffer box. 
A thin layer of gap fill material with thickness of 0.1 
m was applied to the perimeter of both buffer boxes. 
An initial temperature that varied across the depth of 
the model from 5°C to 21°C (Guo 2010) was assumed 
for whole system. Constant temperature equal to 5°C 
and 21°C were applied at the surface and bottom of 
model during the transient phase. These symmetric 
boundary conditions were applied to the four left ver-
tical boundary surfaces. The heat source from the de-
caying waste was applied to the containers and con-
tainer surface temperature observed over the time. 

 
Figure 8 Container Surface Temperature over 30 days- buffer box 

model in air. 

At first, the thermal properties of highly compacted 
bentonite, dense back fill, gap fill and rock were as-
sumed to be the same as a report (NWMO 2015) at 
0% degree of saturation for verification. The model 
was run model for 100 years and the results are com-
pared in Figure 9c. The blue triangles and the green 
circles previous data on simulations performed by 
Comsol and Ansys software respectively. The red line 
is data from the current model, which agrees with the 
previous simulations and verifies the results.  



 

 
Figure 9. Deep geological repository model: a) geometry and bound-

ary condition b) Mesh developed through repository c) Container sur-

face temperature over 100 years compared with previous models. 

For considering the effect of a static moisture re-

gime on the surface temperature of the container, the 

experimental data for all materials, including highly 

compacted bentonite, dense backfill and gap fill at 

100% were used as for the thermal properties. Models 

were run for 100 years assuming and plotted as the 

blue line in Figure 10. This serves as a theoretical 

lower bound on the modelled temperatures for the 

configuration. Figure 10 shows that if all the material 

are assumed saturated, the maximum container sur-

face temperature is 86.9°C, which is reached after 

52.5 years (blue line).  

Further models considered the effect of degree of 

saturation of the highly compacted bentonite on the 

container. Focus was placed on this material since 

highly compacted bentonite surrounds the initially 

hot container and there is more potential for this ma-

terial to dry out from the thermal gradients compared 

to other materials. The results are plotted in Figure 10 

illustrating the increase in container temperature as-

sociated with decreasing the degree of saturation of 

the highly compacted bentonite. The maximum sur-

face temperature increases to 92.4°C after 40 years 

for Sr=0% in the highly compacted bentonite (red 

line). Increasing the thermal properties of the highly 

compacted bentonite (associated with Sr=20% and 

Sr=60%) caused notable decrease in the maximum 

container temperature and also delayed the timing of 

the maximum temperature. Thus there are incremen-

tal benefits to configuring the repository to increase 

the saturation of the bentonite barriers in both maxi-

mum temperature and timing. 
 

 
Figure 10. Container Surface Temperature over 100 years- buffer box 

model in deep geological repository. 

5 CONCLUSION 

The current concept for Canada’s inventory of spent 
nuclear fuel is a deep geological repository. The en-
gineered barriers within repository will be under a 
wide range of phenomena, one of which is transient 



thermal gradients as the energy from the used fuel 
containers is transfer to the surrounding geosphere. 
Given design criterion of repository for temperatures 
to remains less than 100°C, the characterization of 
thermal properties of engineered barriers as a func-
tion of moisture content and temperature is a key 
component of the modelling. More efficient thermal 
transfer to the geosphere could impact the overall de-
sign and have direct impacts to the cost of the reposi-
tory. In this paper, thermal properties of engineered 
barriers were reported and then used in thermal mod-
els of the Canadian concept of the deep geologic re-
pository. The results show the impact of saturation on 
the maximum container temperature and can be used 
to bound the potential thermal regimes. Future mod-
els will consider the coupled response of the reposi-
tory to competing thermal and hydraulic gradients. 

6 ACKNOWLEDGMENT 

The support of the Nuclear Waste Management Or-
ganization (NWMO) in this research is gratefully 
acknowledged. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

7 REFERENCES 

Guo, R. 2015. Thermal Modelling of a Mark II container, Nu-
clear Waste Management Organization technical Report 
NWMO-TR-2015-06.  

Guo, R. 2010. Coupled Thermal-Mechanical Modelling of a 
Deep Geological Repository using the Horizontal Tunnel 
Placement Method in Sedimentary Rock using 
CODE_BRIGHT. Nuclear Waste Management Organization 
Technical Report NWMO-TR-2010-22. 

He, Y., 2005. Rapid thermal conductivity measurement with a 
hot disk sensor: Part 1. Theoretical considerations. Thermo-
chimica acta, 436(1), pp.122-129 

NWMO. 2015. Progress Through Collaboration – Annual Re-
port. 173 pp. 

Hot Disk. 2014. Hot Disk Thermal Constants Analyser – In-
struction Manual. 135 pp. 

Maak, P. 2006. Used fuel container requirements. Ontario 
Power Generation Preliminary Design Requirements. 
06819-PDR-01110-10000 R02. 

Man, A., Martino, J.S., Kim, CS., Priyanto, D.G. 2011. Charac-
terization and improving the thermal conductivity of engi-
neered clay barriers for sealing a deep geological repository. 
Waste Management, Decommissioning and Environmental 
Restoration for Canada’s Nuclear Activities, Toronto, Can-
ada. 

 
 
 



 

 

 

120 

Appendix E 

Third Conference Paper 

  



3rd Canadian Conference on Nuclear Waste Management, Decommissioning and Environmental Restoration 
Ottawa Marriott Hotel, Ottawa, ON, Canada, September 11-14, 2016 

 
 

BACKFILLING AND SEALING MATERIALS FOR A DEEP GEOLOGICAL REPOSITORY  
 

D.A. Dixon1, A. Man1, J. Stone1, S. Rimal1, G. Siemens2, P. Abootalebi2and K. Birch3  
1 Golder Associates Ltd, Mississauga, Ontario, Canada 

2 Royal Military College, Kingston, Ontario, Canada 
3 Nuclear Waste Management Organization, Toronto, Ontario, Canada 

david_dixon@Golder.com, alex_man@golder.com, jeff_stone@golder.com, 
santosh_rimal@golder.com, Greg.Siemens@rmc.ca, pedram.abootalebi@queensu.ca, 

kbirch@nwmo.ca 

Abstract 

NWMO is considering use of densely compacted bentonite clay and clay-sand blends in the sealing 
systems proposed for both sedimentary and crystalline host media for Deep Geological Repository 
(DGR) concepts. As part of developing a safety case, reliable material performance parameters need to 
be available for backfilling and/or sealing components.  
 
Development of sealing concepts and safety assessment models require many system inputs (e.g. 
material composition, as-placed density, degree of water saturation and groundwater composition). 
Knowing how each will affect system performance and how they will change with time is also critical. 
While some parameters can be estimated from existing data, it is important to identify what degree of 
variability observed in these data can be attributed to materials used and what is due to laboratory 
technique(s). Ultimately, linkage of laboratory measurements to actual field performance requires that 
uncertainties be reduced so as to separate system performance issues from natural variability. 
 
Golder Associates Ltd. and the Royal Military College of Canada (RMC) have been investigating the 
behaviour of three bentonite-based materials (70-30 bentonite-sand mixture and two 100% bentonite 
materials with dry densities of >1.7, >1.4 and >1.7 Mg/m3 respectively). All test specimens are 
constructed from identical bentonite and sand source materials. With source material variation 
controlled, test replication provides a measure of what scatter in parameter values might be reasonably 
expected. From this it should be possible to develop performance parameters for use in modelling 
system behaviour that are both representative and conservative.  
  
Parameters of particular interest and importance to the sealing materials include mineralogical 
composition, swelling behaviour, swelling pressure developed under confinement, hydraulic 
conductivity, gas permeability, water retention and deformation parameters. These measurements 
require use of very specialized testing equipment and are made more challenging by the groundwater 
compositions being used in these tests (0-335 g/L TDS).  
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1. Introduction 

Over a period of more than 35 years, work has been ongoing in Canada and internationally to 
identify and quantify suitable materials and methods for use in containing and isolating used nuclear 
fuel and other radiological wastes in a deep geological repository (DGR). This has led to the 
development of various placement concepts for different host-rocks [1, 2].  

The almost universal material selected for use in backfilling and sealing DGR openings are natural 
swelling clays (often referred to by their commercial name of bentonite). Smectite-rich (swelling) 
clays such as montmorillonite have the ability to swell on contact with water and provide a very low 
permeability barrier to water flow and contaminant movement. Bentonite is however a natural 
material and as a result, each bentonite deposit will be unique and even within a single deposit, the 
materials will vary to some degree. Interpreting the literature on the behaviour of bentonite materials 
is therefore complicated by factors such as: the large variety of bentonite materials sources used; the 
often incomplete documentation of variability of material source with time (same trade name used 
for decades for a naturally occurring material; Changing or differing materials testing methods; 
inherent limitations to material test methods; and the environmental and physical conditions 
imposed on the materials (e.g. pore fluid salinity, degree of saturation, pH, microbial activity and 
confining stresses). 
Development of sealing concepts and safety assessment models requires confidence in the behaviour 
of the sealing materials. In order to identify what confidence can be placed in, and the reasonably 
expected variability of parameter values, carefully assessing a single material through conduct of 
replicate tests to determine key parameter values has been undertaken. From this, values and ranges 
for key parameters needed for performance and safety assessment modelling can be defined. Based 
on previous testing and evaluation studies commissioned by NWMO [3, 4], the current study was 
commissioned to get a better sense of intrinsic and methodologically-induced parameter variability. 

2. Scope of Study 

To control some of the variables potentially affecting parameter values, MX80™ bentonite, 
produced by American Colloid™ was selected for use in this study. A single, small batch of 
commercial material, sourced directly from the producer in order to ensure full traceability and 
uniformity of materials was used. Three materials; a 70-30 bentonite-sand mixture and two 100% 
bentonite materials with target dry densities of >1.7, >1.4 and >1.7 Mg/m3, respectively were 
examined in this study. Four pore fluid compositions that simulate potential groundwater conditions 
(total dissolved solids (TDS) contents of 0 (DW), 11 (CR10), 223 (SR-L) and 335 (SR-Sh) g/L).  

Parameters important to characterize the engineering behaviour of sealing materials include: 
• mineralogical composition,  
• swelling behaviour and swelling pressure,  
• hydraulic conductivity,  
• water retention/suction-moisture,  
• gas permeability, 
• mechanical deformation parameters, and 
• heat transfer characteristics. 
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2.1 Mineralogical Characterization 

The fundamental behaviour of a bentonite material is determined by its mineralogical composition, 
specifically its swelling component (i.e. smectites such as montmorillonite). Other factors such as 
groundwater composition are also very important but having confidence in the results of quantitative 
mineralogy analysis is vital to predicting its basic behaviour. 

Mineralogy is typically determined through use of x-ray diffraction analyses and total chemical 
composition determinations. The use of x-ray diffraction techniques will generally provide a 
reasonable semi-quantitative estimate of the composition of the specimen, however there are 
limitations associated with its use in quantitative definition. The processes used to prepare the 
specimens for analysis all induce complications in data interpretation (e.g. bulk versus oriented; 
handling of coarser components; presence of amorphous materials (x-ray invisible and hence not 
“seen”)) [5, 6]. Differences in how interpretive software analyses the x-ray diffraction patterns also 
complicates the quantitative analyses. The variability in the results obtained is illustrated in Table 1 
(only those components reported to be ≥3% are included).  

Table 1 provides the results of three analyses of identical subsamples from this study by different 
commercial laboratories, as well as literature data from previous analyses of MX80 bentonite. The 
range in montmorillonite content determined for identical samples is 79-95%. This illustrates the 
challenges associated with defining suitable materials, or acceptance criteria based on mineralogical 
analyses. From these results the montmorillonite content of MX80 should be 85±5%, however for 
the purposes of being conservative, 80% has been adopted for use when determining Effective 
Montmorillonite Dry Density (EMDD), since there is an x-ray amorphous mineral component that is 
not accounted for in the x-ray analysis (Section 2.2). Effective Montmorillonite Dry Density 
(EMDD). EMDD is defined as the dry mass of montmorillonite (smectite), divided by the volume 
occupied by montmorillonite and voids, any mass and volume occupied by non-swelling clay 
components (or sand) is treated as inert fillers [7]. 

Table 1: Semi-Quantitative X-ray Diffraction Results for MX-80 Bentonite 

Mineral Lab#1 Lab #2 Lab #3 Average Std. Dev. Barone Karnland 

 (%) (%) (%) (%) (%)     [7] [8]** 
Montmorillonite 94.8 88.5 79 87.4 8.0 79 78-84 

Calcite 2.2 3 3.6 2.9 0.7 - 0.2-1.3 
Quartz type 1.6 2.3 3.5 2.5 1.0 12.8 4.5-10.1 
Muscovite - 0.3* 7.1* 3.7 4.8 5.3* 2.5-5.1 
Plag Felds Tr 0 6.8 3.4 4.8 3.3 2.3-4.7 
K Feldspar Tr 3 - <3 - - - 
Note: tr = trace, - not detected; * likely sum of biotite and muscovite, ** range of 6 analyses 

2.2 Swelling Behaviour and Swelling Pressure 

The ability of the bentonite-based barrier material to swell on contact with free water as well as its 
subsequent development of pressure on its confinement (swelling pressure) are vital to its 
performance as a barrier to contaminant migration. The free swell index measurement involves 
placing 2 g of dry clay in contact with 0.1 L of solution and measuring the volume occupied by the 
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clay on completion of swelling. Swelling pressure tests involve installation of a compacted specimen 
in a cell that confines it while allowing water access by the clay. The pressure developed by this 
confined specimen is measured and the effective stress concept (swelling pressure = total pressure – 
pore water pressure) is applied to determine swelling pressure.  

The swelling of loose bentonite and bentonite-sand materials is heavily influenced by the salinity 
(Total Dissolved Solids or TDS) of the testing fluid. The highest free swell was, as expected 
observed using fresh water (TDS~0) with 16.3±0.8 cc/g and 9.4±0.1 cc/g for the clay-only and clay-
sand materials respectively (swelling volume is lower in mixed clay-sand due to lower smectite 
content). A small increase in the TDS (CR10, 11g/L TDS), resulted in a substantial decrease in 
swelling capacity with 3.6±0.2 cc/g and 2.7±0.1 cc/g measured for clay and clay-sand respectively. 
When fluid salinity reached 223 (SR-L) and 325 (SR-Sh) g/L, the free swell capacity of loose 
material was only 2.1±0.1 cc/g to 1.8±0.2 cc/g and 1.9±0.1 cc/g to 1.5±0.1 g/cc for bentonite and 
bentonite-sand respectively. The similarity in the free swell volumes at TDS >223 g/L is indicative 
of a loose clay that has had its surface charge overwhelmed.  

Testing to determine swelling pressure is typically done using rigid-wall systems which do not allow 
significant specimen strain to occur, but it can also be determined by allowing some specimen strain 
while a constant confining pressure is applied (e.g. triaxial specimen under constant confining 
pressure, or one-dimensional (1D) consolidation tests where a constant vertical load is applied to a 
radially-confined specimen). The swelling pressure developed by a compacted swelling clay on its 
confinement is strongly affected by it density and the pore fluid TDS (Figure 1).  
 

 

Figure 1. Effect of TDS on swelling pressure of MX80 bentonite-based materials 

Evaluation of behaviour based on specimen dry density results in multiple trend-lines needed to 
accommodate different materials compositions (sand content, change in smectite content). The need 
for repetition of testing to determine materials parameters as the result of minor alterations of 
bentonite quantity or quality can be largely eliminated by using the EMDD parameter. Figure 1 
shows EMDD versus swelling pressure for the MX80 materials for a range of TDS conditions using 
the new data for 0, 11, 223 and 325 g/L TDS conditions as well as literature data for 100 g/L TDS 
using MX80 bentonite. These data indicate that swelling pressure changes becomes less sensitive to 
further salinity increase once TDS exceeds ~100 g/L. 
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2.3 Hydraulic Conductivity (k) 

As well as the need for an ability to swell and maintain a mechanically tight system, the barrier 
materials also need to limit water movement (and hence contaminant transfer by advection), to 
levels where diffusion is the dominating transport mechanism. This is generally accepted to require a 
hydraulic conductivity (k) of < 10-10 m/s. As with swelling pressure, the hydraulic conductivity (k) 
of bentonite and bentonite-aggregate mixtures will change substantially with density and porefluid 
salinity. In order to better quantify the uncertainties related to hydraulic conductivity, a test matrix 
that includes replicate specimens was developed for NWMO’s 2014-2016 materials characterization 
study. It was found that even for carefully prepared replicate tests, k-values can range over almost an 
order of magnitude for a given density, with saline conditions inducing higher variability in values 
measured.  

1D tests generate k values that are approximately ½ to 1 order of magnitude higher than obtained 
using rigidly confined specimens where flow is measured directly (hence apparent data value scatter 
in Figure 2). This is not unexpected as the 1D tests allow for specimen strain and porosity changes 
that can affect the nature of the flow paths. The 1D tests also derive k as opposed to directly 
measuring it. Hence differences between the values are not unexpected. Figure 2 shows all the data 
from this study data (fixed volume and oedometer tests) and shows previously determined trendlines 
for DW and brine (>300 g/L) systems, as well as data for 100 g/L for reference [5]. These data 
clearly show that salinity substantially affects the hydraulic behaviour of bentonite and there is a 
clearly defined difference in the k values for low TDS (0-11 g/L) and high TDS (>100 g/L) systems. 

 

Figure 2. Effect of salinity on hydraulic conductivity of MX80 bentonite  

When porefluid salinity exceeds ~100 g/L TDS, the scatter in the data is such that it is not easy to 
link further changes in k with changes in TDS for a given EMDD, which is consistent with the 
observations for swelling pressure (Figure 1). What is of importance is that all of the k values for the 
reference densities considered in this study are lower than the 1x10-10 m/s value that defines the start 
of diffusion-controlled mass transport.  
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2.4 Soil Water Characteristic Curves (SWCC) 

A key factor in the water uptake of soils in general and bentonite-based materials specifically is the 
manner in which the material draws water into its pore spaces in the transient period prior to achieving 
water saturation. This process is largely driven by the suctions present as the result of combined matric 
(mechanical) and osmotic (electrochemical) processes associated with the soil particles and water 
available for movement into the soil matrix. These suction forces act to draw water into the soil, and 
hence are important in determining the rate of water uptake and hence achieving water saturation. 
Suction decreases with degree of saturation and is also strongly affected by the TDS content of the 
porefluid. Knowledge of this parameter is critical to development of meaningful water uptake and 
saturation models for engineered barriers for a DGR. Previous studies [3, 4] have generated SWCC 
data for bentonite-based materials but these data exhibit considerable scatter and detailed definition of 
SWCC parameters has been challenging. By conducting triplicate tests on identical materials, tighter 
definition of the SWCC equations used in water uptake modelling as well as determining the degree of 
variability in measurements can be achieved. 
 
Testing of SWCC was completed using the techniques described by Barone [4] and the current study 
involved construction of replicate specimens of known degree of saturation. Figure 3 shows the results 
of these measurements, with the average data point for each individual measurement shown on the left, 
and the fitted curves through each of the seven data series shown on the right. As can be observed, the 
air-entry value is generally lower for the MX80 materials than that for the 70:30 MX80 bentonite-sand 
materials (BSM), for similar pore fluids. As well, the air entry value generally increased with increasing 
pore fluid salinity. At the time of preparing this paper, detailed analysis of the results and identification 
of the mechanisms responsible for the observed behaviour was ongoing. 

  
 

Figure 3. Suction – Moisture behaviour of bentonite and bentonite-sand specimens (values shown are 
the average of three replicate samples). 

2.5 Air Permeability of Unsaturated Materials 

As the materials used for tunnel or shaft backfill in a DGR will not be water saturated at the time of 
installation in a DGR, subsequent water influx (or gas generation within the repository) will potentially 
require that the gas migrate or else it will be pressurized until it either dissolves into the pore fluid 
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and/or finds a way past (or through) its confinement. Small- to large-scale laboratory and field tests to 
study potential air movement in repository environments have been previously undertaken [4] but do 
not provide a comprehensive-enough set of gas transport parameters for use in modelling the materials, 
groundwater conditions and densities that are of interest to NWMO.  
 
The current study has examined the behaviour of bentonite and a bentonite-sand material under 
conditions ranging from very low (drier than as-placed barrier materials) through to high water 
saturation (connected pores no longer present once S > ~80%). Testing was done using the same  
equipment as was used in a previous study of slightly different materials [4]. From these data, gas 
transport parameters can be defined for input into gas transport models.  
 
Figure 4 clearly shows that there is a substantial difference in the ability of air (gas) to move through 
similarly water-saturated MX80 and 70:30 MX80:sand material at dry densities of 1.5 and 1.8 Mg/m3 

(EMDD 1.35 and 1.44) respectively. The absolute porosity of the MX80 specimens is higher than the 
bentonite – sand material (~0.45 Vs. 0.33), which should mean a  higher quantity of gas flow under the 
same boundary conditions and degree of water saturation. Alternatively or additionally, since sand can 
be considered as an inert filler, higher EMDD should also result in a decrease in Ka and ka, so 70:30 
material with its somewhat higher EMDD should have somewhat lower values. Whichever mechanism 
is responsible, the behaviour observed does show higher air permeability and air conductivities for the 
bentonite-only materials tested relative to BSM materials at the same degrees of saturation.  

  
Figure 4. Air permeability (Ka) and air conductivity (ka) of MX80 and 70:30 bentonite:sand (values 

shown are the average of three replicate samples) 
 

The 70:30 mix has Ka and ka values that are on average ~0.5 to ~2 orders of magnitude lower than the 
MX80 as fluid saturation rises from 10 to 80% respectively. The Ka and ka for both materials also show 
a consistent trend of slight decrease in value with increasing porefluid salinity (factor of 3 to 5 with 
increase from 0 to 224 g/L TDS). This may be a function of the increasing viscosity of the porefluids 
with increasing TDS or change in pore size distrubution and fabric with changes in fluid composition.  

2.6 Deformation Properties 

In order to develop numerical models to predict both long- and short-term deformation of the sealing 
materials installed in a DGR, the basic parameters controlling such behaviour needs to be determined, 
requiring the conduct of both triaxial and 1D tests.  
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2.6.1 1D Consolidation 

1D consolidation tests were completed in triplicate in order to both supplement the elastic and 
hardening parameters to be developed from the triaxial tests, and to determine what variability might be 
expected in these parameters. The 1D tests provided compression indices values that include Volume 
compressibility (mv) and Compression Index (Cc). The 1D tests also provide data that allows for 
estimation of swelling pressure and hydraulic conductivity. Figure 5 shows the typically observed effect 
of pore fluid salinity on the consolidation behaviour of bentonite-based materials. The low salinity 
specimen (left) shows a higher swelling capacity (high confining stress required to induce 
consolidation) and is able to recover its initial volume when unloaded. The saline systems still swell 
when unloaded but to a lesser degree. Consolidation behaviour changes with pore fluid salinity and also 
with the presence of 30% aggregate (sand), (Figure 6). Changes in dry density or EMDD seem to be 
relatively unimportant for a given material for the ranges examined.  

  
Figure 5. Effect of salinity on consolidation behaviour. 

  
 

Figure 6. Effects of material composition and pore fluid TDS on parameters Cc and mv. 
 

Figure 6 shows how Cc and mv parameters are influenced by TDS but not the presence or absence of a 
sand component, an indication that behaviour is controlled by the clay component. When TDS 
increases from <11 g/L to >223 g/L, mv increases approximately one order of magnitude (from ~4x10-6 
to ~4x10-5 m2/KN) and Cv (plot not shown) decreases from ~3x10-8 to ~8x10-9 m2/s. Similarly Cc 
shows a notable increase as TDS increases, but the presence of sand seems to have an effect. As shown 
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in Figure 6, for low salinity, the Cc is approximately 0.08 for bentonite-only or 70/30 blends. At high 
salinity Cc increases substantially, ~0.15 for 70/30 materials and ~0.24 for 100% bentonite. As with mv 
and Cv, Cc of each material does not seem to be particularly sensitive to density changes for a given 
porefluid composition. 

 
2.6.2 Triaxial Testing 

The parameters to be developed from the triaxial tests are: Bulk Modulus (K) and the elastic-plastic 
parameters κ and λ from isotropic triaxial consolidation to define the p’, V curve; Shear Modulus (G) 
using isotropically consolidated undrained (CIŪ) triaxial tests completed at the Royal Military College 
(RMC) and Young’s Modulus (E) will be determined from isotropically consolidated drained (CID) 
triaxial tests. These tests build on the limited database developed for bentonite and bentonite-sand 
materials of lower dry density tested in high salinity environments reported by Barone [4] and Priyanto 
[3]. At the time of preparing this paper, this testing work was ongoing and not available for inclusion. 

2.7 Thermal Characterization Testing 

The ability of the sealing materials to conduct heat away from the containers holding heat-generating 
materials is vital to ensuring that the temperatures in the vicinity of the containers remains low enough 
to prevent adverse thermal conditions from developing. This requires that the thermal characteristics of 
each of the engineered barrier components be well characterized under the full range of density, 
porefluid compositions and degrees of saturation that could develop. Extensive work has been done 
previously to characterize bentonite-only and bentonite-sand materials with respect to their ability to 
conduct heat away from a container. Figure 7 shows an example of the thermal characteristics of a HCB 
and bentonite-sand mixture, highlighting the importance of density, composition and degree of water 
saturation on thermal conductivity [8]. Changes in sealing material composition, density and 
groundwater compositions require the completion of additional thermal characterization work. As with 
many of the other parameters evaluated in the current study, replicate tests on duplicate specimens are 
to be completed so as to determine what degree of parameter value variability might need to be 
considered when undertaking numerical modelling where thermal processes are taken into account.  

 
Figure 7. Previously determined thermal conductivity behaviour of bentonite-based materials, showing 
the importance of degree of water saturation [8]. Note BSB referred to a 50:50 bentonite:sand blend.  
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3. Summary 

The work described in this paper is a summary of results available as of the spring of 2016. Testing will 
continue through mid-2016 with completion of additional triaxial deformation tests and conduct of 
thermal conductivity characterizations. A more detailed analysis of the data generated by this study, 
will be provided to NWMO in late 2016. From these and the already completed work, a set of bounded 
parameter values will be produced for these bentonite-based sealing materials. These data will assist in 
developing performance and safety assessment models to describe the evolution of the engineered 
barriers system. 
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Introduction 

Due to continual demand for more energy along with 

need for carbon-reduced energy sources to limit 

climate change effects, nuclear power has become one 

of the reliable energy sources. Beside the benefits of 

nuclear power, it brings ethical and environmental 

responsibility to safely take care for waste products. 

Canada like every other jurisdiction around the world 

who has come to the decision, has decided a deep 

geological repository as a long term solution. 

A deep geological repository consists of a network 

of tunnels at a depth of at least 500 m in a stable rock 

formation where the used fuel bundles will be located 

within containers and surrounded by an engineered 

barrier system. The engineered barrier system is 

composed of bentonite-based materials due to 

bentonite’s desirable material properties such as low 

permeability, high swelling potential. Since the waste 

inside the container generates heat over time, high 

thermal conductivity for engineering barriers is 

required to dissipate smoothly the thermal energy from 

the container to bounded bedrock without applying 

excessive heat to the container (not more than 100°C 

after Maak 2006.). Thus, thermal conductivity is an 

important characteristic in terms of size and efficiency 

of the repository.  

  The environment would likely include competing 

gradients of groundwater pressure driving moisture 

into the repository and thermal gradients driving 

moisture away from the used fuel container. 

Therefore, engineered barriers might experience 

varied saturation degrees and temperatures over the 

design lifetime. Hence, for comprehensive modeling, 

it is necessary to determine thermal properties of 

engineered barriers over a wide range of moisture 

contents (degree of saturations) and variable 

temperatures (25°C and 80°C). In this presentation, 

methods for measuring the thermal properties along 

with selected results are explained. Preliminary 

modeling of the Canadian concept for the deep 

geological repository is also presented.   

  

Materials and Methods 

The engineered barriers that surround the used fuel 

containers within the Canadian concept include; 

highly compacted bentonite, dense backfill and 

gapfill. The container is surrounded by highly 

compacted bentonite block with minimum dry density 

of 1.7 g/cm3 and called buffer box. Between adjacent 

buffer boxes a block of dense backfill will be placed 

as spacer block. This material is composed of a 

mixture of crushed granite, illite clay and bentonite 

with minimum dry density dry density of 2.1 g/cm3. 

The gap between bedrock and buffer box will be filled 

with gap fill material which is 100 % bentonite made 

out of pellet size grains along with powder bentonite 

in the matrix with minimum dry density of 1.41 g/cm3. 

Due to diverse dry densities proposed for sealing 

materials, two test procedures were followed for 

measuring thermal properties at low density and high 

density materials (Abootalebi et al. 2014).  

 

Experimental Result 

Selected thermal conductivity result is plotted in 

Figure 1 for highly compacted bentonite made out of 
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National Standard (Na.St) bentonite. The blue circles 

are room temperature data and the red diamonds are 

the thermal conductivity results for tests performed at 

80°C. Room temperature tests were performed at 11 

degree of saturations in triplicate. The 80°C tests were 

performed at 4 degree of saturations again in triplicate. 

The test results show thermal conductivity increases 

with increasing saturation. Comparing the Sr=0% and 

Sr=100% results shows indicates a 2-3-fold increase in 

thermal conductivity from dry to saturated with 

R2=0.98 for linear relationship. The effect of 

temperature is undetectable in the highly compacted 

bentonite. 

 
Figure 1. Thermal conductivity measurements of highly 

compacted bentonite as a function of degree of 

saturation at 20°C and 80°C 

Thermal-Hydraulic Model 
This is the first time numerical simulations of the 
current Canadian concept for deep geological 
repository have considered the effects of moisture on 
the thermal response. The critical design consideration 
is surface temperature of the container. These models 
with constant thermal properties were used to bound 
the maximum and minimum temperature of the 
container at critical times of its use. The geometry and 
boundary condition has been taken from a report by 
NWMO (Gue 2015) and experimental data were used 
to gain maximum and minimum container surface 
temperature due to changing degree of saturation of 
highly compacted bentonite. The results are plotted in 
Figure 2 illustrating the increase in container 
temperature associated with decreasing the degree of 
saturation of the highly compacted bentonite. 

 
Figure 2. Container Surface Temperature over 100 

years- deep geological repository model 

Summary 
The current concept for Canada’s inventory of spent 

nuclear fuel is a deep geological repository. During the 

transient phase of the deep geological repository 

evolution, a number of thermal, hydraulic, chemical 

and mechanical aspects of the engineered barriers 

must be considered. Amongst other design aspects, the 

characterization of the thermal properties of the 

engineered barriers as a function of moisture content 

and temperature is a key component of the analysis. In 

this presentation, thermal properties of engineered 

barriers are reported and then used in thermal model 

of the Canadian concept of the deep geological 

repository. 
 
References 
Abootalebi, P. Siemens, G. 2015. Thermal property testing 

of an engineered barrier for use in a deep geological 

repository, in 68th Canadian Geotechnical Conference, 

GeoQuebec 2015, Sep 20 2015. Quebec, Canada: 

Canadian Geotechnical Society 

Guo, R. 2015. Thermal Modelling of a Mark II container, 

Nuclear Waste Management Organization technical 

Report NWMO-TR-2015-06. 

NWMO. 2015. Progress Through Collaboration – Annual 

Report. 173 pp. 

Maak, P. 2006. Used fuel container requirements. Ontario 

Power Generation Preliminary Design Requirements. 

06819-PDR-01110-10000 R02. 

 


	CNS paper 104_DD.pdf
	1.  Introduction
	2. Scope of Study
	2.1 Mineralogical Characterization
	2.2 Swelling Behaviour and Swelling Pressure
	2.3 Hydraulic Conductivity (k)
	2.4  Soil Water Characteristic Curves (SWCC)
	2.5 Air Permeability of Unsaturated Materials
	2.6 Deformation Properties
	2.6.1 1D Consolidation
	2.6.2 Triaxial Testing

	2.7 Thermal Characterization Testing

	3.  Summary
	4. Acknowledgements
	5. References




