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Abstract 

The underground storage of used nuclear fuel in Deep Geologic Repositories (DGRs) has been a subject 

of research in Canada for decades. One important technical aspect of repository design is the 

accommodation of the mechanical impacts of thermal inputs (heating) from the fuel as it goes through the 

remainder of its life cycle. Placement room spacing, a major factor in project cost, will be determined by 

the ability of the host rock to dissipate heat. The thermal conductivity and linear thermal expansion will 

determine the evolution of the temperature and thermally-induced stress fields. Thermal processes must 

be well understood to design a successful DGR.  

This thesis examines the thermal properties of rocks, how they are influenced by factors such as 

temperature, pressure, mineralogy, porosity, and saturation; and common methods for calculating and/or 

measuring these properties. A brief overview of thermal and thermally-coupled processes in the context 

of DGRs demonstrates the degree to which they would impact design, construction, and operation of 

these critical structures. Several case histories of major in situ heating experiments are reviewed to 

determine how the lessons learned could be applied to a Canadian Underground Demonstration Facility 

(UDF). 

A mineralogy investigation using X-Ray Diffraction (XRD) and Scanning Electron Microscopy 

(SEM) examines samples of the Cobourg Limestone from the Bowmanville and Bruce sites, and 

demonstrates geographical variability within the Cobourg Formation. The thermal properties of samples 

from the Bowmanville site are determined. A divided bar apparatus was constructed and used to measure 

thermal conductivity. The temperature measurement component of the divided bar apparatus was used to 

measure linear thermal expansion. Finally, the past investigations into the thermal impact of a DGR are 

reviewed, and the implications of the laboratory testing results on similar analyses are discussed. 
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Chapter 1 

Introduction 

1.1 Background: Impact of Thermal Processes in Nuclear Waste Storage 

Canada’s Nuclear Waste Management Organization (NWMO) is currently implementing 

Adaptive Phased Management (APM), a long-term, flexible strategy to isolate nuclear waste 

underground in Deep Geologic Repositories (DGRs). DGRs will rely on multiple barriers to 

isolate nuclear waste from the biosphere. The current design, shown in Figure 1.1, would place 48 

used-fuel bundles in a corrosion-resistant copper-coated Used Fuel Container (UFC), surrounded 

by a low-permeability bentonite clay buffer and compacted backfill. The repository would be 

located at a depth of approximately 500m to ensure that the final barrier, the repository host rock, 

can effectively isolate the nuclear waste (Noronha, 2016). 

Given the high financial, social, and environmental costs of failure, and the extremely 

long design lives required, a thorough understanding of each repository design component is 

required as well as an understanding of the system as a whole. One such aspect of DGRs is the 

evolving temperature field, and the effects thermal and thermally-coupled processes will have 

over the design life of the repository. 

Even after they have been emplaced in a DGR, used nuclear materials will continue to 

generate low level radiation. The combined energy generated by all of the used nuclear materials 

will heat the UFCs, buffer materials, and surrounding rock. This results not only in an increase in 

temperature, but also in Thermo-Hydro-Mechanical (THM) coupling, the interconnected process 

whereby any change to the thermal, hydrological, or mechanical properties of the rockmass will 

affect each other component (see Figure 1.2). As the rock heats it will expand, reducing the 

available pore space, increasing pressure, and changing pore fluid density. These mechanical and 
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hydrological changes will in turn affect how heat flows through the system, creating a complex 

feedback loop. 

 

Figure 1.1: The current DGR design uses multiple barriers to isolate used nuclear fuel from 

the biosphere (Noronha, 2016). 

 

Due to state changes that occur in backfill and the surrounding rock at temperatures in 

excess of 100°C, one of the main design criteria for nuclear waste storage facilities is that heat 

can be dissipated (through conductive backfill and rock) such that the temperature on the surface 
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of the fuel canisters never approaches this limit. Emplacement holes or rooms are spaced to allow 

such dissipation during the degradation period of the radioactive waste (Carvalho and Steed, 

2012). 

 

Figure 1.2: Thermal-hydro-mechanical coupling occurs when changes to any one process 

affect the other components (Hӧkmark et al., 2006). 

 

In addition, it is important to model the thermal expansion of rock during heating as this 

is directly related to the increase in stress state for a confined rockmass undergoing temperature 

increase. Such stress increases can, in turn, increase the brittle yield zone – the excavation 

damage zone around the repository containment holes or rooms. Limiting such stress increases 

can be an additional design requirement affecting spacing of emplacement voids and therefore 

impacting the overall footprint of the repository (Hökmark et al., 2006; Carvalho and Steed, 

2012). 

The interconnected nature of coupled THM processes makes them difficult to predict and 

model with existing tools. This challenge is further compounded by uncertainty of the modelling 

input parameters. While the hydrological and mechanical properties of most rock formations are 
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available in historical engineering records, existing data about thermal properties are often less 

readily available. Yet despite this lack of information, the thermal properties of a rock play an 

enormous role in UFC corrosion rates, the performance of the bentonite barrier, the mechanical 

stability of the surrounding rock, and ultimately, the layout and cost of the DGR. 

This thesis aims to improve the understanding of the role of thermal and thermally 

coupled processes in the context of a Canadian DGR, and to determine the thermal properties of 

the Cobourg Limestone, one potential repository host rock. 

1.2 Research Objectives 

The main objectives of this thesis were to explore the importance of thermal and thermally-

coupled processes on a potential DGR, and to determine the thermal properties of the Cobourg 

Limestone. These research objectives were achieved by: 

 Reviewing major international in situ heating experiments and reporting on the findings 

that should be taken into account when designing tests for a Canadian DGR; 

 Conducting a mineralogy analysis using X-Ray Diffraction (XRD) and Scanning Electron 

Microscopy (SEM) on samples of the Cobourg Limestone from two different source 

locations; 

 Using the results of the mineralogy analysis to determine specific heat capacity of the 

Cobourg Limestone; 

 Constructing a divided bar apparatus and successfully using it to determine the thermal 

conductivity of the Cobourg Limestone; 

 Evaluating the effect of scale, orientation, and mineralogy on thermal conductivity in the 

Cobourg Limestone; 

 Determining the linear thermal expansion coefficient of the Cobourg Limestone; 

 Evaluating the effect of orientation and mineralogy on the linear thermal expansion 

coefficient of the Cobourg Limestone; and 
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 Discussing the implications of these findings in the context of previous thermal 

investigations of DGRs by the NWMO. 

1.3 Thesis Outline 

This thesis consists of seven chapters, which are outlined below. 

 Chapter Two provides a detailed description of the thermal properties of rocks, how they 

are affected by factors such as temperature, pressure, mineralogy, porosity, and saturation, and 

common laboratory testing techniques for each. This chapter also defines thermally coupled 

processes, explores THM coupling in a DGR context, and discusses some of the common 

numerical modelling techniques used to model them. 

 Chapter Three contains a review of the state of international research. This chapter 

includes an overview of THM processes in different rock types. Several case histories of major in 

situ heating experiments were reviewed to determine how the lessons learned could be applied to 

a Canadian UDF. This chapter also introduces the Cobourg Limestone, one potential future DGR 

host rock, and past research on its thermal properties. 

 Chapter Four contains a mineralogical investigation into the Cobourg Limestone. X-Ray 

Diffraction (XRD) and Scanning Electron Microscopy (SEM) were used to determine the modal 

mineralogy of the Cobourg Limestone from two different source locations: the Bruce site in 

Kincardine, Ontario, and St. Mary’s quarry in Bowmanville Ontario. The results of the 

investigation were used to calculate the specific heat capacity of rocks from both source 

locations. 

 Chapter Five details the laboratory testing methodology used. It includes a detailed 

discussion on the construction of the divided bar apparatus used to measure thermal conductivity. 

The temperature measurement component of the divided bar was also used in the thermal 

expansion testing, which used a comparative strain gauge technique. The results of the laboratory 

testing are presented in Chapter Six. 
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 Chapter Seven provides a discussion of the results and summarizes the main conclusions 

of this thesis. Possible avenues of future research to build on the work of this thesis are also 

discussed. 
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Chapter 2 

Heat Transfer in Geomaterials 

2.1 Heat Transfer in Geomaterials 

Heat flow is the transfer of energy that occurs between systems of different temperatures. As 

stored nuclear materials undergo radioactive decay, the surrounding rock mass is heated. To 

understand how this thermal energy moves through the clay barrier and host rock, it is necessary 

to first understand the basics of thermodynamics, which considers the transfer of energy across a 

boundary between systems, and heat transfer, a continuum theory that can be used to look at heat 

flow through a heterogeneous solid (Baehr and Stephan, 2011). 

The three primary modes of heat transfer are conduction, convection and radiation. Of 

these, conduction is the dominant method of heat transfer in geosystems at ambient temperature 

(Robertson, 1988; Sundberg, 1988). Conduction, which occurs in solids, liquids, and gases, 

results from molecules colliding and transferring some of the thermal energy they have stored as 

molecular kinetic energy. The transfer of vibrational energy along a molecular lattice is more 

precisely called phonon conduction, while imperfection conduction occurs when vibrational 

energy is scattered at grain boundaries and other discontinuities (Robertson, 1988). In this thesis, 

the term “conduction” will cover both modes of energy transfer. 

Convective heat flow occurs as fluids move throughout a system. Unlike conduction, 

where thermal energy is transferred from molecule to molecule by contact, convection occurs 

when heated molecules move in space, displacing cooler ones. Strictly speaking, convective heat 

transfer refers to buoyancy-driven flow. This term encompasses fluid movement as a result of 

heat diffusion alone, called temperature gradient driven convection, or as diffusion of both heat 

and chemical species, called double diffusion driven convection. Advection, also called forced 
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convection, is the heat flow that occurs as the result of a pore-fluid pressure gradient instead of 

buoyancy differences. 

Radiation generally refers to heat transmitted optically through a transparent medium or 

space (Robertson, 1988). Radiative conduction within a mineral increases with temperature. This 

is partly due to the decreased effect of phonon conductivity, especially in low-quartz rocks, but 

also due to the increase in the radiative adsorption coefficient. While radiative conduction is 

thought to be approximately equal to phonon conduction above 700K, it may be disregarded at 

temperatures below this threshold (Robertson, 1988; Kukkonen and Suppala, 1999; Sundberg, 

2003a).  

The main thermal properties that govern heat transfer and thermally-coupled processes 

are specific heat capacity, thermal conductivity, and linear thermal expansion, which are 

discussed in more detail in Sections 2.1.1 - 2.1.3. Once these material properties are understood, 

heat transfer can be modelled mathematically, using the means discussed in Section 2.1.4. The 

interaction of these thermal properties with other aspects of the rock through coupled processes is 

discussed in more depth in Section 2.2. 

2.1.1 Specific Heat Capacity 

The specific heat capacity, C, or specific heat, defines a material’s relationship between heat and 

temperature. Specific heat capacity is measured in J/kgK. It is the amount of energy, Q, required 

to raise a mass m of a material by temperature T, per Equation 2.1 (Touloukian and Buyco, 1970): 

 
𝐶 =

𝑄

𝑚(T2 − T1)
   2.1 

When a material is heated, the thermal energy used is stored as kinetic energy on a 

molecular scale. This thermal energy is gradually released as a material cools, as the stored 

kinetic energy is transferred to adjacent molecules via phonon and imperfection conduction. In 
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this sense, specific heat capacity can also be thought of as a material’s ability to store thermal 

energy (Waples and Waples, 2004a). 

Specific heat capacity is an isotropic unit property, and is dependent on temperature and 

pressure. Therefore, it is often expressed in terms of constant pressure (Cp) or constant 

temperature (CT). In some cases, a material’s ability to store energy may be expressed using 

different terms. General heat capacity, or molar heat capacity (J/mol·K), is the first derivative of 

heat content (J/mol), and it defines the energy stored in molar quantities rather than mass 

(Robertston and Hemingway, 1995). It is useful when working directly with pure substances in a 

laboratory setting, but is impractical for rockmasses given their inherent variability. Volumetric 

heat capacity, c, also known as thermal capacity, expresses the energy required to heat a volume 

of material, per Equation 2.2 (Waples and Waples, 2004a), and is more commonly used in rock 

mechanics. 

 𝑐 = 𝜌𝐶 
  2.2 

2.1.1.1 Specific Heat Capacity and Mineralogy 

The specific heat capacity is a function of the mineralogical makeup of the rock, and values 

calculated from mineral content are often considered equally reliable as those measured directly 

(Sundberg, 1988; Robertston and Hemingway, 1995; Waples and Waples, 2004a). In general, the 

specific heat capacities of minerals containing heavy metal elements, for example, sulphides, are 

lower, while minerals with hydroxides or significant amounts of water of crystallization (such as 

gypsum) have higher values; silicates are generally between these two extremes (Waples and 

Waples, 2004a). Table 2.1 lists the specific heat capacities of several common rock-forming 

minerals. 
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Table 2.1: The specific heat capacity of water and several common rock-forming minerals 

(Waples and Waples, 2004b). 

Mineral Density (g/cm3) Cp (20) (J/kg·K) at 20°C 

Water (liquid) 1.00 418 

Quartz 2.648 740 

Calcite 2.745 815 

Dolomite 2.84 870 

Muscovite 2.85 760 

Amphibole 3.2 749 

Olivine 3.4 576 

Pyroxene 3.3 787 

Albite 2.62 730 

Orthoclase 2.6 628 

 

The specific heat capacity of water vapour is approximately 200J/kg·K, less than half that 

of liquid water. Because of this, the specific heat capacity of a saturated rock is greater than that 

of the same rock when it is dry. 

2.1.1.2 Specific Heat Capacity and Density 

The relationship between thermal capacity and density (ρ) is likely a correlation driven by 

mineralogy rather than a causal link. It is strong enough that Waples and Waples (2004a) have 

posited that thermal capacity c can be estimated using Equation 2.3 for 189 low- to medium-

density minerals. The empirical data used to determine this relationship is shown in Figure 2.1. 

The standard deviation of error for this relationship (when compared to measured values) is 

0.38J/cm3/K, or approximately 16% (Waples and Waples, 2004a), making it useful only as a first 

approximation to quickly estimate the thermal properties of rocks on site based on density 

logging.  

 𝑐 = 1.0263exp(0.2697ρ) 
  2.3 



11 

 

 

Figure 2.1: Waples and Waples (2004a) have proposed this exponential relationship 

between thermal capacity and density. 

 

A site-specific model, relating thermal capacity to density for a variety of samples from 

the potential site area, could be useful for capturing the variations that occur within the natural 

range of mineralogy. This approach has been used at the Ӓspӧ hard rock laboratory, where an 

empirical relationship between density and volumetric heat capacity has been used to estimate the 

thermal properties of the site via density logging of boreholes. Sundberg (2003a) states that 

density logging is a useful tool to characterize spatial distribution, scale factors, and variations in 

thermal properties of the rockmass. The relationship between density, 𝜌 (ton/m3), and volumetric 

heat capacity, c (MJ/m3K), is shown in Equation 2.2: 

 𝑐 = −2.5496𝜌2 + 15.156𝜌 − 20.125 
  2.4 
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This relationship, and the relationship between thermal conductivity and density, are 

based on the empirical data shown in Figure 2.2. 

 

Figure 2.2: The empirical relationships between heat capacity and density and thermal 

conductivity and density are used in conjunction with borehole density logs to estimate the 

thermal properties of the Ӓvrӧ granite (shown in pink) and the Ӓspӧ diorite (shown in blue) 

at the Ӓspӧ HRL in Finland (Sundberg, 2003). 

 

2.1.1.3 Experimental Measurement of Specific Heat Capacity 

Specific heat is measured in a laboratory setting using either a variety of calorimetric techniques 

or the transient plane source method. Numerous types of calorimeters exist, including adiabatic 

vacuum calorimeters, drop ice calorimeters, drop isothermal water calorimeters, and drop copper 

block calorimeters. In general, a sample is heated to a known temperature, and then placed (or 

“dropped”) into a calorimeter. The calorimeter is designed to measure the total enthalpy change 

to the system, generally by recording the temperature change of the calorimeter-fluid-sample 

system. The specific heat capacity can be determined using the change in energy (Q) and change 

in temperature (T), per Equation 2.1 (Touloukian and Buyco, 1970). 
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The Transient Plane Source (TPS) method is a widely used heat impulse method used to 

measure the thermal conductivity and diffusivity of samples. The specific heat capacity can then 

be determined using the relationship in Equation 2.5, where κ is thermal diffusivity, k is thermal 

conductivity, ρ is the density, and c is the specific heat (Sundberg, 1988). 

 
𝜅 =

𝑘

𝜌𝐶
   2.5 

The TPS method uses a spiral of thin Ni-wire with specific electrical resistivity 

properties, which is embedded in kapton and placed between two samples of the rock. It is both 

the source of the heat pulse and the sensor measuring temperature response. Models of heat 

propagation are created, based on the assumption of a planar heat source in perfect contact with 

an infinite sample. The measured temperature profile is compared to iterations of the model with 

different thermal conductivity and diffusivity until a good match is achieved (Sundberg et al., 

2003). 

The TPS, and other heat impulse methods used to measure thermal conductivity, are 

absolute measurement techniques. Temperature and time must be recorded with high degrees of 

accuracy to ensure high quality data (Jessop, 1990; Sundberg et al., 2003). Surface preparation 

quality, pore fluid, and applied load can all affect thermal contact resistance, and may alter the 

results (Kukkonen and Lindberg, 1998). 

2.1.1.4 Calculating Specific Heat Capacity from Constituent Minerals 

While specific heat capacity can be determined experimentally using calorimetry or the transient 

plane source method, but this requires specialized equipment and error may easily be introduced 

into the process. Instead, calculations from constituent minerals are often used (Robertson, 1988; 

Waples and Waples, 2004b). The thermal capacity of a rock is a weighted average of the thermal 

capacities of its constituent minerals and pore fluids. Thermal capacity may be divided by the 

density of the rock to determine the specific heat capacity. Equations 2.6 and 2.7 use the 
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volumetric fraction x of each component i to calculate the specific heat capacity at a constant 

pressure, Cp (Sundberg, 1988; Robertston and Hemingway, 1995; Waples and Waples, 2004b).  

 

 
𝐶𝑝𝑟𝑜𝑐𝑘 =

𝑥1 ∗ 𝑐𝑝1 + 𝑥2 ∗ 𝑐𝑝2 +⋯+ 𝑥𝑛 ∗ 𝑐𝑝𝑛
𝜌𝑟𝑜𝑐𝑘

   2.6 

or 

 
𝐶𝑝𝑟𝑜𝑐𝑘 =

∑ 𝑥𝑖𝑐𝑝𝑖
𝑛
𝑖=0

𝜌𝑟𝑜𝑐𝑘
   2.7 

2.1.1.5 Calculating Specific Heat Capacity at Different Temperatures 

Heat capacity generally increases as a function of temperature, as shown in Figure 2.3. Equation 

2.6 is used to calculate the specific heat capacity at the pressure and temperature of the reference 

values used for the component minerals. To determine the specific heat value of the same rock in 

different conditions, specific heat must be recalculated using the thermal capacity values of the 

constituent minerals at the new temperature or pressure, or a relationship must have already been 

established through a reliable series of specific heat measurements within the appropriate 

temperature range (Waples and Waples, 2004b). 

Even in cases where the specific heat of a mineral is known at a variety of temperatures, 

an equation may be required to interpolate between known data points. Over the years, several 

different attempts have been made to define the relationship between the specific heat of a 

mineral and temperature. Maier and Kelley (1932) proposed Equation 2.8, whose suitability 

varies based on the constants being used. More complex polynomials, including those by Berman 

and Brown (1985, Equation 2.9), or Fei and Saxena (1986, Equation 2.10), were developed to 

provide an equation that worked over larger temperature ranges. The later included not just the 

experimentally determined constants a, b, and c, but also 3Rn term to account for the gas constant 

and molecular complexity, the (A+BT) term to account for thermal expansion, and the Cp′ term 

to account for cation disordering (Fei and Saxena, 1986). 
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Figure 2.3: The increase in experimental heat capacities as a function of temperature for 

sandstone, limestone, and shale, compared to literature values for calcite and quartz 

(Somerton, 1992). 

 

 

 𝐶𝑝 = 𝑎 + 𝑏𝑇 − 𝑐𝑇−2 
  2.8 

 

 𝐶𝑝 = 𝑘0 + 𝑘1𝑇
−0.5 + 𝑘2𝑇

−2 + 𝑘3𝑇
−3 

  2.9 

where (k1, k2 <=0) 

 𝐶𝑝 = 3𝑅𝑛(1 + 𝑘1𝑇
−1 + 𝑘2𝑇

−2 + 𝑘3𝑇
−3) + (𝐴 + 𝐵𝑇) + 𝐶𝑝′   2.10 

While helpful for estimating the specific heat of minerals between experimentally known 

values, these relationships all rely on pre-existing data for each mineral or lithology, and are not 

generally applicable to rocks (Waples and Waples, 2004a). Waples and Waples (2004a) 

attempted to create a single equation for all minerals and nonporous rocks, Equation 2.11. This is 
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based on the normalized heat capacity, 𝐶𝑝𝑛, which is a unitless quantity calculated using Equation 

2.12. 

 

 𝐶𝑝𝑛𝑇 = 8.95 ∗ 10−10𝑇3 − 2.3 ∗ 10−6𝑇2 + 0.00172𝑇 + 0.716 
  2.11 

 
𝐶𝑝𝑇2 = 𝐶𝑝𝑇1 ∗

𝐶𝑃𝑛𝑇2
𝐶𝑃𝑛𝑇1

   2.12 

With the equations from Waples and Waples, the specific heat of any mineral can be 

found at any temperature, as long as it is known at a single temperature. Equation 2.11 is based 

on the empirical relationship of specific heat and temperature for minerals and nonporous rocks, 

shown in Figure 2.4. Given the imperfect nature of this relationship, it may not be suitable for 

applications requiring a high degree of certainty. 

 

Figure 2.4: Normalized specific heat capacities for all minerals and nonporous rocks as a 

function of temperature (Waples & Waples, 2004a). 

2.1.2 Thermal Conductivity 

Thermal conductivity quantifies a material’s ability to transport thermal energy. It is the rate at 

which energy will cross through a unit area under a unit temperature gradient, commonly 
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expressed in W/m·K (Jessop, 1990). The thermal energy in question may occur as conduction, 

convection, or radiation. 

In nuclear waste repositories, temperatures are far below the threshold required for 

radiation to contribute meaningfully to heat transfer; radiation will therefore not be considered 

here. The effect of convection on total energy transfer ultimately depends on the porosity and 

degree of saturation. Robertson (1988) states that, at porosities >5%, convection must be 

considered. Of the convective heat transfer, vapour diffusion only contributes when the rock is 

not saturated. Finally, conductive heat transfer occurs in every component of the rock: through 

each mineral grain, grain boundaries, pore spaces and fractures, and through pore fluids, both 

gaseous and liquid. The thermal conductivity parameter must take into account each component 

of heat flow by taking into account each component of the rock mass, and its individual 

contribution. 

Materials with high thermal conductivities act as heat sinks, rapidly conducting energy 

away from the source. Materials with low thermal conductivities do not efficiently move thermal 

energy, and instead act as thermal insulators. This means that, within the context of nuclear waste 

repository design, host rocks with higher thermal conductivity values are desirable. Waste 

canisters may be spaced more closely together without exceeding threshold design temperatures, 

because the host rock conducts heat away from the emplacement area. 

Numerous internal and external material properties affect thermal conductivity, including 

pressure, temperature, mineralogy, porosity, saturation, and structure (at both a micro and macro 

scale). Many different scales can be used to measure thermal conductivity, from cm-scale 

laboratory measurements to in situ field experiments covering many meters. As with most 

physical properties of rocks and rock masses, the scale of measurement can affect the results.  
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2.1.2.1 Pressure 

Lees originally demonstrated the increase in thermal conductivity of rocks under pressure (Lees, 

1899). Equation 2.13 relates thermal conductivity 𝑘𝑃 to reference thermal conductivity 𝑘0, 

pressure P, and pressure coefficient a, which itself is determined using Equation 2.14. 

 𝑘𝑃 = 𝑘0(1 + 𝑎𝑃) 
  2.13 

 
𝑎 = (

1

𝑘0
) (

∆𝑘

∆𝑃
)   2.14 

The pressure coefficient 𝑎 is generally linear for rocks, provided pressure is less than 

5GPa and porosity is less than 0.1. Pore water pressure has a large effect on𝑎. In most rocks, 

regardless of porosity, the pressure coefficient of a dry rock is decreased by a factor of 6 when it 

becomes saturated. Temperature change has a second order effect on𝑎, which leads to very little 

practical differences for smaller temperature ranges. Between 0-150°C, 𝑎 is essentially constant 

(Robertson, 1988).  

Laboratory testing of the Opalinus Clay has shown a slight increase in thermal 

conductivity with pressure up to 2MPa. Thermal conductivity does not increase with additional 

pressure; it is hypothesized that this is because the initial pressure has closed all the existing 

micro-fractures in the rock (Wileveau and Rothfuchs, 2007). 

2.1.2.2 Temperature 

The conductivity of most minerals decreases steeply between 0-100°C (about 30% for rocks rich 

in quartz, calcite, and olivine), and then continues to decrease at a more gradual rate with 

increasing temperature, as shown in Figure 2.5 (Birch and Clark, 1940; Robertson, 1988).  Figure 

2.6 includes the thermal conductivity of two different limestones as a function of temperature. In 

very fractured or open rockmasses, thermal conductivity may actually increase with a rise in 

temperature, as thermal expansion closes pore space and strengthens the thermal contact between 

grains (Midttømme and Roaldset, 1999).  
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Thermal conductivity may also increase with temperature in feldspars. Measurements by 

Birch and Clark (1940) have demonstrated that the thermal conductivity of gabbros may be 

roughly independent of temperature, as the upward trend of the plagioclase feldspars counteracts 

the downward trend of the pyroxenes and olivines present within it.  

In partially-saturated and saturated porous media, thermal properties also experience a 

dramatic change as temperatures decrease below 0°C. The thermal conductivity of ice is greater 

than that of water (2.1 vs 0.57 W/m·K respectively) and the specific heat capacity is lower (2.2 vs 

4.16 MJ/m3K, respectively) (Sundberg, 1988). This is not expected to play a significant role in 

the underground storage of nuclear waste as it is well below projected operating temperatures.  
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Figure 2.5: The thermal conductivity of select crystalline rocks vs temperature, showing the 

importance of mineralogy and structure (Robertson, 1988). 
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Figure 2.6: Thermal conductivity of slate, limestone, marble, calcite, dolomite, and halite, 

modified from Birch and Clark (1940). 



22 

 

2.1.2.3  Mineral Composition 

Mineral composition has a strong effect on thermal conductivity, as conduction through mineral 

grains is often the primary method of heat flow through rockmasses. The thermal conductivities 

of several common minerals are shown in Table 2.2. The conductivity of quartz is much greater 

(2-4x) than that of other common rock-forming minerals, so it has a relatively large impact on 

thermal conductivity. For example, Kukkonen and Lindberg (1998) found that the thermal 

conductivities of granite, granodiorite, and gneiss samples from Finnish test sites at Olkiluoto and 

Romuvaara were linearly related to quartz content. Thermal conductivity can vary dramatically 

over relatively small areas due to local variations in quartz content, for example, due to zones of 

alteration or compositionally different beds within sedimentary units. 

Table 2.2: Thermal conductivity of water and some common materials at 23°C, unless 

otherwise stated (Horai, 1971; Sundberg, 1988). 

Material Thermal Conductivity (W/m·K) 

Water 0.57 

Ice (at 0°C) 2.1 

Quartz 7.69 

Microcline 2.40 

Orthoclase 2.32 

Biotite 2.00 

Calcite 3.59 

Dolomite 5.51 

Illite  1.8 

 

Figure 2.5 shows the measured thermal conductivities of several different rock units with 

increasing temperature, including two compositionally different types of Rockport granite. The 

low quartz end member (25% quartz), Rockport I, has a lower thermal conductivity than 

Rockport II (33% quartz). The quartz not only affects the magnitude of the thermal conductivity, 

but also the rate of change with respect to temperature. The thermal conductivity of Rockport II 

decreases at a larger rate in response to increasing temperatures. 
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Figure 2.7 shows simplified ternary diagrams of (A) metamorphic and plutonic rocks and (B) 

volcanic and sedimentary rocks. The placement of the rock’s title in the compositional triangle is 

indicative of its thermal conductivity, showing the relationship between mineralogy and thermal 

conductivity. 

 

Figure 2.7: Thermal conductivity of basic rock-forming minerals and compositional 

relationships with (A) metamorphic and plutonic rocks and (B) volcanic and sedimentary 

rocks, where metamorphic and volcanic rocks are italicized and plutonic and sedimentary 

rocks are not italicized (Clauser and Huenges, 1995).  
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2.1.2.4 Porosity and Saturation 

Even without considering convective heat flow, the presence of air and/or pore water in micro-

fissures, pore-spaces, and fractures will dramatically affect thermal conductivity. The thermal 

conductivities of dry air (0.023W/m·K) and water (0.57W/m·K) are considerably lower than that 

of rock-forming minerals, as illustrated in Table 2.2. These discontinuities act as barriers to 

thermal energy flow, reducing a material’s ability to conduct heat. Even nonporous rocks should 

be tested in a saturated state to ensure that the effect of water is accounted for. 

Robertson and Peck (1979) demonstrated the importance of porosity and saturation by 

measuring the thermal conductivity of vesicular basalts from Hawaii, which have relatively 

uniform mineral and chemical compositions, but range in porosity from 2-98%. The results of 

their tests can be seen in Figure 2.8. The thermal conductivities of the dry and saturated samples 

are relatively close when porosity is low, because the majority of heat flow occurs through the 

rock matrix. When pores make up larger volume fractions of the rock, the difference in thermal 

conductivity between dry and saturated samples becomes larger. In either case, the pore fluid acts 

as a thermal insulator, reducing thermal conductivity. Robertson and Peck found that theoretical 

models predicting rock conductivity from the proportion and conductivity of the pore fluid were 

of limited use, as microfractures insulating mineral grains were not accounted for. Experimentally 

determined correction factors were required to relate these parameters. 

 More recently, testing of the Opalinus Clay at the Mont Terri URL in Switzerland 

showed that thermal conductivity increased linearly with water content. Figure 2.9 shows the 

results from samples taken at different depths from the same boreholes. In general, thermal 

conductivity increased at a rate of approximately 0.05W/m·K per percent of water content 

(Wileveau and Rothfuchs, 2007). 
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Figure 2.8: Data plotted from Robertson and Peck (1979) shows thermal conductivity 

decreasing as a function of porosity; thermal conductivity is greatest when samples were 

saturated because water has a higher thermal conductivity than air. 

 

Figure 2.9: Laboratory testing of the Opalinus Clay from Mont Terri, Switzerland, 

demonstrated the linear relationship between water content and thermal conductivity 

(Wileveau and Rothfuchs, 2007).  
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2.1.2.5 Structure and Texture 

The structure and texture of a rock can affect the magnitude and directionality of its thermal 

conductivity. 

Cubic crystals, such as halides, conduct heat equally in all directions. All other crystal systems, 

however, conduct heat anisotropically, based on orientation relative to the main crystallographic 

axes (Kappelmeyer and Haenel, 1974). In a rock with little internal ordering, the semi-random 

orientation of the crystals will average out, so individual mineral grains will not affect the 

directionality of the effective thermal conductivity. Because of this, most igneous rocks have 

isotropic thermal conductivities (Clauser and Huenges, 1995). In rocks with structures and 

textures that align crystal axes, thermal conductivity will be a function of the direction of heat 

flow. 

Figure 2.5 shows the thermal conductivities of the Pelham gneiss, both parallel and 

perpendicular to the direction of mica foliation (Pelham II and Pelham I respectively). The 

thermal conductivity is greater parallel to the foliation, even though both units have the same 

composition. This is because biotite mica, a sheet silicate with monoclinic crystallography, has a 

thermal conductivity of 3.14W/mK parallel to its axis, and 0.52W/mK perpendicular to its axis. 

This value is often given as an average effective thermal conductivity of 2.02W/mK, which is 

reasonable in rocks with randomly oriented grains (Birch and Clark, 1940; Clauser and Huenges, 

1995). When the mica crystals are aligned due to foliation, their grain-scale anisotropic thermal 

properties affect heat flow on a macro-scale. 

Even when crystal grains are not aligned, structure can affect thermal conductivity. In 

layered sedimentary rocks, each rock facies is composed of many thinner beds with varying 

mineralogies. A single highly conductive bed can act as a heat sink, transferring thermal energy 

laterally over relatively large areas, but no one layer will significantly affect thermal conductivity 

across the bedding. Midttømme and Roaldset (1999) state that the thermal conductivity of a 

sedimentary rock parallel to bedding may be twice as high as conductivity measured 
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perpendicular to it. In Figure 2.6, the thermal conductivity of the Pennsylvanian limestone is 

greater parallel to bedding than perpendicular to bedding, by approximately 50%. 

Testing of the Opalinus Clay at Mont Terri URL showed the same trend. Thermal 

conductivity parallel to bedding is approximately 2.1W/m·K, twice as large as the thermal 

conductivity perpendicular to bedding, 1.0W/m·K (Wileveau and Rothfuchs, 2007). This 

laboratory testing was conducted on samples from a borehole adjacent to a heater in HE-D, an in 

situ heating experiment discussed in more detail in Section 3.3.4.3. The results of the laboratory 

testing are shown in Figure 2.10. 

 

Figure 2.10: The thermal conductivity of the Opalinus Clay is approximately 2.1W/mK 

parallel to bedding and 1.0W/mK perpendicular to bedding (Wileveau and Rothfuchs, 

2007).  

 

Kappelmeyer and Haenel (1974) suggest Equation 2.15 to determine the total thermal 

conductivity k at angle 𝜃 between the x and y-axes in an anisotropic medium. Figure 2.11 

demonstrates how this anisotropy affects the temperature field around a given heat source. 



28 

 

 𝑘 = 𝑘𝑥 cos
2 𝜃 + 𝑘𝑦 sin

2 𝜃 
  2.15 

 

 

Figure 2.11: A sedimentary unit with layers of different thermal conductivities conducts 

heat more efficiently parallel to the direction of bedding (Sundberg, 1988).  

 

In a rockmass, structures such as dikes, shear zones, or faults will create changes to the 

thermal conductivity system. A dike with low thermal conductivity may act as an insulator; a 

water-bearing fracture may conduct heat away from the system. The effects of these large 

structures should be considered on an individual basis, depending on the scale of the problem. 

For example, in the Ӓspӧ Pillar Stability Experiment (APSE), discussed in detail in 

Section 3.3.5, several heaters were placed in boreholes around a diorite pillar. The heaters were 

used to generate thermal stress, resulting in controlled yielding of the rock. One of the heaters 

intercepted a water-bearing fracture, which conducted heat away from the pillar. The power 

output of the other heaters was reduced in an attempt to maintain even heating from all directions, 

but the cooling-effect of the water-bearing fracture was still apparent in the test results 

(Andersson et al., 2011). It is impossible to account for every single fracture when designing an 

entire repository, but it is extremely important to account for individual features when conducting 

in situ heating experiments. The effects of rockmass structures must be considered on an 

individual basis, based on the nature of the feature and the scale of the problem. 
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2.1.2.6 Theoretical Calculation of Thermal Conductivity 

The two most basic models for determining the thermal conductivity of a rock from its constituent 

minerals are each based on different simplified paths of thermal flow: parallel and series. These are 

analogous to the electrical models by the same name, which look at the flow of electricity, rather than 

thermal energy, through a system. Parallel and series heat flow models are shown in Figure 2.12. 

 

Figure 2.12: Parallel (1) and series (2) heat flow models (Midttømme and Roaldset, 1999).  

 

In the parallel model, any one path of heat is assumed to travel through only one mineral 

component, which is oriented parallel to the heat flux. The total thermal conductivity is the sum of 

conductivity of all the potential heat paths, per Equation 2.16, where a rock is made up of n 

components with conductivity 𝐾𝑟 and abundance 𝜑𝑟 (Jessop, 1990).  

 
𝐾 = ∑𝜑𝑟𝐾𝑟

𝑛

𝑟=1

 
  2.16 

The series model assumes a single heat path which passes through a representative thickness 

of each mineral component, which is oriented perpendicular to the heat flux. This is expressed in 

Equation 2.17. The series model is most suitable for low-porosity crystalline rocks, where air-filled 
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micro-fractures or voids at grain boundaries have a large effect on thermal conductivity  (Jessop, 

1990). 

 
𝐾 = ∑

𝜑𝑟
𝐾𝑟
⁄

𝑛

𝑟=1

 
  2.17 

In layered sedimentary rocks, parallel and series models may be thought of as simplified 

models for thermal conductivity parallel and perpendicular to bedding, respectively. They may also be 

taken as the theoretical upper and lower bounds of conductivity (Schön, 2011). These models are 

based on a simplistic representation of the rock mass. Given the relative abundance of computational 

power available today, more complex models are often used instead. One example of this is the widely 

used geometric mean model, expressed in Equation 2.18. 

 
𝐾𝑒 =∏𝐾𝑟

𝜑𝑟

𝑛

𝑟=1

 
  2.18 

The geometric mean model is the most popular simple model, and is generally acceptable 

for use in two dimensions, particularly for rocks with intergranular porosity. The geometric mean 

model provides a relatively good fit for most experimental data, but lacks a physical model 

(Kappelmeyer and Haenel, 1974; Sundberg, 1988; Jessop, 1990; Schön, 2011). Experimental results 

suggest that the geometric mean model underestimates thermal conductivity by approximately 10% 

(Sundberg, 2003b). Figure 2.13 shows the thermal conductivities of a hypothetical quartz sandstone 

and carbonate, calculated using the parallel, perpendicular, arithmetic mean, and geometric mean 

methods. 

In an attempt to account for the inherent variability of geomaterials, Hashin and Shtrikman 

developed Equations 2.19 - 2.22 to define upper and lower boundary values for thermal conductivity, 

where the actual conductivity is taken to be the arithmetic mean of those two (Hashin and Shtrikman, 

1962; Sundberg, 1988; Jessop, 1990). 

The lower limit for thermal conductivity is calculated similarly, replacing maximum values 

for minimums in Equations 2.19 - 2.22. Sundberg states that these boundaries are considered the best 
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bounds for thermal conductivity of an isotropic composite material, although they may overestimate 

the thermal conductivity in some cases (1988). 

 𝐾𝑢𝑝𝑝𝑒𝑟 = 𝐾𝑚𝑎𝑥 +
𝐴𝑚𝑎𝑥

(1 − 𝑎𝑚𝑎𝑥𝐴𝑚𝑎𝑥)
⁄    2.19 

where 

 𝐾𝑚𝑎𝑥 = max(𝐾1, 𝐾2, …𝐾𝑛)   2.20 

 𝑎𝑚𝑎𝑥 = (3𝐾𝑚𝑎𝑥)
−1 

  2.21 

 
𝐴𝑚𝑎𝑥 = ∑𝜑𝑟[(𝐾𝑟 − 𝐾𝑚𝑎𝑥)

−1 + 𝑎𝑚𝑎𝑥]
−1

𝑛

𝑟=1

𝑟 ≠ 𝑚𝑎𝑥 
  2.22 

 

Figure 2.13: Thermal conductivity as a function of porosity as calculated for (A) a quartz 

sandstone and (B) a carbonate rock using the parallel, perpendicular, arithmetic mean, and 

geometric mean models (Schӧn, 2011). 

 

The Self-Consistent Approximation (SCA) method assumes that each mineral grain lies 

within a uniform medium with thermal conductivity equal to the mean rock mass value. Figure 2.14 

shows (A) a real composite medium and (B) the self-assistant approximation. Equation 2.23 
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represents the SCA in m dimensions, where 𝑘𝑒 is the effective thermal conductivity of a rock 

composed of i minerals, each with thermal conductivity 𝑘𝑖 and volume fraction 𝑉𝑖. 

 

Figure 2.14: (A) a real composite medium and (B) the self-consistent approximation, where 

each grain lies within a uniform medium (Sundberg, 1988). 

 

 

𝑘𝑒 =
1

𝑚
[∑

𝑉𝑖
(𝑚 − 1)𝑘𝑒 + 𝑘𝑖

𝑛

𝑖=1

]

−1

 
  2.23 

In two dimensions, the SCA is roughly equal to the thermal conductivity calculated via 

geometric mean for an isotropic, homogeneous, crystalline rock mass (Equation 2.18). In three 

dimensions, Sundberg (1988) suggests a modified SCA, which assumes a statistical proximity 

between the different mineral phases of a rock, based on their relative abundance. In soils and high 

porosity saturated rock, pore-water surrounds grains and creates low conductivity areas, 

effectively creating a contact resistance between grains. Sundberg quantifies this resistance 

through a dimensionless correction factor α, thermal contact resistance. Equations 2.24 and 2.25 

are used to determine α for saturated and dry rock respectively, where the thermal conductivities 

of mineral grains, water, dry air, and cement in the grain contact of porous rock are 𝑘𝑔, 𝑘𝑤, 𝑘𝑎, 

and 𝑘𝑐 respectively (Sundberg, 1988). 

 
𝛼𝑠𝑎𝑡 =

1

𝑘𝑔
∗ [

𝛽

𝑘𝑔
+
𝑐 ∗ (1 − 𝛽)

𝑘𝑤
+
(1 − 𝑐) ∗ (1 − 𝛽)

𝑘𝑐
]

−1

   2.24 
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𝛼𝑑𝑟𝑦 =

1

𝑘𝑔
∗ [

𝛽

𝑘𝑔
+
𝑐 ∗ (1 − 𝛽)

𝑘𝑎
+
(1 − 𝑐) ∗ (1 − 𝛽)

𝑘𝑐
]

−1

   2.25 

The correctional factor c takes into account the stronger thermal contact between grains 

in lithified sedimentary units (c=0.15 for sandstone, 0.30 for limestone) as compared to soils 

(c=1). β is a constant related the ratio between the contact surface and grain diameter, which has 

been correlated empirically to porosity, n, via Equation 2.26. 

 𝛽 = 1 − 0.128 ∙ 𝑛 + 0.0646 ∙ 𝑛2 + 0.0649 ∙ 𝑛3 
  2.26 

Pore water at grain contacts is the last to be drained, so the thermal contact resistance is 

logarithmic with decreasing levels of saturation, 𝑆𝑟, according to Equation 2.27. 

 𝛼𝑡𝑜𝑡𝑎𝑙 = (0.95 ∗ log(𝑆𝑟) + 1)(𝛼𝑠𝑎𝑡 − 𝛼𝑑𝑟𝑦) + 𝛼𝑑𝑟𝑦   2.27 

Equation 2.28 uses a modified SCA method to determine the effective thermal 

conductivity, 𝑘𝑒,  for a material with three phases in three dimensions. Equations 2.29 - 2.31 

determine 𝑘𝑖 for each phase: mineral grains, water, and air respectively. 

 

𝑘𝑒 =
1

3
[∑

𝑉𝑖
2𝑘𝑒 + 𝑘𝑖

3

𝑖=1

]

−1

 
  2.28 

 

 𝑘1 =𝛼𝑡𝑜𝑡𝑎𝑙 ∗ 𝑘𝑔 
  2.29 

 

 𝑘2 =𝑘𝑤 
  2.30 

 

 𝑘3 =𝑘𝑎𝑣 = 𝑘𝑎 + ℎ𝑘𝑣 
  2.31 

 

The air phase is composed of both dry air (𝑘𝑎) and the contribution of vapour diffusion 

(𝑘𝑣), the effect of which is dependant on humidity, h. Sundberg (1988) states, however, that these 
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techniques assume a homogenous and isotropic crystalline sample. It does not take into account 

the effect of bedding in sedimentary rock units. Research conducted at the Äspö HRL indicates 

that the SCA underestimates the thermal conductivity of Ävrö granite and Äspö diorite by 5-8% 

(Sundberg, 2003a).  No research is available in the literature regarding the efficacy of the SCA 

method for sedimentary rocks. 

The equations used to calculate thermal conductivity do not account for impurities or 

imperfections within individual mineral grains. Jessop (1990) states that chemical impurities and 

spatial limitations on crystal structure growth affect igneous rocks. Igneous rocks may be 

metamorphosed, and/or eroded, redeposited, and eventually lithified into new sedimentary rocks. 

These processes result in chemical and physical changes to crystal structures, which affect the 

thermal properties of the rock in question, even if mineral composition remains constant. 

Thermal conductivity is the result of many different properties of the rock, making it 

extremely difficult to accurately characterize properties based only on theoretical relationships. 

While they may provide a useful “first approximation” of thermal values, or may establish 

constraining values, thermal conductivity ultimately must be measured directly (Kukkonen and 

Suppala, 1999). 

2.1.2.7 Laboratory Measurement of Thermal Conductivity 

The laboratory techniques for measuring thermal conductivity can generally be divided into 

steady-state and transient methods (Touloukian, Powell, et al., 1970). A steady-state technique is 

one where a constant temperature gradient is used, and the rate of heat flow is determined once 

thermal equilibrium has been achieved. A transient measurement technique observes how a pulse 

of heat moves through a system over time. This measures thermal diffusivity and specific heat 

directly, so that thermal conductivity can be calculated using Equation 2.5, from the mass of the 

sample in question (Touloukian, Powell, et al., 1970; Jessop, 1990). Both types of methods may 

be further subdivided into radial and longitudinal heat flow methods, where the thermal gradient 
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moves either axially through a rod or disk, or radially from the center (Touloukian, Powell, et al., 

1970). As many different methods exist, only those most commonly used to measure the thermal 

conductivity of rock samples will be discussed. 

With all forms of laboratory measurement for thermal conductivity, or any other test 

where the rock is exposed to heat, care must be taken to apply temperature changes in a 

controlled manner. Expansion due to heat exposure may create permanent thermal damage 

leading to lower thermal conductivity and expansion values (Birch and Clark, 1940). This thermal 

damage may be greater if heat is applied rapidly or unevenly, leading to greater differential 

expansion, also known as “thermal shock”.  

Thermal conductivity values measured in laboratory settings are not necessarily reflective 

of the overall rockmass. Conductivity measurements of samples that appear to be similar in 

composition and taken from the same borehole may still vary. Jessop (1990) states that good 

thermal conductivity measurements can only be taken in the field in rock that is relatively 

undisturbed. Even these readings must be taken very carefully because natural fractures or micro-

scale damage due to drilling may skew the results. 

Laboratory results are especially dubious in rocks with very large crystalline structures. 

Given the relatively small size of the samples being tested, crystal grains of high conductivity 

minerals, such as quartz, may span the length of the sample creating the thermal equivalent of a 

“short circuit”. This results in misleading higher thermal conductivity values, depending on the 

orientation of the sample and the crystals within it. Additionally, the larger crystal sizes mean that 

a larger rock sample is required to create a representative sample of the rockmass, which is not 

compatible with most testing methods (Jessop, 1990). Similar problems may arise with samples 

from heterogeneous rock such as the Cobourg Limestone, which has compositionally variable 

layers and clay-rich lenses. 
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2.1.2.7.1 Steady State Methods 

The most basic of the steady-state methods for determining the thermal conductivity of poor 

thermal conductors, such as rock, is Lee’s Disk (Davidson, 1997). Temperature sensors are 

mounted in metallic disks or plates on either side of a thin piece of the rock being tested, and one 

side is heated using a steam chamber. The system is allowed to come to thermal equilibrium, so 

that the temperature being lost by the outermost disk due to air convection is the same as the rate 

of heat conduction through the system (Figure 2.15). The rate of heat transfer by conduction, H, is 

expressed using Equation 2.32. 

 
𝐻 = 𝑘𝐴 (

T2 − T1
𝑥

)   2.32 

Where k is the thermal conductivity in (W/mK), A is the cross sectional area through 

which heat transfer is occurring, x is the thickness of the sample being measured, and T2 − T1 is 

the temperature difference across the sample. 

 

Figure 2.15: Lee's disk measures the 

temperature change across a sample between 

two conductive disks (shown here, brass) 

(Davidson, 1997)  

 

Figure 2.16: The steam chamber and 

associated conducting disk are removed to 

measure the heat transfer due to air 

convection (Davidson, 1997)  

The heater and innermost metallic disk are then removed, and the sample and remaining 

metallic disk are allowed to cool (Figure 2.16). The rate of heat transfer due to air convection is 

expressed in Equation 2.33. 

 
𝐻 = 𝑚𝑐 (

𝑑T

𝑑𝑡
)   2.33 
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Where m and c are the mass and specific heat capacity of the metallic disk, measured in 

(kg) and (J/kgK) respectively, and dT/dt is the rate of cooling of this outermost disk. The thermal 

conductivity is measured when the rate of heat transfer due to air convection and due to 

conduction are equal, so Equation 2.34 can be derived for thermal conductivity, k. 

 

𝑘 = 
𝑚𝑐𝑥

𝐴
(

𝑑T
𝑑𝑡

𝑇2 − 𝑇1
) 

  2.34 

A more refined version of Lee’s disk is the Split Bar method, also known as the Divided 

Bar, originally developed by Lodge (1878). This is the most popular and widely used laboratory 

method for determining thermal conductivity in rocks due to its ease of construction and 

operation, testing time, and accuracy (Sundberg, 1988; Jessop, 1990). This steady-state 

comparative method also uses temperature sensors in metallic disks to look at temperature change 

on either side of a sample within a uniform temperature gradient. Unlike Lee’s disk, two disks of 

a standard reference material are included in the bar and the uniform temperature gradient. By 

comparing temperature changes across the rock sample to those across the standards, a more 

exact reading can be determined.  

 

Figure 2.17: The divided bar method compares temperature changes across a sample to 

those across reference disks 
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The divided bar uses four metallic disks (generally brass or copper) to house thermistors 

at the boundaries of the sample and the reference disks (Figure 2.17). Radial heat loses are 

minimized by using samples with lengths that are small in comparison to their thermal cross-

sections. Insulation or a cylindrical guard heater may also be used, but are not considered 

necessary. The thermal resistance of these bars should be similar to that of the sample. Jessop 

(1990) recommends glass, but ceramic or polycarbonate disks may also be used (McGuinness et 

al., 2014). 

The temperature drop across any of the three disks (∆T1, ∆T2, and ∆T3) is proportional 

to the unwanted thermal resistances of those disks (R1, R2, and R3, measured in Wm2/K), the 

thermal conductivity, and thickness of the three disks, as illustrated in Equation 2.35. 

 
∆T2

∆T1 + ∆T3
=

𝑅2 +
𝑑𝑠

𝑘𝑠
⁄

𝑅1 + 𝑅3 +
𝑑𝑔

𝑘𝑔
⁄

 
  2.35 

Where 𝑘𝑠 and 𝑘𝑔 are the thermal conductivities, 𝑑𝑠 is the thickness of the samples, and 

𝑑𝑔 is the sum total thickness of the glass reference disks. Equation 2.35 is generally simplified to 

Equation 2.36. 

 
𝑑𝑔

∆T2
(∆T1 + ∆T3)
⁄ = 𝑑𝑠

𝑘𝑔
𝑘𝑠

⁄ + 𝑅𝑘𝑔   2.36 

R is the approximate thermal resistance of the system, per Equation 2.37. R is determined 

empirically for each split bar. 

 
𝑅~𝑅2 − (𝑅1 + 𝑅3)

𝑑𝑠𝑘𝑔

𝑑𝑔𝑘𝑠
   2.37 

The details of its construction are discussed in more detail in Section 5.2.1. Jessop (1990) 

estimates that the unwanted resistance in each zone is approximately 12μKm2/W for brass disks 

and 300μKm2/W for the contacts, and is in total considerably less than the resistance of the 

sample and reference materials themselves. The quantity R is determined experimentally. 
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Because the divided bar technique is a steady state comparative method, the results are dependent 

on accurate knowledge of the thermal properties of the standard materials (Sundberg et al., 2003).  

2.1.2.7.2 Transient Methods 

Transient or “heat impulse” methods of measuring thermal conductivity generally rely on a single 

heat pulse, which causes the temperature to rise and then fall at a measuring point within the 

material. Linear or point heat sources may be used, and thermistors may be located some distance 

away within the rock sample, or within the heat source itself. Transient methods generally require 

less time, but require more accurate measurement systems. 

The transient linear heat source method, or needle probe method, is one of the most 

commonly used transient techniques for measuring thermal conductivity. A linear heat source, 

inserted axially into a rock sample, generates heat at a constant rate. Over time, the rate of 

temperature increase approaches a linear relationship with the logarithm of time, and thermal 

conductivity can be calculated using Equation 2.38 (Blackwell, 1954; Touloukian, Powell, et al., 

1970; Beck et al., 1971). 

 
𝑘 =

𝑞

4𝜋(T2 − T1)
ln
𝑡2
𝑡1

   2.38 

The Transient Plane Source (TPS) method, discussed in Section 2.1.1.3, is another 

transient method commonly used to determine thermal conductivity. Unlike the Needle Probe 

method, TPS uses a single heat pulse lasting only a few seconds. This is considered 

“instantaneous” when looking at the timescale of temperature conduction in rocks. 

2.1.2.8 In Situ Measurement of Thermal Conductivity 

In situ thermal conductivity measurements are generally considered more accurate, because 

disturbance to the rockmass is minimal and the larger scale often better captures the rockmass as 

a whole. Single- or multi-probe methods may be used, and field measurements may be taken 

relatively quickly or over the course of several months as part of a long term experiment. 
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The most common in situ method, the single-probe method, is a larger version of the 

needle probe method discussed in Section 2.1.2.7.2. A probe, consisting of a long cylindrical 

heater embedded with thermistors, is inserted into boreholes and turned on at a constant power 

output level. Inflatable packers near the ends of the cylindrical heater may be used to prevent 

convective heat losses. As with the laboratory scale method, the temperature vs log time curve 

will asymptotically approach a straight line, the slope of which is related to the thermal 

conductivity. This will occur only when the time is very large relative to a2/s, where a is the 

radius of the borehole and s is the thermal diffusivity of the rockmass. In a moderately diffusive 

rockmass, with a borehole radius of 5 cm, this will take several hours at minimum (Jessop, 1990). 

The multi-probe method uses similar techniques, but temperature is also recorded at 

measuring probes some distance away from the original probe, as shown in Figure 2.18. These 

two methods are often used together, so the heat generating probe acts as a single-probe test and 

the nearby temperature measuring probes can look at thermal conductivity over a specific section 

of rock. These methods generally require heating periods of several hours to establish the linear 

relationship in Equation 2.38. Heating periods may be further increased if larger diameter probes 

are used or the probes have poor thermal contact with the borehole walls (Blackwell, 1954; 

Jaeger, 1958; Beck et al., 1971; Sundberg, 1988). 
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Figure 2.18: The multi-probe method for determining thermal conductivity in situ 

(Sundberg, 1988) 

 

These transient linear source field methods assume that an infinite linear heat source is 

placed inside a homogeneous temperature distribution. The heater should be sufficiently long 

with respect to borehole diameter to minimize the thermal effects of heat flow in an axial 

direction (Jessop, 1990; Kukkonen and Suppala, 1999). 

The large-scale in situ repository tests conducted by nuclear research groups 

internationally are the most rigorous method of testing thermal conductivity. These tests often 

involve a dummy waste canister, which actually contains one or more heaters. Depending on the 

proposed repository design, the heater is often backfilled with bentonite. Boreholes surrounding 

the mock repository are installed with temperature, pressure, and/or strain monitoring equipment. 

The results are used in coupled THM models to determine thermal properties. Several prominent 

in situ heating tests are discussed in Section 3.3. 
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2.1.3 Linear Thermal Expansion 

Rock-forming minerals and water will experience thermal strain as a result of temperature 

changes. Within a confined rockmass, this expansion will create thermally induced stress which 

may ultimately exceed the strength of the rock. The relationship between thermal strain and 

temperature change is quantified by the linear thermal strain coefficient, α, per Equations 2.39 

and 2.40. 

 
𝛼 =

1

𝐿0

∆𝐿

∆T
   2.39 

or 

 
𝛼𝑖𝑗 =

𝜕𝜖𝑖𝑗

𝜕T
   2.40 

The linear thermal expansion coefficient, 𝛼𝑖𝑗, defines the strain that occurs along a single axis. 

Only cubic crystals expand isotropically; for all other minerals, different rates of thermal 

expansion occur relative to their crystallographic axes. The volumetric thermal strain coefficient, 

𝛽, is the sum of the linear strain coefficients in any three orthogonal directions (Equation 2.41). It 

may also be defined as the change in volume that occurs for a given change in temperature 

(Cooper and Simmons, 1977).  

 𝛽 = 𝛼1 + 𝛼2 + 𝛼3 
  2.41 

As a rock is heated, micro-fractures occur as the thermal stresses that result from expansion 

exceed bond strength. This happens for two main reasons: differential rates of grain expansion 

caused by uneven heating, and differential rates of expansion due to the different composition and 

orientation of the mineral grains. The first can be minimized by heating samples slowly; Cooper 

and Simons (1977) recommend a rate of 2°C/min. The second type of damage, known as thermal 

cycling cracking, is a fundamental, unavoidable part of the thermal expansion process at 

atmospheric pressures (Cooper and Simmons, 1977; Wong and Brace, 1979). 
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When the rock is cooled to its original temperature, a portion of the strain is non-recoverable; 

while the individual grains return to their original size, dilation has occurred due to these thermal 

cycling cracks. Upon reheating, the fractures provide spaces for grains to expand into, so the 

coefficient of thermal expansion for the rock appears to be reduced (Cooper and Simmons, 1977). 

Thermal strain is almost fully reversible in subsequent heating and cooling cycles within the same 

temperature range (Contreras and Bermejo, 1983). The measured thermal expansion that occurs 

within a new temperature domain, when new micro-fractures are forming and old ones extending, 

is often the result of increased rock porosity and not specifically the thermal expansion of the 

individual grains. 

In addition to thermal cycling cracks, the thermal expansion of a rock, much like thermal 

conductivity, is influenced by pressure, temperature, mineralogy, porosity, saturation, and 

structure. Coefficients of linear or volumetric strain are often given for constant volume or 

constant pressure systems. 

2.1.3.1 Pressure 

Changes in pressure appear to have little influence on thermal expansivity until a critical pressure, 

P*, is reached, when thermal cycling cracks can no longer form. Further pressure increases 

beyond P* will generally result in a decrease in thermal expansivity. Wong and Brace (1979) 

established the linear relationship in Equation 2.42, where 𝛼𝑖𝑖
0  is the room-pressure thermal 

expansion tensor, P is the pressure, and 𝐾𝑖
𝑇 is the isothermal linear compressibility. 

 
𝛼𝑖𝑖(𝑃) = 𝛼𝑖𝑖

0 + (
𝜕

𝜕𝑇
𝐾𝑖
𝑇)𝑃   2.42 

This critical value, P*, will be different for each rock, given its composition and thermal history, 

and is not necessarily equal to the crack-closing pressure. P* will be greater for rocks which have 

already experienced thermal cycling at atmospheric pressure, and therefore have thermally-

induced damage (Wong and Brace, 1979).  
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2.1.3.2 Temperature 

The coefficient of thermal expansion generally increases with temperature, as the rate of 

thermally induced cracking increases (Cooper and Simmons, 1977). While complex relationships 

do exist for individual rock units over specific temperature ranges, Fei (1995) developed the more 

general expression Equation 2.43 to determine expansion coefficients as a polynomial with 

experimentally determined constants 𝑎0, 𝑎1, and 𝑎2. 

 𝛼(T) = 𝑎0 + 𝑎1T + 𝑎2T
−2 

  2.43 

Dane (1942) states that the direction of maximum compressibility of rocks in situ generally 

corresponds to the direction of maximum thermal expansion, so increases in both pressure and 

temperature will somewhat cancel each other out. 

2.1.3.3 Mineral Composition 

The thermal expansion coefficients for several different rock forming minerals are shown in 

Table 2.3. Grains within a rock may be randomly arranged, so thermal expansion differs from 

grain to grain due to different mineral composition and crystallographic orientation. If they are 

present in sufficient quantities, the minerals with the largest thermal expansion will determine the 

strain of the specimen as a whole (Harvey, 1967; Somerton, 1992; Steiger et al., 2011). 

Table 2.3: Linear thermal expansion of common rock-forming minerals, average values 

from 20-100°C (Dane, 1942). 

Mineral, axis Linear Thermal Expansion Coefficient (10-6/K) 

Quartz, ⊥caxis 23.33 

Quartz, ǁǁ c axis 10.00 

Calcite, ⊥caxis -3.15 

Calcite, ǁǁ c axis 19.89 

Plagioclase, ǁǁ a axis 11.25 

Plagioclase, ⊥010 axis 3.75 

Hornblende, ⊥100 axis 6.25 

Hornblende, ǁǁ b axis 7.50 

Hornblende, ǁǁ c axis 6.25 
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In cubic crystals, such as halite, thermal expansion is isotropic throughout each grain. All 

other crystal structures have two or three linear thermal expansion coefficients, describing the 

different rates of strain with respect to the different crystallographic axes. Rocks with 

preferentially aligned non-cubic minerals may exhibit anisotropic thermal conductivity as a result 

of this (Harvey, 1967; Somerton, 1992; Kukkonen and Suppala, 1999). 

While the vast majority of thermal induced strain is expansion, it is important to note that 

some minerals do experience thermal contraction along at least one crystallographic axis. The 

most common of these is calcite, wherein the rotation of ions that occurs due to heating creates 

expansion along the c-axis and contraction along the a-axis (Austin et al., 1940; Steiger et al., 

2011). The thermal expansion of calcite and several other minerals is shown in Figure 2.19. The 

relatively large degree of anisotropy in calcite means that a slight preferential orientation of these 

grains within limestones can lead to anisotropy of the overall rockmass (Wong and Brace, 1979). 

 

 

Figure 2.19: Thermal expansion varies between the different crystallographic axes of 

minerals (Steiger et al., 2011). 
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Figure 2.20 shows the thermal expansion of three different sandstone units, and the 

thermal expansion of quartz both parallel and perpendicular to the c-axis. The sandstones range in 

composition from 50% to 80% quartz (Boise and Berea Sandstones respectively), but all expand 

at a rate similar to that of quartz (perpendicular to the C-axis). Somerton (1992) concluded that, 

above some critical compositional threshold, quartz dominates the expansion process. As 

temperatures increase beyond 573°C, α-quartz transitions to the less expansive β-quartz. After 

this point the other, more expansive constituent minerals control the behaviour of the sandstone. 

Upon cooling to room temperature, all three sandstones exhibited permanent, non-recoverable 

strain. 

 

Figure 2.20: Linear expansion of three sandstone units, perpendicular to bedding, 

compared to the linear thermal expansion of quartz with respect to two optical axes 

(Somerton, 1992). 

 

The linear thermal expansion of quartz is 0.14% and 0.08% perpendicular and parallel to 

the c-axis respectively, between 20-100°C. Figure 2.21 shows the linear thermal expansion of the 
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Berea Sandstone perpendicular and parallel to bedding: both values are similar to that of quartz. 

This indicates that the quartz is predominantly random in orientation, so the anisotropic nature of 

the quartz particle has little effect on the larger scale (Somerton, 1992). 

 

Figure 2.21: The linear thermal expansion on heating and cooling of the Berea Sandstone, 

parallel and perpendicular to bedding, compared to quartz (Somerton, 1992). 

 

2.1.3.4 Porosity and Saturation 

Somerton (1992) demonstrated that thermal expansion coefficients of dry and saturated samples 

are relatively similar. Thermal expansion does, however, affect rock porosity. Mineral grains will 

preferentially expand into void spaces as they are heated. As a result, rocks with a larger 

proportion of expansive minerals (such as quartz) and a larger ratio of mineral grains to pores will 

experience the greatest change in porosity. These effects are relatively small: a sandstone at 
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1000m depth, with an initial pore volume of 20%, when heated from 100°C to 200°C, would 

likely experience a ~1% change in porosity. 

Initial in situ pore pressure has little effect on pore volume contraction due to heating at 

temperatures below 100°C, with increasing effect at temperatures greater than 100°C, as shown in 

Figure 2.22 (Somerton, 1992). 

 

Figure 2.22: These laboratory testing results of the Bandera Sandstone demonstrate that the 

lower rates of thermal expansion caused by increases in pore pressure are more apparent at 

large temperatures (Somerton, 1992). 

 

2.1.3.5 Structure and Texture 

Structures and textures within rock will affect grain alignment and size, affecting thermal 

expansion. If a rock is composed of thermally anisotropic minerals with a preferential orientation, 

the rock itself will experience anisotropic thermal expansion. Rozenholtz and Smith (1951) were 

able to use thermal conductivity measurements in Yule Marble at different orientations to 

determine the optical axis orientations of calcite grains within their samples. Their results 
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matched with microscopic measurements, and successfully demonstrated how the alignment of 

mineral grains creates anisotropic thermal expansion at a larger scale. 

Harvey (1967) tested 39 samples of limestone and dolomite and noted the importance of 

texture in thermal expansion. The results of his investigation are shown in Figure 2.23. In the 

Kimmswick, Nachusa, and Harrodsburg Formations, which were dolomites and coarse-grained 

crinoidal limestones, expansion was greatest perpendicular to bedding. Harvey postulated that 

dolomite and calcite particles are oriented, due to their original deposition and the subsequent 

pressure of lithification, with the more expansive c-axes perpendicular to bedding. In the St. 

Louis Formation, a fine-grained limestone, thermal expansion was greatest parallel to bedding, 

possibly due to the alignment of the micrite particles with the most expansive axis in this 

direction. In contrast, the sandstones shown in Figure 2.21 expanded at a similar rate 

perpendicular and parallel to bedding. This is due to the relatively random orientation of the 

quartz crystals in these sandstones, which controlled expansion behaviour. 

Harvey (1967) also looked at the effect of grain size on thermal expansion coefficients 

(Figure 2.24). He found that limestones with larger grains experience the greatest nonlinearity of 

expansivity over a given temperature range. This is believed to be due to the types of grain 

boundaries: larger grains in direct contact with each other, or “equant grain mosaics”, could more 

efficiently transfer thermal stress. In rock samples where larger calcite grains were surrounded by 

a very fine-grained matrix, the thermal expansion coefficient increased approximately linearly 

with temperature. The effect of grain size was more prominent in limestones than in dolomites. 

The response of clay to heat may vary based on consolidation ratio. Testing of the Boom 

clay has shown that mostly reversible thermal expansion occurs in highly overconsolidated clays. 

When the clay is normally consolidated, it experiences thermal hardening, a mostly irreversible 

contraction. At low levels of overconsolidation, the clay may experience both dilation and then 

contraction, as temperatures increase (François et al., 2009). 
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Figure 2.23: Thermal expansion is greatest perpendicular to bedding in the Kimmswick, 

Nachusa, and Harrodsburg Formations, which are dolomites and crinoidal limestones. 

Thermal expansion is greatest parallel to bedding in the fine grained St. Louis Limestone 

(Harvey, 1967). 
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Figure 2.24: The average thermal expansion of limestone and dolomite between -20 to 80°C 

increases with median grain size (Harvey, 1967). 

 

2.1.3.6 Theoretical Calculation 

Like specific heat capacity, thermal expansion can be calculated using a weighted average of the 

constituent minerals (Robertson, 1988). These theoretical values generally appear unreliable 

when measured in laboratory settings at atmospheric pressure. Cooper and Simmons measured 

the thermal expansion of porous sandstones and found that the expansion coefficients estimated 

from modal averaging were on average less than 50% of the experimentally determined values. 

Calculated values were initially higher than those measured at 25°C, but during heating, the 

measured expansion rates increased rapidly. The increased discrepancy with temperature led the 
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researchers to conclude that the difference was caused primarily by thermal cycling cracks 

(Cooper and Simmons, 1977). 

Rocks in situ are subject to pressure which reduces the thermal expansion. Dane (1942) 

states that in this case, thermal expansion coefficients more closely resemble a weighted average 

of the constituent minerals. 

2.1.3.7 Laboratory Measurement of Thermal Conductivity 

Linear thermal expansion can be measured using most conventional strain measurement 

technologies, the two most common of which are dilatometers and strain gauges. Of these two, 

only strain gauges can be used on samples experiencing an applied load (Huotari and Kukkonen, 

2004). Whatever method is used, the thermal effects on the measurement apparatus itself must be 

considered. 

2.1.3.7.1 Strain Gauges 

Electrical resistance strain gauges consist of a thin wire grid with well-known electrical 

properties. The electrical resistance R of the strain gauge will change as a function of grid length 

L, diameter D, and resistivity 𝜌, as in Equation 2.44. Using Equation 2.45 strain can be measured 

with a simple electrical circuit where 𝐹𝑔 is the gauge factor. 

 
𝑅 = 𝜌

4𝐿

𝜋𝐷2
   2.44 

 

 
휀 =

∆𝐿

𝐿
=
∆𝑅 𝑅⁄

𝐹𝑔
   2.45 

When resistivity strain gauges are used, the strain reading is the result of thermal strains of the 

rock sample, thermal strains of the gauge, and resistivity changes of the gauge. The observed 

thermal strain of a sample, 휀𝑠, can be calculated using Equation 2.46 to account for all these 

components. 
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휀𝑠 = [

𝛽𝑔

𝐹𝑔
+ (𝛼𝑠 − 𝛼𝑔)] ∆T   2.46 

𝛽𝑔

𝐹𝑔
 is the ratio of the thermal coefficient of resistivity of the strain gauge grid to the gauge factor 

of the strain gauge, and 𝛼𝑠 − 𝛼𝑔 is the difference of thermal strain coefficients for the sample and 

the strain gauge (Micro-Measurements, 2010a). Instead of determining the strain gauge properties 

at each temperature, a reference standard is used. The same type of strain gauge is attached to a 

material with well-known thermal properties. The measured strains of the reference and the 

sample can be compared to solve for 𝛼𝑠, as shown in Equation 2.47. 

 𝛼𝑠 − 𝛼𝑟 =
휀𝑠 − 휀𝑟
∆T

   2.47 

Where the thermal coefficient for the reference material, 𝛼𝑟, is known for the temperature range 

being tested, and 휀𝑠 and 휀𝑟 are the measured strains of the sample and reference respectively. 

This method relies on the strain gauges used for the reference and the sample having the same 

thermal and resistivity properties; therefore, care should be taken to ensure that similar strain 

gauges are used (from the same batch, ideally), and that all guide wires have the same length 

(Micro-Measurements, 2010a). 

2.1.3.7.2 Dilatometers 

Dilatometers measure expansion using a tube or rod of stable material that controls an 

extensometer to measure very small changes in position. Rods may be horizontal or vertical, and 

the rod may extend beyond the heated zone or the entire dilatometer may be placed inside of a 

furnace.  A simple push-rod dilatometer, which transfers the strain to an extensometer outside of 

the heated zone, is shown in Figure 2.25. 
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Figure 2.25: A schematic diagram of a push-rod dilatometer (Touloukian, Kirby, et al., 

1970). 

 

In this system, the expansion of the reference rod is described by Equation 2.48. 

 ∆𝐿

𝐿293
= 𝑐0

(∆𝐿)𝑎
𝐿293

+ 𝑐1   2.48 

Where (∆𝐿)𝑎 is the apparent change in length based on the difference between the 

extensometer readings at two different temperatures 𝐿293 is the length at 293K, and 𝑐0 and 𝑐1 are 

calibration constants for the system (Touloukian, Kirby, et al., 1970). Calibration should be done 

at the temperature range being tested, to account for the thermal expansion of the push rod. The 
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uncertainty of this method depends on the quality of the dilatometer used, and the precision of the 

system (Huotari and Kukkonen, 2004). 

 

2.1.4 Modelling the Thermal System 

When examining the transfer of heat through a material, one of the primary values of interest is 

the heat flux vector 𝐪𝑇 (W/m2). This represents the direction and magnitude of thermal energy 

flow. Fourier’s Law for conduction of heat, Equation 2.49, states that the heat flux is largest when 

measured perpendicular to an isothermal contour of the temperature field, 𝛻T, measured in °C. 

The magnitude of the heat flux depends on the thermal conductivity tensor, 𝑘𝑇 (W/m°C). 

Fourier’s Law is valid for stationary, homogenous, isotropic solids. 

 𝐪𝑇 = −𝑘𝑇𝛻T 
  2.49 

In models which also examine fluid flow and the larger THM system, an effective 

thermal conductivity is used to take into account the changes that result from varying saturation S 

and porosity n. FLAC, a common finite difference engine by Itasca, uses Equation 2.50 to 

combine the effects of the solid thermal conductivity 𝑘𝑠
𝑇 and the fluid thermal conductivity 𝑘𝑤

𝑇  

(Itasca, 2011). 

 𝑘𝑇 = 𝑘𝑠
𝑇 + 𝑘𝑤

𝑇  
  2.50 

This is essentially the parallel model (Equation 2.16), and generally overestimates 

thermal conductivity by assuming a linear relationship with water content (Midttømme and 

Roaldset, 1999; Schön, 2011). Different models will use different parameter relationships: 

CODE_BRIGHT, a THM program designed to look at clay materials, relates thermal 

conductivity to porosity and saturation through a geometric mean, as shown in Equation 2.18 

(Gens et al., 2009). Geometric mean models are often considered the best simple expression for 

thermal conductivity as a function of multiple components, but this is an observed, general 

relationship without a physical model (Kappelmeyer and Haenel, 1974; Sundberg, 1988; Jessop, 
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1990).  At a more advanced stage of repository design, an experimentally determined site-specific 

model may be more appropriate to represent thermal conductivity. 

Heat flux is used in the differential expression for energy balance, as shown in Equation 

2.51.  

 
−𝛻 ∙ 𝐪𝑇 +𝑞𝑣

𝑇 =
𝜕휁𝑇
𝜕𝑡

   2.51 

Where 𝑞𝑣
𝑇 is the volumetric heat source intensity in W/m3 and 휁𝑇 is the heat stored per 

unit volume in J/m3. Equation 2.51 states that the change in stored thermal energy is equal to the 

sum of the heat flux and the heat being directly applied to the system.  

The thermal constitutive law relating stored heat to changes in temperature is shown in 

Equation 2.52, where 𝜌 is the material density (kg/m3) and 𝐶𝑣 is the specific heat capacity at a 

constant volume (J/kg°C) (Itasca, 2011). This assumes that the heat generated by mechanical 

strain has a negligible effect on the temperature field, a common assumption in THM modelling 

(Jing, Tsang, et al., 1995; Tsang, 1999; Hudson et al., 2001; Rutqvist et al., 2001; Rutqvist and 

Tsang, 2003a). 

 𝜕휁𝑇
𝜕𝑡

= 𝜌𝐶𝑣
𝜕T

𝑑𝑡
   2.52 

  
 

2.2 Thermo-hydro-mechanical Coupling Processes 

In the design of a nuclear repository, a number of different systems must be carefully considered 

throughout the design process: the repository rooms must be spaced to ensure that temperatures 

do not exceed design thresholds, the hydrologic effects and their implications on nuclide transport 

must be considered, and the repository must be mechanically stable. It is relatively 

straightforward to account for each of these processes individually, but the complex interaction 

between the Thermal, Hydrologic, and Mechanical (THM) systems must also be considered. 
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These are coupled processes, meaning that any change in one system affects the initiation and 

progress of the others (Tsang et al., 2004). 

 

Figure 2.26: Thermal, hydrological, and mechanical processes are coupled, so any change in 

one process will affect the others (Jing et al., 1995). 

 

2.2.1.1 Thermo-hydrologic coupling 

The retardation of nuclide transport is an important factor for all potential repository sites. The 

most common way to achieve this is to utilize a host rock with low hydraulic conductivity. In low 

permeability host rocks, the effect of fluid flow within the rock matrix on thermal diffusion is 

assumed to be negligible. Because fluids represent a small volume of the overall system, moving 

at a low velocity, the vast majority of heat flow is not through advection or convection, but 

conduction within the rock (Tsang et al., 2004; Hökmark et al., 2006; Gens et al., 2007; Jing and 

Stephansson, 2007).  The effects of advection and conduction are apparent when the intrinsic 

porosity is greater than 10-11 m2; to be conservative, the assumption of negligible hydraulic effects 

on thermal behavior is only recommended when intrinsic permeability is less than 10-15 m2 (Gens 

et al., 2007; Garitte et al., 2014).  
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This rough guideline suggests that advection and convection within the rock matrix can 

be ignored for all of the proposed host rocks; modelling has validated this assumption for many 

rock types (Tsang et al., 2004; Gens et al., 2007; Jing and Stephansson, 2007; Garitte et al., 

2014). 

The presence of interconnected fractures has a large effect on the repository system. This 

zone of increased permeability provides a flow path for nuclides and is large enough to affect the 

spread of heat through the system. As a greater volume of fluid is transported, assumptions 

regarding the effect of mechanical and thermal processes on hydraulic parameters may no longer 

be valid. When convective thermal flow becomes more important, the effect of temperature on 

fluid flow properties must also be considered. Discrete Fracture Network (DFN) models or 

Discrete Element Method (DEM) models with thermal capabilities are often used to examine 

these areas of increased flow and their effects (Jing and Stephansson, 2007). The presence of 

fractures is of particular concern in crystalline rockmasses, which do not have the expansive, self-

healing properties of claystones. 

Even in rocks with extremely low porosity and no fractures, thermo-hydrologic coupling 

will likely be present in the engineered barrier system. The relatively sudden increase in 

temperature that occurs immediately after waste emplacement will lead to the vaporization of 

some pore water, and a decrease in thermal conductivity and specific heat capacity of the sealing 

bentonite layers. This is discussed in more detail in Section 3.3.2, which discusses the FEBEX in 

situ heating experiment. 

2.2.1.2 Thermo-mechanical coupling 

Thermal loading occurs due to an increase in temperature, as the various mineral grains within a 

rock undergo differential thermal expansion. Thermal strain, 휀𝑖𝑗
𝑇 , is a function of the temperature 

change and linear thermal expansion, as shown in Equation 2.40. The stress caused by a given 

thermal strain varies between models, depending on the constitutive laws used. 
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Mechanical to thermal coupling is generally not considered in THM systems. The 

frictional energy generated by rock mass deformation does not increase the heat within the system 

noticeably (Jing, Tsang, et al., 1995; Hudson et al., 2005; Hökmark et al., 2006; Gens et al., 

2007). 

The impact temperature has on the mechanical properties of a rock should be considered 

on a case-by-case basis. In the Boom Clay, for example, both preconsolidation pressure (the 

stress yield limit) and friction angle decrease with increasing temperature (François et al., 2009).  

2.2.1.3 Hydro-mechanical coupling 

The total stress acting on the system increases as a result of both the thermal loading and the 

increased pore pressure. Increases in pore pressure occur as a result of the thermo-mechanical 

processes, because the expanding mineral grains move into existing pore spaces, reducing the 

void volume available for pore fluid. 

In undrained conditions, resulting from low hydraulic conductivity and a relatively high 

strain rate, pore pressures do not have time to dissipate, and may create fractures or propagate 

existing ones. Shear induced failure on critically-stressed fractures could dramatically increase 

the hydraulic conductivity. During failure, porosity may increase due to brecciation, surface 

roughness, or damage to infilling material. Flow through parallel fractures is proportional to the 

cube of aperture; even a small change in fracture size could dramatically increase flow (Tsang et 

al., 2004; Gens et al., 2007). 

Alternatively, pore pressures which dissipate over time (drained conditions) will reduce 

the effective stress, which could lead to additional mechanical damage. The mechanical changes 

induced by pore pressures are considerably smaller than the deformations caused by thermal 

loading in stiff rock masses (Gens et al., 2007). 
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2.2.2 Thermal and THM Processes in  Nuclear Waste Repositories 

The excavation process will have mechanical-hydrological coupling effects, but thermal and 

THM coupled processes do not occur until the operation stage of the waste repository when waste 

fuel is actually placed into the ground. Tsang (2000) defines the operation stage as the time when 

the nuclear waste and buffer/backfill material have been emplaced, but the repository is still 

ventilated and, where necessary, pumped. It could theoretically span several decades as material 

is gradually deposited and, if necessary, retrieved. 

Thermal properties can affect repository design long before emplacement: they can be an 

important determinant in site selection. Most repositories are being designed to conform to strict 

temperature limits. Thermal conductivity will determine the minimum canister spacing. 

Rockmasses with high thermal conductivities act as heat sinks, reducing the maximum 

temperatures near the emplacement drifts by conducting heat over greater distances. One example 

of this is the Swedish Nuclear Fuel and Waste Management Company’s (SKB) final choice when 

comparing two potential repository sites, Forsmark and Laxemar. With thermal conductivities of 

3.5W/m·K and 2.8W/m·K respectively, Forsmark was the better choice from a thermal 

standpoint. Nuclear waste could be stored more densely, resulting in a repository design that was 

30% smaller than an equivalent capacity repository at Laxemar. This difference in layout would 

create a considerable savings in construction, materials, operation, and maintenance costs, and 

was a major factor in choosing Forsmark as the final site (SKB, 2009). Figure 2.27 shows the 

repository layouts at both sites. 
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Figure 2.27: Proposed layouts for DGRs at the Forsmark (top) and Laxemar (bottom) sites; 

the higher thermal conductivity at Forsmark allows for a smaller overall footprint (SKB, 

2009). 
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Once emplaced, radiation from the nuclear material will start to heat the surrounding 

materials: canister, buffer and/or backfill, and host rock. Over decades, the increases in 

temperature will lead to thermally induced stresses due to expansion. The components of the 

repository, i.e. the host rock, the buffer and/or backfill, the canister, and even the proximal pore 

water all have different thermal expansion properties. As a result, expansion will not be equal 

across the system, and could cause high localized stress gradients (Tsang et al., 2000). The 

Cobourg Formation is argillaceous with an extremely low hydraulic conductivity. As both the 

host rock and the pore water within it expand due to the increase in temperature, the pore pressure 

will increase. This could result in localized failures and, as a result, localized increases in 

hydraulic conductivity. 

In models of the Olkiluoto site in Finland, a maximum temperature increase of 13°C was 

associated with an increase of the horizontal in situ stress by 17MPa. The increase in vertical in 

situ stress was negligible, due to the dimensions of the repository, the relatively shallow depth 

(approximately 420m) and the free rock surface. Tunnel reinforcement must be designed with 

these stresses in mind. Additionally, the differential thermal expansion of the reinforcement 

elements themselves should be accounted for.  The thermal expansion of rebar is approximately 

20% greater than the Olkiluoto mica gneiss; austenitic steel is 60% greater. This could reduce bolt 

pretensioning or decouple bolt face plates from the rock (Hakala et al., 2014). 

The partial pressure of water vapour within the air will change as the repository is heated. 

This will result in the vaporization of liquid water around the repository, even when temperature 

remains within the design limits. The temperature gradient will cause this air, and any water 

vapour within it, to move into the rock through diffusion as a result of the gradient of partial 

pressure of water vapour (Fick’s Law) and advection as a gradient of total gas pressure (Darcy’s 

Law). Additionally, the water vapour within the air will condense once cooler areas are reached 

(Rutqvist and Tsang, 2003a; Hökmark et al., 2010). This process is shown in Figure 2.28.  The 
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models looking at the effect of water vapour were conducted for an extremely porous tuff 

(porosity of 0.01), with a maximum temperature of roughly 200°C. Given the relatively low 

permeability of the Cobourg Limestone, and the lower temperatures of operation, water vapour 

will likely play less of a role in heat and fluid transportation. The advance of a vapour diffusion 

front, and condensation of that vapour in cooler areas, has been documented in the bentonite 

buffer (Gaus, Garitte, et al., 2014). This was especially important in the FEBEX in situ 

experiment, which is discussed in more detail in Section 3.3.2. 

 

Figure 2.28: Complex fluid movement through advection and condensation occurs in the 

Bentonite buffer material (Gens, 2003).  

 

Post-closure, the repository will no longer be ventilated, and will resaturate. The buffer 

material will swell as it is saturated, providing up to 10MPa of confining pressure. The additional 

confining pressure could stabilize the rockmass, an effect which was observed in the Ӓspӧ Pillar 

Stability Experiment (APSE), discussed in Section 3.3.5. The additional confining pressure could 

also lead to the opening or propagation of existing fractures (Hudson et al., 2005). 
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Temperature will peak and then gradually decrease, although the time scale for this 

varies: in the near field, peak temperature may occur 15-100 years after emplacement, but in the 

far field, it could take 200-1000 years. Figure 2.29 shows an estimate of temperature evolution 

conducted by the Swedish Nuclear Fuel and Waste Management Co. (SKB). The hydrologically 

and mechanically coupled effects of the temperature change will peak later, approximately 10,000 

years after emplacement. These include the thermally induced (convective) fluid flow, and the 

creation of a lower-pressure region below the repository due to the opening of fractures (Tsang et 

al., 2000). 

 

Figure 2.29: An evolution of temperature in a nuclear waste repository conducted by the 

SKB (Hӧkmark et al., 2010). 

 

2.2.3 Modelling of THM coupled processes 

The numerical modelling of THM coupled processes in nuclear waste repository design has been 

the subject of international research since the 1990s. In their guidelines for THM modelling, 

Hudson et al. (2005) state that the main goals of modelling in this field are predictive modelling 

to capture the mechanisms and changes necessary for determining repository performance, and 
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modelling from an engineering perspective to optimize repository design. Models of coupled 

processes should be complex enough to capture the behaviours relevant to these objectives. Some 

of the key behaviours that must be modelled for waste repositories include: 

 temperature distribution, to ensure design thresholds are not exceeded, 

 repository stability, in light of evolving thermal stresses and pore pressures, 

 hydraulic flow around the repository, and 

 the saturation and expansion of the bentonite buffer to ensure it is fulfilling its role as a 

barrier. 

As with any numerical modelling in the field of rock mechanics, it is necessary to 

conceptualize the geotechnical system. Modelling decisions, about the type of model, geometry, 

and representation of the materials and structures that are present, should be made to fit the 

specific problem at hand. Because of this, many different models have been developed to 

represent THM processes within different rock types under different conditions, only a few of 

which will be covered here. 

Common approaches to modelling THM(C) processes can be seen in Figure 2.30. In an 

uncoupled process, each component is considered individually; this does not capture coupled 

processes. In a sequential model, the end result from one process affects the next. A one-way 

coupled model uses the progress of one process to determine the progress of another; in a two-

way or fully coupled model, the progress of each process affects and is affected by the other 

processes (Tsang, 1991). 
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Figure 2.30: Uncoupled and coupled modelling of THM(C) processes (Tsang, 1991) 

 

In a nuclear waste design context, the current state of practice in repository design is to 

use fully coupled models. The extent of the two-way coupling may vary across or within different 

programs, as seen in TOUGH-FLAC and CODE_BRIGHT (Section 2.2.3.1.1, 2.2.3.1.2).  

Some processes may be one-way coupled for efficiency. The thermal-mechanical system, for 

example, is generally modelled using one-way coupling (Hökmark et al., 2006; Gens et al., 2007). 

Thermal processes will affect the stress and strain conditions around a repository, but the thermal 

energy created by the resulting friction will have negligible effects on the temperature field.  

Given the large number of processes that must be modelled, it is not surprising that a 

large number of numerical models for THM behaviour exist. Many such models actually couple 

together existing programs which specialize in modelling specific behaviour, such as TOUGH-

FLAC or ABAQUS-CLAY, to leverage the strengths of both individual models. In some cases, 
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pre-existing models have been expanded and adapted to meet the requirements of the nuclear 

waste repository analysis and design, such as CODEBRIGHT. 

2.2.3.1.1 TOUGH-FLAC 

TOUGH-FLAC is one of many simulators which combine individual models or programs to 

solve complex coupled processes. This allows the new “combination” code to take advantage of a 

proven model with an existing user-base, and to benefit from future advances to each individual 

software package. For example, the original TOUGH-FLAC used TOUGH2, but has since been 

upgraded to TOUGH+. 

In TOUGH-FLAC, the reservoir simulator TOUGH is used to solve for nonisothermal, 

multiphase, multicomponent, fluid flow and heat transportation, while the finite difference code 

FLAC3D is used to solve geomechanical stress-strain equations. Figure 2.31 shows the workflow 

for developing a simulation. Model setup and property assignments are completed in FLAC3D 

and TOUGH separately, with compatible numerical grids. After testing each model individually, 

a thermo-hydro-mechanical coupling model is used to run both models simultaneously. At each 

time step, data is passed between FLAC3D and TOUGH to create a coupled system. This process 

is shown in Figure 2.32 (Rutqvist and Tsang, 2003b; Rutqvist, 2011). 
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Figure 2.31: The workflow for developing a simulation in TOUGH-FLAC (Rutqvist, 2011). 

 

Figure 2.32: The coupling module connects TOUGH2 (and now, TOUGH+) and FLAC 3D 

for a coupled analysis (Rutqvist, 2003). 
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FLAC3D is a finite difference method, which uses two strain triangles to define a 

quadrilateral finite difference zone. TOUGH2 determines the pressure P, saturation S, and 

temperature T at a mid-element node. This information is passed to FLAC3D, where it is 

interpolated to represent the conditions at the corner nodes used in the Finite Difference software. 

The thermal strain, 휀𝑇, and the effective stress, 𝜎′, are calculated and used in the next timestep, 

per Equations 2.53 and 2.54. These equations use the unit tensor I, the linear thermal expansion 

coefficient𝛽𝑇, and the Biot effective stress parameter𝛼. 

 ∆휀𝑇 = I𝛽𝑇∆𝑇 
  2.53 

 𝜎′ = 𝜎 + I𝛼𝑃 
  2.54 

FLAC3D, in turn, passes information about the effective stress and strain at each element. 

The coupling modules that allow TOUGH2 and FLAC3D to work together use material-specific 

relationships to correct the porosity (𝜑), permeability (k), and capillary pressure (Pc), given this 

new mechanical data (Rutqvist and Tsang, 2003b). 

 𝜑 = 𝜑(𝜎′, 휀) 
  2.55 

 

 𝑘 = 𝑘(𝜎′, 휀) 
  2.56 

 

 𝑃𝑐 = 𝑃𝑐(𝜎
′, 휀) 

  2.57 

 

TOUGH-FLAC includes a variety of constitutive models for Equations 2.55 - 2.57 

depending on the type of material being examined. These built-in models may be refined using 

laboratory data or in situ testing to better reflect specific site conditions. 
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Three different coupling schemes are built into TOUGH-FLAC: Jacobian, Iterative, and 

Time-step.  The Jacobian option is a sequentially implicit scheme, and provides the highest level 

of iterative coupling. The geomechanical and flow parameters are updated continuously at every 

Newtonian iteration of each time step to accurately capture direct coupling processes. The type of 

analysis depends on the order of these operations within a given time step. Explicit sequential 

THM analysis occurs when porosity and permeability are calculated at the beginning of the time 

step, as shown in Figure 2.33. This type of analysis assumes that porosity and permeability are 

constant throughout the time step, and is suitable for processes with gradual changes or very 

small time steps. Implicit sequential modeling, where porosity and permeability are calculated 

near the end of the time step, is preferred in situations with significant strain rates  (Rutqvist and 

Tsang, 2003b). 

 

Figure 2.33: The order of operations in TOUGH-FLAC for an explicit sequential solution 

(Rutqvist & Tsang, 2003b). 
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Direct coupling occurs when changes to one system directly influence others, for 

example, a sudden decrease in porosity results in an increase in pore pressure, or an increase in 

temperature creates thermal strain. 

Iterative and Time-step coupling schemes are more weakly coupled, correcting 

geomechanical and flow parameters at the end of each Newtonian iteration and at the end of each 

time step respectively. While they are less computationally demanding, these schemes are only 

suited to capturing indirect coupling behaviour. Also known as property change coupling, this 

occurs when system parameters are affected. For example, a decrease in porosity will increase 

thermal conductivity, or an increase in temperature will alter the viscosity and buoyancy of a 

liquid (Rutqvist, 2011). 

Overall, TOUGH-FLAC is an effective, if computationally demanding, tool for 

modelling THM coupled geosystems. In some instances where pore-volume coupling dominates, 

some numerical stability issues may arise. Additionally, TOUGH-FLAC is constrained by its 

constituent software packages: FLAC3D is only available for Windows, so massive parallel 

processing on Unix clusters is not available (Rutqvist, 2011). 

2.2.3.1.2 CODE_BRIGHT 

CODE_BRIGHT (COupled DEformation, BRIne, Gas and Heat Transport) was originally 

developed to model nonisothermal flow of brines and gases through saline media. This finite 

element simulation was later adapted for use in THM coupled modelling of nuclear waste 

repositories. It uses mass balance equations for air and water in the liquid and gaseous phases to 

account for nonconstant gas pressure, and an energy balance equation that assumes a thermal 

equilibrium of the system (Olivella et al., 1994). 

CODE_BRIGHT is now commonly used in analyses of repositories in argillaceous 

material because it incorporates a composite mechanical constitutive law for stiff sedimentary 

clays, which considers the argillaceous matrix and bond material separately, as shown in Figure 
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2.34. Any external stress is carried partly by the bond material and partly by the matrix, according 

to a stress partitioning criteria based on the geometric arrangement of both components. The clay 

matrix is assumed to behave elastically, independent of the strength of the clay grains; inelastic 

strain occurs in the bonds based on a logarithmic damage model. As damage to the bond material 

increases, fissures with a null stiffness open, leading to a global decrease in material stiffness 

(Gens et al., 2005, 2007).   

 

 

Figure 2.34: CODE_BRIGHT incorporates a composite mechanical constitutive law which 

considers the argillaceous matrix and the bond material separately (Gens 2007). 

 

CODE_BRIGHT has been used extensively as part of the DECOVALEX project to 

examine numerous test cases in different clay rock units (Gens and Olivella, 2000; Gens et al., 

2004, 2007, 2009; Ledesma and Chen, 2004; Olivella et al., 2004; Sanchez et al., 2010).  

2.2.3.2 Challenges Associated with Modelling THM Processes 

Coupled processes are, by their very nature, incredibly complex. Repositories often involve the 

need to model both the rockmass and the backfill/buffer material surrounding the canister, two 

fundamentally different materials, as well as any discontinuities. A model that accurately captures 

coupled behaviour is computationally demanding and requires a thorough knowledge of THM 

processes and the behaviour of the materials in question. 
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DECOVALEX is an international, multi-stage cooperative program to investigate the 

issues associated with THM coupled processes. It is described in more detail in Section 3.1. As 

part of DECOVALEX Stage III, Task 4, Hudson et al. (2005) completed a report of the numerical 

modelling of THM coupled processes based on the lessons learned in the first three stages of the 

DECOVALEX project. In it, the authors identify the two main causes for uncertainty in 

modelling as the complexity of the coupled processes themselves and the inherent variability 

within rockmasses. 

It is necessary to understand the coupling processes around the repository to accurately 

simulate repository conditions. At a conceptual level, this means identifying the impact of 

different coupling processes, and determining what behaviour is important to the model outcome. 

Where possible, the model may be simplified to eliminate coupling processes with negligible 

effects. Figure 2.35 shows one suggested simplification for modelling THM processes in massive, 

crystalline host rocks. Another example can be found by examining CODE_BRIGHT and 

TOUGH-FLAC more closely: in both codes, thermal conductivity is calculated using a geometric 

mean of water content. As discussed in Section 2.1.2.6, this is an empirical relationship with a 

close, but ultimately imperfect fit. To date, this method of determining thermal conductivity has 

been considered sufficient to capture the indirect coupling that occurs when saturation changes 

thermal conductivity. 
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Figure 2.35: Given the relatively low amount of fluid flow and thermal input from friction 

within the repository system, Hӧkmark suggests a simplification of the THM couplings that 

includes only those processes “relevant to the safety assessment” of nuclear repositories 

(2006). 

 

Specific constitutive models describing the behaviour of the rockmass and buffer material 

must be determined, and calibrated to accurately reflect site conditions. Internationally, full-scale 

in situ experiments are often used to refine models of coupling behaviour for specific repository 

conditions, and to generating site specific models (i.e. HE in Opalinus clay, FEBEX in Aar 

Massif, APSE in Sweden, etc.). 

Some coupled relationships are better understood than others. In many of the large-scale 

coupled experiments conducted internationally as part of the DECOVALEX project, the 

temperature field could be predicted with a reasonable degree of accuracy, but the modelling of 

hydrologic conditions was less successful. In the DECOVALEX Stage III report on modelling, 

the relationship between stress and depth with permeability within fractures, and the upscaling of 

hydraulic properties from laboratory samples to fractured rock masses were identified as key 

parameters in need of further research (Hudson et al., 2005). 

The modelling of coupled THM processes is further complicated by the large ranges in 

time- and spatial- scales that must be considered (Tsang et al., 2004). The hydrologic conditions 
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in particular change dramatically over the different stages of the repository lifetime. Tsang (2000) 

recommends modelling all three stages (construction, operation, post-closure) individually to 

address these “multiple stage data needs.” Models must be calibrated at each stage to prevent 

compounding errors. 

In all geological modelling, some uncertainty is introduced by the heterogeneous nature 

of the rockmass. This is especially true for coupled processes. Uncertainty may result from 

compositional heterogeneity creating different properties, or discontinuities which can act as 

conduits for water and heat. This is extremely difficult to quantify and may have large impacts on 

model results (Ohnishi and Kobayashi, 1993). Tsang (2000) suggests that this uncertainty is an 

“open problem” in THM modelling, and that it may ultimately limit the sensitivity of THM 

calculations. 

The properties of a relatively homogenous rock will vary due to chemical variations in 

the original magma for igneous rocks or the semi-random deposition of particles or biota and 

associated structures for sedimentary rocks. Small-scale variation (less than 0.5m) will have little 

effect at the canister-scale, as the variation in thermal properties is likely to average out over a 

span of several meters. Compositional variations on a larger scale (5-10m) could dramatically 

affect the temperature distribution within the canisters (Sundberg, 2003a; Sundberg et al., 2003). 

The specific location and spacing of discontinuities around a canister is also very difficult 

to predict and will vary throughout the repository. A single, unconnected, dry fracture will not 

have a significant effect on the thermally-coupled system around the canister, but a network of 

interconnected fractures may have a convective or insulating effect, and will host several coupled 

processes (Sundberg, 2003a).  Model results are often very sensitive to the modelled fracture 

network, which is difficult to conceptualize from survey data (Hudson et al., 2005).  

This uncertainty about rockmass conditions is an inherent part of geotechnical 

engineering. Laboratory testing, site investigations, and full-scale in situ testing is recommended 
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to refine the understanding of the site and the coupled processes that will occur. Sensitivity 

analyses should be completed to determine how rockmass variability will affect the coupled 

processes, and account for a range of likely conditions in the design. The initial construction 

phase can also be used to validate the models. The monitoring of HM responses to construction 

have been particularly helpful in model refinement during the PRACLAY experiments, which are 

discussed in more detail in Section 3.3.6. The modelling of coupled THM processes around 

nuclear waste repositories is a challenging task, but is achievable with a good understanding of 

the rockmass and coupled processes in question.  
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Chapter 3 

State of International Research 

 

3.1 International Research Regarding THM Processes in Nuclear Waste 

Repositories 

The long term underground storage of nuclear material is a subject of international interest, and 

research is ongoing in many different countries. The most important tool used to conduct this 

research is arguably the Underground Research Laboratory (URL), where new construction and 

seal methodologies are tested and targeted experiments are used to develop a strong 

understanding of the rock mass and the coupled processes that occur within it. 

There are two main types of URLs: site-specific and generic. In site-specific URLs, 

experiments will define the characteristics of a specific repository location, but may be 

constrained to minimize damage to the site. General or methodological URLs focus on the 

development of techniques for construction and operation, and/or characterization of the 

rockmass as a potential host unit. To reduce costs and utilize existing infrastructure, 

methodological URLs are often extensions of pre-existing underground facilities, such as road 

tunnels or mines (Delay et al., 2014). 

In both types of URLs, the hosted experiments examine a variety of topics, including the 

rock mass response to heat and coupled processes, the pore water chemical composition, the 

diffusive properties of the rock mass, the scaling of mechanical properties, and the construction of 

seals. The largest projects are full-scale, multi-year experiments, which examine the thermal and 

THM processes within the host rock in addition to testing potential construction methodologies 

and materials, instrumentation, and barriers. The instrumentation data from such tests may be 

used to calibrate or benchmark numerical models. Given the large operating expenses, multi-
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disciplinary nature of the involved research, and the international interest in nuclear waste storage 

these tests are often carried out as part of a larger organized international effort. 

DECOVALEX (DEvelopment of COupled THM models and their VALidation against 

EXperiments) is one such major international project designed to improve the technical 

understanding of coupled processes within repository design. It is organized into major multi-year 

stages, which are further divided into tasks that are organized around the design of hypothetical 

benchmark tests (BMT) and field test cases (TC). These tasks can be analyzed by multiple 

research teams using different mathematical models and computer codes. The results from each 

research team are then compared to identify successful methodologies and areas for further 

research. Benchmark tests are generic cases that consider THM coupling processes without 

specific experimental data, whereas test cases are specifically designed experiments that involve 

predictive and post-result modelling (Jing, Stephansson, et al., 1995). 

Initiated by the Swedish Nuclear Power Inspectorate (SKI) in 1992, DECOVALEX now 

involves more than 15 research teams from 10 countries working together to increase global 

understanding of THM processes (Tsang, Jing, et al., 2005). Since its inception, DECOVALEX 

has completed 10 BMTs, 7 TCs, and 14 tasks, some of which involve multiple full-scale in situ 

tests, or groups of BMTs. A summary of the findings from a selection of the DECOVALEX 

works are presented in Section 3.3. 

THM coupled processes will play an important role in any nuclear waste repository, but 

the specific critical processes will depend on the geologic media in question. Thermal Impact on 

the Damaged Zone Around a Radioactive Waste Disposal in Clay Host Rocks (TIMODAZ) and 

Coupled Thermal-hydrological-mechanical-chemical (THMC) Processes for Application in 

Repository Safety Assessment (THERESA) were Specific Targeted Research Programs 

(STREPs) formed by the European Commission to address these more specific concerns. Both 
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TIMODAZ and THERESA were cooperative efforts to define the current state of research and 

perform laboratory and field experiments. 

3.2 Potential Host Rocks for Nuclear Waste Repositories 

All repositories require a stable geological unit that is capable of isolating waste from the 

biosphere for more than one million years. According to Mazurek (2004), the ideal host unit: 

 Is located in a seismically stable region; 

 Is not a potential economic resource; 

 Has low permeability, limiting advective transport of radionuclides; 

 Is isolated from the surficial groundwater system; 

 Has predictable composition and geometry, and is relatively homogeneous; and 

 Is mechanically suitable for underground construction and operation. 

Each country investigating nuclear waste repositories must carefully consider the rock units 

available to them, and weigh the engineering benefits and risks, along with economic, social, 

political, and cultural factors. The majority of countries that currently have plans for nuclear 

waste storage are considering either crystalline basement rocks for their proven long-term 

stability and high strength, or argillaceous sedimentary rocks for the self-healing properties of 

clay strata. Other units, such as salt domes or tuffs, are also the subject of past or current research.  

3.2.1 Argillaceous Rocks 

Argillaceous sedimentary units are being considered in several European countries because of 

their low permeability, ability to self-seal, and relatively high sorption capacity, all of which 

contribute to preventing the spread of radionuclides (Lee and Tank, 1985; Tsang et al., 2012). 

Major URLs dedicated to examining clay for nuclear waste storage exist in Mol, Belgium; Mont 

Terri, Switzerland; and both Bure and Tournemire, France. Several large-scale experiments have 

been conducted in these specialized research facilities, often as part of larger cooperative works 
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such as DECOVALEX or TIMODAZ. Major in situ tests include ATLAS and PRACLAY in 

Mol, Belgium, and the HE series of experiments at Mont Terri (Sections 3.3.1, 3.3.6, and 3.3.4  

respectively). This research is especially relevant as Canada considers the Cobourg Limestone, an 

argillaceous unit, as a potential host rock. While the unique properties of clay rocks may be 

advantageous for a repository setting, they can also present special challenges. 

The drained conditions that develop during the construction and operation phases will 

reduce the water content of clay host rocks. Once the waste emplacement chambers are sealed, 

the rockmass will gradually resaturate; all repository designs must satisfy both saturated and 

unsaturated conditions. The excavation process and atmospheric exposure could negatively 

impact a clay formation to a significantly greater extent than a crystalline rock. In contrast, the 

hydrogeological system is expected to be more stable. Construction and layout is expected to be 

similar to repositories in crystalline rock, but ground support must to be installed relatively 

quickly to control convergence  (Tsang et al., 2012). 

Pore pressure will change dramatically over the course of construction as excavation 

results in volumetric changes to the argillaceous host rock and pore space decreases. The 

resulting increase in pore pressure can affect the stress state of the clay up to several tunnel 

diameters away from the excavation and may exist for months. Once the excavation face 

advances beyond a given point, the resulting stress redistribution and unloading induces pore 

dilation, causing a sudden decrease in pore pressure that can be large enough to create suction 

(Tsang et al., 2012).  

The permeability is also affected by the excavation process, generally due to the creation 

of tensile or shear fractures near the excavation boundary. In the Excavation Damage Zone 

(EDZ), permeability increases have been observed in the range of two orders of magnitude (in 

Mol, Belgium) to six (Tournemire, France). Over time, the permeability decreases to original 

levels due to the self-sealing, creep behaviour of clay (evident not only in plastic unindurated 
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units, but also in clay rocks). The extent of the EDZ is dependent on a variety of factors, 

including the stiffness of the clay, the heterogeneity of the rock, the overconsolidation ratio, 

anisotropy of the in situ stress field, and the presence of bedding planes or other discontinuities. 

The EDZ can be minimized by selecting excavation methods, tunnel orientation and shape, and 

support systems that reduce deviatoric stresses and initial convergence (Hökmark et al., 2006; 

Tsang et al., 2012). 

3.2.2 Crystalline Rocks 

The crystalline rocks being considered in Switzerland, France, Sweden and Finland are all part of 

stable igneous plutons. They are generally very strong and intact, with little fracturing at depth 

that limits potential pathways for radionuclide migration. Crystalline rocks do not experience 

creep and are less sensitive to changes in moisture content than clay and salt formations. 

In general, crystalline rocks experience greater excavation damage than clay or salt 

formations, even when the same excavation method is used. When blasting is required, the EDZ 

may extend 1.5 m into the rock, and increase the permeability by 2-3 orders of magnitude. Unlike 

plastic clays or salt formations, crystalline rocks are unable to heal fractures; it is therefore 

important to minimize excavation damage during construction (Tsang, Bernier, et al., 2005). 

Early research into nuclear waste repositories in Canada focused on the Canadian Shield 

as a host rock, following a 1977 report by the Federal Department of Energy, Mines and 

Resources. Construction of the Atomic Energy of Canada Ltd (AECL) URL began in 1982 in 

Pinawa, Manitoba.  For the next two decades, the URL was the site of several experiments in the 

Lac du Bonnet granite batholith, including the Mine-By Experiment and the Tunnel Sealing 

Experiment. The work at the URL demonstrated the technical feasibility of a repository in the 

Canadian Shield (Fairhurst, 2004; Ramana, 2013). 

Other URLs in crystalline rock that have made advancements in THM coupled processes 

include the Grimsel Test Site in the Grimsel Pass, Switzerland; and the Ӓspӧ Hard Rock 
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Laboratory (HRL) in Oskarshamn, Sweden. These sites hosted the FEBEX experiment (Section 

3.3.2) and APSE experiment (Section 3.3.5) respectively. 

3.2.3 Other Rock Types 

Some countries have looked beyond crystalline and argillaceous rocks for possible nuclear waste 

storage sites. Both Germany and the United States have investigated salt formations for host 

rocks with site specific URLs, notably at Gorleben and the Waste Isolation Pilot Plant (WIPP) 

respectively.  

Like clay formations, salt experiences plastic deformation that allows it to self-heal 

fractures and create seals. Salt may also heal as a result of recrystallization from a pressurized 

brine solution. While considerably faster than viscoelastic deformation, which may be affected by 

temperature, this precipitation is strongly affected by chemical impurities. At the WIPP, for 

example, anhydrite stringer veins are not expected to fully heal (Tsang, Bernier, et al., 2005). 

The United States also investigated a highly porous, fractured tuff in the Yucca Mountain 

URL. This rare high permeability URL was the site of the Drift Scale Test (DST), a component of 

DECOVALEX Stage III. The site-specific facility was originally designed to investigate Yucca 

Mountain as a waste repository site, but was closed in 2011.  

3.3 In Situ Tests of THM Behaviour 

One of the primary functions of a URL is to conduct in situ tests, which are useful to examine the 

behaviour of relatively undisturbed systems at a larger scale than is practical for a laboratory 

setting. In situ testing is often accompanied by numerical simulations and laboratory testing to 

compare predicted behaviour to measured outcomes, refine existing models and relationships, and 

examine specific test aspects in further detail. To make the most out of these costly experiments, 

international teams often collaborate, and each aspect of the test construction, setup, and 

operation is carefully observed. 
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The thermal impact on rocks in nuclear waste repository settings, and the resulting THM 

coupled behaviour, have been the focus of decades of research internationally. For the sake of 

brevity, only a few of the most prominent and influential studies have been included in this 

literature review. These tests worked as a part of larger research projects to produce large 

amounts of high quality information, and have shaped our understanding of THM coupled 

processes in repository settings. In chronological order of the start of heating, the Drift Scale Test, 

FEBEX, ATLAS, HE Series, ASPO, and PRACLAY experiments represent some of the major 

strides made in this field. 

3.3.1 ATLAS 

The High Activity Disposal Experimental Site (HADES) in Mol, Belgium was constructed to 

further the understanding of the Boom Clay as a potential repository site. This Tertiary formation 

is roughly 100m thick and bounded by water-bearing sand layers. The Boom Clay is among the 

more plastic materials being researched for nuclear waste repositories. It is a poorly indurated 

clay with an overconsolidation ratio of approximately 2.4, an unconfined compressive strength 

(UCS) of 2MPa, and a cohesion of 0.3MPa. Despite its relatively high porosity (39%), the 

saturated permeability of the Boom Clay is 2–4 x 10-12 m/s, making it an effective barrier to 

nuclear waste materials. 

Initially constructed in 1980, and expanded in 2002, HADES consists of a 220m deep, 

200m long, and 4m diameter main tunnel. Side galleries and boreholes have been installed to host 

in situ experiments. The URL, shown in Figure 3.1, has been the site of numerous in situ 

experiments. Of particular relevance to THM coupled behaviour in clay rocks are the ATLAS 

(Admissible Thermal Loading for Argillaceous Storage) and PRACLAY (PReliminAry 

demonstration test for CLAY disposal of highly radioactive waste) in situ tests (Section 3.3.6). 

The ATLAS series of tests are relatively simple experiments to look at the effect of thermal 
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loading on a repository environment, which demonstrates how a testing program can evolve over 

time to refine the knowledge of a specific site.  

 

Figure 3.1: The HADES URL in Belgium (Dizier et al., 2016). 

 

The ATLAS experiment was a multi-year, multi-stage, small-scale test which examined 

the effect of a borehole heater on the surrounding Boom Clay. An 8m long heater was inserted 

into a 19m borehole. On either side of the heated borehole, a 15.65m long instrumentation 

borehole was equipped with a piezometer, a biaxial vibrating wire stress meter, and four 

hydraulic flatjacks (two each to measure total horizontal and vertical stresses) each equipped with 

a thermistor (De Bruyn and Labat, 2002; François et al., 2009; Chen et al., 2011). ATLAS used a 

relatively simple geometry without the use of an Engineered Barrier System (EBS) to better 

capture the behaviour of the Boom Clay and facilitate the comparison between experimental and 

modelling results (Chen et al., 2011). The experiment layout is shown in Figure 3.2. Because the 

excavation damage zone (EDZ) caused by the boreholes radially extended only several 

centimeters into the rock, and instrumentation boreholes were over a meter away, the test best 

simulates far field conditions (Dizier et al., 2016). 
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Figure 3.2: The layout of the ATLAS I and II tests, view in the horizontal plane (François et 

al., 2009). 

 

The first stage of the experiment, ATLAS I, focused on comparing blind modelling predictions to 

the measured experiment results. The heaters operated at 900W from June, 1993 to June, 1996. 

The maximum temperature at the heater was 73°C; at the instrumentation boreholes, temperatures 

reached up to 35°C (De Bruyn and Labat, 2002). The evolution of temperature, total stress, and 

pore pressure for ATLAS I and II are shown in Figure 3.3. 

During the initial period of heating, both pore pressure and total stress increase rapidly. 

Pore pressure reaches a maximum after approximately five months and then gradually decreases 

by approximately 0.2MPa due to dissipation. The maximum total stress is achieved after 

approximately one year of heating, and the subsequent decrease is more gradual than that of pore 

pressure (approximately 0.1MPa). 

The experiment was extended to ATLAS II when ATLAS I was completed without 

technical difficulties. In ATLAS II, the heater output was increased from 900W to 1800W, and 

held constant from June 1996 to May 1997. The additional heating increased temperatures by 

approximately 15°C, and increased both total stress and pore pressure. Unlike the initial heating 

phase (ATLAS I), total stress and pore pressure increase at similar rates, and more rapidly: both 

reached a maximum less than two months after the temperature increase. The resulting larger 
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pressure gradient led to a greater decrease in total stress and pore pressure during the subsequent 

months (De Bruyn and Labat, 2002).  

After this heating period, the heaters were turned off, and the rock was allowed to 

gradually cool. After approximately six months, the rock returned to its initial temperature. Pore 

pressures and total stresses decreased dramatically, before gradually stabilizing. Total stresses 

returned to pre-heating conditions, but after one year, pore pressure was still 0.2MPa lower than 

initial conditions (De Bruyn and Labat, 2002). 

 

Figure 3.3: Evolution of pore pressure (u), total stress (biaxial stress meters 815 and 816), 

and temperature (T) in ATLAS I and II. One of the biaxial stress meters became unreliable 

during the testing period (De Bruyn and Labat, 2002). 

 

In May 1997, approximately one year after heating stopped, core samples from the test 

area were retrieved for mechanical testing. Previous laboratory triaxial testing had shown that the 

mechanical strength of Boom Clay decreased after undrained heating (up to 30% at 80°C), but 

remained constant after drained heating. In situ conditions are somewhere between these two 



87 

 

extreme laboratory settings, but testing indicated that the temperature level and duration of the 

ATLAS experiment had no significant lasting effect on the mechanical strength of the Boom Clay 

(De Bruyn and Labat, 2002). 

Numerical modelling of ATLAS I and II, calibrated to the experimental results, provided 

further insight to the THM processes around the heater. One topic of interest was the strain 

response of clay to heat, which may vary based on consolidation ratio. Laboratory testing of the 

Boom Clay has shown that mostly reversible thermal expansion occurs in highly 

overconsolidated clays. When the clay is normally consolidated, it experiences thermal 

hardening, which results in a mostly irreversible contraction (François et al., 2009). Figure 3.4 

shows the thermally induced strain of three different samples of Boom Clay, each exposed to a 

different OCR and confining pressure p′. 

 

Figure 3.4: Highly overconsolidated Boom Clay (OCR=6) experiences a mostly reversible 

dilation during the heating cycle, while the normally consolidated sample experiences a non-

reversible contraction (François et al., 2009). 
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Modelling of the ATLAS I and II experiments showed that excess pore water pressure 

increased rapidly when the heater was turned on and when the heater output was increased. After 

these sharp increases, excess pore water pressure gradually decreased. When the heaters were 

turned off, pore water pressure decreased dramatically, reaching approximately -0.6MPa, before 

beginning to gradually dissipate. The magnitude of the pore pressure change increased with 

proximity to the heater. The evolution of the excess pore pressure is shown in Figure 3.5a. 

Radial displacement is shown in Figure 3.5b. Expansion during the heating period is 

mostly the result of excess pore pressure. When the heaters were turned off, the clay contracted. 

As can be seen in Figure 3.5c, the thermal hardening resulted in irrecoverable contraction strain, 

even though excess pore pressure continued to dissipate (François et al., 2009).  

Modelling results also showed that the thermally affected zone, approximately 8m from 

the heater, was smaller than the hydraulically affected zone, which was roughly 20m.This larger 

zone of influence should be taken into account when modelling the excess pore water pressures 

generated by heating (François et al., 2009).  

The experiment was reactivated and extended to ATLAS III in 2006 as part of 

TIMODAZ. The primary goals of the program were to better characterize the Boom Clay’s THM 

responses in three dimensions, to prepare for the larger scale PRACLAY heater test, and to 

provide data for a benchmark modelling study (Chen et al., 2011). ATLAS III used the same 

setup as its predecessors. The original heater emplacement borehole and two monitoring 

boreholes were used, and two additional boreholes were added to gain a better understanding of 

the 3D field. Figure 3.6 and Figure 3.7 show the new experimental layout. The ATLAS III 

experiment was conducted from April 2007 to April 2008, and comprised three different periods 

of heating and stabilization before a final cooling phase (Chen et al., 2011).  
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Figure 3.5: The evolution of (a) excess pore water pressure, (b) radial displacement and (c) 

volumetric plastic strain during ATLAS I and II demonstrate thermal hardening of the 

Boom Clay (François et al., 2009). 
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Figure 3.6: A plan view of the experimental layout for ATLAS III. Borehole AT97E was 

angled to better capture the thermal field in three dimensions (Chen et al., 2011). 
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Figure 3.7: A cross-sectional view of the experimental layout for ATLAS III. Borehole 

AT97E was angled to better capture the thermal field in three dimensions (Chen et al., 

2011). 

 

The new angled borehole, AT79E, captured information outside of the horizontal plane. 

The temperature evolution in this borehole and AT98E are shown in Figure 3.8. Both temperature 

sensors were approximately 2.7 m from the heater, but were 90° from each other. The 

temperature increase was approximately twice as large in the direction parallel to the bedding 

plane, which provides a striking demonstration of the anisotropic thermal conductivity of the 

Boom Clay (Chen et al., 2011). 

The detailed monitoring of temperature, pore pressure, and total stress also showed 

interesting THM coupled behaviour. After the heaters were enabled, but before temperatures 

increased at the instrumentation boreholes, pore pressure and total stress both decreased. 

Subsequently, both parameters increased with temperature, as shown in Figure 3.9. The same 

trend was also present in the reverse: when the heaters were turned off, pore pressures and total 

stress initially experienced a slight increase before a steep decrease. Only numerical models that 

used mechanically anisotropic properties for the Boom Clay could replicate the results, indicating 

that anisotropy must be considered when looking at coupled behaviour in the Boom Clay (Chen 

et al., 2011). Following the observations recorded during the cooling period after ATLAS II, pore 

pressure and stress reach a minimum before gradually stabilizing and approaching pre-experiment 

conditions. 
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Figure 3.8: Temperature evolution at orthogonal boreholes, roughly equidistant from the 

heater (Chen et al., 2011). 

 

Figure 3.9: Coupled behaviour caused a slight decrease in pore water pressure and total 

stress when the heater was turned on, and a slight increase when it was turned off (Chen et 

al., 2011). 
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ATLAS III provided useful data for establishing a benchmark test and helped to refine 

models of coupled behaviour in the Boom Clay. In 2010, a new, upwardly instrumented borehole 

was drilled above the ATLAS heater in preparation for ATLAS IV to further explore the 

anisotropic THM behaviour in the Boom Clay. Heating for ATLAS IV began in 2011, and results 

have not yet been published. 

ATLAS was a basic borehole heater experiment that demonstrated the thermal hardening 

of normally consolidated clays and the importance of anisotropic behaviour in models. The 

specific results are of limited applicability beyond plastic, poorly indurated clays, but it is an 

excellent example of a well-designed multi-year, multi-stage heater project. ATLAS was used to 

refine models of the Boom Clay’s properties and coupling behaviour, as well as construction and 

testing techniques, in preparation for the larger PRACLAY test that followed it (discussed in 

Section 3.3.6). 

3.3.2 FEBEX 

The Full-scale Engineered Barriers Experiment, or FEBEX, was conducted from 1997 to 2003 at 

the Grimsel Test Site (GTS) in Switzerland. FEBEX was conducted to demonstrate the feasibility 

of constructing an engineered barrier system, and to study coupled THM and thermo-hydro-

geochemical (THG) processes in the near field. Task 1 of DECOVALEX Stage III consisted of 

three different predictive modelling exercises. The hydro-mechanical behavior of the rock was 

modelled in Part A, the THM behavior of the bentonite barrier was analyzed in Part B, and the 

THM behavior within the rock was the subject of Part C. For each of the tasks, teams were given 

the same sets of field and laboratory data to predict key data values at specific locations and 

times. Initial calculations were “blind” but teams were given final laboratory data to refine 

models for “final” solutions. Eleven groups from eight different countries (France, Canada, the 

United States, Germany, Sweden, Finland, Spain, and Japan) took part (Padrillo et al., 1997; 

Alonso and Alcoverro, 2005).  
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In 1995, the 2.28 m-diameter, 71.4m-long FEBEX test drift was excavated at the GTS, as 

shown in Figure 3.10 and Figure 3.11. The drift is located in the Aare Massif, which is a low 

permeability fractured granite with lamprophyre dikes and shear zones that are several meters 

thick. Nineteen boreholes were drilled from the testing tunnel and oriented to intersect the most 

relevant geological features. In total, 632 sensors measuring temperature, humidity, total stress, 

displacement, and water pressure were installed in and around the test area (Alonso and 

Alcoverro, 2005). 

The FEBEX experiment aimed to simulate a full-scale high level waste disposal facility. 

Two steel-lined cylindrical heaters were designed to be the approximate size and weight of the 

waste canisters they were simulating. The heaters were fully encased in high density compacted 

bentonite blocks that, when saturated by the surrounding rock mass, would swell to create a tight 

seal. This required 5331 bentonite blocks, totalling over 115 tonnes. A concrete plug separated 

the testing zone from the data acquisition and control systems in the service area (Alonso and 

Alcoverro, 2005). A schematic of the test layout is shown in Figure 3.12. 

 



95 

 

 

Figure 3.10: Layout of the GTS in Switzerland (Padrillo et al., 1997). 

 

Figure 3.11: Layout of the FEBEX experiment (Padrillo et al., 1997). 
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Figure 3.12: Schematic of FEBEX experimental layout (Alonso and Alcoverro, 2005). 

 

The bentonite barrier, and the numerous complex processes within it, was of particular 

interest during the FEBEX experiment. The buffer area closest to the granite host rock saturated 

quickly due to suction, while the bentonite closest to the heater dried rapidly as pore water 

evaporated. Bentonite blocks between these two extreme states experienced cyclic drying and 

wetting, as shown in Figure 3.13. Water vapour moves away from the heaters by diffusion and 

gas advection and as it moves away from the heat source, the vapour condenses. Advection 

moves the liquid state water back towards the heaters, and the cycle begins anew. Throughout the 

process, thermal conductivity changes as a function of saturation. The FEBEX study highlighted 

the need for a fully coupled THM model to accurately predict the behaviour of the bentonite 

buffer, complete with phase changes of the pore fluid (Alonso and Alcoverro, 2005). 
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Figure 3.13: Coupled processes within the bentonite barrier (Gens, 2003). 

 

The bentonite barrier has an extremely low permeability, allowing it to act as a seal 

around the nuclear waste. The permeability of the granitic host rock is comparatively high (10-18 

m2 compared to 2x10-20 m2 for bentonite), so pore fluid in the rockmass is always available to 

hydrate the bentonite. Additionally, the low permeability in the bentonite prevents convection and 

vapour diffusion from contributing meaningfully to the heating of the system. Conduction is the 

primary method of heat transfer (Gens et al., 1998). 

Within the host rock, an increase in temperature causes both the pore fluid and the rock 

skeleton to dilate. As the thermal expansion of water is greater than that of rock, heat-induced 

pore pressures increase, and then gradually dissipate as the rock is drained. Pore pressures are 

greatest when the rate of heating, porosity, and rock stiffness are high, and permeability is low. 

The relatively high permeability of the granitic host rock allowed it to dissipate excess pore 

pressures quickly, even while thermally-induced stresses developed within the rockmass itself.  

(Alonso and Alcoverro, 2005).  
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The effect of the high permeability of the granite on both buffer hydration and heat-

induced pore pressure dissipation occurs throughout the host rock. The shear zones and 

lamprophyre dikes have different flow properties, but are similar enough in magnitude to that of 

the granite that they can be hydromechanically treated as one homogenous body (Alonso and 

Alcoverro, 2005). 

The FEBEX experiment was an important early full-scale experiment using a bentonite 

buffer. Some of the findings are applicable in similar rock types. For example, the relatively high 

permeability of the host rock caused excess pore water pressures to drain fairly quickly, and the 

hydration of the bentonite buffer was independent of surrounding geological features. The 

majority of the findings, however, are important in a wider range of repository cases. FEBEX 

demonstrated the complex moisture circulation within the buffer, which requires fully coupled 

THM numerical models that consider water phase changes to accurately predict this behaviour. 

The large dataset has been used to construct a benchmark test for future modelling approaches. 

3.3.3 Drift Scale Test (DST) 

The Yucca Mountain Exploratory Studies Facility (ESF) is located in a highly fractured welded 

tuff. It is characterized by abundant lithophysae, cavities that range in size from millimeters to 

several centimeters across caused by gases in cooling ash flows (Datta et al., 2004). While most 

countries have looked for low porosity host rocks to seal in nuclear waste, this repository design 

uses the open rock structure as a design feature. Due to its high elevation, the unit is located in an 

unsaturated zone. The large voids therefore act as a physical barrier to nuclide flow, which limit 

the options for transportation of radioactive contaminants to local aquifers or the ground surface 

(Rutqvist and Tsang, 2003a).  

Numerous studies were conducted on the Topopah Spring Tuff in Nevada to determine 

its suitability as a nuclear waste repository. The Drift Scale Test (DST), which involved four-year 

heating and cooling periods at the Yucca Mountain test site, was the subject of DECOVALEX, 
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Stage III, Task 2. The task was subdivided into four parts, to look at a variety of coupling 

components in detail: TH, THM, TM, and THC (Tsang, Jing, et al., 2005). 

Nine main heaters were placed in the 47.5m long, 5m wide test drift. To simulate the heat 

that would come from adjacent waste emplacement drifts, 50 “wing” heaters, each 10m long, 

were installed on the sides of the test drift. The heated test drift was sealed with a bulkhead. 

Boreholes from the test drift, as well as the main access drift and connecting drift, were used to 

install monitoring instrumentation, as shown in Figure 3.14. Heating began in December, 1997. 

 

Figure 3.14: Test layout, including instrumentation configuration, for the Drift Scale Test at 

the Yucca Mountain Test Site (Tsang, Jing, et al., 2005). 

 

The DST was not designed with the same thermal specifications as repositories with 

bentonite clay barriers, which may undergo complex chemical changes at high temperatures. Free 

of these restrictions, the host rock reached temperatures over 200°C, which led to the boiling of 

water close to the tunnel boundary. The lithophysae structure allowed water vapour to move by 

diffusion and advection to more distal, cooler areas of rock where it condensed. While these 
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processes affected heat flow, conduction remained still the primary mode of heat transfer (Datta, 

Olivella, Gonzalez, Gens, Luna, et al., 2005). 

The two most important parameters for modelling THM coupled processes in the DST 

were the coefficient of thermal expansion and the relationship between fracture normal stress and 

permeability (Datta, Olivella, Gonzalez, Gens, Millard, et al., 2005). Thermal expansion reduces 

permeability, due to the closures of lithophysae and fractures. This has a significant effect on the 

flow of liquid and vapour pore water, as well as heat flow and effective stresses. Dimensionality 

is also important: in 2-dimensional models, which could not account for heat losses at the ends of 

the drift, temperature was overestimated by approximately 10°C (Tsang, Jing, et al., 2005). 

While the Topopah Springs Tuff is very different from the other host rocks being 

considered, the DST remains an important experiment. Along with FEBEX (Section 3.3.2), the 

Test Cases (TCs) of DECOVALEX Stage III were the largest experiments conducted at the time 

that investigated coupled processes in fractured rock and buffer material. The DST helped to 

refine excavation construction practices, collaborative practices for TCs, and THM coupled 

numerical codes. It also demonstrated the importance of dimensionality in THM modelling for 

repositories. 

3.3.4 HE Series 

The Mont Terri research facility, located in the Jura Canton of Switzerland, is one of two URLs 

in Switzerland that are dedicated to the research and development of underground nuclear waste 

repositories. It is located in the Opalinus Clay, a low permeability, stiff, Jurrasic age “claystone” 

with three main facies (shaly, silty-sandy, and sandy). It is approximately 160m thick and dips at 

45°. The overburden ranges from 250 to 320m (Gens et al., 2007). The setting and layout of Mont 

Terri are shown in Figure 3.15 and Figure 3.16, respectively. 

Several prominent full-scale laboratory experiments have been conducted at Mont Terri 

to determine the effectiveness of the Opalinus Clay for high level nuclear waste storage. Multiple 
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iterations of the heater experiment (HE-B, HE-C, HE-D, HE-E) have been conducted to examine 

thermally-coupled processes in the rockmass.  Mont Terri is also the site of the Full-Scale 

Emplacement Test, or FE, which began heating in 2014, and is expected to last for a minimum of 

ten years. 

The first heater experiment at Mont Terri, originally designated “HE”, was carried out 

between 1997 and 2007. The experiment was designed to examine the effect of THM processes 

within, and the interaction of, the bentonite buffer and host rock. A heater, surrounded by 

bentonite rings and emplaced in a vertical borehole, was used as a small-scale representation of 

one disposal concept. The experiment was later renamed HE-B, and expanded to HE-C, HE-D, 

and HE-E (Wileveau et al., 2008). 

 

 

Figure 3.15: The geographic and geological setting of the Mont Terri Rock Laboratory 

(Tsang et al., 2012). 



102 

 

 

Figure 3.16: The layout and construction sequence of the Mont Terri Rock Laboratory 

(Tsang et al., 2012). 

 

3.3.4.1 HE-B Experiment 

HE-B took place in the HE niche of Gallery 98 (Figure 3.16) within the shaly facies of 

the Opalinus Claystone. The central heated borehole was 30cm in diameter and 7.5m long. The 

bottom 5m was lined with the buffer material: ring-shaped compacted bentonite blocks. The 

blocks were embedded with temperature, total pressure, pore water pressure and humidity 

sensors. An artificial hydration system was used to saturate the bentonite buffer prior to the 

experiment, from May, 1999 to March, 2002 (Göbel et al., 2007). 

A 2m long heating element, encased in carbon steel, was installed into the bentonite 

blocks 4m below the drift level. Nineteen auxiliary boreholes were instrumented to record 

temperature, mechanical and pore water pressures, humidity, displacement, and gas resistivity. 

The layout of the experiment is shown in Figure 3.17. 
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Figure 3.17: Cross section of the central heated borehole (left) and plan view of the 19 

instrumentation boreholes, with cable channels shown in blue (right) in the HE-B 

experiment (Wileveau et al., 2008). 

 

Heating began in February, 2002, and increased in a stepwise fashion until the design 

temperature of 100°C was reached. Heating continued until September 1, 2003, followed by a one 

month cooling period. In October, 2005, five post-heating boreholes were drilled for laboratory 

testing, and dismantling of the experiment began (Göbel et al., 2007). 

The HE-B experiment provided valuable information about both THM processes at Mont 

Terri and important considerations for large scale in situ THM testing. A decrease in the energy 

required by the heater indicated a decrease in the thermal conductivity of the surrounding 

material, caused by the drying of the bentonite blocks. The thermal conductivity was low enough 
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to limit the temperature increase in the surrounding Opalinus Clay to a maximum of 40°C, which 

was below the threshold of conclusive, measurable changes in the host rock (Göbel et al., 2007).  

Although sensors were designed for the challenging conditions at Mont Terri, where pore waters 

have dissolved minerals and salts of up to 20g/L, several were lost due to inadequate protection, 

which often occurred in the cables. Specifically: 

 Carbon steel piezometers in BHE-5 were partially eroded, as the zinc protection of the 

carbon steel was not sufficient for permanent contact with saline water (all stainless steel 

piezometers were functioning); 

 All the humidity sensors in BHE-0 failed due to water entering the cable gland; 

 Most of the pore water pressure sensors failed because water was able to enter both the 

cables and the sensors themselves; 

 Most of the thermocouples in BHE-0 failed due to gaps in Teflon wire coating; and 

 Most of the total pressure cells in BHE-0 failed due to a manufacturing defect in the cable 

gland, which allowed water to enter. 

The damaged instrumentation severely impaired the monitoring program, but provided valuable 

information about the corrosive nature of the clays. More robust instrumentation and materials 

were used in subsequent tests (Göbel et al., 2007). 

3.3.4.2 HE-C Experiment 

The HE-C experiment used one of the heating elements from HE-B to conduct a smaller 

scale heating experiment 25m from the original HE-B niche. A 50cm long heater, encased in 

stainless steel and surrounded by bentonite blocks, was installed at a depth of 2.2m from the 

borehole collar. Two observation boreholes, one on each side of the heated borehole, hosted 

Resistance Temperature Detectors (RTD) and fibre optic temperature sensors (Wileveau et al., 

2008). 
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The heater operated from April, 2002 to October, 2003 at an electric power of 200-230W. 

The two instrumented boreholes had different temperatures despite being similar distances 

(roughly 48 cm) to the heating element. This is the result of the transversely anisotropic thermal 

properties of the Opalinus Clay. The test setup and resulting temperature profile is shown in 

Figure 3.18. The results were used to determine the thermal conductivity perpendicular and 

parallel to the bedding, which were necessary for the modelling of the HE-B and future heating 

experiments (Wileveau et al., 2008) 

 

Figure 3.18: The isothermal contours around the HE-C experiment demonstrate the 

anisotropic nature of thermal conductivity with respect to bedding planes (Wileveau et al., 

2008). 
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3.3.4.3 HE-D Experiment 

The next in situ heater experiment, HE-D, was also located in Gallery 98, approximately 

30m from the HE-C experiment. HE-D examined the thermal impact and THM coupling 

processes within the Opalinus Clay, in addition to testing different types of instrumentation and a 

new heater design. Laboratory testing results of samples taken from the test site were used to 

calibrate numerical models. An additional objective of the HE-D experiment was to provide a 

mock-up of the TER experiment in the Callovo-Oxfordian argillite unit at the Meuse-Haute 

Marne URL in France (Wileveau and Rothfuchs, 2007). 

Two 2.5m heaters were placed approximately 0.8m apart within a 14m long, 30cm diameter 

borehole, and pressurized to 1MPa with an inflatable packer. The 24 surrounding observation 

boreholes housed equipment to measure temperature, pore water and gas pressures, and 

deformation. The layout of the HE-D and HE-C experiments is shown in Figure 3.19. 

In the HE-B experiment, the temperature was held constant; this time, the heaters used a 

constant amount of power for set periods of time. Approximately one month after installation and 

pressurization, in April 2004, the 325W heaters were turned on. After 90 days, the power was 

increased to 300% of its initial value (975W) and held constant for 248 days. The heaters were 

switched off in March 2005, and the test area was allowed to gradually cool over a period of 7 

months (Gens et al., 2007; Wileveau and Rothfuchs, 2007). 

The results of the HE-D experiment are similar to that of the previous HE tests. Pore 

water pressures increased with heating due to the expansion of the pore water, and then gradually 

decreased due to dissipation, as shown in Figure 3.20. When the heaters were turned off, pore 

water pressure decreased rapidly, falling to below pre-testing conditions, and the pressure 

gradually increased during the cooling period. Pore pressures were lower near the heaters, where 

the effect of cooling was first observed, but increased with distance as a result of the gradual 

temperature change (Gens, 2007). 
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Figure 3.19: The layout of the HE-D and HE-C experiments in Gallery 98 of the Mont Terri 

Research Facility (Wileveau et al., 2008). 

 

In several of the more proximal pore water pressure sensors, a slight decrease was seen 

after the heaters were turned on, before a large increase in pressure. This is similar to the 

behaviour seen at ATLAS (Section 3.3.1, Figure 3.9) and likely represents some coupling 

phenomenon that is currently not well understood (Wileveau and Rothfuchs, 2007). 

Heating induced thermal expansion in the clays. In some cases, the thermal expansion 

close to the heater was significant enough to cause contraction in the rock several meters from the 
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heater. As the heat spread further from the source, these areas also expanded. Wileveau and 

Rothfuchs (2007) state that this occurs because the dissipation of pressure by increasing 

temperature, or thermo-consolidation, is more rapid than the pressure transfer to the skeleton by 

effective stress (Gens et al., 2007; Wileveau and Rothfuchs, 2007).  

 

 

Figure 3.20: Evolution of temperature (pink) and pore pressure (blue) in borehole HEDB03. 

The pore pressure spike in December 2004 is the result of a power interruption, which 

temporarily disabled the heater (Wileveau and Rothfuchs, 2007). 

 

Upon cooling, the rockmass exhibited irreversible dilation. However, there was no 

evidence, either in pore water pressure data or post-test boreholes, to suggest thermally induced 

macro-fracturing. Even proximal to the heater, which was 100°C, the Opalinus Clay was intact. 

This temperature was approximately 45°C greater than current HLW repository design limits, 

which demonstrated the thermo-mechanical suitability of the Opalinus Clay as a host rock 

(Wileveau and Rothfuchs, 2007; Wileveau et al., 2008). 
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A coupled THM three-dimensional numerical analysis was completed to analyze and 

interpret the monitoring data. The major coupled processes were thermal to hydraulic and thermal 

to mechanical coupling: the rise in temperature was responsible for the majority of the pore water 

pressure increase, and most strains were caused by thermal expansion rather than pore pressure 

(Gens et al., 2007). Hydraulic to thermal coupling was negligible, since all significant heat 

transfer occurred through conduction. Mechanical to thermal coupling was also insignificant, as 

changes in clay porosity were too small to affect thermal conductivity (Gens et al., 2007; 

Wileveau and Rothfuchs, 2007; Zhang et al., 2007). 

The thermal conductivity, which must be identified as accurately as possible to model 

THM coupling, was determined using thermal back-analyses. The results indicated that the 

thermal conductivity of this facies of the Opalinus Clay is 2.8W/m·K parallel to bedding, and 

1.6W/m·K perpendicular to bedding. This transverse anisotropy of the rock had minimal effect on 

temperature adjacent to the heaters, but became more important as the distance from the heat 

source increased (Gens et al., 2007). Modelling indicates that the final temperature field is 

extremely sensitive to variation in thermal conductivity values, but not specific heat capacity 

(Wileveau and Rothfuchs, 2007). 

3.3.4.4 HE-E Experiment 

The HE-E experiment was a drift-scale test designed to study the effects of THMC 

coupled processes on the Engineered Barrier System (EBS), and to ensure its structural integrity 

throughout resaturation in the early post-closure non-isothermal resaturation period. The study 

also investigated the effect of scale and moisture content on thermal conductivity, and the thermal 

impact of a 140°C canister on the EBS and surrounding host rock (Gaus, Garitte, et al., 2014).  

The HE-E experiment took place in the former Ventilation Experiment (VE) tunnel. The 

“micro-tunnel” is 1.3m in diameter and 50m long, but only 10m of the chainage was used for HE-

E. Two 4m long heaters were installed in steel liners and placed on bentonite blocks. Concrete 
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plugs with thermal insulation and vapour barriers were installed at each end of the test section and 

between the two heaters. One half of the tunnel, named the Nagra Section, was backfilled with 

MX80 bentonite pellets, while the GRS Section used a 65/35 sand-bentonite mixture. The 

experiment layout is shown in Figure 3.21 (Gaus, Garitte, et al., 2014). 

 

Figure 3.21: The HE-E experiment used two heaters, each with a different backfill material 

(Gaus, Garitte, et al., 2014). 

 

Heating began in June 2011, and was increased gradually over the course of one year 

until the final temperature of 140°C was reached. It was designed to run until 2014, but results 

have only been published with data up to December 2013 (Gaus, Garitte, et al., 2014; Gaus, 

Wieczorek, et al., 2014).  

The buffer materials have low thermal conductivities, resulting in a steep temperature 

gradient throughout the barrier. While the heater was maintained at 140°C, modelling suggests 

that the buffer/rock boundary reached equilibrium at roughly 50°C. The temperature evolutions in 

both types of buffer material are shown in Figure 3.22. The temperature is lower in the sand-

bentonite mixture, possibly due to heat loss through the front of the tunnel (Gaus, Wieczorek, et 

al., 2014).The buffer material reached thermal equilibrium relatively rapidly, indicating that 

thermal energy had mostly transferred to the surrounding rockmass and the thermal properties of 
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the buffer had little effect on the thermal system within the host rock. Within the buffer, thermal 

conductivity varied as a function of saturation (Gaus, Garitte, et al., 2014). 

 

Figure 3.22: Temperature evolution within the bentonite (N) and sand-bentonite (G) 

buffers. H is closest to the host rock, M is in the middle, and C is near the centre, closest to 

the heater (Gaus, Wieczorek, et al., 2014). 

 

Within the buffer, the heat vaporized the pore water leading to vapour advection and 

condensation in cooler areas, as discussed in Section 3.3.2. In both buffer materials, the bentonite 

and sand-bentonite mixture, the hottest areas closest to the heater did not resaturate. At the EBS-

Opalinus Clay interface, the sand-bentonite buffer resaturated in approximately four months, but 

the bentonite buffer did not resaturate during the testing period, as shown in Figure 3.23. Relative 

humidity measurements indicate that water inflow from the surrounding host rock occurred very 

slowly. Around the bentonite buffer, the hydraulic pressure front, which separates the areas of the 

rock with positive pore water pressure and those with suction related to water moving towards the 
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barrier, was still greater than 1m from the tunnel wall after 32 months of testing (Gaus, Garitte, et 

al., 2014). 

 

 

Figure 3.23: As the HE-E experiment progressed, relative humidity in the buffer materials 

decreased closest to the heater (C) and increased further away (H). The sand-bentonite 

mixture (G) resaturated within 4 months, but the bentonite alone (N) did not resaturate 

during the testing period (Gaus, Wieczorek, et al., 2014). 

 

Modelling and analysis are ongoing for HE-E, as part of DECOVALEX 2015, Task B1. 

The HE series of heating experiments, like the ATLAS experiments at HADES URL, show the 

progression of a site investigation into thermal and thermally-coupled properties. At each stage, 

construction methodologies, instrumentation design, and models of the site were refined, 

accumulating the knowledge required for the successful design and operation of a nuclear waste 

repository.  
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3.3.5 APSE 

The Svensk Kärnbränslehantering AB (the Swedish Nuclear Fuel and Waste Management Co., or 

SKB) conducted the Ӓspö Pillar Stability Experiment (APSE) in Oskarshamn, Sweden from 2002 

to 2006. The study used excavation- and thermal-induced stresses to observe progressive yielding 

within a diorite pillar. Upon completion, the entire pillar was excavated with a wire saw for 

detailed geological mapping and post-experimental characterization to document the extent of the 

damage.  

The experiment was conducted in a 5m wide, 7.5m high experimental drift, which was 

excavated in stages to minimize the EDZ in the floor. At the excavation depth of 450m, the 

maximum principal in situ stresses were approximately 30MPa, well below the average uniaxial 

compressive strength of the Ӓspö diorite (approximately 211MPa). The tunnel geometry, which 

featured a large cross sectional area and an arched floor, was designed to concentrate stresses in 

the floor area and reduce the thermal energy required to initiate rock failure (Andersson, 2007a). 

The experimental setup is shown in Figure 3.24. 

The pillar under investigation was the 1m section of rock between two 1.75m diameter 

6.5m deep boreholes. An inflatable bladder was installed into the first borehole to provide 

confining pressure before excavating the second borehole. The rubberized bladder, shown in 

Figure 3.25, used steel plates connected by textile straps to generate 0.7MPa. While this is 

smaller than the swelling pressure a bentonite backfill would generate (5 to 7MPa), the bladder 

demonstrated the effects of confining pressure on brittle failure. Throughout the heating 

processes, water was removed from the inflatable bladder in the confined borehole to maintain a 

constant pressure due to the thermal expansion of water.  
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Figure 3.24: The APSE considered a pillar of rock between two large boreholes at the Äspö 

URL (Andersson, 2007a). 

 

Figure 3.25: The custom built inflatable bladder used vertical textile straps connected to 

horizontal steel plates (Andersson, 2007a). 
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Monitoring equipment was installed in instrumentation boreholes around the pillar, and at 

the North (N), Center (C), and South (S) positions of the larger boreholes, as seen in Figure 3.26. 

An inclined borehole, KQ0064G08, was used to measure temperatures further from the pillar and 

to calibrate models. Corrosion resistant type-K thermocouples were distributed around the pillar 

to monitor the temperature field. The thermocouples were calibrated to 0°C and 100°C before 

being placed in boreholes packed with sand to ensure good thermal coupling with the surrounding 

rock. Linear variable differential transformer (LVDT) instrumentation was used to monitor 

displacements. LVDTs were calibrated for temperature both before and after the experiment to 

account for temperature effects. Twenty-four ultrasonic transducers were used for acoustic 

emissions (AE) monitoring, to track brittle damage development within the rock (Andersson, 

2007a). 

 

Figure 3.26: Layout of thermocouples and heaters in the APSE (Andersson, 2007a). 

 

The four heated boreholes around the pillar each contained two 6.5m-long heaters, a 

primary heater and a redundant heater in case of failure. Each had a stainless steel casing, inserted 

into a copper tube, to provide protection from the saline environment of the test excavation. As 

with the thermocouples, sand was used to pack the boreholes with the heaters to ensure good 

thermal coupling with the host rock. 
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Heater borehole KQ0065G03 intercepted a water-bearing fracture, resulting in 5.36L/min 

of inflow. This seepage had to be managed to ensure the efficacy of the heater. Injection grouting 

was not used, as it could have altered the composition and behaviour of the pillar, and forced the 

water into a different borehole. Instead, the heaters in borehole KQ0065G03 were raised to 

accommodate a packer system with a 0.5m grout seal, as shown in Figure 3.27. While this 

reduced the cooling effect of the water, it also reduced the effective length of the heater to 5m. 

During the heating phase of the experiment, the output of the heaters on the opposite sides of the 

pillar was reduced to accommodate this change (Andersson, 2007a, 2007b). 

 

Figure 3.27: A cross-section of Borehole KQ0065G03, showing heaters were raised to 

accommodate a packer and grout seal where the borehole intersected a water bearing 

fracture (Andersson, 2007b). 
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Heating started in May, 2004. After 38 days, the backup heaters were turned on, 

effectively doubling the power output. The confining pressure was gradually reduced starting in 

July, 61 days into the experiment. The heaters were shut down on the 67th day and after a cool-

down period the pillar was excavated. Throughout the loading processes, failure was monitored in 

three ways: by AE events, by displacement, and by daily visual inspection and mapping of 

fracture traces on the unconfined pillar wall. On several occasions, crack growth and fracturing 

were observed visually and/or with the LVDT equipment, but did not trigger an AE event 

(Andersson, 2007a, 2007b). 

Before heating began, a notch had formed in the unconfined pillar wall. Starting 0.5 m 

below the tunnel floor and extending to a depth of 2m, this zone of brittle failure was caused by 

excavation-induced stresses. As the temperature increased, so did the size of the notch. Small 

“chips” of rock formed tangential to the pillar, and fractures built up behind the chip, which 

eventually lead to spalling, as shown in Figure 3.28. This zone of brittle failure extended to a 

depth of 3m in the first heating stage, and 5m in the second; Figure 3.29 shows a map of its 

progression. Figure 3.30 shows the thermally-induced stress and total stress as a function of pillar 

depth. 
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Figure 3.28: The notch is a zone of brittle failure created by excavation and heating induced 

stresses (Andersson, 2007a). 
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Figure 3.29: Map of the brittle failure notch in the unconfined pillar (Andersson, 2007a). 
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Figure 3.30: Total stress and thermal stress with increasing depth (Andersson, 2007a). 

 

The temperature and AE events before the relaxation of the confining pressure are shown 

in Figure 3.31. As expected, AE events increased dramatically during heating. AE events did not 

occur at a constant frequency, even around day 20 or day 45 when temperatures reached a steady 

state. Instead, short periods of inactivity were followed by a large number of events. A similar 

trend was present in displacement data. This represented stress building up within the rockmass 

before being released over a comparatively short time. 

AE events were also triggered by the relaxation of the confinement pressure. Over the 

course of two days, pressure was gradually released from the rubberized bladder in 50kPa 

increments at intervals of approximately one hour. While some AE events occurred at around 

250kPa, the majority of events occurred when pressure decreased to 150kPa, as seen in Figure 

3.32. 
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Figure 3.31: The AE events and temperatures measured throughout the heating experiment  

(Andersson, 2007b). 

 

Figure 3.32: As the confining pressure was gradually reduced, AE events occurred 

(Andersson, 2007a). 
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The majority of the AE events and visible damage resulting from the heating and the 

release of confining pressure occurred in the unconfined borehole. The initiation and propagation 

of brittle failure was sensitive to low confining pressure (Andersson, 2007b). A comparison of the 

monitoring data and detailed geological mapping indicated that local fracturing and heterogeneity 

did not significantly affect rockmass strength (Andersson, 2007a). 

The experiment was initially modelled using Examine3D and Phase2 by RocScience to 

determine the magnitude of the thermal stresses caused by the change in temperature. A back-

analysis was conducted by using temperature monitoring results as boundary conditions, and 

adjusting the thermal properties of the rock to match the data. This indicated that the in situ 

thermal conductivity of the Ӓspӧ diorite was over 20% higher than predicted from laboratory 

testing (Andersson, 2007b). Modelling by seven international teams was later completed as part 

of DECOVALEX 2011, Task A. Results from different groups were very similar, but overall, 

discontinuum models better matched experimental data. In these models, an extremely small 

element size (approximately 2mm) was required to accurately model the excavation and 

thermally induced stresses in the pillar (Andersson et al., 2011).  

The APSE experiment allowed researchers to better quantify the strength of the Ӓspӧ 

diorite, and demonstrated that strength was not significantly affected by local fracturing or 

heterogeneity (Andersson, 2007a, 2007b; Andersson et al., 2011). The test successfully resulted 

in gradual rockmass failure caused by excavation and thermally induced stresses and reductions 

in confining pressure. While the specific findings of this experiment may not be applicable to the 

Cobourg Limestone, the test methodology and subsequent modelling analyses can be used to 

guide future research.  

Similar experiments, involving the gradual onset of failure in situ by heating, have been 

completed internationally. Canada’s AECL URL conducted the Heated Failure Tests (HFT) from 

1993 to 1996 in the Lac du Bonnet Granite. The four stages of this experiment examined different 
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drilling/heating sequences and confining conditions in five 600mm observational boreholes, and 

found that heating primarily increased tangential stresses around the boreholes (Read, 2004). The 

HFT experiment heavily influenced both the APSE and Posiva’s Olkiluoto Spalling Experiment 

(POSE). Conducted at Finland’s ONKALO underground characterization facility from 2011 to 

2013, POSE, shown in Figure 3.33, was a three-stage experiment that included both a pillar and a 

single hole heated damage test. It found that rockmass failure was controlled by fracture growth 

from the boundaries of the migmatitic gneiss and pegmatitic granite found at Olkiluoto (Siren, 

2015). The HFT, APSE, and POSE all looked at the gradual onset of failure from thermal and 

excavation induced stresses in large observational boreholes. The APSE was selected for 

discussion here because it has involved a larger international cooperative effort as part of 

DECOVALEX 2015. 

 

Figure 3.33: The test layout for POSE phases 1, 2, and 3 (Siren, 2015). 

 

3.3.6 PRACLAY 

The PReliminAry demonstration test for CLAY disposal of highly radioactive waste 

(PRACLAY) is a large-scale multi-year in situ test that is designed to assess the impact of 

excavation damage and thermal loading on the poorly indurated Boom Clay, as well as the 

feasibility of repository construction using common industrial techniques. Launched in 1995 and 
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ongoing at the time of writing, the ambitious experiment was divided into three main components 

to better address specific research topics: the Gallery and Crossing test, the Seal test, and Heater 

test, shown in Figure 3.34 (Chen et al., 2012; Dizier et al., 2016). 

 

Figure 3.34: The PRACLAY experiment relies on several different components: the Gallery 

and Crossing test examines the feasibility of repository construction, the Seal test creates a 

hydraulic seal to mimic undrained conditions, and the Heater test examines the thermal 

impact on the Boom Clay (Chen et al., 2012). 

 

It is necessary to verify that the plastic Boom Clay will continue to act as a barrier to 

radionuclides after the disturbances caused by construction and heating, and to ensure that there is 

no risk of liquefaction. The PRACLAY experiment also aims to assess the feasibility and effects 

of proposed excavation and construction methodologies, and further refine numerical models of 

the thermal properties and coupling behaviour of the Boom Clay on a repository scale (Van 

Marcke et al., 2013).  

The first stage of the PRACLAY project, which has been completed, was the Gallery and 

Crossing tests. This stage demonstrated the feasibility of industrial excavation and construction in 

the Boom Clay (as seen in Figure 3.1). An 85m Connecting gallery was constructed from 2001 to 

2003, which linked a second shaft to the existing URL. While the original Test Drift was 

constructed in 1987 used a costly freezing technique, the Connecting gallery was constructed 
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using a shielded road header in unfrozen ground. A minimum excavation rate of 2m/day and 

rapid installment of the lining (roughly 1m from the face) helped to limit convergence. Figure 

3.35 shows a schematic view of the tunnelling equipment.  

 

Figure 3.35:The tunnel excavation equipment: (1) the clay face; (2) the cutting head; (3) the 

tunnelling shield; (4) the roadheader; (5) the hydraulic jack; (6) bird-wing erector; (7) the 

wagon; and (8) the wedge-block lining (Bastiaens and Bernier, 2006). 

 

The Connecting gallery was the first drift to be excavated in Boom Clay at depth without 

freezing, which demonstrated the viability of more conventional construction techniques 

(Bastiaens and Bernier, 2006). Figure 3.36 shows the layout of the gallery and instrumented 

boreholes. 

Instrumentation installed throughout the construction process recorded the total pressure, 

pore water pressure, and displacements in the Boom Clay. Hydro-mechanical coupling was 

evident in the evolution of pore water pressure as the face approached and then passed one set of 

sensors, as shown in Figure 3.37. Plastic deformation ahead of the face caused an increase in pore 

pressure due to undrained conditions. Once the excavation face had passed the sensor, 

decompression and creep caused a drop in pore water pressure until convergence reached an 

equilibrium; at this point, pore water pressures began to rise again (Bastiaens and Bernier, 2006). 
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The sudden decrease in pore water pressure that occurred after excavation is more gradual below 

the gallery than beside it, demonstrating the anisotropic hydraulic properties of the Boom Clay 

(Van Marcke et al., 2013; Dizier et al., 2016). 

 

Figure 3.36: The connecting gallery was excavated from a second shaft. Instrumented 

boreholes and lining (not to scale) were used to monitor the effect of the excavation 

(Bastiaens and Bernier, 2006). 

 

During the excavation of the Connecting Gallery, a regular fracture pattern emerged. The 

“herringbone” fractures are curved in both the horizontal and vertical planes, although more 

pronounced in the vertical plane. This results in two average conjugate fracture planes, which 

meet approximately at mid-level of the tunnel face. The upper fracture plane dips in the direction 

of excavation, while the lower fracture plane dips in the opposite direction. Figure 3.38A shows a 

cross-section of the fractures around the tunnel, and Figure 3.38B shows a plan view. Cored 

borings from the tunnel wall (Figure 3.38C and D) indicate that the fractures are present up to 1m 

from the tunnel walls radially (Bastiaens and Demarche, 2003). The formation of the Herringbone 

fractures was observed when monitoring pore water pressure ahead of the face. Pressure increases 

as the face advances towards the piezometer, before dropping suddenly as the fracture forms. 
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Figure 3.37: The evolution of pore water pressure measured by an inclined piezometer in 

borehole C as the excavation face passes beneath it (Bastiaens and Bernier, 2006). 

 

 

Figure 3.38: The herringbone fractures around the Connecting Gallery in (A) cross-section 

and (B) vertical plan view. They can also be seen in (C) a resin-immobilized borehole and 

(D) retrieved core (Wileveau and Bernier, 2008). 
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Modelling suggests that the herringbone fractures form approximately 6m ahead of the 

tunnel face, as a result of the elevated stress and differential stress paths present at the tunnel face. 

Because the in situ stresses are greatest in the vertical direction, these fractures are not concentric, 

but instead have a trend perpendicular to the tunnel axis. This also explains the anisotropic 

convergence recorded in the gallery: the formation of the fractures reduces vertical stress, so 

vertical convergence is limited. Convergence at the tunnel walls is greater in comparison 

(Bastiaens and Demarche, 2003). Similar fractures have been found at the Meuse/Haute-Marne 

URL in France, in the plastic Callovo-Oxfordian clay (Wileveau and Bernier, 2008).  

The herringbone fractures can create large blocks, leading to potential safety hazards and 

overexcavation. They also increase the hydraulic conductivity around the excavation, but are not 

expected to reduce repository performance in the long term. Similar fractures caused by the 

excavation of the Testing Gallery 15 years previously showed signs of self-healing (Bastiaens and 

Bernier, 2006). 

The PRACLAY gallery was excavated in 2007 and is perpendicular to the Connecting 

gallery. It was excavated by an open-faced tunnelling machine from the Connecting gallery 

directly so no starting or mounting chamber was necessary. The PRACLAY gallery was lined 

with concrete wedge blocks, some of which were embedded with strain gauges (vibrating wires 

installed circumferentially around, and optical fibre along, the tunnel axis), external pressure and 

segment load cells, thermocouples, and corrosion samples. Compressible materials like 

polysiloxane sheets and steel foam panels were inserted between and inside the lining rings to 

accommodate some thermal expansion of the lining and minimize thermally induced lining stress 

and radial lining movement. The final 3m of the PRACLAY gallery have no compressive 

materials, only wedge blocks of ultra-high performance concrete (UHPC) in order to observe the 

lining behaviour under less conservative conditions (Van Marcke et al., 2013). 
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The Seal test was designed to create more conservative conditions and observe the 

behaviour of bentonite throughout the heating test. A hydraulic seal separates the heated portion 

of the gallery from the unheated section, preventing the dissipation of thermally-induced pore 

water pressures. This reduces the contact forces between clay particles, resulting in lower strength 

and mechanical stability (Van Marcke et al., 2013). 

The seal itself is approximately 1m thick, and 10m from the Connecting gallery crossing. 

Installed in 2010, it consists of a steel structure with a central manhole for access to the 

PRACLAY gallery prior to the heating test. This was ultimately sealed by welding on a closing 

plate. Around the circumference of the steel component, steel ribs separate annular rings of 

precompacted bentonite that were placed in direct contact with the Boom Clay (Figure 3.39). 

Synthetic Boom Clay water was injected into the bentonite, causing it to swell and seal off the 

heated gallery, creating a zone with 1-2 orders of magnitude lower hydraulic conductivity than 

the surrounding host rock (Chen et al., 2012). Instrumentation within the bentonite blocks and 

around the seal indicated that the seal performed as expected: it swelled up to 10mm towards the 

Boom Clay, with a maximum radial swelling pressure of 3.1MPa (Van Marcke et al., 2013). 

 

Figure 3.39: A cross-section of the hydraulic seal (Chen et al., 2012). 
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In addition to the installation of the hydraulic seal, a sand backfill was used to simulate 

undrained conditions. Dry sand was blown into the gallery in September, 2011, and water was 

injected in early 2012. Over the subsequent two years, the sand became fully saturated and 

pressurized, reaching a pore water pressure of 1MPa. In addition to simulating undrained 

hydraulic boundary conditions between the clay/lining interface, the sand allowed for more 

efficient transfer of thermal energy from the heaters to the surrounding host rock, and rapid 

homogenization of pore water pressures within the backfill (Van Marcke et al., 2013; Dizier et 

al., 2016) 

The Heater test is designed to examine the thermal impact on the Boom Clay over a 10-

year period of heating. The test began in November, 2014, and heater output was gradually 

increased in a step-wise fashion until the target temperature of 80°C was reached in August, 

2015. Over one thousand sensors have been installed in surrounding boreholes in the PRACLAY 

gallery lining, and the hydraulic seal. These include piezometer filters, thermocouples, flat-jacks 

and Kulite transducers, strain gauges, topographic survey total stations, inclinometers, fibre optic 

displacement sensors, and relative humidity sensors. The test layout is shown in Figure 3.40. 

Preliminary results generally agree with predictive models, although some discrepancies near the 

seal suggest complex coupled behaviour is present that requires further study (Dizier et al., 2016).  
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Figure 3.40: A 3D view of the instrumentation boreholes surrounding the PRACLAY 

gallery (Dizier et al., 2016). 

 

The PRACLAY test is a thorough and technically robust, in situ experiment that 

examines multiple stages of a repository lifespan: construction, sealing, and heating. It is an 

excellent example of an international collaborative effort to conduct well-planned multi-year 

studies of THM coupled processes around nuclear waste repositories.  

3.4 Canada’s Strategy for Nuclear Waste management 

The long lifespan and high factor of safety required of a DGR necessitates careful design and a 

thorough understanding of the host rock. The subject of current research in Canada is the 

Cobourg Formation, which is a middle Ordovician argillaceous limestone. It is the proposed 

geological horizon to host the low- and intermediate-level waste (LLW and ILW) DGR at the 

Bruce nuclear site in Triverton, Ontario. 

 The Cobourg Formation is part of the Michigan basin, which comprises a series of 

Paleozoic age sedimentary rocks that overlie the stable Precambrian shield. The quiet tectonic 
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history of this area has created sub-horizontal units with simple geometries over large 

geographical areas. Seismic activity is not a concern (Mazurek, 2004). 

Site investigations of the Bruce nuclear site have determined that the Cobourg Limestone 

is roughly 30m thick, and is underlain by the Sherman Falls and Kirkfield Formations, which are 

argillaceous limestones that are also part of the Trenton Group. It is overlain by 200m of Upper 

Ordovician shales. The Cobourg is ideally situated between sedimentary strata with low 

permeability, each of which would act as a barrier to radionuclide migration (NWMO, 2011). 

Figure 3.41shows a cross section of the Michigan Basin. Figure 3.42 shows a cross-section of 

Southern Ontario. 

 The Cobourg Formation itself is subdivided into the Collingwood and Lower Members. 

The Collingwood Member is a calcareous, fossiliferous shale, and is roughly 8m thick. The 

Lower Member is the unit of interest. Shown in Figure 3.43, it is characterized by bioturbated 

bedding surfaces and a nodular texture bounded by darker argillaceous wisps. The unit ranges 

from fine-grained, crystalline layers to coarse-grained, crinoid/brachiopod/trilobite packstones 

with shale interbeds (NWMO, 2011). For the purposes of this thesis, the term “Cobourg 

Limestone” will refer to the Lower Member unless otherwise specified. 
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Figure 3.41: Cross section of the geology of Michigan Basin. Vertical axis is elevation measured in mASL. Location of borehole DGR-2 at 

the Bruce nuclear site is projected onto the section. Upper right region within box indicates the region shown in more detail in Figure 

3.42. Lower left inset indicates the line of the cross section. Vertical exaggeration is approximately 45x. Lower box shows the same cross-

section with its geometry unexaggerated (modified from NWMO, 2011). 



134 

 

 

Figure 3.42: Cross section of the geology of Southern Ontario. Location of the cross-section line A-A' is shown in Figure 3.41. The 

subsurface trace of boreholes DGR-1/DGR-2 and Texaco #6 have been projected onto the cross-section. Simplified lithological 

descriptions are from INTERA (2011). Dashed line indicates maximum depth of lake bottom from a location ~42km north of the site 

(NWMO, 2011). 

 



135 

 

 

Figure 3.43: The Cobourg limestone has calcite-rich nodules separated by wispy clay-rich 

layers. 

 

The Cobourg Formation’s high clay content is useful for a repository host rock. As 

discussed in Section 3.2.1, clays are “self-sealing” and have high sorption rates which limit the 

migration of radionuclides, making them well-suited for waste isolation (Lee and Tank, 1985). 

Given the high degree of safety required, a thorough understanding of the Cobourg Limestone is 

required before a repository can be constructed. Laboratory testing is ongoing, and several 

communities are currently hosting detailed site investigations to determine their suitability as 

locations for a HLW DGR. 

3.4.1 Investigations into the Thermal Properties of the Coburg Limestone 

In 2011, as part of work package SA-40, the thermal properties of rock units found at the Bruce 

Deep Geologic Repository site were determined through laboratory testing. Thermal conductivity, 
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thermal diffusivity, and specific heat capacity were determined for three different moisture 

conditions: after 24 hours in deionized water, air dried, and after oven dried at 50°C (AECL, 

2011). 

Rock samples were collected from Borehole DGR04, and included the Lucas, Bois 

Blanc, Bass Island, Salina F, Salina B, Salina A2, Goat Island, Queenston, Georgian Bay, Blue 

Mountain, Cobourg, and Sherman Fall Formations. Testing was conducted using a Hot Disk 

Constants Analyzer, which is a dynamic test that observes how a pulse of heat moves through the 

sample. Two samples of Cobourg limestone were tested, both parallel and perpendicular to the 

direction of bedding. The results are shown in Table 3.1. 

Table 3.1: Results of thermal testing on samples of Cobourg Limestone (AECL, 2011). 

 Thermal Conductivity (W/m·K) Specific Heat (MJ/m3/K) 

Water Air Oven Water Air Oven 

DGR4-679.53 (Parallel) 2.292 2.300 2.307 2.238 1.653 1.511 

DGR4-681.70 (Parallel) 2.474 2.426 2.477 1.793 1.772 1.929 

DGR4-679.53 (Perpendicular) 2.635 2.567 2.559 2.033 2.040 2.135 

DGR4-681.70 (Perpendicular) 2.603 2.571 2.548 2.326 2.334 2.324 

 

The samples were tested three times. The initial test occurred after samples were placed 

in a sealed container of deionized water for a minimum of 24 hours. After being tested, the same 

sample was allowed to air dry for 24 hours, and was then retested. The samples were finally oven 

dried for 24 hours at 50°C and allowed to cool to room temperature before being tested a final 

time. The report stated that this was to determine if thermal properties would change after being 

heated (AECL, 2011). The samples were tested at room temperature, which is assumed to be 

approximately 20°C. 

In the saturated tests, which are believed to most closely represent in situ conditions, the 

average thermal conductivity of the Cobourg Limestone was 2.38 and 2.62 W/mK parallel and 

perpendicular to the bedding respectively. The 9% difference between these values is less than 
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anticipated, and it is unusual for the thermal conductivity perpendicular to bedding to be greater 

than that parallel to bedding. For comparison, the results of the back-analysis of the HE-D 

experiment at Mont Terri found a thermal conductivity of 2.8W/mK parallel to the bedding and 

1.6W/mK perpendicular (Wileveau and Rothfuchs, 2007), a difference of over 40%. In the 

author’s opinion, the nodular nature of the Cobourg Limestone may be partially responsible for 

the relatively low degree of anisotropy in thermal conductivity. A typical sedimentary sequence 

with horizontal beds of uniform composition, has beds of higher and lower thermal conductivity 

that respectively act as “thermal bridges” when heat moves parallel to bedding and thermal 

insulators when heat moves perpendicular to them. The anastomosing clay-rich matrix 

surrounding the calcite nodules creates complex, non-continuous pathways for heat, moving both 

horizontally and vertically with respect to bedding, at least over short distances. This complex 

behaviour likely requires large-scale laboratory or in situ testing to explore in detail. 

It is also interesting to note the difference in specific heat capacity when measured 

parallel and perpendicular to bedding. There was an 8% difference in specific heat capacity 

measured at different orientations in saturated samples; if all samples are included, the difference 

increases to 17%. Heat capacity considers the energy required to raise a unit mass of a substance 

by a unit temperature, it is independent of directionality. The differences measured by AECL 

imply compositional differences between the samples parallel and perpendicular to bedding, 

likely caused by the small sample set. 

3.4.2 Applying International Research to Canada’s Plan for Nuclear Waste Management 

Canada’s current strategy for used nuclear fuel is a centralized containment facility hosted in 

either crystalline or sedimentary rock to isolate used nuclear fuel from the biosphere. The Nuclear 

Waste Management Organization (NWMO) is currently implementing Adaptive Phased 

Management (APM), which is a flexible strategy with a phased decision-making process 

informed by ongoing research. 
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As part of the APM strategy, an Underground Demonstration Facility (UDF) will be 

constructed at the site of the future repository. This site-specific URL would be used for the 

development and demonstration of construction and canister placement technology. It would also 

be used for in situ tests to refine models of the rockmass behaviour under repository conditions 

(Noronha, 2016). 

The laboratory testing conducted to investigate the thermal properties of the rocks at the 

Bruce DGR site demonstrated that in situ testing is needed to further refine these results. 

Furthermore, while the site-specific data gained at URL sites internationally is not directly 

applicable to the Canadian case, the lessons learned about experiment design are relevant. In 

particular, the following points highlight important lessons that should be incorporated into the 

design of the UDF and its experiments: 

 Each stage of the construction process is also a valuable opportunity to study the 

rockmass reaction to excavation. Instrumentation should be installed prior to excavation 

to observe how pore water pressures and total stresses develop, and to quantify 

displacement. 

 Many tests have had issues with instrumentation failure. If possible, equipment should be 

tested in extremely saline conditions over long periods of time prior to the construction of 

the UDF. Key pieces of monitoring equipment should be overdesigned or redundancies 

should be used. All wiring and equipment connections should be verified, as these weak 

points resulted in the failure of numerous thermocouples, pore water pressure sensors, 

piezometers, and relative humidity sensors in the HE-B experiment at Mont Terri. 

 Redundant heaters should be installed. While there has yet to be an instance of primary 

heater failure in a major test, redundancies are necessary for such a critical component of 

the experiment. If they are not needed, the testing program can be expanded to see how 

the rockmass reacts to the additional heating. 
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 Experiments conducted as part of international cooperative efforts, such as 

DECOVALEX, have multiple independent teams model the experiment, often both as 

blind predictions, and using experimental data to refine the models. The comparison of 

many different approaches has proven to be a beneficial way to compare modelling 

approaches and test new constitutive models. 

 If possible, a smaller heating test should be done before the full-scale repository 

demonstration, to check the efficacy of the instrumentation and validate assumptions 

about rock behaviour. This was done with HE-B and –C, which provided the groundwork 

for larger HE tests, and ATLAS, which contributed to the design of PRACLAY. 

In situ tests have played a major role in the development of understanding and the technology 

associated with URLs internationally. The past research will provide a strong foundation for 

future developments as Canada continues to explore options for the safe storage of nuclear waste 

materials. 
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Chapter 4 

Mineralogy Investigation of the Cobourg Limestone 

A detailed investigation into the mineralogy of the Cobourg Limestone was conducted using X-

Ray Diffraction (XRD) and a Scanning Electron Microscope (SEM). Samples were taken from 

two different sites over 200km apart. In addition to determining the mineralogy for the 

calculation of specific heat capacity, the samples are compared to test the suitability of the 

Bowmanville samples as an analog for the Cobourg Formation at depth. 

4.1 Sample Source Locations 

Samples of the Cobourg Limestone were obtained from two different source locations: the DGR 

boreholes at the Bruce nuclear site near Triverton, Ontario, and St. Mary’s quarry near 

Bowmanville, Ontario. Both sites are shown in Figure 4.1. Samples that were sourced from the 

DGR site are part of a larger investigation to understand the rockmass properties at the future site 

of a low level waste (LLW) repository; they were taken from depths ranging from 700 to 750 m. 

The Cobourg Limestone dips towards the Michigan basin in the west. East of the Bruce site, the 

Cobourg is closer to surface, making it more accessible. Samples excavated from the 

Bowmanville site were approximately 30 m below ground surface within the quarry, making 

them a more accessible source for testing material properties.  

The Cobourg Limestone that occurs near Bowmanville and at shallow depths below 

ground surface is also known as the Lindsay Formation. It was deposited in the Appalachian 

Basin, while the Cobourg Limestone that occurs at the Bruce Site is part of the Michigan Basin 

(see Figure 4.2). Within this body of work, the term “Cobourg Limestone” will be used to refer to 

units from both the Michigan and Western Appalachian basins. 
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Figure 4.1: The two sample sites are shown on this map of the bedrock geology of Ontario 

(modified after NWMO, 2011). Cross-section A-A’ is shown in Figure 3.42. 
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Figure 4.2: Major geological features of Southern Ontario, including the two different 

paleodepositional basins (modified from NWMO, 2011). 

 

The detailed site investigation of the Bruce nuclear site conducted by NWMO for the 

DGR included six deep boreholes, ranging from approximately 460 m to 870 m in depth from 

ground surface. Two of these boreholes, DGR-5 and DGR-6, had plunges of 65° and 60° 

respectively, to verify predictions of unit strike/dip from the first four vertical boreholes, 

investigate areas of interest identified with a geophysical survey, and capture the sub-vertical 

joint network (Intera, 2011). Samples from eight different borehole depths were taken from DGR-

5 and -6, to represent the Cobourg Limestone and surrounding units at the Bruce site, as listed in 

Table 4.1. 
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Table 4.1: The source location and geological classification of the DGR samples. 

Sample 

Number 

Borehole 

Number 

Depth b.g.s (m) Geological Unit 

1 DGR5 700.65 Cobourg Formation, Collingwood Member 

2 DGR5 705.90 Cobourg Formation, Collingwood Member 

3a DGR5 719.38 Cobourg Formation, Lower Member 

3b DGR5 719.38 Cobourg Formation, Lower Member 

4 DGR5 71 9.65 Cobourg Formation, Lower Member 

5 DGR5 732.20 Cobourg Formation, Lower Member 

6a DGR5 735.61 Cobourg Formation, Lower Member 

6b DGR5 735.61 Cobourg Formation, Lower Member 

7 DGR5 741.90 Sherman Falls Formation 

8 DGR6 750.99 Cobourg Formation, Lower Member 

 

Approximately 230 km east of the Bruce nuclear site, at the Bowmanville site, the 

Cobourg Limestone is more easily accessible. Large blocks (approximately 40×40×30 cm) have 

been excavated for use in a variety of laboratory tests, as shown in Figure 4.3. Each block was 

drilled to obtain cylindrical core for laboratory testing, including thermal conductivity and linear 

thermal expansion. Offcuts from drilling and sample preparation were used for the XRD and 

SEM analyses. 
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Figure 4.3: Large blocks of Cobourg Limestone were excavated from St. Mary's quarry in 

Bowmanville, Ontario. 

 

4.2 X-Ray Diffraction Analysis 

Powdered X-Ray Diffraction (XRD) is a non-destructive testing method used to identify the 

mineralogy of crystalline material too small to easily identify using optical microscopes. Its speed 

and ease of operation make XRD a popular tool for determining clay mineralogy. Characteristic 

diffraction patterns are caused by crystalline materials with a regular repeating atomic structure; 

XRD cannot identify amorphous substances, such as glass. 

X-rays are a form of electromagnetic radiation with wavelengths similar in size to the 

atomic spacing of crystal lattices, which allows diffraction to occur. The reflections from an 

incident X-ray beam off of different scattering centers, such as atoms or unit cells, create a new 

characteristic waveform through constructive interference. The wavelength (𝜆0) of this new 



145 

 

waveform is related to the angle of the incident X-ray (𝜃) and the lattice interplanar spacing (d) 

through Bragg’s law, as shown in Equation 4.1 (Moore and Robert C. Reynolds, 1989; Poppe et 

al., 2001). 

 2d(sin𝜃) = 𝜆0   4.1 

The result of the XRD process is a histogram, either of angle position (2𝜃) or molecular spacing 

(d-spacing). The peaks of the chart are compared to mineralogical databases to determine the 

species that best match the results. 

 A Phillips X’Pert Pro Multi-purpose Diffractometer with X’celerator Detector was used 

to analyse samples from 3-100 2theta at a rate of 90 s/step. The results were interpreted using 

Panalytical Highscore Pro 4.0 and the International Center for Diffraction Data (ICSS) 2015 

PDF-2 database. 

4.2.1 Sample Preparation 

This research examined small hand samples randomly selected from off cuts, or cut from larger 

pieces of waste rock. These were ground into a fine powder using either selective fragmentation 

(SelFrag) or conventional crushing techniques.  

The SelFrag machine, shown in Figure 4.4A, generates and stores a large electrical 

charge. At set intervals, the stored energy is discharged through the sample to the grounded 

bottom of the sample container. The pressure impulses propogating through the sample create 

tensile forces which concentrate at discontinuities, causing the sample to preferentially fracture 

along grain boundaries (Andres, 1995). 

Small hand samples were placed into the SelFrag container, which was then filled to the 

marked line with water. The container was placed into the SelFrag machine, and the operating 

settings were entered: 150 pulses of 150.0kV were discharged at a frequency of 5.0Hz, as shown 

in Figure 4.4B. This partially disintegrated the sample, resulting in centimeter to sub-millimeter 

fragments partially suspended within the water. The sample was allowed to dry completely, 
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before being ground with a mortar and pestle to create a fine powder for X-Ray Diffraction 

(XRD). 

Some samples were processed using conventional jaw crushers due to limited equipment 

availability. Hand samples were carefully fed into the hopper of the large jaw crusher, shown in 

Figure 4.5A. The resulting material was then processed through a smaller jaw crusher, shown in 

Figure 4.5B. Finally, a micronizer was used to create the fine powder necessary for XRD 

processing. Both sample preparation techniques result in a crystalline powder. 

 

 

Figure 4.4: (A) The SelFrag machine was used to disintegrate the sample using the settings 

shown in (B). 

 

Where sample quantities allowed, randomly oriented powder mounts were created using 

the backpack process. Smear mounts were used instead only when sample quantities were limited 

because they are more likely to result in the alignment of certain mineral facies, biasing 

quantitative refraction data. However, they are still a useful tool for identifying different 

mineralogies. Since mineral identification was the primary goal of the XRD investigation, and 

only the SEM was used for quantitative analyses, both XRD mounting techniques were 

considered acceptable for this analysis. 
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Figure 4.5: Samples were processed first through (A) the large jaw crusher and then (B) the 

smaller jaw crusher. 

 

4.2.2 Baseline XRD Results 

A baseline XRD analysis was conducted on unmodified samples of the Cobourg Limestone from 

both the Bowmanville and Bruce sites. Two samples from the Bowmanville site were tested, and 

ten samples from a range of depths were tested from the Bruce site. Figure 4.6 and Figure 4.7 

show characteristic results from each location respectively; full results are presented in Appendix 

A. Calcite and quartz can be readily identified in samples from both sites. Based on the relative 

frequency of these characteristic waveforms, samples from the Bruce site likely contain a larger 

proportion of calcite and a smaller proportion of quartz than samples taken from the Bowmanville 

site.  



148 

 

Diopside was tentatively identified, but the results could also indicate a combination of 

two or more other minerals. The peaks of additional mineral constituents were partially obscured 

from the signal of the more prominent minerals and noise. This effect was visible in the range of 

the primary clay peaks, <25° 2θ. Calcite digestion, also known as dissolution treatment, clay 

separation, and treatment with ethylene glycol were completed to determine accessory minerals 

more accurately. This more detailed analysis was only completed using the Cobourg from the 

Bowmanville site due to scheduling constraints. 

 

 

Figure 4.6: Baseline XRD results of samples from the Bowmanville site. 
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Figure 4.7: Baseline XRD results of samples taken at depth at the Bruce site. 

 

4.2.3 Clay Separation and Testing 

The clay minerals were separated from the general sample using two processes. First, the sample 

was mixed with 20% hydrochloric acid solution to dissolve the majority of the calcite particles. 

Acid was then added to test tubes of the powdered sample in small amounts until no additional 

reaction was observed. A centrifuge was used to rinse the remaining material with distilled water 

three times to remove the neutralized acid. Significant observed volume changes in the sample 

indicated that a relatively large amount of calcite was removed. 

A clay separation procedure, involving the systematic removal of larger grains through 

successive centrifuge runs, was then used to separate the samples by grain size. The RPM and 

timings used for each approximate size fraction as shown in Table 4.2 were determined by 

previous laboratory experience (Beyer, 2016). 
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Table 4.2: The RPM and timings used at each stage of the clay separation procedure. 

 SizeFraction (μm) Time (s) RPM 

>10 30 500 

5 – 10 30 1000 

2 – 5 30 2000 

<2 60 8000 

 

The separated fractions were then each examined using XRD. The results of each size 

fraction are shown in Figure 4.8. Successively smaller size fractions show peaks that were 

previously obscured by more dominant mineral constituents. This is especially clear in the 0-25° 

2θ range, as shown in Figure 4.9, where primary clay peaks occur. The main clay peak is near 10° 

2θ, which could be caused by illite or muscovite, glauconite, biotite, endellite, or interstratified 

illite-montmorillonite/vermiculite (Poppe et al., 2001). 

To identify clay mineralogy more precisely, the samples were treated with ethylene 

glycol according to the procedure from Poppe et al. (2001). The vapour treatment method was 

used, where samples were placed on a shelf within a desiccator, suspended above the ethylene 

glycol, as shown in Figure 4.10. The desiccator was then placed in an oven and left for a 

minimum of four hours at temperatures of 60-70°C. The samples were then taken directly from 

the desiccator to the X-ray diffractometer for analysis. 
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Figure 4.8: Results of XRD analysis off all size fractions after calcite dissolution and clay 

separation procedures, on a sample from Bowmanville. 

 

 



152 

 

 

Figure 4.9: Detailed view of XRD results after calcite dissolution and clay separation 

procedures, looking specifically at the position of primary clay peaks. 

 

The XRD results for the <2μm size fraction before and after glycolation are shown in 

Figure 4.11. The asymmetric curve is shifted only slightly, indicating that expanding clays do not 

make up a significant portion of the clay-rich matrix. Based on Poppe et al.’s guide to Clay 

Mineral Identification (2001), this result indicates the presence of interstratified illite and 

montmorillonite or vermiculite. Based on the location of the peaks, which are shifted only slightly 

right of the primary illite peak, illite likely makes up the majority of the interstratified clay 

constituent. 
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Figure 4.10: Samples were placed within a desiccator, suspended above ethylene glycol. 

 

 

Figure 4.11: Comparison of XRD results of the < 2 μm size fraction in the clay range for 

Cobourg Limestone before and after glycolation. 
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4.3 Scanning Electron Microscope and Mineral Liberation Analysis 

A scanning electron microscope (SEM) was used to examine the structure and composition of the 

Cobourg Limestone in thin section.  

The SEM interprets the interactions of an accelerated electron beam with the sample. The 

incident beam is reflected off the thin section, splitting into X-rays, primary backscatter electrons, 

and secondary electrons. Secondary electrons are used by the SEM to provide topographic 

information, while the backscatter electrons are interpreted by the backscatter electron (BSE) 

detector to provide compositional information. Together, these electron signals can be used to 

create greyscale intensity images with greater resolution and depth of field than optical 

microscopes. The X-rays produced are characteristic of each element, and are analysed using 

energy dispersive spectrometry (EDS). Mineral Liberation Analysis (MLA) software is used to 

control the SEM, to process the data received, and to automate specific analyses, including the 

modal analysis used in this study (Fandrich et al., 2007). 

4.3.1 Operating Conditions and Methodology 

An FEI Quanta 650 FEG ESEM was used for this analysis, with a Bruker Xflash Si-drift detector 

calibrated to copper. This machine is shown in Figure 4.12A. Polished thin sections, coated in 

carbon, were loaded into the SEM as shown in Figure 4.12B. 

The conducted analysis type was an X-ray Modal Analysis (XMOD), which is an 

automated point-counting method. The MLA software scans and records a single X-ray spectrum 

at regular grid intervals across the sample. The grid interval spacing used for this analysis was 50 

pixels, with a 700×700 pixel resolution, which resulted in hundreds of millions of grid points per 

sample. After scanning was complete, these spectra could be matched to a user-defined mineral 

reference library to determine the modal mineralogy. Figure 4.13 shows the XMOD results 

overlain with the BSE images.  
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Figure 4.12: (A) The FEI Quanta 650 FEG ESEM with a Bruker Xflash Si-drift detector, 

and (B) the carbon coated thin sections being loaded into the SEM machine. 

  

The mineral reference library was created using the results of an initial scan of a 

subsection of samples. This ensured that the reference spectra being used reflected the 

measurement conditions and the elemental composition of the material in question (Fandrich et 

al., 2007). The measured spectra were sorted into bins and labelled. While most of the spectra 

matched entries in the FEI MLA database, one major constituent did not. Labelled in this study as 

the “clay matrix,” this spectra corresponded to a combination of grains that were too small to 

measure individually. The interstratified illite and montmorillonite or vermiculite identified by 

the XRD analysis likely comprises the majority of this component.  

The mineral reference library created for this study is presented in Appendix B.
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Figure 4.13: A BSE image of Sample 0b overlain with the results of the XMOD analysis. 
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4.3.2 Modal Mineralogy 

The results of the modal mineralogy analysis of the Cobourg Limestone from the Bowmanville 

and Bruce sites are presented in Table 4.3and Table 4.4 respectively. Both tables show the 

mineralogy as an approximate volume percent, as calculated by the MLA software. Unknown 

points are those that did not match any spectra in the reference library. Low count points occurred 

when the returning X-ray spectra were below the critical threshold required for identification. No 

X-Ray refers to high intensity sub-micron dark areas that did not return an X-ray. 

Table 4.3: Modal mineralogy results for the Cobourg Limestone from the Bowmanville site. 

 0A 0B 0C 0D 0E Average 

Clay matrix 52.27% 51.63% 52.58% 46.52% 50.64% 50.73% 

Calcite 31.70% 31.19% 31.35% 40.85% 36.16% 34.25% 

Ankerite 5.53% 6.05% 5.66% 4.59% 4.96% 5.36% 

Quartz 2.41% 2.53% 2.36% 2.02% 2.13% 2.29% 

Glauconite 2.31% 2.95% 2.19% 1.75% 1.73% 2.19% 

Biotite 1.66% 2.04% 1.58% 1.39% 1.16% 1.57% 

Albite 1.01% 0.91% 0.76% 0.64% 0.66% 0.80% 

Orthoclase 0.23% 0.30% 0.24% 0.20% 0.18% 0.23% 

Apatite 0.16% 0.12% 0.12% 0.12% 0.12% 0.13% 

Pyrite 0.10% 0.13% 0.16% 0.08% 0.11% 0.12% 

Gypsum 0.06% 0.07% 0.07% 0.07% 0.09% 0.07% 

Unknown 2.49% 2.03% 2.01% 1.72% 2.02% 2.05% 

Low Count 0.06% 0.04% 0.91% 0.03% 0.04% 0.22% 

No X-Ray 0.00% 0.00% 0.00% 0.00% 0.01% 0.00% 

 

This study shows that the Cobourg Limestone from the Bowmanville site is composed 

primarily of clay matrix (average of 52%) and calcite (average of 35%). The BSE images show a 

fossiliferous limestone with a fine-grained, clay-rich groundmass, as shown in Figure 4.14. In 

addition to the clay matrix, the fine-grained matrix contains small (<50 μm) crystals of other 

minerals, including glauconite, quartz, and biotite. Fossils are generally less than 1 mm in length, 

but can range to several mm in diameter. These are predominantly composed of calcite and, to a 

lesser extent, ankerite or apatite. Some of these fossils contain small pores and/or pyrite crystals, 
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as shown in Figure 4.15. Framboidal pyrite, shown in the inset in Figure 4.15, is present 

throughout the samples in fractures and between grains. Ankerite crystals also occur within larger 

calcite grains, and occasionally exhibit zoning. 

 

Figure 4.14: A typical sample of Cobourg Limestone from the Bowmanville site has calcite 

fossils in a fine-grained groundmass. 

 

The Cobourg samples from the Bruce site are also composed primarily of calcite and 

clay, but at different proportions than those found at the Bowmanville site. The main mineral in 

the samples from the Bruce site is calcite, which accounts for 70% of the average sample; the clay 

matrix accounts for just 17%. The average mineral composition from both sites is shown in 

Figure 4.16. For clarity, all Unknown, Low Count, and No X-Ray components are grouped under 

the heading of “other”. In general, the samples from both locations have similar amounts of 

ankerite, glauconite, and accessory minerals. Samples from the Bowmanville site had slightly 

more quartz (2.3% vs 1.0%). As discussed in Section 2.1.2.3, quartz content plays a 

disproportionately large role in determining the thermal conductivity of a rock. Because it makes 
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up a very small percentage of the Cobourg Limestone, the differences in quartz content between 

the two sites is unlikely to contribute to differences in the thermal properties of rocks from the 

Bruce and Bowmanville sites. 

 

 

Figure 4.15: A large calcite crystal in Sample 0a has pores and pyrite inclusions. Pyrite is 

also present as framboids in pore spaces, as seen in the inset (same scale). 
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Table 4.4: Modal mineralogy results of the Cobourg Limestone from the Bruce site. 

 
3a 3b 4 5 6a 6b 8 Average 

Clay matrix 17.08% 16.22% 17.70% 15.85% 18.62% 16.43% 14.67% 16.65% 

Calcite 75.65% 77.21% 75.53% 71.52% 47.95% 58.20% 79.54% 69.37% 

Ankerite 5.34% 4.33% 5.14% 6.29% 12.37% 7.57% 4.05% 6.44% 

Quartz 0.46% 0.38% 0.40% 0.76% 2.32% 2.03% 0.40% 0.96% 

Glauconite 0.11% 0.13% 0.06% 0.80% 1.56% 0.98% 0.06% 0.53% 

Biotite 0.26% 0.32% 0.18% 2.30% 6.16% 3.75% 0.15% 1.87% 

Albite 0.01% 0.01% 0.00% 0.05% 0.56% 0.72% 0.00% 0.19% 

Orthoclase 0.25% 0.22% 0.21% 0.91% 3.59% 2.31% 0.16% 1.09% 

Apatite 0.04% 0.06% 0.03% 0.04% 0.12% 0.06% 0.09% 0.06% 

Pyrite 0.05% 0.05% 0.03% 0.19% 0.39% 0.41% 0.05% 0.17% 

Gypsum 0.09% 0.39% 0.08% 0.21% 0.41% 0.44% 0.17% 0.26% 

Unknown 0.65% 0.58% 0.61% 0.87% 4.57% 6.85% 0.65% 2.11% 

Low Count 0.02% 0.09% 0.02% 0.20% 1.37% 0.23% 0.02% 0.28% 

No X-Ray 0.00% 0.01% 0.00% 0.00% 0.02% 0.01% 0.00% 0.01% 

 

 

Figure 4.16: The average modal mineralogy of the Cobourg Limestone of samples from the 

Bowmanville and Bruce Sites.  
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Figure 4.17 shows a typical sample from each source location. In the sample from the 

Bowmanville site, calcite occurs primarily as fossils within the clay matrix. The samples from the 

Bruce site are composed primarily of the nodular limestone texture. The clay matrix occurs as 

“wisps” at the edges of calcite nodules, which are wider than the sample (approximately 2cm). 

The matrix is also composed of coarser crystals and fossils, predominantly calcite and ankerite, 

with less clay material, as seen in Figure 4.17 and Figure 4.19. This difference may be the result 

of a facies change between the two sites. Alternatively, it may be the result of sampling bias: the 

blocks removed from the Bowmanville site may have been taken from a fossiliferous layer that is 

not necessarily representative of the entire unit. 

 

Figure 4.17: A typical sample of the Cobourg Limestone from the Bowmanville site (Sample 

0d, on the left) and from the Bruce site (Sample 3b, on the right). 
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Figure 4.18: The matrix in samples from the Bruce site (Sample 6a shown here) is generally 

coarser than its counterpart from the Bowmanville site (shown in Figure 4.14). Here, 

ankerite crystals with slight zoning comprise much of the matrix. 

 

Figure 4.19: Samples from the Bruce site (Sample 6a shown here) have a greater number of 

fossils than samples from Bowmanville. 
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The samples selected from the Bruce site have a comparatively large amount of variation 

between them. For example, the calcite component ranges from 58-80% of the sample (samples 

6a and 8 respectively), while samples from the Bowmanville site range from 31-41% (0b and 0d). 

This wider range may be caused by the distance between sample locations. Samples from the 

Bruce site were selected from two different boreholes at depths of 719 to 751 m b.g.s., while the 

samples from the Bowmanville site were all selected from a single quarry bench. Figure 4.20 

shows the proportion of calcite and clay matrix in samples from the Bruce site as a function of 

depth. There appears to be little correlation, suggesting that differences occur between distinct 

beds within the Cobourg Limestone, rather than a trend over the whole unit. 

 

Figure 4.20: The proportion of calcite and clay matrix of Cobourg Limestone samples 

selected from the Bruce site as a function of depth in m b.g.s. 

 

The Collingwood Member of the Cobourg Formation and Sherman Falls Formation were 

also investigated as part of this analysis. Samples of the Collingwood Member, the uppermost 
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layer of the Cobourg Limestone, were taken at roughly 700m b.g.s. from DGR-5 at the Bruce site. 

Samples of the underlying Sherman Fall Formation were taken from approximately 740m b.g.s. 

from the same borehole. The results of the modal mineralogy analysis are shown in Table 4.5 and 

Table 4.6. 

Table 4.5: Modal mineralogy analysis results for the Collingwood Member. 

 

Collingwood Member 

Sample 1 Sample 2 

Clay matrix 38.06% 12.78% 

Calcite 51.44% 85.17% 

Ankerite 6.52% 0.39% 

Quartz 0.86% 0.39% 

Glauconite 0.19% 0.05% 

Biotite 0.47% 0.08% 

Albite 0.01% 0.00% 

Orthoclase 0.34% 0.14% 

Apatite 0.12% 0.03% 

Pyrite 0.13% 0.09% 

Gypsum 0.33% 0.25% 

Unknown 1.52% 0.62% 

Low Count 0.02% 0.02% 

No X-Ray 0.00% 0.00% 

 

All three of these samples have higher amounts of calcite than clay matrix. The relative 

amounts of these two main constituents differ by over 30% between Samples 1 and 2, which were 

selected from the same borehole, within 5m of the same depth. Figure 4.21 shows the BSE image 

of both samples. Sample 1, which contains 51% calcite, is similar in composition and texture to 

Sample 6a: both have a nodular texture, but the calcite grains in Sample 1 are smaller. Sample 2, 

by comparison, is a single calcite nodule, with small amounts of clay matrix (approximately 13%) 

occurring in pores throughout the thin section. The degree of variability cannot be determined 

from these two samples alone, but this analysis provides evidence to show that the Collingwood 

Member is somewhat heterogeneous. 
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Table 4.6: Modal mineralogy analysis results for the Sherman Falls Formation. 

 

Sherman Falls 

Formation 

Sample 7 

Clay matrix 3.28% 

Calcite 80.77% 

Ankerite 11.79% 

Quartz 0.94% 

Glauconite 0.08% 

Biotite 0.22% 

Albite 0.26% 

Orthoclase 0.17% 

Apatite 0.21% 

Pyrite 0.23% 

Gypsum 0.44% 

Unknown 0.65% 

Low Count 0.02% 

No X-Ray 0.00% 

 

The Sherman Falls sample is a crystalline limestone. The top part of the sample has an 

ankerite rich zone, with a fine-grained matrix between these grains. This is shown in part in 

Figure 4.22. This sample contains approximately 3% clay matrix. If this is representative of the 

Sherman Falls Formation, it may lack the self-healing properties that make argillaceous rocks 

desirable for nuclear waste storage.  
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Figure 4.21: BSE images of the Collingwood Member, Samples 1 and 2 (left and right 

respectively). 
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Figure 4.22: The Sherman Falls formation is a crystalline limestone, as shown by this thin 

section sample. 

 

4.3.3 Porosity 

Porosity is visible as black zones in the SEM images of all samples, both within individual grains 

and along grain boundaries. As discussed in Sections 2.1.1.2, 2.1.2.4, and 2.1.3.4, porosity affects 

the specific heat capacity, thermal conductivity, and expansivity of rocks. Where pores are 

connected to create flow paths, groundwater can act as a heat sink or transfer heat through 

convection. The SEM images provide information about the relative abundance of pore spaces 

and their modes of occurrence. However, the images generated by the SEM are 2-Dimensional, 

and therefore do not provide information about the degree of connectivity between pore spaces or 

the permeability of the sample.  

Pore spaces are present in many different forms. Figure 4.23A shows pore spaces within 

fossil fragments and large crystals of calcite. These are isolated voids, which will have a smaller 

effect on the thermal properties of the sample, because the surrounding crystal provides a path for 
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thermal flow. In contrast, a microfracture that bisects Sample 1 is shown in Figure 4.23B. 

Although its aperture is less than 100μm, this open space reduces thermal contact between grains 

and provides free space for thermal expansion, so it will have a larger effect on the thermal 

properties of the rock. Small pores between grains, as shown in Figure 4.23C, will have a 

somewhat intermediate effect. They reduce thermal contact between grains, and provide space for 

thermal expansion, but are relatively small and discontinuous. 

A rudimentary pixel counting method from Widiatmoko et al. (2010) was used to 

estimate porosity in the thin sections. In SEM images, the darkest areas of the sample are voids, 

which do not reflect the electron beam. Adobe Photoshop CS2 image processing software (2005) 

was used to select all pixels within a sample below a threshold darkness value, based on the 

assumption that these are pores. The total number of selected pixels, representing pores, was 

compared to the total pixel count to determine the porosity, which is defined as the percentage of 

the sample that is not composed of mineral grains. 

A threshold pixel value of 50 was selected for these SEM samples, based on inspection. It 

also aligns closely with the value used by Widiatmoko et al. (2010) in samples without clearly 

defined pores. Figure 4.24 of Sample 0b shows the pores selected using the threshold value of 50 

in red. 
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Figure 4.23: Porosity can occur as (A) micropores within large calcite grains (Sample 0c), 

(B) as larger, continuous fractures (Sample 1), or (C) as voids between grains (Sample 0d). 

All three images are shown at the same scale. 
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Figure 4.24: Sample 0b, with pores selected for porosity estimation shown in red. 

 

The results of this porosity analysis are summarized in Figure 4.25. The porosity 

calculations can be found in Appendix C. The average porosity of the Cobourg Limestone from 

the Bowmanville site was found to be 0.20%, while the average from the Bruce site was 0.13%. 

All three types of porosity were present in all samples. 



171 

 

 

Figure 4.25: The porosity of the Cobourg Limestone calculated using the threshold pixel 

counting technique. 

 

Samples from the Bowmanville site appear to have a higher porosity in general, but this 

is partly biased by sample selection. Samples 0a and 0c are both bisected by relatively large 

fractures; sample 0b has three smaller fractures that are significant. The relationship between 

porosity and sample source depth at the Bruce site is illustrated in Figure 4.26. The porosity of 

samples 3a - 4 (719.38 to 719.65m b.g.s.) and 5 - 6b (732.20 to 735.61m b.g.s.) are clustered 

together. Similar “clusters” are seen in Figure 4.20, which looks at calcite and clay content with 

increasing depth. These groups of samples likely each come from the same or similar beds within 

the Cobourg Limestone, which has resulted in similar mineral compositions and porosities. A 

similar pattern of can be seen in the CD (crack damage) stresses observed during UCS tests of 

samples of the Cobourg Limestone from different depths (NWMO, 2011).  
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Figure 4.26: The calculated porosity vs depth (m b.g.s.) for samples from the Bruce site. 

 

The porosity of samples from the Bruce Site has been tested by four different laboratories 

using various techniques: Vacuum Distillation, the Archimedes Principle, and Boyles Law gas 

expansion. As part of the Descriptive Geosphere Site Model, Intera (2011) combined these results 

to determine that the average porosity of the Ordovician limestones from the Bruce site is 1.9% , 

with a standard deviation of 1.3%. The values calculated using the threshold pixel counting 

technique in this research are therefore slightly below the range found in the literature. This could 

be caused by conservative estimates of the pixel threshold value, or the result of sampling bias. 

Figure 4.27 has been updated to reflect this new data. 
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Figure 4.27: Porosity vs. depth at the Bruce site, modified from Intera (2011) to include the 

results of this study. 

 

4.4 Specific Heat Capacity of the Cobourg Limestone 

As discussed in Section 2.1.1.4, the specific heat capacity of a rock is calculated using a weighted 

average of its component minerals, per Equation 4.2. 

 
𝐶𝑝𝑟𝑜𝑐𝑘 =∑𝑥𝑖𝐶𝑝𝑖

𝑛

𝑖=0

 
  4.2 

Using the quantitative mineralogical analyses, Table 4.3 and Table 4.4 and the specific heat 

capacities of minerals (in Section 2.1.1.1), the specific heat capacity of the Cobourg Limestone 

was estimated. Equation 4.2 uses the mass fraction of each mineral component, 𝑥𝑖, so the weight 

percent modal mineralogy results were used instead of the volume percent. These were calculated 
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by the MLA program using the mineral densities in the FEI MLA database, which are listed in 

Appendix B, and by disregarding Unknown, Low Count, and No X-Ray points. 

Due to limited prior research, the specific heat capacities of illite (822J/kg/K) and 

dolomite (870J/kg/K) were used in place of their solid solution counterparts, glauconite and 

ankerite. Because the XRD results suggest that illite is the dominant clay mineral, the specific 

heat capacity of illite is used to represent the entire clay matrix. 

The specific heat capacity was calculated for saturated and unsaturated samples using the 

porosity values calculated in Section 4.3.3. The calculations assume that each sample is saturated 

with distilled water. The largest difference in specific heat capacity between saturated and dry 

values was less than 0.4%.  

Table 4.7: Calculation results of specific heat capacity for Bowmanville and Bruce Cobourg 

samples. 

 

 

The average specific heat capacity of the saturated Cobourg Limestone is 816.53J/kg/K 

based on samples from the Bowmanville site, and 815.41J/kg/K for samples from the Bruce Site. 

Sample 

Number 

Specific Heat 

Capacity (J/kg/K) at 

20°C 

 
Dry Saturated 

0a 817.82 817.38 

0b 817.66 815.72 

0c 817.95 814.77 

0d 817.77 817.15 

0e 818.19 817.64 

3a 818.46 818.25 

3b 818.48 818.24 

4 818.65 818.47 

5 816.04 815.61 

6a 810.81 810.24 

6b 811.16 810.70 

8 817.86 816.35 



175 

 

This was anticipated since both samples were composed primarily of illite and calcite, which 

have specific heat capacities of 822J/kgK and 815 J/kgK respectively. 

4.5 Discussion of Results 

This research furthers the understanding of the Cobourg Limestone’s mineralogical composition 

and its variation between the Bowmanville and Bruce sample sites. The results of the XRD 

analysis show that the same minerals occur in samples from the Bruce and Bowmanville sites, 

while the results of the SEM analysis show that modal mineralogy differs between these two 

locations. Samples selected from the Bruce site have more calcite and less clay than those from 

Bowmanville. The Bruce site lies within the intracratonic Michigan Basin, while the limestone 

from Bowmanville is within the Appalachian Basin, a foreland basin caused by the Appalachian 

orogeny to the east (NWMO, 2011). Samples from both sites were deposited at the same time in 

the same sea, with an intervening Precambrian High, the Algonquin Arch. Sediments deposited at 

the Bruce site were likely more distal from the sediment source, creating a facies change over the 

200 km that separate the two sites.  

Research has been completed comparing the mechanical properties of the rocks from 

these sites. Day (2016) compared the results of direct shear testing done on Cobourg from the 

Bowmanville and Bruce sites, and found that the samples taken from the Bruce site had greater 

normal stiffness, shear stiffness, and peak shear strength. A comparison of Young’s Modulus and 

UCS of intact Cobourg samples from four different locations across Ontario by Perras (2014) 

found relatively little variation between the sites. Slightly lower strengths at Bowmanville were 

attributed to blasting damage. The Bruce site had the highest bounding strengths, which is 

thought to be the result of sampling bias or variability within the unit, i.e., lower argillaceous 

content. These results agree with conclusions of this analysis. 

To date, the variation in thermal properties throughout the Cobourg Limestone has not 

been examined in detail. Given the importance of mineralogy to specific heat capacity, thermal 
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conductivity, and thermal expansion, the effects of changes in modal composition should be 

carefully considered. The most significant change is the increase in calcite and decrease in clay 

(both by approximately 35%) between the Bowmanville and Bruce sites. As illite is believed to 

be the major clay mineral constituent, its thermal properties were used to represent the entire clay 

matrix. 

The specific heat capacities of illite and  calcite are similar: 822J/kg/K and 815J/kg/K at 

20°C (293K) respectively (Robie et al., 1976; Waples and Waples, 2004b). A similar amount of 

energy can therefore be stored in rocks of each composition, assuming roughly equal quantities of 

other minerals. 

Illite has a lower thermal conductivity (1.8W/m·K) than calcite (3.4W/m·K) (Horai, 

1971). In horizontally bedded rocks, illite would act as insulator against heat flow in directions 

perpendicular to bedding. This effect may be somewhat reduced by the tortuous, bioturbated 

texture of the clay layers that occur in the Cobourg Limestone. The calcite-rich Cobourg 

Limestone at the Bruce site is likely to have a higher thermal conductivity than the limestone 

from Bowmanville. 

Thermal expansion will likely be affected in a similar way. Both calcite and illite expand 

anisotropically with respect to their optical axes, an effect which is magnified when crystals are 

well aligned. In the disturbed bedding of the Cobourg Limestone, this effect is likely reduced by 

the increased randomness in mineral orientation. Thermal expansivity may also vary within 

different layers at the same location due to the grain size effects described in Harvey (1967). In 

coarse-grained, fossiliferous packstones, contact between larger grains can more efficiently 

transfer thermal stresses, which creates expansion that is nonlinear with respect to temperature. 

Thermal expansion is expected to increase linearly with temperature in layers where larger grains 

are bounded by a fine-grained matrix. This thermal expansion behaviour is expected to occur in 

the samples from the Bruce site. 
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This investigation into the mineralogy of the Cobourg Limestone suggests that the 

thermal properties of the Cobourg Limestone may vary over the 200 km between sample source 

locations due to facies changes. The specific heat capacity has been estimated in this chapter from 

the modal mineralogy results. However, thermal conductivity and thermal expansivity are more 

dependent on texture and structure and more detailed analyses are needed to determine these 

parameters. Chapters 5 and 6 will examine the methodology and results of the laboratory testing 

of thermal conductivity and expansivity. 
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Chapter 5 

Laboratory Testing Methods to Determine the Thermal Properties of 

the Cobourg Limestone 

The purpose of this laboratory testing was to determine the thermal properties of the Cobourg 

Limestone, and how these vary with mineralogy, orientation, and scale. Strain gauges were used 

to determine linear thermal expansion over a range of 30-150°C, and a custom-built split bar 

apparatus was used to measure thermal conductivity. Samples taken from the Bowmanville site 

were tested both parallel and perpendicular to the bedding planes using sample diameters of 2” 

and 3” (approximately 50 mm and 75 mm, respectively). After testing, samples were considered 

“thermally damaged”, and were not reused for other tests. 

5.1 Sample Selection 

All samples came from St. Mary’s quarry in Bowmanville, Ontario. As discussed in Section 4.1, 

40cm blocks of Cobourg Limestone were removed intact with minimal excavation damage. 

Samples of 2, 3, and 4 inches (50 mm, 75 mm, and 102 mm) were drilled from these larger blocks 

and arranged to maximize yield while minimizing contact with block-scale fractures. Figure 5.1 

shows Block 2 during the drilling stage, with one of the block-scale fractures drawn on in 

permanent marker. The majority of the samples were drilled vertically, perpendicular to the 

bedding plane. Several horizontal samples were drilled parallel to the bedding plane from the 

block shown in Figure 5.1 and from the larger 7.5” vertical core shown in Figure 5.2.  
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Figure 5.1: 50 mm, 75 mm, and 102 mm diameter core was drilled in two different 

orientation from the large blocks of Cobourg taken from the Bowmanville site. Photo 

courtesy of Dr. Jennifer Day. 

 

Figure 5.2: Core parallel to bedding was also drilled from large diameter core. 



180 

 

Samples were then recorded using a custom-built scanning apparatus, as shown in Figure 

5.3. This machine rotates the core over a scanner, creating a 2D image of the sample’s 

circumferential surface. Figure 5.4 shows one such scan, which clearly shows the calcite nodules 

and the wispy clay interlayers that are characteristic of the Cobourg Limestone. 

 

Figure 5.3: This custom-built machine rotates a core sample over a scanner, capturing its 

circumferential surface. 
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Figure 5.4: An unrolled scan of B1-4-3b, a 101.6 mm diameter core drilled from Block 1. 

This sample had a colour intensity of 157, so it was classified as having a mixed 

composition. 

 

The scans were not only used to record the samples, but also to provide a quantitative 

means of classifying them. In general, the lightest areas of the rock represent calcite nodules, 

while the dark, wispy matrix is argillaceous. A clay-rich sample is therefore assumed to be darker 

than a calcareous one. GIMP (GNU Image Manipulation Program) image processing software 

was used to generate a histogram of image intensity ranging from 0 (black) to 255 (white). The 

intensity of the bounding values was determined by inspection: samples with average values 

below 130 were considered “clay-rich”, and samples above 160 were considered “calcite-rich”. 

Examples of a light and dark sample can be seen in Figure 5.5. Intermediate values represented 

samples of mixed composition. Once classified, samples were prepared for either linear thermal 

expansion or thermal conductivity testing. 
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Figure 5.5: The top scan shows sample CLV-5U, which has an average intensity of 172, 

making it "light". Sample C2-8, on the bottom, has an image intensity of 126. This darker 

sample has a higher clay content than the calcite-rich sample shown above. Both samples 

are 75 mm in diameter. 

 

5.2 Thermal Conductivity 

Thermal conductivity was measured using a custom-built divided bar, or split bar, apparatus. This 

steady state test, described in more detail in Section 2.1.2.7.1, compares the temperature gradients 

across known materials to that of the rock sample to determine thermal conductivity.  

5.2.1 Construction of the Divided Bar Apparatus 

The divided bar apparatus was designed and built to provide an accurate, rapid, and inexpensive 

way to measure thermal conductivity. The machine itself was an Arduino microcontroller, which 
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controlled heaters and measured temperature values via thermistors, and displayed this 

information in real time to a computer via the Instrumentino GUI. Figure 5.6 displays the 

different components of the divided bar apparatus and their relationships. For the complete code 

and circuit diagrams, see Appendix D.

 

Figure 5.6: The different components of the custom-built split-bar apparatus, and how they 

relate to each other. 

 

The main thermistors compared the temperature changes across the rock sample to those 

from reference disks. Polycarbonate reference disks were used, based on the success of a divided 

bar by McGuinness et al. (2014). Figure 5.7 shows the completed divided bar in use and Figure 

5.8 shows the electrical components. 
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Figure 5.7: The final divided bar apparatus. 

 

Figure 5.8: The electrical components of the divided bar: (A) the relay which controlled the 

heaters, (B) the Arduino Mega 2560, (C) the thermistors attached to the voltage divider 

circuits via screw terminals, (D) the external ADC, and (E) the Arduino Uno which 

provided power for the relays. 
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5.2.1.1 Arduino Mega 2560 Microcontroller 

The system was managed by an Arduino Mega 2560 microcontroller, which interprets system 

commands entered into the computer and controls the machine accordingly. An open source 

component commonly used by hobbyists, the Arduino platform is relatively inexpensive and easy 

to use. Pre-made components can be quickly added to the system, and a large number of 

resources and existing projects are available online. While several different Arduino models exist, 

the Mega 2560 has the largest number of analog and digital pins, so it can read up to twelve 

different thermistors and still have channels for future growth. 

The Arduino Mega interfaced with the electrical relays, using a PID system to determine 

when the heating elements should receive power to maintain the set temperatures. A 10-bit 

analog-to-digital converter (ADC) is built into the Mega2560, and was used to take temperature 

readings from the heating elements. A higher resolution external ADC was used to measure the 

temperature at key points along the split bar. Schematics for the Mega 2560 are included in 

Appendix E. 

 

Figure 5.9: The Arduino Mega2560 is an adaptable platform that allows the user to easily 

control the heaters and thermistors required for the split bar apparatus. 

 

Different Arduino models and add-ons called “shields” are available to suit a variety of 

potential needs. If laboratory space is at a premium, a Bluetooth enabled microcontroller could be 

used to make the system wireless. Arduino models with more robust computing power will likely 
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be released in the future, so the system can be upgraded to perform more complex tasks. The 

Arduino platform, which shares code standards across many devices, makes it relatively easy to 

adapt the divided bar to future needs. 

The Arduino sends and receives information via serial connection through the USB port. 

While the USB connection can provide the Arduino with up to 5V of power, the voltage may 

fluctuate depending on computer load. An independent 9V dc connection was used to power the 

Arduino to ensure a constant voltage supply. 

5.2.1.2 Instrumentino 

Instrumentino is a modular open-source piece of lab software designed to interface with the 

Arduino (Koenka et al., 2014). It was used to provide a graphical user interface to control 

experimental settings and display live data. System components, variables, and actions were 

initially defined in Python. When the Instrumentino program was executed, this information was 

used to generate a simple GUI, allowing users with a limited programming background to control 

the machine. This GUI is shown in Figure 5.10. 

 

Figure 5.10: The Instrumentino GUI during a thermal conductivity test. The heating 

element is set to 80°C. 
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Instrumentino, like Arduino, is open source and is therefore highly adaptable and can be 

easily modified to meet future requirements. New system components and actions can be defined 

in Python, using the existing communication protocol defined in the Arduino package Controlino. 

The Instrumentino program was customized for this split bar apparatus with the creation 

of coding packages that allow for the reading of thermistors, the use of the ADS1115 ADC, and 

the operation of PID-controlled heaters using thermistor data. A copy of the Instrumentino code, 

including these custom modules, can be found in Appendix D. 

5.2.1.3 ADC 

The external analog-to-digital converter (ADC) was responsible for converting the voltage input 

into a readable value, which was then used to determine the temperature of the thermistors. The 

16-bit  ADS1115 external analog-to-digital converter (ADC) was used to increase reading 

resolution from the 10-bit ADC that comes standard with the Arduino. While the ADS1115 is a 

16-bit reader, the effective resolution is 15 bits, as one byte is used to communicate the sign of 

the signal: that is, whether the voltage being received is positive or negative. Because these 

thermistors have a single-ended range, 15 bits is the maximum possible resolution. 

A 15 bit system will give a value between 0 and 215 -1 (32,767) which corresponds to the 

voltage as a percentage of its full value. Using the Arduino, which uses a 4.9 V VDD, 

4.9 V/32767 ≈ 0.15 mV is the smallest change in voltage that can be detected. Due to the non-

linear nature of thermistors, the temperature range represented by this voltage resolution varies. 

With a 10 kΩ nominal fixed resistor, at 20°C, this corresponds to a temperature change of just 

over 0.002°C. This is discussed in more detail in Section 5.2.1.4, and full calculations are 

available in Appendix E. The Arduino’s default 10-bit ADC, for comparison, has a resolution of 

roughly 4.8 mV, which corresponds to a temperature change of approximately 0.09°C. 
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5.2.1.4 Thermistors 

The temperature of the heaters and the copper disks between the sample and reference disks were 

measured using thermistors, electrical components whose resistivity is a function of temperature. 

Thermistors were chosen over thermocouples or resistance temperature detectors (RTDs), the 

other most common methods for temperature measurement, because of their size, durability, 

sensitivity, and cost (Macleod, 1997; Issler and Jessop, 2011). The specific thermistors used were 

NTC (negative temperature coefficient) PS103J2, by US Sensor, which have a temperature range 

of -80 - 150°C, and a nominal resistance of 10kΩ at 20°C (Corp., 1997). As the name suggests, 

the thermistor’s resistance decreases with increasing temperature. The precise relationship for the 

thermistors used is displayed in Figure 5.11. 

 

Figure 5.11: The resistance-temperature relationship for the PS102J2 thermistor, based on 

tables provided by the manufacturer. 
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Resistance cannot be measured by the Analog-Digital-Converter (ADC) directly, only 

voltage. To measure resistance via voltage, a voltage divider circuit was used. The thermistor was 

wired in series with a resistor of known, constant value. These fixed resistors were nominally 

10kΩ, but the specific resistance of each was measured and used in the calculations. The voltage 

read by the ADC is a fraction of the input voltage, the value of which is determined by the 

relationship between the resistor and the thermistor. This is shown in Equation 5.1, where RT is 

the resistance of the thermistor, Rfixed is the resistance of the fixed resistor, here nominally 10kΩ, 

and x is the ADC value between 0 and 215-1 (Arduino, 2016). 

 

Figure 5.12: A voltage divider circuit was used to measure temperature (Arduino, 2016). 

 

 
RT=

Rfixed

215-1
x

-1
   5.1 

While the thermistors all had a nominal resistance of 10,000 Ω at 20°C, the exact 

resistance-temperature relationship was slightly different for each, as a result of minute 

differences in size, chemical makeup, the lead wire length, etc. The resistance of each thermistor 

was measured using a multimeter, and used in Equation 5.1 to determine the resistance of its 

corresponding thermistor. To reduce the error associated with the thermistors from the factory 

value of ±0.1°C to a value of ±0.01°C, the thermistors were calibrated to account for their 

individual properties (Jessop, 1990). This involved finding the values of the constants A, B, and C 
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in the Steinhart-Hart Equation, which relates resistance R (Ω) and temperature T (K) as shown in 

Equation 5.2. 

 1

𝑇
= 𝐴 + 𝐵 ∙ ln𝑅 + 𝐶 ∙ (ln 𝑅)3   5.2 

The calibration of the thermistors was completed using the technique based on the 

recommendations of Jessop (1990). Thermistors were spaced across a metallic bar, which given 

its high thermal conductivity, was of approximately equal temperature throughout. This metal bar 

was protected by a minimum of two nested, heavy-duty freezer bags, and was then put into a bath 

of water. The water bath, along with the metal bar and thermistors inside of it, were heated using 

a hot plate. The water bath was used to minimize temperature fluctuations. The resistance of the 

thermistors was measured at several different temperatures ranging from 20-95°C, as measured 

by a model 4371 Traceable ® Shock and Water resistant thermometer. Given the resistance 

values at three different temperature values, a linear system of equations was created for each 

thermistor, and the Steinhart-Hart variables A, B, and C were calculated using matrix 

multiplication. Calculations are provided in Appendix E. 

The divided bar is a comparative technique, which works by comparing temperature 

readings between different thermistors. The relative error between thermistors must therefore be 

minimized to ensure accuracy. For this reason, the thermistors were as similar as possible (same 

model and manufacturer, same batch) and were calibrated at the same time. Any error introduced 

by the thermometer was applied equally to all thermistors so they were accurate relative to each 

other. 

The thermistors were attached to the microcontroller using copper-constantan 

thermocouple wire (Omega TT-T-24_SLE). The PFA insulation of this 24 AWG (0.51mm 

diameter) wire was designed to operate in temperatures up to 200°C with minimal error (±0.5C or 

0.4%, whichever is greater). Each thermistor was attached to the same length of wire to minimize 

relative error (Omega, 2016). 
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Jessop (1990) states that a thermistor with a nominal resistance of 10kΩ, the error due to 

power dissipation and lead resistance error is approximately 0.6Ω. He recommends a resolution 

of 1Ω, which the external ADC has at 20°C. The resolution varied with temperature, due to the 

nonlinear nature of the resistance-temperature relationship, as shown in Figure 5.11. Figure 5.13 

shows the resolution in °C as a function of temperature. The resolution ranged from 0.002°C at 

20°C to 0.02°C at 100°C. 

 

 

Figure 5.13: The resolution of a 10K Ω thermistor with the 15-bit external ADC is a 

function of temperature. 

Figure 5.13 shows the resolution of the signal being measured, but it does not account for 

the error that is introduced by noise in the signal itself. Noise occurs naturally within all 

electronics, but can be exacerbated by an inconsistent power supply, long lead wires, and the 

presence of other nearby electronics. 
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An alpha-trimmed mean filter was used to reduce signal noise. This non-linear filter is a 

hybrid of mean and median filters. From a set of recent readings, it discounts outlying values, 

assumed to be noise, and takes the average the remaining readings, assumed to be the signal 

(Öten and Figueiredo, 2004). For this filter, α = 4, meaning the two lowest and two highest 

readings within each sample window, in this case nine values, were discarded. 

This filter reduces noise, but causes a delay in temperature readings of a maximum of 

nine time steps. When the program is started, this is less than four seconds. The system gradually 

slows over time; however, as the size of the log file, which must be accessed at each time step to 

record the results, increases. After twelve hours, each time step takes approximately four seconds, 

creating a lag of approximately 36 seconds. 

This type of combined median-average filter sorts out temperatures which are outliers, 

but does not eliminate all noise. Analog inputs from the ADC appear to vary by ±1 bit as a result 

of this noise. As an additional measure, the temperature measurements used in these thermal 

conductivity calculations were taken as an average over a full minute. 

To minimize the diameter of the thermistor lead wires, they were soldered to the main 

wires in different locations: one close to the thermistor bead, and one further away. Small heat 

shrink was installed on one lead to prevent contact between the two wires, and then larger shrink 

tube was installed over both leads to protect them from outside contact, as shown in Figure 

5.14A. After soldering, the leads were trimmed, and then straightened with tweezers to lie flat, so 

that the wire did not puncture the shrink tube. Heat shrink was fitted snugly around the base of 

the thermistor bead, and it overlapped the wire insulation on the other end, as in Figure 5.14B. 

The resulting thermistor fits snuggly into the thermistor holes in the copper measurement disks 

which made it easy to install or remove, but not so loose that it would slide out on its own. 
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The thermistors were treated with care to minimize damage. Bending them sharply could 

affect the quality of the soldered join to the lead wire, while harsh treatment of the thermistor 

bead itself could affect the internal structure, making recalibration necessary. 

 

 

Figure 5.14: Thermistors (A) after soldering, with smaller heat shrink isolating one wire 

from the other and (B) with final heat shrink to isolate both thermistor lead wires from the 

surrounding environment. 

 

5.2.1.5 Relay 

The relay acts as a switch, turning the heating elements on or off based on commands from the 

Arduino. It allows the Arduino to use a relatively small amount of power (5V dc) to control the 

main electrical grid (110V ac). A basic 4-channel optically isolated solid state relay, shown in 

Figure 5.15, was used, as it provided a low cost, widely available solution with redundant relays 

in case of failure. 
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Figure 5.15: A 4-channel optically isolated solid state relay was used to control the heating 

elements. 

 

The optoisolators isolates the two circuits (Arduino and heating element), preventing 

current surges from the 110V heater from damaging the Arduino. Solid state relays were used 

because they are able to switch rapidly, and should not experience contact wear (Scherz and 

Monk, 2013). Over the course of the laboratory testing, these relays did however stop functioning 

correctly after 50-150 hours of continuous use. The cause of this failure was unclear. Figure 5.16 

shows the effect of relay failure on heater output. 

The Mega2560 is capable of providing the 5V needed to switch the relay while operating 

the machine, but doing so changed the voltage being supplied to the thermistors, creating a slight 

disturbance in the data. Instead, a second Arduino was used to provide the necessary power. 

Because the larger number of digital and analog inputs available on the Arduino Mega 2560 were 

unnecessary, the smaller unprogrammed Uno model was used for this task, although any 5V dc 

power source would have worked equally as well. The main Arduino, the Mega2560, still 

controlled the relay through digital outputs. 
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Figure 5.16: When the relays fail, the heater is unable to maintain the set temperature, in 

this case 100°C. 

 

A Proportional-Integral-Derivative (PID) controller was used to regulate heater 

temperature. This method of system control uses the error between the set temperature and the 

current temperature to determine appropriate heater output, O, according to Equation 5.3 

(Skogestad, 2001). 

 
𝑂 = 𝑂𝑏𝑖𝑎𝑠 + 𝐾𝐶 ∙ 𝑒(𝑡) +

𝐾𝑐
𝜏𝐼
∫𝑒(𝑡)d𝑡 + 𝐾𝐶 ∙ 𝜏𝐷

d𝑒(𝑡)

d𝑡
   5.3 

The PID gets its name from the three control effects, each of which correspond to a term 

in Equation 5.3 and a tuning parameter. The proportional action, the first control effect, depends 

directly on the error, 𝑒(𝑡) and is governed by controller gain, 𝐾𝐶. An increase in the controller 

gain will generally reduce the rise time, increase the amount of overshoot, and decrease overall 

system stability. The integral action is controlled by the reset time, 𝜏𝐼 which alters the heater 

output as a result of the integrated controller error and is mainly used to reduce offset. An 

increase in 𝜏𝐼 reduces rise time, increases the amount of overshoot, and decreases overall 

60

65

70

75

80

85

90

95

100

0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00

Te
m

p
e

ra
tu

re
 (

°C
)

Elapsed Time (Hours)

Heater Temperature



196 

 

stability, much like 𝐾𝐶. The final component, the derivative action, uses the derivative of 

controller error and the tuning parameter 𝜏𝐷, derivative time. This component generally 

“smooths” the system, reducing the oscillations in temperature that form with a PI system. A PID 

controller may also include a constant term to account for any system bias, 𝑂𝑏𝑖𝑎𝑠 (Skogestad, 

2001; Cooper, 2006).  

The effectiveness of a PID controller is heavily dependent on the proper tuning of these 

three parameters. Several different tuning methods exist, but each process may require some trial 

and error to fine tune these values. The Ziegler-Nichols tuning method is perhaps the most well-

known, but is fairly aggressive and poorly suited for processes with a large amount of delay 

(Skogestad, 2001). Ultimately, trial and error proved best suited to this system. The final PID 

values were 𝐾𝐶 = 3, 𝜏𝐼  = 0 and 𝜏𝐷 = 1. No bias term was necessary. 

A PID module for Instrumentino and Controlino was written to utilize the Arduino PID 

library (Beauregard, 2015) to control the heaters based on information from the thermistors 

(Appendix D). Most PIDs are designed to control continuous output variables, for example, the 

power in Watts going to a heater. However, the relay is a binary system; it can either be on or off. 

What the PID controls instead of power is time. The output is the number of milliseconds out of 

1000ms that the heater should be on for to maintain the set temperature.  

5.2.1.6 Heating Element 

Cartridge-style heating elements, commonly used for 3D printers, were used due to their small 

size and low cost. The 8x40mm 110 V 200 W heating elements, shown in Figure 5.17, provided 

an excellent balance between small form-factor and sufficient power. Early versions of the split 

bar used a hot plate instead, but the greater power made it difficult to tune with the PID. 
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Figure 5.17: A 40 mm long cartridge heating element was used to power each heater. 

 

These heating elements were inserted into 75 mm diameter steel disks, which also each 

housed a thermistor. The external ADC only supported four inputs, which were used for the 

thermistors in the main stack of the split bar. A second external ADC was too much for the 

Arduino to handle, leading to instability and frequent “crashing” of the software. Instead, the 

heaters used the onboard 10-bit ADC. This resulted in a lower resolution of approximately 

0.05°C at 20°C, which was still sufficient for the purposes of controlling the heaters. 

The difference between top and bottom bars used in literature varies: 10°C (Issler and 

Jessop, 2011) and 17°C (Beck and Beck, 1958) are both used. What is most important is that a 

steady-state is reached. A steady state occurs when each thermistor has recorded a stable 

temperature for 15 seconds with no successive temperature change of more than 0.05°C, and a 

standard deviation of no more than 0.05°C. This split bar apparatus was designed to house two 

heating elements, which would maintain a constant thermal gradient. This proved to be untenable 

for two reasons: computational limitations and lack of cooling capabilities in the secondary 

heater. 
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The Arduino would often freeze while attempting to control both heaters. Running two 

PID tuning systems in addition to relaying the main thermistor readings to the Instrumentino 

program was too much for the micro-processor. Even if the second heater was controlled by a 

secondary Arduino, it would not maintain the constant thermal gradient that was required. Most 

split bar devices have circulating water baths which can act as heat sinks, but for simplicity, this 

device used only heating elements. Because the second heater was being heated in part by the 

hotter primary heater, which was not controlled by the second PID, it was prone to overheating. 

To address these issues, only one heater was used. Instead of controlling the temperature at both 

ends of the split bar, one end was kept at a constant temperature until a steady-state thermal 

gradient occurred, where the heat being lost by the system was equal to the heat entering it. This 

necessitated long normalization periods. The exact time required varied based on the temperature 

of the heater. Four hours was usually sufficient when the primary heater was set to 40°C, but at 

least ten hours was required if the heater was set to 100°C.  

5.2.1.7 Insulation 

Most divided bar machines operate at approximately room temperature. One side of the bar is a 

heater and the other is a heat sink which results in a constant thermal gradient of 10-20°C. 

According to Jessop (1990) , radial heat losses are kept to a minimum by keeping the length of 

the bar small with respect to its diameter, and therefore insulation is not required. 

This split bar apparatus was designed to test specimens at a variety of temperatures. Like 

the divided bar apparatus designed by McGuinness et al. (2014), it used a heater on each end of 

the main stack, instead of a heater and a cooling water bath. Because the lowest temperature of 

the stack was greater than the temperature of the surrounding air, additional insulation was 

required. 

Each stack was wrapped with tape to keep the disks aligned and to facilitate easy removal 

of the insulation. Adhesive foam pipe insulation with aluminum backing was wrapped around the 
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stack, as shown in Figure 5.18A. Smaller pieces were used to cover the areas near the thermistor 

holes. The external faces of the heaters were also covered in this, to prevent the polystyrene from 

melting. The stack is inserted into a polystyrene cradle and thermistors were inserted individually 

(Figure 5.18B). Glass fiber pipe wrap is inserted into the gaps between the polystyrene rings and 

the stack, as shown in (Figure 5.18C). The secondary heater was placed on top of the stack to 

provide additional mass, ensuring good thermal contact (Figure 5.18D). 

5.2.1.8 Calibration 

Every machine has some thermal resistance R which must be accounted for to obtain accurate 

readings, as discussed in Section 2.1.2.7.1. This resistance was estimated using the method 

described by Jessop (1990), where a thermal conductivity test is run using a disk of known 

properties instead of a rock sample. The known thermal conductivity was used in Equation 2.36, 

and the equation was rearranged into Equation 5.4 to solve for R. 

 

𝑅 =

𝑑𝑝𝑜𝑙𝑦 (
∆T2

∆T1 + ∆T3
) − 𝑑𝑟𝑒𝑓

𝑘𝑝𝑜𝑙𝑦
𝑘𝑟𝑒𝑓

𝑘𝑝𝑜𝑙𝑦
 

  5.4 

 The temperature differences across the two polycarbonate disks are ∆T1 and ∆T3; ∆T2 is 

the temperature difference across the quartz reference disk. The sum thickness of the 

polycarbonate disks is 𝑑𝑝𝑜𝑙𝑦, the thickness of the reference disk is 𝑑𝑟𝑒𝑓. The thermal conductivity 

of the polycarbonate and reference disks are 𝑘𝑝𝑜𝑙𝑦 and 𝑘𝑟𝑒𝑓 respectively. 

Jessop (1990) recommends the use of a fused quartz bar for calibration. The thermal 

conductivity of fused quartz,𝑘𝑞𝑡𝑧, varies linearly with respect to temperature, T, according to the 

relationship shown in Equation 5.5 (Haynes, 2016). 

 𝑘𝑞𝑡𝑧 = 1.3 + 0.002 ∙ T 
  5.5 
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Figure 5.18: The main stack was (A) wrapped in adhesive foam insulation and (B) placed 

over the main heater, surrounded by polystyrene insulation rings. The thermistors were 

inserted individually, and (C) glass fiber insulation was inserted between the stack and the 

polystyrene rings, and inside the wire channels in the polystyrene rings. (D) The second 

heater was placed on top of the stack, and glass fiber insulation was used to fill all gaps. 
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The thermal resistance R also varies according to temperature. The results of the 

calibration run for 50 mm samples are shown in Figure 5.19, along with the equation for a 

quadratic line of best fit. When these thermal resistance values are used to calculate the thermal 

conductivity of the calibration disk, error is within 2%. With a linear equation to estimate thermal 

resistance, error is approximately 10%. Full calculations can be found in Appendix F. 

 

Figure 5.19: Thermal resistance vs temperature when measuring thermal conductivity of 

the 50 mm fused quartz disk. 

 

5.2.2 Rock Samples 

The diameter of the samples should be greater than its length to eliminate radial heat losses. 

There is no prescribed length value, but a review of the literature suggests that a length of 10mm 

is common for samples 30mm-50mm in diameter. To maintain a constant aspect ratio throughout 

this testing plan, nominal lengths of 10 mm and 15 mm were used for the 50 mm and 75 mm 

diameter samples respectively. Small variations occurred due to the nature of sample preparation.  
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The samples were difficult to prepare due to their small lengths, rock composition, and 

structures. The horizontal samples in particular had unfavourably positioned clay wisps that 

would separate from the core (Figure 5.20), but this was also present in vertical samples (Figure 

5.21). The split bar method is based on the model of a thermal gradient through a stack of 

constant cross-sectional area. Samples which had lost material and no longer had a uniform 

circular cross-section were therefore not suitable for testing. 

 

Figure 5.20: Sample C2-3-1H, a 76 mm horizontally drilled sample, was unsuitable for 

thermal conductivity testing due to this weak clay seam. 
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Figure 5.21: This 50 mm diameter core sample had a weak, irregular clay seam which 

prevented it from being a thermal conductivity sample. 

 

In both horizontal and vertical samples, pre-existing fractures and/or thin clay beds 

created preferential planes of weakness which would split open when exposed to the saw, as 

shown in Figure 5.22. In an attempt to provide sufficient confining pressure to eliminate these 

problems, samples were tightly wrapped in duct tape, with an intermediate layer of cling wrap to 

protect the sample surface. This practice was not continued as it was found ineffective. 

Even in rocks without structural or compositional weaknesses, the relatively small 

lengths created some challenges. Without the long shaft of core, it was difficult to align the core 

for drilling, and the sample was more likely to move when it came in contact with the saw.  



204 

 

 

Figure 5.22: This 75 mm diameter sample was drilled parallel to bedding. When cut with a 

diamond saw, it fractured along a thin, argillaceous clay wisp. 

 

Issler and Jessop (2011) suggest that samples be flat to within 0.03mm, and parallel to 

within 0.1 mm(Issler and Jessop, 2011)(Issler and Jessop, 2011). Samples were ground flat using 

a GCTS RSG-200 specimen grinder. Again, the small length of the samples created challenges. 

Normally, the sample is placed in a V-block which is anchored to the grinder, to ensure that the 

ground face is perpendicular to the cylindrical axis. These samples were too thin to remain stable 

in the v-block. Instead, a longer sample was placed behind them, preventing the thin sample from 

moving backwards. 

Thermal conductivity measurements were conducted on saturated rock samples to better 

reflect in situ conditions (Jessop, 1990; Macleod, 1997). Samples were saturated with Synthetic 

Pore Water (SPW), which was created according to the SPW composition reported by Intera 

(2010). Research by Jaczkowski et al. (2016) indicated that saturation beyond a period of one 

week does not increase water content in the Cobourg Limestone. The samples were therefore 
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submerged in a sealed container for one week, and were tested immediately after being removed 

from the SPW. 

5.2.3 Procedure 

1) Samples were cut to approximate lengths using a diamond saw. To eliminate radial heat 

losses, the sample diameter was greater than its length.  

2) Samples were ground flat using a GCTS RSG-200 specimen grinder. To ensure that the 

entire surface of the sample had been ground flat, the ends were coloured with marker. 

When the marker was entirely gone from the sample face, the grinding was considered 

complete. Samples from before, during, and after the grinding processes are shown in 

Figure 5.23. 

3) To verify conformance to parallelism and flatness requirements, an Inspection Grade 

(Grade A) granite support surface, a digital indicator with 0.001mm resolution, and a 

feeler gauge set were used (Figure 5.24). To ensure conformance to parallelism and 

straightness requirements, the end faces of each sample were measured at points 10mm 

apart along two perpendicular diameters. The total height of the sample was measured at 

four equidistant points along the sample circumference. As this verification unit was 

constructed for uniaxial compressive strength samples, it was designed for larger 

samples. In some cases, the samples had to be placed on a flat block to reach the feeler 

gauge. In these cases, the sample was moved over the stationary block, to avoid 

introducing error caused by an uneven base. The results of the verification procedure are 

recorded in Appendix G. 
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Figure 5.23: 75 mm samples before, during, and after the grinding process. 

 

Figure 5.24: A feeler gauge mounted to a Grade A granite inspection surface was used to 

ensure that samples were suitably flat and parallel. 

4) The samples were allowed to dry for a minimum of two weeks, before being weighed. 

5) The samples were placed into the SPW for a minimum of seven days. On removal, they 

were weighed and immediately prepared for testing. 
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6) The flat surfaces of the rock sample and the standard disks were coated with glycerin to 

ensure a good thermal contact (Beck and Beck, 1958; Macleod, 1997; Issler and Jessop, 

2011). 

7) The stack of disks was assembled in the following order: copper disk, polycarbonate 

standard disk, copper disk, sample, copper disk, polycarbonate standard disk, copper 

disk. The disks were centered over each other, and the thermistor emplacement holes 

within the copper disks were vertically aligned. Electrical tape was used to keep the disks 

aligned. 

8) The stack was wrapped with masking tape to facilitate easy removal of the insulation 

(Figure 5.25A). Adhesive foam pipe insulation with aluminum backing was wrapped 

around the stack, as shown in Figure 5.25B. Smaller pieces were used to cover the areas 

near the thermistor holes. 

 

Figure 5.25: The stack of disks was wrapped with (A) masking tape and then (B) adhesive 

foam insulation. 

9) The stack of disks was moved to the testing area, where it was centered over the primary 

heater, which rested in a polystyrene insulating cradle. Polystyrene rings were then 
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placed around the stack. Next, thermistors were carefully threaded through the wire 

channels and into the appropriate copper disks. The wire channels were then filled with 

glass-fibre pipe wrap insulation (Figure 5.26A and B). Finally, this same insulation was 

inserted between the polystyrene rings and the stack, and packed carefully to reduce air 

pockets (Figure 5.26C). 

10) The secondary heater was placed on top of the stack. While it was not used as a heater, 

the additional weight helped to ensure good thermal contact between all the disks. The 

final polystyrene ring was placed around the secondary heater, the thermistor fed through 

the wire channel, and the glass-fibre insulation inserted into the final wire channel and 

the gap between the secondary heater and the polystyrene insulation (Figure 5.26D). The 

polystyrene lid was then placed on top, insulating the divided bar apparatus. A large book 

was placed on top to prevent the light polystyrene rings from separating. 

11) Using the Instrumentino GUI, the heater was set to the first temperature, 40°C. The 

system was allowed to reach a steady state, as defined in Section 5.2.1.6. 

12) Thermal conductivity is temperature dependent, and was therefore tested at several 

different temperatures for each sample. Once the system had reached a steady state, the 

Instrumentino program was restarted, and a new set temperature was entered. For this 

investigation, samples were tested with heater temperatures of 40°C, 60°C, 80°C, and 

100°C, to examine how thermal conductivity might change over the operating range of 

the nuclear waste repository. These heater temperatures corresponded to sample 

temperatures of approximately 35°C, 50°C, 70°C and 85°C. Figure 5.27 shows the 

divided bar apparatus in operation. 

13) The polystyrene rings and glass fibre insulation were removed, and the sample was 

allowed to cool to room temperature.  
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Figure 5.26: (A) The stack was placed on the heater, and the first polystyrene ring was 

placed around it. The first thermistor was inserted. (B) Glass fiber insulation was used to 

fill the wire channels in the polystyrene rings and the gaps between thermistors. (C) After 

the emplacement of the second polystyrene ring, glass fiber was used to fill the gaps between 

the rings and the stack. (D) The second heater was placed on top of the stack, and 

surrounded by the third ring. Glass fibre insulation was used to fill all gaps. 
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Figure 5.27: The divided bar apparatus in operation. 

 

5.3 Linear Thermal Expansion Coefficient 

The linear thermal expansion coefficient was measured using strain gauges, as described in 

Section 2.1.3.7.1. Both a rock sample and a quartz standard with known properties were 

instrumented and heated together. The temperature-induced apparent strain or “thermal output” of 

the strain gauges was determined by using the measured strain of the quartz standard to account 

for changes in strain gauge resistivity due to the change in temperature (Micro-Measurements, 

2010b). The net resistance change measured was the sum of the resistance change due to thermal 

load and differential expansion.  
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Thermal expansion is anisotropic, and varies with respect to the direction of bedding. The 

Opalinus Clay in Switzerland, for example, has a linear thermal expansion of 1.7 x 10-5K-1 

parallel to bedding, and 1.1x10-5K-1 when measured perpendicular to it (Gens et al., 2007). To 

capture this behaviour, strain gauges were placed in two different orientations. To measure 

thermal expansion perpendicular to bedding, strain gauges were placed on the sides of vertically 

drilled core. To measure thermal expansion parallel to bedding, strain gauges were placed on the 

end faces of core samples, or on the sides of horizontally drilled samples. A typical strain gauge 

arrangement for a 75 mm diameter, vertically-drilled sample is shown in Figure 5.28. 

 

Figure 5.28: This 75 mm sample has strain gauges on the top surface to measure strain 

parallel to bedding and on its sides to measure strain perpendicular to bedding. 
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5.3.1 Equipment for Measuring Linear Thermal Expansion Coefficient 

The linear thermal expansion coefficient was measured using a comparative technique. Strain 

gauges were applied to both the rock samples being tested and a quartz reference disk of known 

properties. The rock sample and quartz disk were heated concurrently in the same oven, which 

was monitored with thermistors for precise temperature readings. The strain gauges themselves 

were attached to a basic data acquisition system, which displayed the results in real time on a 

computer. 

5.3.1.1 Rock Samples 

Resistivity strain gauges may be used on samples of any size and shape, but a uniform cross 

section is recommended to minimize temperature gradients (Micro-Measurements, 2010b). The 

samples must be long enough to accommodate the gauges, where the minimum gauge length 

must be at least ten times the length of the largest grain within the rock sample. Samples surfaces 

should be at least twice as long as the strain gauges that are mounted to them. Drill core samples 

at least 4 cm long met all of these requirements. 

5.3.1.2 Strain Gauges 

The strain gauges used were HBM Series LY4X gauges, which meet VDI/VDE 2635 

specifications. These strain gauges have a 10mm grid length to balance small sample size and 

capturing a representative length of the sample.  

Gauges are available with a wide range of thermal expansion properties, so that they can 

be matched to specific materials. This type of temperature response matching allows users to 

account for temperature changes in mechanical testing, but is not required for this comparative 

method of determining the linear thermal expansion coefficient. As long as the same type of 

strain gauges are used on both the rock sample and the quartz reference, any temperature 

compensation type may be used. The gauges used in this experiment were temperature matched 

to the manufacturer default of steel. 
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Strain gauges with pre-soldered leads are commonly used in rock mechanics testing, 

because they are easy to use, immediately ready for application, and meet high quality standards. 

These pre-soldered leads use a pvc-insulated wire which is not appropriate for temperatures 

above 80°C. For this reason, the leads had to be soldered on site, using STJ 28/3 shielded 

polytetrafluoroethylene (PTFE) insulated thermocouple wire designed to withstand higher 

temperatures. All wires were the same length (95 cm) to ensure that those of the sample and 

reference were as similar as possible, as directed in Micro-Measurements (2010b). 

Strain gauges were attached to the rock samples using HBM X280 grout, a two-component epoxy 

resin which remains stable at high temperatures. 

5.3.1.3 Data Acquisition System 

Two Vishay D4 Data Acquisition Conditioners were used to read the HBM Series LY4X strain 

gauges. The D4s were connected via USB cable to a computer, which was used to record results 

and display live readings of the strain gauges. The D4s support the use of quarter-, half-, and full-

bridge circuits; quarter- and half-bridge circuits can take advantage of the built-in precision 

bridge completion for 120Ω, 350Ω, and 1000Ω (Micro-Measurements, 2013). Each D4 has four 

channels, an 8 Hz sampling rate, and a resolution of 24 bits. It uses proprietary digital signal 

processing technology to reduce noise, and can typically provide a noise-free resolution of 18 

bits. One fo the D4s is shown in Figure 5.29. 
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Figure 5.29: The Vishay D4 Data Acquisition Conditioner, with RJ45 screw terminal 

adapters in the rear. 

When measuring thermal expansion, strain gauges can each be wired as separate quarter-

bridge circuits, or the test and reference gauges can be connected as adjacent arms of a half-

bridge circuit (Micro-Measurements, 2010b). These two options are shown in Figure 5.30. Each 

test run had a minimum of two rock samples, often with multiple strain gauges each. There was 

only one quartz reference disk, so using a half-bridge circuit with the reference and sample was 

not feasible. A full-bridge could be used, but required exactly four strain gauges. Each strain 

gauge was therefore part of a quarter bridge using one channel of the D4 devices. The strain 

gauge wires interfaced with the D4s via RJ45 screw terminal connectors.  
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Figure 5.30: The sample and reference strain gauge circuits for measuring thermal 

expansion using separate quarter bridge circuits (Micro-measurements, 2010). 

5.3.1.4 Heat Source and Measurement 

A Fisher Science 650G Isotemp Oven was used to heat the sample(s) being measured and the 

quartz reference. Strain was measured at nominal temperatures of 25, 50, 75, 100, 125, and 

150°C. For precise temperature measurements, the thermistors and operating system used in the 

divided bar were used. Two thermistors were used to ensure redundancy in case of failure. These 

thermistors used the same external ADC to provide high resolution temperature readings. 

The oven was heated gradually to minimize thermally induced damage caused by uneven 

heating. Cooper and Simmons (1977) recommend an average increase of no more than 

2°C/minute. The analog oven could not be programmed, so to balance a conservative rate of 

temperature change with a realistic lab schedule, the oven was increased by 5°C increments every 

10 minutes between measurement temperatures. The measurement temperature was sustained for 

a minimum of 90 minutes before the strain was recorded. This time ensured that the entire sample 

was heated to temperature, and was a conservative estimate based on calculations found in 

Appendix E. 

For this experiment, three test cycles were used for each sample to observe the effect of 

heating of the linear thermal expansion coefficient and ensure repeatability. 
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5.3.1.5 Reference Material 

The reference material used was a disk of electrically fused quartz, GE124. This is an electrically 

fused form of pure crystalline silica with known material properties. 

5.3.2 Procedure 

1) The strain gauges were prepared for installation following the guidelines set up by HBM 

((HBM), n.d.). Two solder terminals were cut from the solder terminal strip, leaving a 

gap of at least 0.5mm between the solder terminal and the cut edge, as shown in Figure 

5.31A. The soldering terminals were cleaned using ethanol while resting on a clean 

surface, in this case, an unused sheet of paper. The solder terminals were only handled 

with clean tweezers. 

2) The strain gauge was removed from its packaging and placed gauge-side-up onto a piece 

of static film. The static film was secured to a hard surface using tape, and the gauge was 

in turn secured to the film using a heat-resistant adhesive tape, as shown in Figure 5.31B. 

The strain gauge was only handled with clean tweezers. 

3) The soldering terminals were inserted between the strain gauge connecting strips and the 

strain gauge backing or insulating strip. This was to prevent a ground connection from 

forming. 

4) The strain gauge connecting strips were cut so that they ended within the soldering 

panels, as shown in Figure 5.31C. The soldering terminals and the strain gauge were 

joined with a thin strip of heat-resistant adhesive tape. The tape covered the soldering 

panels, but not the edges of the soldering panel insulating strip. The adhesive tape 

overlapped with the tape securing the strain gauge to the static film, as shown in Figure 

5.31D, E, and F. The strain gauge was then ready to be mounted to a rock sample. The 

static film base was wrapped around the strain gauge to form a protective layer when the 

gauge was not being installed immediately. 
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Figure 5.31: (A) Two soldering terminals were cut from the soldering terminal strip, leaving 

a minimum of 0.5mm on all sides. (B) Static film was taped down to create a clean working 

surface; the strain gauge was taped to the static film using thermal-resistance adhesive tape. 

(C) The soldering terminal was inserted between the lead wires and the carrier foil of the 

measuring grid; the leads were trimmed. 

 

5) A thin layer of grout was applied to a clean sample surface and allowed to dry. This first 

layer of grout was mostly absorbed by the sample. The bonding surface was roughed with 

80-grit sandpaper, thoroughly cleaned, and allowed to dry (Figure 5.32A). 
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6) The strain gauges were carefully removed from the storage cellophane and placed onto 

the rock with a hinge of adhesive tape using tweezers (Figure 5.32B). Additional thermal 

adhesive tape was used when necessary to completely cover the strain gauge. 

 

Figure 5.32: (A) A preliminary layer of grout was applied to a clean surface. After it was 

dried, roughed, and cleaned, (B) the strain gauges were placed in position using thermal-

resistance adhesive tape. 

 

7) Grout was applied according to HBM’s X280 adhesive instructions ((HBM), n.d.). 

Tweezers were used to lift the strain gauge “hinge” back 1-2mm, and a thin layer of grout 

was applied evenly to the rock surface. Using Teflon film, the strain gauge was firmly 

pressed down into position. An even pressure was applied for one minute to the entire 

gauge. 

8) The Teflon film was covered by a rubber pad and weighted to ensure a good bond while 

the epoxy resin cured.  

9) Once the resin had cured, the adhesive tape was removed (Figure 5.33A). The soldering 

terminals were cleaned with ethanol. 
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10) The three-stranded lead wires were cut to a length of 95 cm, and both ends of the wires 

were stripped to prepare for soldering. The soldering terminals and wires were each 

tinned with solder. The wire ends that would eventually connect to the D4 DAC were 

also tinned, for ease of use with the RJ45 screw terminal connectors. 

11)  The lead wires were soldered to the soldering terminals. For continuity, black and red 

wires were soldered to one terminal, and the white wire to the other, as shown in Figure 

5.33B. After soldering, heat-resistant adhesive tape was applied over the strain gauge for 

protection. 

12) The strain gauge lead wires were attached to the RJ45 screw terminal connector 

according to the diagram in Figure 5.34A and B, which completed the 120Ω quarter 

bridge three-wire connection. 

13) The sample was placed into the oven along with the reference disk and two thermistors. 

The thermistors were secured with heat-resistant adhesive tape to remain close to the 

sample and reference. The thermistors were attached to an Arduino Uno via the 18-bit 

ADC according to the circuit diagram in Appendix D. 

14) The strain gauge and temperature monitoring programs were launched on the computer 

connected to the measurement devices. Temperature and strain were recorded separately 

and matched via timestamp after the testing was completed. 
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Figure 5.33: After the resin had dried, (A) the heat-resistant adhesive tape was removed 

from the strain gauges, and the soldering terminals were cleaned to prepare for (B) the lead 

wires being soldered to the gauge. Heat-resistant tape was then re-applied to the gauge for 

protection. 

 

15) Strain was measured at 25, 50, 75, 100, 125, and 150°C. The temperature was increased 

in 5°C increments at ten minute intervals until the measurement temperature was reached. 

Strain was measured after the oven had been set to the measurement temperature for a 

minimum of 90 minutes. The testing setup is shown in Figure 5.34C and D. 

16) After the final strain measurement, the oven was turned off and the strain and 

temperature monitoring programs were closed. The oven was left ajar to cool overnight, 

so a new test could be run the next morning. 
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Figure 5.34: The strain gauges were attached to the D4 in the quarter bridge circuit 

configuration (A) by attaching leads to the RJ45 screw terminal corrector as in (B). The 

total testing setup is shown in (C), and the temperature and strain gauge monitoring 

software are shown in (D). 
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Chapter 6 

Laboratory Testing Results 

All thermal conductivity and linear thermal expansion coefficient samples tested were sourced 

from St. Mary’s quarry in Bowmanville Ontario. Many of the samples were drilled from the 

blocks and oversized core as discussed in Section 5.1. However, due to limited sample 

availability and strict quality criteria for thermal conductivity samples, many samples were 

unused remnants from previous laboratory investigations by other researchers. Sample IDs 

therefore did not conform to a single format.  

6.1 Thermal Conductivity 

The custom divided bar apparatus was used to test twelve samples of the Cobourg Limestone 

from Bowmanville. The samples were chosen to represent different rock compositions, 

orientations with respect to bedding, and scales. Sample composition was quantified using image 

intensity, and sorted into three main classifications: calcite-rich, mixed composition, and clay-

rich, as discussed in Section 5.1. The properties of each sample are detailed in Table 6.1. A 

summary of results is presented in Figure 6.1; photos and testing results of individual samples can 

be found in Appendix H. 

Six 50 mm and six 75 mm diameter samples were tested to determine the effect of scale 

on thermal properties. Figure 6.2 shows the thermal conductivity measured for these samples. The 

measured conductivities had similar magnitudes and ranges of values for samples of both sizes. 

At a larger scale, there are more available paths of heat transfer, so thermal conductivity is 

expected to have less variability. Individual features which may act as thermal insulators or 

thermal bridges are less likely to dominate the system.  

At the canister or repository scale, specific features like a single calcite nodule or clay 

interlayer will have minimal effect on the overall thermal conductivity. Many thermal paths are 
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available for heat conduction, so no single feature has a large effect. The undulating, nodular 

texture of the Cobourg Limestone has a wavelength of approximately three inches (Day, 2016), 

so the three-inch (75 mm) samples used in this investigation may not have been large enough to 

represent the Cobourg Limestone at a broader scale. Further testing should be done to determine 

the variability of thermal conductivity at the canister, tunnel, and repository scale. 

Table 6.1: The composition classification, orientation with respect to bedding, and size of 

the samples tested using the divided bar apparatus. 

Sample Intensity 

(0-255) 

Composition 

Classification 

Orientation 

with respect to 

bedding 

Sample 

Diameter 

(mm) 

Moisture 

Content (%) 

CLV6U 170.9 Calcite-rich Perpendicular 50 0.70 

CLV5U 172.3 Calcite-rich Perpendicular 50 0.43 

C221HA 174.8 Calcite-rich Parallel 50 0.85 

C221HC 174.8 Calcite-rich Parallel 50 0.40 

CLH4UB 158.3 
Mixed 

composition 
Perpendicular 50 0.78 

CLH4UA 158.3 
Mixed 

composition 
Perpendicular 50 0.71 

A19top 164 Calcite-rich Perpendicular 75 1.10 

A26Top 166.8 Calcite-rich Perpendicular 75 0.69 

C131H 163.4 Calcite-rich Parallel 75 0.42 

A1-5 Top 143.4 
Mixed 

composition 
Perpendicular 75 1.27 

C28 125.6 Clay-rich Perpendicular 75 0.70 

C27Top 114.4 Clay-rich Perpendicular 75 1.05 
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Figure 6.1: Thermal conductivity of the Cobourg Limestone as measured by divided bar 

apparatus. 

 

Figure 6.2: 50 and 75 mm diameter samples have similar thermal conductivities. 
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The quartz standards used to calibrate the divided bar were slightly different for the 50 

mm and 75 mm setups. The 50 mm quartz calibration disk was custom-machined to have a 

similar thickness and surface area as the samples being tested. Due to scheduling constraints, a 

prefabricated 75 mm quartz disk was used. While both were composed of GE124 fused silica, the 

75 mm disk was thinner and had a 0.03 inch bevel, which slightly reduced the thermal contact 

area. In the author’s opinion, these differences had very little effect on the overall results. 

Macleod (1997) states that in cases where the sample (in this case, the bevelled quartz disk) is 

slightly smaller than the divided bar, all heat can be assumed to flow through the sample, with 

minimal losses due to the discrepancies in cross-sectional area. 

In general, the divided bar apparatus could not reach the same level of thermal 

equilibrium with 75 mm samples as it could with 50 mm samples. With 75 mm samples, 

temperatures remained stable within ±0.05°C, the maximum allowed deviation within the 

sampling period. The smaller 50 mm samples could achieve a constant temperature within 

±0.02°C. This is likely due to the larger size of the main stack, which both requires more thermal 

energy to heat and loses more energy radially due to its greater circumference. The small heating 

element struggled to provide the necessary energy. In future tests, the divided bar could be altered 

to use two cartridge heating elements to power the heater. 

The measured thermal conductivities parallel and perpendicular to bedding are shown in 

Figure 6.3. In general, thermal conductivity was slightly higher when measured parallel to 

bedding. This agreed with the findings of Midttømme and Roaldse (1999), as discussed in Section 

2.1.2.5, and matched the trends seen in the Opalinus Clay (Gens et al., 2007). Assuming a linear 

relationship with temperature the results of this analysis were approximately 3.0 W/m·K parallel 

to bedding and 2.4 W/m·K perpendicular to bedding at 25°C, a temperature commonly used to 

compare conductivity values. 90% of the data falls within ±0.9 W/mK and 0.7 W/mK of the best 

fit lines for thermal conductivity parallel and perpendicular to bedding respectively. The 
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difference between these values, 20%, is lower than the difference in thermal conductivity of 

Opalinus Clay when measured parallel and perpendicular to bedding, which was 43%. As 

discussed in Section 3.1.4.1, this difference may have been caused by the bioturbated, 

discontinuous beds associated with the nodular texture of the Cobourg Limestone.  

 

Figure 6.3: Thermal conductivity is slightly greater parallel to bedding than perpendicular 

to bedding. 

 

Testing done be AECL (2011) found that the thermal conductivity of the Cobourg 

Limestone was 2.38 W/m·K parallel to bedding and 2.62 W/m·K perpendicular to bedding at 

approximately 25°C. As discussed in Section 3.1.4.1, discrepancies in the specific heat values 

suggest that there were compositional differences between the two groups of samples. The tests 

conducted by AECL covered a wide range of Ordovician shales and limestones, so only two 

samples of Cobourg limestone were tested in each orientation. This small sample size increased 
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the likelihood of bias resulting from non-representative samples. The samples used by AECL 

were obtained from Cobourg Limestone at the Bruce site which, as discussed in Section 4.1.5, is 

compositionally different from the Cobourg Limestone found at St. Mary’s. 

Figure 6.4 shows the thermal conductivity of the calcite-rich, mixed composition, and 

clay-rich samples. There is a greater amount of variability in the calcite-rich samples, but this is 

likely due to the larger number of samples within this category. Samples for thermal conductivity 

testing had to have a uniform cross-sectional area. As discussed in Section 5.2.2, some samples 

had weak clay-rich seams or fractured along pre-existing planes of weakness during preparation. 

One such sample is shown in Figure 6.5. This dramatically reduced the available samples for 

testing. These factors, in addition to the limited availability of samples, meant that there were 

fewer clay-rich or mixed composition samples. Without additional data, it is difficult to make a 

fair comparison of thermal conductivity between these three compositional classes. 

This investigation built upon the original work of AECL to refine the thermal 

conductivity values of the Cobourg Limestone and their relationship to temperature and 

orientation. Further testing is required to better understand the effect of scale and rock 

composition on thermal conductivity in the Cobourg Limestone.  
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Figure 6.4: Thermal conductivity vs temperature for sample from three compositional 

classes, as determined by colour intensity. 

 

 

Figure 6.5: Sample C2-3-1H, a horizontally drilled 75 mm sample, had weak clay seams that 

made it unsuitable for thermal conductivity testing. 
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6.2 Linear Thermal Expansion Coefficient 

Twenty-two rock samples, with a total of 56 strain gauges, were tested to determine the linear 

thermal expansion coefficient of the Cobourg Limestone and how it varies with composition and 

orientation. Strain was measured at six different temperatures. The measured change in strain, 

divided by the difference in temperature, is equal to the average linear thermal expansion 

coefficient for that temperature range, as discussed in Section 2.1.3.7.1. For each sample, the 

mean coefficient of linear thermal expansion between 20-100°C was also calculated for ease of 

comparing values both within this study and to international data. This value, α20-100, was 

calculated using the mean of the linear trendline for data from the first test run of each sample. 

Micro-Measurements (2010b) recommends measuring thermal expansion after exposing 

the sample to the full range of temperatures two or three time. This process, also called “thermal 

cycling”, is recommended to capture repeatable strain behaviour. In a geotechnical setting, the 

thermal expansion which occurs during the initial heating period is important, as it will determine 

the magnitude of the thermally generated stresses in a DGR setting. For this reason, the mean 

thermal expansion coefficients presented here, α20-100, reflect the expansion coefficient only in the 

first heating cycle. Laboratory tests from Posiva (Akesson, 2012) and SKB (Sundberg and 

Ländell, 2002) also tested thermal expansion without thermal cycling beforehand.  

Figure 6.6 shows the linear thermal expansion coefficient of a typical sample, C131H, as 

measured by two different axial strain gauges (labelled s1 and s2). Sample C131H was drilled 

parallel to bedding. The intensity of the circumferential scan, shown in Figure 6.7, was 163, so 

this sample was classified as “calcite-rich.” Both strain gauges measure thermal expansion 

parallel to bedding and both gauges showed the expansion coefficient increasing with 

temperature, which, as discussed in Section number, is common in rocks. 

The results from each of the three test runs are shown, labelled in Figure 6.6 as (1), (2), or 

(3). The expansion coefficient was generally largest in the first test run, when the rock sample 
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was first exposed to the higher temperatures. The thermal expansion created grain-scale cracks, 

which remained even once the rock sample cooled to room temperature, resulting in some non-

recoverable strain. In the subsequent tests, these cracks provided space for thermal expansion, 

resulting in lower expansion coefficients.  

 

Figure 6.6: The linear thermal expansion coefficient of sample C131H as measured by two 

different strain gauges (s1 and s2) over three different test runs (1, 2, and 3). 
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Figure 6.7: This scan of C131H has a colour intensity of 163, so it was classified as calcite-

rich. 

The average linear thermal expansion coefficient of sample C131H from 20-100°C was 

6.4e-6°C-1 and 2.7e-6°C-1. Figure 6.6 shows the linear trendlines for this calculation. The 

difference strain measured within the same sample is likely caused by the small scale of the strain 

gauges, which have a 1cm measurement grid. The strain gauges are therefore very sensitive to 

local variations in the rock, which occur naturally at the centimeter scale. 

Figure 6.8 shows the coefficient of linear thermal expansion of sample C2-11. Sample 

C2-11, shown in Figure 6.9, is darker in colour than sample C131H because it has more clay 

layers. The sample was drilled vertically: two axial strain gauges (s1 and s2) measured thermal 

expansion perpendicular to bedding, and one strain gauge (t) on the end face measured thermal 

expansion parallel to bedding. 

In this sample, the coefficient of thermal expansion decreased as temperature increased. 

This was the opposite of the direct relationship between temperature and expansivity observed  by 

Cooper and Simmons (Cooper and Simmons, 1977) and seen in Sample C131H. A similar 
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inverse relationship was recorded in samples of Ӓspӧ diorite and Ӓvrӧ granite (SKB, expansivity, 

Sundberg 2002). 

 

Figure 6.8: The linear thermal expansion coefficient of sample C2-11 as measured by two 

different axial strain gauges (s1 and s2) and one end-face strain gauge (t) over three 

different test runs (1, 2, and 3). The results of test 2 for gauges s1 and s2 were not recorded 

due to a malfunction in the D4. 

 

Figure 6.9: This scan of sample C2-11 has a colour intensity of 125, so it was classified as 

clay-rich. 
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The average linear thermal expansion coefficient of sample C2-11, calculated using the 

linear trendlines shown in Figure 6.8, was 9.86e-6°C-1 and 6.95e-6°C-1 when measured 

perpendicular to bedding and 4.62e-6°C-1 when measured parallel to it. 

Thermal expansion coefficient results can be found in Appendix I. 

Table 6.2 shows the calculated average coefficient of linear thermal expansion between 

20-100°C for each sample. Average values based on orientation and composition are shown in 

Table 6.3. The average linear thermal expansion coefficients, 5.99e-6°C-1 parallel to bedding and 

6.39e-6°C-1 perpendicular to bedding, agree with the average value reported in the literature, 

6.6e-6°C-1 (Baumgartner, 2005). 

Figure 6.10 shows the linear thermal expansion coefficients calculated from the first test 

for all samples. Both Figure 6.10 and Table 6.3 show that thermal expansion is slightly greater 

when measured perpendicular to bedding versus parallel to it (6.39e6°C-1 vs 5.99e6°C-1). These 

differences are relatively small, ranging from 2-6% in samples of different composition. In 

comparison, thermal expansion of the Opalinus Clay in Switzerland is greater parallel to bedding, 

1.7e-5°C-1, than perpendicular to bedding, 1.1e-5°C-1 (Gens et al., 2007). In addition to having the 

opposite effect, the difference is greater in magnitude, at approximately 12%. Orientation may 

have less of an effect on thermal expansion in the Cobourg Limestone because of its structure: the 

calcite nodules surrounded by tortuous clay layers are not as strongly aligned as traditional 

sedimentary structures. 
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Table 6.2: The average linear thermal expansion coefficient from 20-100C for each sample. 

Sample ID 

Intensity  

(0-255) Composition 

Orientation with respect 

to Bedding 

α20-100 

(10e-6 °C-1) 

CLV6U-t 160.9 Calcite-rich Parallel 2.32E-06 

A27-t 163.9 Calcite-rich Parallel 8.96E-06 

CLV6Ub-t 160.9 Calcite-rich Parallel 7.56E-06 

C131H-s1 163.4 Calcite-rich Parallel 6.39E-06 

C131H-s2 163.4 Calcite-rich Parallel 2.73E-06 

A27-s1 163.9 Calcite-rich Perpendicular 6.46E-06 

A27-s2 163.9 Calcite-rich Perpendicular 7.44E-06 

CLV6U-s1 160.9 Calcite-rich Perpendicular 4.29E-06 

CLV-6Ub-s1 160.9 Calcite-rich Perpendicular 4.86E-06 

CLH4U-a-t 158.3 Mixed composition Parallel 6.07E-06 

C2-15b-t 142.6 Mixed composition Parallel 5.43E-06 

C2-6-top-t 158.6 Mixed composition Parallel 6.26E-06 

C2-5-top-t 157.2 Mixed composition Parallel 8.13E-06 

C2-16-t 159.2 Mixed composition Parallel 7.37E-06 

CLH 4Ua-s1 158.3 Mixed composition Perpendicular 6.94E-06 

CLH 4Ua-s2 158.3 Mixed composition Perpendicular 5.20E-06 

C2-15b-s1 142.6 Mixed composition Perpendicular 6.16E-06 

C2-15b-s2 142.6 Mixed composition Perpendicular 1.17E-05 

C2-6-top-s1 158.6 Mixed composition Perpendicular 6.29E-06 

C2-5-top-s1 157.2 Mixed composition Perpendicular 6.99E-06 

C2-16-s1 159.2 Mixed composition Perpendicular 6.02E-06 

C2-11-t 124.9 Clay-rich Parallel 4.62E-06 

B1-2-1-t 104.9 Clay-rich Parallel 3.94E-06 

B1-3-1-t 129.1 Clay-rich Parallel 5.65E-06 

B1-3-3 a''-t 120 Clay-rich Parallel 7.1E-06 

C2-8-t 125.6 Clay-rich Parallel 7.24E-06 

C2-11-s1 124.9 Clay-rich Perpendicular 9.86E-06 

C2-11-s2 124.9 Clay-rich Perpendicular 6.95E-06 

B1-2-1-s1 104.9 Clay-rich Perpendicular 4.76E-06 

B1-2-1-s2 104.9 Clay-rich Perpendicular 3.47E-06 

B1-3-1-s1 129.1 Clay-rich Perpendicular 5.33E-06 

B1-3-3 a''-s1 120 Clay-rich Perpendicular 6.46E-06 

C2-8-s1 125.6 Clay-rich Perpendicular 5.78E-06 
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Table 6.3: A summary of the average linear thermal expansion coefficients between 20-

100°C from samples with three different broad compositions and two different orientations. 

 Coefficient of linear thermal expansion, α20-100  

(10e-6 °C-1) 

Parallel to Bedding Perpendicular to Bedding 

Calcite-rich samples (colour intensity >160) 5.59 5.76 

Mixed composition samples (colour intensity 

of 130-160) 

6.65 7.04 

Clay-rich samples (colour intensity <130) 5.71 6.09 

Average 5.99 6.39 

 

 

Figure 6.10: The linear thermal expansion coefficient of calcite-rich, mixed composition, 

and clay-rich samples as measured parallel and perpendicular to bedding. 
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There does not appear to be a strong correlation between composition and expansivity. 

Figure 6.11 shows the average linear thermal expansion coefficient from 20 - 100°C of samples 

as a function of colour intensity. As discussed in Section 5.1, lower intensity samples were darker 

and had a greater clay content, while high intensity samples were lighter in colour and had a 

greater amount of calcite. This data suggests that colour intensity (as a proxy for mineralogy) has 

relatively little effect on thermal expansion. 

 

Figure 6.11: The average linear thermal expansion coefficient from 20-100°C vs colour 

intensity, which was used here as an indicator of mineralogy. 

 

Strain gauges were used to measure thermal expansion. The scale of measurement was 

therefore limited to the size of the strain gauge grid, which was 10mm. Thermal expansion values 

had a relatively wide range, even within the same sample when measured a few centimeters apart. 

0.0E+00

2.0E-06

4.0E-06

6.0E-06

8.0E-06

1.0E-05

1.2E-05

1.4E-05

100 110 120 130 140 150 160 170

A
ve

ra
ge

 C
o

e
ff

ic
ie

n
t 

o
f 

Li
n

e
ar

 T
h

e
rm

al
 E

xp
an

si
o

n
 (
α

)

Intensity

Linear Thermal Expansion Coefficient vs Colour 
Intensity

Parallel to Bedding

Perpendicular to Bedding



237 

 

At the canister- or repository-scale, this variation may be less prominent. Testing should be 

completed at a variety of scales to observe the effects on the thermal expansion coefficient of the 

Cobourg Limestone. 

This laboratory investigation examined thermal expansion of dry samples in a stress-free 

environment, and may not reflect in situ behaviour. Thermal expansion testing is often done with 

dry samples for logistical reasons. As discussed in Section 2.1.3.4, the coefficient of linear 

thermal expansion is generally not strongly dependent on either saturation or moderate confining 

stress (Wong and Brace, 1979; Somerton, 1992). More recently, Larsson (2001) tested samples of 

Ӓspӧ granite and Ӓvrӧ diorite and found relatively little difference in coefficient of linear thermal 

expansion between dry and saturated samples tested with applied stresses of 0 and 3.8 MPa. 

Confining pressure reduces the linear thermal expansion coefficient only when it is above the 

critical threshold P*, which is dependent on the mineralogy and thermal history of the rock 

(Wong and Brace, 1979). At this threshold pressure, microfractures no longer form, and all strain 

is recoverable. The coefficient of thermal expansion determined by laboratory testing is unlikely 

to change dramatically due to additional pore water or confining pressure below P* (Wong and 

Brace, 1979). 

In situ, the heating of a saturated rock generates additional pore pressures due to the 

differential thermal expansion of water and the surrounding rock. An increase in pore pressure 

would reduce thermal expansion, as mineral grains could no longer easily expand into pore 

spaces (Somerton, 1992). In situ testing would capture this effect and be more representative of 

the conditions in a DGR setting. 

In summary, the average linear thermal expansion coefficients measured in the Cobourg 

Limestone were 5.99e-6°C-1 parallel to bedding and 6.39e-6°C-1 perpendicular to bedding. These 

are similar to the average anisotropic value reported in the literature, 6.6e-6°C-1 (Baumgartner, 

2005). The thermal expansion of the Cobourg Limestone is less isotropic than most sedimentary 
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rocks, likely as a result of its disturbed and bioturbated bedding layers. Further testing is 

recommended to better define the thermal expansion coefficient at the canister, tunnel, and 

repository scales and in in situ conditions. 
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Chapter 7 

Discussion and Conclusions 

7.1 Discussion 

The thermal properties of the DGR host rock will dictate many aspects of DGR design. Thermal 

conductivity (of the rock and backfill) will determine how readily heat is conducted away from its 

source: it will determine the spacing required to meet canister surface temperature thresholds. The 

thermally induced rockmass stresses will be a factor in the long term severity and extent of the 

rockmass damage. The rise in temperature will affect the hydrological system and the stress 

regime around the DGR. To design a DGR, thermal properties must be well understood. This 

thesis examined the importance of thermal processes in DGRs, the international state of research 

on thermal and thermally coupled processes, and the thermal properties of the Cobourg 

Limestone specificially.  

7.1.1 Mineralogy of the Cobourg Limestone 

XRD and SEM analyses were completed to determine the modal mineralogy of the Cobourg 

Limestone from two different source locations. Samples from St. Mary’s quarry near 

Bowmanville Ontario contain approximately one third calcite content and approximately 50% 

clay matrix, the main component of which is illite. The primary component (approximately 69%) 

of samples from the Bruce site near Kincardine Ontario is calcite, with 17% illite. 

These results show that there is compositional variation within the Ordovician 

Limestones of Ontario, even within members of the same stratigraphic unit. This variation occurs 

over the scale of hundreds of kilometers, and is likely the result of a facies change. When samples 

from alternate locations are used as substitutes for laboratory testing, the resulting data may not 

be directly applicable to specific final DGR sites. Instead, this information can be used to give an 
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approximation of rockmass behaviour, and to further the understanding of specific aspects of rock 

mechanics. 

The results of the XRD and SEM analyses were used to calculate the specific heat 

capacity of the Cobourg Limestone. The average specific heat capacity for samples from 

Bowmanville was 816.5 J/kgK, and was 815.4 J/kgK for samples from the Bruce site. Specific 

heat capacities were similar between the two sites because the two main mineral components, 

calcite and illite, have similar specific heat capacity values. 

7.1.2 Thermal Conductivity of the Cobourg Limestone 

A divided bar apparatus was constructed to measure thermal conductivity. Two different sizes of 

Cobourg Limestone samples were tested, in two different orientations. The samples were grouped 

into compositional classes according to their colour intensity: calcite-rich, mixed composition, 

and clay-rich. 

The average thermal conductivity of the Cobourg Limestone was approximately 3.0±0.9 

W/m·K parallel to bedding and 2.4±0.7 W/m·K perpendicular to bedding at 25°C. These results 

are similar in magnitude to those found in a previous investigation by AECL (2011). The 

transverse anisotropy measured in this research matches the same trends of other sedimentary 

units in the literature, which show that thermal conductivity is greatest parallel to bedding.  

Relatively little difference was observed between 50 mm and 75 mm diameter samples. 

This may be related to the scale of the nodular fabric in the rock, which appears to have a 

wavelength in the range of 50-100 mm. Samples of 50 mm and 75 mm diameters may therefore 

both be too small to encompass a representative range of features. 

The thermal conductivities of rocks from all three compositional classes could not be 

reliably compared due to the limited number of samples that were identified as “mixed 

composition” and “clay-rich”. Further investigation into the thermal conductivities of different 
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compositional endmembers of the Cobourg Limestone would define the range of thermal 

conductivity that could be encountered in situ.  

The custom divided bar was an effective tool in the measurement of thermal conductivity 

at different temperatures and samples sizes, but it did have several disadvantages. The design 

necessitated long testing periods (generally over eight hours for each temperature being tested) to 

ensure thermal equilibrium was achieved. In comparison, traditional divided bars have both a heat 

source and a heat sink and tests are conducted near room temperature, so less than ten minutes is 

generally required to reach thermal equilibrium (Macleod, 1997; Issler and Jessop, 2011). 

Samples rarely remained saturated over the entire testing period, although the glycerine 

used to ensure good thermal contact and the tape used to secure the stack both helped to retain 

moisture. This may have resulted in lower thermal conductivity measurements at high 

temperatures, where the samples may have partially dried during the extended tests, due to the 

fact that water conducts heat better than air. In the future, moisture content should be measured 

before and after each test (precise weight measurements before and after testing to compare to 

oven dried baseline), to determine the change in water content that occurs during the testing 

process. 

7.1.3 Thermal Expansion of the Cobourg Limestone 

The linear thermal expansion coefficient of the Cobourg Limestone was measured using a 

comparative strain gauge method. The change in strain gauge resistivity that occurred due to 

heating was assumed to be equal for the gauges attached to the samples and the reference disk of 

fused quartz. The expansion of the sample over a specific temperature range can be determined 

using the known coefficient of linear expansion for quartz and the observed strain for the quartz 

reference disk. 

Samples were tested over three temperature cycles, so thermal expansion could be 

observed during the initial heating period and after thermal damage had taken place. The results 
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agreed with the literature, confirming that the linear thermal expansion coefficient is greatest 

when the rock is exposed to a given temperature for the first time. This is because some non-

recoverable thermal strain occurs in the form of microfractures, which provide space for 

expansion in subsequent heating cycles. Thermal expansion tests should therefore be considered 

destructive (inelastic) tests. This is the state of practice for DGR research internationally, but 

thermal cycling is still recommended as a general practice by strain gauge suppliers (Micro-

Measurements, 2010b). 

The results showed that the linear thermal expansion coefficients were variable, even 

within the same sample. This is because the strain gauges measured the expansion of the area to 

which they are bonded, which is 10mm in length. At the strain gauge scale, small differences in 

composition (corresponding to nodularity) dramatically affect the results. At the repository scale, 

these differences would average out to a more consistent coefficient of linear thermal expansion. 

The variation observed for samples within different compositional classes was greater 

than that observed between the class means. The linear thermal expansion coefficient was slightly 

greater when measured perpendicular to bedding than when measured parallel to it.  

 These measurements were conducted using air-dried samples without an applied load, 

and may not be representative of in situ expansion. It is extremely difficult to test thermal 

expansion on saturated samples when using strain gauges. Larsson (2001) used silicon covers to 

protect the strain gauges on saturated samples, but had problems with incomplete seals, resulting 

in water short-circuiting the gauges. Somerton (1992) demonstrated that water content had 

relatively little effect on the thermal expansion coefficient, so testing saturated samples with 

strain gauges is often not worth the additional effort and risk. 

 Confining pressure has little effect on thermal expansivity when it is below the critical 

threshold pressure, P*.  This threshold pressure is dependent on the mineralogy and thermal 

history of the rock. To date, no research has been done to determine the P* of Cobourg Limestone 
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and whether or not in situ stresses would exceed this pressure. An in situ heating test would be an 

excellent opportunity to determine the coefficient of linear thermal expansion of the Cobourg 

Limestone when exposed to in situ stresses. 

This method assumes that the change in temperature affects both the strain gauges on the 

sample and the reference disk equally. While all strain gauges were selected from the same 

manufacturing batch, minute differences may introduce a small amount of error in the thermal 

test results. 

The thermistors used to measure temperature in the thermal expansion testing were 

placed near the strain gauges, but did not actually measure the temperature at the surface of the 

sample or the quartz reference disk. To reduce this error, all samples were arranged to minimize 

the distance between strain gauges, and the thermistors were secured near the gauges using 

thermal-resistant adhesive tape. In this testing program, one of the thermistors failed on some 

occaisons. Logistically, a second redundant thermistor would have alleviated this issue. In 

addition, the difference between the thermistors could then be compared to ensure temperature 

difference across the testing area is minimal. 

7.1.4 Implications for DGR Design in the Cobourg Limestone 

The results of this thesis could be used to update existing reports on the temperature field and 

THM coupled processes around a DGR within the Cobourg Limestone. Three existing reports 

which considered the thermal evolution and the thermally coupled processes around Canadian 

DGR designs have been identified. 

Carvalho and Steed (2012) conducted a thermo-mechanical analysis for a multi-level 

DGR using the Mark I canister design. The report considered a base inventory of 3.6 million used 

CANDU fuel bundles, and an alternate inventory of 7.2 million bundles. 

 The Mark I layout would divide the repository into placement rooms, 5.5m tall arched 

galleries with a 5.5m wide base. Each placement room would contain 89 used fuel canisters 
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(UFC), each located in a 6.918m deep, 1.968m diameter borehole, surrounded by bentonite buffer 

rings and topped with a bentonite buffer plug. The placement rooms would be filled with a dense 

backfill material, and sealed off from the access tunnel with an EDZ seal and concrete bulkhead. 

The Mark I design is shown in Figure 7.1. 

 

Figure 7.1: A longitudinal view of a Mark I placement room (Carvalho and Steed, 2012). 

  

A thermo-mechanical analysis was completed in FLAC3D to determine the optimal 

spacing of the waste emplacement holes. Spacing is determined by thermal considerations: the 

design must ensure UFC temperature does not exceed the design limit of 100°C, and spacing 

should be sufficient to reduce thermally induced stresses. Carvalho and Steed’s analysis assumed 

that the granitic gneiss host rock was isotropic and homogeneous, with a thermal conductivity of 

3.0W/m·K and a linear thermal expansion coefficient of 10-6 °C-1. Near and far-field models were 

used to capture temperature and stress evolution at multiple scales. The near field model was 

based on a DGR unit cell, with the assumption that the repository was infinitely large. The far-

field model captured the behaviour of the finite repository and allowed the authors to compare the 

effects of vertical spacing in a multi-stage DGR. 
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The bentonite buffer and dense backfill have lower thermal conductivities than the 

surrounding host rock, so they act as insulators. The models found that this reduced vertical heat 

flow, but had a negligible effect on temperature evolution at the canister. 

 Carvalho and Steed’s analysis found that small increases in room spacing had a large 

impact on the maximum temperature. Multi-level repositories did not dissipate heat as rapidly as 

a single story, as heat could no longer dissipate in all directions equally. In a multi-story DGR, 

the upper story dissipated heat more rapidly, as it was closer to the free surface, which was a 

constant temperature boundary of 5°C. In comparison, the lower story had to dissipate heat 

downwards, where temperature increases with depth due to a geothermal gradient of 0.012°C/m. 

 This thesis demonstrated that Cobourg Limestone has an anisotropic thermal 

conductivity: 3.0±0.9 W/m·K parallel to bedding and 2.4±0.7 W/m·K perpendicular to bedding at 

25°C. This would dissipate heat at a similar rate horizontally, as the thermal conductivity parallel 

to bedding is similar to that of the granitic gneiss used in the Carvalho and Steed model. The 

Cobourg Limestone could not dissipate heat as effectively in the vertical direction, so placement 

room spacing would need to be increased.  

 This thermo-mechanical model calculated thermally-induced stress based on the linear 

thermal expansion coefficient of the granitic gneiss, 10-6 °C-1. The model did not consider 

thermo-hydro-mechanical coupling: the differential thermal expansion of rock and water would 

lead to increases in pore water pressure. It also did not consider the expansion of the bentonite 

buffer or dense backfill materials during heating and resaturation. For low in situ stresses, the 

composite and differential rates of expansion of the bentonite rings and the host rock could 

damage the borehole wall (Wang et al., 2012). 

The laboratory testing in this thesis determined that the linear thermal expansion 

coefficients of the Cobourg Limestone were 6.0e-6°C-1 parallel to bedding and 6.4e-6°C-1 
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perpendicular to bedding. This greater rate of expansion would lead to higher thermally induced 

stresses, which would need to be accounted for in the design phase. 

A report by Guo (2016) looked at the thermal response of a Mark II DGR, also hosted in 

crystalline rock. The Mark II design uses rectangular placement rooms, 2.2m high, 3.2m wide, 

and 308m long. Canisters are placed in 1 m wide bentonite boxes in two staggered layers, with 

dense backfill blocks between boxes. These blocks would be 0.5m thick in crystalline 

repositories, and 0.7m thick in sedimentary settings. As with the Mark I design, an EDZ seal and 

concrete bulkhead would separate the placement room from the access tunnel. The Mark II design 

is shown in Figure 7.2 and Figure 7.3. 

This report used near- and far-field models to estimate the temperature evolution around 

the Mark II design. As with the Mark I design, the thermal response of the rockmass will dictate 

repository layout. The spacing of the placement rooms must be large enough to create sufficient 

heat dissipation to meet temperature requirements and reduce thermal stresses. In many respects, 

it is similar to the investigation conducted by Carvalho and Steed (2012): a DGR unit cell was 

used to model the near-field, based on the assumption that the repository was infinitely large; a 

far-field model was used to better capture the temperature of the finite repository; and the 

crystalline host rock was assumed to be homogeneous and isotropic with a constant thermal 

conductivity of 3.00W/m·K.  Unlike Carvahlo and Steed’s report, Guo’s investigation did not 

consider thermo-mechanical processes, or determine the optimal canister spacing to stay within 

temperature thresholds. The purpose of this investigation was to calculate the temperature field 

around the repository after the emplacement of used fuel, assuming a placement room spacing of 

20m, centreline to centreline. 
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Figure 7.2: A longitudinal view of a Mark II placement room (Guo, 2016). 
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Figure 7.3: An overview of the Mark II DGR design (Noronha, 2016). 

 

Guo found that the maximum temperature of the UFC would be 84°C, 45 years after 

canister emplacement. The repository influenced the temperature of the host rock up to 2000m 

away. For a similar repository design within the Cobourg Limestone, which has anisotropic 

values of thermal conductivity, heat transfer would be more efficient laterally than vertically. As 
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less heat would dissipate vertically, the maximum temperature at the canister surface would be 

higher. The spacing between placement rooms may therefore need to be increased.  

 The only report to consider both crystalline and sedimentary host rocks was by 

Radakovic-Guzina et al. (2015), which conducted a long term stability analysis of a conceptual 

DGR design using UDEC, FLAC3D and 3DEC. It used the same Mark II DGR design considered 

by Guo (2016), but increased the spacing of emplacement rooms to 25m within the sedimentary 

host rock. The report focused on the geomechanical stability of the DGR, including the effects of 

temperature changes, long term strength degradation, glaciation, and low-probability seismic 

events. 

 The report found that thermally-induced stress changes were the primary cause of rock 

mass damage around the excavation. Over the 1 MA lifespan considered in this analysis, thermal 

stresses peaked approximately 1000 years after waste emplacement. Given the site-uncertainty of 

the model, several conservative assumptions were made. 

 The sedimentary host rock was assumed to be an isotropic, homogeneous unit. The 

thermal conductivity of the Cobourg Limestone was 2.27W/m·K, and an average linear thermal 

expansion coefficient was used for all Ordovician limestones, 6.7 × 10-6 °C-1. In reality, the 

thermal conductivity of sedimentary units is not isotropic, and the results of in situ heating tests in 

sedimentary units show that anisotropic thermal conductivity must be considered to accurately 

model temperature and thermally induced stresses and pore water pressure increases (Gens et al., 

2007; Chen et al., 2011). The average conductivities of the saturated Cobourg Limestone reported 

by AECL (2011) were 2.38 and 2.62 /m·K parallel and perpendicular to the bedding respectively. 

As discussed in Section 3.4.1, several issues with these values raise concerns about their validity. 

Nonetheless, using these values the host rock conducts heat more efficiently, so emplacement 

room spacing could be reduced. The thermal conductivities measured in this thesis are larger still. 
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The thermal conductivity of 2.27 W/m·K is conservative, and may lead to larger emplacement 

room spacing than necessary. 

 The analysis by Radakovic-Guzina et al. (2015) assumed that excess pore water pressure 

generated by changes to the temperature field were negligible, as the dissipation of excess heat 

and pore water pressure are transient processes which occur over long time-frames. Radakovic-

Guzina et al. (2015) state that most of the thermally-induced excess pore pressure will dissipate 

over the lifespan of the repository. Additionally, yielding within the rockmass for any reason will 

cause an instantaneous drop in pore pressure.  

This was a conservative simplification. The in situ heating tests discussed in Section 3.3 

clearly demonstrated that pore water pressure increases as a direct result of heating, and that the 

magnitude of the pore water pressure increase is dependent on the rate of the temperature 

increase. For example, in the HE-D experiment, an increase in heater power from 650 W to 1950 

W caused a 2.5 MPa increase in pore water pressure (Gens et al., 2007). This rise in pore pressure 

would reduce the effective stress acting on the repository. Additional modelling should be done to 

examine the pore water pressure and effective stress evolution throughout the DGR operation and 

maintenance phases to examine the short-term effects of waste emplacement on geomechanical 

stability.  

All of the models discussed here (Carvalho and Steed, 2012; Radakovic-Guzina et al., 

2015; Guo, 2016) assumed constant values of thermal conductivity, a property which has been 

shown to be temperature dependent. As temperatures increase, thermal conductivity decreases. As 

the temperature field is extremely sensitive to changes in thermal conductivity (Gens et al., 2007), 

this could increase maximum temperatures. A sensitivity analysis could be conducted to 

determine the importance of the change in thermal properties and their effects on maximum 

temperatures. Such an investigation could also look at the effect of THM coupled processes 

acting within the bentonite barrier, including the phase changes of pore water as it circulates 
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between the canister- and rock-interfaces. These processes have not been considered in the 

existing models of a DGR in the Cobourg Limestone, but were necessary in the FEBEX study to 

accurately model the heat test. 

The models in these reports also all assumed that the placement of used fuel was 

instantaneous. This is a conservative assumption. In their report on thermally induced rock stress 

and rock support response for the Olkiluoto repository in Finland, Hakala et al. (2014) used a 

3DEC model with multiple stages to simulate DGR construction and the emplacement of waste 

over nine decades. The resulting thermal stress increases were imported into Midas GTS NX and 

Phase2 to examine stress-induced damage and rockmass and support response respectively. A 

similar investigation should be done for a Canadian DGR to determine how the incremental 

emplacement of waste canisters would affect the final temperature field and thermally-induced 

stresses. It could also address the effect of tunnel ventilation, which increases temperature in the 

early stages of operation but decreases it once the rockmass becomes warmer than the incoming 

air (Hakala et al., 2014). 

7.2 Conclusions 

This thesis explored the thermal properties of the Cobourg Limestone and the importance of 

thermal and thermally-coupled processes on a potential DGR. In addition to a thorough review of 

the thermal properties of rocks, THM processes in DGR settings, and major in situ THM 

experiments conducted internationally, a mineralogy analysis was conducted using XRD and 

SEM, and laboratory testing was conducted to determine the thermal conductivity and linear 

thermal expansion coefficient of the Cobourg Limestone. 

 The literature review examined the thermal properties of rocks, how they are influenced 

by factors such as temperature, pressure, mineralogy, porosity, and saturation; and common 

methods for calculating and/or measuring these properties. A brief overview of thermal and 
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thermally-coupled processes in the context of DGRs demonstrated the degree to which they 

would impact design, construction, and operation of these critical structures. 

 In situ thermal tests are the international standard for determining thermal properties and 

refining thermal and thermally-coupled models. Several case histories of major in situ heating 

experiments were reviewed to determine how the lessons learned could be applied to a Canadian 

UDF. These tests demonstrated effective long-term planning to maximize the utility of in situ 

tests. Each stage of UDF construction is also a valuable opportunity to study DGR-specific 

construction techniques and the rockmass response to excavation. Smaller proof-of-concept 

heating tests should be completed before full-scale demonstration tests to check the efficacy of 

the instrumentation and validate assumptions about rock mass behaviour. In many cases, these 

tests were also excellent examples of international collaborative research initiatives, which 

effectively disseminated data to several teams for analysis, and compared results and approaches 

to refine existing models and modelling capabilities. 

The mineralogy of the Cobourg Limestone differs between the Bruce site near Kincardine 

Ontario and St. Mary’s Quarry in Bowmanville, Ontario. Samples from the Bruce site had more 

calcite than samples from St. Mary’s (69% vs 34%), and contained more visible calcite nodules. 

Samples from St. Mary’s had more clay matrix (51% vs 17%), and the calcite in these samples 

was more commonly found in fossils. This demonstrates that research conducted for site-specific 

properties must use samples from that geographic location, not just samples within the same 

geologic formation. The modal mineralogy results were used to calculate the specific heat 

capacity of the Cobourg Limestone, which was approximately 816 J/kg·K at both locations. 

 The divided bar apparatus was built to measure thermal conductivity. The measured 

thermal conductivity matched expected trends: it was greater parallel to bedding than 

perpendicular to it, and decreased with increasing temperature. The thermal conductivity at 25°C 

was 3.0±0.9 W/m·K parallel to bedding and 2.4±0.7 W/m·K perpendicular to bedding. This is 
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similar in magnitude to the existing data on the Cobourg Limestone. The degree of transverse 

anisotropy was smaller than that of other sedimentary units investigated, likely due to the 

disturbed, undulating bedding present within the Cobourg Limestone. 

Samples with 50 mm and 75 mm diameters were tested, but no relationship between 

conductivity and scale was observed. Larger sample sizes may be required for a representative 

sample of the nodular Cobourg Limestone. Testing should be conducted at other scales. Samples 

were also classified according to scanned image intensity, as a proxy for composition. No 

relationship between composition and conductivity was observed, but this may be an artifact of 

the small number of clay-rich and mixed composition samples. 

 The linear thermal expansion coefficient was determined using strain gauges. The 

temperature measurement component of the divided bar was used for this laboratory 

investigation. The measured coefficient of linear thermal expansion was 6.0e-6°C-1 parallel to 

bedding and 6.4e-6°C-1 perpendicular to bedding. The results were variable, even between strain 

gauges on the same sample. Additional investigation is required to determine thermal 

conductivity on a scale more relevant to DGR modelling. No relationship between expansion and 

composition was observed. 

 The results of the laboratory testing component of this thesis could be applied to future 

investigations into sedimentary-hosted DGRs. The discussion briefly touched upon some of the 

ways these results would affect existing studies. One of the most notable changes is that 

numerical models should take into account the anisotropy of thermal conductivity. The final 

temperature field is extremely sensitive to thermal conductivity, so this value should be known as 

accurately as possible to accurately model designs and optimize emplacement room spacing. 

7.3 Future Research 

This thesis investigated the importance of thermal and thermally coupled processes in a DGR 

context and the thermal properties of the Cobourg Limestone specifically. There are many 
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potential avenues of further research, based on specific DGR locations and designs or furthering 

the understanding of these processes in general. 

 This thesis demonstrated that rocks sourced from the same stratigraphic unit but different 

geographic locations were not compositionally equivalent. To accurately predict the thermal 

behaviour of a specific DGR site, thermal conductivity and linear expansion coefficient testing 

should be done on samples from that geographic location. 

 Until a suitable host community is identified, more generic research on thermal processes 

in the Ordovician Limestones of Ontario should continue. This thesis determined the linear 

thermal expansion coefficient and thermal conductivity of the Cobourg Limestone using small-

scale samples in a laboratory setting. Future testing methods should be modified to test these 

properties on larger scales. In situ testing could be conducted to determine the behaviour of 

saturated rock exposed to in situ stresses. Existing underground infrastructure, such as 

underground hydroelectric tunnels or mine access tunnels, could be used to reduce the costs of in 

situ testing for a methodological/generic URL. Many generic URLs or heated in situ tests have 

used existing infrastructure, such as the in situ heating test in the Fanay-Augeres Mine, France, 

which was conducted as part of DECOVALEX Stage I. In situ heating experiments have proven 

invaluable for refining the knowledge of thermal properties, models of thermal and thermally 

coupled processes, and modelling codes. 

 More research is required to determine how increases in temperature affect the 

mechanical properties of the Cobourg Limestone, the development of the EDZ, and the ability of 

the argillaceous layers to self-heal. Very little research has been done into THM processes within 

the Cobourg Limestone; experiments are necessary to validate the existing THM models for 

sedimentary rocks, which were primarily designed to accommodate the Opalinus Clay and the 

Boom Clay. 
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 Future research could focus on applying the properties determined in this thesis to DGR 

models. Sensitivity analysis could be conducted to determine the effect changes in thermal 

conductivity and linear thermal expansion would have on DGR conditions in the Cobourg 

Limestone. Where models are particularly sensitive to changes in thermal or mechanical 

properties, the additional research would be required to quantify and model the changes of those 

properties with temperature. Existing DGR models could be updated to include anisotropic 

thermal properties, or coupled THM processes acting during the all phases of the DGR lifecycle, 

in both the rockmass and buffer material. 

 Ultimately, the understanding of thermal and thermally coupled processes is necessary 

for the successful design, construction, and operation of a DGR. This thesis compared the 

mineralogy of the Cobourg Limestone from two different sites, and determined the thermal 

conductivity and linear thermal expansion coefficient of the same unit under specific laboratory 

conditions. While this research contributes to the field, much work remains to understand thermal 

and thermally coupled processes within the Cobourg Limestone. 
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Appendix A 

XRD Results 
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Baseline XRD Results 
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Baseline results for Sample 0a from the Bowmanville site 
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Baseline results for Sample 0b from the Bowmanville site 
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Baseline results for Sample 0a from the Bruce site 
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Baseline results for Sample 1b from the Bruce site 
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Baseline results for Sample 2a from the Bruce site 
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Baseline results for Sample 2b from the Bruce site 
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Baseline results for Sample 3a from the Bruce site 
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Baseline results for Sample 3b from the Bruce site 

 



274 

 

Baseline results for Sample 4a from the Bruce site 
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Baseline results for Sample 4b from the Bruce site 
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Baseline results for Sample 5a from the Bruce site 
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Baseline results for Sample 5b from the Bruce site 
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Baseline results for Sample 6a from the Bruce site 
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Baseline results for Sample 6b from the Bruce site 
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Baseline results for Sample 7a from the Bruce site 
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Baseline results for Sample 7b from the Bruce site 
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Baseline results for Sample 8a from the Bruce site
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Baseline results for Sample 8b from the Bruce site 
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XRD Results after Clay Separation Procedure
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XRD results for the >10um size fraction from the Bowmanville site 
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XRD results for the 5-10um size fraction from the Bowmanville site 
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XRD results for the 2-5um size fraction from the Bowmanville site 
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XRD results for the <2um size fraction from the Bowmanville site 
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XRD results for the <2um size fraction, from the Bowmanville site, looking at the clay waveforms 
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XRD results for samples of Cobourg Limestone from the Bowmanville site from all size fractions 
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XRD results from all size fractions of the Bowmanville site Cobourg Limestone, looking only at the clay range 
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Appendix B 

SEM Library 
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Albite 

Max Peak Channel: 176 

Max Peak Value: 378 
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Ankerite 

Max Peak Channel: 371 

Max Peak Value: 295 
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Apatite 

Max Peak Channel: 371 

Max Peak Value: 301 
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Biotite 

Max Peak Channel: 175 

Max Peak Value: 274 
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Calcite 

Max Peak Channel: 371 

Max Peak Value: 402 
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Clay Matrix 

Max Peak Channel: 370 

Max Peak Value: 270 
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Glauconite 

Max Peak Channel: 176 

Max Peak Value: 204 
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Gypsum 

Max Peak Channel: 233 

Max Peak Value: 280 
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Orthoclase 

Max Peak Channel: 176 

Max Peak Value: 365 
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Pyrite 

Max Peak Channel: 232 

Max Peak Value: 434 
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Quartz 

Max Peak Channel: 175 

Max Peak Value: 657 
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Sphalerite 

Max Peak Channel: 102 

Max Peak Value: 230 
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Appendix C 

Porosity Calculations 
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Bowmanville Samples 

Sample Number Depth (m b.g.s.) Total Pixels Pore Pixels Porosity (%) 

0A 20 328671500 2142967 0.65 

0B 20 375843978 1825386 0.49 

0C 20 314924956 2497100 0.79 

0D 20 156852248 203650 0.13 

0E 20 273926400 421721 0.15 

 

 

Bruce Samples 

Sample Number Depth (m b.g.s.) Total Pixels Pore Pixels Porosity (%) 

1 700.65 281084967 366879 0.13 

2 705.9 279000267 126789 0.05 

3a 719.38 300693750 161295 0.05 

3b 719.38 285854334 173428 0.06 

4 719.65 308412000 139424 0.05 

5 732.2 207178125 227773 0.11 

6a 735.61 375790912 543172 0.14 

6b 735.61 63846720 74499 0.12 

7 741.9 197536875 595998 0.30 

8 750.99 364231312 1377729 0.38 
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Appendix D 

Code and Circuit Diagram 
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Instrumentino Package 

All code that has been modified for use with the split bar apparatus is given here. The entire code 

package, including this code and the original Instrumentino code, plus documentation, is available as an 

attached software package. 
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Controlino 

  



310 

 

/* 

 controlino.cpp - Library for controling an Arduino using the USB 

 Created by Joel Koenka, April 2014 

 Released under GPLv3 

 

        Edited for use as split bar apparatus by Michelle Pitts, 2016 

 

 Controlino let's a user control the Arduino pins by issuing simple 

serial commands such as "Read" "Write" etc. 

 It was originally written to be used with Instrumentino, the open-

source GUI platform for experimental settings, 

 but can also be used for other purposes. 

 For Instrumentino, see: 

 http://www.sciencedirect.com/science/article/pii/S0010465514002112

 - Release article 

 https://pypi.python.org/pypi/instrumentino/1.0    

  - Package in PyPi 

 https://github.com/yoelk/instrumentino      

  - Code in GitHub 

 

 Modifiers (THIS IS IMPORTANT !!! PLEASE READ !!!) 

 ================================================= 

 - Library support: 

   Controlino gradually grows to include support for more and more 

Arduino libraries (such as PID, SoftwareSerial, etc.) 

   Since not everyone needs to use all of the libraries, a set of 

#define statements are used to include/exclude them. 

 

 - Arduino board: 

   Controlino can run on any Arduino, but you need to tell it which 

one! 

 */ 

 

/* ------------------------------------------------------------ 

Dear user (1): 

Here you should specify which Arduino libraries you want to use. 

Please comment/uncomment the appropriate define statements 

------------------------------------------------------------ */ 

//#define USE_SOFTWARE_SERIAL 

#define USE_PID 

#define USE_WIRE 

 

/* ------------------------------------------------------------ 

Dear user (2): 

Here you should choose the Arduino Board for which you'll 

compile Controlino. Only one model should be used (uncommented) 

------------------------------------------------------------ */ 

//#define ARDUINO_BOARD_UNO 

//#define ARDUINO_BOARD_LEONARDO 

//#define ARDUINO_BOARD_DUE 

//#define ARDUINO_BOARD_YUN 

//#define ARDUINO_BOARD_TRE 

//#define ARDUINO_BOARD_ZERO 

//#define ARDUINO_BOARD_MICRO 
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//#define ARDUINO_BOARD_ESPLORA 

//#define ARDUINO_BOARD_MEGA_ADK 

#define ARDUINO_BOARD_MEGA_2560 

//#define ARDUINO_BOARD_ETHERNET 

//#define ARDUINO_BOARD_ROBOT 

//#define ARDUINO_BOARD_MINI 

//#define ARDUINO_BOARD_NANO 

//#define ARDUINO_BOARD_LILYPAD 

//#define ARDUINO_BOARD_LILYPAD_SIMPLE 

//#define ARDUINO_BOARD_LILYPAD_SIMPLE_SNAP 

//#define ARDUINO_BOARD_LILYPAD_USB 

//#define ARDUINO_BOARD_PRO 

//#define ARDUINO_BOARD_PRO_MINI 

//#define ARDUINO_BOARD_FIO 

 

 

 

 

 

 

 

/* ------------------------------------------------------------ 

From here down, you shouldn't touch anything (unless you know 

what you're doing) 

------------------------------------------------------------ */ 

#include "Arduino.h" 

#include "string.h" 

#include "HardwareSerial.h" 

#include "Wire.h" 

#include <eRCaGuy_NewAnalogRead.h> 

#include <Adafruit_ADS1015.h> 

#include <PID_v1.h> 

 

// Default values, to be overridden later 

#define HARD_SER_MAX_PORTS 0 

#define SOFT_SER_MAX_PORTS 0 

 

// Arduino Uno 

#ifdef ARDUINO_BOARD_UNO 

 #define DIGI_PINS 14 

#endif 

 

// Arduino Leonardo 

#ifdef ARDUINO_BOARD_LEONARDO 

 #define DIGI_PINS 20 

 

 #define HARD_SER_MAX_PORTS 1 

 extern HardwareSerial Serial1; 

#endif 

 

// Arduino Due 

#ifdef ARDUINO_BOARD_DUE 

 #define DIGI_PINS 54 
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 #define HARD_SER_MAX_PORTS 3 

 extern HardwareSerial Serial1; 

 extern HardwareSerial Serial2; 

 extern HardwareSerial Serial3; 

#endif 

 

// Arduino Yun 

#ifdef ARDUINO_BOARD_YUN 

 #define DIGI_PINS 20 

#endif 

 

// Arduino Tre 

#ifdef ARDUINO_BOARD_TRE 

 #define DIGI_PINS 14 

#endif 

 

// Arduino Zero 

#ifdef ARDUINO_BOARD_ZERO 

 #define DIGI_PINS 14 

#endif 

 

// Arduino Micro 

#ifdef ARDUINO_BOARD_MICRO 

 #define DIGI_PINS 20 

#endif 

 

// Arduino Mega ADK 

#ifdef ARDUINO_BOARD_MEGA_ADK 

 #define DIGI_PINS 54 

 

 #define HARD_SER_MAX_PORTS 3 

 extern HardwareSerial Serial1; 

 extern HardwareSerial Serial2; 

 extern HardwareSerial Serial3; 

#endif 

 

// Arduino Mega 2560 

#ifdef ARDUINO_BOARD_MEGA_2560 

 #define DIGI_PINS 54 

 

 #define HARD_SER_MAX_PORTS 3 

 extern HardwareSerial Serial1; 

 extern HardwareSerial Serial2; 

 extern HardwareSerial Serial3; 

#endif 

 

// Arduino Ethernet 

#ifdef ARDUINO_BOARD_ETHERNET 

 #define DIGI_PINS 14 

#endif 

 

// Arduino Nano 

#ifdef ARDUINO_BOARD_NANO 

 #define DIGI_PINS 14 



313 

 

#endif 

 

// Arduino Lilypad 

#ifdef ARDUINO_BOARD_LILIPAD 

 #define DIGI_PINS 14 

#endif 

 

// Arduino Lilypad Simple 

#ifdef ARDUINO_BOARD_LILYPAD_SIMPLE 

 #define DIGI_PINS 9 

#endif 

 

// Arduino Lilypad Simple Snap 

#ifdef ARDUINO_BOARD_LILYPAD_SIMPLE_SNAP 

 #define DIGI_PINS 9 

#endif 

 

// Arduino Lilypad USB 

#ifdef ARDUINO_BOARD_LILYPAD_USB 

 #define DIGI_PINS 9 

#endif 

 

// Arduino Pro 

#ifdef ARDUINO_BOARD_PRO 

 #define DIGI_PINS 14 

#endif 

 

// Arduino Pro Mini 

#ifdef ARDUINO_BOARD_PRO_MINI 

 #define DIGI_PINS 13 

#endif 

 

// Arduino Fio 

#ifdef ARDUINO_BOARD_FIO 

 #define DIGI_PINS 14 

#endif 

 

// ------------------------------------------------------------ 

// Arduino libraries support 

// ------------------------------------------------------------ 

#ifdef __cplusplus 

extern "C" { 

#endif 

void loop(); 

void setup(); 

#ifdef __cplusplus 

} // extern "C" 

#endif 

 

// Extra Hardware Serial support 

#if HARD_SER_MAX_PORTS > 0 

 // Descriptors for hardware serial 

 HardwareSerial* hardSerHandler[HARD_SER_MAX_PORTS]; 

#endif 
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// SoftwareSerial library 

#ifdef USE_SOFTWARE_SERIAL 

 #include "SoftwareSerial.h" 

 

 #define SOFT_SER_MSG_SIZE 100 

 #define SOFT_SER_MAX_PORTS 4 

 

 // software serial descriptor 

 typedef struct { 

  SoftwareSerial* handler; 

  char txMsg[SOFT_SER_MSG_SIZE]; 

  char rxMsg[SOFT_SER_MSG_SIZE]; 

  int txMsgLen; 

  int rxMsgLen; 

 } SoftSerialDesc; 

 

 // Descriptors for software serial 

 SoftSerialDesc softSerDescs[SOFT_SER_MAX_PORTS]; 

#endif 

 

// PID library 

#ifdef USE_PID 

 #include "PID_v1.h" 

 

 // PID 

 #define PID_RELAY_MAX_VARS 4 

 

 // PID-relay variable descriptor 

 typedef struct { 

  PID* handler; 

  int pinAnalIn; 

  int pinDigiOut; 

  double inputVar; 

  double outputVar; 

  unsigned long windowSize; 

  unsigned long windowStartTime; 

  double setPoint; 

  boolean isOn; 

 } PidRelayDesc; 

 

 // Descriptors for PID controlled variables 

 PidRelayDesc pidRelayDescs[PID_RELAY_MAX_VARS]; 

 

#endif 

//New Analog Read Library 

byte bitsOfResolution = 13; //oversampled resolution 

int numSamplesToAvg = 2; 

 

//ADCs 

Adafruit_ADS1115 ads1(0x48); 

 

//Adafruit_ADS1115 ads2(0x49); 

// ------------------------------------------------------------ 
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// Definitions 

// ------------------------------------------------------------ 

 

// arduino definitions 

#define ANAL_OUT_VAL_MAX 255 

 

// serial communication with user (usually with Instrumentino) 

extern HardwareSerial Serial; 

#define SERIAL0_BAUD  115200 

#define RX_BUFF_SIZE  200 

#define ARGV_MAX   30 

 

// ------------------------------------------------------------ 

// Globals 

// ------------------------------------------------------------ 

 

char doneString[5] = "done"; 

 

// Buffer to keep incoming commands and a pointer to it 

char msg[RX_BUFF_SIZE]; 

char *pMsg; 

 

// Pin blinking 

boolean startBlinking = false; 

int blinkingPin; 

unsigned long blinkLastChangeMs; 

unsigned long blinkingDelayMs; 

 

// ------------------------------------------------------------ 

// Command functions - These functions are called when their 

// respective command was issued by the user 

// ------------------------------------------------------------ 

 

/*** 

 * Set [pin number] [in | out] 

 * 

 * Set a digital pin mode 

 */ 

void cmdSet(char **argV) { 

 int pin = strtol(argV[1], NULL, 10); 

 char* mode = argV[2]; 

 

 if (strcasecmp(mode, "in") == 0) { 

  pinMode(pin, INPUT); 

 } else if (strcasecmp(mode, "out") == 0) { 

  pinMode(pin, OUTPUT); 

 } else { 

  return; 

 } 

} 

 

/*** 

 * Reset 

 * 
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 * Reset all digital pins to INPUT 

 */ 

void cmdReset() { 

 for (int i = 0; i < DIGI_PINS; i++) { 

  pinMode(i, INPUT); 

 } 

} 

 

/*** 

 * BlinkPin 

 * 

 * Start blinking a pin (e.g pin 13 with the LED) 

 */ 

void cmdBlinkPin(char **argV) { 

 blinkingPin = strtol(argV[1], NULL, 10); 

 blinkingDelayMs = strtol(argV[2], NULL, 10); 

 

 pinMode(blinkingPin, OUTPUT); 

 blinkLastChangeMs = millis(); 

 startBlinking = true; 

} 

 

/*** 

 * Read [pin1] [pin2] ... 

 * 

 * Read pin values 

 * Pins are given in the following way: A0 A1 ... for analog pins 

 *           D0 D1 ... for 

digital pins 

 * Answer is: val1 val2 ... 

 */ 

void cmdRead(int argC, char **argV) { 

 char pinType[2]; 

 int pin; 

 int value; 

 

 for (int i = 1; i <= argC; i++) { 

  pinType[0] = argV[i][0]; 

  pinType[1] = NULL; 

  pin = strtol(&(argV[i][1]), NULL, 10); 

 

  if (strcasecmp(pinType, "D") == 0) { 

   value = digitalRead(pin); 

  } else if (strcasecmp(pinType, "A") == 0) { 

   value = analogRead(pin); 

                        //value = adc.newAnalogRead(pin); 

  } else if (strcasecmp(pinType, "B") == 0){ 

                        value = ads1.readADC_SingleEnded(pin); //one adc, 

in numbers must be 0-3 

                } else  { 

   return; 

  } 

 

  // Add read values to answer string 
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  Serial.print(value); 

  if (i < argC) { 

   Serial.print(' '); 

  } 

 } 

} 

 

/*** 

 * Write [pin number] [digi | anal] [value] 

 * 

 * Write a value to a pin 

 */ 

void cmdWrite(char **argV) { 

 int pin = strtol(argV[1], NULL, 10); 

 char* type = argV[2]; 

 int value = strtol(argV[3], NULL, 10); 

 

 if (strcasecmp(type, "digi") == 0) { 

  if (value == 0) { 

   digitalWrite(pin, LOW); 

  } else { 

   digitalWrite(pin, HIGH); 

  } 

 } else if (strcasecmp(type, "anal") == 0) { 

  analogWrite(pin, max(0, min(ANAL_OUT_VAL_MAX, value))); 

 } else { 

  return; 

 } 

} 

 

/*** 

 * SetPwmFreq [pin number] [divider] 

 * 

 * Change the PWM frequency by changing the clock divider 

 * This should be done carefully, as the clocks may have other effects on 

the system. 

 * Specifically, pins 5,6 are controlled by timer0, which is also in 

charge for the delay() function. 

 * 

 * The divider can get: 1,8,64,256,1024   for pins 5,6,9,10; 

 *       1,8,32,64,128,256,1024 for pins 3,11 

 */ 

void cmdSetPwmFreq(char **argV) { 

 int pin = strtol(argV[1], NULL, 10); 

 int divider = strtol(argV[2], NULL, 10); 

 

 byte mode; 

 if(pin == 5 || pin == 6 || pin == 9 || pin == 10) { 

  switch(divider) { 

   case 1: mode = 0x01; break; //   5,6: 62500 Hz

 | 9,10: 31250 Hz 

   case 8: mode = 0x02; break; //  5,6: 7812.5 Hz

 | 9,10: 3906.3 Hz 
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   case 64: mode = 0x03; break; //  5,6: 976.6 Hz

 | 9,10: 488.3 Hz 

   case 256: mode = 0x04; break; // 5,6: 244.1 Hz | 

9,10: 122 Hz 

   case 1024: mode = 0x05; break;// 5,6: 61 Hz  | 

9,10: 30.5 Hz 

   default: return; 

  } 

  if(pin == 5 || pin == 6) { 

#if defined(TCCR0B) 

   TCCR0B = (TCCR0B & 0b11111000) | mode; 

#endif 

  } else { 

#if defined(TCCR1B) 

   TCCR1B = (TCCR1B & 0b11111000) | mode; 

#endif 

  } 

 } else if(pin == 3 || pin == 11) { 

  switch(divider) { 

   case 1: mode = 0x01; break; //  31250 Hz 

   case 8: mode = 0x02; break; //  3906.3 Hz 

   case 32: mode = 0x03; break; //  976.6 Hz 

   case 64: mode = 0x04; break; //  488.3 Hz 

   case 128: mode = 0x05; break; // 244.1 Hz 

   case 256: mode = 0x06; break; // 122 Hz 

   case 1024: mode = 0x7; break; // 30.5 Hz 

   default: return; 

  } 

#if defined(TCCR2B) 

  TCCR2B = (TCCR2B & 0b11111000) | mode; 

#endif 

 } 

} 

 

#ifdef USE_PID 

/*** 

 * PidRelayCreate [pidVar] [pinAnalIn] [pinDigiOut] [windowSize] [Kp] [Ki] 

[Kd] 

 * 

 * Create a PID variable that controls a relay. window size is in ms. 

 * See more information: 

http://playground.arduino.cc/Code/PIDLibraryRelayOutputExample 

 */ 

void cmdPidRelayCreate(char **argV) { 

 int pidVar = strtol(argV[1], NULL, 10); 

 int pinAnalIn = strtol(argV[2], NULL, 10); 

 int pinDigiOut = strtol(argV[3], NULL, 10); 

 int windowSize = strtol(argV[4], NULL, 10); 

 double kp = atof(argV[5]); 

 double ki = atof(argV[6]); 

 double kd = atof(argV[7]); 

 

 if (pidVar < 1 || pidVar > PID_RELAY_MAX_VARS) { 

  return; 



319 

 

 } 

 

 // Init the PID variable 

 PidRelayDesc* pidDesc = &pidRelayDescs[pidVar-1]; 

 pidDesc->pinAnalIn = pinAnalIn; 

 pidDesc->pinDigiOut = pinDigiOut; 

 pidDesc->windowSize = windowSize; 

 pidDesc->handler = new PID(&pidDesc->inputVar, &pidDesc->outputVar, 

&pidDesc->setPoint, kp, ki, kd, DIRECT); 

 pidDesc->handler->SetOutputLimits(0, pidDesc->windowSize); 

 pidDesc->isOn = false; 

} 

 

/*** 

 * PidRelayTune [Kp] [Ki] [Kd] 

 * 

 * Set the PID tuning parameters 

 */ 

void cmdPidRelayTune(char **argV) { 

 int pidVar = strtol(argV[1], NULL, 10); 

 double kp = atof(argV[2]); 

 double ki = atof(argV[3]); 

 double kd = atof(argV[4]); 

 

 if (pidVar < 1 || pidVar > PID_RELAY_MAX_VARS) { 

  return; 

 } 

 

 PidRelayDesc* pidDesc = &pidRelayDescs[pidVar-1]; 

 pidDesc->handler->SetTunings(kp, ki, kd); 

} 

 

/*** 

 * PidRelaySet [pidVar] [setpoint] 

 * 

 * Start controlling a relay using a PID variable 

 */ 

void cmdPidRelaySet(char **argV) { 

 int pidVar = strtol(argV[1], NULL, 10); 

 int setPoint = strtol(argV[2], NULL, 10); 

 

 if (pidVar < 1 || pidVar > PID_RELAY_MAX_VARS) { 

  return; 

 } 

 

 PidRelayDesc* pidDesc = &pidRelayDescs[pidVar-1]; 

 pidDesc->setPoint = setPoint; 

} 

 

/*** 

 * PidRelayEnable [pidVar] [0 | 1] 

 * 

 * Start/Stop the control loop 

 */ 
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void cmdPidRelayEnable(char **argV) { 

 int pidVar = strtol(argV[1], NULL, 10); 

 int enable = strtol(argV[2], NULL, 10); 

 

 if (pidVar < 1 || pidVar > PID_RELAY_MAX_VARS) { 

  return; 

 } 

 

 PidRelayDesc* pidDesc = &pidRelayDescs[pidVar-1]; 

 pidDesc->windowStartTime = millis(); 

 

 // turn the PID on/off 

 if (enable != 0) { 

  pidDesc->isOn = true; 

  pidDesc->handler->SetMode(AUTOMATIC); 

 } else { 

  pidDesc->isOn = false; 

  pidDesc->handler->SetMode(MANUAL); 

  digitalWrite(pidDesc->pinDigiOut, HIGH); 

 } 

} 

#endif 

 

/*** 

 * HardSerConnect [baudrate] [port] 

 * 

 * Initiate a software serial connection. The rx-pin should have external 

interrupts 

 */ 

void cmdHardSerConnect(char **argV) { 

#if HARD_SER_MAX_PORTS > 0 

 int baudrate = strtol(argV[1], NULL, 10); 

 int currPort = strtol(argV[2], NULL, 10); 

 

 if (currPort < 1 || currPort > HARD_SER_MAX_PORTS) { 

  return; 

 } 

 

 // begin serial communication 

 hardSerHandler[currPort-1]->begin(baudrate); 

#endif 

} 

 

/*** 

 * SoftSerConnect [rx-pin number] [tx-pin number] [baudrate] [port] 

 * 

 * Initiate a software serial connection. The rx-pin should have external 

interrupts 

 */ 

void cmdSoftSerConnect(char **argV) { 

#ifdef USE_SOFTWARE_SERIAL 

 int pinIn = strtol(argV[1], NULL, 10); 

 int pinOut = strtol(argV[2], NULL, 10); 

 int baudrate = strtol(argV[3], NULL, 10); 
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 int currPort = strtol(argV[4], NULL, 10); 

 

 if (currPort < 1 || currPort > SOFT_SER_MAX_PORTS) { 

  return; 

 } 

 

 // init softSerial struct 

 softSerDescs[currPort-1].rxMsgLen = 0; 

 softSerDescs[currPort-1].txMsgLen = 0; 

 softSerDescs[currPort-1].handler = new SoftwareSerial(pinIn, pinOut, 

false); 

 softSerDescs[currPort-1].handler->begin(baudrate); 

#endif 

} 

 

/*** 

 * SerSend [hard | soft] [port] 

 * 

 * After this command, each character sent is mirrored to the chosen 

serial 

 * port until the NULL character (0x00) is sent (also mirrored) 

 */ 

void cmdSerSend(char **argV) { 

 boolean isSoftSerial = (strcasecmp(argV[1], "soft") == 0); 

 int currPort = strtol(argV[2], NULL, 10); 

 Serial.println(doneString); 

 

 if (currPort < 1 || currPort > ((isSoftSerial)? SOFT_SER_MAX_PORTS : 

HARD_SER_MAX_PORTS)) { 

  return; 

 } 

 if (isSoftSerial) { 

#ifdef USE_SOFTWARE_SERIAL 

  softSerDescs[currPort-1].txMsgLen = 0; 

#endif 

 } 

 

 // mirror the hardware serial and the software serial 

 while (true) { 

  if (Serial.available()) { 

   char c = Serial.read(); 

   if (isSoftSerial) { 

#ifdef USE_SOFTWARE_SERIAL 

    softSerDescs[currPort-

1].txMsg[softSerDescs[currPort-1].txMsgLen++] = c; 

#endif 

   } else { 

#if HARD_SER_MAX_PORTS > 0 

    hardSerHandler[currPort-1]->write(c); 

#else 

    return; 

#endif 

   } 
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   if (c == '\0') { 

    // acknowledge 

    Serial.println(doneString); 

    delay(10); 

#ifdef USE_SOFTWARE_SERIAL 

    if (isSoftSerial) { 

     // send the message, and remember the answer 

     for (int i = 0; i < softSerDescs[currPort-

1].txMsgLen; i++) { 

      softSerDescs[currPort-1].handler-

>write(softSerDescs[currPort-1].txMsg[i]); 

     } 

     softSerDescs[currPort-1].rxMsgLen = 0; 

     while (!Serial.available()) { 

      if (softSerDescs[currPort-1].handler-

>available() && softSerDescs[currPort-1].rxMsgLen < SOFT_SER_MSG_SIZE) { 

       softSerDescs[currPort-

1].rxMsg[softSerDescs[currPort-1].rxMsgLen++] = softSerDescs[currPort-

1].handler->read(); 

      } 

     } 

    } 

#endif 

    return; 

   } 

  } 

 } 

} 

 

/*** 

 * SerReceive [hard | soft] [port] 

 * 

 * Empty the RX buffer of a serial port to the control serial port 

 */ 

void cmdSerReceive(char **argV) { 

 boolean isSoftSerial = (strcasecmp(argV[1], "soft") == 0); 

 int currPort = strtol(argV[2], NULL, 10); 

 

 if (currPort < 1 || currPort > (isSoftSerial)? SOFT_SER_MAX_PORTS : 

HARD_SER_MAX_PORTS) { 

  return; 

 } 

 

 if (isSoftSerial) { 

#ifdef USE_SOFTWARE_SERIAL 

  for (int i = 0; i < softSerDescs[currPort-1].rxMsgLen && i < 

SOFT_SER_MSG_SIZE; i++) { 

   Serial.write(softSerDescs[currPort-1].rxMsg[i]); 

  } 

#endif 

 } else { 

#if HARD_SER_MAX_PORTS > 0 

  while (hardSerHandler[currPort-1]->available()) { 

   Serial.write(hardSerHandler[currPort-1]->read()); 
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  } 

#endif 

 } 

} 

 

/*** 

 * I2cWrite [address] [val1] [val2] ... 

 * 

 * Write a series of values to the I2C bus 

 */ 

void cmdI2cWrite(int argC, char **argV) { 

#ifdef USE_WIRE 

 int address = strtol(argV[1], NULL, 10); 

 

 Wire.beginTransmission(address); 

 for (int i = 2; i <= argC-1; i++) { 

  Wire.write(strtol(argV[i], NULL, 10)); 

 } 

 Wire.endTransmission(); 

} 

#endif 

 

// ------------------------------------------------------------ 

// Main functions 

// ------------------------------------------------------------ 

 

/*** 

 * The setup function is called once at startup of the sketch 

 */ 

void setup() { 

 Serial.begin(SERIAL0_BAUD); 

 pMsg = msg; 

 

#ifdef USE_WIRE 

 // Connect to the I2C bus 

 Wire.begin(); 

#endif 

        //setup for newADCread 

        adc.setADCSpeed(ADC_FAST); 

        adc.setBitsOfResolution(bitsOfResolution); 

        adc.setNumSamplesToAvg(numSamplesToAvg); 

 // Init hardware serial ports if they exist 

 for (int i = 0; i < HARD_SER_MAX_PORTS; i++) 

 { 

  switch (i + 1) { 

  #if HARD_SER_MAX_PORTS >= 1 

   case 1: 

    hardSerHandler[i] = &Serial1; 

    break; 

  #endif 

  #if HARD_SER_MAX_PORTS >= 2 

   case 2: 

    hardSerHandler[i] = &Serial2; 

    break; 
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  #endif 

  #if HARD_SER_MAX_PORTS >= 3 

   case 3: 

    hardSerHandler[i] = &Serial3; 

    break; 

  #endif 

  } 

 } 

} 

 

/*** 

 * The loop function is called in an endless loop 

 */ 

void loop() { 

 char c, argC; 

 char *argV[ARGV_MAX]; 

 int i, pin; 

 unsigned long curMs; 

 

 // Take care of blinking LED 

 if (startBlinking == true) { 

  curMs = millis(); 

  if (curMs > blinkLastChangeMs + blinkingDelayMs) { 

   blinkLastChangeMs = curMs; 

   if (digitalRead(blinkingPin) == HIGH) { 

    digitalWrite(blinkingPin, LOW); 

   } else { 

    digitalWrite(blinkingPin, HIGH); 

   } 

  } 

 } 

 

#ifdef USE_PID 

 // Take care PID-relay variables 

 for (i = 0; i < PID_RELAY_MAX_VARS; i++) { 

  if (pidRelayDescs[i].isOn) { 

   pidRelayDescs[i].inputVar = 

analogRead(pidRelayDescs[i].pinAnalIn); 

   pidRelayDescs[i].handler->Compute(); 

 

   // turn relay on/off according to the PID output 

   curMs = millis(); 

   if (curMs - pidRelayDescs[i].windowStartTime > 

pidRelayDescs[i].windowSize) { 

    //time to shift the Relay Window 

    pidRelayDescs[i].windowStartTime += 

pidRelayDescs[i].windowSize; 

   } 

   if (pidRelayDescs[i].outputVar > curMs - 

pidRelayDescs[i].windowStartTime) { 

    digitalWrite(pidRelayDescs[i].pinDigiOut, LOW); 

                                //turns it off 

   } 

   else { 
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    digitalWrite(pidRelayDescs[i].pinDigiOut, HIGH); 

                                //turns it on 

   } 

  } 

 } 

#endif 

 

 // Read characters from the control serial port and act upon them 

 if (Serial.available()) { 

  c = Serial.read(); 

  switch (c) { 

  case '\n': 

   break; 

  case '\r': 

   // end the string and init pMsg 

   Serial.println(""); 

   *(pMsg++) = NULL; 

   pMsg = msg; 

   // parse the command line statement and break it up into 

space-delimited 

   // strings. the array of strings will be saved in the 

argV array. 

   i = 0; 

   argV[i] = strtok(msg, " "); 

 

   do { 

    argV[++i] = strtok(NULL, " "); 

   } while ((i < ARGV_MAX) && (argV[i] != NULL)); 

 

   // save off the number of arguments 

   argC = i; 

   pin = strtol(argV[1], NULL, 10); 

 

   if (strcasecmp(argV[0], "Set") == 0) { 

    cmdSet(argV); 

   } else if (strcasecmp(argV[0], "Reset") == 0) { 

    cmdReset(); 

   } else if (strcasecmp(argV[0], "BlinkPin") == 0) { 

    cmdBlinkPin(argV); 

   } else if (strcasecmp(argV[0], "Read") == 0) { 

    cmdRead(argC, argV); 

   } else if (strcasecmp(argV[0], "Write") == 0) { 

    cmdWrite(argV); 

   } else if (strcasecmp(argV[0], "SetPwmFreq") == 0) { 

    cmdSetPwmFreq(argV); 

#ifdef USE_PID 

   } else if (strcasecmp(argV[0], "PidRelayCreate") == 0) { 

    cmdPidRelayCreate(argV); 

   } else if (strcasecmp(argV[0], "PidRelaySet") == 0) { 

    cmdPidRelaySet(argV); 

   } else if (strcasecmp(argV[0], "PidRelayTune") == 0) { 

    cmdPidRelayTune(argV); 

   } else if (strcasecmp(argV[0], "PidRelayEnable") == 0) { 

    cmdPidRelayEnable(argV); 
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#endif 

   } else if (strcasecmp(argV[0], "HardSerConnect") == 0) { 

    cmdHardSerConnect(argV); 

   } else if (strcasecmp(argV[0], "SoftSerConnect") == 0) { 

    cmdSoftSerConnect(argV); 

   } else if (strcasecmp(argV[0], "SerSend") == 0) { 

    cmdSerSend(argV); 

   } else if (strcasecmp(argV[0], "SerReceive") == 0) { 

    cmdSerReceive(argV); 

#ifdef USE_WIRE 

   } else if (strcasecmp(argV[0], "I2cWrite") == 0) { 

    cmdI2cWrite(argC, argV); 

#endif 

   } else { 

    // Wrong command 

    return; 

   } 

 

   // Acknowledge the command 

   Serial.println(doneString); 

   break; 

  default: 

   // Record the received character 

   if (isprint(c) && pMsg < msg + sizeof(msg)) { 

    *(pMsg++) = c; 

   } 

   break; 

  } 

 } 

} 
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Instrumentino/SplitBarApparatus.py 
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# coding=UTF-8 

 

from __future__ import division 

from instrumentino import Instrument 

from instrumentino import cfg 

import time 

from instrumentino.action import SysAction, SysActionParamTime, 

SysActionParamFloat, SysActionParamInt 

from instrumentino.controllers.arduino import Arduino 

from instrumentino.controllers.arduino import SysVarDigitalArduino 

from instrumentino.controllers.arduino.pins import DigitalPins, AnalogPins 

from instrumentino.controllers.arduino.pid_thermistor import 

PidControlledThermistor 

from instrumentino.controllers.arduino.thermistor import thermistor 

from instrumentino.SteadyStateModule import SteadyStateClass 

 

 

''' 

*** System constants 

''' 

# Arduino pin assignments 

 

pinAnalInThermometer1 = int(0) 

pinAnalInThermometer2 = int(1) 

 

pinAnalInThermometer3 = int(2) 

pinAnalInThermometer4 = int(3) 

 

 

pinAnalInThermometerHeat1 = int(4) 

pinAnalInThermometerHeat2 = int(5) 

 

 

pinDigiOutHeater1Relay = 9 

pinDigiOutHeater2Relay = 8 

 

pinVoltMax = 5.029 

pinVoltMin = 0  

 

valMax = 100 

valMin = 20 

''' 

*** System components 

''' 

 

#heatThermistor1 = AnalogPinCallibration('Heater Temperature', [15, 1000], 

pinAnalInThermometerInHeat, pinVoltMax, pinVoltMin) 

 

 

heatThermistor1 = PidControlledThermistor('Heater 1', [valMin, valMax], 

pinAnalInThermometerHeat1, pinDigiOutHeater1Relay, 0.25, 5.05, 1, 1000, 3, 

0, 1) 
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heatThermistor2 = PidControlledThermistor('Heater 2', [valMin, valMax], 

pinAnalInThermometerHeat2, pinDigiOutHeater2Relay, 0.25, 5.05, 2, 1000, 

3,0,1) 

 

 

 

 

 

sample1Thermometer = thermistor('Sample Temperature 1', (valMin, valMax), 

pinAnalInThermometer1, pinVoltMax, pinVoltMin) 

sample2Thermometer = thermistor('Sample Temperature 2', (valMin, valMax), 

pinAnalInThermometer2, pinVoltMax, pinVoltMin) 

 

sample3Thermometer = thermistor('Sample Temperature 3', (valMin, valMax), 

pinAnalInThermometer3,  pinVoltMax, pinVoltMin) 

sample4Thermometer = thermistor('Sample Temperature 4', (valMin, valMax), 

pinAnalInThermometer4,  pinVoltMax, pinVoltMin) 

 

digiPins1 = DigitalPins('digital pins', (SysVarDigitalArduino('Heat 

Element 1', pinDigiOutHeater1Relay),)) 

digiPins2 = DigitalPins('digital pins', (SysVarDigitalArduino('Heat 

Element 2', pinDigiOutHeater2Relay),)) 

 

 

SteadyState = SteadyStateClass('State',['Varying','Steady'], Arduino) 

  

''' 

*** System actions 

''' 

class SetThermostat1(SysAction): 

    def __init__(self): 

        self.temp = SysActionParamFloat(heatThermistor1.vars['T']) 

        SysAction.__init__(self, 'Thermostat 1', (self.temp,)) 

 

    def Command(self): 

        heatThermistor1.vars['T'].Set(self.temp.Get()) 

        heatThermistor1.vars['enable'].Set('on') 

        cfg.Sleep(3) 

 

 

class TuneThermostat1(SysAction): 

    def __init__(self): 

        self.kp = SysActionParamFloat(range=[0,1000], name='kp') 

        self.ki = SysActionParamFloat(range=[0,1000], name='ki') 

        self.kd = SysActionParamFloat(range=[0,1000], name='kd') 

        SysAction.__init__(self, 'Thermostat tuning 1', (self.kp, self.ki, 

self.kd)) 

 

    def Command(self): 

        heatThermistor1.vars['T'].Tune(self.kp.Get(), self.ki.Get(), 

self.kd.Get()) 

        cfg.Sleep(3) 

         

        for p in range(1,10): 
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            for i in range(1,10): 

                for d in range(1,10): 

                    heatThermistor1.vars['T'].Tune(p, i, d) 

                    #heatThermistor1.vars['T'].Set(30) 

                    heatThermistor1.vars['enable'].Set('on') 

                    cfg.Sleep(5*60) 

                     

                            

class SetThermostat2(SysAction): 

    def __init__(self): 

        self.temp = SysActionParamFloat(heatThermistor2.vars['T']) 

        SysAction.__init__(self, 'Thermostat 2', (self.temp,)) 

 

    def Command(self): 

        heatThermistor2.vars['T'].Set(self.temp.Get()) 

        heatThermistor2.vars['enable'].Set('on') 

        cfg.Sleep(3) 

 

 

class TuneThermostat2(SysAction): 

    def __init__(self): 

        self.kp = SysActionParamFloat(range=[0,1000], name='kp') 

        self.ki = SysActionParamFloat(range=[0,1000], name='ki') 

        self.kd = SysActionParamFloat(range=[0,1000], name='kd') 

        SysAction.__init__(self, 'Thermostat tuning 2', (self.kp, self.ki, 

self.kd)) 

 

    def Command(self): 

        heatThermistor2.vars['T'].Tune(self.kp.Get(), self.ki.Get(), 

self.kd.Get()) 

        cfg.Sleep(3) 

         

        for p in range(1,10): 

            for i in range(1,10): 

                for d in range(1,10): 

                    heatThermistor2.vars['T'].Tune(p, i, d) 

                    #heatThermistor2.vars['T'].Set(30) 

                    heatThermistor2.vars['enable'].Set('on') 

                    cfg.Sleep(5*60) 

                     

 

 

class heatPulse(SysAction): 

    def __init__(self): 

        self.Seconds = SysActionParamTime() 

        #self.heater = SysActionParamInt() 

        self.trigger = SysActionParamInt('heater', [0,1]) 

         

        #self.pin = SysActionParamFloat(digiPins1.vars['Heat Element 1']) 

        SysAction.__init__(self, 'Heat pulse', (self.Seconds, 

self.trigger)) 

         

    def Command(self): 

        if self.trigger.Get(): 
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            #set pin 

            digiPins2.vars['Heat Element 2'].Set('on') 

            #wait pulse time 

            cfg.Sleep(self.Seconds.Get()) 

            #Turn back off 

            digiPins2.vars['Heat Element 2'].Set('off') 

 

class blinkHeat(SysAction): 

    def __init__(self): 

        self.timePercent = SysActionParamInt('blink time % of 10s', [0, 

100]) 

               

         

        #self.pulseTime = SysActionParamInt('pulse time, ms', [0, 5000]) 

        #self.milliseconds = SysActionParamFloat(name='blink time ms', 

range=[0, 2000]) 

        self.trigger = SysActionParamInt('heat blink on?', [0, 1]) 

        SysAction.__init__(self, 'Blink Heat', (self.timePercent, 

self.trigger)) 

    def Command(self): 

        if self.trigger.Get(): 

            digiPins1.vars['Heat Element 

1'].BlinkFunc(self.timePercent.Get()) 

 

def closeAll(): 

    heatThermistor1.vars['enable'].Set('off') 

    heatThermistor2.vars['enable'].Set('off') 

    print("off") 

class ActionCloseSystem(SysAction): 

    def __init__(self): 

        SysAction.__init__(self, 'Close system', ()) 

 

    def Command(self): 

        closeAll() 

 

''' 

*** System 

''' 

class System(Instrument): 

    def __init__(self): 

        comps = (heatThermistor1, heatThermistor2, sample1Thermometer, 

sample2Thermometer, sample3Thermometer, sample4Thermometer, digiPins1, 

digiPins2, SteadyState) 

        #, sample1Thermometer, sample2Thermometer, sample3Thermometer, 

sample4Thermometer, digiPins1, digiPins2) 

        #comps = (sample1Thermometer, sample2Thermometer, 

sample3Thermometer, sample4Thermometer,        

        actions = (SetThermostat1(), TuneThermostat1(), SetThermostat2(), 

TuneThermostat2(), heatPulse(), blinkHeat(), ActionCloseSystem()) 

        name = 'Lab Toaster' 

        description = 'A portable split-bar apparatus' 

        version = '1.0' 
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        Instrument.__init__(self, comps, actions, version, name, 

description) 

  

''' 

*** Run program 

'''         

if __name__ == '__main__': 

    # run the program 

    System() 
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Instrumentino /OvenMonitoring.py 

  



334 

 

 

# coding=UTF-8 

 

from __future__ import division 

from instrumentino import Instrument 

from instrumentino import cfg 

import time 

from instrumentino.action import SysAction, SysActionParamTime, 

SysActionParamFloat, SysActionParamInt 

from instrumentino.controllers.arduino import Arduino 

from instrumentino.controllers.arduino import SysVarDigitalArduino 

from instrumentino.controllers.arduino.pins import DigitalPins, AnalogPins 

from instrumentino.controllers.arduino.pid_thermistor import 

PidControlledThermistor 

from instrumentino.controllers.arduino.thermistor import thermistor, 

resistor 

from instrumentino.SteadyStateModule import SteadyStateClass 

 

 

''' 

*** System constants 

''' 

# Arduino pin assignments 

 

pinAnalInThermometer1 = int(1) 

pinAnalInThermometer2 = int(0) 

 

 

 

pinDigiOutHeater1Relay = 8 

pinDigiOutHeater2Relay = 9 

 

pinVoltMax = 5.029 

pinVoltMin = 0  

 

valMax = 180 

valMin = 0 

''' 

*** System components 

''' 

 

#heatThermistor1 = AnalogPinCallibration('Heater Temperature', [15, 1000], 

pinAnalInThermometerInHeat, pinVoltMax, pinVoltMin) 

 

sample1Thermometer = resistor('Sample Temperature 1', (valMin, valMax), 

pinAnalInThermometer1, pinVoltMax, pinVoltMin) 

sample2Thermometer = resistor('Sample Temperature 2', (valMin, valMax), 

pinAnalInThermometer2, pinVoltMax, pinVoltMin) 

 

  

''' 

*** System actions 

''' 

def closeAll(): 
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    print("off") 

 

 

''' 

*** System 

''' 

class System(Instrument): 

    def __init__(self): 

        comps = (sample1Thermometer, sample2Thermometer) 

        #, sample1Thermometer, sample2Thermometer, sample3Thermometer, 

sample4Thermometer, digiPins1, digiPins2) 

        #comps = (sample1Thermometer, sample2Thermometer, 

sample3Thermometer, sample4Thermometer,        

        actions = () 

        name = 'Lab Toaster' 

        description = 'A portable split-bar apparatus' 

        version = '1.0' 

          

        Instrument.__init__(self, comps, actions, version, name, 

description) 

  

''' 

*** Run program 

'''         

if __name__ == '__main__': 

    # run the program 

    System() 
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Instrumentino/ThermistorTuning.py 
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# coding=UTF-8 

 

from __future__ import division 

from instrumentino import Instrument 

from instrumentino import cfg 

import time 

from instrumentino.action import SysAction, SysActionParamTime, 

SysActionParamFloat, SysActionParamInt 

from instrumentino.controllers.arduino import Arduino 

from instrumentino.controllers.arduino import SysVarDigitalArduino 

from instrumentino.controllers.arduino.pins import DigitalPins, AnalogPins 

from instrumentino.controllers.arduino.pid_thermistor import 

PidThermistorTune 

from instrumentino.controllers.arduino.thermistor import resistor 

from instrumentino.SteadyStateModule import SteadyStateClass 

 

 

''' 

*** System constants 

''' 

# Arduino pin assignments 

 

pinAnalInThermometer1 = int(0) 

pinAnalInThermometer2 = int(1) 

 

pinAnalInThermometer3 = int(2) 

pinAnalInThermometer4 = int(3) 

 

 

pinAnalInThermometerHeat1 = int(4) 

pinAnalInThermometerHeat2 = int(5) 

 

 

pinDigiOutHeater1Relay = 10 

pinDigiOutHeater2Relay = 9   

 

pinVoltMax = 5.12 

pinVoltMin = 0  

 

valMax = 32.767 

valMin = 0 

''' 

*** System components 

''' 

 

#heatThermistor1 = AnalogPinCallibration('Heater Temperature', [15, 1000], 

pinAnalInThermometerInHeat, pinVoltMax, pinVoltMin) 

 

 

heatThermistor1 = PidThermistorTune('Heater 1', [valMin, valMax], 

pinAnalInThermometerHeat1, pinDigiOutHeater1Relay, 0.25, 5.05, 1, 10000, 

50, 0.15, 2.5) 
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heatThermistor2 = PidThermistorTune('Heater 2', [valMin, valMax], 

pinAnalInThermometerHeat2, pinDigiOutHeater2Relay, 0.25, 5.05, 2, 10000, 

45.0, 4.2, 120) 

 

 

 

sample1Thermometer = resistor('Sample Temperature 1', (valMin, valMax), 

pinAnalInThermometer1, pinVoltMax, pinVoltMin) 

sample2Thermometer = resistor('Sample Temperature 2', (valMin, valMax), 

pinAnalInThermometer2, pinVoltMax, pinVoltMin) 

 

sample3Thermometer = resistor('Sample Temperature 3', (valMin, valMax), 

pinAnalInThermometer3,  pinVoltMax, pinVoltMin) 

sample4Thermometer = resistor('Sample Temperature 4', (valMin, valMax), 

pinAnalInThermometer4,  pinVoltMax, pinVoltMin) 

 

digiPins1 = DigitalPins('digital pins', (SysVarDigitalArduino('Heat 

Element 1', pinDigiOutHeater1Relay),)) 

digiPins2 = DigitalPins('digital pins', (SysVarDigitalArduino('Heat 

Element 2', pinDigiOutHeater2Relay),)) 

 

 

SteadyState = SteadyStateClass('State',['Varying','Steady'], Arduino) 

  

''' 

*** System actions 

''' 

class SetThermostat1(SysAction): 

    def __init__(self): 

        self.temp = SysActionParamFloat(heatThermistor1.vars['T']) 

        SysAction.__init__(self, 'Thermostat 1', (self.temp,)) 

 

    def Command(self): 

        heatThermistor1.vars['T'].Set(self.temp.Get()) 

        heatThermistor1.vars['enable'].Set('on') 

        cfg.Sleep(3) 

 

 

class TuneThermostat1(SysAction): 

    def __init__(self): 

        self.kp = SysActionParamFloat(range=[0,1000], name='kp') 

        self.ki = SysActionParamFloat(range=[0,1000], name='ki') 

        self.kd = SysActionParamFloat(range=[0,1000], name='kd') 

        SysAction.__init__(self, 'Thermostat tuning 1', (self.kp, self.ki, 

self.kd)) 

 

    def Command(self): 

        heatThermistor1.vars['T'].Tune(self.kp.Get(), self.ki.Get(), 

self.kd.Get()) 

        cfg.Sleep(3) 

         

        for p in range(1,10): 

            for i in range(1,10): 

                for d in range(1,10): 
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                    heatThermistor1.vars['T'].Tune(p, i, d) 

                    #heatThermistor1.vars['T'].Set(30) 

                    heatThermistor1.vars['enable'].Set('on') 

                    cfg.Sleep(5*60) 

                     

                            

class SetThermostat2(SysAction): 

    def __init__(self): 

        self.temp = SysActionParamFloat(heatThermistor2.vars['T']) 

        SysAction.__init__(self, 'Thermostat 2', (self.temp,)) 

 

    def Command(self): 

        heatThermistor2.vars['T'].Set(self.temp.Get()) 

        heatThermistor2.vars['enable'].Set('on') 

        cfg.Sleep(3) 

 

 

class TuneThermostat2(SysAction): 

    def __init__(self): 

        self.kp = SysActionParamFloat(range=[0,1000], name='kp') 

        self.ki = SysActionParamFloat(range=[0,1000], name='ki') 

        self.kd = SysActionParamFloat(range=[0,1000], name='kd') 

        SysAction.__init__(self, 'Thermostat tuning 2', (self.kp, self.ki, 

self.kd)) 

 

    def Command(self): 

        heatThermistor2.vars['T'].Tune(self.kp.Get(), self.ki.Get(), 

self.kd.Get()) 

        cfg.Sleep(3) 

         

        for p in range(1,10): 

            for i in range(1,10): 

                for d in range(1,10): 

                    heatThermistor2.vars['T'].Tune(p, i, d) 

                    #heatThermistor2.vars['T'].Set(30) 

                    heatThermistor2.vars['enable'].Set('on') 

                    cfg.Sleep(5*60) 

                     

 

 

class heatPulse(SysAction): 

    def __init__(self): 

        self.Seconds = SysActionParamTime() 

        #self.heater = SysActionParamInt() 

        self.trigger = SysActionParamInt('heater', [0,1]) 

         

        #self.pin = SysActionParamFloat(digiPins1.vars['Heat Element 1']) 

        SysAction.__init__(self, 'Heat pulse', (self.Seconds, 

self.trigger)) 

         

    def Command(self): 

        if self.trigger.Get(): 

             

            #set pin 



340 

 

            digiPins1.vars['Heat Element 1'].Set('on') 

            #wait pulse time 

            cfg.Sleep(self.Seconds.Get()) 

            #Turn back off 

            digiPins1.vars['Heat Element 1'].Set('off') 

 

class blinkHeat(SysAction): 

    def __init__(self): 

        self.timePercent = SysActionParamInt('blink time % of 10s', [0, 

100]) 

               

         

        #self.pulseTime = SysActionParamInt('pulse time, ms', [0, 5000]) 

        #self.milliseconds = SysActionParamFloat(name='blink time ms', 

range=[0, 2000]) 

        self.trigger = SysActionParamInt('heat blink on?', [0, 1]) 

        SysAction.__init__(self, 'Blink Heat', (self.timePercent, 

self.trigger)) 

    def Command(self): 

        if self.trigger.Get(): 

            digiPins1.vars['Heat Element 

1'].BlinkFunc(self.timePercent.Get()) 

''' 

class blinkHeat(SysAction): 

    def __init__(self): 

        self.milliseconds = SysActionParamInt('blink time ms', [0, 5000]) 

               

         

        #self.pulseTime = SysActionParamInt('pulse time, ms', [0, 5000]) 

        #self.milliseconds = SysActionParamFloat(name='blink time ms', 

range=[0, 2000]) 

        self.trigger = SysActionParamInt('heat blink on?', [0, 1]) 

        SysAction.__init__(self, 'Blink Heat', (self.milliseconds, 

self.trigger)) 

    def Command(self): 

        if self.trigger.Get(): 

            digiPins1.vars['Heat Element 

1'].BlinkFunc(self.milliseconds.Get()) 

'''         

def closeAll(): 

    heatThermistor1.vars['enable'].Set('off') 

    heatThermistor2.vars['enable'].Set('off') 

    print("off") 

class ActionCloseSystem(SysAction): 

    def __init__(self): 

        SysAction.__init__(self, 'Close system', ()) 

 

    def Command(self): 

        closeAll() 

 

''' 

*** System 

''' 

class System(Instrument): 
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    def __init__(self): 

        comps = (heatThermistor1, heatThermistor2, sample1Thermometer, 

sample2Thermometer, sample3Thermometer, sample4Thermometer, digiPins1, 

digiPins2, SteadyState) 

        #, sample1Thermometer, sample2Thermometer, sample3Thermometer, 

sample4Thermometer, digiPins1, digiPins2) 

        #comps = (sample1Thermometer, sample2Thermometer, 

sample3Thermometer, sample4Thermometer,        

        actions = (SetThermostat1(), TuneThermostat1(), SetThermostat2(), 

TuneThermostat2(), heatPulse(), blinkHeat(), ActionCloseSystem()) 

        name = 'Lab Toaster' 

        description = 'A portable split-bar apparatus' 

        version = '1.0' 

          

        Instrument.__init__(self, comps, actions, version, name, 

description) 

  

''' 

*** Run program 

'''         

if __name__ == '__main__': 

    # run the program 

    System() 
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Instrumentino/Instrumentino/SteadyState.py  
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from __future__ import division 

from instrumentino.comp import SysVarDigital 

import csv 

from instrumentino import cfg 

 

class SteadyStateClass(SysVarDigital): 

    def __init__(self, name, states, controllerClass): 

        self.vars= {0:self} 

        self.units='' 

        SysVarDigital.__init__(self, name, states, controllerClass, 

'Steady State') 

        self.temps = [1,4,7,8,9,10]                         #list for all 

temperatures, updated one row at a time 

        self.allowance = float(0.1)                    # +/- acceptable 

temperature range from initial point   

        self.timeperiod = 15                    #time period of steady 

temperatures to be considered a steady state    

        self.index = -1                         #is updated every 

calculation 

        self.Data = []                       #list for all imported data                

         

    def Enable(self,x):      

        pass 

     

    def SetFunc(self,state): 

        pass 

     

    def getSeconds(self, s):        #this function gets seconds from 

hh:mm:ss format 

        return sum(int(float(x)) * 60 ** i for i,x in 

enumerate(reversed(s.split(":")))) 

         

    def GetFunc(self): 

        self.Data = list(csv.reader(open(cfg.LogPath(cfg.timeNow + 

'.csv'), 'rU'), csv.QUOTE_NONE))   #this updates in chunks      

 

        if len(self.Data) > 0:            #if there is data that has not 

been put into temps list 

 

            self.index = len(self.Data) - 1     #update index to match 

length of data 

 

            for idx in reversed(range(1,self.index)):          #from index 

back to beginning 

                for col in self.temps:                            #check 

all columns 

                    diff = abs(float(self.Data[self.index][col])-

float(self.Data[idx][col])) #difference between current row index and most 

recently added index 

     

                    if diff <= self.allowance:                  #if 

difference is small enough, go to next column 

                        continue 
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                    else:       #otherwise chain was broken 

                        timedelta = abs(self.getSeconds(self.Data[idx][0]) 

- self.getSeconds(self.Data[self.index][0])) 

                        if  timedelta >= self.timeperiod:       # steady 

if time difference is big enough 

                            return 'Steady'                                 

                         

                        else:       #otherwise, it was not long enough.  

                            return 'Varying' 
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Instrumentino/Instrumentino/Controller/Arduino/init.py 
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from __future__ import division 

from instrumentino.comp import SysVarDigital, SysVarAnalog, SysComp 

from instrumentino.controllers import InstrumentinoController 

__author__ = 'yoelk' 

#modified by Pitts for use as a divided bar 

 

from instrumentino import cfg 

import wx 

import serial 

import time 

from threading import Semaphore 

import numpy as np 

import adcLookup as adcLook 

 

class Arduino(InstrumentinoController): 

    ''' 

    This class implements an interface to a simple arduino program that 

allows control of pins and softSerial. 

    The idea for this approach was taken from this code: 

https://github.com/vascop/Python-Arduino-Proto-API-v2  

    ''' 

 

    # Arduino constants 

    HIGH    = 1 

    LOW     = 0 

 

    PIN_VOLT_MIN        = 0 

    PIN_VOLT_MAX        = 5 

    PIN_VOLT_RANGE      = (PIN_VOLT_MAX - PIN_VOLT_MIN) 

    PIN_VOLT_MIDDLE     = (PIN_VOLT_MIN + PIN_VOLT_RANGE / 2) 

 

    ANAL_OUT_VAL_MAX    = 255 

    ANAL_OUT_VAL_MIN    = 0 

    ANAL_OUT_VAL_RANGE  = (ANAL_OUT_VAL_MAX - ANAL_OUT_VAL_MIN) 

    ANAL_OUT_VAL_MIDDLE = (ANAL_OUT_VAL_MIN + ANAL_OUT_VAL_RANGE / 2) 

 

    ANAL_IN_VAL_MAX     = 1023 

    ANAL_IN_VAL_MIN     = 0 

    ANAL_IN_VAL_RANGE   = (ANAL_IN_VAL_MAX - ANAL_IN_VAL_MIN) 

     

    PIN_LED = 13 

     

    baudrate                = 115200 

    serialTimeoutSec        = 0.05 

    serialWriteTimeoutSec   = 0 

    # the read delay should to at least twice the time for a single read, 

so there's also time to write 

    cacheReadDelayMilisec = max(250, (serialTimeoutSec + 

serialWriteTimeoutSec)*1000*2) 

     

    maxNonResponseAllowed = 10 

     

    pinValuesCache = {} 

    timer = None 
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    name = 'Arduino' 

     

    def __init__(self): 

        ''' 

        init  

        ''' 

        InstrumentinoController.__init__(self, self.name) 

        self.accessSemaphore = Semaphore() 

        self.serial = None 

        self.nonResponsiveCounter = 0 

     

    def Connect(self, port): 

        ''' 

        port - the name of the serial port connected to the Arduino. This 

works on unix and windows systems, given the appropriate name 

        ''' 

        try: 

            self.serial = serial.Serial(port, self.baudrate, 

writeTimeout=self.serialWriteTimeoutSec, timeout=self.serialTimeoutSec) 

        except: 

            cfg.LogFromOtherThread('Arduino did not respond', True) 

            return None 

 

        time.sleep(2) 

         

        if self.serial == None or self._sendData('Read A0') == None: 

            return None 

         

        # start reading timer 

        self.timer = wx.Timer(cfg.app) 

        cfg.app.Bind(wx.EVT_TIMER, self.CacheUpdate, self.timer) 

        self.timer.Start(self.cacheReadDelayMilisec) 

         

        return True 

 

    def Close(self, reset=True): 

        ''' 

        Close the connection to the Arduino 

        ''' 

        if self.serial != None: 

            if self.timer != None: 

                self.timer.Stop() 

            if reset: 

                self.Reset() 

            self.serial.close() 

            self.serial = None 

 

    def CacheUpdate(self, event): 

        pins = '' 

        # save the keys in case they change while we read 

        keys = self.pinValuesCache.keys() 

        for k in keys: 

            pins += k + ' ' 
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        valuesStr = self._sendData('Read %s'%(pins.strip())) 

        if valuesStr == None: 

            return 

         

        values = valuesStr.split(' ') 

         

        # values are received in the same order we asker for them 

        for key, val in zip(keys, values): 

            self.pinValuesCache[key] = int(val) 

             

    def PinModeOut(self, pin): 

        ''' 

        Set digital pin mode as output  

        ''' 

        self.PinMode(pin, True) 

 

    def PinModeIn(self, pin): 

        ''' 

        Set digital pin mode as input  

        ''' 

        self.PinMode(pin, False) 

 

    def PinMode(self, pin, modeOut): 

        ''' 

        Set digital pin mode 

        modeOut - set to 'out' if True, else set to 'in'   

        ''' 

        self._sendData('Set %d %s'%(pin, 'out' if modeOut else 'in'), 

wait=True) 

 

    def AnalogWriteVolts(self, pin, volts): 

        ''' 

        Set the voltage level (using PWM) of a digital output pin directly 

        volts - between 0-5 volts   

        ''' 

        self.AnalogWrite(pin, self.ANAL_OUT_VAL_MAX *  volts / 

self.PIN_VOLT_MAX) 

 

    def AnalogWriteFraction(self, pin, fraction, maxV=5, minV=0): 

        ''' 

        Set the voltage level (using PWM) of a digital output pin using a 

fraction 

        fraction - between 0-1   

        minV - minimal voltage 

        maxV - maximal voltage 

        ''' 

        self.AnalogWriteVolts(pin, minV + (maxV - minV) * fraction) 

 

    def AnalogWrite(self, pin, value): 

        ''' 

        Set the voltage level (using PWM) of a digital output pin using an 

8-bit value 

        value - between 0-255   
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        ''' 

        self._sendData('Write %d analog %d'%(pin, value), wait=True) 

             

    def SetHighFreqPwm(self, pin): 

        ''' 

        Set this PWM pin to work in high frequency mode    

        ''' 

        self._sendData('SetPwmFreq %d 1'%(pin), wait=True) 

 

    def AnalogReadVolts(self, pin): 

        ''' 

        Read the voltage level of an analog input pin directly 

        returns - value between 0-5 (volts)   

        ''' 

        value = self.AnalogRead(pin) 

        if value != None: 

            return self.PIN_VOLT_MAX * value / self.ANAL_IN_VAL_MAX 

     

    def AnalogReadFraction(self, pin, maxV=5, minV=0): 

        ''' 

        Read the voltage level of an analog input pin using a fraction 

        minV - minimal voltage 

        maxV - maximal voltage 

        returns - value between 0-1   

        ''' 

        value = self.AnalogReadVolts(pin) 

        if value != None: 

            return (value - minV) / (maxV - minV) 

 

    def AnalogRead(self, pin): 

        ''' 

        Read the voltage level of an analog input pin using a 10-bit value 

         

        Returns: value between 0-1023   

        ''' 

        # Get value from cache if possible, and if not, add it to the 

wish-list 

        try: 

            return self.pinValuesCache['A' + str(pin)] 

        except KeyError: 

            self.pinValuesCache['A' + str(pin)] = 0 

             

    def ADSRead(self, pin): 

        ''' 

        Read the voltage level of an analog input pin using a 10-bit value 

         

        Returns: value between 0-1023   

        ''' 

        # Get value from cache if possible, and if not, add it to the 

wish-list 

        try: 

            return self.pinValuesCache['B' + str(pin)] 

        except KeyError: 

            self.pinValuesCache['B' + str(pin)] = 0 
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    def AnalogReadMultiRes(self, pin, R): 

        ''' 

        Takes the average of 6 values, and converts the analog reading 

into resistance 

        '''    

        #R = [10117, 10021, 9956, 10071, 9985, 9994, 10029, 10027, 10017, 

9993, 9921, 9931]         

        time.sleep(0.01) 

        result = self.AnalogRead(pin) 

        if result is None: 

            result = 0; 

        if result is 1023: 

            return 0. 

        if result is 0: 

            return 0. 

        result = float(R/((1023/result)-1.)) if result != 1023 else 0 

        return result if result!= None else 0.   

 

    def ADCReadRes(self, pin, R): 

        ''' 

        Takes the average of 6 values, and converts the analog reading 

into resistance 

        '''    

        #R = [10117, 10021, 9956, 10071, 9985, 9994, 10029, 10027, 10017, 

9993, 9921, 9931]         

        time.sleep(0.0) 

        result = self.ADSRead(pin) 

        if result is None: 

            result = 0; 

        if result is 32767: 

            return 0. 

        if result is 0: 

            return 0. 

        

        result = float(R/((32767./result)-1.)) if result != 32767 else 0 

 

        return result if result!= None else 0. 

         

    def ADCReadFrac(self, pin): 

        ''' 

        Takes the average of 6 values, and converts the analog reading 

into resistance 

        '''    

        #R = [10117, 10021, 9956, 10071, 9985, 9994, 10029, 10027, 10017, 

9993, 9921, 9931]         

        time.sleep(0.0) 

        result = self.ADSRead(pin) 

        if result is None: 

            result = 0; 

        if result is 32767: 

            return 0. 

        if result is 0: 

            return 0. 
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        result = result/1000 

 

        return result if result!= None else 0.  

           

  

    def DigitalWriteHigh(self, pin): 

        ''' 

        Set the voltage level of a digital output pin to the maximum (HIGH 

level) 

        ''' 

        self.DigitalWrite(self, pin, 1) 

 

    def DigitalWriteLow(self, pin): 

        ''' 

        Set the voltage level of a digital output pin to the minimum (LOW 

level) 

        ''' 

        self.DigitalWrite(self, pin, 0) 

 

    def DigitalWrite(self, pin, value): 

        ''' 

        Set the voltage level of a digital output pin to value (1 to HIGH 

and 0 to low) 

        ''' 

        self._sendData('Write %d digi %d'%(pin, value), wait=True) 

 

    def DigitalRead(self, pin): 

        ''' 

        Read the voltage level of a digital pin 

         

        Returns: 1 for HIGH and 0 for LOW 

        ''' 

        # Get value from cache if possible, and if not, add it to the 

wish-list 

        try: 

            return self.pinValuesCache['D' + str(pin)] 

        except KeyError: 

            self.pinValuesCache['D' + str(pin)] = 0 

     

    def PidRelayCreate(self, pidVar, pinAnalIn, pinDigiOut, windowSizeMs, 

kp, ki, kd): 

        ''' 

        Create a new PID controlled relay variable 

        pidVar - the variable number (see controlino sketch for max 

supported variables) 

        pinAnalIn - the analog input pin which provides input to the PID 

algorithm 

        pinDigiOut - the digital pin that controls the relay 

        windowSizeMs - the window size in ms 

        kp - the Kp parameter  

        ki - the Ki parameter 

        kd - the Kd parameter 

        ''' 
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        self._sendData('PidRelayCreate %d %d %d %d %f %f %f'%(pidVar, 

pinAnalIn, pinDigiOut, windowSizeMs, kp, ki, kd), wait=True) 

        print("RelayCreate")     

    def PidRelaySet(self, pidVar, setPoint): 

        ''' 

        Set the setpoint of a PID controlled relay variable and start 

striving towards it 

        pidVar - the variable number (see controlino sketch for max 

supported variables) 

        setPoint - The value we're striving for 

        ''' 

        self._sendData('PidRelaySet %d %d'%(pidVar, setPoint), wait=True) 

        print("RelaySet") 

             

    def PidRelayTune(self, pidVar, kp, ki, kd): 

        ''' 

        Start an auto-tune session for the PID controller 

        pidVar - the variable number (see controlino sketch for max 

supported variables) 

        kp - Kp parameter 

        ki - Ki parameter  

        kd - Kd parameter 

        ''' 

        self._sendData('PidRelayTune %d %f %f %f'%(pidVar, kp, ki, kd), 

wait=True) 

             

    def PidRelayEnable(self, pidVar, enable): 

        ''' 

        Enable/disable the contorl loop of a PID controlled relay variable 

        pidVar - the variable number (see controlino sketch for max 

supported variables) 

        enable - True/False for enable/disable 

        ''' 

        self._sendData('PidRelayEnable %d %d'%(pidVar, 1 if enable else 

0), wait=True) 

        print("RelayEnable") 

    def HardSerConnect(self, baudrate, port=1): 

        ''' 

        Setup a hardware serial port for communication 

        baudrate - the serial connection baudrate 

        port - the hardware serial port number 

        ''' 

        self._sendData('HardSerConnect %d %d'%(baudrate, port), wait=True) 

        time.sleep(1) 

     

    def SoftSerConnect(self, pinRx, pinTx, baudrate, port=1): 

        ''' 

        Setup a software serial port using pinRx and pinTx for 

communication 

        baudrate - the serial connection baudrate (should be much smaller 

than the baudrate used for the Arduino) 

        port - a port number to identify future transactions 

        ''' 
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        self._sendData('SoftSerConnect %d %d %d %d'%(pinRx, pinTx, 

baudrate, port), wait=True) 

        time.sleep(1) 

     

    def SerSend(self, serialData, writeTimeoutSec=None, isSoftSerial=True, 

port=1): 

        ''' 

        Send serial data over an open serial connection 

        serialData - the data to send. a NULL ('\0') character is added at 

the end to signify the end of transmission 

        writeTimeoutSec - time in seconds to wait for a software serial 

response 

        isSoftSerial - True for software serial ports, False for hardware 

serial ports 

        port - the port number to use 

         

        Returns: the data received (if any) 

        '''         

        self.accessSemaphore.acquire(True) 

        if writeTimeoutSec != None: 

            self._sendData('SerReceive %s %d'%('soft' if isSoftSerial else 

'hard', port), lock=False) 

         

        self._sendData('SerSend %s %d'%('soft' if isSoftSerial else 

'hard', port), lock=False) 

        self._sendData(serialData + '\0', False, lock=False) 

         

        rxData = None 

        if writeTimeoutSec != None: 

            time.sleep(writeTimeoutSec) 

            rxData = self._sendData('SerReceive %s %d'%('soft' if 

isSoftSerial else 'hard', port), lock=False) 

             

        self.accessSemaphore.release() 

        return rxData 

 

    def Reset(self): 

        ''' 

        Reset the mode of all digital pins to input 

        ''' 

        self._sendData('Reset', wait=True) 

        time.sleep(1) 

         

    def BlinkPin(self, pin, ms=100): 

        ''' 

        Start blinking a pin on the Arduino. 

        This may be used to blink the LED on the board (pin 13), which 

might serve as an indication that the Arduino is still running. 

        pin - which pin to blink 

        ms - how many milliseconds between each blink 

        ''' 

        #Where ms is now the % of a 10s period that the heater is on 

        if ms > 100: 

            ms=100 
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        ms = 10000*(ms/100) 

        self._sendData('BlinkPin %d %d'%(pin, ms), wait=True) 

         

         

    def I2cWrite(self, address, values): 

        ''' 

        Send a list of values over the I2C bus 

        ''' 

        self._sendData('I2cWrite %d %s'%(address, ' '.join(str(n) for n in 

values)), wait=True) 

     

    def _sendData(self, txData, addLineBreak=True, lock=True, wait=False, 

log=True): 

        ''' 

        This function should be called only in this class 

        Send a command (txData) to the Arduino and wait for 

acknowledgment. 

        Failure of the acknowledgment to arrive logs the event and raises 

an exception 

          

        writeTimeoutSec - time in seconds to wait for a software serial 

response 

        addLineBreak - add a line break after txData (to tell the Arduino 

to execute the command)  

        lock - lock access to Arduino during this function 

        wait - wait until the Arduino is unlocked. This is used for 

critical commands such as write commands 

        log - log the communication to the screen. mostly for debug 

purposes 

         

        Returns: the data received (if any) 

        ''' 

        if self.serial == None: 

            return None 

                 

        if lock == True: 

            if self.accessSemaphore.acquire(False) == False: 

                if wait: 

                    while self.accessSemaphore.acquire(False) == False: 

                        pass 

                else: 

                    return None 

         

        if log: 

            print 'we say: ' + txData 

        if addLineBreak == True: 

            txData = txData + '\r' 

 

        try: 

            self.serial.write(txData) 

            rxData = self._getData() 

        except: 

            rxData = '' 
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        if log: 

            print 'Arduino says: ' + rxData 

         

        answerEnd = rxData.rfind("done")  

        if answerEnd == -1: 

            self.nonResponsiveCounter += 1 

            if wait == True or self.nonResponsiveCounter > 

self.maxNonResponseAllowed: 

                cfg.LogFromOtherThread('Arduino did not respond %d 

times'%(self.nonResponsiveCounter), True) 

            return None 

 

        if lock == True: 

            self.accessSemaphore.release() 

 

        self.nonResponsiveCounter = 0             

        return rxData[0:answerEnd].strip(); 

 

    def _getData(self): 

        ''' 

        This function should be called only in the class 

        Reads the Arduino response for the last command 

         

        Returns: the response 

        ''' 

        try:         

            return self.serial.read(300) 

        except: 

            return '' 

             

    def thermistorVars(self, pin): 

        ''' 

        This function calls the Steinhart-Hart variables for each 

thermistor. These variables are determined experimentally for each 

thermistor 

        ''' 

        #assumes that pin numbers correspond to these variables 

        #ie, pin at A0 is the first thermistor, second is at A1, etc... 

        #if you want to use differnt analog pins, modify thermistorVars to 

take a thermName or something 

 

        A = 

(0.000532104,0.000667859,0.000691626,0.00055238,0.006031367,0.006048295) 

        B = (0.000619865,0.000598874,0.000595449,0.000617711,-

0.000303752,-0.000305949) 

        C = (-3.8533E-06,-3.78521E-06,-3.78115E-06,-3.85487E-06,1.54168E-

07,1.58486E-07) 

        R = [9976, 9916, 9833, 9948, 9891, 9879, 10029, 10027, 10017, 

9993, 9921, 9931]         

         

        varis = (A[pin], B[pin], C[pin], R[pin]) 

        return varis if varis!= None else 0    

                 

    def tempCalcs(self, pin, A, B, C, R): 
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        self.varis = self.thermistorVars(pin) 

        self.A = self.varis[0] 

        self.B = self.varis[1] 

        self.C = self.varis[2] 

         

        if pin>3: 

            res = self.AnalogReadMultiRes(pin, R) 

        else: 

            res = self.ADCReadRes(pin, R) 

     

         

        if res > 0: 

            R1 = (np.log(res)) if res != None else 0 

        else: 

            R1 = 0 

         

        R3 = R1*R1*R1 

 

        tmp = A+B*R1+C*R3 if R3 != None else 0 

 

        tmp = (1/tmp)-273.15 if tmp != None and tmp != 0 else 0 

        time.sleep(0.001) 

        if np.isnan(tmp): 

            return 0 

        else: 

            return float(tmp) if tmp !=None else 0 

         

        return tmp if tmp != None else 0          

         

        ''' 

        #to return resistance values for thermistor calibration 

 

         

        if np.isnan(res): 

            return 0 

        else: 

            return float(res) if res != None else 0 

        ''' 

 

        

    def pidCalcs(self, pin, A,  B, C, R, goalTemp): 

        #determines the approx analog value for the goal temperature 

        ansTemp = 0 

        lastVal = 500 

        anVal = 600 

        heaterNum = pin-3 

         

        adcVal = self.pidGetADCTarget(goalTemp,heaterNum) 

        if np.isnan(adcVal)==False: 

            print adcVal 

            return adcVal 

         

        while abs(goalTemp-ansTemp)>10: 
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            lastVal = anVal 

            if goalTemp>ansTemp: 

                anVal = anVal + 10 

            if goalTemp<ansTemp: 

                anVal = anVal -10 

            if anVal > 1023: 

                anVal = 1023 

            if anVal < 0: 

                anVal = 1 

            ansTemp = self.pidTempCalcs(A, B, C, R, anVal) 

            print(ansTemp) 

            print(anVal) 

        while abs(goalTemp-ansTemp)>0.5: 

            if goalTemp>ansTemp: 

                anVal = anVal + 1 

            if goalTemp<ansTemp: 

                anVal = anVal -1 

            if anVal > 1023: 

                anVal = 1023 

            if anVal < 0: 

                anVal = 1 

            ansTemp = self.pidTempCalcs(A, B, C, R, anVal) 

        return anVal 

         

    def pidTempCalcs(self, A, B, C, R, anVal): 

        res = float(R/((1023./anVal)-1.)) if anVal != 1023 else 1 

        R1 = (np.log(res)) 

        R3 = R1*R1*R1 

 

        tmp = A+B*R1+C*R3 if R3 != None else 0 

        tmp = (1/tmp)-273.15 if tmp != None and tmp != 0 else 0 

        time.sleep(0.001) 

        if np.isnan(tmp): 

            return 0 

        else: 

            return float(tmp) if tmp !=None else 0 

         

        return tmp if tmp != None else 0 

         

    def pidGetADCTarget(self, goalTemp, heater): 

        adc = adcLook.thermLookup(goalTemp, heater) 

        return adc        

             

             

         

    

# base class and variables 

class SysVarDigitalArduino(SysVarDigital): 

    def __init__(self, name, pin, compName='', stateToValue={'on': 0, 

'off':1}, helpLine='', editable=True, PreSetFunc=None, blinkMs=None): 

        self.stateToValue = stateToValue 

        self.valueToState = {v: k for k, v in stateToValue.items()} 

        SysVarDigital.__init__(self, name, self.stateToValue.keys(), 

Arduino, compName, helpLine, editable, PreSetFunc) 
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        self.pin = pin 

        self.lastSetState = None 

 

    def FirstTimeOnline(self): 

        if self.pin != None: 

            self.GetController().PinMode(self.pin, self.editable) 

            self.GetController().DigitalWrite(self.pin, 1) 

         

    def GetFunc(self): 

        if self.pin != None: 

            value = self.GetController().DigitalRead(self.pin) 

            return self.valueToState[value] if value != None else None 

        else: 

            return self.lastSetState 

     

    def SetFunc(self, state): 

        self.lastSetState = state 

        if self.pin != None: 

            self.GetController().DigitalWrite(self.pin, 

self.stateToValue[state]) 

             

    def BlinkFunc(self, blinkMs): 

        if self.pin != None: 

            self.GetController().BlinkPin(self.pin, ms=blinkMs) 

            

             

 

class ArduinoI2cDac(): 

    def __init__(self, dacBits, address): 

        self.maxVal = 2**dacBits-1 

        self.address = address 

 

    def WriteFraction(self, fraction, controller): 

        controller.I2cWrite(self.address, (0, self.maxVal * fraction,)) 

 

class SysVarAnalogArduino(SysVarAnalog): 

    ''' 

    An Arduino analog variable 

    ''' 

    def __init__(self, name, range, pinAnalIn, pinPwmOut=None, 

SetPolarityPositiveFunc=None, GetPolarityPositiveFunc=None, compName='', 

helpLine='', units='', PreSetFunc=None, highFreqPWM=False, 

pinOutVoltsMax=5, pinInVoltsMax=5, pinOutVoltsMin=0, pinInVoltsMin=0, 

PostGetFunc=None, I2cDac=None, therm=False): 

        showEditBox = (pinPwmOut != None) or (PreSetFunc != None) or 

(I2cDac != None) 

        SysVarAnalog.__init__(self, name, range, Arduino, compName, 

helpLine, showEditBox , units, PreSetFunc, PostGetFunc) 

        self.pinIn = pinAnalIn 

        self.pinOut = pinPwmOut 

        self.SetPolarityPositiveFunc = SetPolarityPositiveFunc 

        self.GetPolarityPositiveFunc = GetPolarityPositiveFunc 

        self.highFreqPWM = highFreqPWM 

        self.pinOutVoltsMax = pinOutVoltsMax 
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        self.pinInVoltsMax = pinInVoltsMax 

        self.pinOutVoltsMin = pinOutVoltsMin 

        self.pinInVoltsMin = pinInVoltsMin 

        self.I2cDac = I2cDac 

        self.therm = therm 

        self.recentT = [] 

        self.varis=[0, 0, 0, 0] 

         

    def FirstTimeOnline(self): 

        if self.pinOut != None: 

            self.GetController().PinModeOut(self.pinOut) 

            if self.highFreqPWM: 

                self.GetController().SetHighFreqPwm(self.pinOut) 

        self.recentT = [20, 20, 20, 20, 20, 20, 20, 20, 20] 

        self.varis = self.GetController().thermistorVars(self.pinIn) 

     

    def GetUnipolarRange(self): 

        return self.GetUnipolarMax() - self.GetUnipolarMin() 

     

    def GetFunc(self): 

        if self.therm is False: 

            #num = self.GetController().ADSRead(self.pinIn) 

            fraction = (self.GetController().ADCReadFrac(self.pinIn)) 

            #fraction = long(fraction) 

            print fraction 

            '''self.recentT.append(fraction) 

            del self.recentT[0] 

            currentT = list(self.recentT) 

            currentT.sort() 

            currentT = np.average(currentT[2:7]) 

            currentT = int(currentT) 

            if np.isnan(currentT): 

                return 0 

                print("NAN") 

            #tmp = self.GetController().redundantTempCalcs(self.pinAnalIn) 

            ''' 

            #return tmp if tmp != None else 0   

            #return round(currentT, 1) if currentT != None else 0 

            return (fraction) if fraction != None else None 

             

 

        else: 

            #calculate temperature 

            time.sleep(0.005) 

            tmp = self.GetController().tempCalcs(self.pinIn, 

self.varis[0], self.varis[1], self.varis[2], self.varis[3]) 

             

            self.recentT.append(tmp) 

            del self.recentT[0] 

            currentT = list(self.recentT) 

            currentT.sort() 

            currentT = np.average(currentT[2:7]) 

            currentT = float(currentT) 

            if np.isnan(currentT): 
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                return 0 

                print("NAN") 

            #tmp = self.GetController().redundantTempCalcs(self.pinAnalIn) 

             

            #return tmp if tmp != None else 0   

            return round(currentT, 2) if currentT != None else 0 

             

    def SetFunc(self, value): 

        fraction = (abs(value) - self.GetUnipolarMin()) / 

self.GetUnipolarRange() 

        if self.pinOut != None: 

            self.GetController().AnalogWriteFraction(self.pinOut, 

fraction, self.pinOutVoltsMax, self.pinOutVoltsMin) 

        elif self.I2cDac != None: 

            self.I2cDac.WriteFraction(fraction, self.GetController()) 

 

 

class SysVarAnalogArduinoUnipolar(SysVarAnalogArduino): 

    ''' 

    A unipolar analog variable, for which the range has to be [X1,X2] or 

[-X1,-X2]. 

    The voltage on the pin (normally 0-5 V) corresponds percentage-wise to 

the variable's value between X1 and X2 (or -X1 and -X2). 

    ''' 

    def __init__(self, name, range, pinAnalIn, pinPwmOut, compName='', 

helpLine='', units='', PreSetFunc=None, highFreqPWM=False, 

pinOutVoltsMax=5, pinInVoltsMax=5, pinOutVoltsMin=0, pinInVoltsMin=0, 

PostGetFunc=None, I2cDac=None, therm=False): 

        SysVarAnalogArduino.__init__(self, name, range, pinAnalIn, 

pinPwmOut, self.SetPolarityPositiveFunc, self.GetPolarityPositiveFunc, 

compName, helpLine, units, PreSetFunc, highFreqPWM, pinOutVoltsMax, 

pinInVoltsMax, pinOutVoltsMin, pinInVoltsMin, PostGetFunc, I2cDac, therm) 

        self.sign = 1 if range[0] >=0 and range[1] >= 0 else -1 

 

    def SetPolarityPositiveFunc(self): 

        pass 

     

    def GetPolarityPositiveFunc(self): 

        return self.sign == 1 

 

    def GetUnipolarMin(self): 

        return min(abs(self.range[0]), abs(self.range[1])) 

     

    def GetUnipolarMax(self): 

        return max(abs(self.range[0]), abs(self.range[1])) 

     

class SysVarAnalogArduinoBipolarWithExternalPolarity(SysVarAnalogArduino): 

    ''' 

    A bipolar symmetric analog variable, for which the range has to be [-

X,X]. 

    The voltage on the pin (normally 0-5 V) corresponds percentage-wise to 

the variable's absolute value between 0 and X (or -X). 

    Polarity is set and read by user specific functions 

    ''' 
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    def __init__(self, name, range, pinAnalIn, pinPwmOut, 

SetPolarityPositiveFunc, GetPolarityPositiveFunc, compName='', 

helpLine='', units='', PreSetFunc=None, highFreqPWM=False, 

pinOutVoltsMax=5, pinInVoltsMax=5, pinOutVoltsMin=0, pinInVoltsMin=0, 

PostGetFunc=None, I2cDac=None): 

        SysVarAnalogArduino.__init__(self, name, range, pinAnalIn, 

pinPwmOut, SetPolarityPositiveFunc, GetPolarityPositiveFunc, compName, 

helpLine, units, PreSetFunc, highFreqPWM, pinOutVoltsMax, pinInVoltsMax, 

pinOutVoltsMin, pinInVoltsMin, PostGetFunc, I2cDac) 

 

    def GetUnipolarMin(self): 

        return 0 

     

    def GetUnipolarMax(self): 

        # it abs(range[0]) and abs(range[1]) should be equal 

        return abs(self.range[1]) 

 

 

class SysCompArduino(SysComp): 

    def __init__(self, name, vars, helpLine=''): 

        SysComp.__init__(self, name, vars, Arduino, helpLine) 

         

    def FirstTimeOnline(self): 

        for var in self.vars.values(): 

            var.FirstTimeOnline() 

             

 

class SysVarPidRelayArduino(SysVarAnalog): 

    ''' 

    An Arduino variable that uses the PID Arduino library to turn a relay 

for the PID control. 

    Example: a heating element to be turned on/off to regulate the 

temperature 

     

    It shows an analog variable to set and read the PID controlled 

quantity (e.g. the temperature)  

    ''' 

    def __init__(self, name, range, pidVar, windowSizeMs, kp, ki, kd, 

pinAnalIn, pinDigiOut, compName='', helpLine='', units='', 

PreSetFunc=None, pinInVoltsMax=5, pinInVoltsMin=0, PostGetFunc=None, 

therm=False): 

        SysVarAnalog.__init__(self, name, range, Arduino, compName, 

helpLine, True, units, PreSetFunc, PostGetFunc) 

        self.pinIn = pinAnalIn 

        self.pinDigiOut = pinDigiOut 

        self.pinInVoltsMax = pinInVoltsMax 

        self.pinInVoltsMin = pinInVoltsMin 

        self.range = range 

        self.pidVar = pidVar 

        self.windowSizeMs = windowSizeMs 

        self.kp = kp 

        self.ki = ki 

        self.kd = kd 

        self.therm = therm 
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        self.recentT = [] 

        self.varis = [0, 0, 0, 0] 

 

         

         

    def FirstTimeOnline(self): 

        self.GetController().PidRelayCreate(self.pidVar, self.pinIn, 

self.pinDigiOut, self.windowSizeMs, self.kp, self.ki, self.kd) 

        self.GetController().PidRelayEnable(self.pidVar, 0) 

        time.sleep(0.05) 

        self.recentT = [20, 20, 20, 20, 20, 20, 20, 20, 20] 

        self.varis = self.GetController().thermistorVars(self.pinIn) 

        print(self.pinDigiOut) 

 

    def GetFunc(self): 

        if self.therm is False: 

            currentT = self.GetController().AnalogRead(self.pinIn) 

            #return (fraction) if fraction != None else None 

             

            #tmp = self.GetController().redundantTempCalcs(self.pinAnalIn) 

             

            #return tmp if tmp != None else 0   

            return currentT if currentT != None else 0 

        else: 

            #calculate temperature 

            time.sleep(0.01) 

            tmp = self.GetController().tempCalcs(self.pinIn, 

self.varis[0], self.varis[1], self.varis[2], self.varis[3]) 

            self.recentT.append(tmp) 

            del self.recentT[0] 

            currentT = list(self.recentT) 

            currentT.sort() 

            currentT = np.average(currentT[2:7]) 

            currentT = float(currentT) 

            if np.isnan(currentT): 

                return 0 

                print("NAN") 

            #tmp = self.GetController().redundantTempCalcs(self.pinAnalIn) 

            if (currentT > 170): 

                self.GetController().PidRelayEnable(self.pidVar, 0) 

            #return tmp if tmp != None else 0   

            return round(currentT, 2) if currentT != None else 0 

 

             

    def SetFunc(self, value): 

        # write the setpoint in the range of the analog input pin 

        # changed instrumentino so now arduino does temp calcs 

     

        goalTemp = value 

        goalTemp = self.GetController().pidCalcs(self.pinIn, 

self.varis[0], self.varis[1], self.varis[2], self.varis[3], value) 

        self.GetController().PidRelaySet(self.pidVar, goalTemp) 

        time.sleep(0.1) 
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        #based on difference between setTemp and temp, find amount of time 

t to activate heater 

         

    def Enable(self, enable): 

         

        self.GetController().PidRelayEnable(self.pidVar, enable) 

         

         

         

    def Tune(self, kp, ki, kd): 

        self.GetController().PidRelayTune(self.pidVar, kp, ki, kd) 
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Instrumentino/Instrumentino/Controller/Arduino/adcLookup.py 
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#Uses numpy array to search for ADC value for gaol temp 

 

import numpy as np 

 

 

                  

''' 

code will take in goal temp, heater num, return adc 

row = np.where(vals==goaltemp) 

adc = int(vals[b[0], heater]) 

return adc 

 

''' 

def thermLookup(goalTemp, heaterNum): 

    vals = np.array([[15, 404, 405], [20,460, 460], [25, 514, 515], [30, 

568, 568], 

                 [35, 619, 619], [40, 666, 666], 

                 [45, 710, 710], [50, 750, 749], 

                 [55, 785, 785], [60, 817, 816], 

                 [65, 844, 844], [70, 868, 868], 

                 [75, 889, 889], [80, 907, 907], 

                 [85, 923, 922], [90, 936, 936], 

                 [95, 948, 947], [100, 958, 957], 

                 [105, 966, 966], [110, 974, 973], 

                 [115, 980, 980], [120, 985, 985], 

                 [125, 990, 990], [130, 994, 994], 

                 [135, 998, 997], [140, 1001, 1001], 

                 [145, 1003, 1003], [150, 1006, 1006], [155, 1008, 1008]]) 

    if goalTemp in vals[:, 0]: 

        row = np.where(vals[:,0]==goalTemp) 

        adc = vals[row[0], heaterNum] 

        adc = np.asscalar(adc) 

        return adc 

    else: 

        return np.nan 

                  

                  

''' 

vals = np.array([[20,556, 100], [25, 511, 120], [30, 457, 458], 

    [(35), (406), (450)], [40, 358, 360], 

    [45, 313, 320], [50, 273, 275], 

    [55, 237, 240], [60, 206, 210], 

    [65, 178, 180], [70, 154, 150], 

    [75, 133, 130], [80, 115, 110]]) 

'''                  
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Instrumentino/Instrumentino/Controller/Arduino/pid_thermistor.py 
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from __future__ import division 

from instrumentino.controllers.arduino import SysCompArduino, 

SysVarDigitalArduino,\ 

    SysVarAnalogArduinoUnipolar, SysVarPidRelayArduino, 

SysVarAnalogArduino 

__author__ = 'pitts’ 

 

from instrumentino import cfg 

 

class PidControlledThermistor(SysCompArduino): 

    def __init__(self, name, rangeT, pinInT, pinOutRelay, sensorVoltsMin, 

sensorVoltsMax, pidVar, windowSizeMs, kp, ki, kd): 

        self.varEnable = SysVarDigitalArduino('enable', None, name, 

PreSetFunc=self.PreEditEnable) 

        self.pidRelayVar = SysVarPidRelayArduino('T', rangeT, pidVar, 

windowSizeMs, kp, ki, kd, pinInT, pinOutRelay, name, 'Temperature', 

                                                 'C', 

pinInVoltsMin=sensorVoltsMin, pinInVoltsMax=sensorVoltsMax, therm=True) 

        #self.pulseTimeVar = SysVarAnalogArduinoUnipolar('ms', [0-5000], 

pinTime, None, name) 

         

        SysCompArduino.__init__(self, name, 

                                (self.pidRelayVar, self.varEnable),  

                                'control a heating element through a relay 

to keep the temperature set') 

         

    def FirstTimeOnline(self): 

        super(PidControlledThermistor, self).FirstTimeOnline() 

         

    def PreEditEnable(self, value): 

        self.pidRelayVar.Enable(value=='on') 

class PidThermistorTune(SysCompArduino): 

    def __init__(self, name, rangeT, pinInT, pinOutRelay, sensorVoltsMin, 

sensorVoltsMax, pidVar, windowSizeMs, kp, ki, kd): 

        self.varEnable = SysVarDigitalArduino('enable', None, name, 

PreSetFunc=self.PreEditEnable) 

        self.pidRelayVar = SysVarPidRelayArduino('T', rangeT, pidVar, 

windowSizeMs, kp, ki, kd, pinInT, pinOutRelay, name, 'Temperature', 

                                                 'C', 

pinInVoltsMin=sensorVoltsMin, pinInVoltsMax=sensorVoltsMax, therm=False) 

        #self.pulseTimeVar = SysVarAnalogArduinoUnipolar('ms', [0-5000], 

pinTime, None, name) 

         

        SysCompArduino.__init__(self, name, 

                                (self.pidRelayVar, self.varEnable),  

                                'control a heating element through a relay 

to keep the temperature set') 

         

    def FirstTimeOnline(self): 

        super(PidThermistorTune, self).FirstTimeOnline() 

         

    def PreEditEnable(self, value): 

        self.pidRelayVar.Enable(value=='on') 
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Instrumentino/Instrumentino/Controller/Arduino/thermistor.py 
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from __future__ import division 

from instrumentino.controllers.arduino import SysCompArduino, 

SysVarAnalogArduinoUnipolar 

__author__ = 'pitts' 

 

 

class thermistor(SysCompArduino): 

    def __init__(self, name, rangeT, pinInT, pinInVoltsMax, 

pinInVoltsMin): 

        SysCompArduino.__init__(self, name, 

(SysVarAnalogArduinoUnipolar('T', rangeT, pinInT, None, name, 

'Temperature', 'C', pinInVoltsMax=pinInVoltsMax, 

pinInVoltsMin=pinInVoltsMin, therm=True),), 

                                'measure the temperature') 

                                                   

class resistor(SysCompArduino):    

    def __init__(self, name, rangeT, pinInT, pinInVoltsMax, 

pinInVoltsMin): 

        SysCompArduino.__init__(self, name, 

(SysVarAnalogArduinoUnipolar('T', rangeT, pinInT, None, name, 

'Temperature', 'C', pinInVoltsMax=pinInVoltsMax, 

pinInVoltsMin=pinInVoltsMin, therm=False),), 

                                'measure the temperature')                                                

    #need to enter Steinhart-Hart values and the value of fixed resistors 

used in voltage dividers into the Arduino.init file, thermistorValues 

function 
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Circuit Diagram 
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Appendix E 

Thermal Calculations 
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Time to Heat a 3-inch (75 mm) diameter sample 

To determine the minimum heating time at each measurement temperature, the time to heat a cylinder 

was calculated. This used the conservative assumption that each sample was an infinite cylinder of 3-inch 

(~75 mm) diameter, so the characteristic length is equal to approximately 38mm. Based on the 

preliminary thermal testing done by AECL, the Cobourg Limestone has an estimated thermal diffusivity 

of approximately 0.95mm2/s (or 9.5e-7m2/s) (AECL, 2011). From work by Liu (2014), the approximate 

convective heat transfer coefficient for limestone in hot air is 26W/m2K. Using these, Biot’s Number, the 

dimensionless heat transfer coefficient, can be calculated. 

𝐵𝑖 = ℎ𝐿𝑐/𝜅 

𝐵𝑖 =
26W

m2K⁄ ∙ 0.038m

9.5e − 7m
2
s⁄

 

𝐵𝑖 = 1.04e6 

 

Using the tables from Cengals Heat and Mass Transfer (2015), the coefficients associated with this Biot 

Number were determined to be: λ= 2.4048, and A=1.6021. Because solutions for dimensionless time, τ, 

converge rapidly, first order approximations are considered acceptable when τ > 0.2 (from Cengel). The 

solution for one-dimensional transient conduction to the centre of a cylinder is: 

𝜃0,𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =
T0 − T𝑖𝑛𝑓

T𝑖 − T𝑖𝑛𝑓
= 𝐴1𝑒

−𝜆2𝜏 

 

This equation is asymptotic as T0 approaches the set temperature, Tinf. So, let T0 = 25°C, Tinf=50°C, and 

T1 = 49.9°C. 

T0 − T𝑖𝑛𝑓

T𝑖 − T𝑖𝑛𝑓
= 𝐴1𝑒

−𝜆2𝜏 

𝜏 = 2.02574 
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As τ > 0.2, the first order approximation is acceptable. κ, the dimensionless time unit, is used in Fourier’s 

equation. 

T =
τ ∙ r0

2

κ
 

T = 3079.1s 

T ≈ 50minutes 

 

This is conservative, as diffusivity may be as high as 1.4mm2/s, and the sample being tested is not 

infinitely long. 

 

 

Calculating the Linear Thermal Expansion Coefficient 

Thermal strain is the change in strain for a given change in temperature. Where strain is 

휀𝑇 =
𝐿2 − 𝐿1
𝐿0

 

Thermal strain is 

𝛼 =
∆휀𝑇
∆𝑇

 

 

So the average thermal strain of the sample specimen 𝛼𝑠𝑠 between temperatures T1 and T2 is 

𝛼𝑠𝑠 = (
휀𝑡 − 휀𝑟
𝑇2 − 𝑇1

) + 𝛼𝑟𝑠 

 

Where 휀𝑡 is the strain of the test specimen and 휀𝑟 is the strain of the reference specimen 𝛼𝑟𝑠 is the mean 

linear coefficient of thermal expansion of the reference specimen over the temperature range 𝑇2 − 𝑇1. The 

instantaneous coefficient of linear expansion of test specimen, 𝛼𝑖 at temperature T is 

𝛼𝑖 =
𝛿(휀𝑡 − 휀𝑟)

𝛿𝑇
+ 𝛼𝑟𝑖 
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Tuning the Thermistors 

The Steinhart-Hart equation relating the resistance of a thermistor to temperature is: 

1

𝑇
= 𝐴 + 𝐵(lnR) + 𝐶(ln R)3 

 

Where T is the temperature in Kelvin, R is resistance, and A, B, and C are the Steinhart-Hart variables, 

which are specific to each thermistor. To determine the Steinhart-Hart variables, the resistance is 

measured at three different temperatures. 

1

𝑇1
= 𝐴 + 𝐵(ln R1) + 𝐶(ln R1)

3 

1

𝑇2
= 𝐴 + 𝐵(ln R2) + 𝐶(ln R2)

3 

1

𝑇3
= 𝐴 + 𝐵(ln R3) + 𝐶(ln R3)

3 

 

For simplicity, let: 

𝑥 = ln R 

𝑦 = (lnR)3 

1

𝑇
= 𝑍 

 

The system of equations can be rewritten in the matrix form AX=B 

[

1 𝑥1 𝑦1
1 𝑥2 𝑦2
1 𝑥3 𝑦3

] [
𝐴
𝐵
𝐶
] = [

𝑍1
𝑍2
𝑍3

] 

 

Which can then be rearranged to X=A-1B to solve for the Steinhart-Hart variables for the thermistor.   

[
𝐴
𝐵
𝐶
] = [

1 𝑥1 𝑦1
1 𝑥2 𝑦2
1 𝑥3 𝑦3

]

−1

[
𝑍1
𝑍2
𝑍3

] 
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Resolution of a 10kOhm thermistor with a 15-bit ADC 

 

 

 

 

Calculating Thermal Resistance of the Divided Bar 

To determine the thermal resistance of the divided bar system, disks of GE124 quartz were tested.  
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Appendix F 

Thermal Properties of Quartz and Polycarbonate 
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Thermal Properties of GE124/214 fused quartz, provided by Technical Glass products (2016) 
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Thermal properties of Polycarbonate, from Michigan State University (2016) 
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Appendix G 

Sample Measurements and Scans 



382 

 

Thermal Conductivity Samples 
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C221 H 

50 mm diameter horizontal sample, cut into three parts. C221HA and C221HC were used as thermal 

conductivity samples. CLV6UB was used for thermal expansion testing. 

Colour intensity 174.8, calcite rich. 
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C221HA 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.004070222 mm PASS 

 
diam 2 0.003946111 mm PASS 

end 2 diam 1 0.003954333 mm PASS 

 
diam 2 0.004091778 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.000932 ° PASS 

 
diam2 0.001615176 ° PASS 

 



385 
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C221HC 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.004554667 mm PASS 

 
diam 2 0.004579444 mm PASS 

end 2 diam 1 0.004471 mm PASS 

 
diam 2 0.004496889 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.000735558 ° PASS 

 
diam2 0.000731192 ° PASS 
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CLH4U 

50 mm diameter sample, cut into three parts. CLH4UA and CLH4UB were used as thermal conductivity 

samples. 

Colour intensity 158.3, mixed composition 
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CLH4UA 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.005437778 mm PASS 

 
diam 2 0.005415889 mm PASS 

end 2 diam 1 0.005441889 mm PASS 

 
diam 2 0.005416 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.000290292 ° PASS 

 
diam2 7.20274E-05 ° PASS 
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CLH4UB 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.004887222 mm PASS 

 
diam 2 0.004891 mm PASS 

end 2 diam 1 0.004890556 mm PASS 

 
diam 2 0.004883778 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.000379783 ° PASS 

 
diam2 0.000100402 ° PASS 
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CLV5U 

50 mm diameter sample 

Colour intensity 172.3, calcite-rich  

 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.004960778 mm PASS 

 
diam 2 0.004939667 mm PASS 

end 2 diam 1 0.004930111 mm PASS 

 
diam 2 0.004987667 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 8.51236E-05 ° PASS 

 
diam2 0.00077266 ° PASS 
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CLV6U 

50 mm diameter sample  

Colour intensity 170.9, calcite-rich 

 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.005129111 mm PASS 

 
diam 2 0.005095222 mm PASS 

end 2 diam 1 0.005109889 mm PASS 

 
diam 2 0.005117222 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.000100402 ° PASS 

 
diam2 0.000373234 ° PASS 
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A1-5-top 

75 mm diameter sample 

Colour intensity 154.4, mixed-composition 

 

 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.005643956 mm PASS 

 
diam 2 0.0051162 mm PASS 

end 2 diam 1 0.004779389 mm PASS 

 
diam 2 0.005111667 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.024801746 ° PASS 

 
diam2 0.001104434 ° PASS 
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A1-9-top 

75 mm diameter sample 

Colour intensity 164, calcite-rich 

 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.005009644 mm PASS 

 
diam 2 0.005003367 mm PASS 

end 2 diam 1 0.005005122 mm PASS 

 
diam 2 0.005129222 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.000106951 ° PASS 

 
diam2 0.003931002 ° PASS 
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A2-6-top 

75 mm diameter sample 

Colour intensity 166.8, calcite-rich 

 

 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.006161578 mm PASS 

 
diam 2 0.006420011 mm PASS 

end 2 diam 1 0.006141889 mm PASS 

 
diam 2 0.0064006 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.000445264 ° PASS 

 
diam2 2.18267E-06 ° PASS 
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C2-7-top 

75 mm diameter sample 

Colour intensity 114.4, clay-rich 

 

 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.0083447 mm PASS 

 
diam 2 0.008239056 mm PASS 

end 2 diam 1 0.008245844 mm PASS 

 
diam 2 0.008349611 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.003145193 ° PASS 

 
diam2 0.003361275 ° PASS 
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C131H 

75 mm diameter horizontal sample, which was cut into two pieces. One was used for thermal conductivity 

testing, the other for thermal expansion testing. 

Colour intensity 163.4, calcite-rich 

 

 

 

index: INDEX-1 
   FLATNESS 

    end diam flatness unit 
 end 1 diam 1 0.007523956 mm PASS 

 
diam 2 0.007671433 mm PASS 

end 2 diam 1 0.007678811 mm PASS 

 
diam 2 0.0075234 mm PASS 

     PARALLELISM diam angle unit 
 

 
diam1 0.004498447 ° PASS 

 
diam2 0.004625041 ° PASS 
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Thermal Expansion Samples 
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Sample a27, colour intensity 163.9, calcite-rich 

 

c2-15b, colour intensity 142.6, mixed composition 

 

c2-6top, colour intensity 158.6, mixed composition 
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c2-5top, colour intensity 157.2, mixed composition 

 

c2-11, colour intensity 124.9, clay-rich 
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c2-16, colour intensity 159.2, mixed composition 

 

 

b121, colour intensity 104.9, clay-rich 
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b131, colour intensity 129.1, clay-rich 

 

b133a'', colour intensity 120, clay-rich 

 

c28, colour intensity 125.6, clay-rich 
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Moisture Content 

 

After being prepared to meet quality standards, samples were allowed to dry in a well-ventilated room for 

a minimum of four weeks. Samples were not dried in an oven to minimize thermal damage to the rocks 

before testing. Samples were weighed before being submerged in Synthetic Pore Water (SPW) for a 

minimum of seven days. Upon removal from the SPW, they were weighed and immediately tested. 

 

Moisture content was calculated using the equations in ASTM D2216-10, Standard Test Methods for 

Laboratory Determination of Water (Moisture) Content of Soil and Rock by Mass (2010). 

 

Sample Mass – dry (g) Mass – saturated (g) Moisture Content (%) 

C221Ha 47.20 47.60 0.847 

CLV6u 61.43 61.86 0.700 

CLV5u 59.88 60.14 0.434 

c221hb 62.10 62.38 0.451 

C221HC 52.95 53.16 0.397 

clh4u b 57.85 58.30 0.778 

CLH4UA 65.03 65.49 0.707 

a2-6-top 168.49 169.66 0.694 

c131h 201.45 202.30 0.422 

c2-7-top 215.07 217.32 1.046 

a1-9top 134.95 136.44 1.104 

c2-8 181.49 182.76 0.700 

a1-5 top 135.67 137.39 1.268 

a21-b 205.68 207.49 0.880 
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Appendix H 

Thermal Conductivity Testing Results 
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Thermal conductivity results for 50 mm diameter samples 

 

Sample 

Number 

Temperature 

(°C) 

Thermal Conductivity 

(W/m·K) 

Colour 

Intensity 

C221HA 35.84 3.135 174.8 

C221HA 53.6 2.461 174.8 

C221HA 70.45 2.322 174.8 

C221HA 84.88 2.293 174.8 

CLV6U 34.61 1.565 170.9 

CLV6U 52.15 1.935 170.9 

CLV6U 69.25 1.735 170.9 

CLV6U 83.39 1.723 170.9 

CLV5U 35.51 2.817 172.3 

CLV5U 52.73 2.702 172.3 

CLV5U 71.04 2.388 172.3 

CLV5U 85.57 2.252 172.3 

C221HC 52.55 2.025 174.8 

C221HC 69.11 1.253 174.8 

C221HC 82.67 0.829 174.8 

CLH4UB 36.36 2.045 158.3 

CLH4UB 54.11 2.296 158.3 

CLH4UB 70.85 2.120 158.3 

CLH4UB 84.86 2.072 158.3 

CLH4UA 36.41 2.174 158.3 

CLH4UA 54.25 1.983 158.3 

CLH4UA 70.92 2.106 158.3 

CLH4UA 85.06 2.168 158.3 
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Thermal conductivity results for 75 mm diameter samples 

 

Sample 

Number 

Temperature 

(°C) 

Thermal Conductivity 

(W/m·K) 

Colour 

Intensity 

A19 Top 37.84 1.204 164 

A19 Top 57.41 1.760 164 

A19 Top 75.21 2.232 164 

A19 Top 89.53 2.217 164 

C28 37.78 2.041 125.6 

C28 56.71 2.309 125.6 

C28 74.47 1.716 125.6 

C28 88.20 1.735 125.6 

A26 Top 37.16 2.126 166.8 

A26 Top 56.14 2.157 166.8 

A26 Top 74.12 1.957 166.8 

A26 Top 88.45 1.853 166.8 

A26 Top 37.37 2.073 114.4 

A26 Top 55.47 2.016 114.4 

A26 Top 73.30 1.854 114.4 

A26 Top 87.02 1.772 114.4 

C131H 36.30 2.746 163.4 

C131H 54.28 2.589 163.4 

C131H 72.24 2.468 163.4 

C131H 86.86 2.198 163.4 

A1-5 Top 36.91 3.033 154.4 

A1-5 Top 55.20 2.817 154.4 

A1-5 Top 73.28 2.309 154.4 

A1-5 Top 88.26 1.941 154.4 
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Appendix I 

Linear Thermal Expansion Coefficient Laboratory Test Results 
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The results from each linear thermal expansion coefficient test are shown in this Appendix. 

Samples were scanned before being cut into smaller pieces for testing, so one sample scan may 

correlate to two different test runs. Strain was measured parallel to the direction of bedding by 

placing a strain gauge on the sample end surface, or top. These test runs are labelled with a “t”. 

Strain was measured perpendicular to bedding by placing strain gauges on the sides of the sample 

cores. These tests are labelled with an “s” and the gauge number if more than one axial gauge was 

applied (s1 or s2). 

Each sample was tested three times. The test number is in brackets after the position marker (s or 

t). Due to equipment error, some tests were recorded improperly. These tests have been removed 

from the results. 
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CLV 5U: 50 mm diameter sample, colour intensity 172.3 
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CLV 6U: 50 mm diameter sample, colour intensity 160.9 
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A2-16-2: 75 mm diameter sample, colour intensity 164.6 
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A2-7: 75 mm diameter sample, colour intensity 163.9 
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CLH 4U: 75 mm diameter sample, colour intensity 158.3 (154 if discount portion with plaster 

fill) 
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C2-15: 75 mm diameter sample, colour intensity 144.1 
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C2-15b: 75 mm diameter sample, colour intensity 142.6 
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C2-6 top: 75 mm diameter sample, colour intensity 158.6 
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C2-5 top: 75 mm diameter sample, colour intensity 157.2 
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C2-16: 75 mm diameter sample, colour intensity 159.2 
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C131-H: 75 mm diameter sample, colour intensity 163.4 
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C2-11: 75 mm diameter sample, colour intensity 124.9 
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B1-2-1: 50 mm diameter sample, colour intensity 104.9 
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B1-3-1: 75 mm diameter sample, colour intensity 129.1 
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B1-3-1a’’: 75 mm diameter sample, colour intensity 120.0 
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C2-8: 75 mm diameter sample, colour intensity 125.6 
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