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Abstract 

The Deep Geological Repository (DGR) concept is the proposed solution for the long-term storage of 

nuclear waste in Canada. While site selection processes are currently underway for high-level waste 

storage, a low and intermediate waste storage DGR is planned for development at depth in Kincardine, 

Ontario. The DGR site is to be hosted in the Cobourg limestone, a rock formation which presents varying 

heterogeneity at different scales. The successful design of long-term nuclear waste storage requires 

engineered barriers and geology designed to safely and securely contain contaminants. The excavation of 

hard rocks at depth can induce damage to the surrounding rock mass. This damage corresponds to the 

initiation and propagation of fractures and is related to in situ stress conditions and excavation processes. 

Heterogeneous rock masses can further complicate the initiation and propagation of fractures, causing 

inconsistent behaviour related to the variability of the rock. The changing in situ conditions of DGR host 

rocks can also influence fracture behaviour, highlighting the need for a better understanding of the effect 

of rock conditions on the damage behaviour of brittle rocks.  

 This research examines the influences of various testing conditions on the geomechanical 

properties of Cobourg limestone, to address the changing in situ conditions that may be present during 

long-term storage of nuclear waste. The effects of specimen saturation, scale, loading rate, and 

confinement have been investigated through the laboratory strength testing of specimens representative of 

Cobourg limestone found at depth for the proposed low and intermediate level DGR site. Using 

standardized laboratory testing practices and newly developed experimental methodologies, this thesis 

describes the influences of testing condition on the elastic and strength properties of the rock. The testing 

methodology is presented and examined to evaluate the effectiveness of the different testing conditions in 

properly characterizing the Cobourg limestone. The observations and results from this work provide 

details regarding the physical properties and failure behaviour of the rock, as well as non-standard testing 

techniques for investigating heterogeneous rock masses. This research provides insight into the 
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characterization of brittle rock failure under different testing conditions, which is important for future 

DGR site selection. 
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Chapter 1 

Introduction 

1.1 Problem Statement 

The design of deep excavations in hard rock is based on several crucial factors, including the 

intact properties, presence and condition of discontinuities, and stress state of the host rock. Deep 

excavations are often hosted in heterogeneous rock masses with variable conditions. Detailed 

investigations are conducted on the behaviour and properties of the rock to ensure that the design 

specifications and expected service life of an excavation are met. Society’s expanding demand for 

improved storage and transportation has created an increasing focus on subsurface infrastructure 

and rock excavation design. Projects such as nuclear waste Deep Geological Repositories (DGRs) 

highlight the growing need for the engineering design of long-term excavations and better 

prediction of rock failure at the excavation scale. 

 The concept of storing nuclear waste in DGRs, hosted in rock with favorable conditions, 

has been implemented in Germany, Sweden, and Finland for low and intermediate level waste. 

Only Finland is currently constructing a high-level nuclear waste repository. DGR storage is 

being investigated in several other countries and is the proposed solution for long-term nuclear 

waste storage in Canada (Figure 1-1). While work is currently underway for site selection of a 

high level waste DGR, the low and intermediate waste DGR site is planned to be developed in 

Kincardine, Ontario at a depth of approximately 680 m below ground surface (Raven et al. 2011).  
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Figure 1-1: Conceptual layout and placement configuration for a high-level nuclear waste 

DGR development in Canada (Crowe et al. 2016).  

The DGR will be hosted in the Cobourg Formation, which is a fine to coarse grained 

argillaceous limestone that presents both vertical and lateral heterogeneity at the core scale. In 

addition to being capped by nearly impermeable shale horizons, the rock presents favourable 

properties for DGR development including high strength (mean UCS 113 MPa), low permeability 

(10-21 to 10-20 m2), and swelling clays which can facilitate the self-sealing of fractures (Al et al. 

2011, Raven et al. 2011). The presence of fractures at or near excavation boundaries are of 

significant concern due to their influence on the hydraulic permeability of the rock. Although pre-

existing fractures may be present, excavation of hard rock at depth can initiate and propagate 
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fractures. These fractures are considered excavation induced damage and can influence the 

physical properties and stability of the rock. The extent of damage to the rockmass can be used to 

categorize the region surrounding an excavation into different zones of excavation related damage 

(Figure 1-2) (Martin 1997, Martino and Chandler 2004, Read 2004, Diederichs 2007, Perras and 

Diederichs 2016). 

 

Figure 1-2: Classification of different damage zones surrounding underground excavations 

(Perras and Diederichs 2016). 

The depth of the Excavation Damage Zone (EDZ) from the excavation boundary needs to 

be minimized to maintain the ultra-low permeability of the rockmass and reduce the likelihood of 

radionuclide contaminant transport. The shape and depth of the EDZ is controlled by the Crack 

Initiation (CI) and Crack Damage (CD) thresholds of the rock for given in situ stress conditions 

(Diederichs 2007, Perras 2014, Perras and Diederichs 2016). The understanding of these 



 

4 

 

properties is, therefore, vital to the proper design and development of DGR excavation for future 

nuclear waste storage. While CI is believed to be a robust material property dependent on 

mineralogy, grain size, fabric, and heterogeneity that is inherent to the material, CD is more 

readily influenced by external conditions such as saturation, rate of loading, and confining 

stresses. 

With a service life of up to one million years, DGR projects require a detailed 

understanding of the chemical, hydraulic, thermal, and mechanical properties of the host rocks 

being considered for development. To minimize the disturbance to the surrounding rockmass and 

maintain the favorable rock properties, it is crucial to properly define the damage thresholds (CI 

and CD) of the rock. The future site selection process for high level nuclear waste will require the 

consideration of many factors, such as the proper characterization of the failure behaviour and 

strength properties of the host rock. In this regard, the purpose of this research is to examine the 

influence of various testing conditions on the geomechanical properties of Cobourg limestone, in 

preparation for similar work in future site selection processes. Using standardized laboratory 

testing practices, and developed experimental methodologies, this thesis describes the influence 

of saturation, scale, loading rate, and confinement conditions on the elastic and strength 

properties of Cobourg limestone. The corresponding testing procedures and methodologies have 

been presented and evaluated with respect to their effectiveness in properly characterizing the 

rock. The observations and results from this work provide valuable information regarding the 

failure behaviour of Cobourg limestone, additional insight into the physical properties of the rock, 

and non-standard testing techniques for investigating heterogeneous rock masses.  

1.2 Background: Cobourg Limestone 

To properly investigate the geomechanical behaviour of the Cobourg limestone, an argillaceous 

limestone which presents varying degrees of heterogeneity, many factors must be considered. The 

process of lithification for the Cobourg limestone is significant due to lateral variation in the 
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depositional environment of the sedimentary horizon. As well, the distinct nodular fabric of 

Cobourg limestone presents core scale heterogeneity, which is characterized by discontinuous 

lenses of dark grey argillaceous limestone. The differing proportion of argillaceous lenses in 

standard rock mechanics testing specimens of Cobourg limestone tend to produce variable results 

and failure behaviour. An understanding of the depositional setting for Cobourg limestone is 

beneficial for predicting the behaviour of the rock under different conditions, and can aid in 

identifying different factors which may influence failure. 

1.2.1 Geological Setting 

The bedrock geology of southern Ontario, south of the Canadian Shield between Georgian Bay 

and Kingston, is described as a sequence of sedimentary rocks ranging in age from Upper 

Cambrian to Upper Devonian (Figure 1-3). The outcropping bedrock layers become progressively 

younger towards the southwest, varying between clastic and carbonate rocks. These rocks were 

deposited as part of the Michigan and Appalachian Basins which are separated by the Algonquin 

Arch, a regional topographic high during deposition (Frizzell et al. 2008). The depositional 

environment west of the Algonquin Arch is classified as the Michigan Basin, while eastward the 

rocks formed as part of the Appalachian Basin (Figure 1-4).  

The rocks of the Michigan and Appalachian basin formed in similar environments during 

the Middle Ordovician, when Cobourg limestone was deposited. Regionally, Southern Ontario 

was submerged by a shallow inland sea and remained inundated throughout most of the 

remaining Ordovician (Johnson et al. 1992). These conditions facilitated the deposition of the 

Cobourg limestone as a laterally continuous horizon across most of Southern Ontario. There is 

some variability in the unit due to the Appalachian Basin receiving more orogen-derived clastic 

sediment than the Michigan Basin. While both basins had similar depositional conditions, and 

produced similar lithologies, the difference in sediment input has resulted in slightly different 

nomenclature and proportion of constituent minerals. 
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Figure 1-3: Geological map of Southern Ontario (modified after Frizzell et al. 2008). The 

outlined region represents the study area for the regional geological investigation, with site 

location referring to the proposed DGR site. 

 

Figure 1-4: Large-scale tectonic features present in southern Ontario (modified from 

Frizzell et al. 2008 after Johnson et al. 1992). 
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 In southwestern Ontario, the Middle Ordovician sedimentary sequence containing the 

Cobourg limestone is known as the Trenton Group, which is present both to the east (Appalachian 

Basin) and west (Michigan Basin) of the Algonquin Arch (Figure 1-5). This group consists of the 

Kirkfield, Sherman Fall, and Cobourg Formations at the eastern edge of Michigan Basin and 

along the western edge Algonquin Arch, at the proposed location for DGR development in 

Kincardine, Ontario. At the DGR site, the Collingwood member of the Cobourg Formation has 

also been identified (Frizzell et al. 2008).  

The Collingwood Member has been described as an interbedded, black, calcareous shale 

with significant fossil content, which has restricted distribution within Ontario (Johnson et al. 

1992). Although this member has been assigned to both the Cobourg and overlying Blue 

Mountain Formations at various times, the distinct calcareous content and similar strength 

properties suggest it is a more representative member of the Cobourg Formation (Frizzell et al. 

2008, Al et al. 2011). The member is only approximately 6.5 to 8.7 m thick at the DGR site, but 

represents an important geological feature which is not observed continuously throughout 

southern Ontario.  

 To the west of the Algonquin Arch, the Trenton Group is composed of the same 

formations, however, having alternative outcrop nomenclature (Figure 1-5). In Bowmanville, 

Ontario (Figure 1-4), the Cobourg Formation is exposed to surface at St. Mary’s Quarry. 

Although the rock here has been previously classified as the Lindsay Formation (Frizzell et al. 

2008), the unit shows comparable lithological characteristics, such as mineralogy and fabric, to 

the Cobourg limestone. The two formations are considered to be similar, with the distinction that 

the proportion of minerals and fossil content at the Bowmanville site differ slightly to those 

observed for DGR Cobourg limestone (Day 2016, Chapman 2017). 
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Figure 1-5: Stratigraphic column of the Paleozoic sedimentary rocks of southwestern 

Ontario at locations in the Michigan Basin, Algonquin Arch, and Appalachian Basin 

(modified from Frizzell et al. 2008 after Winder and Sanford 1972).  
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An investigation of the mineralogical composition of the Lindsay Formation from the 

Bowmanville quarry and Cobourg limestone from the DGR site was conducted by Day (2016) 

using Mineral Liberation Analysis (MLA) of thin sections with a Scanning Electron Microscope 

(SEM). The results (Figure 1-6) show that the estimated proportion of calcite and clay matrix 

composing the Lindsay Formation appears to be relatively consistent, with approximately 50% of 

rock represented by calcite and between 30 to 40% represented by clay matrix. This contrasts 

with the DGR rock, which was found to have varying proportions of constituent minerals ranging 

between 48 and 84% for calcite and 13 and 38% clay matrix. The relative consistency of the 

constituent minerals in the Lindsay Formation results is likely related to samples being obtained 

from the same bench location and depth at the Bowmanville quarry (Bench 2, approximately 30 

m below ground surface). In comparison, the Cobourg limestone samples obtained from the 

Bruce DGR boreholes exhibit more variability as different proportions of constituent minerals are 

incorporated into specimens obtained from different depths. Although the average proportion of 

calcite and clay matrix presented for the Bowmanville quarry and Bruce DGR samples are  

 

Figure 1-6: Comparison of the mineral composition of Bowmanville quarry and DGR 

borehole Cobourg limestone with depth Below Ground Surface (b.g.s) (Day 2016). 
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noticeably different, it is likely that specimens obtained from different depths at the Bowmanville 

quarry would exhibit more variable proportions of these minerals, similar to the Bruce DGR 

samples. As such, the rock at the quarry serves as a readily accessible analogue for Cobourg 

limestone located at depth for the DGR site, and should be representative of the mechanical 

properties and failure behaviour of Cobourg limestone being considered for future DGR 

development.  

The specimens used for testing in this thesis have been prepared from samples obtained 

from the Bowmanville quarry (Lindsay Formation), as outlined in Chapter 2 of the thesis, and are 

discussed as Cobourg limestone in the remainder of this work. The results of testing have been 

discussed and compared with respect to the results of previous Cobourg limestone testing. This 

comparison supports the proposition that the quarry rock is indeed a good representation of the 

Cobourg limestone located at depth for the DGR, and suggests that additional preliminary studies 

could be conducted using the quarry rock as an accessible alternative to borehole samples 

retrieved from depth. 

1.3 Background: Brittle Failure of Rock 

The proper classification of rock masses and estimation of rock strength surrounding underground 

excavations has been a significant research topic for many years (Barton et al. 1974, Bieniawski 

1976, Hoek and Brown 1980a, 1997, Martin 1993, Hoek 1994, Diederichs 1999, 2003, 2007, 

Marinos and Hoek 2000, Read 2004). Increasingly more work is being conducted as 

infrastructure continues to be designed and built at depth, to meet society’s growing demand for 

improved storage and transportation. Rock mass classification systems such as Rock Mass Rating 

(RMR), Rock Tunneling Quality Index (Q), and Geological Strength Index (GSI) are based on 

intact rock, discontinuities, alteration, and in situ stress and have proven to be effective at 

estimating the quality of moderate strength rock masses (Barton et al. 1974, Bieniawski 1976, 

Hoek 1994). Issues often arise when rocks at the lower and upper ends of rock mass quality, 
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based on rock mass classification systems, are considered. These rock masses can exhibit 

complicated failure behaviours and interact with different mechanisms during yielding. In very 

blocky rock masses (UCS < 15 MPa and GSI < 30), the presence of structure and the frictional 

properties associated with discontinuities play a significant role in failure, while the failure of 

massive to moderately jointed hard rock (GSI > 65 and mi > 15) is controlled by the material 

strength of the intact rock (Carter et al. 2008). 

In particular, the tensile strength of the intact material plays an important role in 

controlling the initial fracturing of rock under axial compression at low and moderate 

confinements, such as those present near underground excavations (Tapponnier and Brace 1976, 

Stacey 1981, Diederichs 1999). Extensile fractures (Mode I) are the primary source of crack 

damage at low confinement (Figure 1-7). This damage can be observed in both tensile and 

uniaxial compressive strength laboratory tests, as well as at the excavation scale in the form of 

spalling failure (Dyskin and Germanovich 1993, Martin et al. 1997, Diederichs 2007). The basis 

for extensile damage initiation in rock is largely founded on the work of Griffith (1921, 1924), 

who proposed that microscopic internal flaws act to create a heterogenous stress state. Under the 

appropriate conditions this leads to the formation or extension of a cracks, a process related to the 

total potential energy of the system.  

 

Figure 1-7: Schematic diagram of the three fundamental modes of fracturing: (a) Mode I, 

tensile fracture, (b) Mode II, in-plane shear or sliding fracture, (c) Mode III, tearing 

fracture (Atkinson 1987). 
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Rock is inherently heterogeneous and contains many different forms of internal 

microscopic flaws that can lead to the formation of fractures. The presence of these flaws in 

combination with increasing differential stress (σ₁-σ₃) will result in the concentration of tensile 

stresses at flaw tips. At some critical stress the extensional forces will overcome the strength of 

the material (fracture toughness) and cracks will begin to initiate (Atkinson 1987). For rock at the 

macroscopic scale, the CI threshold represents the compressive stress required to induce 

extensional forces that are greater than the fracture toughness of a statistically significant number 

of flaws in the material. This threshold represents the beginning of damage and the lower bound 

for in situ rock strength (Diederichs 2007). Below this threshold there is no additional damage 

observed in brittle rocks, while stresses exceeding this critical value will first result in slow and 

then systematic crack initiation. The CD threshold is the stress at which fractures begin to 

propagate, interact, and coalesce, and represents the upper bound in situ strength of the rock. 

Additional stress beyond this threshold will result in rapid failure of the material, while 

maintaining stresses between CI and CD will result in degradation of peak strength towards the 

CI threshold. 

1.3.1 Identification of Damage Thresholds 

The damage thresholds (CI/CD) have been measured for both in situ rock surrounding 

excavations and laboratory tested materials. Much of the early in situ work was investigated for 

Lac du Bonnet (LdB) granite at the Atomic Energy of Canada Limited’s (AECL) Underground 

Research Laboratory (URL) in Manitoba, Canada (Martin 1993, Martin et al. 1997, Martino and 

Chandler 2004, Read 2004). The extensive laboratory and field experiments conducted on the 

LdB granite have been instrumental in characterizing the behaviour of brittle rocks at depth, and 

represents much of the initial work conducted for the DGR storage of nuclear waste in Canada. 

The observations regarding failure around circular test tunnels, monitoring of rock damage, and 
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associations to rock behaviour during testing have greatly advanced the understanding of in situ 

strength in brittle rocks.  

The analysis of laboratory testing data for brittle rocks, such as LdB granite, has also 

been significant for characterizing the behaviour of brittle rock and identifying the damage 

thresholds of rock prior to excavation. Diederichs (1999) showed that CI in Brazilian Tensile 

Strength (BTS) specimens was coincident with true tensile strength measured in Direct Tensile 

Strength (DTS) tests for samples of LdB granite taken from the same core stock (Figure 1-8). He 

suggested that while the various stages of damage behaviour could be identified for BTS testing 

using lateral (extensional) strain, these stages overlap and occur simultaneously upon first 

cracking in DTS tests. Although yield in a compressive field requires both the initiation and 

growth of fractures for failure to occur, in a completely tensile stress field the first crack initiated 

will rapidly propagate through the material and result in rupture. 

 

Figure 1-8: Comparison of the damage thresholds and final rupture observed for BTS and 

DTS tests prepared from the same core stock (ID provided) of LdB granite (Diederichs 

1999). 
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The behaviour of damage thresholds under uniaxial compressive loading can be 

identified using several methods. Most of these methods are based on the strain response of rock 

during loading, and attempt to capture the dilation caused by initiating fractures and coalescence 

resulting from fracture propagation and interaction. As fractures initiate and dilate the response in 

lateral strain will be observed as a rate increase, thus CI can be identified as the point of  

non-linearity in the stress-lateral strain curve (Figure 1-9) (Brace et al. 1966, Lajtai and Lajtai 

1974, Bieniawski 1976). Ghazvinian (2015) has highlighted the issues related to the subjectivity 

of interpreting the linearity of the lateral strain curve. This can be increasingly problematic in 

rocks with high Poisson’s ratios, where the lateral strain may never reach linearity. Still, this 

method is commonly utilized and has been proven to be an effective measure for CI in the 

laboratory setting. 

 

Figure 1-9: Summary of commonly used methods for CI and CD identification in UCS test 

data, where Vol. represents volumetric strain and CC represents crack closure (Perras 

2014). 
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 Martin (1993) proposed a crack volumetric strain method for determining the CI 

threshold of rock by calculating the difference between volumetric strain and elastic volumetric 

strain (Figure 1-9). This method attempts to capture the lateral strain non-linearity by subtracting 

the elastic volumetric strain (theoretical) from the observed volumetric strain (observed). The 

rapid decrease of crack volumetric strain is related to lateral strain acceleration, which influences 

volumetric strain, and can be used to identify the CI threshold. It should be noted, that the 

calculation of elastic volumetric strain is highly sensitive to the elastic constants, Young’s 

modulus (E) and Poisson’s ratio (v), which are obtained from the testing data and should be 

carefully considered in the interpretation of results (Eberhardt et al. 1998, Ghazvinian 2015).  

 The Inverse Tangent Lateral Stiffness (ITLS) method developed by Ghazvinian (2010) 

examines the relationship between lateral strain and axial stress (Figure 1-9). This method was 

developed to address the subjectivity related to identifying the non-linearity of lateral strain, and 

identifies the rate increase of lateral strain using a moving point regression technique (Eberhardt 

et al. 1998). The moving point regression interval can be adjusted based on the data quality and 

acquisition frequency to reduce noise (Ghazvinian 2015). Diederichs et al. (2004) showed that a 

similar technique could be used to describe the lateral strain increase as a deviation in 

Instantaneous Poisson’s Ratio (tangent strain ratio). This method also utilizes a moving point 

regression to average the data and remove noise to better identify the increase in lateral strain 

associated with systematic CI (Figure 1-10). 
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Figure 1-10: Relationship of Instantaneous Poisson’s Ratio (tangent strain ratio) with 

increasing axial stress, showing the onset of systematic CI with rapid increase in ratio 

(Diederichs 2007).  

 To identify the onset of CD for the rock specimen, the axial and volumetric strain can be 

utilized to observe crack interaction and coalescence (Figure 1-9). The non-linearity of the axial 

stress-strain curve is associated with CD as interaction of cracks begins to yield the specimen 

under increasing compressive stress (Brace et al. 1966, Bieniawski 1967). The volumetric strain 

response at the onset of yielding is observed as a reversal of the stress volumetric strain curve, 

due to the rapid acceleration of lateral deformation relating to extensive crack damage 

(Bieniawski 1967). Ghazvinian (2010) suggested that the axial strain response corresponding to 

CD could be identified as the rapid decrease in tangent modulus (instantaneous Young’s 

modulus) after a linear behaviour is established (Figure 1-11). Instantaneous Young’s modulus 

uses a moving point regression to calculate Young’s modulus over a selected interval. The 

decrease in modulus after linearity, or second slope change, is a function of accelerating axial 

strain and can be used to identify crack coalescence and interaction.  
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Figure 1-11: Relationship of Instantaneous Young’s modulus (E∆) with increasing axial 

stress for a Stanstead granite specimen, showing the linear behaviour of the rock after 

crack closure and onset of CD after linearity (modified after Ghazvinian 2010). 

 The relationship between fracturing of rock and Acoustic Emission (AE) activity has 

been examined by numerous researchers (Falls et al. 1991, Falls 1993, Lockner 1993, Eberhardt 

et al. 1998) and has been shown to correspond well to other established methods. Diederichs et al. 

(2004) showed that CI and CD thresholds could be identified using a log plot of the cumulative 

number of AE events against log axial stress (Figure 1-9 and Figure 1-12). The first rate increase 

above background noise represents first cracking which is considered a lower bound for CI. 

Crack initiation can occur throughout the specimen at a slow rate until systematic damage is 

initiated; the upper bound for CI. Systematic damage is considered to be the true representative 

stress limit for new damage in rock. This limit represents the lower bound for in situ rock strength 

and corresponds to an increased rate of crack initiation, which occurs randomly through the 

specimen (Diederichs 2007). The deviation from this constant rate of crack initiation represents 
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crack damage (CD), the upper bound for in situ rock strength (Diederichs et al. 2004, Diederichs 

2007).  

 

Figure 1-12: Schematic diagram of damage threshold identification utilizing AE data from 

compressive strength tests (Diederichs et al. 2004). 

 Some of the discussed methods for estimation of CI and CD from uniaxial compressive 

strength testing data are also applicable for confined rock testing conditions. While AE data 

acquisition can be logistically difficult depending on the available equipment, Ghazvinian (2015) 

showed that there was good agreement between the CD values estimated using AE and axial 

strain analysis for Westerly granite specimens. This work also highlighted the importance of 

sensor selection in AE monitoring, showing that data measured with high frequency transducers 

was insensitive to fracture damage sustained in carbonate rocks. The 1 MHz (resonant frequency) 

transducers utilized by Ghazvinian were unable to record sufficient data to observe the CI and CD 

behaviour of Carrara marble specimens during UCS testing, while lower frequency sensors (75 

kHz) were successful in capturing the low frequency fracture characteristics of the rock. 
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 Diederichs (1999) suggested that, while volumetric strain reversal is useful for 

identifying the CD threshold of rock under compressive loading at low confinement, it 

overestimates the threshold under moderate to high confinement conditions. He suggested that, 

while lateral strain increase does eventually lead to volumetric strain reversal, this behaviour is 

delayed by the confinement applied to the specimen. In comparison, the onset of non-linearity of 

axial strain, which is coincident with volumetric strain reversal in UCS testing, is considered to 

be a more robust measure of crack interaction under varying confinement conditions (Diederichs 

2007). In a comparison of these two methods, the triaxial data for LdB granite shows a distinct 

variation in the CD estimates of volumetric and axial strain (Figure 1-13). While these methods 

compare well initially, they become increasingly different at confinements greater than eight 

megapascals. 

 

Figure 1-13: Best-fit Hoek-Brown envelopes for peak strength, volumetric strain CD, and 

axial strain CD for triaxial tests on LdB granite from the 420m level of the AECL URL 

(Diederichs 1999). 

 Martin (1997) noted that the interpretation of strain data becomes more difficult under 

increasing confinement conditions. This suggests that the strain based methods used for damage 

threshold identification could present varying results under increasing confinement, although 
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Ghazvinian (2015) showed that CD estimation using Instantaneous Young`s Modulus was 

coincidental with AE estimates over a wide range of confinements. This indicates that the axial 

strain response of rock is still observable under confined conditions, comparing well to the AE 

results and supporting axial strain non-linearity as a reliable method for confined CD 

identification. For additional information regarding damage threshold identification, Diederichs 

and Martin (2010) and Nicksiar and Martin (2012) provide detailed descriptions of a variety of 

methods considered to be reasonable measures of CI and CD. 

1.3.2 In Situ Rock Strength 

The investigations conducted on LdB granite from the AECL URL were based on decades of 

work from various researchers (Griffith 1921, 1924, Hoek and Bieniawski 1965, Brace et al. 

1966, Hoek 1968, Wawersik and Farihurst 1970, Lajtai and Lajtai 1974, Bieniawski 1976, 

Tapponnier and Brace 1976, Stacey 1981). Different failure criteria have been developed over 

time to predict the in situ strength of the rock through empirical observation, theoretical 

fundamentals, or often a combination of the two. Much of the theoretical work has focused on the 

fracture theory of Griffith (1921, 1924), which has since been adapted and modified to meet a 

variety of assumptions. While these modifications have been useful in describing specific aspects 

of rock failure, such as sliding microcracks, there has been limited success in developing a failure 

criterion which incorporates the numerous components of complex rock failure.  

 Two of the most commonly used failure criteria in the field of rock mechanics are Mohr-

Coulomb (Coulomb 1776) and Hoek-Brown (Hoek and Brown 1980a, Hoek et al. 2002). In the 

Mohr-Coulomb criterion, the failure envelope depends on the cohesion and internal friction angle 

to describe the shear strength of the material. The generalized Hoek-Brown (Hoek et al. 2002) 

criterion utilizes similar parameters:  

𝜎1 =  𝜎3 + 𝑈𝐶𝑆 (𝑚
𝜎3

𝑈𝐶𝑆
+ 𝑠)

𝑎
          (1-1) 
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where m and s are the frictional and cohesive material constants, respectively, and a is a constant 

used to define the curvature of the failure envelope. The results of tensile and compressive testing 

are used in combination with the Hoek-Brown criterion to develop a failure envelope 

representative of the peak rock strength, where s is 1 and a is 0.5 for intact rock.  

While the application of Mohr-Coulomb and Hoek-Brown criteria can be appropriate for 

rocks with a moderate GSI classification (65>GSI>30), difficulties arise in the prediction of the 

response of massive hard rocks (GSI>65). Failure in these rocks occurs due to the formation of 

axial cracks (Mode I) parallel with the major principal stress (𝜎1), and is related to the tensile 

strength of the material (Tapponnier and Brace 1976, Stacey 1981, Diederichs 1999). The issue 

with commonly used failure criteria is the fact that they are based on the mechanisms related to 

shear fracturing (Mode II) and assume that cohesive and frictional strength are mobilized 

instantaneously. While shearing does develop in rock, due to microprocesses such as micro-

buckling, kinking, rotation, and crushing, it is generally not observed in brittle intact rock until 

extensive damage has developed and fractures begin to interact (Kemeny and Cook 1987). 

In recognition of these concerns, alternative continuum based failure models that account 

for the brittle behaviour of rock have been proposed. Well known approaches, such as Cohesion 

Weakening and Fictional Strengthening (CWFS) and Damage Initiation and Spalling Limit 

(DISL), have been successful in predicting the failure observed in underground excavations, such 

as the AECL URL (Hajiabdolmajid et al. 2002, Diederichs 2003, 2007). The DISL approach 

utilizes the CI and spalling limit (Hoek 1968, Diederichs 2007) envelopes to predict the long-term 

strength of rock along excavation boundaries and with increasing depth into the rockmass (Figure 

1-14).  
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Figure 1-14: Schematic of the composite strength envelope (DISL) used to describe in situ 

strength and development of brittle failure in hard rock (Diederichs and Martin 2010). 

Initially, at low confinement, the long-term in situ strength of brittle rock can be 

represented by the CI failure envelope. Fractures initiated at the excavation boundary will 

propagate over time, degrading in situ strength to the CI threshold of the rock. With increasing  

confinement, the spalling limit controls the transition of long-term strength towards the CD 

failure envelope and governs in situ rock strength at moderate confinements. Fractures initiated 

under confinement require the appropriate stress conditions to propagate, thus a transition zone 

will develop between the CI, spalling limit, and CD envelopes. The transition between these 

failure envelopes signifies distinct changes in rock behaviour, which can be used to delineate the 

damage zones surrounding an excavation (Figure 1-14). 

The failure behaviour of excavation boundaries (low confinement) corresponds well to 

the DISL model, with empirical observations indicating failure of massive to moderately jointed 

hard rock at tangential stresses of approximately 30 to 50% of the laboratory tested UCS (Brace 
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et al. 1966, Stacey and Page 1986, Pelli et al. 1991, Martin et al. 1999). These stresses are 

comparable to the stresses associated with CI development during laboratory testing. In an 

investigation of the strength of sedimentary formations located in Ontario, Perras (2014) 

summarized CI values and documented a mean CI threshold of 39% of UCS for limestone rocks. 

This compares well to the data presented by Ghazvinian (2015), which showed that Cobourg 

limestone produced mean CI values of 42% of UCS for rock core oriented perpendicular to 

bedding. 

The envelopes in Figure 1-14 show that with increasing confinement CI is relatively 

insensitive and linear in comparison to CD, which is well characterized using the generalized 

Hoek-Brown criterion. While the moderate confinement dependency (Figure 1-13 and Figure 

1-15) of CD has been established by numerous authors (Brace et al. 1966, Martin 1993, 

Diederichs 1999, Ghazvinian 2015), the observed behaviour of CI under confinement is more 

variable. From triaxial testing data, CI (𝜎𝐶𝐼) can be described using an empirically derived 

formula in the form of Equation 1-2:  

𝜎𝐶𝐼 = 𝐴(𝑈𝐶𝑆) + 𝐵𝜎3           (1-2) 

where 𝜎3 is the minor principal stress, A ranges between 0.3 to 0.5 for most low porosity and non-

foliated rocks, and B can range from 1.5 to 2.5 (Diederichs 2007). Martin (1993) proposed a 

constant deviator stress criterion (B=1) for LdB granite tested from the AECL URL. This 

suggests that CI is completely insensitive to confinement; however, data obtained by Brace et al. 

(1966) shows a more moderate relationship for Westerly granite with respect to 𝜎3 (Figure 1-15). 

These results showed that the value of “B” can vary depending on loading rate, indicating that the 

relationship between CI and confinement may be influenced by testing conditions. 
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Figure 1-15: Results from confined testing by Brace et al. (1966), showing upper bound 

(peak) and lower bound (initial dilation) in situ strength results for fast and slow loading of 

Westerly granite (Diederichs 2007). The slope of slow loading upper bound strength is 

approximately 3.5-4. 

1.4 Background: Laboratory Rock Strength Testing  

The site investigation process required for most engineering projects incorporates many different 

aspects used to characterize a rockmass. In the intermediate and advanced stages of a project, this 

often includes the use of drilling programs used to examine the in situ rock condition. The rock 

obtained from such programs is logged according to lithology and geotechnical characteristics to 

obtain a better understanding of the subsurface geology. Field tests, such as point load, slake 

durability, and ultrasonic pulse velocity, can be conducted to estimate the material properties of 

the rock and provide a preliminary understanding of the rockmass. Generally, additional 

laboratory tests are required to measure the mechanical properties essential for rock engineering 

design. 
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1.4.1 Uniaxial Compressive Strength Testing 

The most commonly utilized laboratory test for estimating rock strength is the UCS test, which 

uses a stiff loading frame to apply a monotonically increasing compressive force to a prepared 

drill core specimen (Figure 1-16). While these specimens may incorporate the structure and fabric 

of the rockmass, they are generally used to investigate the UCS and modulus of the intact rock. 

This is done by recording the applied stress and measured strain applied to the specimen during 

loading, and can be used to categorize the material as ductile or brittle depending on the failure 

behaviour of the rock. Brittle failure, commonly associated with strain-softening behaviour, 

occurs when there is rapid loss of strength after a peak stress has been reached (Figure 1-16b). 

With ductile deformation, the rock can undergo additional deformation while maintaining the 

strength of the material. Both types of failure exhibit relatively elastic behaviour until a yield 

stress (σy) is reached, signifying the onset of irrecoverable deformation. 

 

Figure 1-16: (a) Simplified depiction of a loading frame used to conduct UCS, BTS, and 

triaxial tests; (b) stress path of a brittle rock exhibiting strain-softening behaviour; (c) stress 

path of a ductile rock exhibiting strain-hardening behaviour.  
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Testing conditions related to loading frame stiffness, platen material, and specimen 

preparation can heavily influence the failure of rock in UCS tests. Stiff loading frames are 

required to account for unloading observed during the post-peak behaviour of strain-softening 

rock. Loading frames which are considered “soft” lead to the unstable disintegration of the rock 

specimens, and can often lead to violent failure for brittle rock (Jaeger et al. 2007). This concept 

was first realized in rock mechanics by Hudson et al. (1972), who suggested that a testing system  

could provide stable post-peak deformation if it was sufficiently “stiff” relative to the specimens. 

The loading frame is considered to be adequately “stiff” if the stiffness of the combined 

components of the machine (km) are greater than the absolute value of the stiffness of the rock in 

the unloading portion of the stress-strain curve: 

𝑘𝑚 >
𝐴|𝐸𝑢|

𝐿
            (1-3) 

where A is the cross-sectional area of the rock specimen, L is the length of the specimens, and Eu 

is the slope of the stress-strain curve during post-peak unloading. A significant component of the 

machine stiffness is related to the hydraulic system used to control the application of loads to the 

rock specimen. To meet the requirements of a “stiff” system, the use of a closed-loop servo-

controlled system is recommended to facilitate the feedback of independent variables, such as 

displacement or strain. These rapid response (2 to 50 millisecond) systems can precisely control 

the deformation of rock specimens near and post-peak strength by monitoring the feedback and 

applying a corresponding signal. 

 The objective of UCS testing is to apply an increasing uniform stress field throughout a 

prepared specimen using uniform boundary conditions at both ends. While it is possible to 

conduct such tests using specially prepared platens, such as “brush” platens or platens with 

similar elastic properties of the rock, it is often impractical due to the difficulty associated with 

preparing and maintaining the condition of the platens during consistent testing (Brady and 

Brown 2004). Instead, both the ISRM suggested methods (Fairhurst and Hudson 1999) and 
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ASTM standard (ASTM International 2014a) recommend the use of hardened steel platens for 

transferring load to UCS specimens, and instead address specimen geometry to minimize the 

influence of platen effects. With increasing Length to Diameter Ratio (LDR), the portion of rock 

exposed to a uniform uniaxial stress field increases. This reduces platen influences and allows for 

development of failure behaviour, extensile fracturing or shear surface deformation, which is 

representative of the test rock. In this respect, the ISRM suggests a LDR between 2.0 to 3.0 while 

the ASTM standard requires a LDR ranging from 2.0 to 2.5.  

Regardless of specimen geometry, there are considerable platen effects related to friction 

between the platens and specimen ends, as well as differences in the elastic properties of the rock 

and steel, which influence testing results. These factors restrain lateral expansion at the ends of 

the specimen, causing shear stress and increased confinement (Figure 1-17) to develop at the 

specimen-platen interface (Diederichs 1999, Brady and Brown 2004). This non-uniform 

distribution of stress differs from the suggested uniaxial condition, leading to the restriction of 

dilation, suppression of propagating cracks, and increase in peak strength. The increase in 

strength is one of the main factors contributing to the overestimation of in situ strength from UCS 

testing, leading to the investigation of other parameters, such as CI and CD, to better describe the 

long-term strength of in situ rock. 
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Figure 1-17: UCS model in a Finite Element software by RocScience, using (a) “stiff” end 

platens and (b) “soft” platens (modified after Diederichs 1999). The stiff platens result in 

increasing confining stress (σ₃) approaching the specimen-platen interface, while tensile 

stresses develop for the soft platen model.  

1.4.2 Brazilian Tensile Strength Testing 

The tensile strength of rock is an important property that is often overlooked during site 

characterization because of the difficulty associated with conducting DTS tests. These tests 

require unique equipment and preparation procedures to be conducted properly, making it often 

impractical to carry out significant testing programs. As well, the ratio of tensile to uniaxial 

(UCS) strength is relatively low for rock in comparison to other engineering materials, such as 

steel, due to the nature of internal flaws and heterogeneity present in rock (Diederichs 2003). 

These low tensile values, combined with the conservative assumption of fully persistent joints, 

often leads to the disregard of tensile strength as a significant factor in the stability of 

underground excavations. 

 In contrast, past research has provided evidence supporting extension crack growth as the 

dominant damage and yield mechanism observed at all scales of rock under axial compression at 
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low to moderate confinement (Tapponnier and Brace 1976, Stacey 1981, Diederichs 1999). Such 

conditions are present near excavation boundaries, where boundary-parallel spalling (Dyskin and 

Germanovich 1993, Martin et al. 1997, Diederichs 2007) can occur due to parallel extension 

crack interaction. This type of damage is also evident in UCS testing, where extension cracks 

form parallel to the direction of the applied load. Based on the principal of extensile damage in a 

compressive field, alternatives to the DTS have been investigated. One method, the BTS test, 

utilizes the geometry of a disc of rock to induce a tensile field under increasing compressive load.  

 The current methodologies and procedures related to BTS testing are outlined by the 

ISRM suggested method (ISRM 1978) and ASTM D3967 (ASTM International 2008a). This test 

applies a diametral line of compression to a prepared Brazilian disk which has a Thickness to 

Diameter Ratio (TDR) between 0.2 and 0.75. The compressive load is applied along the 

circumferential surface of the disk using a variety of methods (Figure 1-18). Both the ISRM and  

 

Figure 1-18: BTS testing configuration with (a) flat loading platens, (b) flat platens with 

load distributors (often wood), (c) curved bearing blocks, where D is the diameter of the 

specimen and Fa is the applied force (modified after Perras 2014). 
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ASTM recommend utilizing a curved bearing surface to distribute the applied load to the 

specimen, to avoid crushing of the specimen and premature failure. The reduction of contact 

stress along an arc of contact less than 15° has shown to reduce the incident of premature failure 

greatly, while causing less than 2% error in the calculation of principal tensile stress (ASTM 

International 2008a). The ASTM standard also states that while there is no significant difference 

between the results of tests utilizing load distributors (Figure 1-18b) or curved bearing blocks 

(Figure 1-18c), there may be significant differences in the results of tests conducted with direct 

contact between specimens and flat platens. 

 The BTS test is a simple and effective method for measuring the indirect (splitting) 

tensile strength of hard rock as it requires minimal specimen preparation and can be conducted on 

standard compressive loading frames with minor adaptations. It should be noted that because the 

tensile stress field is being created by an increasing compressive force, confinement develops  

along the contact area between the specimen and the platens. This confinement results in an 

overestimate of the true tensile strength of the intact rock, which can be obtained from DTS 

testing. Perras and Diederichs (2014) conducted a study on the relationship between BTS and 

DTS, showing that there is a correlation between rock type and the ratio of BTS to DTS (Figure 

1-19). Using data from various sedimentary, igneous, and metamorphic rocks, they found that 

correction factors of 0.68, 0.86, and 0.93, respectively, represented the best fit to the data. This 

shows that BTS testing of sedimentary rocks generally results in the largest overprediction in true 

tensile strength, while metamorphic rocks are the closest representation of the true tensile 

strength. For additional information, a full review of BTS testing is provided by Li and Wong 

(2012), while Perras and Diederichs (2014) examine various concepts related to the tensile 

strength testing of rock.  
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Figure 1-19: Relationship between BTS and DTS for sedimentary, igneous, and 

metamorphic rock types (modified after Perras and Diederichs 2014). 

1.4.3 Triaxial Strength Testing 

Triaxial testing is an informative method used to investigate the strength of rock under varying 

confinement conditions. Although UCS testing is common practice for site investigation, the 

inability to achieve true uniaxial stress conditions during testing leads to an overestimate of in 

situ rock strength. As well, in the idealized UCS test the stress state is only representative of 

excavation boundaries in theory, where stress is simplified to the tangential force applied to some 

portion of rock along the boundary. These simplified conditions do not hold true as 

heterogeneities and structure can create complex stress distributions along excavation boundaries.  

Triaxial testing can apply varying major, intermediate (σ2), and minor principal stresses 

to simulate the expected conditions extending from excavation boundaries and into undisturbed 

rock. True triaxial testing is a difficult process that requires extensive mechanical engineering and 

specialized specimen preparation to apply three distinct principal stress magnitudes. Although 
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detailed information and data is obtained from these tests, the difficulties associated with true 

triaxial testing cause it to be rarely utilized even in research.  

Alternative methods have been developed to make triaxial testing a more accessible tool 

for the investigation of rock behaviour and properties. Most of these methods use a composite 

membrane to apply an axisymmetric (biaxial) stress condition (σ₁>σ₂=σ₃) to a prepared drill core 

specimen. This specimen is often similar to that used in UCS testing and can be prepared with the 

same equipment. The reusable composite membrane is contained in a steel body filled with 

hydraulic oil, or similar fluid, that is pressurized to the desired confinement. The specimen is then 

placed into the apparatus, with hardened steel platens, and a stiff loading frame applies a 

monotonically increasing major principal stress. Hoek and Franklin (1968) designed such a cell, 

commonly known as the Hoek Cell (Figure 1-20), which can be pressurized up to 10, 000 lbf/in2 

(68.9 MPa).  

 

Figure 1-20: Schematic diagram of a Hoek cell with labeled components and cross-sectional 

view (modified after Roctest Limited 2003). 
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Triaxial testing using a Hoek cell poses similar concerns as UCS testing, such as those 

related to platen effects and loading frame stiffness, although the additional confinement provided 

during testing makes these less significant. Although extensile fracturing will initiate at a CI 

threshold, like UCS testing, the propagation and dilation of fractures will be restricted due to 

radial confinement applied to the specimen. With increasing principal stress, additional fractures 

will be initiated until a critical crack density is reached and the cracks begin to coalesce and 

interact. At moderate to high confinement, this interaction creates the localization of shear 

between axial cracks, marking the loss of cohesion strength and mobilization of friction (Martin 

1993, Diederichs 1999). The result of these mechanisms, with increasing confinement, is a 

transition from brittle to ductile behaviour (Figure 1-21) (Wawersik and Farihurst 1970, Mogi 

1971).  

 

Figure 1-21: Schematic showing the influence of confinement on the observed failure mode 

of rock: (a) unstable Mode I extensile rupture, (b) stable Mode I extensile fracturing, (c) 

dilation shear development through crack coalescence of Mode I extensile fractures, (d) 

non-dilatational shear development through coalescence of Mode II shear fracturing (very 

high confinement) (Diederichs 1999). 

1.5 Background: Influence of Testing Conditions on Rock Strength  

Rock mechanics tests, such as UCS, BTS, and triaxial, investigate the material properties of rock 

to develop a better understanding of the in situ behaviour of rock masses during excavation. 
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Ideally, these tests should be able to replicate in situ conditions related to moisture, scale, 

heterogeneity, pre-existing damage, and stress to provide an accurate representation of the rock 

mass. This is the greatest benefit associated with in situ testing, as the investigator can be 

confident that the rock is being tested under conditions representative of future excavations. In 

contrast, it can be difficult to maintain representative conditions for laboratory testing, where 

specimens have likely been obtained from drilling and have been transported off site for testing.  

While maintaining the in situ condition of the rock is possible in some instances, using 

appropriate storage materials to seal specimens, the rock can be exposed to drill induced damage 

and relaxation when it is retrieved from depth. As well, the size of drill core retrieved is generally 

between 45 and 65 mm in diameter, which can be a poor representation of the overall rockmass at 

the excavation scale. The variation between in situ rockmass and laboratory specimen conditions 

have led to the investigation of testing conditions on the strength of rock. Testing conditions such 

as loading rate, specimen moisture (saturation), and size (scale) have been previously investigated 

with respect to rock strength, and are reviewed here. 

1.5.1 Loading Rate Effects 

In most instances, the influence of loading rate is ignored if the testing rate falls within the 

standards of ASTM 7012 (ASTM International 2014a), which states a loading rate between 0.5 

and 1.0 MPa/sec will provide strength values that are reasonably free from rapid loading effects. 

Loading rates beyond this range have been shown to influence strength results, as demonstrated 

by the work of Brace et al. (1966) in Figure 1-15. These results show that there is a clear 

distinction between the slow (1 MPa/sec) and fast (10 MPa/sec) loaded specimens of Westerly 

granite, with the faster loading corresponding to increased CI (dilation) and CD (peak) stress 

thresholds. The behaviour of CD under varying loads was further examined by Martin (1993) 

who showed that the peak long-term strength of LdB granite under constant load (static) testing 

approaches 71% of UCS (Figure 1-22). This value is representative of the CD threshold of the 
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rock, supporting CD as the long-term upper bound for rock strength. This data also shows that 

peak strength further degrades to a value of approximately 65% of peak short-term strength 

(UCS) with increasing time.  

 

Figure 1-22: Long-term compressive strength of LdB granite, normalized to short term 

UCS, compared with duration of the applied load.  

The data shown in Figure 1-22 was obtained from testing conducted by Schmidtke and 

Lajtai (1985) who proposed an exponential relationship to describe the decrease in peak strength 

as a function of Time to Failure (TTF) for a constant applied stress (Figure 1-23). This 

relationship is counter to the linear trends commonly utilized for engineering materials and 

suggests that at some value the long-term strength of the material reaches a constant value, 

considered the “static fatigue limit” or CI threshold of the rock. Schmidtke and Lajtai (1985) 

suggested a static fatigue limit of 102 MPa, or 45% of the average UCS for the tested rock, 

comparing well to the range of values considered for CI threshold (30-50%). 
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Figure 1-23: Plot of long-term strength of LdB with increasing time to failure, showing 

strength as a percentage of average UCS (short term strength) with an exponential function 

fit to the data (Schmidtke and Lajtai 1985). 

Similar behaviour has been observed by Lajtai et al. (1991) on Tyndallstone, a dolomitic 

limestone. Both static and dynamic (increasing load) tests were conducted on dry and water 

saturated specimens. The dry specimen results showed an increasing strength relationship with 

increasing axial stress rate for the dynamic tests (Figure 1-24). The behaviour of the saturated  

specimens were similar; however, the strength values were lower than those observed for the dry 

rock. Although the slope of both linear trend lines is minor, the influence between the maximum 

loading rate and the y-intercept is significant. The results of the static tests showed a clear 

relationship between applied stress and TTF (Figure 1-25). The lower applied stresses result in 

increased TTF, as the long-term strength of the rock is reduced towards the static fatigue limit 

(CI).  
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Figure 1-24: Plot of strength from uniaxial dynamic loading of Tyndallstone in comparison 

to axial stress rate applied to the specimen in log-log space (Lajtai et al. 1991).  

 

Figure 1-25: Plot of long-term strength compared to time to failure for static testing of 

saturated Tyndallstone (Lajtai et al. 1991). Long-term strength is shown as a percentage of 

short term strength in log-log space, with short-term strength representing results from 

1000 µε/s testing.  
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The mechanisms related to strength degradation under varying conditions have been 

examined by Atkinson and Meredith (1987) who suggest that the classical fracture mechanics 

approach breaks down for rock subjected to long-term loading. Crack extension can occur at 

lower stresses due to subcritical crack growth associated with moisture and temperature 

conditions. One of the most recognized mechanisms associated with subcritical crack growth is 

stress corrosion, a concept developed in the fracturing of glass. With stress corrosion, the 

chemical action of an environment agent, commonly water, acts to weaken the chemical bonds at 

the crack tips. This weakening reduces the stress intensity factor (K) required for crack 

propagation. Other mechanisms influencing subcritical crack growth include dissolution, 

diffusion ion-exchange, and microplasticity. The reduction of K through these mechanisms 

provides an explanation for strength degradation at slower loading rates and further supports the 

CI threshold as the lower bound long-term strength of rock, as fractures cannot propagate unless 

they have been initiated by stresses beyond the initiation threshold. 

1.5.2 Saturation Effects 

The in situ condition of rock generally involves influences from groundwater and other fluids 

which are present in the pores and fractures of the rock mass. These fluids have been shown to 

affect the failure behaviour of rock through two processes: the mechanical influence of pore 

pressure and chemical interaction of the rock and fluid (subcritical crack growth) (Jaeger et al. 

2007). The mechanisms related to subcritical crack growth have been discussed previously 

(Section 1.5.1). Although they are generally considered in long-term loading conditions, certain 

mechanisms, such as diffusion, have been observed for common engineering strain rates 

(Atkinson and Meredith 1987). While the pore fluid composition and rock type can be significant 

factors in subcritical crack growth and contribute to the reactivity between fluid and rock, water 

vapor present in the atmosphere can also be sufficient to influence K (Cherblanc et al. 2016).  



 

39 

 

 A study by Cherblanc et al. (2016) investigated the role of clay minerals in the hydro-

mechanical behaviour of five types of limestones. The limestones were each prepared to five 

saturation conditions: oven-dried, 75% relative humidity saturated, 97% relative humidity 

saturated, water saturated in vacuum, and water saturated in vacuum followed by oven drying in 

44% relative humidity. The five limestones had varying proportions of clay minerals, but all 

experienced decreased tensile and compressive strength with respect to increasing water content 

(Figure 1-26). The rate of strength lost between the limestones was variable and showed a linear 

dependence on sorption capacity. The results showed that the clay content of the rocks influenced 

the sorption capacity and, therefore, the rate of strength loss in specimens with respect to 

increasing water content. All five limestones experienced approximately 90% of the overall 

strength decrease under 97% relative humidity conditions. This suggests that full saturation is not 

required to observe substantial weakening of mechanical properties, even under standard loading 

rates. 

 

Figure 1-26: Plot of the tensile and compressive strengths of Barutel (BM) limestone 

compared to water content (modified after Cherblanc et al. 2016). The clay mineralogy is 

also provided as a percentage of the total mass, with smectite clays italicized.  
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The influence of fluid saturation on the subcritical crack growth of rock has been widely 

agreed upon, with numerous studies being conducted with different fluid compositions and rock 

types. Recent studies, such as those conducted by Nara et al. (2017), Bergsaker et al. (2016), and 

Liu and Cao (2016), have continued to investigate the role of fluid in subcritical crack growth; 

however, the accumulation of pore pressures provides an additional degree of complexity to the 

behaviour of saturated rock. The compression of pore spaces during loading can create an 

outward force along pore boundaries if a fluid is present. This pressure would act uniformly in all 

directions in an isotropic rock, while this behaviour can be complex in anisotropic rocks.  

Much of the understanding of pore behaviour under compression is based on the work of 

Terzaghi (1936) for soil mechanics. He proposed that in the presence of fluid, the failure of soil is 

controlled by an “effective stress” (σ’) calculated using Equation 1-4: 

𝜎′ = 𝜎 − 𝑃            (1-4) 

where σ is the principal stress of concern and P is the pore pressure. This pore pressure can 

accumulate due to moderate to high loading rates, effectively shifting the Mohr stress circles 

related to the principal stresses (σ₁, σ₂, σ₃) towards the failure envelope by the amount of P 

(Figure 1-27). The effective principal stresses are translated closer to the failure envelope, and 

this can act to induce or increase tensile stresses in the rock.  

 

Figure 1-27: Representation of Mohr stress circles with respect to failure envelope for (a) 

original state of principal stresses and (b) state of effective principal stresses (modified after 

Jaeger et al. 2007).  
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While Equation 1-4 may not describe the true behaviour of pore pressure on all rocks, a more 

generalized form can be adapted by applying an effective stress coefficient (α) to P to account for 

rock type (Jaeger et al. 2007). However, most experiments on rock suggest that α is 

approximately equal to one and that the original effective stress law (1-4) holds. 

 Using data obtained by Murrell (1965) for triaxial testing of Darley Dale sandstone, 

Jaeger et al. (2007) show that the effective stress law describes the behaviour of peak strength 

well (Figure 1-28). Testing of the sandstone was conducted at various pore pressures, under 

constant confinements of 35 MPa, 70 MPa, and 110 MPa, with the axial stress increasing until 

failure. A comparison of σ₁ and P shows a decrease in peak strength with respect to increasing 

pore pressure, with the data corresponding linearly to the three different confinements (Figure 

1-28a). The common plot of σ₁ compared to σ₃ for this data would result in three distinct vertical 

lines; however, by plotting the major (σ₁’) and minor (σ₃’) principal effective stresses the data 

forms a failure envelope representative of the influence of pore pressure (Figure 1-28b). 

 

Figure 1-28: (a) Data obtained from testing of Darley Dale sandstone (Murrell 1965) under 

varying pore pressure, axial load, and constant confining pressure, and (b) test data plotted 

with corresponding major and minor principal effective stresses (modified after Jaeger et 

al. 2007). 
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1.5.3 Scale Effects 

The effects of scale on testing results can be significant as specimens used to represent rock 

masses are often prepared from drill core samples obtained from depth. Standard drill core 

diameters can range between 25.8 and 85.0 mm depending on the purpose of the core (ASTM 

International 2014b), with most geotechnical investigations utilizing drill core diameters between 

44.4 (NQ3) and 63.5 (HQ) mm. The size of these cores means that any individual specimen is 

likely a poor representation of the overall behaviour of the in situ rock mass. The presence of 

structure at either the excavation or specimen scale can greatly influence the behavior of rock and 

produce variable results. While this variability may be representative of the different properties 

exhibited by a heterogenous rock mass, it can increase the difficulty associated with the selection 

of material properties for numerical modeling. It is important to recognize and understand the 

variability of material properties at different scales and use this in combination with engineering 

judgement to select material properties suitable for design specifications. 

Increasing specimen size can introduce significant structures, such as joints, which can 

heavily influence the failure behaviour and results of standard rock mechanics tests (Figure 1-29). 

In heavily jointed rock masses, the failure behaviour is primarily controlled by the discontinuities 

of the rock, and the strength of the intact material is less significant. While the inclusion of 

significant structure in larger specimens may be more representative of the in situ rock mass, 

UCS, BTS, and triaxial tests are meant to investigate the strength of intact rock relating to stress 

driven failure and not structure controlled failures. Other methods, such as direct shear tests, 

should be utilized to examine properties relating to rock discontinuities. In moderately jointed 

rock masses, the strength of the intact material becomes more significant, as stress-driven failure 

can occur at intermediate and high in situ stresses (Figure 1-30). The size of specimens and type 

of testing must be carefully considered to properly characterize the properties and behaviour of 

the rock, considering both intact rock and discontinuities. 
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Figure 1-29: Schematic diagram showing the transition from intact rock to heavily jointed 

rock mass with increasing sample size (Hoek and Brown 1997). 

In massive hard rock, the primary concern is stress driven failure through intact material 

and, therefore, a larger specimen is likely to produce results which are more representative of the 

mechanical properties of the in situ rock mass. Hoek and Brown (1980a) compiled UCS testing 

results for various unjointed (intact) rocks prepared to different diameters (Figure 1-31). The data 

shows a significant decrease in peak strength with increasing specimen diameter. Hoek and 

Brown (1980a) proposed a formula that relates the UCS of a specimen to its diameter, using the 

UCS of a 50 mm sample of the same rock as a reference strength value to describe the influence 

of specimen size:  

𝜎𝐶 =  𝜎𝑐50 (
50

𝑑
)

0.18
  ,          (1-5) 

where 𝜎𝑐50 is the UCS of a 50 mm specimen and 𝜎𝐶 is the equivalent UCS at a given diameter (d) 

in millimeters. The exponentially decreasing function appears to approach a constant value at 

increasing specimen diameters, likely reaching a value between 70 and 80% of the 𝜎𝑐50. This 

range compares well to the CD threshold values presented by Martin (1993), who observed crack 
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interaction at 70 to 85% of UCS for LdB granite. While the relationship proposed by Hoek and 

Brown (1980a) compares well to the data, it should be noted that the test results are 

predominantly from fine-grained igneous rocks that are considered to be relatively homogenous 

when compared to most rock masses, such as the Cobourg limestone.  

 

Figure 1-30: Failure modes of excavations in rock masses with varying jointing and in situ 

stress conditions (modified from Martin et al. 2001 after Hoek et al. 1995). The boxes 

highlighted in yellow represent conditions where brittle failure of intact rock may be 

observed.  
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Figure 1-31: Summary of UCS testing results for various rock types prepared to different 

diameters, showing the influence of specimen size on peak strength (modified from Thuro et 

al. 2001 after Hoek and Brown 1980a). The red line represents the trend of the UCS data 

from Thuro et al. 2001, indicating no significant scale influence on the tested rocks. 

 The UCS testing completed by Martin (1993) has shown variable scale-strength results 

for LdB granite obtained from the 240 level of the AECL URL (Figure 1-32). The specimen 

diameters between 100 and 200 mm show a decreasing trend for UCS approaching the mean 

value of CD. However, the trend is not apparent for samples smaller than 70 mm. This contrasts 

with the findings of Hoek and Brown (1980a), largely because the average mineral grain size (3-5 

mm) for the samples in Figure 1.32 is significantly larger than those in Figure 1.31. Fewer grains 

across the sample diameter increases the potential for the impact of a mineralogical or 

geometrical weak link in the crystal assembly. The CI and CD threshold results suggest no 
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relationship with increasing specimen diameter, remaining relatively constant across the tested 

range. 

 

Figure 1-32: Comparison of UCS, CI, and CD of LdB granite specimens with increasing 

diameter (Martin 1993). 

 Hawkins (1998) recognized the lack of sedimentary rocks present in the data compiled by 

Hoek and Brown (1980a), and conducted an investigation into the size influence for seven 

sedimentary rocks. The rocks were prepared to eight different diameters, ranging from 12.5 to 

150 mm, with a consistent LDR of 2:1. The data was compared in a similar format to Figure 1-31, 

with the UCS of the rocks being normalized by the strength results of the 54 mm specimens 

(Figure 1-33). Five of the seven tested rocks resulted in maximum UCS values at a diameter of 54 

mm, while the remaining two maximum strengths were obtained for 38 mm specimens. 

Although the maximum values occurred at the lower end of the tested diameter range, the 

results show a decrease in the UCS values of both the smaller (< 50 mm) and larger diameter (> 

50 mm) specimens. This does not compare well to the suggested trend of Hoek and Brown 

(1980a), indicating that the influence of specimen scale may be variable for different rock types. 

The samples of Hawkins are sedimentary and clastic in nature. As with the LdB granite, smaller 

sample sizes expose the sample to the potential impact of weak grains or flaws.  
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These findings are similar to the observations of Darlington et al. (2011) who compared 

numerous studies on the UCS of sedimentary, igneous, and metamorphic rocks at different 

specimen diameters. They proposed that any scale relationship is highly material dependent, 

showing that the scale-strength relationship suggested for igneous rocks compares poorly to 

sedimentary rocks over the same scale range. 

 

Figure 1-33: Summary of UCS testing results for various sedimentary rocks prepared to 

different diameters, showing the influence of specimen size on peak strength (modified from 

Thuro et al. 2001 after Hawkins 1998). The red line represents the trend of the UCS data 

from Thuro et al. 2001, indicating no significant scale influence on the tested rocks. 

 Thuro et al. (2001) conducted a study to further examine the scale dependency of rock 

strength for a fine to medium grained clastic limestone. Specimens were tested at six different 

diameters between 45 and 80 mm with a LDR of 2:1. The results of UCS testing were compared 
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to data from Hoek and Brown (1980a) and Hawkins (1998) (Figure 1-31 and Figure 1-33), 

showing relatively constant UCS with no significant relationship between strength and specimen  

diameter (Thuro et al. 2001). The tensile strength of the limestone was also examined through 

BTS testing of the same six diameters (Figure 1-34). The tensile strength results showed the same 

behaviour as the compressive data, suggesting no correlation between BTS and specimen 

diameter. 

 Due to the variable behaviour of rock at increasing scale, the mechanisms related to 

specimen diameter and strength are unclear. Hoek and Brown (1997) suggest that a reduction in 

strength is related to the greater opportunity for failure through and around mineral grains. 

Increasing specimen size increases the number of grains that can influence failure. Eventually, a 

critical grain number is reached, and the strength reaches a constant value. This concept may be 

applicable to fine-grained isotropic rocks that can provide consistent results; however, 

heterogenous rocks may exhibit different behaviour. 

 

Figure 1-34: Comparison of tensile strength (TS) and diameter (D) of limestone BTS 

specimens (Thuro et al. 2001).  
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1.6 Thesis Objectives 

The objectives of this thesis are to examine the influences of saturation, scale, loading rate, and 

confinement conditions on the failure behaviour and geomechanical properties of the Cobourg 

limestone. In addition, the methodologies and procedures used to prepare and test the rock are 

evaluated for their ability to sufficiently represent the variable conditions that may be present 

over the service life of a DGR hosted in Cobourg limestone. These objectives have been achieved 

by: 

1.  Conducting UCS testing of Cobourg limestone specimens prepared to seven different 

saturation conditions, four different diameters with consistent LDRs of 2.5, and through 

applying five different loading rates to dry and saturated specimens. 

2. Investigating the influence of specimen scale and saturation on the tensile strength of 

Cobourg limestone by carrying out BTS testing. 

3. Utilizing a confinement cell to conduct axisymmetric triaxial testing of both dry and 

saturated Cobourg limestone specimens under four different confinement conditions.  

4. Analyzing data collected from these tests for identification and comparison of material 

properties such as: density, water content, argillaceous limestone content, peak strength, 

Young’s modulus, Poisson’s ratio, CI threshold, and CD threshold.  

1.7 Thesis Outline 

This thesis has been written in seven chapters that contain a brief introduction and then provide 

information regarding the main topic of the chapter. The chapters that present testing results do 

not include detailed discussion and conclusions as these are found in the final two chapters. 

Chapter 1 provides an introduction into the topics covered in this thesis, as well as the 

background information relevant to the research being conducted. Details regarding geological 

setting, brittle failure of rock, laboratory testing, and influences of testing conditions are 
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discussed to provide the reader an introduction to the subjects related to the thesis. The focus of 

the research, objectives, and outline are also presented.  

 Chapter 2 provides a detailed description of sampling, preparation, and testing used to 

conduct research on the Cobourg limestone. Methods used for data analysis are also discussed in 

detail.  

Chapter 3 provides details regarding UCS testing of Cobourg limestone and information 

on specific testing equipment. A comprehensive description of the UCS results for saturation, 

scale, and loading rate testing is also provided. These results include density, water content, 

argillaceous limestone content, peak strength, Young’s modulus, Poisson’s ratio, CI threshold, 

and CD threshold.  

Chapter 4 describes the methods and specific equipment used for BTS testing. The results 

of BTS testing for saturation and scale effect are also presented, including water content and peak 

strength data.  

 Chapter 5 provides information regarding triaxial testing using a confinement cell and 

description of equipment specific to this testing. The results of triaxial testing for dry and 

saturated specimens is presented, including data for density, water content, argillaceous limestone 

content, peak strength, Young’s modulus, Poisson’s ratio, CI threshold, and CD threshold.  

Chapter 6 presents a detailed discussion of the results relating to saturation, scale, and 

loading rate for the UCS, BTS, and triaxial testing data. Analysis and comparison to existing data 

is presented and the data from individual CI estimation methods is compared. Observations 

related to the experimental methodology used to conduct testing under different conditions is also 

examined. 

In Chapter 7, a summary of findings and suggestions for future studies based on the work 

of this thesis are discussed. 
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Chapter 2 

Experimental Methodology and Data Processing for Saturation, Scale, 

Loading Rate, and Confinement Testing 

2.1 Introduction 

The testing methodologies used to investigate the elastic and strength properties of the Cobourg 

limestone have been established with consideration of available suggested methods (ISRM 1978, 

1979, 1983, Fairhurst and Hudson 1999) and standards (ASTM International 2008a, 2008b, 2010, 

2014a), as well as previous testing based research (Brace et al. 1966, Wawersik and Farihurst 

1970, Schmidtke and Lajtai 1985, Lajtai et al. 1991, Martin 1993, Hawkins 1998, Ghazvinian 

2010, 2015). These experimental methods have been used to examine the influences of specimen 

water content (saturation), scale, and loading rate to better understand the behaviour of this rock 

under variable conditions. The long-term storage of nuclear waste requires a comprehensive 

knowledge of the expected conditions the in situ rock will be exposed to over the life of a DGR 

(Al et al. 2011). These conditions can often be difficult to predict, involving detailed studies to 

investigate all possible variations for in situ conditions.  

The aim of this work was to establish a reliable protocol for future laboratory testing of 

Cobourg limestone or similar material to accurately characterize the geomechanical properties 

and behaviour of potential DGR host rocks. The methods used to calculate properties such as 

Young’s modulus, Poisson’s ratio, peak strength, Brazilian Tensile Strength (BTS), Crack 

Initiation (CI), and Critical Damage (CD) have also been discussed. The testing results in 

subsequent chapters will be used to analyze the various properties of Cobourg limestone, but also 

evaluate the effectiveness of the experimental methodology used for specimen preparation, 

testing, and data processing. 
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2.2 Test Rock Description 

The Cobourg Limestone Formation is a highly variable rock which presents unique heterogeneity 

that can be observed from outcrop to microscope scale (Figure 2-1). This rock is middle 

Ordovician in age and formed within the Michigan and Appalachian Basins during shallow sea 

flooding that resulted in a marine environment (Frizzell et al. 2008). The rock can range from 

light to dark grey and fine-grained to crystalline due to variable bedding layers inherently present 

throughout the rock (Raven et al. 2011).  

 

Figure 2-1: Different scales of heterogeneity present in the Cobourg limestone. This varies 

from (a) outcrop, (b) 40 cm cube, (c) 76 mm diameter core scan, and (d) microscopic scale. 

The microscope image is of a thin section under plane polarized light at 8x magnification, 

and shows a coarse lime mud (LM) matrix which comprises the coarse grained packstone 

nodules of Cobourg limestone (modified after Chapman 2017). The LM matrix is 

surrounded by a clay rich (CR) matrix which comprises the fine-grained limestone layers 

surrounding the nodules (scale bar represents 5 mm). All four images are of Cobourg 

limestone from St. Mary’s Quarry in Bowmanville, Ontario.  
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The rock is primarily composed of a coarse-grained fossil rich packstone which is light 

grey in colour and forms as nodular features throughout the rock. Dark grey layers composed of 

argillaceous fine-grained limestone surround the nodules, representing the irregular bedding 

formed by bioturbation and compaction during diagenesis (Brookfield and Brett 1988). At the 

core scale, nodules vary in diameter from 20 to 80 mm and become more distinguishable in larger 

specimens. The variable orientation of the dark grey wisps surrounding the nodules creates 

discontinuous layering throughout the rock, and represents the observable heterogeneity present 

in Cobourg limestone. 

2.3 Specimen Preparation 

The UCS, BTS, and triaxial specimens tested for this research have been prepared in accordance 

with ASTM standards (ASTM International 2008a, 2008b, 2010, 2014a). The ISRM Suggested 

Methods or major scientific publications were used when ASTM standards were not available or 

sufficient in addressing the employed procedure within the testing framework (ISRM 1978, 1979, 

1983, Fairhurst and Hudson 1999, Dunning and Yeskis 2007, Al et al. 2010).  

2.3.1 Sample Collection 

Samples of Cobourg limestone were retrieved from the upper few meters of Bench 2 at St. 

Mary’s Quarry (Figure 2-2) in Bowmanville, Ontario on two separate occasions for the 

preparation of UCS and BTS specimens, as well as triaxial specimens. The samples for UCS and 

BTS testing were obtained from two blocks with volumes of approximately 1.62 m3 and 2.08 m3. 

These blocks were sawed to into smaller sections for easier handling and proper core drilling. Six 

smaller blocks of varying size were collected for drilling and preparation of triaxial specimens, 

chosen from the same location as the larger UCS and BTS blocks.  

  



 

54 

 

2.3.1.1 UCS and BTS Specimens 

Two blocks of Cobourg limestone were obtained by McGill University, from Saint Mary’s 

Quarry for investigating the in situ condition of the rock at this site (NWMO TR-2017-07 in 

preparation). Blocks of limestone are normally excavated by standard blasting techniques at the 

quarry, likely causing damage to nearby surfaces and the excavation level of the quarry. This 

blasting produced fragments of rock ranging between large gravel to blocks of several cubic 

meters. The two blocks selected for UCS and BTS testing were taken from the upper part of 

Bench 2 (Figure 2-2).  

  

Figure 2-2: (a) Location of the sampling site at Saint Mary’s Quarry in Bowmanville, 

Ontario, (b) aerial view of the quarry pit with sampling location marked, and (c) sampling 

location with respect to pit geology and geometry. 

The blocks of rock chosen for sampling were selected based on size and weight 

restrictions related to transportation from the quarry to Montreal. To minimize the effects of blast 

(c) (b) 

(a) 

400 m 0 
m 

N 

Viewpoint for 
image (a) 
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damage, the largest blocks possible for transport were identified for sampling from the upper 

bench, where stemming was present in the holes rather than explosives. In addition to size and 

weight, the absence of visible fractures, visibility of stratification, and presence of square rock 

faces were also used to select the most suitable blocks. The blocks were measured to identify the 

most suitable cutting pattern to create more manageable pieces and remove any fractures. 

The cutting was conducted by Pierrexpert, Montreal due to their ability to handle and cut 

both the larger and smaller blocks. The cutting was done using a water-cooled flexible chain saw, 

as shown in Figure 2-3. The preparation of smaller blocks was carried out under continuous  

 

Figure 2-3: (a) Placement of a Cobourg limestone block in preparation for cutting and (b) 

sawing of a limestone block with a water cooled flexible chain saw (modified after NWMO 

TR-2017-07 in preparation). 
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supervision and low cutting speeds were maintained to minimize sample disturbance. Six cubes 

with side lengths of 400 mm were made available to the Queen’s Geomechanics Group by 

McGill University. The blocks were transported to the Queen’s Geomechanics Group Testing 

facility in Kingston, Ontario for core drilling. Cores from five of these blocks were used to 

prepare UCS and BTS specimens for this research: Block A1, A2, B1, C1, and C2. 

2.3.1.2 Triaxial Specimens 

Samples for triaxial testing were also collected at St. Mary’s Quarry from the same bench 

location as the UCS and BTS blocks (Figure 2-2), approximately a year after the initial blocks 

were collected. Six smaller blocks, rectangular and with varying sizes, were selected from a 

recently blasted bench at the quarry (Figure 2-4a). For this sampling phase, the block size was 

limited due to equipment and transport constraints. Damage from blasting was a significant 

concern in the collection process, due to the smaller size of the blocks being collected and 

difficulty retrieving samples nearest to the original bench face. Six blocks were selected based on 

size to maximize the number of specimens (Figure 2-4b), as well as proximity to the original 

bench location to minimize blast damage. The largest rectangular blocks that could be transported 

by hand were collected, and any blocks that had been thrown a significant distance or showed 

obvious impact marks from the blast were avoided. The smallest block measured approximately 

8111 cm3, with the largest block having an approximate volume of 39238 cm3. The blocks were 

labeled D1 to D6 and transported to the Queen’s Geomechanics Group Testing facility in 

Kingston, Ontario for core drilling. 
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Figure 2-4: (a) Sampling site for triaxial specimens located on bench level 2 at St. Mary's 

Quarry and (b) six Cobourg limestone blocks selected for triaxial specimen drilling. 

2.3.2 Drilling, Cutting, Grinding 

The UCS specimens were prepared in accordance with the ASTM D4543 standard (ASTM 

International 2008b) and ISRM suggested methods for the complete stress-strain curve for intact 

rock in uniaxial compression (Fairhurst and Hudson 1999), where applicable. The BTS specimens 

were prepared in accordance with ASTM D3967 (ASTM International 2008a). Triaxial 

specimens were prepared following ASTM D4543 preparation methodology (ASTM 

International 2008b), with reference to the ISRM suggested method for triaxial testing (ISRM 

1983), where applicable.  
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The Cobourg limestone blocks were drilled with a Kitchen-Walker 4’ radial drill using 

diamond core bits. The top surface of the blocks was marked for drilling location and core bit size 

to be used (Figure 2-5a). The blocks were then secured in place (Figure 2-5b) to minimize 

disturbance during drilling and preserve maximum quality of the cores. Cores were drilled 

perpendicular to bedding orientation such that UCS and BTS specimens would be loaded 

perpendicular and parallel to bedding, respectively. The spindle speed and feed rate of the drill 

was adjusted according to the rock and core bit to maximize the quality and smoothness of the 

circumferential surface of the cores. An example of the drilling for a 400 mm cube of Cobourg 

limestone is shown in Figure 2-5c. 

 

Figure 2-5: (a) Marking the drilling location and size on top of the Cobourg limestone 

blocks, (b) securing the block at the base of the drilling machine, (c) drilling a Cobourg 

limestone block. 



 

59 

 

Some difficulties were encountered while drilling the Cobourg limestone blocks due to 

the inherent heterogeneity of the rock. The alternating compositional layers of the rock made it 

difficult for the drill to cut core with smooth edges and caused the drill bit to drift as it passed 

through bedding layers. A spindle speed of 90 RPM and a feed rate of 0.006 inches was used for 

most of the drilling; however; adjustments were made based on observations from the cuttings 

produced during drilling to try and minimize the effects of heterogeneity. 

The cores from drilling were cut into the desired length with a diamond saw (Figure 

2-6a). The original full-length cores were cut to the final UCS and triaxial specimen length with 

an additional 3 mm for grinding. If the original core used to cut UCS specimens was long enough, 

BTS specimens were cut from the top and bottom. When cutting BTS specimens, special care 

was taken to ensure that the ends remained parallel to one another, meeting the ASTM D3967 

standard (ASTM International 2008a). The BTS specimens were prepared with a Thickness to 

Diameter Ratio (TDR) of 0.5, meeting the requirements of ASTM D3967 which specifies a ratio 

of 0.2-0.75. 

 

Figure 2-6: (a) Diamond saw for cutting cores and (b) Specimen grinder with diamond 

grinding cup-wheel. 
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After cutting, the UCS and triaxial specimens were ground down to the proper size with a 

GCTS RSG-200 specimen grinder (Figure 2-6b). The two ends of the specimens were ground 

with a diamond grinding wheel to meet the required flatness and parallelism, as well as the 

perpendicularity of the two ends with respect to specimen axis, to meet the ASTM D4543 

standard (ASTM International 2008b). The UCS specimens were prepared to a Length to 

Diameter Ratio (LDR) of 2.5 and triaxial specimens prepared to 2.3, meeting both ASTM D4543 

and ISRM suggested method (Fairhurst and Hudson 1999). 

2.3.3 Verification of Dimensions  

2.3.3.1 UCS and Triaxial Specimens 

Once the UCS and triaxial specimens were drilled, cut, and ground flat, various measurements 

were taken to verify that the dimensions met the tolerances specified by ASTM D4543 (ASTM 

International 2008b). The dimension tolerances include: 

• Smoothness of the cylindrical surface of the specimen shall be within 0.50 mm over the 

full length of the specimen 

• Smoothness of the end surfaces shall not exceed 25 μm 

• The perpendicularity of the specimen ends to the axis of the specimen shall not depart 

from a right angle by more than 0.25° 

• The angular difference for parallelism of the opposing specimen ends of a specimen shall 

not be more than 0.25° for spherically seated test machines and 0.13° for fixed end test 

machines 

The UCS specimens were prepared with a LDR ratio of 2.5:1 to meet the requirements of both 

ASTM D4543 (ASTM International 2008b) as well as the ISRM suggested methods (Fairhurst 

and Hudson 1999) which recommend a LDR ratio of 2-2.5 and 2-3, respectively. The triaxial 

specimens were prepared with a LDR ratio of 2.3, also meeting the required specifications. The 

smaller LDR ratio for triaxial specimens was chosen due to the scarcity of available samples after 
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drilling and the shorter length of core retrieved from the smaller triaxial quarry blocks. The 

tolerances and dimensions of the specimens were verified using an Inspection Grade (Grade A) 

granite support surface, a digital indicator with 0.001 mm resolution, a V-block, a feeler gauge 

set, and an electronic caliper (Figure 2-7). 

 

Figure 2-7: Granite support surface, digital indicator, V-block, feeler gauge, and the 

electronic caliper used for verification of the specimen dimensions. 

The length and diameter of the specimens were determined in accordance with ASTM 

D4543 (ASTM International 2008b) and ISRM suggested methods (Fairhurst and Hudson 1999) 

using an electronic caliper. The length was determined to the nearest 0.01 mm by taking an 

average of two lengths measured perpendicular to each other from the center of the end faces. 

The diameter was determined to the nearest 0.01 mm by taking the average of two diameters 

measured perpendicular to one another close to the top, middle, and bottom of the specimen. The 

accuracy of the length and diameter measurements meets and exceeds the requirements of ASTM 

D4543 (ASTM International 2008b) and ISRM suggested methods (Fairhurst and Hudson 1999). 
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The smoothness of the cylindrical surface of the specimens were verified by sliding the 

specimens along their axial axis on a V-block and measuring the maximum deviation. The 

perpendicularity of the specimen ends to the axis of the specimen was verified by means of a 

feeler gauge set and measuring the maximum distance of one end of the specimen from a flat 

vertical block when the other end was pushed tight against the same block. The flatness of the 

UCS specimen ends and their parallelism were verified by taking displacement measurements 

along two perpendicular diameters at the two ends of the specimen. The measurements were 

taken along marked intervals ranging between 3 and 10 mm depending on the diameter of the 

specimen (Figure 2-8a). The ends of the triaxial specimens were verified with the same method, 

however along three cross-cutting diameters at both ends of the specimen. The measurements for 

triaxial specimens were taken along marked intervals every 5 mm (Figure 2-8b). The change to 

the triaxial specimens was done in an attempt to improve the experimental methodology and for 

better conformance with ASTM 4543 standard (ASTM International 2008b). An example of the 

plotted measurement points for end flatness and parallelism is shown in Figure 2-9. 

 

Figure 2-8: (a) Marked 10 mm intervals along two diameters of a 76 mm UCS specimen and 

(b) marked 5 mm intervals along three cross-cutting diameters of a 62 mm triaxial specimen 

for verification of flatness and parallelism. 
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Figure 2-9: Plotted measurement data for verification of flatness and parallelism of a UCS 

specimen. 
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2.3.3.2 BTS Specimens 

The BTS specimens were drilled, cut, and then inspected to meet the tolerances specified by 

ASTM D3967 (ASTM International 2008a). The dimension tolerances include: 

• Smoothness of the cylindrical surface of the specimen shall be within 0.50 mm over the 

full length of the specimen 

• The perpendicularity of the specimen ends to the axis of the specimen shall not depart 

from a right angle by more than 0.5° 

The BTS specimens were prepared with the TDR of 0.5 to meet the requirements of ASTM 

D3967 (ASTM International 2008a), which specifies a ratio of 0.2-0.75. The equipment 

previously shown in Figure 2-7 was also utilized to verify the tolerances and dimensions of the 

BTS specimens. 

The diameter and thickness of the specimens was determined to the specifications of 

ASTM D3967 (ASTM International 2008a) using the electronic caliper. The diameter was 

determined to the nearest 0.01 mm using an average of three measurements, one of which was 

along the loading diameter. The thickness was determined to the nearest 0.01 mm using an 

average of three measurements, one of which was at the center of the disk. The accuracy of the 

length and diameter measurements met and exceeded the requirements of ASTM D3967 (ASTM 

International 2008a). The smoothness of the cylindrical surface of the specimens was verified by 

sliding the specimens along their axial axis on a V-block and measuring the maximum deviation. 

The perpendicularity of the specimen ends to the axis of the specimen was verified by means of a 

feeler gauge set and measuring the maximum distance of one end of the specimen from a flat 

vertical block when the other end was pushed tight against the same block. 

2.3.4 Photography and Core Scanning 

The prepared specimens were photographed along their circumference at 90 increments, to retain 

a record of the features present within the rock and for post-test observations. In addition, UCS 
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and triaxial specimens were scanned with a core scanner (Figure 2-10) designed and built by 

Wesley Dossett of the Queen’s Geomechanics Group. All UCS and triaxial specimens were 

scanned excluding the 101 mm and 126 mm diameter cores, which were too large to conduct 

scanning. The scanner provided an unrolled view of the specimen with 900 DPI resolution. These 

scans can be analyzed to estimate the clay content of Cobourg limestone specimens (Ghazvinian 

2015), and can be beneficial for identifying structure at the specimen scale. This information can 

be used to explain variation in the results, or provide justification for omitting outlier data. An 

example of the specimen photography and core scanning for UCS and triaxial specimens is 

shown in Figure 2-11. A magnified portion of a core scan is shown in Figure 2-12, displaying the 

complex fabric present in the Cobourg limestone at the specimen scale. The top and bottom of 

BTS specimens were also photographed to record and identify and potential features that could 

influence results (Figure 2-13).  

 

Figure 2-10: Core scanner used to record the unrolled circumferential surface of UCS and 

triaxial specimens.  
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Figure 2-11: (a) Images of the circumferential surface of a 76 mm diameter UCS specimen 

taken at 90° increments and (b) corresponding core scan. 

(b) 

(a) 

60 mm  

50 mm  0  
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Figure 2-12: Magnified portion of a core scan for a 76 mm UCS specimen. 

 

Figure 2-13: Photograph of the bottom of two different BTS specimens. 
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2.3.4.1 Core Scan Image Analysis 

Image analysis was conducted on the core scans of UCS and triaxial specimens to estimate the 

percentage of fine-grained argillaceous limestone present in each specimen. This material exists 

as dark grey wisps between lighter nodules of coarse grained packstone (Figure 2-11 and Figure 

2-12), and was present in varying proportions. It contains increased clay content and represents a 

lesser portion of most specimens. The fine-grained argillaceous limestone characterizes the 

heterogeneity inherently present in the Cobourg limestone and can be used to describe the 

variation between individual specimens and their test results. Ghazvinian (2015) developed a 

method for estimating the percentage of fine-grained limestone in Cobourg limestone specimens 

using the public domain image processing software ImageJ (Schneider et al. 2012). In this 

method, he describes estimating the percentage of dark grey wisps using two photos taken on 

opposite sides of UCS specimens. The percentage of fine-grained limestone was estimated for the 

two images, and then averaged to obtain a value representing the entire specimen. 

A similar method was utilized for the core scans of UCS and triaxial specimens tested in 

this study (Figure 2-14). The core scans were imported into ImageJ and converted to 8-bit 

grayscale. A grayscale intensity threshold was then selected to highlight the dark grey portions of 

the rock. To avoid user subjectivity, a built-in threshold function was used to highlight the fine-

grained portions of the rock. This function is based on an iterative selection method which 

automatically adjusts the threshold over several increments to highlight background material 

(Ridler and Calvard 1978). Once highlighted, the image was converted to black and white. The 

percentage of fine-grained limestone was then estimated by comparing the number of black pixels 

to the total number of pixels in the image. The percentage of clay rich material will be presented 

for UCS and triaxial tests to characterize the heterogeneity of the specimens. 
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Figure 2-14: Clay content analysis for a 76 mm specimen, showing (a) original core scan, (b) 

8-bit grayscale, (c) highlighted clay regions, and (d) black and white converted image. 

2.3.5 Specimen Saturation and Drying Methods 

Samples retrieved from drilling should ideally be stored in a protective material which will 

maintain the integrity and in situ water condition of testing specimens. Due to the nature of 

drilling in this study, storage in such a material would not be of any benefit as the sampling 

blocks were retrieved from near surface at the quarry. To better represent the in situ pore water 

conditions of the Cobourg limestone at depth, Synthetic Pore Water (SPW) was used to saturate, 

or re-saturate, a selected number of UCS, BTS, and triaxial specimens. The SPW solution was 

made in the laboratory according to the pore water composition (Table 2-1) reported for Cobourg 

limestone at depth (Al et al. 2010).  
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Table 2-1: Composition of the SPW used for saturation of Cobourg limestone specimens. 

Compound 
Concentration 

mol/L g/L 
NaCl 2.00 116.886 
KCl 0.45 33.548 

CaCl2 (2 H2O) 0.48 70.567 
MgCl2 (6 H20) 0.20 40.660 

CaSO4 0.005 0.681 

Two types of saturation techniques were employed: submerging and vacuum saturation. 

In the submerging saturation technique, the specimens were submerged in the SPW fluid within a 

container with a tight lid to avoid evaporation and consequently changes in the SPW composition. 

The submersion duration for the specimens varied depending on the testing protocol. Vacuum 

saturation of the specimens was performed by using a set of stainless steel trays, a vacuum 

chamber, and vacuum pump as shown in Figure 2-15. 

 

Figure 2-15: Apparatus for vacuum saturation of specimens. 

There was no standard method available for vacuum saturation of low porosity rocks, 

therefore a procedure was developed based on work by Dunning and Yeskis (2007) and the ISRM 

suggested method for determining water content, porosity, density, and related properties (ISRM 
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1979). In the developed approach, stainless steel trays were stacked and a 0.5 mm diameter hole 

in the top tray permitted the SPW fluid to drip into the bottom tray (Figure 2-16) while a vacuum 

was applied to draw the water into the sample. The vacuum level was kept below 730 mm of 

mercury equivalent in order to ensure that there was no boiling of water at room temperature. 

 

Figure 2-16: Top (a) and side (b) views of stainless steel trays used during vacuum 

saturation. 

The amount of fluid needed to fill the bottom tray while containing the specimens was 

calculated, ensuring they were fully submerged. The specified amount of SPW fluid was then 

transferred to the top tray while the hole was plugged. The top tray was then placed into the angle 

brackets of the bottom tray, which already contained one or two specimens. Both trays were then 

placed into the vacuum chamber and the hole in the middle of the top tray was unplugged, 

allowing for the SPW fluid to drip into the bottom tray slowly. Then the vacuum chamber exhaust 

valve was sealed, and the vacuum pump was turned on, bringing the suction in the vacuum 
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chamber to 720 mmHg below atmospheric pressure. The suction pressure was maintained in the 

chamber during saturation time (one week). 

Drying of specimens was performed in a VWR forced air oven (Figure 2-17) at 50C to 

avoid inducing heating-related fractures in the specimens or cooking the clay in the Cobourg 

limestone. During drying, specimens were placed directly on the stainless steel racks in the oven 

and held there until the designated drying time had been reached. The specimens were removed 

just before testing, to maintain the established water content. 

 

Figure 2-17: VWR oven used to dry specimens 

2.4 MTS 815 Rock Mechanics Testing System 

All tests were performed with a MTS 815 Rock Mechanics Testing System that was a closed-

loop, computer-controlled, servo-controlled hydraulic compression machine (Figure 2-18). The 

system consists of: 
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• MTS 315.02 loading frame (Figure 2-18a) with differential pressure (∆P) transducer and 

Linear Variable Differential Transformer (LVDT)  

• MTS Model 505.07 Silent Flo hydraulic power supply (Figure 2-18b) 

• MTS FlexTest 60 controller (Figure 2-18c) 

The stiff loading frame ensured that failure of the specimen was reached in a controlled manner, 

having a load frame spring rate of 9.0 x 109 N/m, providing minimal rebound from the system at 

peak load (Mistras Group Inc. 2002). The frame was rated to a compression force of 2700 kN and 

tension force of 1350 kN. The ∆P transducer monitored the difference in pressure on each side of 

the actuator piston and was calibrated to represent the force output of the actuator, providing 

continuous load readout during tests. The ∆P transducer has an accuracy of ±1% of the calibrated 

range at loads exceeding 1000 kN. 

 

Figure 2-18: (a) MTS 315.02 loading frame, (b) MTS 505.07 hydraulic power supply, and 

(c) MTS FlexTest 60 controller at the Queen’s Geomechanics Testing Laboratory. 
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The hydraulic actuator had a stroke length of 100 mm and its position was monitored by 

an LVDT which provided continuous displacement readout (Mistras Group Inc. 2002). The 

LVDT was centered about the hydraulic actuator, meaning that a zero displacement readout was 

produced when the actuator was at 50% of its stroke. The LVDT has an accuracy of ± 0.1% 

within 10% of the zero datum, and an accuracy of ± 1% beyond that range (Appendix A).  

The MTS 505.07 hydraulic power supply provided the pressure required to operate the 

loading frame during testing. The FlexTest 60 controller provided manual and automated servo-

control of the hydraulic power supply and loading frame. The controller received input from a 

dedicated testing computer with MTS Geomechanics Application Software, allowing for manual 

operation of the testing system as well as programing of standardized and custom testing 

sequences. The controller can utilize up to 8 control channels and 32 auxiliary data inputs, 

making this testing system adaptable to customized tests with various sensor layouts (MTS 

System Corporation 2011). 

2.5 Water Content Record 

The water content of each specimen was calculated as a weight percentage by comparing the 

mass of the specimen after failure and once it had been sufficiently dried, using the ASTM D2216 

method (ASTM International 2010). Once the specimen had been tested, it was placed into a 

drying container and dried in an oven (Figure 2-17) set to 50˚C for a minimum of one month (30 

days). The mass of the container was measured and recorded weekly. When the change in mass 

between measurements was equal or less than 0.5 g, the drying container was removed. The water 

content of the specimen was calculated using Equation 2-1  

𝑤 = [
𝑀𝑐𝑚𝑠−𝑀𝑐𝑑𝑠

𝑀𝑐𝑑𝑠−𝑀𝑐
] ×100 = (

𝑀𝑤

𝑀𝑠
)×100          (2-1) 

Where, w is water content (%), 𝑀𝑐𝑚𝑠 is the mass of the container and moist specimen (g), 𝑀𝑐𝑑𝑠 is 

the mass of the container and oven dry specimen (g), 𝑀𝑐 is the mass of the container (g), 𝑀𝑤 is 
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the mass of water (g) [𝑀𝑤= 𝑀𝑐𝑚𝑠 − 𝑀𝑐𝑑𝑠], and 𝑀𝑠 is the mass of oven dry specimen (g) [𝑀𝑠 =

𝑀𝑐𝑑𝑠 − 𝑀𝑐]. 

2.6 Test Data Processing 

The data collected during testing was used to calculate various geomechanical properties using 

standardized ASTM methods. The ISRM Suggested Methods or major scientific publications 

were used when ASTM standards were not available or sufficient in addressing the employed 

procedure within the testing framework. In addition, CI and CD thresholds were estimated using 

six different methods contributed by several notable authors. The methods used to calculate these 

properties have been described in the following subsections.  

2.6.1 Bulk Density 

The bulk density of each specimen was calculated according to ISRM suggested method for 

determining density (ISRM 1979), using Equation 2-2: 

𝜌 =
𝑀

𝑉
             (2-2) 

where 𝜌 is the bulk density (g/cm3), M is the mass (g) of the specimen measured prior to testing 

or water content modification, and V is the volume (cm3) of the specimen calculated from 

dimensions measured during sample preparation. 

2.6.2 Elastic Parameters 

Young’s modulus (E) and Poisson’s ratio (v) was calculated for every UCS and triaxial test using 

the ASTM D7012 (ASTM International 2014a) standard. Young’s modulus (E50) is defined as 

the average slope of the straight-line portion of the stress-strain curve, calculated between 40 and 

60 percent of the maximum applied stress (Figure 2-19). The change in stress within this range 

was divided by the change in strain (Equation 2-3). Poisson’s ratio (v50) was calculated by 

dividing lateral strain by the axial strain over the same previously mentioned range (Equation 2-

4): 
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𝐸 =
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
 over interval 30 − 50% of 𝜎1       (2-3) 

𝑣 =
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
 over interval 30 − 50% of 𝜎1      (2-4) 

Elastic parameters are commonly calculated over a range centered about 50% of peak stress, 

however, the author believes these calculations are likely influenced by plastic behaviour 

exhibited after CI. Therefore, Young’s modulus (E35) and Poisson’s ratio (v35) have also been 

calculated for the range of 25 to 45 percent of maximum applied stress, as part of the 

experimental methodology to examine the behaviour of these parameters prior to reaching CI  

threshold. The varying Young’s modulus and Poisson’s ratio values will be compared for UCS 

and triaxial results in the subsequent chapters. 

 

Figure 2-19: Young’s modulus plot highlighting the 25-45% and 40-60% ranges for 

maximum applied load. The slope of the line of best fit represents the Young’s modulus 

value (MPa) for that given range. 
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2.6.3 Peak Compressive Strength 

The peak strength of the specimens was calculated according to ASTM D7012 (ASTM 

International 2014a) using Equation 2-5: 

𝜎𝑢 =
𝐹

𝑋
            (2-5) 

Where 𝜎𝑢 is the peak (ultimate) strength (MPa), F is the maximum applied force (N), and X is the 

cross-sectional area (mm2). 

2.6.4 Brazilian Tensile Strength 

The tensile strength of Brazilian specimens was calculated according to Equation 2-6, provided 

by ASTM D3967 (ASTM International 2008a): 

𝜎𝑡 =
2𝐹

𝜋𝐿𝐷
             (2-6) 

where 𝜎𝑡 is the BTS (MPa), F is the maximum applied force (N), L is the thickness (length) of the 

specimen (mm), and D is the diameter of the specimen (mm).  

2.6.5 Crack Initiation and Crack Damage Estimation 

A variety of methods were utilized to estimate damage thresholds (CI and CD) based on the 

stress, strain, and AE data obtained during UCS and triaxial testing. An average of several 

methods was calculated and presented for the testing results because of the variability inherently 

associated with heterogeneous rocks. The use of multiple estimation techniques allows for the 

exclusion of unreliable estimates produced by highly variable data. A minimum of two methods 

has been used to estimate CI and CD values presented in the results, to minimize any potential 

bias that could be related to a specific method. The strain based methods approximate CI and CD 

values using axial, circumferential, and volumetric strain data calculated using sample 

dimensions and displacements measured during testing. The AE methods estimate CI and CD by 

measuring the rate, amplitude, and duration of AE events during UCS tests. All methods used to 
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analyze the damage thresholds of Cobourg limestone in this study are described in the following 

subsections. 

2.6.5.1 Direct Strain - CI/CD 

The direct strain method includes the calculation of circumferential, axial, and volumetric strain 

of a sample throughout the duration of testing. These three parameters were plotted together 

along the same axis and against axial stress. The trends observed in the data were analyzed to 

identify CI and CD thresholds (Figure 2-20). 

 

Figure 2-20:  Strain-stress plot showing axial, lateral, and volumetric strain data and their 

associated CI and CD threshold markers. 

Circumferential (lateral) and axial strain were calculated according to the ASTM D7012 

standard method (ASTM International 2014a), while volumetric strain was calculated from the 

ISRM suggested method for the complete stress-strain curve for intact rock in uniaxial 

compression (Fairhurst and Hudson 1999). CI was identified as the point of non-linearity in the 
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slope of the direct circumferential strain data (Brace et al. 1966, Bieniawski 1967, Lajtai and 

Lajtai 1974). CD can be approximated as the point of non-linearity in the slope of the direct axial 

strain data, as well as the reversal point of volumetric strain (Bieniawski 1967, Martin 1993). 

2.6.5.2 Crack Volumetric Strain - CI 

Crack volumetric strain (εcv) is an indicator suggested by Martin (1993) for determining the onset 

of CI threshold. This method calculates the difference between volumetric strain (εvol) and elastic 

volumetric strain (εev), as shown in Equation 2-7: 

εcv  =  𝜀𝑣𝑜𝑙 −  𝜀𝑒𝑣              (2-7) 

where volumetric strain is a function of axial (εaxial) and lateral (εlateral) strain. This relationship can 

be seen below in Equation 2-8. 

ε𝑣𝑜𝑙  =  𝜀𝑎𝑥𝑖𝑎𝑙 +  2 𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙           (2-8) 

Elastic volumetric strain is given by Equation 2-9: 

εev  =  
1−2𝑣

𝐸
 (𝜎1 − 𝜎3)            (2-9) 

where E and v were the calculated Young’s modulus and Poisson’s ratio respectively, and σ1 and 

σ3 were the major and minor principal stresses throughout the test. The corresponding plot of 

stress and crack volumetric strain shows an increase as pre-existing fractures within the specimen 

close. Eventually, the εcv trend flattens and begins to decrease. CI was interpreted as the point of 

decrease in crack volumetric strain after an initial increase and subsequent plateau (Figure 2-21). 
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Figure 2-21: Crack volumetric strain plot showing the typical trend and estimate of CI 

(arrow). 

2.6.5.3 Inverse Tangent Lateral Stiffness - CI 

Ghazvinian (2010) suggests Inverse Tangent Lateral Stiffness (ITLS) as a CI estimation method 

that is dependent on lateral strain. ITLS utilizes a moving point regression technique to amplify 

the change in slope of the lateral strain-axial stress curve. ITLS (εl∆) is calculated using the 

following equations: 

εl∆ =  
∆εlateral

∆𝜎
                  (2-10) 

where, 

∆𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙 = 𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑖 +10 − 𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑖−10 (i=1, 2, 3, …)     (2-11) 

∆𝜎 =  𝜎𝑖 +10 − 𝜎𝑖−10  (i=1, 2, 3, …)       (2-12) 

and 𝜎 is the axial stress. Both ∆εl and ∆𝜎 were calculated between a suitable interval, which is 

adjusted to reduce noise according to the data quality and frequency (Ghazvinian 2015). In this 
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method, CI was identified as the onset of non-linearity of the ITLS curve when plotted against 

axial stress (Figure 2-22). 

 

Figure 2-22: ITLS plot showing typical trend and CI estimate (arrow). 

2.6.5.4 Instantaneous Poisson’s Ratio - CI 

Instantaneous Poisson’s Ratio (vΔ) is a useful method for identifying the onset of CI using a 

moving point regression. This technique amplifies the change in Poisson’s ratio during testing, 

capturing the increase in lateral strain rate as fractures begin to form within the specimen 

(Diederichs 1999). The moving average of Poisson’s ratio is calculated using 2-13 and 2-14: 

𝑣∆ =  
∆εlateral

∆𝜀𝑎𝑥𝑖𝑎𝑙
                  (2-13) 

where, 

∆𝜀𝑎𝑥𝑖𝑎𝑙 =  𝜀𝑎𝑥𝑖𝑎𝑙 𝑖 +10 − 𝜀𝑎𝑥𝑖𝑎𝑙 𝑖−10  (i=1, 2, 3, …)     (2-14) 

and ∆𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙 is given in Equation 2-11. CI is identified as the onset of non-linearity of the 

v∆ curve when plotted against axial stress (Figure 2-23). 
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Figure 2-23: Instantaneous Poisson’s Ratio plot showing typical trend and estimate of CI 

(arrow). 

2.6.5.5 Instantaneous Young’s Modulus - CD 

Instantaneous Young’s Modulus (E∆) is similar to the previous two methods; it uses a moving 

point regression to make the rapid increase of axial strain more apparent (Eberhardt et al. 1998). 

This rapid increase in strain under constant, or slightly increasing, axial stress represents the CD 

threshold. Instantaneous Young’s Modulus is calculated using Equation 2-15 described by 

Ghazvinian (2010): 

E∆ =  
∆𝜎

∆𝜀𝑎𝑥𝑖𝑎𝑙
                  (2-15) 

where, ∆𝜎 and ∆𝜀𝑎𝑥𝑖𝑎𝑙 were given by Equations 2-12 and 2-14, respectively. Instantaneous 

Young’s Modulus initially shows a steady increase as cracks within the specimen close, leading 

to a maximum value in the stress and E∆ plot. After this point the specimen will begin to behave 

as a linear elastic material. This behaviour will continue to be captured in the E∆ plot even after 

new cracks parallel to the direction of loading form. Once the fracture density within the sample 
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is large enough to cause interaction, the E∆ slope will begin to decrease significantly indicating 

the CD threshold (Figure 2-24). 

 

Figure 2-24: Instantaneous Young’s Modulus plot showing typical trend with CD estimate 

(arrow). 

2.6.5.6 Acoustic Emission - CI/CD 

Diederichs et al. (2004) describes an AE method for identification of CI and CD thresholds using 

a log plot of cumulative number of AE events against log axial stress (Figure 2-25). A lower 

bound for CI (first crack) is identified as the point where the rate of AE events begins to occur at 

an increased rate with little change in axial stress. The upper bound for CI (systematic damage) is 

identified as the second point of increase in the rate of AE events. The rate of AE events will 

begin to rapidly increase at this point, before eventually becoming linear. The final rapid increase 

in the rate of AE events before failure of the sample represents the CD threshold. A mid-bound 

value (CI_M) is also identified for the AE data, representing the intersection of the trendlines for 

cumulative AE events after first cracking (CI_L) and after systematic damage (CI_U). The mid-
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bound CI value represents the expected stress threshold for systematic damage initiation, which 

appears delayed in upper bound CI due to irregular increases in crack related AE events during 

the transition from first cracking to systematic damage. This irregular increase was observed in 

AE data of almost all UCS tests and is likely related to the heterogenous nature of the Cobourg 

limestone.  

 

Figure 2-25: AE cumulative events plot showing estimates for lower bound CI, upper bound 

CI, and CD. 

2.6.5.6.1 Acoustic Emission Data Filtering 

The AE data from each test was filtered to facilitate easier identification of CI threshold by 

removing background noise. This was done by removing AE events that were recorded with an 

energy or risetime of zero, as well as events with a count of zero and one. The removal of these 

events eliminates some of the noise recorded during testing, and generally makes the change in 

the slope of the AE cumulative plot more pronounced. Figure 2-26 shows a gradually increasing 

trend in AE events for original test data. This trend eventually increases at a rapid rate near peak 

stress, and is representative of most unfiltered AE data recorded for the Cobourg limestone. 
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Filtering removes the events that were not representative of crack formation and cause this 

gradual increase (Ghazvinian 2015). The remaining data shows a more significant change in the 

rate of AE events with respect to axial stress. 

 

Figure 2-26: AE cumulative events plot with original and filtered data. 

2.7 Summary 

The described methodology has been used to conduct UCS, BTS, and triaxial testing on the 

Cobourg limestone to characterize the failure behaviour of the rock under various testing 

conditions. Standards (ASTM International 2008a, 2008b, 2010, 2014a) and suggested methods 

(ISRM 1978, 1979, 1983, Fairhurst and Hudson 1999) were considered in this work, while non-

standard techniques have also been developed to prepare and test specimens with different 

saturation, scale and loading rate conditions. The subsequent chapters of this thesis will present 

the results of these tests, compare the data for similar conditions, and provide discussion 

regarding the influences of testing conditions. The effectiveness of the testing methodology will 

also be examined and discussed to provide details and insight for future testing investigations. 
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Chapter 3 

Uniaxial Compressive Strength Testing of Cobourg Limestone Under 

Varying Conditions 

3.1 Introduction 

Uniaxial compressive strength testing has been conducted on a total of 54 specimens to assess the 

influence of saturation, loading rate, scale, and the combinations of these conditions on the 

measured geomechanical properties of the Cobourg limestone. The effect of these testing 

conditions has been investigated by varying the water content (saturation effect), the size (scale 

effect), and the Time to Failure (TTF) of the specimens (loading rate effect). Although their 

diameter may differ, all the specimens prepared in this study have been tested with a LDR ratio of 

2.5:1 to remain consistent and better isolate the effects of testing conditions. 

The influence of saturation was investigated through the testing of 21 UCS specimens 

with a diameter of 76 mm (3”). These specimens were prepared with seven different saturation 

conditions, and tested with a consistent loading rate which achieved failure within 20 minutes. 

The results from the Room Relative Humidity (RRH) and one-month saturation test conditions 

have also been used to provide additional comparison in scale and loading rate analysis. 

The effect of specimen scale was investigated by testing nine UCS specimens with three 

different diameters. The diameter of the specimens varied between 50 mm (2”), 101 mm (4”), and 

126 mm (5”). To provide additional comparison, the results from three 76 mm (3”) RRH tests for 

saturation effect have been included in the scale analysis. These additional results will be 

included for comparison with the remaining scale results from UCS testing. 

The influence of loading rate was examined by testing 24 UCS specimens with a 

diameter of 76 mm. Four different loading rates were utilized for this testing, with the intention of 

failing the sample over time periods ranging from 2 to 600 minutes. Half of the specimens were 
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prepared with RRH conditions, while the remaining half were saturated by submersion for a 

period of one month. The RRH (3) and one-month saturated (3) specimens from saturation effect 

testing have been included in this analysis as a fifth loading rate, representing a 20-minute TTF. 

3.2 Specimen Testing Conditions 

The water content of 21 specimens was altered using the following techniques for investigating 

the effect of saturation: 

• Submersion saturation (different time periods) 

• Vacuum saturation 

• RRH 

• Oven drying 

These saturation methods used a SPW made in accordance to the in situ SPW composition 

reported for the Cobourg Formation at the Bruce DGR nuclear site (Al et al. 2010). Submersion 

samples were immersed in SPW for periods of one week, one month, and three months. Vacuum 

saturation involved placing the sample, on its side, in a vacuum chamber while slowly filling the 

containment vessel until submersion was achieved. Once submerged, the sample was held under 

vacuum for one week. RRH specimens were stored in the preparation laboratory and were 

exposed to the environmental conditions present there. Oven-dried specimens were stored in a 

forced air oven at 50°C for the duration of two weeks and one month. A detailed description of 

the saturation and drying process is described in Chapter 2. All specimens for saturation effect 

testing are listed in Table 3-1.  

All saturation and scale specimens were tested with the standard 20-minute TTF loading 

rate. The scale effect specimens were prepared to RRH conditions and a consistent LDR of 2.5:1. 

The tested specimen diameters include 50 mm, 76 mm, 101 mm, and 126 mm, as listed in Table 

3-2. 
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Table 3-1: UCS specimens tested for saturation effect. 

Specimen ID Saturation State 

A2-6-1-U 
Oven-dried One Month A2-12-1-U 

A2-15-2-U 
A2-5-1-U 

Oven-dried Two Weeks A2-11-1-U 
A2-15-1-U 
C1-4-1-U 

Room Relative Humidity C1-9-1-U 
C1-12-1-U 
A2-1-1-U 

Pressure Saturated One Week A2-7-1-U 
A2-12-2-U 
A2-2-1-U 

Submersion Saturated One Week A2-8-1-U 
A2-13-1-U 
A2-3-1-U 

Submersion Saturated One Month A2-9-1-U 
A2-14-1-U 
A2-4-1-U 

Submersion Saturated Three Months A2-10-1-U 
A2-14-2-U 

Table 3-2: UCS specimens tested for scale effect. 

Specimen ID Specimen Diameter 

C1-6-1-U 
50 mm  C1-8-1-U 

C1-13-1-U 
C1-4-1-U 

76 mm  C1-9-1-U 
C1-12-1-U 
B1-1-1-U 

101 mm B2-1-1-U 
B2-2-1-U 
C1-1-1-U 

126 mm  C1-5-1-U2 
C1-10-1-U 
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The influence of loading rate was examined using five different loading rates, which includes 

the results from the standard 20-minute TTF tests used for saturation effect. The five loading rates 

correspond to the following TTFs: 

• 2 minutes (axial strain rate of 2000 µε/min) 

• 6 minutes (axial strain rate of 600 µε/min) 

• 20 minutes (axial strain rate of 200 µε/min) 

• 60 minutes (axial strain rate of 60 µε/min) 

• 600 minutes (axial strain rate of 6 µε/min) 

The failure of UCS specimens was controlled using axial and circumferential strain based on 

continuous readout from the equipped extensometers. The axial and circumferential strain rates 

were adjusted such that the specimen would reach peak strength within the targeted time. The 

deformation rates for all tests are discussed in Section 3.4.1. Half of the loading rate specimens 

were submerged in the SPW for a period of one month prior to testing, while the remaining half 

were prepared to RRH conditions. Three specimens of each saturation condition were tested for 

the five different loading rates. This was done to further investigate the influence of saturation 

and examine its time dependent relationship to the geomechanical properties of Cobourg 

limestone. The specimens tested for loading rate effect are shown in Table 3-3. 
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Table 3-3: UCS specimens tested for loading rate effect. 

Specimen ID  Loading Rate Saturation State 

A1-7-1-U Specimens were 

failed in a target time 

of 2 min 

Room Relative 

Humidity 

C2-4-2-U 
A1-11-1-U 
A1-3-1-U2 Specimens were 

failed in a target time 

of 6 min 
C2-2-1-U 
A1-5-1-U 
C1-4-1-U Specimens were 

failed in a target time 

of 20 min 
C1-9-1-U 
C1-12-1-U 
A1-8-1-U Specimens were 

failed in a target time 

of 60 min 
C2-8-1-U 

A1-12-1-U 
A1-4-1-U Specimens were 

failed in a target time 

of 600 min 
C2-3-1-U 
A1-9-1-U 
A1-7-2-U Specimens were 

failed in a target time 

of 2 min 

One-Month 

Submersion 

Saturated 

C2-15-1-U 
A1-16-1-U 
A1-3-2-U Specimens were 

failed in a target time 

of 6 min 
C2-11-1-U 
C2-12-2-U 
A2-3-1-U Specimens were 

failed in a target time 

of 20 min 
A2-9-1-U 
A2-14-1-U 
A1-8-2-U Specimens were 

failed in a target time 

of 60 min 
C2-16-1-U 
C2-4-1-U 
A1-4-2-U Specimens were 

failed in a target time 

of 600 min 
C2-14-1-U 
A1-15-1-U 

3.3 Data Acquisition Equipment 

The deformation of UCS specimens during testing is recorded using extensometers and an AE 

monitoring system. The deformation recorded by the extensometers is used to calculate strain 

during testing, while the AE system is used to detect the closure and formation of cracks as the 

specimen is loaded to failure. The setup for the data acquisition equipment is shown in Figure 
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3-1. The MTS Rock Mechanics testing system and remaining equipment used for UCS testing is 

previously described in Chapter 2. 

 

Figure 3-1: UCS testing configuration for a 76 mm diameter specimen. 

3.3.1 Extensometers 

In all UCS tests on the Cobourg limestone, axial deformation is provided by and averaged from 

three MTS direct contact extensometers with a 50.0 mm gauge length (Figure 3-1). 

Circumferential deformation is measured by an extensometer connected to a roller chain which is 

wrapped around the circumference of the specimen at its mid-height. Elongation or compression 

of the specimen results in movement of the axial extensometer arms or the circumferential 

extensometer chain. This movement deforms a metallic element which has precision foil strain 

gauges bonded to it (MTS System Corporation 2009). The bonded gauges form a Wheatstone 



 

92 

 

bridge circuit which produces electrical output proportional to the displacement of the 

extensometer arm or chain.  

The applied force to the specimen is measured with a differential pressure (∆P) 

transducer within the MTS 315.02 load frame. The applied force and displacement data is 

recorded with a frequency of 4 Hz during each test. The data is then processed for crack damage 

analysis and calculation of geomechanical properties. The accuracy and resolution of the 

extensometers meets the standard specified by ASTM 7012, which states that the measuring 

system must have an accuracy and resolution of 5 µε for readings below 250 µε, with a resolution 

of at least 25 µε and accuracy within 2% of the reading above 250 µε (ASTM International 

2014a). The certificate of calibration for the extensometers is available in Appendix B. 

3.3.2 Acoustic Emission Monitoring System 

The AE activity of all UCS specimens was monitored during testing to collect micro-cracking 

information. A Physical Acoustics Corporation (PAC) Pocket AE system connected to two PAC 

R15 Alpha sensors was used to record the AE activity (Figure 3-2). These sensors have an 

operating frequency of 50-400 kHz and resonant frequency of 75 kHz, suitable for recording the 

low frequency characteristics displayed during micro-fracturing of carbonate rocks. The 

parametric input of the Pocket AE system is connected to the MTS FlexTest 60 controller to 

allow for the synchronization of AE data with the axial stress applied to a specimen. In all tests 

on Cobourg limestone, the channel sensitivity threshold was set to 30 dB and the Pocket AE’s 

built in pre-amplifier was enabled. The waveforms were sampled at a rate of 10 mega samples per 

second. The High Pass and Low Pass analog filters were set to 20 kHZ and 1 MHz, respectively. 
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Figure 3-2: (a) PAC Pocket AE monitoring system, PAC R15 sensors, and accessories 

(modified after Mistras Group Inc. 2010), (b) brass face plates, and (c) aluminum support 

brackets. 

3.4 Testing Procedure 

Prior to each test, the relative humidity and temperature of the room was recorded. The specimens 

were visually inspected and any type of structural weakness (e.g. healed fractures) was recorded. 

Once the specimen had been inspected, it was equipped with extensometers and AE sensors. The 

extensometers were held in place by the contact force provided by six mounting springs. Elastic 

bands replaced the springs for tests with fast loading rates to avoid losing springs during violent 

failures. The two AE transducers were secured on the circumference of the specimens, between 

the extensometers and outside the mounting spring used to hold them. Aluminium support 

brackets and elastic bands were used to maintain the position of the AE sensors on the specimens 

(Figure 3-1). Brass face plates were used to fit the curved circumferential surface of the 

specimens to flat surface of the AE transducers. Sil-Glyde, an ultrasonic lubricating compound, 

was used as a couplant for a better wave transfer between the surface of the specimens and the 

transducers. 
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 Once the specimen was equipped with extensometers and AE sensors, it was placed into 

the MTS testing chamber and centered about the lower platen. Non-lubricated steel platens, fixed 

at the bottom and with spherical seat on top, were used to apply load from the MTS Testing 

System to the UCS specimen (Figure 3-1). Larger fixed platens made of hardened steel were 

placed between the loading columns and the specimen for the largest diameter (126 mm) tests 

(Figure 3-3a). The bottom hardened steel platen sits in the center of the bottom loading column, 

while the top platen was supported by four steel cables to minimize damage to the specimen after 

failure (Figure 3-3b). When the 126 mm specimens were placed into the testing chamber, the top 

platen was lifted and then placed on top of the specimen. Prior to the test, it was verified that the 

platens and specimen were centered about the loading columns. 

 

Figure 3-3: (a) UCS test setup for 126 mm diameter specimens and (b) the test specimen 

after failure. 

a) b) 
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  At the beginning of each test the specimen was raised by manual control until it is in near 

contact with the top platen. A programed control routine that conforms with ASTM D7012 

standard (ASTM International 2014a) and ISRM suggested methods (Fairhurst and Hudson 1999) 

was then used to conduct the UCS tests: 

1. Zero the readings of axial force as well as axial and circumferential extensometers. 

2. Raise the specimen to contact with the top platen, then: 

• move the actuator up with the rate of 0.1 mm/min; 

• stop when the applied force reaches 5.0 kN; and then,  

• reduce the applied force to 1.0 kN with the unloading rate of 10 kN/min. 

3. Start recording the applied force, axial and lateral deformations, and AE activity. 

4. Start the test in axial deformation (axial extensometer) control mode with the rate ranging 

between 0.1 to 0.0003 mm/min depending on the testing protocol. 

5. When the applied stress reaches 75.0 MPa (approximately 75% of UCS) switch the test 

control mode to circumferential strain control. 

6. Continue loading the specimen corresponding to the circumferential deformation ranging 

between 0.125 to 0.000375 mm/min depending on the testing protocol. 

7. Stop the test when the applied force in the unloading region reaches 60% of the 

maximum applied stress to the specimen during the test. 

Once the test had concluded, photos of the specimen were taken and the mode of failure was 

recorded. The extensometers and AE sensors were removed from the specimen, which was placed 

in a labeled tray for drying and water content calculation, as discussed in Chapter 2. Once dried, 

the specimen was placed in a plastic storage bag, labeled, and then closed. The tested specimens 

were stored for additional observation as required. 
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3.4.1 Axial and Circumferential Deformation Rates 

The ASTM 7012 standard recommends that UCS specimens reach failure load within 2 to 15 

minutes for standard geotechnical samples with a minimum diameter of 47 mm (ASTM 

International 2014a). The standard refers to a TTF, rather than a suggested strain or displacement 

rate, because different lithologies cannot be expected to experience the same amount of 

deformation before failure. A TTF of 20 minutes was selected to represent the standard loading 

rate of the 76 mm specimens for saturation effects. This TTF was chosen to best characterize the 

behaviour of the rock at a constant axial strain rate, which could be easily scaled up or down to 

examine the influence of alternative loading rates. The standard 20-minute TTF was also selected 

to examine the influence of a slower than standard loading rate on the detection of CI and CD 

thresholds. The belief was that a loading rate slightly slower than the suggested standard could 

highlight changes in strain and AE data more readily than the maximum failure time range 

outlined by the ASTM 7012 standard. The 20-minute TTF is similar to the upper range suggested 

by ASTM 7012 and should produce results considered acceptable to the standard (i.e. void of 

loading rate effects). 

The 20-minute TTF loading rate corresponds to an axial displacement of 0.01 mm/min 

and circumferential displacement of 0.0125 mm/min. These displacement values were chosen by 

conducting some preliminary tests on additional UCS specimens prepared to RRH conditions. 

Three additional tests were conducted with axial and circumferential extensometers. The first 

specimen was tested using actuator displacement control, moving the bottom platen up at a rate of 

0.03 mm/min and failing the specimen in approximately 25 minutes. The second specimen was 

tested in the same manner, however, with a displacement rate of 0.05 mm/min and a failure time 

of approximately 15 minutes. The final test was conducted using an actuator displacement rate of 

0.04 mm/min and failed the specimen in approximately 20 minutes. The recorded axial and 

circumferential data was analyzed, showing that an approximate axial displacement rate of 0.01 

mm/min would be adequate to fail a Cobourg limestone specimen within 20 minutes. The 
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circumferential displacement rate of 0.0125 mm/min was observed over the elastic range of the 

third preliminary test, and thus, was used as the standard displacement rate for the second stage of 

UCS tests. The circumferential displacement over the elastic range was used to try and maintain a 

constant axial strain rate throughout the entirety of tests. 

 To better control the failure behaviour of the rock, tests were controlled in axial 

displacement until 75% of the estimated minimum UCS was reached. During UCS tests the axial 

displacement was recorded by the three averaging axial extensometers which used the 

displacement rates shown in Table 3-4 to control the loading of the specimens. At the 75% 

threshold (75 MPa), the test control was switched to circumferential displacement to allow for 

better observation of the near and post yield behaviour of the rock. The switching of control from 

axial to circumferential displacement is a technique recommended by the ISRM for rocks that 

exhibit brittle behaviour, as expected with the Cobourg limestone (Fairhurst and Hudson 1999). 

This method of testing was selected to capture the behaviour of the rock near and post yielding 

and to minimize the likelihood of violent specimen failure. 

For scale effect specimens, the axial loading rate remained unchanged (0.01 mm/min) 

throughout the elastic range and up to 75 MPa. The lateral displacement rate was adjusted to 

account for the difference in the circumference of the specimen and to maintain a constant axial 

strain rate. The axial and circumferential deformation rates of the loading rate specimens have 

been adjusted proportionally from the standard 76 mm rates to ensure that specimens failed 

within the targeted TTF. The deformation rates used in each test type have been summarized in 

Table 3-4. 
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Table 3-4: Deformation rates and corresponding axial strain rates used for each test type. 

Test Type  

(Specimen diameter, TTF) 

Axial 

Deformation 

Rate (mm/min) 

Circumferential 

Deformation 

Rate (mm/min) 

Axial 

Strain Rate 

(µε/min) 

Saturation (76 mm, 20 min) 0.0100 0.0125 200 
Scale (50 mm, 20 min) 0.0100 0.00825 200 

Scale (101 mm, 20 min)  0.0100 0.0165 200 
Scale (126 mm, 20 min) 0.0100 0.021 200 

Loading Rate (76 mm, 2 min) 0.1000 0.125 2000 
Loading Rate (76 mm, 6 min) 0.0300 0.0375 600 

Loading Rate (76 mm, 60 min) 0.0030 0.00375 60 
Loading Rate (76 mm, 600 min) 0.0003 0.000375 6 

3.5 Characterization of Heterogeneity  

The characteristic heterogeneity present in Cobourg limestone causes increased variability in 

standard strength testing results in comparison to more homogeneous rock units. This 

heterogeneity is represented by dark grey wisps of fine grained clay rich (argillaceous) limestone, 

which exists in varying proportions. The argillaceous layers generally compose a minor part of 

UCS specimens and can be useful for explaining the variability of testing results. Different 

proportions of these layers could also influence the bulk density of the specimen due to the higher 

concentration of clay minerals present in the fine-grained limestone. As such, the variation in 

bulk density may also reflect the heterogeneity of the tested specimens. 

 To help characterize the heterogeneity of UCS specimens, the bulk density and 

percentage of argillaceous limestone have been calculated. With respect to the presented result, 

any average values discussed in this chapter and through the remainder of this thesis will 

represent a mean of the data. The average bulk density of all UCS specimens was 2.6637 g/cm3, 

with minimum, maximum, and standard deviation values of 2.645 g/cm3, 2.677 g/cm3, and 0.0060 
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g/cm3, respectively (Figure 3-4). The data shows that there was little variability in the bulk 

density of UCS specimens, with 46 specimens resulting in values between 2.660 and 2.670 g/cm3. 

 

Figure 3-4: Distribution of bulk density values for all UCS specimens. 

The core scanning analysis was conducted for all UCS specimens, except for the 101 mm 

and 126 mm diameters which were too large to be scanned. The average amount of fine grained 

limestone for all UCS specimens was estimated to be 44.3%, with a standard deviation of 3.9% 

(Figure 3-5). The minimum value for fine grained limestone was 37% while the maximum was 

52%. Core scans of the minimum, average, and maximum fine-grained limestone estimates are 

shown in Figure 3-6. The values of bulk density and percentage of fine grained limestone have 

been plotted together to investigate the relationship between observed (core scans) and measured 

(bulk density) heterogeneity (Figure 3-7).  
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Figure 3-5: Distribution of the percentage of fine grained limestone for UCS specimens. 

The data suggests a minor decreasing trend with increasing fine-grained limestone 

content. Although the data is variable, it shows that with increased fine-grained limestone and 

clay content the bulk density of the specimen decreases. It is likely that the specimens exhibiting 

increased clay content and lower bulk density represent the most heterogenous samples, and thus, 

these parameters can be used in combination to quantify the heterogeneity of tested specimens. 

This type of data could be compared with testing results to identify relationships between 

heterogeneity and strength parameters such as CI, CD, and UCS; however, this is not the focus of 

this thesis as testing conditions have been altered to examine the effect of saturation, scale, and 

loading rate, which could influence any such relationships. 
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Figure 3-6: Comparison of gray scale and black and white core scans resulting in (a) 

minimum (37%), (b) average (44%), and (c) maximum (52%) fine grained limestone 

content. 
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Figure 3-7: Bulk density compared to the fine-grained limestone content of UCS specimens. 

3.6 Testing Program Summary 

A total of 54 UCS specimens of Cobourg limestone have been prepared and tested under various 

conditions to investigate the influence of saturation, scale, and loading rate on the geomechanical 

properties of the rock. In total, 21 specimens were used to evaluate the influence of saturation, 12 

specimens were used to evaluate the influence of scale, and 30 specimens were used to evaluate 

the influence of loading rate. The primary mode of failure for UCS specimens was observed to be 

axial splitting and high angle shearing (Figure 3-8). This type of failure is typical of near-zero 

confinement tests which form fractures from the coalescence of extension cracks (Diederichs 

1999). Moderate angle shearing was not observed for any of the UCS tests. 

This testing has produced stress, strain, and AE data for all 54 tests. The stress and strain 

data have been used to calculate UCS, axial strain, circumferential (lateral) strain, Poisson’s ratio, 

and Young’s modulus using the ASTM 7012 standard methods (ASTM International 2014a). In 

addition, CI and CD thresholds were calculated as an average of several indicator methods 
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previously described in Chapter 2. The water content of all specimens has also been calculated 

using the ASTM 2216 standard method (ASTM International 2010). The data obtained from UCS 

testing is summarized in Appendix C, with photographs of the individual specimens and a brief 

overview of specimen details presented in Appendix D. The results of UCS testing have been 

categorized by testing condition and are described in the following sections. 

 

Figure 3-8: Common failure behaviour exhibited by Cobourg limestone UCS specimens, 

with a magnified region outlined by the red rectangle showing the coalescence of extensional 

fractures for a 76 mm diameter specimen. 
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3.7 Influence of Saturation 

The water content of specimens used to investigate the influence of saturation was varied using 

seven methods previously discussed in Section 3.2. The 21 specimens consisted of cylindrical 

samples of Cobourg limestone with a diameter of 76 mm and a LDR ratio of 2.5. To evaluate the 

effect of saturation on the rock, as well as the effectiveness of the saturation techniques, the water 

content, elastic properties, UCS, and crack damage threshold results are compared below. 

3.7.1 Water Content 

The water content of the specimens has been calculated and compared to the various saturation 

methods used (Figure 3-9). The oven drying methods have shown a significant decrease in water 

content of the specimens. One-month drying of specimens produced an average water content of 

0.054%, while the two-week oven drying had an average of 0.083%. The RRH specimens had 

variable water contents ranging from 0.18% to 0.32%. The saturated specimens all resulted in 

similar water contents; one-week vacuum saturation, one-week submersion, and one-month 

submersion specimens resulted in average water content of 0.606%, 0.610%, and 0.612%,  

 

Figure 3-9: Comparison of water content and saturation method for UCS specimens. 
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respectively. The average water content of the three-month submersion saturated specimens was 

slightly higher at 0.651%.  

The minimum, maximum, and average of water content for the different saturation 

methods is summarized in Table 3-5.The above data is highlighted by the variability of the RRH 

and three-month submersion specimens, which result in the largest range of values. The range for 

the remaining saturation conditions is between 0.01 and 0.07, the largest of which occurred for 

the one-month submersion specimens. 

Table 3-5: Summary of water content results for saturation effect UCS specimens. 

Saturation Condition  
(Number of tests) 

Water Content (%)   
Min. Max. Avg.   

Oven Dry 1 Month (3) 0.05 0.06 0.054   
Oven Dry 2 Week (3) 0.07 0.11 0.083   

Room Relative Humidity (3) 0.18 0.32 0.254   
Vacuum Saturation (3) 0.59 0.62 0.606   
Submersion 1 Week (3) 0.59 0.62 0.610   
Submersion 1 Month (3) 0.57 0.64 0.612   
Submersion 3 Month (3) 0.58 0.71 0.651   

3.7.2 Elastic Properties 

Poisson’s ratio and Young’s modulus have been calculated for all specimens using the previously 

discussed methods. A comparison of the calculated Poisson’s ratio using the v35 and v50 methods 

is shown in Figure 3-10. The comparison shows a relatively flat trend in the v35 data when using 

a linear fit and a slight increase for the v50 trend, which is twice as steep. Neither trendline fits 

well with the data as there is a large amount of variability for both methods, resulting in R2 values 

of 0.20 and 0.28 for the v35 and v50 methods, respectively. This suggests that there is little 

correlation between the Poisson’s ratio values and water content of the specimens. The v50 

results show that the saturated specimens appear to have more variability than the oven-dried and 
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RRH specimens, while the variability of the v35 data appears to be more consistent across the full 

range of water contents.  

 

Figure 3-10: Poisson’s ratio compared to the water content of saturation effect specimens. 

Data regarding the minimum, maximum, and average values for the v35 and v50 methods 

are shown in Table 3-6. The average v35 values across all saturation conditions are noticeably 

lower than those produced by the v50 method. The range for the v35 data is also smaller than the 

v50 method, suggesting the data is less variable. For all saturation conditions, the v35 method 

resulted in average values between 0.199 and 0.251, a range of 0.052. The v50 method produced 

average values between 0.247 and 0.337, a range of 0.090, and produced larger ranges in values 

for most of the individual saturation conditions. 
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Table 3-6: Summary of Poisson's ratio data for saturation effect specimens. 

Saturation Condition 

(Number of tests) 
v35  v50 

Min. Max. Avg.  
Min. Max. Avg. 

Oven Dry 1 Month (3) 0.20 0.24 0.219   0.22 0.26 0.247 
Oven Dry 2 Week (3) 0.16 0.23 0.199   0.20 0.30 0.256 

Room Relative Humidity (3) 0.21 0.24 0.217   0.18 0.28 0.256 
Vacuum Saturation (3) 0.22 0.24 0.231   0.26 0.28 0.269 
Submersion 1 Week (3) 0.22 0.27 0.242   0.25 0.31 0.279 
Submersion 1 Month (3) 0.18 0.28 0.230   0.26 0.37 0.326 
Submersion 3 Month (3) 0.22 0.29 0.251   0.29 0.38 0.337 

Young’s modulus has been calculated using two methods, E35 and E50, for all saturation 

effect specimens (Figure 3-11). The comparison of both methods shows a decreasing trend with 

increasing water content. Both trends show similar rates of decrease with water content, with the 

E50 method generally producing lower values. The variability of the data is relatively similar 

across all water contents, except for the specimens with the highest water content, which 

produced a notably lower value for both E35 and E50. The remaining data fits well to the linear 

trendlines, producing R2 values of 0.59 for the E35 method and 0.67 for the E50 method. 

 

Figure 3-11: Young’s modulus compared to water content for saturation effect specimens. 
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The minimum, maximum, and average Young’s modulus values are summarized in Table 

3-7. The average Young’s modulus data supports the observation that the E50 method results in 

lower values across all saturation conditions. Both methods produced similar ranges for the 

average values of all saturation conditions, having ranges of 12.4 GPa for the E35 averages and 

12.7 GPa for the E50 averages. The ranges for the individual saturation conditions differed 

slightly more, with the E35 method producing larger ranges (Table 3-8). Although there are only 

three data points for each saturation condition, the range in values for the Young’s modulus data 

shows that there is greater variability for the one-month oven-dried, two-week oven-dried, one-

month submersion, and three-month submersion results (Table 3-8). These ranges suggest that the 

results of the four mentioned saturation conditions are less consistent than those of the remaining 

three conditions.  

Table 3-7: Summary of Young’s modulus data for saturation effect specimens. 

Saturation Condition 

(Number of tests) 
E35 (GPa)   E50 (GPa) 

Min. Max.  Avg.   Min. Max.  Avg. 
Oven Dry 1 Month (3) 38 45 40.5   36 43 38.9 
Oven Dry 2 Week (3) 37 44 41.2   37 42 39.9 

Room Relative Humidity (3) 39 40 39.9   38 39 38.3 
Vacuum Saturation (3) 34 35 34.4   32 33 32.6 
Submersion 1 Week (3) 35 38 36.4   34 36 34.6 
Submersion 1 Month (3) 26 33 30.5   26 32 30.0 
Submersion 3 Month (3) 23 32 28.7   23 30 27.2 

Table 3-8: Range of E35 and E50 values for all saturation conditions. 

Saturation Condition 

(Number of tests) 
E35 (GPa)   E50 (GPa)  

Range   Range 
Oven Dry 1 Month (3) 7.5   6.6 
Oven Dry 2 Week (3) 6.8   4.6 

Room Relative Humidity (3) 1.6   0.8 
Vacuum Saturation (3) 1.4   0.5 
Submersion 1 Week (3) 2.6   1.9 
Submersion 1 Month (3) 7.6   6.1 
Submersion 3 Month (3) 9.4   7.6 
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3.7.3 UCS and Damage Thresholds 

The CI and CD thresholds have been estimated using an average of the methods previously 

discussed. With respect to the AE method, CI_M is used within the CI average, as it is more 

representative of the estimates made by the remaining methods. In addition, UCS has been 

calculated based on the peak load measured during each test. These strength thresholds have been 

plotted together with respect to water content of the specimens (Figure 3-12). 

 

Figure 3-12: Comparison of CI, CD, and UCS stress thresholds with respect to the water 

content of saturation effect specimens. 

Figure 3-12 shows that with increasing water content there is a significant decrease in 

both UCS and CD threshold. The influence of increasing water content on the CI threshold of 

Cobourg limestone appears to be minor and approaching a constant value at higher saturation. 

The one-month oven-dried specimens produced a maximum and minimum UCS of 151.8 MPa 

and 139.1 MPa respectively, a range of 12.7 MPa. The three-month submersion saturated 

specimens produced a maximum UCS of 96.2 MPa and a minimum UCS of 84.0 MPa, a range of 

12.2 MPa. The drop in average UCS from fully dry (one-month oven drying) to fully saturated 
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(three-month submersion) is approximately 55.56 MPa, a decrease of 39%. The oven-dried, RRH, 

and saturated results have been grouped together and are summarized in Table 3-9. 

Table 3-9: Average threshold data for dried, RRH, and saturated specimens. 

Threshold 
Average 

Dried 

(MPa) 

Average 

RRH 

(MPa) 

Average 

Saturated 

(MPa)  

Increase from 

RRH-Dry (%) 
Decrease from 

RRH-Wet (%) 

CI  50.9 49.3 42.0 3.1 14.9 
CD 106.3 98.6 71.9 7.8 27.1 

UCS 132.1 116.3 91.5 13.6 21.4 

This data demonstrates a general decreasing trend in UCS and crack damage thresholds, 

but, with a smaller effect on CI. The reverse trend is shown with the oven-dried specimens, with 

minor influence on CI (3% increase), and more effect on CD (7.8% increase) and UCS (13.6% 

increase). The results for the seven individual saturation conditions are summarized in Table 

3-10. The range in average CI between all saturation methods is 12.87 MPa, much less than the 

ranges produced by average CD (48.42 MPa) and UCS (60.51 MPa). The oven-dried and RRH 

specimens all produced similar average CI thresholds. The CD and UCS results for the same 

group of specimens varied more, with the two-week oven-dried and RRH specimens producing 

the most similar results. The one-month oven-dried specimens produced the highest average CD 

and UCS for all saturation conditions. 

Table 3-10: UCS and crack damage threshold data for saturation effect specimens. 

Saturation Condition 

(Number of tests) 
CI (MPa)   CD (MPa) 

  
UCS (MPa) 

Min. Max.  Avg.   Min. Max.  Avg. Min. Max.  Avg. 
Oven Dry 1 Month (3) 44.3 55.4 50.48   91.0 127.3 110.25   139.1 151.8 143.95 
Oven Dry 2 Week (3) 47.5 56.4 51.23   83.7 116.0 102.39   99.3 138.7 120.35 

Room Relative Humidity (3) 46.7 51.5 49.33   90.3 106.0 98.58   106.8 127.9 116.32 
Vacuum Saturation (3) 41.3 48.6 45.02   71.5 79.0 75.28   89.2 103.4 97.34 
Submersion 1 Week (3) 44.8 47.5 45.78   76.7 83.8 79.39   91.2 103.6 96.72 
Submersion 1 Month (3) 38.1 39.6 38.82   59.3 65.0 61.83   77.2 86.7 83.44 
Submersion 3 Month (3) 36.3 39.8 38.37   64.0 78.5 70.92   84.0 96.2 88.39 
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The vacuum and one-week submersion saturated specimens produced very similar CI, 

CD, and UCS results. The one-month and three-month saturated specimens behaved similarly 

with respect to CI, CD, and UCS, resulting in the lowest average values for all saturation 

conditions. It should be noted that these two groups of specimens result in distinctly lower values 

in comparison to the vacuum and one-week saturated specimens. This indicates that increased 

saturation duration has an increasing influence on the crack damage thresholds of Cobourg 

limestone. This is supported by Figure 3-12, which shows most of the one and three-month 

saturated results plotting below the trendlines. These lower values influence the relationship 

presented by the trendlines, showing a more significant decrease in CI, CD, and UCS with 

increasing water content. This is most evident in the CI results, with all six of the one and three-

month saturated results plotting below the linear trendline. The increasing saturation influence of 

the long-term (one and three month) saturated specimens appears to be independent of water 

content, as the water content of all saturation specimens is similar. This indicates that a different 

mechanism, which is not affected by water content, may be influencing the long-term saturated 

results. The reorganization of saturation specimens into two groups, instead of the single group 

displayed in Table 3-10, could result in an alternate interpretation of the data, which better 

represents the true behaviour of CI threshold for the Cobourg limestone under saturated 

conditions. 

3.8 Influence of Scale 

The influence of scale on the elastic and strength properties of the Cobourg limestone has been 

investigated through the testing of UCS specimens with varying diameter. Three specimens have 

been prepared for each of the four diameters: 50 mm (2”), 76 mm (3”), 101 mm (4”), and 126 mm 

(5”). Each of the specimens were prepared with a LDR ratio of 2.5. The loading rate of the 

specimens has been scaled up according to Table 3-4, to ensure a consistent axial strain rate 

throughout the tests. The following subsections will present the data from the 12 scale UCS tests.  
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3.8.1 Water Content 

The water content of the scale effect specimens was calculated after testing to maintain a record 

of any factors that could influence the testing results. The water content of scale effect specimens 

has been compared to specimen diameter in Figure 3-13. The average water content of all scale 

effect specimens is 0.170%, with values ranging between 0.12 and 0.32%. The maximum value 

corresponded to the 76 mm specimens, which also produced the greatest variability, resulting in a 

water content range of 0.14% (Table 3-11). The water content of the remaining specimens 

compares well within their respective diameters. 

 

Figure 3-13: Comparison of water content and diameter for scale effect UCS specimens, 

with dashed line representing average water content. 

Table 3-11: Summary of water content results for scale specimens. 

Specimen Diameter 

(Number of tests) 
Water Content (%) 
Min.  Max. Avg. 

50 mm (3) 0.12 0.13 0.12 
76 mm (3) 0.18 0.32 0.25 
101 mm (3) 0.16 0.21 0.18 
126 mm (3) 0.12 0.12 0.12 
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All scale specimens were stored in the RRH conditions of a preparation laboratory and 

were exposed to the environmental conditions present there (i.e. air, water vapor). These 

conditions changed over the course of the study, a period of approximately 13.5 months between 

the initial 76 mm and final 101 mm tests. Although specimens of the same diameter were 

generally tested consecutively, the different diameter specimens were tested at different points 

within this 13 and a half-month span. The 50 mm and 126 mm specimens were tested in the 

winter of 2016, while the 76 mm and 101 mm specimens were tested in the fall of 2015 and 2016, 

respectively. The timing of the tests may have exposed specimens to different conditions, 

dependent on seasonal and atmospheric changes, and likely contributed to the variation in water 

content observed for scale effect specimens. 

3.8.2 Elastic Properties  

The elastic properties of the scale tests have been calculated using the methods previously 

discussed, utilizing the 30-50% and 40-60% peak stress ranges of the results. The results of the 

v35 and v50 methods have been compared in Figure 3-14. The trend of the v35 and v50 results 

suggest that there is no influence on Poisson’s ratio with respect to specimen diameter. Although 

the v35 method produces distinctly lower values, the variability in values is relatively consistent 

across all diameters for both methods. 

The minimum, maximum, and average values for the v35 and v50 results are shown in 

Table 3-12. The average Poisson’s ratio for all scale specimens is 0.210 for the v35 method and 

0.239 for the v50 method. The average v35 values for the different specimen diameters varied 

between 0.190 and 0.225, a range of 0.035. The average v50 values produced a slightly larger 

range of 0.043, varying between 0.213 and 0.256 for the different specimen diameters. The 

largest variability in the data was produced by the 76 mm specimens, and is most evident in the 

v50 results.  
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Figure 3-14: Poisson’s ratio compared to diameter for scale effect specimens. 

Table 3-12: Summary of Poisson's ratio data for scale effect testing. 

Specimen Diameter 

(Number of tests) 
v35   v50 

Min. Max.  Avg.   Min. Max.  Avg. 
50 mm (3) 0.18 0.20 0.190   0.20 0.22 0.213 
76 mm (3) 0.21 0.24 0.217   0.24 0.28 0.256 
101 mm (3) 0.22 0.23 0.225   0.24 0.25 0.247 
126 mm (3) 0.18 0.22 0.209   0.22 0.25 0.239 

 It should be noted that although there were three 101 mm diameter tests 

conducted, the lateral strain data from one of the tests was heavily influenced by a fracture that 

formed along the circumferential extensometer. This fracture broke off a piece of the specimen 

and caused exaggerated lateral strain which affected the calculation of Poisson’s ratio. The 

Poisson’s ratio for this specimen was calculated as 0.39 for the v35 and 0.77 for v50. Based on 

observations during testing and the resulting data, these values have been omitted from the data 

set to avoid influencing any interpretations. 
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The Young’s modulus data, calculated using the E35 and E50 methods, has been plotted 

with respect to specimen diameter to examine the influence of scale on the deformation of the 

rock (Figure 3-15). Both datasets have a good fit to the linear trendlines, showing a slight 

increasing trend for Young’s modulus with respect to increasing specimen diameter. Overall, the 

data is quite similar for both methods as there is little variability between the different specimen 

diameters. The one exception is the results of the 101 mm diameter specimens, which show a 

larger difference between values. In general, the E50 method results in lower values compared to 

E35. The summary of the minimum, maximum, and average Young’s modulus values is shown in 

Table 3-13. 

 

Figure 3-15: Young’s modulus compared to diameter for scale effect specimens. 

Table 3-13: Summary of Young’s modulus data for scale effect specimens. 

Specimen Diameter 

(Number of tests) 
E35 (GPa)   E50 (GPa) 

Min. Max.  Avg.   Min. Max.  Avg. 
50 mm (3) 36 38 37.3   35 37 36.3 
76 mm (3) 39 40 39.9   38 39 38.3 
101 mm (3) 38 43 40.8   37 46 40.9 
126 mm (3) 45 46 45.6   43 45 44.2 
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The average Young’s modulus for all scale effect specimens was 40.9 GPa for E35 

method and 40.0 GPa for E50 method. The average E35 values for the different specimen 

diameters varied between 37.3 and 45.6 GPa, a range of 8.3 GPa. The average E50 values 

produced a slightly smaller range of 7.9 GPa, varying between 36.3 and 44.2 GPa for the different 

specimen diameters. Similar to Figure 3-15, the data shows increased variability in the 101 mm 

specimens, with a smaller range of values being produced by the E35 method (38-43 GPa) in 

comparison to E50 (37-46 GPa). 

3.8.3 UCS and Damage Thresholds 

The recorded test data has been used to calculate UCS, CI, and CD stress thresholds. To 

investigate the influence of scale, these thresholds have been plotted against specimen diameter in 

Figure 3-16. The results show that there is a minor decrease in UCS and CD for the 76 and 101 

mm specimens with respect to the 50 and 126 mm specimens. The CI trend of these tests remains 

constant, at approximately 51 MPa, suggesting that changing scale has a negligible influence.  

 

Figure 3-16: Comparison of CI, CD, and UCS stress thresholds with respect to diameter for 

scale effect specimens. 
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Overall, the flat trendlines present a good fit to the data, although the R2 values for UCS, CD, and 

CI are approximately zero. For a completely horizontal trendline R2 is likely to approach zero, or 

rather an undefined value, because this parameter compares the fits of the best fit regression line 

with a horizontal line. This means that even a perfect fit to a horizontal trendline will result in an 

R2 value of zero, which can influence data interpretation if the orientation of the trendline is not 

considered. The horizontal trendlines present a good fit to the data for CI, CD, and UCS, 

indicating that there is no significant correlation between these strength thresholds and specimen 

diameter for Cobourg limestone. 

The scale test results have been summarized in Table 3-14. The CI data shows that there 

is greater variability for the 101 and 126 mm tests. This trend is less evident for CD and UCS 

results, which are more variable in general for all four specimen diameters. The average CI, CD, 

and UCS threshold for all specimen diameters is 51.34, 102.64, and 122.63 MPa, respectively. 

The average CI results for the four specimen diameters were between 49.48 and 52.72 MPa, a 

range of 3.24 MPa. The range of the CD and UCS averages were more significant. The CD 

results produced average values between 97.89 and 108.43 MPa, a range of 10.54 MPa. The 

average UCS ranged between 116.32 and 131.27 MPa across all specimen diameters, a range of 

14.95 MPa. 

Table 3-14: UCS and crack damage threshold data for scale specimens. 

Specimen Diameter 

(Number of tests) 
CI (MPa)   CD (MPa) 

  
UCS (MPa) 

Min. Max.  Avg.   Min. Max.  Avg. Min. Max.  Avg. 
50 mm (3) 51.1 54.4 52.72   102.0 113.0 108.43   123.8 135.0 131.27 
76 mm (3) 48.0 50.8 49.48   90.3 106.0 98.58   106.8 127.9 116.32 
101 mm (3) 44.0 58.3 51.80   80.5 110.7 97.89   111.3 128.4 117.44 
126 mm (3) 45.0 56.3 51.35   101.0 108.3 105.64   118.9 133.6 125.51 

3.9 Influence of Loading Rate 

The effect of loading rate on the geomechanical properties of the Cobourg limestone has been 

investigated for both RRH and one-month saturated specimens with a 76 mm diameter. 
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Specimens have been tested at four target failure times in groups of three. The TTF of these tests 

was set to 2, 6, 60, and 600 minutes and was adapted from the standard 20-minute TTF loading 

rate used for saturation and scale testing. The previously presented saturation results include 76 

mm specimens with RRH and one-month submersion saturation conditions, and can be used for 

loading rate comparison as well. These saturation results will represent a fifth TTF (20 minutes), 

and are included in the loading rate results for comparison. 

The target failure times used have been previously summarized in Table 3-4, including 

the axial deformation, circumferential deformation, and axial strain rate used in each case. The 

following subsections will present the results of 30 UCS tests on RRH and one-month saturated 

loading rate specimens with respect to the axial strain rate used during testing. It should be noted 

that graphs representing the data will be plotted with a logarithmic scale x-axis to better distribute 

the data and effectively represent any relationship between axial strain rate and the examined 

parameter. 

3.9.1 Room Relative Humidity Results 

3.9.1.1 Water Content 

The water content of the RRH specimens has been compared for the different loading rate 

specimens tested (Figure 3-17). The results show the water content of the RRH specimens is quite 

variable, ranging between 0.07 and 0.32% for all five axial strain rates. The water content data is 

summarized in Table 3-15. The average water content of all RRH loading rate specimens is 

0.233%, with average values ranging between 0.192 and 0.268% for the five different loading 

rates. The greatest variability in water content is presented by the 6 and 600 µε/min tests, with 

ranges of 0.18% and 0.25%, respectively. 
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Figure 3-17: Comparison of water content and axial strain rate for RRH loading rate 

specimens, with dashed line representing average water content.  

Table 3-15: Summary of water content results for RRH loading rate specimens. 

Time to Failure 

(Number of tests) 
Axial Strain Rate 

(µε/min) 
Water Content (%) 
Min. Max.  Avg. 

600 min (3) 6 0.10 0.27 0.192 
60 min (3) 60 0.19 0.27 0.228 
20 min (3) 200 0.18 0.32 0.254 
6 min (3) 600 0.07 0.31 0.221 
2 min (3) 2000 0.24 0.29 0.268 

3.9.1.2 Elastic Properties 

To assess the influence of loading rate on the elastic properties of Cobourg limestone, the 

calculated Poisson’s ratios have been plotted together with respect to axial strain rate (Figure 

3-18). This comparison shows that with increasing axial strain rate there is no significant effect 

on either Poisson’s ratio method (v35 and v50). The displayed trendlines support this observation 

with slopes of zero for both v35 and v50, indicating no correlation between Poisson’s ratio and  



 

120 

 

 

Figure 3-18: Poisson’s ratio compared to the axial strain rate of RRH loading rate 

specimens, with blue arrow representing the standard 20-minute TTF axial strain rate used 

for saturation and scale tests. 

axial strain rate. The v50 results produced larger Poisson’s ratio values in comparison to the v35  

method for all tests except one of the 60 µε/min specimens. The results of the 60 µε/min tests 

show increased variability for both the v35 and v50 methods, while the v50 results for the 600 

µε/min tests also show more variability than the remaining results. 

Data for minimum, maximum, and average Poisson’s ratio values have been summarized 

in Table 3-16. The average Poisson’s ratio for all RRH loading rate tests was 0.217 for v35 and 

0.241 for v50. The averages for the v35 method varied between 0.197 and 0.225 across the five 

tested axial strain rates, a range of 0.028. This range is approximately half of that produced by the 

v50 method (0.053), which has average values between 0.203 and 0.256. These averages support 

the trends observed in Figure 3-18, suggesting that the v50 generally produces larger values than 

v35 and that both methods do not show any significant relationship to axial strain rate. 
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Table 3-16: Summary of Poisson's ratio data for RRH loading rate specimens. 

Time to Failure 

(Number of tests) 
Axial Strain 

Rate (µε/min) 
v35   v50 

Min. Max.  Avg.   Min. Max.  Avg. 
600 min (3) 6 0.21 0.23 0.220   0.23 0.26 0.244 
60 min (3) 60 0.15 0.23 0.197   0.17 0.24 0.203 
20 min (3) 200 0.21 0.24 0.217   0.24 0.28 0.256 
6 min (3) 600 0.22 0.23 0.225   0.23 0.30 0.255 
2 min (3) 2000 0.21 0.24 0.224   0.24 0.26 0.248 

 The methods used to calculate Young’s modulus (E35 and E50) have also been compared 

to axial strain rate to further examine any loading rate influence (Figure 3-19). The proposed 

logarithmic trendlines indicate comparable minor increasing relationship for both the E35 or E50 

methods with increasing axial strain rate. The data shows that the E35 method produced larger 

values for all 15 tests. Similar to Poisson’s ratio (Figure 3-18), there is increased variability in the 

60 µε/min test results for both methods. There is also a slight increase in both the E35 and E50  

 

Figure 3-19: Young’s modulus compared to the axial strain rate of RRH loading rate 

specimens, with blue arrow representing the standard 20-minute TTF axial strain rate used 

for saturation and scale tests. 
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values of the 600 µε/min test results. The increased 600 µε/min results and low values for the 6 

µε/min tests are likely responsible for the increasing trends observed in Figure 3-19, with 

Young’s modulus appearing to remain relatively consistent across the tested axial strain rate 

range. This suggests that there is no significant loading rate influence on the Young’s modulus 

results of the RRH specimens. 

A summary of the Young’s modulus data (Table 3-17) shows that the average values for 

all loading rate specimens were 39.6 GPa and 37.4 GPa for the E35 and E50 methods, 

respectively. The average E35 values for the five tested axial strain rates varied between 37.0 and 

42.8 GPa, for a range of 5.8 GPa. The E50 average values produced a larger range of 8.1 GPa, 

with values between 33.4 and 41.5 GPa. The remaining Young’s modulus data does not suggest 

any clear relationship to axial strain rate. 

Table 3-17: Summary of Young’s modulus data for RRH loading rate specimens. 

Time to Failure 

(Number of tests) 
Axial Strain 

Rate (µε/min) 
E35 (GPa)   E50 (GPa) 

Min. Max.  Avg.   Min. Max.  Avg. 
600 min (3) 6 35 38 37.0   34 37 36.0 
60 min (3) 60 36 41 38.6   28 38 33.4 
20 min (3) 200 39 40 39.9   38 39 38.3 
6 min (3) 600 42 44 42.8   40 43 41.5 
2 min (3) 2000 35 42 39.5   34 41 37.9 

3.9.1.3 UCS and Damage Thresholds 

To investigate the influence of loading rate on CI, CD, and UCS of RRH specimens, these 

thresholds have been plotted against axial strain rate (Figure 3-20). The strength and crack 

damage threshold data propose a minor decreasing trend for CD and UCS with respect to 

increasing axial strain rate. This relationship, however, is not well established due to the 

variability of the data and shallow nature of the trendlines, resulting in R2 values of 0.16 for CD  

and 0.20 for UCS. This suggests, rather, that there is no significant relationship between these 

parameters and axial strain rate. 
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Figure 3-20: Comparison of CI, CD, and UCS stress thresholds with respect to axial strain 

rate for RRH loading rate specimens. The blue arrow blue arrow represents the standard 

20-minute TTF axial strain rate used for saturation and scale tests. 

Similar to the elastic properties, there is increased variability in the CD results of the 60 

µε/min tests. In addition, the CD and UCS results of the 2000 µε/min tests are also quite variable, 

with two tests producing similar results and the other resulting in significantly lower CD and 

UCS values. Results from the remaining tests are similar within the same axial strain rate. The 

decreasing trend for CI results is less significant than that indicated by the CD and UCS results, 

with most of the values remaining relatively constant for all five axial strain rates. The R2 of 0.01 

for the CI trendline suggests that a horizontal line is a good representation of the data, and that 

there is no significant correlation between increasing axial strain rate and CI. 

The RRH loading rate results have been summarized in Table 3-18. Average CI threshold 

varies between 48.33 and 52.78 MPa across all five axial strain rates, with an overall average CI 

of 50.50 MPa. The largest variability between specimens occurred for the 2000 µε/min tests 

which produced a range of 10.7 MPa. The average CD ranged between 86.36 and 103.65 MPa for 
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the five axial strain rates, with an average CD of 95.84 MPa for all RRH loading rate tests. The 

largest range in CD values was observed for the 60 µε/min tests, resulting in a range of 38.2 MPa. 

The 2000 µε/min tests also produced variable results, having a range of 28.6 MPa. The average 

UCS of all RRH loading rate specimens was 122.06 MPa, with average values between 114.81 

and 131.10 MPa for the five axial strain rate groups. The largest variability among the five groups 

was observed for the 2000 µε/min tests which produced a range of 40.5 MPa.  

Table 3-18: Summary of UCS and crack damage threshold data for RRH loading rate 

specimens. 

Time to Failure 

(Number of 

tests) 

Axial 

Strain Rate 

(µε/min) 

CI (MPa)  CD (MPa)  UCS (MPa) 
Min. Max. Avg.  Min. Max. Avg.  

Min. Max. Avg. 
600 min (3) 6 48.4 53.7 50.29   96.7 110.3 103.65   122.5 133.9 128.57 
60 min (3) 60 48.5 55.2 51.62   74.5 112.7 93.61   125.5 135.0 131.10 
20 min (3) 200 48.0 50.8 49.48   90.3 106.0 99.58   106.8 127.9 116.32 
6 min (3) 600 52.6 53.0 52.78   90.0 101.0 96.00   112.0 123.5 119.49 
2 min (3) 2000 42.0 52.7 48.33   68.8 97.3 86.36   87.8 128.3 114.81 

3.9.2 One-month Saturated Results 

3.9.2.1 Water Content 

The water content of the one-month submersion specimens has been plotted with respect to axial 

strain rate to examine the effectiveness of saturation on specimen water content (Figure 3-21). 

The results show the water content of the saturated specimens is relatively consistent for most of 

the specimens, excluding the 60 µε/min specimens which ranged between 0.55 and 0.72%. 

Although the water content of the 6 µε/min test specimens is similar, the values are noticeably 

lower than most of the remaining specimens and the overall average water content of 0.630%.  
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Figure 3-21: Comparison of water content and axial strain rate for one-month saturated 

loading rate specimens, with dashed line representing average water content. 

The minimum, maximum, and average water content data for the one-month saturation 

specimens is summarized in Table 3-19. The average water content of the five groups of axial 

strain rate specimen varies between 0.540 and 0.683%, a range of 0.143%. The data supports the 

observation that the 6 µε/min test specimen were tested with lower water content, having an 

average of 0.540% between the three specimens. This average is 0.09% lower than the overall 

average for saturated loading rate specimens. The data also shows that the 2000 µε/min 

specimens had the highest individual water content value (0.75%), and highest overall average 

water content (0.683%), of all 54 UCS specimens tested in this study. 
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Table 3-19: Summary of water content results for one-month saturated loading rate 

specimens. 

Time to Failure 

(Number of tests) 
Axial Strain 

Rate (µε/min) 
Water Content (%) 
Min. Max. Avg. 

600 min (3) 6 0.51 0.56 0.540 
60 min (3) 60 0.55 0.72 0.640 
20 min (3) 200 0.57 0.64 0.612 
6 min (3) 600 0.65 0.71 0.676 
2 min (3) 2000 0.64 0.75 0.683 

3.9.2.2 Elastic Properties 

The calculated Poisson’s ratio using the v35 and v50 methods has been compared to axial strain 

rate to examine the influence of loading rate on saturated specimens (Figure 3-22). Similar to the 

results of the RRH loading rate specimens (Figure 3-18), this comparison shows that with 

increasing axial strain rate there is no significant effect on either v35 or v50. The displayed 

trendlines suggest a minor increasing relationship with increasing axial strain, however, with 

slopes of almost zero for both methods. Considering the amount of variability in the 6 µε/min 

results, the data suggests no significant correlation between Poisson’s ratio and axial strain rate.  

The v50 results produced larger values in comparison to the v35 method for all one-

month saturated specimens. This compares well to the observations made for RRH specimens, 

however, the difference between the two methods is more significant for the saturated specimens. 

This is supported by the y-axis intercepts of the two trendlines which are 0.16 for v35 and 0.25 

for v50. The difference between these two values is much larger than that observed for the RRH 

specimens, which had y-axis intercepts of 0.21 and 0.22 for the v35 and v50 methods, 

respectively. There is increased variability for most of the one-month saturated specimens, most 

evident in the 6 µε/min and 60 µε/min v50 results. There is also significant variability in the 6 

µε/min results of the v35 method, with less variation between the remaining grouped specimens. 
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Figure 3-22: Poisson’s ratio compared to the axial strain rate of one-month saturated 

loading rate specimens, with blue arrow representing the standard 20-minute TTF axial 

strain rate used for saturation and scale tests. 

Data regarding the minimum, maximum, and average Poisson’s ratio values is shown in 

Table 3-20. The overall average Poisson’s ratio calculated by the v35 and v50 methods is 0.224 

and 0.305, respectively. The averages for the v35 method varied between 0.179 and 0.261 across 

the five tested axial strain rates, a range of 0.082. This range is slightly smaller than that produced 

by the v50 method (0.104), which has average values between 0.235 and 0.339. These averages 

support the trends observed in Figure 3-22, and previously in the RRH specimen results, 

suggesting that v50 generally produces larger values than v35, and that both methods do not show 

any significant relationship to axial strain rate. Overall, the Poisson’s ratio results for both 

methods show more variability than the results for RRH specimens tested under the same axial 

strain rate condition. 
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Table 3-20: Summary of Poisson's ratio data for one-month saturated loading rate 

specimens. 

Time to Failure 

(Number of tests) 
Axial Strain 

Rate (µε/min) 
v35   v50 

Min. Max.  Avg.   Min. Max.  Avg. 
600 min (3) 6 0.11 0.27 0.179   0.12 0.37 0.235 
60 min (3) 60 0.19 0.23 0.217   0.25 0.47 0.339 
20 min (3) 200 0.18 0.28 0.230   0.26 0.37 0.326 
6 min (3) 600 0.24 0.30 0.261   0.31 0.33 0.320 
2 min (3) 2000 0.20 0.27 0.236   0.26 0.36 0.307 

The calculated Young’s modulus for one-month saturated loading rate specimens has 

been plotted with axial strain rate to compare the results (Figure 3-23). Similar to the RRH 

loading rate results, the proposed trendlines indicates a minor increasing relationship for both the 

E35 or E50 methods and increasing axial strain rate. The trendlines have similar slopes of y-axis 

intercepts of 25.40 for E35 and 25.09 for E50. In general, the data is more variable than the RRH  

 

Figure 3-23: Young’s modulus compared to the axial strain rate of one-month saturated 

loading rate specimens, with blue arrow representing the standard 20-minute TTF axial 

strain rate used for saturation and scale tests. 
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results for both Young’s modulus methods. This variability is most evident in the E50 results of 

the 6 µε/min and 60 µε/min tests, having ranges of 11 GPa and 12 GPa, respectively. The 

increased variability of the 6 µε/min results contribute to the observed minor increasing trends, 

with the remaining data remaining relatively consistent across the axial strain rate range. Similar 

to the RRH results, this suggests that there is no significant loading rate influence on the Young’s 

modulus results of the one-month saturated specimens. 

A summary of the Young’s modulus data (Table 3-21) shows that the average value for 

all loading rate specimens was 30.1 GPa for the E35 method and 29.3 GPa for the E50 method. 

These averages are noticeably lower than those observed for the RRH specimens, which were 

39.6 GPa and 37.4 GPa for E35 and E50 for the same axial strain rate conditions. The average 

E35 values for the five tested axial strain rates varied between 26.1 and 32.7 GPa, for a range of 

6.6 GPa. The E50 average values produced a similar range of 6.9 GPa, with values between 24.7 

and 31.6 GPa. This data supports the observations for Figure 3-23, suggesting that Young’s 

modulus remains relatively constant across the five tested axial strain rates. 

Table 3-21: Summary of Young’s modulus data for one-month saturated loading rate 

specimens. 

Time to Failure 

(Number of tests) 
Axial Strain 

Rate (µε/min) 
E35 (GPa)   E50 (GPa) 

Min. Max.  Avg.   Min. Max.  Avg. 
2 min (3) 2000 32 33 32.7   30 32 30.8 
6 min (3) 600 26 32 30.0   25 33 29.3 
20 min (3) 200 26 33 30.5   26 32 30.0 
60 min (3) 60 26 35 31.3   26 37 31.6 
600 min (3) 6 21 29 26.1   18 29 24.7 

3.9.2.3 UCS and Damage Thresholds 

The CI, CD, and UCS thresholds have been plotted against axial strain rate to examine the 

influence of loading rate on the strength of one-month saturated specimens (Figure 3-24). The 

strength and crack damage threshold data present a minor increasing trend for CD and UCS with 
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respect to increasing axial strain rate. However, considering the variability of the data and the 

comparable results for the minimum (6 µε/min) and maximum (2000 µε/min) axial strain rates, 

there is likely no significant relationship between CD or UCS and increasing axial strain rate for 

one-month saturated specimens. This is supported by the low R2 values of the UCS (0.14) and CD 

(0.07) trendlines, indicating that a horizontal line is likely a good approximation of the UCS and 

CD data. 

 

Figure 3-24: Comparison of CI, CD, and UCS stress thresholds with respect to axial strain 

rate for one-month saturated loading rate specimens. The blue arrow blue arrow represents 

the standard 20-minute TTF axial strain rate used for saturation and scale tests. 

Similar to the RRH loading rate results, there is increased variability in the CD results of 

the 60 µε/min tests, with one value plotting distinctly lower than all the remaining results. This 

low CD result also corresponds to the lowest CI and UCS values produced for the one-month 

saturated specimens. The remaining CD results are relatively consistent within each specimen 

group, while the UCS results are more variable across all five of the tested axial strain rates. The 

CI results suggest a flat trend, indicating no relationship between axial strain rate and the data. 
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The R2 of 0.03 for the CI trendline suggests that a horizontal line is a good representation of the 

data, supporting that there is no significant correlation between increasing axial strain rate and CI. 

The minimum, maximum, and average thresholds for one-month saturated loading rate 

specimens have been summarized in Table 3-22. Average CI threshold varies between 37.10 and 

41.58 MPa across all five axial strain rates, with an overall average CI of 38.74 MPa. The largest 

variability between specimens occurring for the 60 µε/min tests which produced a range of 13.9 

MPa. The 600 µε/min tests also produced variable results, having a range of 12.9 MPa. The two 

lowest CI averages were produced by the 6 µε/min and 2000 µε/min test results, which are the 

two end members of the axial strain rate range. This supports the trend observed in Figure 3-24, 

suggesting that loading rate has no significant influence on CI threshold.  

Table 3-22: Summary of UCS and crack damage threshold data for one-month saturated 

loading rate specimens. 

Time to Failure 

(Number of 

tests) 

Axial 

Strain Rate 

(µε/min) 

CI (MPa)   CD (MPa)   UCS (MPa) 
Min. Max.  Avg.   Min. Max.  Avg.   Min. Max.  Avg. 

600 min (3) 6 34.0 40.5 37.10   63.3 77.3 68.44   75.1 100.0 86.45 
60 min (3) 60 29.6 43.5 38.37   39.5 71.0 59.94   69.3 84.5 77.27 
20 min (3) 200 38.1 39.6 38.82   59.3 65.0 61.83   77.2 86.7 83.44 
6 min (3) 600 36.6 49.5 41.58   65.5 81.8 73.67   81.2 100.3 90.71 
2 min (3) 2000 33.6 42.9 37.83   71.8 73.7 72.81   84.2 103.2 95.33 

The average CD results for the five axial strain rates ranged between 59.94 and 73.67 

MPa, with an average CD of 67.34 MPa for all saturated loading rate tests. The largest range in 

CD values was observed for the 60 µε/min tests, resulting in a range of 31.5 MPa. The average 

UCS of all saturated loading rate specimens was 86.64 MPa, with average values between 77.27 

and 95.33 MPa for the five tested axial strain rates. The largest variability among the five groups 

was observed for the 6 µε/min tests which produced a range of 24.9 MPa. The two lowest CD and 

UCS averages were produced by the 60 µε/min and 200 µε/min tests, which represent the middle 

of the tested axial strain rate range. 
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3.10 Summary 

The presented data has shown the results of UCS testing for investigating the influence of various 

testing conditions on the elastic and strength properties of Cobourg limestone. The study 

examined the effect of specimen water content, scale, and loading rate to characterize the 

behaviour of the rock under different conditions. Seven different methods were used to alter the 

water content of 21 specimens for the investigation of saturation effects. Saturation of specimens 

was successful in increasing the water content of the rock up to a maximum of 0.75% by weight, 

occurring for a one-month submersion saturated specimen. Oven drying of specimens for one 

month reduced the water content of specimens to a minimum value of 0.05% water content by 

weight. Increased water content had a minor influence on Poisson’s ratio, suggesting that there 

could be a correlation between these two properties. However, these results were variable and this 

trend is not well supported. The Young’s modulus data has a good fit to the proposed trend, 

demonstrating a decrease in Young’s modulus with increasing water content. The data for CD 

and UCS results indicate a decreasing trend with increasing water content, while the CI threshold 

shows a minor decrease in comparison. 

 The influence of scale was examined through the testing of 12 UCS specimens with 

varying diameter. Specimens with diameters of 50, 76, 101, and 126 mm were prepared with a 

consistent LDR ratio of 2.5:1 to observe any effects. There was no significant effect for 

calculated Poisson’s ratio with increasing scale. The Young’s modulus results suggest an 

increasing trend with respect to increasing scale. The data fits well to the trend and supports this 

observation. No significant trends were observed for the CI, CD, and UCS results, indicating no 

scale influence on theses parameters. 

 The effect of loading rate on Cobourg limestone was studied through the testing of 30 

UCS specimens, with half prepared to one-month saturated conditions and the remaining to RRH 

conditions. The RRH results supported no significant relationship between loading rate and either 
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Poisson’s ratio or Young’s modulus, suggesting they remain relatively constant throughout the 

tested range. The CI, CD, and UCS results present no clear relationship with respect to changing 

loading rate. The one-month saturated results were very similar to that of the RRH; however, they 

presented more variability and decreased values for all properties, except Poisson’s ratio. The 

influence of loading rate on the Cobourg limestone appears to be minor in comparison to the 

effects observed for saturation testing, indicating no significant change in behavior for loading 

rate UCS specimens with increasing axial strain rate.  
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Chapter 4 

Brazilian Tensile Strength Testing of Cobourg Limestone with Varying 

Saturation and Scale Conditions 

4.1 Introduction 

Indirect tensile strength testing has been conducted on a total of 47 Brazilian disc specimens to 

examine the influence of saturation and scale on the tensile strength of Cobourg limestone. 

Specimen saturation was investigated by altering the water content of 35 specimens using the 

seven methods previously discussed for UCS testing (Chapter 3). All saturation specimens had a 

diameter of 76 mm and a consistent Thickness to Diameter Ratio (TDR) of 0.5:1, and were 

prepared using the same standards and methodologies. The consistent preparation methodology 

used for these specimens has allowed for the testing of similar Brazilian disc specimens, with 

water contents ranging between 0.00 and 0.90% by weight.  

The influence of specimen scale has been studied through the testing of 12 Brazilian disc 

specimens with diameters of 50 mm, 101 mm, and 126 mm. These specimens have been prepared 

to RRH condition with a consistent TDR of 0.5:1. To provide additional comparison, the RRH 

results from saturation effect testing have been included in the scale analysis. These five 

additional tests will be presented as 76 mm results and compared with the remaining scale 

specimens. The results of BTS testing will be summarized and used to evaluate the effectiveness 

of this study in characterizing the behaviour of Cobourg limestone under varying conditions. 

4.2 Specimen Testing Conditions 

To study the influence of specimen saturation of the tensile strength of Cobourg limestone, the 

water content was altered using the following methods: submersion saturation for one week, one 

month, and three months; vacuum saturation for one week; RRH; oven drying for two weeks; 

and, oven drying for one month. These methods are the same that were used for UCS testing and 
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have been previously discussed for UCS testing. The specimens used to investigate saturation and 

scale effect are listed in Table 4-1 and Table 4-2, respectively. 

Table 4-1: BTS specimens tested for saturation effect 

Specimen ID Saturation State 
A2-6-Top 

Oven-dried One Month 
A2-6-Bot 

A2-8-Top-2 
A2-8-Bot-2 
A2-1-Bot-2 
A2-5-Top 

Oven-dried Two Weeks 
A2-5-Bot 

A2-11-Top-1 
A2-11-Bot-2 
A2-11-Top-2 
C1-4-Bot-1 

Room Relative Humidity 
C1-4-Bot-2 
C1-2-Top 
C1-12-Top 
C1-12-Bot 
A2-1-Top 

Pressure Saturated One Week 
A2-1-Bot-1 
A2-7-Top 
A2-7-Bot 

A2-4-Top-3 
A2-2-Top 

Submersion Saturated One Week 
A2-2-Bot 

A2-8-Top-1 
A2-8-Bot-1 
A2-13-Top 
A2-3-Top 

Submersion Saturated One Month 
A2-3-Bot 
A2-9-Top 
A2-9-Bot 

A2-10-Top-2 
A2-4-Top-1 

Submersion Saturated Three Months 
A2-4-Top-2 
A2-10-Top-1 
A2-10-Bot-1 
A2-10-Bot-2 
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Table 4-2: BTS specimens tested for scale effect. 

Specimen ID Specimen Diameter 
C1-6-1 

50 mm  
C1-6-2 
C1-8-1 
C1-8-2 
C1-13-1 

C1-4-Bot-1 

76 mm 
C1-4-Bot-2 
C1-2-Top 
C1-12-Top 
C1-12-Bot 
B1-1-Top-1 

101 mm B2-1-Top-1 
B2-1-Top-2 
B2-2-Top-1 

C1-1 
126 mm C1-5 

C1-10 

4.3 Testing Equipment 

In addition to the prepared specimens and MTS Rock Mechanics testing system, described in 

Chapter 2, there are several other components required for BTS testing including two MTS direct 

contact extensometers, curved bearing blocks, Brazilian loading bracket, strain gauges, and strain 

gauge amplifier. The MTS extensometers were previously used to measure the axial deformation 

of UCS tests, and have been described in Chapter 3. The remaining components for BTS testing 

are discussed in the following subsections. 

4.3.1 Curved Bearing Blocks 

Curved bearing blocks were used for the BTS testing of 50 mm and 76 mm specimens in 

accordance with ASTM 3967 standard (ASTM International 2008a) and the ISRM suggested 

methods for determining tensile strength (ISRM 1978) (Figure 4-1). The curved surface reduces 

the contact stress applied to the specimen and, therefore, the likelihood of premature fracturing 

due to crushing of the contact surface. The bearing blocks were designed such that the arc of 
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contact between the specimens and the blocks would be 10°. This value is below the maximum 

tolerance of 15° stated by ASTM 3967, and matches the suggested value by ISRM, representing a 

value which conforms well to both methodologies. 

It should be noted that there are no bearing blocks for the 101 mm and 126 mm specimen 

groups. These groups consisted of seven specimens with diameters that are considered to be 

uncommon in rock mechanics testing. Thus, there was not enough justification to warrant 

designing and manufacturing additional curved bearing blocks for these specimens. Instead, an 

alternative method was investigated using standard UCS platens for the 101 mm and 126 mm 

tests. Two thin pieces of wood were placed in between the specimen and platen to distribute the 

applied load. The thickness of this wood was two millimeters and the total width was 1/6 of the 

diameter of the specimen, according to ASTM 3967 standard (ASTM International 2008a). The 

standard states that test results using the two different types of load distributors, curved bearing 

blocks and wooden cushions, do not differ significantly; whereas, there can be consistent 

differences in the results of tests which use direct contact between specimen and platens. 

 

Figure 4-1: Curved bearing blocks for 50 mm (left) and 76 mm (right) Brazilian disc 

specimens. 
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4.3.2 Brazilian Loading Bracket 

The curved bearing blocks are placed in a loading bracket (Figure 4-2) and fixed into position 

using four threaded bolts per block. Proper alignment of the bearing blocks is facilitated by two 

position pins fixed in the lower and upper bracket. In addition, two large guide pins are used to 

ensure consistent configuration and positioning of the lower and upper loading bracket. A 

spherical seat platen is used with the upper loading bracket to provide an even load distribution 

through the center of the apparatus and specimen. The critical dimensions and tolerances related 

to the design of the Brazilian loading bracket were obtained from the suggested methods of the 

ISRM (ISRM 1978). 

 

Figure 4-2: Brazilian loading frame with spherical seat and brackets for holding curved 

bearing blocks. 

4.3.3 Strain Gauges and Amplifier 

Strain gauges were utilized on several BTS tests to investigate an alternative to extensometers and 

identify the best technique for future testing. Two 120 Ohm strain gauges with a wire grid length 
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of 10 mm were used for each of these tests. The accuracy and resolution of the gauges meets the 

standards specified by ASTM 7012 (ASTM International 2014a), although no specifications are 

discussed for strain measurement during BTS testing by either ASTM 3967 or the ISRM 

suggested method (ISRM 1978, ASTM International 2008a). 

Due to the small amount of strain being measured, gauges are connected to a four channel 

amplifier (Figure 4-3) to boost the received signal and improve resolution. The amplifier is 

connected to an input channel of the MTS FlexTest 60 controller. This allows for the collected 

strain data to be synchronized with applied load data for additional post-test analysis. The 

remaining specifications of the HBM strain gauges have been included in Appendix E. 

 

Figure 4-3: Four channel strain gauge amplifier for 120 Ohm strain gauges. 

4.4 Testing Procedure 

Lateral strain was measured for 35 BTS tests using two direct contact extensometers with a 20 

mm gauge length. This gauge length was adjusted from 50 mm for the UCS testing setup to 

increase proximity to the location of tensile fracturing. A third direct contact extensometer was 

connected to the system with the zero displacement pin in place to avoid any influence on the 
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readings. The inclusion of the third extensometer was necessary, as the MTS system requires 

feedback from all three extensometers to properly operate. The extensometers were held in place 

by the contact force provided by two elastic bands wrapped around each specimen (Figure 4-4a). 

The extensometers were positioned at the centre of the flat face of each specimen, aligned 

perpendicular to the compressive loading axis and orientation of tensile fracturing. 

 

Figure 4-4: Test setup for 50 mm and 76 mm BTS specimens using (a) MTS extensometers 

and (b) strain gauges to measure strain. 

Strain gauges were used to record lateral strain measurements for 12 BTS tests, including 

all 101 mm and 126 mm scale tests. The gauges were only used on 12 specimens because the 

strain gauge amplifier was acquired near the end of the testing study. These were the only 

remaining untested specimens, thus they were chosen to investigate strain gauges as an alternative 

to extensometers. The 10 mm long resistance strain gauges were placed at the center of each 

specimen face, for a total of two gauges per specimen. The gauges were aligned perpendicular to 

the orientation of compressive loading (Figure 4-4b) and were held in place using a cyanoacrylate 

adhesive.  

 Prior to each test, the relative humidity and temperature of the room was recorded. The 

specimens were visually inspected and any type of structural weakness (e.g. healed fractures) was 
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recorded. Once the specimens were equipped with extensometers or strain gauges, they were 

positioned for testing. The 50 mm and 76 mm specimens were placed into the Brazilian loading 

bracket equipped with the appropriate curved bearing blocks. The specimens were positioned in 

the center of the bearing blocks and then the loading bracket was centered about the bottom 

loading column. A hardened steel platen was placed between the spherical seat and the upper 

loading column of the MTS loading frame to provide a larger and more even surface area for load 

distribution.  

 The larger BTS tests (101 mm and 126 mm) used a fixed bottom and spherically seated 

top platen for testing (Figure 4-5). Thin pieces of wood were cut to size and used as load 

distributors between the platens and the specimen to reduce contact stress. Two new pieces of 

wood were used as load distributors for each specimen. The load distributors were 1.60 mm thick, 

cut to a width of 1/12 of the diameter of the specimen, and slightly longer than the entire 

thickness of each Brazilian disc specimens. 

 

Figure 4-5: BTS test setup for 101 mm and 126 mm Cobourg limestone specimens. 
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Once in the proper position, the specimen and testing setup were raised by manual 

control until near contact with the top platen. A programed control routine that conforms with 

ASTM D3967 standard (ASTM International 2008a) was used for each BTS test: 

1. Zero the readings of axial force and extensometers or strain gauges. 

2. Raise the specimen to contact with the top platen, then: 

a. move the actuator up with the rate of 0.1 mm/min; 

b. stop when the applied force reaches 5.0 kN; and, 

c. reduce the applied force to 1.0 kN with the unloading rate of 10 kN/min. 

3. Start recording the applied force and lateral deformation or strain. 

4. Start the test in load control mode with the rate ranging between 0.10 to 0.25 kN/s 

depending on the diameter of the specimen. 

5. Stop the test when the applied force in the unloading region reaches 70% of the 

maximum applied force to the specimen during the test. 

The loading rate for all 76 mm specimens was maintained constant at 0.15 kN/s to fail specimens 

within 1 to 10 minutes, as specified by the ASTM 3967 standard (ASTM International 2008a). 

This rate facilitated specimen failure within four to six minutes and was chosen after conducting 

initial test trials with loading rates of 0.10 kN/s and 0.25 kN/s. The 50 mm, 101 mm, and 126 mm 

specimens were tested at loading rates of 0.1 kN/s, 0.2 kN/s, and 0.25 kN/s, respectively. These 

loading rates were proportionally adjusted from the 76 mm standard rate based on diameter, to 

account for the change in surface area. 

After the test was completed, photos of the specimen were taken, and the mode of failure 

was recorded. The specimen was then removed from the Brazilian loading bracket and the 

extensometers or strain gauges were removed. The failed Brazilian disc was then placed in a 

labeled tray for drying and water content calculation, as discussed in Chapter 2. Once dried, the 
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specimen was placed in a plastic storage bag, labeled, and closed. The tested specimens were 

stored for additional observation as required. 

4.5 Characterization of Heterogeneity  

The heterogeneity of the BTS specimens has been examined using bulk density to characterize 

the variability in the composition of individual specimens. As shown in Chapter 3, a combination 

of bulk density and percentage of fine grained limestone can be used to quantify the heterogeneity 

of UCS specimens. Although the circumferential surface of BTS specimens was not scanned, the 

bulk density of the specimens could serve as a similar proxy for describing the variability of 

testing results. Based on the relationship presented for UCS tests, the BTS specimens with the 

lowest bulk density would be the most heterogenous and contain the highest proportion of clay 

rich material.  

 The average bulk density of all BTS specimens was measured to be 2.6508 g/cm3, with a 

standard deviation of 0.0097 g/cm3 (Figure 4-6). The minimum bulk density of the BTS 

specimens was 2.630 g/cm3, while the maximum was 2.683 g/cm3. In comparison to the UCS 

bulk density, the BTS specimens produce a higher standard deviation and larger range in values. 

This suggests that, at the BTS specimen scale, specimens are more likely to present variable 

proportions of fine grained limestone with increased clay content. This is supported by the 

saturation results, discussed later in this chapter, which show increased variability in the water 

content of saturated BTS specimens. 
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Figure 4-6: Distribution of bulk density for all BTS specimens. 

4.6 Testing Program Summary 

A total of 47 BTS specimens of Cobourg limestone have been prepared and tested under various 

conditions to investigate the influence of saturation and scale on the tensile strength of the rock. 

Of these specimens, 35 were used to evaluate the influence of saturation and 17 were tested to 

evaluate the effect of scale. The primary mode of failure for BTS specimens was tensile 

fracturing occurring through the center of the specimen (Figure 4-7). Ten of the BTS tests also 

demonstrated interaction with the bedding planes of the rock, with tensile fractures extending 

through the entire specimen and circumferential fracturing along bedding surfaces (Figure 4-8). 

This resulted in specimens breaking into four sections along two perpendicular fracture surfaces.  

This behaviour does not appear to be related to scale or saturation, as this type of 

fracturing was observed for oven-dried, RRH, and saturated specimens, as well as 50 and 76 mm 

specimens. The results from these tests were compared to the remaining results to examine any 

irregularities or identify invalid data, however, the data compares well. This suggests that the 
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circumferential fracturing likely represents layer activation of existing structures in the rock after 

initial tensile fracturing. Complex fracturing behaviour can make it difficult to determine if a BTS 

test failed due to true tensile rupture. In addition, axial fracturing after initial tensile rupture can 

lead to the formation of compound fractures, which further complicate testing observations. BTS 

tests involving layer activation do not appear to be related to saturation or scale conditions; 

therefore, the data from these tests has been included to examine the influences of testing 

conditions. However, the data from the 15 tests that exhibited bedding layer activation are noted 

with a different symbol in the plotted strength results. In addition, separate trendlines for strength 

data with and without bedding interaction specimens have been presented to demonstrate the 

comparable results. Discussion of the results within the text is related to all tested specimens 

unless otherwise noted through the mention of “standard test” results, which indicate tests that did 

not experience bedding interaction. 

 

Figure 4-7: Common failure behaviour exhibited by Cobourg limestone BTS specimens 

(specimen in the image is 126 mm in diameter). 
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Figure 4-8: Failure behaviour exemplified by several 76 mm diameter specimens with (a) 

top view of a 76 mm specimen, (b) circumferential view of a fracture along bedding, and (c) 

internal view of the primary tensile fracture. 

The applied load data from testing has been used to calculate a BTS value for each 

specimen. The water content for all specimens has also been calculated using the ASTM 2216 

standard method (ASTM International 2010). An overview of testing results is available in 

Appendix F and specimens which demonstrated bedding interaction have been highlighted. 

Photographs of BTS specimens and testing details have been provided for each specimen in 

Appendix G. A summary of BTS testing results is provided in the following sections, which have 

been categorized by testing condition. 

4.7 Influence of Saturation 

The water content of specimens was altered using seven methods discussed in Section 4.2. The 35 

BTS specimens used for saturation influence testing have been prepared with a diameter of 76 

(a) (b) 

(c) 
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mm and TDR of 0.5:1. To examine the effect of the different saturation methods, the water 

content and BTS results are compared below. 

4.7.1 Water Content 

The water content of the specimens has been calculated and compared to saturation method to 

examine the different conditions specimens were tested under (Figure 4-9). Both oven drying 

methods have decreased the specimen water content to almost zero, with the two week and one-

month drying resulting in 0.013% and 0.004% average specimen water contents, respectively. 

The average water content for the RRH specimens is 0.081%. The four saturation methods have 

produced increased water content for BTS specimens, with comparable ranges between 0.50% 

and 0.90%. 

 

Figure 4-9: Comparison of water content and saturation method for all saturation effect 

BTS tests. 

The minimum, maximum, and average water contents have been summarized in Table 

4-3. The vacuum and one-week saturation methods resulted in average water contents of 0.671% 

and 0.651%, respectively. The one and three-month saturation specimens resulted in slightly 
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higher average water contents, with averages of 0.724% for one-month saturation and 0.710% for 

three-month saturation. Although the variation in average water content for the four saturation 

methods was relatively small, having a range of 0.073%, the variation between individual 

specimens was significant. The largest variation was measured for the vacuum saturated 

specimens which had water contents that ranged by 0.35%. The remaining three methods also had 

significant ranges, with the minimum variation measured for the three-month saturated specimens 

ranging by 0.23%. 

Table 4-3: Summary of water content results for all saturation effect BTS specimens. 

Saturation Condition 

(Number of tests) 
Water Content (%) 
Min. Max.  Avg. 

Oven Dry 1 Month (5) 0.00 0.00 0.004 

Oven Dry 2 Week (5) 0.00 0.02 0.013 

Relative Room Humidity (5) 0.07 0.10 0.081 

Vacuum Saturation (5) 0.51 0.86 0.671 

Submersion 1 Week (5) 0.51 0.84 0.651 

Submersion 1 Month (5) 0.60 0.90 0.724 

Submersion 3 Month (5) 0.60 0.84 0.710 

4.7.2 Brazilian Tensile Strength  

The BTS of each specimen has been calculated and compared to water content to investigate the 

influence of saturation (Figure 4-10). The data for saturation specimens shows a significant 

decreasing trend for BTS with increasing water content. The data fits the suggested trend well 

(R2=0.51), although there is significant variation for some of the saturation conditions. The 

largest range in values was produced by the one-month dried specimens, which had BTS varying 

between 4.8 and 10.1 MPa. The trends suggested by all and standard test results are comparable, 

with minor variation at low water contents and increasing similarity at higher water contents. The 
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maximum difference observed between the two trends is 4.0% over the presented range of water 

contents, suggesting the relationships are approximately equivalent. 

 

Figure 4-10: Comparison of BTS and water content for standard and bedding interaction 

tests of saturation effect specimens. 

The minimum, maximum, and average BTS for all saturation specimens has been 

summarized in Table 4-4.The average BTS data supports a decreasing trend with increased water 

content and corresponds well to the average water contents observed in Table 4-3; the one-month 

saturated specimens have the highest average water content (0.724%) and lowest average BTS 

(5.38 MPa). Conversely, the one-month oven-dried specimens had the lowest average water 

(0.004%) content and produced the highest BTS average (8.64 MPa). 

For saturated specimens, the one-week and three-month submersion specimens produced 

the largest variation in BTS. The one-week submersion specimens varied between 4.0 and 7.7 

MPa, a range of 3.7 MPa. The three-month submersion specimens had a similar range of 3.6 

MPa, varying between 3.6 and 7.2 MPa. When grouped as oven-dried, RRH, and saturated 

specimens, the results produce BTS averages of 8.14 MPa, 7.18 MPa, and 5.79 MPa, 

respectively. The oven-dried specimens have resulted in a 13% increase in BTS with respect to 
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RRH specimens. The saturated specimens have produced a 19% decrease in BTS with respect to 

the RRH specimens. 

Table 4-4: BTS data for all saturation effect specimens. 

Saturation Condition 

(Number of tests) 
BTS (MPa) 

Min. Max.  Avg. 
Oven Dry 1 Month (5) 4.8 10.1 8.64 
Oven Dry 2 Week (5) 6.5 8.6 7.64 

Relative Room Humidity (5) 5.6 8.0 7.18 
Vacuum Saturation (5) 5.1 6.9 6.08 
Submersion 1 Week (5) 4.0 7.7 6.12 
Submersion 1 Month (5) 4.5 6.2 5.38 
Submersion 3 Month (5) 3.6 7.2 5.56 

4.8 Influence of Scale 

Specimens with diameters of 50 mm (2”), 76 mm (3”), 101 mm (4”), and 126 mm (5”) have been 

prepared with a consistent TDR of 0.5:1 to investigate the effect of scale on the tensile strength of 

Cobourg limestone. The 17 scale specimens have been tested using two different methods to 

evaluate the available techniques for BTS testing. The two smallest diameters have been tested 

using curved bearing blocks to reduce the contact stress applied to specimens. As an alternative 

method, the two largest diameters have been tested using flat platens and wooden load 

distributors to reduce the contact stress. The water content and BTS results for scale effect testing 

are presented in the following subsections. 

4.8.1 Water Content 

The 17 scale specimens have been prepared to RRH conditions, however, their water content does 

vary considerably between the different diameters (Figure 4-11). Although the 50 mm and 76 mm 

specimens compare well, the 101 mm and 126 mm results presented higher water contents. This 

is especially true for the 126 mm specimens, which produced an average water content of 0.318% 
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(Table 4-5). With respect to the saturation results discussed in Section 4.7.1, this average would 

plot between the maximum RRH and minimum saturated specimen water contents. 

 

Figure 4-11: Comparison of water content and specimen diameter for all scale effect BTS 

tests. The dashed line represents the average water content of scale specimens. 

Table 4-5: Summary of water content results for all scale effect BTS specimens. 

Specimen Diameter 

(Number of tests) 
Water Content (%) 
Min. Max.  Avg. 

50 mm (5) 0.07 0.10 0.080 
76 mm (5) 0.07 0.10 0.081 
101 mm (4) 0.14 0.18 0.164 
126 mm (3) 0.31 0.33 0.318 

All scale specimens should have been exposed to the same environmental conditions (i.e. 

air water vapor); however, the results suggest that there was some variation. The conditions of the 

preparation laboratory changed over the course of the study, a period of approximately 6. months 

between the initial 76 mm and final 101 mm tests. Although specimens of the same diameter 

were generally tested consecutively, the different diameter specimens were tested at different 
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points within this time span; the 50 mm and 76 mm specimens were tested on the same day in the 

spring of 2016, while 126 mm and 101 mm specimens were tested in the summer and fall of 

2016, respectively. This may have exposed the specimens to different conditions dependent on 

seasonal and atmospheric changes. There is also a possibility that the increased water content of 

the 126 mm specimens could be associated with the heterogeneous layering of the Cobourg 

limestone. Brazilian specimens may be more susceptible to this heterogeneity as the discs have 

been prepared parallel to the orientation of bedding. This means that there is an increased 

likelihood that two specimens prepared from the same piece of core will exhibit different 

proportions of the calcite and clay rich layers of the rock. 

4.8.2 Brazilian Tensile Strength 

To investigate the influence of scale, BTS results have been compared to specimen diameter 

(Figure 4-12). The data shows that the 50 mm specimens produced the highest BTS values, 

however, over a relatively large range of 3.7 MPa. The results of the next largest diameter (76 

mm) show a significant decrease in BTS. The remaining two specimen diameters demonstrated a 

minor decrease in BTS, with the 126 mm specimens resulting in the lowest average BTS. The 

trends suggested by all and standard test results are comparable, with similar results at larger 

diameters and increasing variation with decreasing specimen diameter. The maximum difference 

observed between the two trends is 3.9% between the 40 and 160 mm diameters, suggesting the 

relationships are approximately equivalent over this range. Although four of the 50 mm 

specimens were observed to have bedding interaction, the range of BTS values observed across 

the five samples is comparable to the remaining diameters which did not present any such 

behaviour. 
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Figure 4-12: Comparison of BTS and specimen diameter for scale effect specimens 

The average BTS of the 50 and 126 mm specimens was 9.74 MPa and 6.00 MPa, 

respectively (Table 4-6). This is a range of 3.74 MPa and represents a decrease of approximately 

38% from the smallest diameter specimens to the largest. The decrease between the 50 mm and 

76 mm specimens is also significant, approximately 26%. This is the largest decrease in average 

BTS between consecutive specimen diameters, with the next largest being 11% between the 101 

mm and 126 mm specimens. The average BTS of all scale specimens was calculated to be 7.63 

MPa. 

Table 4-6: BTS data for scale specimens. 

Specimen Diameter 

(Number of tests) 
BTS (MPa) 

Min. Max.  Avg. 
50 mm (5) 8.0 11.7 9.74 
76 mm (5) 5.6 8.0 7.18 
101 mm (4) 4.9 8.1 6.78 
126 mm (3) 4.8 6.9 6.00 
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It should be noted that a power trendline was chosen to represent the relationship between 

BTS and specimen diameter instead of a linear trendline. This was done because of the clear 

distinction between the 50 mm and 76 mm results which did not fit well to the linear trendline. 

Overall, the power relationship has a better fit to the data, having an R2 value of 0.543 compared 

to 0.512 for the linear fit. As well, the relationship proposed by the power trendline is likely a 

better representation of the expected results for diameters greater than 126 mm. With increasing 

specimen diameter, the BTS of Cobourg limestone should approach a constant value as the 

heterogeneity of the specimen becomes more representative of the in situ rock.  

4.9 Summary 

Testing of Brazilian disc specimens has been conducted to investigate the influence of saturation 

and scale on the tensile strength of the Cobourg limestone. Saturation effect was investigated 

through the testing of 35 specimens with a diameter of 76 mm. The water content of these 

specimens was altered using seven different methods, resulting in water contents between 0.00 

and 0.90% by weight. The oven-dried and RRH specimens presented little water content 

variability, while the range in values for saturated specimens was much larger. The opposite was 

true for the BTS results, with the highest variability in results corresponding to the one-month 

oven-dried specimens. Although there is significant variability in the data, the results exhibited a 

decreasing relationship with respect to increasing water content. Overall, the data is a good fit to 

the trend and suggests that there is a correlation between water content and BTS. This is 

supported by the average values of the seven saturation conditions, which correspond well to the 

presented trend. Grouping of results demonstrated a 13% increase in BTS for oven-dried 

specimens, while saturation of specimens decreased BTS by 19%, with respect to RRH 

specimens. 

 The results of scale effect testing suggest a decreasing relationship between BTS and 

increasing specimen diameter. The data showed a significant drop in BTS between 50 mm and 76 
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mm specimens (26%), with a minor decrease among the remaining diameters. A power 

relationship was displayed for this data, and is believed to be a better representation of the 

expected behaviour for diameters greater than 126 mm. This relationship suggests that as the 

specimen diameter continues to increase, the BTS for Cobourg limestone would approach a 

constant value. The water content of the specimens has also been considered in this interpretation. 

As previously stated, increasing water content has a decreasing influence on the BTS of this rock. 

Therefore, it is possible to consider that the 101 mm and 126 mm specimens may have been 

influenced by increased water content. In that respect, the increased BTS results for these 

specimens, when considering the influence of water content, would likely be more comparable to 

the 76 mm results. It would be beneficial to conduct additional tests at both the 101 mm and 126 

mm specimen diameters to support these findings. Testing between the 50 and 76 mm range, as 

well as expanding the overall tested diameter range, would also be valuable to better define the 

relationship between BTS and specimen diameter for Cobourg limestone. 
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Chapter 5 

Triaxial Compressive Strength Testing of Cobourg Limestone Under 

Room Relative Humidity and One-Week Saturation Conditions 

5.1 Introduction 

Triaxial testing is one of the most informative methods of investigating the properties and 

behaviour of rock under conditions representative of the in situ stress state. In addition to 

applying a monotonically increasing major principal stress (σ1), a triaxial test can apply 

secondary (σ2) and minor principal stresses (σ3) to simulate the expected conditions extending 

from excavation boundaries and into undisturbed rock. To acquire relevant results, multiple tests 

must be conducted over a range of confining stresses to properly understand the behaviour of the 

tested rock. The application of three different stress magnitudes at orthogonal angles for a true 

triaxial test is not trivial, requiring extensive mechanical engineering to prepare the appropriate 

testing apparatus and unique specimen preparation procedures to prepare cubed specimens. The 

difficulties inherently associated with true triaxial testing can make this form of investigation less 

desirable. Alternative methods have been developed to make triaxial testing more practical, 

making simplifications in certain respects to ease the cost and effort required to conduct testing.  

One of the most widely used methods employs an oil filled cell that applies a uniform 

lateral stress along a composite material membrane. The membrane transfers the stress to a 

cylindrical sample, effectively representing a biaxial or axisymmetric stress state. One such 

apparatus has been developed by Hoek and Franklin (1968), commonly known as the Hoek 

Triaxial Cell (Figure 5-1). The apparatus utilizes a steel cell body and rubber sleeve which 

incorporates U-shaped seals at either end to contain the pressurized oil. Threaded steel caps at 

each end ensure that the membrane remains in place, allowing the cell to be safely pressurized up 

to 10, 000 lbf/in2. For the purpose of this research, a Hoek Triaxial Cell suitable for HQ sized 
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drill core (63.5 mm) has been utilized to conduct a triaxial investigation on Cobourg limestone 

samples. This research has been conducted to characterize the elastic and mechanical properties 

of the rock under different confining stresses, as well as examine the influence of saturation on 

these properties.  

 

Figure 5-1:Schematic drawing of the original design for a Hoek cell in cross-sectional view 

(Hoek and Franklin 1968). 

5.2 Specimen Testing Conditions 

To investigate the properties and behaviour of Cobourg limestone under in situ conditions, a 

triaxial testing program was conducted on 21 cylindrical specimens prepared to a LDR of 2.3:1. 

The specimens were tested at confining stresses of 0, 5, 10, and 20 MPa to adequately represent 

potential in situ stress conditions. In addition to the investigation of confining stress, the influence 
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of saturation was also studied through the submersion of 12 specimens in a SPW for a period of 

one week. The SPW was made in accordance to the reported SPW composition reported for in 

situ Cobourg limestone, discussed previously in Chapter 2. The remaining nine specimens were 

stored in the preparation laboratory prior to testing, and represent RRH conditions. The saturated 

specimens are likely more representative of the in situ condition of the rock, thus it was important 

to examine any differences between RRH and saturated specimen results. Table 5-1 shows the list 

of tested specimens, as well as the saturation condition and confining pressure they were tested at. 

Although it would have been beneficial to have the same number of specimens representing each 

confinement and saturation condition, this was not possible due to the limited number of intact 

specimens retrieved from drilling. 

Table 5-1: Summary of triaxial test specimens. 

Specimen ID Confining Stress Saturation State 

D4-14 
0 MPa 

RRH 

D3-13 

D3-10 
5 MPa 

D6-4 

D5-8-1 
10 MPa 

D1-4 

D4-2-2 

20 MPa D6-3 

D5-1-1 

D1-3 

0 MPa 

One Week 
Submersion 
Saturated 

D3-9 

D3-5 

D2-3 

5 MPa D5-2 

D5-6-1 

D3-8 

10 MPa D5-5-1 

D6-7 

D4-3-2 

20 MPa D5-15 

D6-10 
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5.3 Testing Equipment 

In addition to the use of the MTS 815 Rock Mechanics Testing System, described in Chapter 2, 

there are several other components required for triaxial testing. These include the appropriate size 

of Hoek triaxial cell, a hydraulic pump to accumulate pressure within the cell, strain gauges, and 

a strain gauge amplifier. The strain gauges and amplifier were previously used to measure the 

lateral deformation of BTS tests, and have been described in Chapter 4. The AE monitoring 

system, described in Chapter 3 for UCS testing, was also employed for the zero confinement tests 

to obtain additional fracturing data. The remaining components for triaxial testing are discussed 

in the following subsections. 

5.3.1 HQ Hoek Triaxial Cell 

The HQ Hoek triaxial cell is designed to test drill core with a diameter ranging between 

approximately 61.5 and 63.5 mm depending on the confining stress being applied and membrane 

material used during testing. Specimens larger than this range will be unable to fit into the cell 

opening, while specimens smaller than this are likely to cause extrusion of the membrane. 

Extrusion would cause damage and could result in rupture of the membrane containing the 

pressurized oil. Membrane extrusion is a function of the stress being applied to the specimen and 

the clearance gap (c) between the specimen and the end caps of the Hoek cell (Figure 5-2) (Hoek 

and Franklin 1968). The occurrence of extrusion during testing is also heavily dependent on the 

material composition of the membrane, with properties such as tensile strength and Shore 

hardness durometer playing an important role in extrusion resistance. 

Testing conducted by Hoek and Franklin (1968) showed that a membrane composed of a 

two-component urethane rubber (“Adiprene L100”) was significantly more resistant to extrusion 

at high confining stresses in comparison to a two-component silicone rubber membrane (“Silcoset 

106”). To ensure that the equipment could be used for a broader range of confining stresses, a 

similar urethane rubber membrane composed of “Adiprene LF950A” was used for all triaxial 
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testing. The “Adiprene LF950A” membrane provides increased tensile strength (38 MPa) and 

shore durometer (95) in comparison to “Adiprene L100” which has a tensile strength and shore 

durometer of 31 MPa and 90, respectively (Chemtura Corporation 2007a, 2007b). These 

improved properties suggest that a “Adiprene LF950A” membrane would be more resistant to 

extrusion at similar stress and clearance gap conditions, however, there is no data currently 

available to confirm this. 

 

Figure 5-2: Graph displaying the relationship between extrusion stress and clearance gap 

(C) (Hoek and Franklin 1968). 
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The remainder of the Hoek cell components used during testing are shown in Figure 5-3, 

including: 

● Steel cell body 

● End cap (2) 

● Urethane rubber membrane 

● Hardened steel spherical seat platens (2 piece) 

● Hardened steel base platen 

● Support collar  

● Steel load distributor (2) 

The load distributors were used to provide a larger and more even surface area for transferring 

force from the MTS loading frame to specimen. The spherical and base platens were composed of 

tool hardened steel and meet the specification of the ASTM D7012 standard (ASTM International 

2014a). 

 

Figure 5-3: Disassembled HQ Hoek Cell with labeled components. 
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5.3.2 Hydraulic Pump 

A hydraulic hand pump connected to a system of valves was used to build up and maintain 

constant confining stress within the Hoek cell. The pump was a Enerpac P80 ULTIMA hydraulic 

steel hand pump that has its own pressure release valve. The remainder of the system was 

composed of stainless steel tubing, a pressure control valve, a needle control valve for pressure 

adjustment during testing, an emergency shutoff valve to isolate the system from pressure built up 

within the triaxial cell, two pressure transducers, and a hydraulic fluid outlet to connect the 

system to the cell. All components of the system are rated to 10, 000 psi (68.9 MPa) and can be 

seen in Figure 5-4. A Enerpac 900-Series Heavy-duty rubber hose was used to connect the 

hydraulic pump system to the triaxial cell, and was also rated to 10,000 psi. 

 

Figure 5-4: Hydraulic pump system used for pressurizing the Hoek cell during triaxial 

testing.  
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5.4 Testing Procedure 

To prepare the Hoek cell for testing it must be connected to the hydraulic pump system and filled 

with oil to remove any air. To do this, the cell and pump system was connected and then the air 

outlet plug was removed. The hand pump was used to carefully fill the Hoek cell until all air was 

removed from the air outlet. At this point the plug was replaced and a prepared specimen could be 

placed into the cell for testing. The air removal process was required for the first test, but was not 

conducted between tests as the system was considered sealed once the air outlet plug was 

replaced. 

Prior to each test, the relative humidity and temperature of the room was recorded. The 

specimens were visually inspected and any type of structural weakness (e.g. healed fractures) was 

recorded. Once the specimen was inspected, it was equipped with strain gauges to measure and 

record deformation experienced during loading. Four 120 Ohm HBM strain gauges with a gauge 

length of 20 mm were used for each test. Two gauges were applied along the length of the core 

(axial) and two were applied along the circumference of the core (lateral), at the midpoint of the 

specimen (Figure 5-5). The gauges were applied to the specimen using a synthetic adhesive. 

 

Figure 5-5: Positioning of lateral and axial strain gauges for triaxial testing. 
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Once the strain gauges were applied to the specimen, it was placed within the Hoek cell 

at the bottom of the urethane membrane. The base platen was then brought into full contact with 

the bottom of the specimen and was used to carefully insert the specimen into the cell. Care was 

taken to ensure that there was full contact between the bottom of the specimen and the platen, 

avoiding contact between the strain gauge wires and the coupled platen-specimen surface. Once 

the specimen was centered along the length of the cell membrane, the support collar was applied 

to the base platen and secured into its final position. The bottom load distributor was positioned at 

the bottom of the MTS loading frame testing chamber. The Hoek cell, with specimen and bottom 

platen, were then placed on top of the bottom load distributor and then centered. The first part of 

the spherical seat platen was placed into the Hoek cell, making sure to avoid strain gauge wires 

and ensure full contact with the top of the specimen. The second part of the spherical seat was 

then applied with the top load distributer centered about the platen. The complete setup for a 

triaxial test is shown in Figure 5-6.  

 

Figure 5-6: (a) Schematic diagram of a Hoek triaxial cell with cross-sectional view (modified 

after Roctest Limited 2003) and (b) testing setup for triaxial testing with the HQ Hoek cell. 
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The strain gauges were then attached to a four-channel amplifier which used a 1/4 

wheatstone bridge circuit to boost the received signal and improve resolution of the gauges 

(Figure 4-3). The amplifier was connected to an input channel of the MTS FlexTest 60 controller, 

which allowed the collected strain data to be synced with applied load during each test. The MTS 

system was then activated and used to finalize the position of the testing setup and initiate the 

triaxial test.  

 The testing setup was raised by manual control until the top load distributor first 

contacted the top of the MTS testing chamber. The entire testing setup was then centered about 

the testing chamber, and then a programed control routine that conforms to ASTM D7012 

standard (ASTM International 2014a) and ISRM suggested method for determining strength or 

rock in triaxial compression (ISRM 1983) was used to conduct the tests: 

1. Zero the readings of axial force and the four strain gauges. 

2. Raise the testing setup to contact the top of the loading frame: 

● move the actuator up at a rate of 0.1 mm/min; 

● stop when the applied force reaches 5.0 kN; and then, 

● reduce the applied force to 1.0 kN at an unloading rate of 10 kN/min. 

3. Start recording the applied force, axial and lateral strain, and confining stress. 

4. Increase axial and confining stress in unison until test confinement is reached: 

● move the actuator up at a rate of 0.05 mm/min and manually increase confining stress 

at the same rate as axial stress using the Enerpac pump; 

● stop actuator movement when axial stress reaches the test confining stress; and then, 

● once the test confinement is reached, manually close the needle valve and open the 

pressure release valve. 

5. Increase axial stress applied to the specimen by raising the actuator up at a rate of 0.15 

mm/min. 
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6. Stop the test when the applied force to the specimen in the unloading region reaches 70% 

of the maximum applied force during the test. 

When the testing routine stopped the test, the needle valve was slowly opened to allow the 

confining stress to decrease. When the confinement reached zero, the testing setup was manually 

lowered and disassembled by removing the platens and load distributors. The specimen was then 

removed, photographed, inspected for observations, and dried to record water content. When the 

specimen was fully dried it was placed in a plastic storage bag, labeled, and then closed. The 

tested specimens were stored for additional observation as required. 

The same testing routine was followed for the zero confinement (UCS) tests; however, 

the fourth step was omitted and the axial stress was increased by raising the actuator at a rate of 

0.10 mm/min. A slower loading rate was selected for the UCS tests to counteract the lack of 

confinement and have all specimens fail within a similar time range. For RRH specimens, UCS 

tests reached a failure stress between six and seven minutes. Confined tests reached failure in 10 

minutes, 13 minutes, and 15 minutes for the 5 MPa, 10 MPa, and 20 MPa confinements, 

respectively. The saturated specimens were more variable, with UCS tests reaching failure stress 

between six to seven minutes and the confined tests failing between 10 and 19 minutes. Although 

the failure times varied significantly between the minimum and maximum confinements, the 

difference in axial strain rate recorded was minor. For RRH specimens the axial strain rate ranged 

between 8 and 10 µε/min. The saturated specimens were again more variable, ranging between 5 

and 13 µε/min. 

5.5 Characterization of Heterogeneity  

The bulk density and percentage of fine-grained argillaceous limestone has been previously used 

to describe the variability of UCS and BTS specimens in Chapter 3 and 4. Similarly, the data for 

triaxial specimens has also been calculated to characterize the range of heterogeneity present in 

the tested samples. The average bulk density of the specimens was 2.6508 g/cm3, with values 
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ranging between 2.666 and 2.682 g/cm3, and a standard deviation of 0.0061 g/cm3 (Figure 5-7). 

The range in bulk density values is the smallest of the three test types (UCS, BTS, and triaxial), 

though the triaxial testing specimens represent the smallest group of specimens.  

 

Figure 5-7: Distribution of bulk density for triaxial specimens. 

Estimates of fine-grained argillaceous limestone were calculated from core scans to 

investigate the variation among triaxial specimens. The estimates resulted in an average of 35.0% 

argillaceous limestone among the 21 specimens, with a standard deviation of 3.4% (Figure 5-8). 

The minimum and maximum proportion of argillaceous limestone is estimated to be 29% and 

43%, respectively. The average value is significantly lower than was the case for the suite of UCS 

specimens (44.3%), while the standard deviation and range are slightly smaller. Core scans of the 

minimum, representative average, and maximum argillaceous limestone estimates are shown in 

Figure 5-9. The values of bulk density and percentage of fine-grained limestone have been plotted 

together to investigate the relationship between observed (core scans) and measured (bulk 

density) heterogeneity (Figure 5-10).  
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Figure 5-8: Distribution of fine-grained limestone content for all triaxial specimens. 

The comparison of the data suggests that there is a weak relationship between these 

measures of heterogeneity, showing a minor decreasing trend for bulk density with respect to 

increasing fine-grained limestone content. The data is quite variable, similar again to the UCS 

specimens which proposed the same relationship. With respect to the UCS results in Chapter 3, 

the triaxial specimens have a similar bulk density variability, with both groups of specimens 

producing a coefficient of variation of 0.23%. The argillaceous limestone estimate results show 

that there is slightly less variation in the triaxial specimens, which had a slightly smaller range 

and standard deviation in comparison to UCS specimens.  

The lower average bulk density and argillaceous limestone content of the triaxial 

specimens suggests that they are more homogenous than the specimens utilized for UCS testing, 

having less of the fine-grained limestone which characterizes heterogeneity in Cobourg 

limestone. The quantification of such heterogeneity could be beneficial before testing to 

identifying specimens which may produce highly variable data. At the specimen scale, such 
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samples may not be an accurate representation of the average rockmass and could produce results 

which misrepresent the elastic and strength properties of the rock. 

 

Figure 5-9: Comparison of gray scale and black and white core scans resulting in (a) 

minimum (29%), (b) representative average (35%), and (c) maximum (43%) fine-grained 

limestone content. 
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Figure 5-10: Bulk density compared to fine-grained limestone content of triaxial specimens. 

5.6 Results 

Triaxial testing has been conducted on 21 specimens of Cobourg limestone to characterize the 

behaviour of the rock under different confinement conditions. As well, the influence of saturation 

on this behaviour has been investigated through the saturation of 12 of the specimens in a SPW 

for a period of one week. The failure mode for all zero confinement (UCS) tests was observed to 

be axial splitting (Figure 5-11a). The remaining confinement tests demonstrated a mixed mode of 

failure involving axial fracturing and shearing. While axial fracturing was evident in most tests, 

all confined tests showed some form of high to moderate angle shearing (Figure 5-11b). 

Stress and strain data was collected during testing and used to calculate UCS, axial strain, 

circumferential (lateral) strain, Poisson’s ratio, and Young’s modulus using the ASTM 7012 

standard methods (ASTM International 2014a). The water content of all specimens has also been 

calculated using the ASTM 2216 standard method (ASTM International 2010), as described in 

Chapter 2. In addition, CI and CD thresholds have been calculated using a variety of methods and 

will be presented as an average of these values. The data obtained from triaxial testing is 
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summarized in Appendix H, with photographs and testing details provided for each specimen in 

Appendix I. The results of triaxial testing are described in the following subsections. 

 

Figure 5-11: Common failure behaviour exhibited by (a) zero confinement (UCS) tests and 

(b) confinement tests (62 mm specimen in both images). 

5.6.1 Water Content 

The triaxial specimens were prepared to two different conditions, RRH and one-week submersion 

saturated, which produced variable water contents (Figure 5-12). The RRH specimens resulted in 

an average water content of 0.263%, while the saturated specimens had an average of 0.527%. 

The water content of the RRH specimens varied between 0.21 and 0.33%, resulting in a range of 

0.12%. The saturated specimens produced a similar range of 0.15%, with water content ranging 

between 0.47 and 0.62%.  

The data shows that one-week saturation was effective at increasing water content, 

producing specimens with twice the average water content of the RRH specimens. The average 

water content of the RRH specimens compares well to the average presented in Chapter 3 for 
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UCS specimens (0.233%) prepared to the same condition. The average water content of one- 

week submersion saturated UCS specimens (0.610%) was slightly higher than the average for 

triaxial specimens, but compares well to the overall range of values. 

 

Figure 5-12: Comparison of specimen water content and test confinement. 

5.6.2 Elastic Properties 

The Poisson’s ratio and Young’s modulus of the triaxial specimens has been calculated using the 

methods discussed in Chapter 2. The results show that there is no clear confinement influence on 

the Poisson`s ratio of either the RRH or saturated specimens (Figure 5-13 and Figure 5-14). The 

v35 method shows opposing trends for the RRH and saturated specimens, however, both data sets 

remain relatively consistent across all tested confinements. The v50 method resulted in increased 

values for both RRH and saturated specimens with respect to the v35 data, and resulted in higher 

Poisson’s ratio values for the saturated specimens (Figure 5-14). This is similar to the UCS 

results, which proposed an increasing trend for Poisson`s ratio with increasing water content. 

Although the data for both the v35 and v50 methods is highly variable, the general trends suggests 

that there is no relationship between confinement and Poisson`s ratio. 
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Figure 5-13: Poisson's ratio (v35) of triaxial specimen compared to confining stress. 

 

Figure 5-14: Poisson's ratio (v50) of triaxial specimen compared to confining stress. 
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 The Young`s modulus results appear to have a more significant relationship when 

compared to confining stress (Figure 5-15 and Figure 5-16). Both the E35 and E50 method show 

a significant increasing trend for the Young`s modulus of RRH specimens with increasing 

confinement. In contrast, the saturated specimens show the opposite trend. However, the 

decreasing trend observed for the Young`s modulus of saturated specimens is less significant than 

the increase of RRH specimens. As well, the RRH specimens fit well to the proposed trends for 

both the E35 and E50 method, while in comparison the saturated results were more variable. In 

general, the E35 and E50 methods both show the same trend, however, the E35 results produced 

slightly higher values for both the RRH and saturated specimens. 

 

Figure 5-15: Young`s modulus (E35) of triaxial specimen compared to confining stress. 
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Figure 5-16: Young`s modulus (E50) of triaxial specimen compared to confining stress. 

5.6.3 Peak Strength and Damage Thresholds 

A combination of methods, described in Chapter 2, have been used to calculate the CI, CD, and 

peak strength (σ1) of Cobourg limestone specimens under various confining stresses. The CI 

threshold of the rock has been calculated as an average of three methods: lateral strain non-

linearity, ITLS, and AE. The presented CD values represent an average of three methods as well: 

axial strain non-linearity, Instantaneous Young`s modulus, and AE. These methods have been 

selected for estimating CI and CD because of their ability to produce consistent results 

independent of confining stress (Ghazvinian 2015). Work by Diederichs (1999) has shown that 

under increasing confinement, certain methods for crack damage estimation can be affected by 

confining stress. In particular, the behaviour of volumetric strain becomes less reliable for the 

prediction of CD due to the delayed onset of lateral strain acceleration. The selected methods are 

based on measured strain and AE data and do not require the estimation of material properties, 

such as Poisson’s ratio and Young’s modulus, for the calculation of crack damage threshold. It 
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should be noted that AE data was only recorded for the zero confinement tests because of the 

limitation of the testing equipment (i.e. inability to fit AE transducers into the confinement cell).  

The CI, CD, and peak strength results for the various confining stresses have been 

compared to water content to examine the influence of saturation on the fracture and yield 

strength of the Cobourg limestone. The zero confinement results show similar behaviour to the 

UCS results presented in Chapter 3, with increasing water content having a minor influence on CI 

and significant decreasing influence on CD and peak strength (Figure 5-17). While the influence 

of saturation on CI does not appear to be clear, the effect on CD and peak strength is apparent. 

 

Figure 5-17: Comparison of CI, CD, and peak strength thresholds with respect to the water 

content of zero confinement triaxial specimens. 

It should be noted that the specimen results outlined by the rectangle in Figure 5-17 have 

been identified as outliers based on the remaining results and previous UCS testing results, and 

have not been considered in the presented trendlines. Prior to testing, a healed vertical fracture 

was observed in the specimen. The specimen was tested due to the lack of available specimens; 
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however, the results suggest that the specimen failed prematurely and was more damaged than the 

remaining samples, which did not present any healed vertical fractures. While the data has been 

included for clarity, it was not used in the calculation of the linear trends presented in Figure 

5-17. Considering that the CI trend was not influenced by the outlier data, the CI of the damaged 

specimen still compares well to the suggested relationship. The CD and peak strength values of 

the damaged specimen are significantly different than the proposed relationship from analysis of 

the remaining specimens. 

The results of the 5, 10, and 20 MPa confinement tests show similar CD and peak 

strength behaviour in comparison to the zero confinement results. The 5 MPa test results show a 

significant decreasing relationship for CI, CD, and peak strength, with regards to increasing water 

content (Figure 5-18). The 10 MPa confinement tests resulted in significantly decreased CD and 

peak strength values with increasing water content (Figure 5-19). The CI results also indicate a 

decreasing relationship, however, being less significant than the trend observed for 5 MPa tests.  

The CD and peak strength behaviour of the 20 MPa confinement tests was comparable to 

the 10 MPa results, showing a similar decrease with increasing water content (Figure 5-20). The 

decreasing relationship suggested for CI is minor, with values remaining relatively constant as 

water content increases. This CI behaviour is most comparable to the zero confinement and UCS 

results, which indicates that CI approaches a constant value with increasing water content. 

Although the 5 and 10 MPa tests present a more significant saturation influence for CI, this could 

be result of variable strain data associated with the testing of heterogenous rocks such as Cobourg 

limestone.  
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Figure 5-18: Comparison of CI, CD, and peak strength thresholds with respect to the water 

content of 5 MPa confinement triaxial specimens. 

 

Figure 5-19: Comparison of CI, CD, and peak strength thresholds with respect to the water 

content of 10 MPa confinement triaxial specimens. 
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Figure 5-20: Comparison of CI, CD, and peak strength thresholds with respect to the water 

content of 20 MPa confinement triaxial specimens. 

The triaxial data has been combined with UCS and BTS testing data to evaluate the 

confinement dependency of the yield and damage thresholds of Cobourg limestone. A 

generalized Hoek-Brown envelope (Hoek et al. 2002) was fit to the data according to Equation 5-

1: 

𝜎1 =  𝜎3 + 𝑈𝐶𝑆 (𝑚
𝜎3

𝑈𝐶𝑆
+ 𝑠)

𝑎
          (5-1) 

where 𝜎1 and 𝜎3 are the major and minor principal stresses at failure, respectively, UCS is the 

uniaxial compressive strength of the intact rock, and m, s, and a are material constants. For peak 

strength curve fitting, an “s” value of 1 and “a” value of 0.5 were used to represent intact rock. 

The tensile strengths used for curve fitting were approximated from BTS data using a set of 

correction factors based on the work of Perras and Diederichs (2014). A factor of 0.9, 0.8, and 0.7 

was applied to the BTS data to produce estimates of direct tensile strength, CD, and CI, 

respectively. The value of 0.9 used to reduce the strength of BTS results is consistent with the 

upper range suggested by Perras and Diederichs (2014). The correction factor for CI was chosen 
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to represent the lower range of these suggested values, while value for CD represents an 

intermediate correction factor between the upper and lower range. 

The UCS and material constant “m” were calculated based on the intact parameters, 

available testing data, and Equation 5-1. The calculated UCS for RRH and saturated Cobourg was 

then used for CI and CD curve fitting, where an “a” value between 0.40 and 0.30 was used to fit 

the data and calculate the corresponding “s” and “m” parameter for each curve. The best fit CI, 

CD, and peak strength envelopes for RRH and one-week saturated Cobourg limestone are shown 

in Figure 5-21 and Figure 5-22 , respectively. The corresponding data from these curves has been 

summarized in Table 5-2. A linear representation of the CI damage envelope has also been 

presented with the generalized Hoek-Brown envelopes for comparison. 

 

Figure 5-21: Comparison of CI, CD, and peak strength envelopes fit to RRH UCS, BTS, and 

triaxial data. 
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Figure 5-22: Comparison of CI, CD, and peak strength envelopes fit to one-week saturated 

UCS, BTS, and triaxial data. 

The RRH and saturation specimen results shows that that there is a clear confinement 

dependency for the peak and CD thresholds of the Cobourg limestone. With the RRH results 

there is an evident distinction between peak and CD envelopes and the trends presented for the CI 

data. Both CI failure envelopes present a much shallower trend with increasing confinement, 

indicating that CI is less sensitive to confinement. This compares well to the literature, which 

states that CI is relatively insensitive to confinement in contrast to CD (Brace et al. 1966, Martin 

1993, Diederichs 1999, Ghazvinian 2015). The slope of the linear trend also compares well to the 

range of 1.5 to 2.5 suggested by Diederichs (2007) for rock and concrete. The saturated CI results 

correspond to a steeper slope for the linear failure envelope, suggesting an increasing 

confinement sensitivity for saturated specimens; however, this could also be representative of CI 

approaching a constant value, regardless of water content, at higher confining stresses. 

A comparison of the generalized Hoek-Brown and linear CI failure envelopes shows that 

in the 0 to 25 MPa confinement range both methods are similar, resulting in a maximum 
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difference of 4.6% for both RRH (Figure 5-21) and saturation results (Figure 5-22). This indicates 

that from near zero to moderate confinement a linear failure envelope is an adequate 

representation of the expected CI behaviour of Cobourg limestone. It should be noted, however, 

that beyond this confinement range the Hoek-Brown and linear failure envelopes diverge and 

represent significantly different CI behaviour with increasing confinement. If the CI of the rock 

indeed approaches a content value at higher confining stresses, the Hoek-Brown envelope would 

be a more accurate representation of the fracture initiation behaviour of the rock.  

Table 5-2: Summary of data for CI, CD, and peak Generalize Hoek-Brown curve fitting. 

Parameters 
Testing Condition  

RRH Saturated 

CI 

m 1.5 1.8 
s 0.10 0.11 
a 0.3 0.3 

Uniaxial Threshold (MPa) 54.45 45.59 
Tensile Threshold (MPa) 5.03 4.28 
Uniaxial/Tensile Ratio 10.8 10.6 

CD 

m 9.4 8.8 
s 0.62 0.59 
a 0.40 0.40 

Uniaxial Threshold (MPa) 90.3 71.0 
Tensile Threshold (MPa) 5.74 4.90 
Uniaxial/Tensile Ratio 15.7 14.5 

Peak 

mi 14.0 14.0 
s 1.00 1.00 
a 0.50 0.50 

UCS (MPa) 109.3 87.7 
Tensile Threshold (MPa) 6.46 5.51 

UCS/Tensile Ratio 16.9 15.9 

Table 5-2 highlights the differences between the RRH and saturated failure envelopes, 

which show significant variation in CI, CD, and peak uniaxial threshold, as well as a minor 

variation for the frictional parameter “m”. In comparison to the UCS testing results presented in 

Chapter 3, the CD and UCS thresholds predicted by the failure envelopes are lower than the 
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average values produced by RRH and one-week saturation laboratory testing. The average UCS 

of tested RRH specimens was 116.32 MPa, while the average CD was 98.58 MPa. The average 

UCS and CD of the one-week saturated specimens was 97.34 MPa and 75.28 MPa, respectively. 

The CI values presented by the RRH and saturated failure envelopes present a better comparison 

to the laboratory testing data for average RRH (49.33 MPa) and one-week saturated (45.78) CI 

results, although the RRH envelope does overestimate CI by 5.12 MPa. 

The uniaxial-tensile ratio has also been compared, showing minor variation between the 

CD and UCS parameters of the RRH and saturated specimens. Interestingly, the uniaxial-tensile 

ratio for CI is almost identical for both the RRH and saturated condition. This supports the belief 

that CI estimated under compressive testing conditions represents an intrinsic material property 

which is directly related to tensile strength (Diederichs 2003). Conversely, CD is considered to be 

related to loading conditions and confining stress, while UCS can be influenced by loading rate, 

scale, saturation, specimen geometry and various other testing conditions.  

5.7 Summary 

The results of triaxial testing have been presented as part of an investigation into the influences of 

saturation on Cobourg limestone. 21 triaxial tests were conducted during the course of this study, 

with specimens prepared to RRH and one-week submersion saturation conditions, to examine the 

effects of increased water content on the elastic and fracturing strength properties of the rock. 

Specimen saturation was successful at increasing the water content of 12 specimens to an average 

of 0.527%, approximately twice the average water content of the remaining RRH specimens 

(0.263%). The triaxial tests produced Poisson’s ratio results which remained relatively consistent 

and did not suggest any significant relationship with increasing confining stress. In contrast, the 

RRH Young’s modulus results indicate an increasing trend with respect to increasing 

confinement. This relationship was not evident in the saturated specimen results, which presented 

a minor decreasing trend with a weak correlation to the data. 
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 Confined testing at 0, 5, 10, and 20 MPa showed that CD and peak strength behaviour 

was consistent with saturated UCS testing. The CD and peak strength of the rock showed 

significantly decreasing thresholds with increasing water content, while the CI results were 

variable. The trend of CI data for 0 and 20 MPa tests suggest that there may be a minor influence 

of saturation on the fracture initiation of Cobourg limestone. The 5 and 10 MPa results presented 

a minor to moderate decreasing relationship with increasing water content, however, with few 

data points to fully constrain the relationship. Considering the results of previous UCS testing, a 

minor saturation influence is likely for the CI threshold of the rock, and additional data would be 

required to support a more significant relationship. 

The presented Hoek-Brown envelopes indicate a considerable confinement dependency 

for CD and peak strength of both the RRH and saturated specimen results. The failure envelopes 

presented for CI suggest that the parameter is relatively insensitive to confinement in comparison 

to CD, and may approach a constant value at higher confining stresses. Additional testing would 

be beneficial to examine this relationship, as well as better constrain the CI, CD, and peak 

strength behaviour of the rock at low (5 and 10 MPa) confinement. 
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Chapter 6 

Discussion of Results and Testing Observations 

6.1 UCS Testing 

6.1.1 Influence of Saturation 

The effect of saturation on the mechanical properties of the Cobourg limestone can be considered 

significant and was most evident in the Young’s modulus, CD, and UCS results shown in Chapter 

3. The decrease experienced for CD threshold and UCS are likely a result of the mechanisms 

related to subcritical crack growth (Atkinson and Meredith 1987). These mechanisms initially 

influence the CD threshold of the rock as pore fluids begin to interact with crack surfaces. This 

interaction leads to a decrease in CD threshold, which subsequently affects peak strength. The 

decrease in the average UCS of Cobourg limestone from oven dried to saturated conditions was 

31%, which compares well to the UCS results of other saturated limestones. Testing conducted by 

Cherblanc et al. (2016) showed similar strength behaviour for five different limestones with 

increasing water content. The strongest of the rocks, Barutel limestone, has similar mineralogy to 

the Cobourg limestone and is described as a bioclastic mudstone with small marine bioclasts 

embedded in a calcitic matrix. The average oven-dried strength of Barutel limestone was 

approximately 64 MPa. Although this is less than half the oven-dried UCS of Cobourg limestone 

(132.1 MPa), the decrease between oven-dried and fully saturated results was 33%, comparing 

well to the behaviour of the Cobourg limestone.  

The Young’s modulus results showed that there was a distinct decreasing trend with 

increasing water content, suggesting that the saturated rock underwent axial deformation more 

readily than the RRH and oven dried specimens. This is supported by the axial stress-strain data 

(Figure 6-1), which shows that the oven-dried specimens had the stiffest axial response while the 

saturated specimens experienced more axial deformation. For comparison, the specimens have 
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been organized and presented as oven-dried, RRH, one-week (submersion and vacuum) saturated, 

and long-term (one and three-month) saturated groups based on the similarity of testing results. 

At the average CI threshold for all saturation test specimens, 45.57 MPa, the data shows that the 

axial strain experienced by the four specimen groups ranges between approximately 1000 and 

1500 µε. The range in axial strain appears to be related to the saturation condition, suggesting that 

the fluid has influenced the behaviour of the rock prior to CI. 

 

Figure 6-1: Plot of axial stress and strain showing the varying axial response of individual 

specimens for saturation UCS testing. 

The distinct difference in the axial strain results is also evident for four specimens that 

experienced substantially more crack closure (Hoek and Bieniawski 1965, Brace et al. 1966, 

Bieniawski 1967). The crack closure describes the non-elastic behaviour of rock at the beginning 

of compressive loading and is a result of pre-existing cracks in the rock. As the rock is 

compressed the cracks are closed and the rock begins to behave elastically. Three of the 

specimens (A2-12-1-U, A2-14-1-U, and A2-14-2-U) that experienced significant crack closure 

produced UCS values that compare well to the remaining test results for the same saturation 

condition. The fourth specimen (A2-15-1-U) was oven-dried for two weeks and failed at a stress 
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(99.3 MPa) that was 76% of the average UCS for the other two specimens prepared to the same 

condition. The CD threshold of A2-15-1-U was also reduced, occurring at a stress (83.7 MPa) 

that was 75% of the average of the other two specimens. The CI threshold of this specimen 

compares well to the remaining data, occurring at a stress (49.8 MPa) that was 96% of the 

average of the remaining two-week oven-dried specimens. The decrease in CD and peak strength 

compares well to the behaviour observed by Martin (1993) for pre-existing damage in LdB 

granite, while Diederichs (1999) suggested that the influence of initial damage on CI, CD, and 

peak strength is related to the intensity and orientation of existing cracks. The orientation and 

intensity of the initial damage likely contributed to the decreases observed for the data of 

specimen A2-15-1-U and can account for the lack of pre-existing damage influence for A2-12-1-

U, A2-14-1-U, and A2-14-2-U. 

 The trends observed in the axial strain data of Figure 6-1 suggests that the saturated 

specimens may have also experienced more lateral strain than the RRH and oven-dried tests. Both 

the v35 and v50 methods presented a minor increasing trend for Poisson’s ratio with increasing 

water content, indicating that Cobourg limestone specimens experienced increased lateral 

deformation at higher water contents. The axial stress lateral strain plot supports this (Figure 6-2) 

and shows that saturated specimens underwent more lateral strain than the RRH and oven-dried 

specimens at the same axial stress. The increase in lateral strain for saturated specimens may be 

related to the buildup of pore fluid pressure in the rock, which is one of the main mechanisms 

associated with the decrease in CI threshold at increasing water contents. The influence of pore 

water pressure likely reaches a maximum as the pores of a specimen become fully saturated with 

fluid. It is possible that the Poisson’s ratio of Cobourg limestone approaches the ideal two-

dimensional Poisson’s ratio of water (0.50 as the influence of pore water pressure reaches a 

maximum. 
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Figure 6-2: (a) Plot of axial stress and lateral strain for all saturation specimens. 

Rectangular box labeled “A” outlines data in the stress range between 0 and 50% of 

maximum UCS. This region has been magnified in (b) to show the average lateral strain for 

the different saturation conditions. 
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The extension strain criterion proposed by Stacey (1981) for fracture initiation states that 

cracks are initiated once a critical extension strain is exceeded. With respect to the specimens 

tested in this study, extension strain can be considered synonymous with the lateral strain 

measured along the entire circumference of UCS samples. If CI is a robust material property that 

is not influenced by testing conditions and is related to a critical lateral strain that is material 

dependent, then fractures should initiate at a relatively constant value of lateral strain. The 

average CI threshold of oven-dried (50.86 MPa), RRH (49.33 MPa), one-week saturated (45.40 

MPa), and long-term saturated (38.59 MPa) specimens was compared to average lateral strain 

data to extrapolate the corresponding critical lateral strain for the Cobourg limestone under 

different saturation conditions (Figure 6-2b). These results indicate that CI occurs in a narrow 

lateral strain range between 210 and 240 µε for the four saturation conditions. Interestingly, the 

one-week saturated specimens appear to have experienced the most lateral strain prior to CI, 

while fractures initiated in RRH specimens at the lower end of the lateral strain range. Although 

the average CI thresholds of the four groups of saturation specimens vary, the small range of 

lateral strain associated with these average thresholds supports CI as a material dependent 

property less sensitive to testing conditions than CD and UCS (Diederichs 1999, Diederichs et al. 

2004). 

The one-week and long-term saturation specimens had similar water contents yet 

experienced different rates of axial and lateral deformation with increasing axial stress. The 

similar water contents should result in comparable pore water pressure influences, meaning that 

the additional deformation is related to some other mechanism. This behaviour may be a result of 

chemical interaction between the Cobourg limestone specimens and SPW. The longer saturation 

duration of the one and three-month saturated specimens likely resulted in more significant 

exchange between the saturation fluid and rock samples. While the increased deformation of the 
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long-term saturation specimens provides the first evidence of fluid-rock interaction, there are 

other indications that support this as well.  

The second observation that supports this fluid-rock interaction is the visible disturbance 

of infill material in healed structures of the rock. Three of the long-term saturated specimens 

presented healed horizontal fractures where some of the infill material had been removed, 

possibly due to dissolution in the SPW. As well, the healed structures of the rock were more 

evident after long term saturation, particularly while the test specimens began to dry during 

testing. During axial compression, these healed features would remain wet while the remaining 

surface of the rock began to dry from air exposure. Long-term saturation likely resulted in 

increased uptake of SPW into these healed structures, as this behaviour was not observed for the 

one-week saturation specimens. 

 The third indication of fluid-rock interaction is the strength testing results, which showed 

that the six long-term saturation specimens resulted in the six lowest CI thresholds, five lowest 

CD thresholds, and five lowest UCS values of all saturation tests. The author has previously 

suggested that this is a result of increased axial and lateral deformation in these specimens; 

however, this increased deformation is also likely a result of chemical interaction between the 

rock and SPW. This interaction facilitates the reduction of the strength results for the long-term 

saturation specimens, causing distinctly different results in comparison to the one-week saturated 

specimens with similar water contents (Figure 6-3). This suggests that the SPW likely altered the 

long-term saturation specimens in a more significant manner than expected. The removal of the 

long-term saturation data from the original strength results shows that the CI is even less sensitive 

to water content than originally observed. The CD and UCS results maintain a significant 

decreasing relationship with respect to increasing water content, although the slope of the trends 

has decreased slightly.  
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The final evidence of fluid-rock interaction is related to chemical composition of the 

SPW. Although the SPW was made in accordance with the pore water composition reported for 

Cobourg limestone at depth (Chapter 2), there appears to be a discrepancy between the expected 

and actual concentration of key elements present in the fluid (Figure 6-4). Samples of the SPW 

were collected prior to and after saturation of Cobourg limestone specimens, and an analysis of 

 

Figure 6-3: Comparison of CI, CD, and UCS results for saturation testing with long-term 

saturated specimen results outlined in red.  

elemental concentrations was conducted using high resolution Inductively Coupled Plasma Mass 

Spectrometry. The data suggests that there was interaction between the fluid and rock resulting in 

minor leaching of calcium, magnesium, and sodium ions into the fluid, while the concentration of 

potassium remained relatively unchanged. Leaching of these elements may have occurred 

because the initial chemical composition of the SPW was different than the ideal composition 

reported by Al et al. (2010). Saturation in this fluid may have resulted in minor dissolution of 

certain minerals which may be susceptible to differences in the concentration of calcium, 

magnesium, and sodium ions in the SPW. Based on the mineralogical analysis of Cobourg 
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limestone by Day (2016), minerals that could have contributed to the leaching of theses ions 

include calcite, ankerite, gypsum, biotite (glauconite and phlogopite) as well as clay minerals 

such as illite, vermiculite, and montmorillonite. While the dissolution of these minerals could 

account for changes in the chemical composition of the SPW, interaction with pre-existing fluids 

in the specimens may also explain the chemical changes. Pre-existing fluids in the specimens 

would likely have high concentrations of calcium, magnesium, and sodium, and could account for 

the increased concentrations of these ions.  

 

Figure 6-4: Comparison of the initial, post-saturation, and ideal elemental concentration of 

key constituent ions of the SPW. 

The results of the chemical analysis support that there was interaction between the SPW 

and the specimens that were saturated in it. This provides further evidence to exclude the long 

term saturated data from the strength testing results; however, Figure 6-2 shows that crack 

initiation in the saturated specimens still occurs at a comparatively similar lateral strain to the 

RRH and oven dried results. This suggests that even in specimens which have been chemically 

altered by the SPW, the damage thresholds of the rock can still behave consistently. A 
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comparison of CI and CD thresholds normalized to UCS data shows the relationship between 

water content and the damage thresholds of saturated Cobourg limestone (Figure 6-5). The results 

show that CD appears to occur at a consistent ratio to peak strength, with an average ratio of 0.80 

and range between 0.65 and 0.87. This is consistent with the results of Ghazvinian (2015), who 

showed that CD threshold for Cobourg limestone follows a similar trend to peak strength. While 

UCS is dependent on testing conditions (i.e. specimen geometry, platen conditions, loading rate), 

CI is considered a true material property which can vary within a minor range (Diederichs 1999, 

Diederichs et al. 2004, Ghazvinian et al. 2012). This concept is supported by the normalized CI 

data which shows a minor increasing relationship with increasing water content. This trend is a 

result of CI threshold remaining relatively consistent for all saturation conditions, while UCS is 

influenced by increasing water content. 

 

Figure 6-5: Comparison of normalized CI and CD thresholds to water content for 

saturation UCS testing.  

Interestingly, the normalized CI data for the four saturated conditions compare well, 

resulting in an average ratio of 0.46 and a narrow range between 0.41 and 0.49. The overall 
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normalized CI values range between 0.32 and 0.50 and produced an average of 0.44, 

corresponding well to the tangential stress range (30-50%) observed for failure of massive to 

moderately jointed hard rocks (Brace et al. 1966, Stacey and Page 1986, Pelli et al. 1991, Martin 

et al. 1999). The normalized CI results are similar to the results presented by Ghazvinian (2015) 

for fabric dependency testing of Cobourg limestone. This testing was conducted on UCS 

specimens with nodular fabric oriented at orientations of 0, 30, 45, 60, and 90 degrees with 

respect to the core axis. The CI results presented by Ghazvinian show that CI ranged between 36 

to 49% of UCS for the five different fabric orientations, producing an overall average CI of 41% 

of UCS. The CD values ranged between 63 and 85% of UCS, and resulted in an overall average 

CD of 77% of UCS for the five fabric orientations. The presented normalized CI and CD data for 

saturation testing compares well to the results of Ghazvinian (2015) and support CI and CD as 

testing condition independent and dependent properties, respectively.  

6.1.2 Influence of Scale 

The results of scale effect testing on the Cobourg limestone suggest that there is no relationship 

between CI, CD, or UCS and specimen diameter. This lack of influence contrasts significantly to 

scale effect work of Hoek and Brown (1980) and Hawkins (1998), who studied the strength 

behaviour of igneous and sedimentary rocks. The distinct difference between the relationship 

proposed by Hoek and Brown (1980) and the results of Cobourg limestone are shown in Figure 

6-6. The UCS testing results show that relationship presented by Hoek and Brown overestimates 

the influence of scale for the Cobourg limestone. A power relationship based on the obtained 

testing data has also been presented for comparison. This power relationship suggests that peak 

strength may be reduced to approximately 90% of the UCS of 50 mm specimens with increasing 

specimen diameter. This decrease is more minor in comparison to that shown by the Hoek and 

Brown relationship, which indicates that peak strength would decrease to approximately 80% of 

50 mm UCS over the same diameter range.  
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Figure 6-6: Comparison of the observed and expected strength behaviour of Cobourg 

limestone based on testing results and the scale effect relationship proposed by Hoek and 

Brown (1980). 

 Although the Cobourg limestone trend suggested in Figure 6-6 is a better representation 

of the strength results in comparison to the relationship proposed by Hoek and Brown (1980), this 

type of trend may still overestimate the influence of scale on UCS. A testing study conducted by 

Thuro et al. (2001) on a fine to medium grained clastic limestone indicated that there was no 

significant relationship between UCS with increasing specimen diameter. This compares well to 

the Cobourg limestone results, which showed no scale effects for CI, CD, or UCS over the tested 

diameter range. A study of different testing results for scale effects of igneous, sedimentary, and 

metamorphic rocks was conducted by Darlington et al. (2011). The authors showed that the 

relationship developed for igneous rocks (Hoek and Brown 1980b) compared poorly to the 

observed trends for sedimentary rocks. Darlington et al. (2011) noted that, while most test results 

indicate a decreasing strength-scale trend, numerous exceptions existed. These authors proposed 
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that any scale relationship is likely material dependent, thus variable strength behaviour can be 

observed for different formations and rock types.  

 The CI, CD, and UCS results for scale influence testing were presented in Chapter 3 with 

linear trendlines that indicated a horizontal line of best fit was a good approximation of the 

behaviour of the data for all three parameters. An alternative interpretation of this same data has 

been presented in Figure 6-7, with second order polynomial trendlines. These trendlines provide 

an improved fit to the UCS and CD data in comparison to the linear, near horizontal, trendlines 

previously used. While the CD and UCS results indicates a better fit to the parabolic trendlines, 

the CI data still produces an R2 near zero and indicates a horizontal line is likely the most 

appropriate interpretation.  

The decrease observed between the 50 and 76 mm specimens is likely related to the 

incorporation of additional argillaceous layering into the specimen scale, as the specimen 

approaches a Representative Elementary Volume (REV) that exemplifies the true characteristics 

of Cobourg limestone. At a specimen diameter of 50 mm sections of the sample are composed of 

a single coarse-grained calcite-rich nodule that can cover the entire cross-section of the specimen 

(Figure 6-8). The incorporation of an entire nodule through the cross-section of the specimens 

could inhibit the propagation of fractures through the sample, resulting in increased CD and UCS 

values that were observed in the 50 mm data. The 76 mm specimens approach a volume which 

will includes the smaller calcite-rich nodules and almost entire portions of the larger nodules. The 

significant heterogeneity of the Cobourg limestone causes the larger nodules to generally be 

offset from the axis of the specimens. This means that even if most of a large nodule is 

incorporated into the specimen, some portion of the surrounding argillaceous layering is also 

likely included. The argillaceous layering between these large nodules may influence the 

distribution of stress and propagation of cracks in the specimen, resulting in decreased CD and 

UCS values in the 76 mm specimens. The larger diameter specimens, 101 mm and 126 mm, 
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Figure 6-7: Comparison of CI, CD, and UCS stress thresholds with respect to specimen 

diameter for scale effect UCS testing, presented with polynomial trendlines. 

 

Figure 6-8: Specimen photographs for the four different tested diameters, demonstrating 

the varying proportions of intact nodules in the Cobourg limestone. 



 

198 

 

begin to incorporate intact nodules of all sizes. This results in a minor increase in CD and UCS 

for the 101 mm and 126 mm specimens, as the volume of the rock approaches the REV of the 

Cobourg limestone. The REV for Cobourg limestone UCS specimens is likely reached when the 

specimen diameter exceeds 150 mm, or approximately double the diameter of the largest calcite-

rich nodules. 

 The influence of REV on the Cobourg limestone is also apparent when examining the 

Young’s modulus results, where there was an increasing trend with increasing specimen diameter. 

This trend is also evident through the examination of the axial stress-strain data, which shows a 

minor variation between the different specimen diameters (Figure 6-9). Part of this variation is 

related to the amount of crack closure, with two of the 50 mm specimens experiencing 

significantly more than the remaining tests, but there is also a slight difference in the axial strain 

trends of the different diameter specimens.  

The increasing axial stiffness of the larger diameter specimens could be a result of the 

incorporation of more intact calcite-rich nodules into the scale of the tested rock. These nodules 

vary in diameter from 20 to 80 mm and represent structure which is inherent in the Cobourg 

limestone. This structure is dispersed throughout the 50 mm diameter samples, which include 

smaller nodules with argillaceous layering in between and portions of the larger nodules. More 

intact nodules of varying sizes are incorporated into the specimen with increasing diameter. The 

more intact nodules that can be included into the loading path of the specimen, the less significant 

the surrounding argillaceous layers become and the stiffer the response of the rock. The axial 

stiffness of the material should approach a constant value with increasing specimen diameter, as 

the specimen scale incorporates the inherent structure in its entirety and reaches a REV for 

Cobourg limestone. 
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Figure 6-9: Plot of axial and lateral strain compared to axial stress for individual specimens 

of scale effect UCS testing.  

In contrast to the axial strain data, the lateral strain results (Figure 6-9) appear relatively 

consistent and compare well to the observed trend for Poisson’s ratio. Beyond the CI threshold of 

the rock the lateral strain data does vary more significantly, specifically for two of the 101 mm 

specimens. A closer examination of the lateral strain in the range of CI thresholds shows that 

indeed the lateral strain behaviour of the different diameter specimens is similar (Figure 6-10). 

The range of lateral strain experienced at the average CI threshold (51.34 MPa) for scale 

specimens was between 170 and 265 µε. This range excludes one of the 101 mm specimens 

which experienced significantly more lateral strain than the remaining tests. The data shown in 

Figure 6-10 indicates that there is no significant relationship between lateral strain and specimen 

diameter, with the 50 and 126 mm specimen plots comparing well to one another.  
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Figure 6-10: Plot of axial stress lateral strain for scale specimens at stresses within the range 

for CI threshold. 

 A comparison of the CI and CD threshold normalized to UCS provides further support 

that there is no significant trend experienced with increasing scale for the strength properties of 

Cobourg limestone (Figure 6-11). The normalized CI and CD threshold values remain consistent 

across the tested specimen diameter range. In this respect, because there appears to be no scale 

influence on the Cobourg limestone, both the normalized CI and CD thresholds appear to have a 

proportional relationship to UCS. The ratio of CI to UCS ranges between 0.36 and 0.47, with an 

average of 0.42 for all scale tests. The average ratio of CD to UCS is 0.84, with a range of values 

from 0.71 to 0.92. The average normalized CI and CD compare well to the values presented by 

Ghazvinian (2015) for CI (0.42) and CD (0.80) of Cobourg limestone UCS specimens prepared 

perpendicular to bedding. 
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Figure 6-11: Comparison of normalized CI and CD thresholds to specimen diameter for 

scale UCS testing. 

6.1.3 Influence of Loading Rate  

The loading rate testing was conducted on UCS specimens prepared to RRH and one-month 

saturated conditions, both sets of tests showing no significant relationship for Young’s modulus, 

Poisson’s ratio, CI, CD, or UCS with increasing axial strain rate. However, in comparisons the 

two saturation conditions produced substantially different values for almost all the estimated 

material properties, excluding Poisson’s ratio. This variation in properties is evident in Figure 

6-12, which compares the Young’s modulus (E35) values for the RRH and one-month saturated 

specimens. The Young’s modulus data shows that there is a significant decrease in the axial 

stiffness of the one-month saturated specimens. This behaviour is similar to the saturation results 

discussed above (Section 6.1.1). Interestingly, the trend for both saturation conditions shows a 

minor increase in Young’s modulus with increasing axial strain rate, although the difference 

between the two trends is approximately 10 GPa and is considered to be significant.  
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Figure 6-12: Comparison of RRH and one-month saturated Young’s modulus values 

calculated using the E35 method. The blue arrow represents the standard axial strain rate 

used for saturation and scale testing.  

 The difference in the axial stiffness of the two saturation conditions is also evident in the 

axial stress-strain data (Figure 6-13). A comparison of the axial strain data shows that the RRH 

specimens experienced more consistent axial deformation with increasing stress, whereas the one-

month saturated specimens had highly variable results. The difference between the two data sets 

is apparent at the average CD threshold for each, with the RRH specimens resulting in a range of 

approximately 900 µε and the saturated specimens producing a range of approximately 1950 µε.  
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Figure 6-13: (a) Plot of axial stress-strain data for RRH loading rate specimens, with 

average CD threshold marked by dashed line. (b) Plot of axial stress-strain data for one-

month saturated loading rate specimens, with average CD marked by dotted line.  

While no significant relationship is observed in the axial strain data with increasing axial 

strain rate, the two highest axial strain rates do appear to result in the stiffest axial response for 

both the RRH and saturated specimens. This supports the minor increasing trend observed for 

Young’s modulus in Figure 6-12. This increase in axial stiffness is in contrast to the results of 

Okubo et al. (1990), who showed that axial strain rate did not influence the slope of the axial 

stress-strain curve for five different rock types. A possible reason for this increased axial stiffness 

may be related to the TF of these tests. The lower axial strain rates result in a longer TF, meaning 

that once the CI threshold is reached the rock is more likely to be influenced by subcritical crack 

growth. While the longer TF may be sufficient to result in a minor influence on the stress-strain 

path of the test, it appears that the longer test times do not affect the damage thresholds and UCS 

of the Cobourg limestone. 
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In comparison to Young’s modulus, Poisson’s ratio of both the RRH and one-month 

saturated specimens remains relatively consistent. If the saturated specimens experience increased 

axial strain, then the rock must experience increased lateral deformation to maintain a constant 

Poisson’s ratio. A comparison of the lateral strain for the RRH and saturated specimens confirms 

this, indicating that the saturated rock experienced increased lateral strain at lower stresses 

(Figure 6-14). While both the RRH and saturated specimens appear to behave similarly during 

initial loading, the final lateral strain for the two different saturation conditions are significantly 

different. The various axial strain rates do not appear to show any distinct relationship with lateral 

strain, supporting the lack of influence on Poisson’s ratio. 

 

Figure 6-14: (a) Plot of axial stress and lateral strain data for RRH loading rate specimens 

and (b) plot of axial stress lateral strain data for one-month saturated loading rate 

specimens. 

A closer examination of the lateral strain behaviour within the range of stresses for CI 

threshold also indicates that the saturated specimens experienced increased axial deformation in  

comparison to the RRH results (Figure 6-15). Although the saturated specimens underwent 

additional lateral deformation, the lateral strain ranges associated with average CI threshold 
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compare well for most specimens between both saturation conditions. The lateral strain range 

corresponding to average CI threshold for the RRH specimens was between 190 and 270 µε for 

all but one of the specimens. The range for the saturated specimens was slightly smaller, between 

210 to 270 µε; however, this did not include four of the specimens that resulted in distinctly 

different lateral strains. The measured lateral strain is dependent on what portion of the Cobourg 

limestone the lateral extensometer is measuring. A potential cause of the distinct lateral strain 

behaviour shown in Figure 6-15b could be related to increased argillaceous content being present 

along the circumferential surface where the extensometer is applied. The argillaceous layers 

appear to be more susceptible to influences from the SPW and can also contain healed structure, 

which results in increased uptake of fluid during saturation.  

 The lateral strain ranges shown for the RRH and saturated specimens are comparable to 

the ranges shown previously for scale and saturation testing. The consistent relationship between 

lateral strain and CI threshold provides further support for CI as a true material property not 

significantly influenced by testing conditions. The results also show that there is no significant 

relationship between axial strain rate and CI, CD, or UCS of Cobourg limestone. This contrasts 

with the behaviour shown by previous research on loading rate effects on both igneous and 

sedimentary rocks (Schmidtke and Lajtai 1985, Lajtai et al. 1991). The loading rate data does 

present further support for the influence of saturation on the Cobourg limestone. The average 

UCS of the saturated loading rate specimens was 86.64 MPa, representing a decrease of 29% 

from the average of the RRH loading rate specimens (122.06 MPa). This decrease is similar to 

that observed for the saturation testing results (31%), while the CI and CD threshold results also 

show a similar response (Figure 6-16). 
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Figure 6-15: (a) Plot of axial stress lateral strain for RRH specimens at stresses within the 

range for CI threshold, and (b) plot of axial stress lateral strain for one-month saturated 

specimens at stresses within the range for CI threshold.  
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Figure 6-16: Comparison of normalized CI and CD thresholds to axial strain rate for RRH 

and saturated loading rate testing. 

The normalized CD threshold values remain consistent for both RRH and saturated 

specimens across all the tested axial strain rates. The RRH specimens resulted in an average 

normalized CD of 0.79, while the saturated specimens produced an average of 0.78. The 

consistent relationship between CD and UCS supports the concept that peak strength is directly 

related to the CD threshold of the rock (Diederichs 1999, Diederichs et al. 2004, Ghazvinian et al. 

2012). The normalized CI thresholds suggest that there is no significant trend for CI with 

increasing axial strain rate. Although there are minor trends for both the RRH and saturated CI 

results, the range in values across the different axial strain rates suggest that the normalized CI is 

relatively consistent. The normalized CI results for RRH specimens range from 0.37 to 0.48, with 

an average value of 0.42. The saturated results produced an average normalized CI of 0.45, with a 

range of values between 0.37 and 0.55. These values compare well to the results presented for 

saturation testing (Section 6.1.1), which showed that saturated specimens resulted in higher 

normalized CI values in comparison to the RRH and oven-dried results. The average normalized 
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CI and CD values compare well to Cobourg limestone testing conducted by Ghazvinian (2015), 

and within the expected ranges for brittle intact rock (Brace et al. 1966, Stacey and Page 1986, 

Pelli et al. 1991, Martin et al. 1999).  

6.2 BTS Testing 

6.2.1 Influence of Saturation 

The results of BTS testing on the Cobourg limestone showed that saturation had a significant 

influence on the indirect tensile strength of the rock. The decrease in average BTS between the 

oven-dried (8.14 MPa) and saturated (5.79 MPa) specimens was 29%, similar to the decrease 

experienced for UCS saturation results (31%). The observations made in Section 6.1.1 regarding 

interaction between the SPW and the tested rock are also directly applicable for the BTS testing 

results. Similar mechanisms are likely to have influenced the tensile strength of the rock. These 

include the buildup of pore water pressure in the rock, influences on subcritical crack growth, and 

chemical alteration of the rock resulting in varying strength and deformability.  

Saturation of the BTS specimens produced comparable water contents for the four 

different saturation methods, similar to the UCS results. However, unlike the UCS tests there is 

no clear distinction between the results of long-term (one and three month) saturated and one-

week saturated BTS tests. This suggests that long-term saturation did not have a significant 

influence on the BTS results, and interaction between the SPW and the tested rock was likely 

minor in comparison to the UCS results. The lack of influence for long-term saturated BTS 

specimens is likely related to the minor leaching of UCS specimens into the SPW. The BTS 

specimens were saturated after the UCS specimens, thus the fluid composition was likely more 

comparable to post-saturation concentrations (Figure 6-4) for BTS specimens. The post-saturation 

composition of the SPW should result in less significant interaction with the Cobourg limestone 

in comparison to the initial composition, as the fluid approaches a non-reactive equilibrium with 

the rock. 
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 The decrease experienced from oven-dried to saturated conditions is consistent with the 

trend observed by Cherblanc et al. (2016) for a bioclastic limestone. These results showed that 

oven-dried specimens of Barutel limestone resulted in BTS values between 10 and 12 MPa, while 

specimens with increasing water content produced decreasing strength approaching a constant 

value of approximately 6 MPa. A decrease in strength of approximately 46% between average 

oven-dried and fully saturated conditions is more significant than that found for Cobourg 

limestone; however, the difference in porosity between the two rocks (approximately 2% 

compared to 16%) is also significant and may contribute to the decrease observed for Barutel 

limestone. 

 The BTS results were previously presented with a linear trend, though the rapid decrease 

in strength observed for small changes in water content can be interpreted with a power trendline 

as well (Figure 6-17). The drop in BTS is significant with minor increase in water content, even 

in comparison to the one-month and two-week oven-dried results. This strength trend is similar to 

that observed by Cherblanc et al. (2016), suggesting that with increasing water content the BTS 

of the Cobourg limestone approaches a constant value. This relationship is likely more 

representative of the true behaviour of Cobourg limestone in comparison to a linear relationship, 

where BTS continues to decrease with increasing water content. It should be noted that water 

contents beyond the presented range were not observed, likely due to the low porosity and 

permeability of the rock. While in situ water content may be higher than the values observed in 

this study, successfully re-saturating the rock to the original conditions is difficult and not 

feasible. Instead, water content conditions should be maintained during retrieval of specimens to 

ensure proper characterization of the in situ rock condition. 
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Figure 6-17: Plot of BTS compared to water content for different saturation conditions. 

Both a power and linear trendline are presented for comparison  

6.2.2 Influence of Scale  

The testing of BTS specimens with various diameters indicated a distinct difference in the 

strength results of the 50 mm specimens in comparison to the remaining tests. The 76, 101, and 

126 mm specimens produced similar BTS results with an average of 6.9 MPa, the 50 mm samples 

produced an average BTS of 9.74 MPa. The difference in the average strengths of these two 

groups of specimens represents a 30% decrease in BTS. This decrease contrasts with the data 

presented by Thuro et al. (2001) for a fine to medium grained clastic limestone, which showed no 

significant influence for BTS with increasing specimen scale. In fact, the lowest average BTS 

presented by Thuro et al. was for the smallest tested diameter, 45 mm. However, it is difficult to 

compare the strength behaviour of the Cobourg limestone to other rocks due to the discontinuous 

fabric and significant heterogeneity present at varying scales.  

The influence of fabric orientation on the strength of Cobourg limestone has been 

previously examined by Ghazvinian (2015) using UCS and BTS testing. The results of the BTS 
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testing produced indirect tensile strength values between 3.0 and 10.4 MPa for 54 mm diameter 

specimens. The large range of results for different fabric orientations and loading angles 

highlights the significance of structural fabric in the failure behaviour of Cobourg limestone. It is 

likely that the smaller 50 mm specimens tested in this study only incorporate small portions of the 

argillaceous layers in the Cobourg limestone. At this specimen scale, the fabric is not 

significantly evident because the size of the calcite-rich nodules is large enough to represent an 

entire sample (Figure 6-18). Such specimens could present no argillaceous material and be 

considered relatively homogenous in comparison to larger diameter specimens. With increasing 

diameter, the specimens begin to include more argillaceous layers. While these layers are 

generally considered planar at large scale, they are undulating and discontinuous at the specimen 

scale. By including more fabric in the specimen, the larger specimens present a higher likelihood 

for variable fabric orientations, which can influence the strength of the rock. 

 

Figure 6-18: BTS specimen photographs demonstrating the varying proportions of 

argillaceous layers in the different diameter specimens of Cobourg limestone. 

The BTS testing results suggest that the 76 mm diameter specimens are sufficiently large 

to be influenced by the fabric of Cobourg limestone, with increasing specimen diameter resulting 
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in only a minor decrease in BTS. The BTS of Cobourg limestone may continue to experience a 

minor decrease with increasing specimen diameter beyond the tested range, however, 

approaching a constant value once a REV is reached. The diameter required to achieve a REV for 

BTS specimens could be two times larger than UCS specimens (>150 mm diameter) if a TDR of 

0.5 is used, as the thickness of the specimens should be double the diameter of the largest calcite 

nodules (80 mm). Conversely, by using a larger TDR a smaller diameter specimen may be 

sufficiently large to satisfy the REV, although additional testing would be required to properly 

establish these REVs.  

Although the 101 mm and 126 mm specimen incorporate more fabric, the decrease in 

BTS with increasing specimen diameter above 76 mm could also be related to water content. A 

comparison of water content and BTS shows that there was increased water present in the larger 

BTS samples (Figure 6-19). The influence of saturation has been observed to be substantial 

(Section 6.2.1), with minor increases in water content resulting in significant decreases in BTS. 

This suggests that the decrease experienced by the larger diameter specimens is related to water 

content and that the BTS of Cobourg limestone is relatively constant for diameters larger than 76 

mm.  

The increased water content of the larger specimens may be related to the inclusion of 

more argillaceous material; however, this is more likely related to the time of year when testing 

was conducted. The specimens were stored in RRH conditions influenced by the atmospheric 

conditions of the preparation laboratory. While the 50 mm and 76 mm specimens were tested on 

the same day in the spring of 2016, the 126 mm and 101 mm specimens were tested in the 

summer and fall, respectively. Variations in RRH conditions between the different seasons likely 

contributed to the difference in water content observed for the different diameter specimens. It 

should be noted that the water content of the 50 mm and 76 mm are comparable, indicating that 

water content does not account for the increased BTS of the smaller diameter. 
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Figure 6-19: Plot of BTS compared to water content for scale effect specimens. Dotted 

trendline represents the linear relationship proposed for 76, 101, and 126 mm data.  

6.3 Triaxial Testing 

The testing of RRH and saturated specimens at various confinements has provided further 

information regarding the influence of saturation on the failure behaviour of Cobourg limestone. 

A comparison of the failure envelopes for both saturation conditions demonstrates the 

confinement dependency of CD threshold and UCS (Figure 6-20). The influence of confinement 

on CI threshold appears to be less significant than in comparison to CD and UCS, with CI likely 

approaching a constant value at increasing confinement conditions. This is consistent with the 

literature, which suggests that the behaviour of CI can range from being confinement independent 

to having a minor confinement dependency (Brace et al. 1966, Martin 1993, Diederichs 1999, 

Ghazvinian 2015). The slope of the linear trends proposed for the CI threshold results of both the 

RRH (2.2) and saturated (2.4) specimens fall within the range of 1.5 to 2.5 proposed by 

Diederichs (2007). These trends do represent the upper range of expected values, suggesting a 

minor to moderate confinement influence on the CI threshold of Cobourg limestone. 
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Figure 6-20: Comparison of the failure envelopes for CI, CD, and UCS of RRH and 

saturated triaxial tests. 

 Examination of test results for each of the individual confinements (0, 5, 10, 20 MPa) 

shows that the behaviour of CD (Figure 6-21) and peak strength (Figure 6-22) with increasing 

water content is maintained from unconfined (0 MPa) to peak confinement (20 MPa) conditions. 

This indicates that the mechanisms (i.e. pore water pressure, subcritical crack growth, chemical 

interaction) related to strength reduction for saturated specimens in unconfined conditions are 

applicable for confinement conditions as well. This also suggests that the influence of these 

mechanisms is not significantly affected by increasing confinement. This behaviour is observed 

for CI threshold results as well, which show that crack initiation is less sensitive to increasing 

water content than CD and peak strength (Figure 6-23). Although there is more variability in the 

observed trend of the CI results, both the 10 MPa and 20 MPa results suggest only a minor 

saturation influence and compare well to the trend previously observed to UCS saturation testing 

(Section 6.1.1). This suggests that under increasing confinement the CI response of the rock is  
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Figure 6-21: Comparison of CD thresholds and water content for Cobourg limestone 

specimens tested under various confinements. 

 

Figure 6-22: Comparison of peak strength and water content for Cobourg limestone 

specimens tested under various confinements. 



 

216 

 

 

Figure 6-23: Comparison of CI threshold and water content for Cobourg limestone 

specimens tested under various confinements, including UCS results from saturation 

influence testing.  

relatively consistent for different saturation conditions. The trends observed for CI, CD, and peak 

strength results of triaxial testing are similar to the relationships observed for UCS testing, 

indicating that confinement influences are consistently proportional for the damage thresholds 

and peak strength of RRH and saturated Cobourg limestone. 

6.4 Influence of Heterogeneity 

The level of heterogeneity was investigated for UCS and triaxial specimens using bulk density 

and estimated percentage of argillaceous layers. A trend of decreasing bulk density with 

increasing percentage of argillaceous content was observed for both groups of specimens; 

however, this relationship was poorly defined due to significant variability in the results. A 

similar method was used by Ghazvinian (2015) to examine the heterogeneity of different 

Cobourg limestone UCS specimens. Ghazvinian observed a general decreasing trend for the UCS, 
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CD, and CI of the rock with increasing amount of fine-grained argillaceous layering. No such 

trends were evident for the loading rate UCS specimens, while the saturation UCS results 

presented only a minor correlation to percentage of argillaceous content (Figure 6-24). While the 

trend for CI is a good fit to the data, this is likely related to the relative consistency of this 

parameter even under increasing saturation conditions. The trends of CD and UCS are poor fits to 

the data in comparison to the relationships observed for increasing water content. This suggests 

that there is no significant relationship between CI, CD, or UCS and percentage of argillaceous 

limestone in the tested specimens. 

 

Figure 6-24: Comparison of CI, CD, UCS to percentage of fine-gained argillaceous 

limestone present in saturation UCS specimens. 

6.5 Testing Observations 

The testing methodology used to conduct the UCS, BTS, and triaxial tests followed the 

procedures recommended by the ISRM suggested methods (ISRM 1978, 1979, 1983, Fairhurst 

and Hudson 1999) and ASTM standards (ASTM International 2008a, 2008b, 2010, 2014a) where 
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applicable. In some instances, the available procedures allowed for variation of techniques or 

equipment to achieve similar results. The calculation of elastic parameters was examined over 

two stress ranges to investigate the influence of CI threshold on the elastic behaviour of the 

Cobourg limestone. The measurement of lateral strain during BTS testing was also studied using 

axial extensometers and electric resistance strain gauges. The methods used for BTS testing were 

also varied through the use of curved bearing blocks for the 50 mm and 76 mm specimens and 

wooden load distributors for the 101 mm and 126 mm tests.  

Where standardized procedures were not available, the existing literature was reviewed in 

an attempt to effectively characterize the Cobourg limestone under varying conditions (Dunning 

and Yeskis 2007, Al et al. 2010). The preparation of specimens using oven drying, submersion 

saturation, and vacuum saturation was successful in altering the water content of specimens in a 

consistent manner. As well, the use of various methods to estimate CI thresholds highlights the 

importance of using average values to properly describe the failure behaviour of heterogenous 

rocks, such as the Cobourg limestone. The observations relating to the various testing 

methodologies are presented in the following subsections.  

6.5.1 Calculation of Elastic Properties 

The elastic properties of the Cobourg limestone were calculated over two stress ranges to 

investigate the influence of crack initiation on commonly reported material properties. Young’s 

modulus and Poisson’s ratio were calculated over ranges between 25 to 45% (E35 and v35) and 

40 to 60% (E50 and v50) of peak strength to describe the elastic behaviour of the rock, in 

accordance with ASTM D7012 (ASTM International 2014a). The results from UCS testing 

indicate that the v50 method consistently resulted in significantly larger Poisson’s ratio values in 

comparison to the v35 method. The v50 method overestimated v35 values by an average of 0.05 

for all saturation, scale, and loading rate specimens. The difference in values was most significant 
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for the saturated loading rate specimens, which produced an average variation of 0.08 between 

v35 and v50. 

 The difference in Young’s modulus for the two methods was less significant than for 

Poisson’s ratio. In general, the E35 method produced lower estimates for Young`s modulus, with 

the two methods varying by an average value of 1.34 GPa for all saturation, scale, and loading 

rate specimens. The largest variation in Young`s modulus methods was observed for the RRH 

loading rate specimens, which produced an average difference of 2.12 GPa. The difference in 

values between the Young`s modulus methods is considered minor in comparison to the variation 

observed for Poisson`s ratio methods.  

The increased variation in Poisson`s ratio values is related to the initiation of fractures, 

which is observed to occur in the Cobourg limestone at an average stress of 43% of UCS for all 

tested conditions. The initiation of cracks has been shown by numerous researchers to coincide 

with increased lateral deformation (Brace et al. 1966, Bieniawski 1967, Lajtai and Lajtai 1974). 

This increased lateral deformation is the response of the rock to damage initiation and indicates 

the transition of rock from elastic to plastic behaviour. While it is common to calculate elastic 

parameters in the range of 40 to 60% of peak stress, this range directly overlaps with expected 

stress range for CI in Cobourg limestone. The use of a lower range, 25 to 45% of peak stress, 

allows for calculation of elastic parameters without surpassing the elastic limit of the rock. The 

results of UCS testing on the Cobourg limestone indicated that the E35 and v35 methods are more 

reliable indicators of true elastic properties, while E50 and v50 are likely influenced by the plastic 

behaviour of rock beyond the CI threshold. 

6.5.2 BTS Methodology  

A comparison of the scale effect BTS results in Figure 6-19 shows that the indirect tensile 

strength of the 76 mm, 101 mm, and 126 mm tests are similar and suggests that any discrepancy 

in strength between the different diameters is likely related to water content. This indicates that 
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the results from curved bearing block and wooden load distributor tests are comparable, 

consistent with the findings of ASTM 3967 (ASTM International 2008a). The use of curved 

bearing blocks is likely a more reliable method when conducting numerous tests of standard sized 

core; however, wooden load distributors provide a convenient alternative for larger diameter 

specimens and can produce comparable results.  

 The use of axial extensometers to measure lateral strain during BTS testing produced 

variable results, making the identification of damage during testing difficult. The testing setup 

required the two extensometers to be attached by elastics and centered on the flat face of the BTS 

specimens. The application of extensometers in this orientation was logistically difficult and often 

required several attempts to achieve proper placement. In comparison, the application of strain 

gauges to BTS specimens was conducted with relative ease. As well, the test results appear to be 

more consistent and reliable for measuring minor changes in lateral strain (Figure 6-25). The 

testing methodology which uses strain gauges is likely more suitable for measuring lateral strain 

during BTS testing than the method with axial extensometers, due to the better resolution and 

ease of application of gauges. 

 

Figure 6-25: Comparison of lateral strain data obtained using (a) axial extensometers and 

(b) strain gauges. 
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The failure behaviour of BTS specimens was discussed in Chapter 4, with 10 of the 47 

specimens observed to have interacted with the bedding layers present in the rock. While this 

does not appear to have significantly influenced the results or be related specifically to either 

scale or saturation conditions, there is potential that this behaviour influenced results. There is no 

clear view of the sides of the specimens during BTS testing, making it impossible to identify 

which set of fractures occurred first. While all test results were included in the presented 

interpretation, the results with bedding interaction may be considered invalid if circumferential 

fracturing occurred prior to tensile rupture. To distinguish between valid and invalid tests, it 

would be beneficial for strain gauges to be placed along the circumference of specimens to 

differentiate order of fracturing in specimens which present both axial and circumferential 

fractures in BTS tests. In addition, the use of a high-speed camera would be valuable for 

identifying the order of fracturing when there are multiple cracks present in the face of the 

specimen. These modifications would facilitate better identification of invalid testing data when 

examining BTS testing results. 

6.5.3 Crack Initiation Estimation 

The CI threshold of the Cobourg limestone was investigated using five methods to 

calculate a mean CI value for each UCS tests (Chapter 2). In addition to the variability of average 

CI thresholds presented for the different testing conditions, there is significant variability between 

the results of the individual CI estimation methods used within these averages. To further 

investigate this variability, the five CI methods used to calculate CI threshold have been plotted 

for UCS testing of saturation, scale, and loading rate specimens (Figure 6-26, Figure 6-27, Figure 

6-28, Figure 6-29). The mean value, representing the CI thresholds presented in previous results, 

has also been included for reference and is used for the plotted trendline. 

The CI indicators for saturation testing show a decreasing trend similar to mean CI, 

though with more variability between the individual CI estimates (Figure 6-26). The individual CI 
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indicators do not show any distinct trends with respect to mean CI, except for the crack 

volumetric strain which appears below the mean trendline for 13 of the 19 estimated values. The 

range in values between the different CI methods is 24 and 23 MPa for the dried and saturated 

specimens, respectively. The range in values for RRH specimens was 11 MPa, suggesting that the 

individual CI estimation methods are more variable for saturated and oven-dried Cobourg 

limestone. The 50 mm scale specimens were prepared to similar RRH conditions and result in a 

similar range of 9 MPa (Figure 6-27). In contrast, the 101 mm and 126 mm CI results show 

significant variability for individual CI indicators. The 101 mm specimens produced CI estimates 

ranging between 39 and 66.5 MPa, while the 126 mm specimens ranged between 39 and 62 MPa. 

The individual CI indicators for scale testing were generally variable and no distinct trend was 

observed for any of the methods.  

The CI results for RRH loading rate specimens produced a maximum range of values for 

the slowest axial strain rate (6 µε/min), although no trend was observed between axial strain rate 

and the variability of individual CI estimates (Figure 6-28). The 6 µε/min specimens resulted in a 

range of values between 39 and 62 MPa, while both the 60 µε/min and 200 µε/min results 

produced the smallest range of values (10.5 MPa). The largest range in values for the one-month 

saturated loading rate tests corresponds to the 60 µε/min specimens, which produced a range of 

values between 26 and 48 MPa (Figure 6-29). Specimens tested at the remaining axial strain rates 

also produced variable results, with the smallest range in values being 9 MPa for the 6 µε/min 

tests. Neither the RRH or saturated loading rate results indicated any trends for the individual CI 

indicators, with each of the five methods producing variable data in comparison to mean CI.  
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Figure 6-26: CI threshold for saturation UCS specimens based on five estimation methods, 

with mean CI also presented.  

 

Figure 6-27: CI threshold for scale UCS specimens based on five estimation methods, with 

mean CI also presented. 
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Figure 6-28: CI threshold for RRH loading rate specimens based on five estimation 

methods, with mean CI also presented. 

 

Figure 6-29: CI threshold for saturated loading rate specimens based on five estimation 

methods, with mean CI also presented. 
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The reliability of these CI estimation methods is dependent on the acquired testing data. 

For heterogenous rocks, such as the Cobourg limestone, the recorded strain and AE data can be 

difficult to interpret in some cases. Ghazvinian (2015) noted that the use of strain gauges during 

testing of Cobourg limestone can lead to local rather than global deformation measurement, 

which can result in erroneous strain data that makes CI estimation impossible. The use of three 

averaging axial extensometers and a circumferential extensometer around the entire 

circumference of specimens greatly improves the likelihood of acquiring strain data 

representative of true specimen deformation. However, fractures occurring along the  

contact points of the AE sensors and extensometers can still impact testing results, making CI 

interpretation difficult and sometimes leading to invalid estimates. The use of five different 

methods for CI estimation ensures that at least one valid estimate can be made for the acquired 

testing data. Estimates considered invalid due to variable test data are not included in the 

presented CI threshold results. The number of valid CI estimates for the different CI methods and 

testing specimen conditions is shown in Table 6-1.  

Table 6-1: Summary of valid CI estimates for UCS testing. 

Estimation 

Method 

Valid 

Saturation 

Estimates 

(21 Tests) 

Valid 

Scale 

Estimates 
(12 Tests) 

Valid RRH 

Loading Rate 

Estimates 
 (15 Tests) 

Valid 

Saturated 

Loading Rate 

Estimates  
(15 Tests) 

Percentage 

of Valid 

Tests 

Lateral Strain 21 12 15 14 98% 

Crack Volumetric 

Strain 
19 11 13 13 89% 

Inverse Tangent 

Lateral Stiffness 
18 9 10 15 83% 

Instantaneous 

Poisson's Ratio 
13 8 11 13 71% 

Acoustic 

Emission 21 12 15 14 98% 
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 The results show that Instantaneous Poisson’s Ratio produced the lowest amount of valid 

CI estimates based on the strain data obtained from testing. In comparison, the lateral strain and 

AE methods were the most reliable for producing valid CI estimates from the available data. 

While it is important to consider the ability of a method to consistently produce valid estimates 

for CI threshold, the variation in estimates produced by each of the five methods must also be 

evaluated. The valid estimates produced by the five CI indicator methods were compared to the 

average CI threshold for each tested specimen to determine if any consistent differences exist. A 

relative error was calculated based on the difference between the CI estimated by a specific 

method and the average CI for the same specimen. The average error for the five CI estimation 

methods was calculated for each of the four testing conditions and is presented in Table 6-2.  

Table 6-2: Summary of the average error associated with individual CI estimation methods 

for the four testing conditions.  

Estimation 

Method 

Average 

Saturation 

Error 
 (21 Tests) 

Average 

Scale 

Error  
(12 Tests) 

Average RRH 

Loading Rate 

Error 
 (15 Tests) 

Average Saturated 

Loading Rate 

Error 
 (15 Tests) 

Lateral Strain -1.9% -4.2% 2.0% 0.8% 

Crack Volumetric 

Strain -4.5% 1.2% 4.1% -5.3% 

Inverse Tangent 

Lateral Stiffness 0.8% -0.7% -2.5% -0.2% 

Instantaneous 

Poisson's Ratio 0.0% -0.6% -3.3% -0.5% 

Acoustic 

Emission 2.5% 1.3% -1.5% 4.7% 

Maximum Error -4.5% -4.2% 4.1% -5.3% 

Although Instantaneous Poisson’s Ratio resulted in the lowest number of valid estimates, 

the data in Table 6-2 shows that this method resulted in relatively low error in comparison to the 

average CI value calculated for each specimen. In contrast, the Crack Volumetric Strain method 
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represents the largest error for three of the four testing conditions, suggesting that this method 

tends to result in less reliable estimates of CI threshold. Ghazvinian (2015) noted that Crack 

Volumetric Strain is highly sensitive to elastic constants, which have been shown to vary for the 

Cobourg limestone under different testing conditions. The variation of elastic properties likely 

contributes to the errors associated with this method. 

  The ITLS method produced results similar to Instantaneous Poisson’s Ratio and generally 

compared well to the calculated average CI threshold. The lateral strain and AE methods 

represent mid-range errors for the four testing conditions, with lateral strain resulting in the 

largest error for scale effect testing. The data presented for valid estimates and relative error of 

the five CI methods highlights the difficulty associated with predicting CI in heterogenous rocks. 

The variable strain and AE data produced by these rocks can result in unreliable CI estimates if a 

single method is used. To effectively estimate CI threshold in Cobourg limestone, an average 

value of several methods should be employed to ensure valid estimates for each test can be 

provided and avoid influence from any individual method. 

6.5.4 Specimen Saturation 

The saturation of Cobourg limestone in a SPW was shown to increase the water content of 

Cobourg limestone in a consistent manner. The four saturation methods did not appear to result in 

significantly different water contents for the rock and were generally similar for each of the test 

types. Saturation of UCS specimens resulted in an average water of 0.620% by weight, with 

increased variation in the three-month saturated specimens. Triaxial specimens submerged in the 

SPW for one-week resulted in an average water content of 0.527%. The saturated BTS specimens 

resulted in a higher average water content (0.689%) than the UCS and triaxial specimens. The 

variation in water content for these specimens was also larger than that observed for UCS and 

triaxial specimens, but is relatively consistent across all four saturation methods. This increased 

variability is likely associated with the heterogeneity and fabric present in the Cobourg limestone. 
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The BTS specimens are more susceptible to this heterogeneity as each specimen is more likely to 

incorporate different proportions of calcite-rich nodules and argillaceous layers. 

 The four saturation methods used in this study produced comparable water contents for 

the Cobourg limestone specimens, with values ranging between 0.47 and 0.90%. This range 

includes both the vacuum and three-month submersion saturated specimens, which did not 

indicate any significant differences in water content. This suggests that prolonged saturation 

duration has little influence on the water content of the Cobourg limestone. However, the 

evidence discussed in Section 6.1.1 suggests that long-term saturation of the Cobourg limestone 

in the SPW resulted in interaction of the saturation fluid and rock. This interaction is likely a 

result of increased exposure for the one and three-month saturated specimens, as well as a 

discrepancy between the initial chemical composition of the SPW and the ideal composition for 

in situ pore water fluid. Although the SPW was carefully prepared to match the composition of 

pore fluid present in Cobourg limestone at depth, a slight difference in the chemical compositions 

may have resulted in minor interaction between the rock and SPW. As well, unconfined 

saturation of specimens likely caused localized uptake of fluid into the clay-rich layers and healed 

features of the rock. Neither chemical interaction nor localized uptake of fluid is expected to 

occur for confined in situ conditions.  

 The lack of increased water content for the long-term saturation specimens indicates that 

it is primarily pores exposed at the surface of the specimen that are being saturated. The 

comparable water content results for one-week and three-month saturation suggest that one-week 

submersion saturation is sufficient to investigate the influence of water content, while also 

avoiding complications related to long-term saturation. Indeed, similar behaviour has been 

observed by Cherblanc et al. (2016) who noted that saturation of specimens to 97% relative 

humidity conditions is adequate to reduce the peak strength of rock by 90% of the total range 

experienced from oven-dried to fully saturated conditions. Ideally, the conditions of rock obtained 
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from depths should be maintained upon retrieval through the use of proper storage techniques and 

materials. This ensures that in situ conditions are better represented and avoids any concerns 

related to the re-saturation of rock specimens. If maintaining the in situ condition of drill core is 

not feasible, the short-term saturation of rock is sufficient to represent the influences of water 

content on the elastic and strength properties of the Cobourg limestone. 

6.6 Summary 

The results of UCS testing have been used to examine the influences of saturation, scale, and 

loading rate on the strength properties of Cobourg limestone. The effect of saturation has been 

identified to have the most significant impact on mechanical testing of the rock, influencing axial 

and lateral strain behaviour. Mechanisms related to this have been proposed, such as pore water 

pressure, subcritical crack growth, and interaction of SPW with Cobourg limestone specimens. 

These factors contribute to the reduction of CD and UCS of the rock, resulting in a decrease of 

31% for UCS and 32% for CD from oven-dried to saturated conditions. The influence of 

saturation on the CI threshold of the rock has proven to be significantly less than CD and UCS, 

producing a decrease of 18% from average oven-dried to saturated results. Observations 

presented for long-term (one and three-month) saturated specimens indicate that interaction with 

the SPW and localized uptake of fluid into clay-rich layers of the rock may have resulted in lower 

strength values. One-week saturation has produced similar water contents to longer saturation 

durations, while avoiding fluid related disturbances to the specimens. Short-term saturation for 

periods of up to a week are believed to be sufficient for characterizing the influence of saturation 

of the Cobourg limestone, while preservation of in situ rock conditions is likely the most ideal 

methodology to produce results representative of rock at depth. 

 Similar saturation influences have been observed for BTS and triaxial testing, with the 

indirect tensile strength of the Cobourg limestone showing a comparable decrease (29%) to UCS 

for oven-dried and saturated specimens. In addition, the influence of water content on CI, CD, 
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and peak strength of the rock appears to be similar with increasing confinement. The trends 

observed for saturated UCS results compare well to those presented for confinements of up to 20 

MPa. This suggests that increasing confinement does not alter the influence of saturation, 

maintaining that CI threshold is relatively consistent with increasing water content while CD and 

UCS experience an observable decrease. 

The examination of scale results shows that increasing diameter had no significant effect 

on the Poisson’s ratio, CI, CD, or UCS of Cobourg limestone. The Young’s modulus results 

showed a consistent increase with specimen diameter, increasing the average modulus by 

approximately 22% between the 50 and 126 mm specimens. The scale results for BTS testing 

showed a decreasing trend for increasing specimen diameter, with the largest drop in average 

BTS between the 50 and 76 mm specimens (26%). The decrease of the remaining specimens is 

likely related to increased water content, which has been shown to significantly influence BTS. 

This suggests that the BTS of Cobourg limestone experiences only a minor decrease with 

increasing specimen diameter and likely approaches a constant value once a REV is reached. 

 The results of loading rate testing have indicated no significant influence for increasing 

axial strain rate on the elastic and strength properties of the Cobourg limestone. Although minor 

trends are presented with the data, the results are variable and suggest that the material properties 

of the rock remain relatively constant throughout the range of tested axial strain rates. The most 

substantial impact on the loading rate results was observed when comparing the RRH and one-

month saturated results. The trends shown for saturation UCS testing were also apparent for the 

saturated loading rate specimens, resulting in increased axial and lateral deformation in 

comparison to the RRH specimens. Despite this, the CI threshold of the rock appears to 

correspond to a range of lateral strain values similar for both the RRH and saturated loading rate 

specimens. This provides further evidence that CI is a true material property less sensitive to 

testing conditions than CD and UCS (Diederichs 1999, Diederichs et al. 2004, Ghazvinian et al. 
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2012). The trends observed for CD and UCS also support this, indicating that these parameters 

maintain a proportional relationship even under different testing conditions 
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Chapter 7 

Conclusions 

7.1 Summary of Findings 

The geomechanical properties of Cobourg limestone, an argillaceous limestone which presents 

varying degrees of heterogeneity, have been investigated through the laboratory strength testing 

of specimens under varying conditions. These specimens were prepared from large blocks 

collected from St. Mary’s Quarry in Bowmanville, Ontario, where the Cobourg Formation is 

exposed to surface. A mineralogical analysis was conducted by Day (2016) on samples collected 

from St. Mary’s Quarry, showing that the rock is similar to Cobourg limestone located at depth. 

This indicates that specimens prepared from rock at the quarry are a good representation of the in 

situ Cobourg limestone located at the proposed DGR site in Kincardine, Ontario. The rock tested 

in this study, therefore, should provide a reasonable preliminary understanding of the 

characteristics, mechanical properties, and failure behaviour of Cobourg limestone being 

considered for future DGR development. 

 In this study, the stress-strain behaviour of Cobourg limestone was examined by 

conducting 54 UCS tests under varying saturation, scale, and loading rate conditions (Chapter 3). 

The results of saturation testing indicate that increasing water content produced a decreasing 

trend for the CD threshold and UCS of the rock. The decrease observed for CD from oven-dried 

to saturated conditions was 32%, while UCS decreased by 31% over the same range. The 

observed CD and UCS trends suggest that these parameters are decreasing to a constant value, 

likely representative of the CI threshold of the Cobourg limestone. The influence of saturation on 

CI was less significant than CD and UCS, resulting in a decrease of 18% from oven-dried to 

saturated conditions. The decrease observed from oven-dried to one-week saturated conditions 

indicates that CI, CD, and UCS are less sensitive than observed for the entire data set (Chapter 6). 
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Comparison of the oven-dried and one-week saturated data showed a decrease of 11%, 27%, and 

27% for CI, CD, and UCS respectively. The minor decrease in CI between these conditions 

suggests that the influence of saturation on CI is less significant than initially observed. This is 

consistent with the literature, which suggests that CD and UCS are dependent on testing 

conditions, while CI is considered a true material property that can vary within a minor range 

(Diederichs 1999, Diederichs et al. 2004, Ghazvinian et al. 2012). 

The stress-strain behaviour of the long-term saturation UCS specimens suggests that 

there is a distinct difference between samples exposed to the SPW for short (one week) and long 

(one and three month) durations. The strength results of the long-term saturated specimens result 

in noticeably lower values for CI, CD, and UCS, while presenting similar water contents to the 

short term saturated specimens. Additional evidence, presented in Chapter 6, supports that long 

saturation duration in the SPW may have influenced the Cobourg limestone specimens in a more 

significant manner than was anticipated. Although the composition of the SPW was made in 

accordance with the expected composition of pore fluids for Cobourg limestone at depth (Al et al. 

2010), slight variation in fluid composition may have resulted in minor interaction between 

specimens and the SPW. The comparable water content of the one-week saturated specimens 

suggests that short-term saturation is suitable to characterize the influences of water content on 

Cobourg limestone. 

 The influence of saturation was also investigated for Cobourg limestone using BTS 

testing. The BTS results indicated a similar decreasing trend to UCS, with increasing water 

content producing a decrease of 29% from oven-dried to saturated conditions (Chapter 4). The 

results of short and long-term saturation did not yield significantly different data, suggesting that 

there was less interaction between BTS specimens and the SPW than for UCS samples. An 

alternative trend was presented for the saturated BTS data in Chapter 6, proposing that the 
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indirect tensile strength of Cobourg limestone approaches a constant value at increasing water 

contents.  

The triaxial testing results (Chapter 5) were presented with generalized Hoek-Brown 

failure envelopes for CI, CD, and UCS. This data suggests that the influence of saturation 

observed for UCS specimens is maintained under increasing confinement conditions, resulting in 

a shift of the saturation failure envelopes to the right of the σ₃-σ₁ plot. In addition, a linear 

trendline was also presented for the CI data. Comparison of the linear and Hoek-Brown failure 

envelopes resulted in a maximum variation of 4.6% over the same confinement range for both 

RRH and saturated specimens. This indicates that the behaviour of CI can be represented as a 

linear relationship with minimal error for low confinement conditions. The CD and peak strength 

data were observed to have similar confinement dependencies, while the CI results were less 

sensitive to increasing confinement. These findings are consistent with the literature, although the 

linear CI trends for Cobourg limestone suggest a more significant confinement dependency than 

other tested rocks (Brace et al. 1966, Martin 1993, Diederichs 1999, Ghazvinian 2015). 

The effect of scale on the Cobourg limestone was studied using UCS and BTS testing, 

with noticeably different trends observed for the two tests. The UCS results indicated that there is 

no significant relationship between increasing specimen diameter and the Poisson’s ratio, CI, CD, 

or UCS of the rock (Chapter 3). In fact, the only influence scale appears to have on UCS 

specimens is for Young’s modulus. Increasing specimen diameter resulted in a consistent 

increasing trend for the Young’s modulus of Cobourg limestone, increasing the average modulus 

by approximately 22% between the 50 and 126 mm specimens. This increase is likely related to 

the incorporation of more intact structure into the specimen scale, as the sample becomes more 

representative of the in situ rock. The scale results of BTS testing indicate a decreasing trend with 

increasing diameter, however, with distinctly different results for the 50 mm specimens (Chapter 

4). These specimens resulted in an average BTS of 9.7 MPa, while the remaining results for 76 
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mm, 101 mm, and 126 mm specimens were comparable and resulted in an average of 6.7 MPa. 

This represents a 31% decrease between the 50 mm and larger diameter specimen results. 

Although BTS appears to decrease with increasing diameter, the decrease observed between the 

76 mm, 101 mm, and 126 mm results is likely related to water content, suggesting that BTS 

approaches a constant value for larger diameter specimens (Chapter 6). 

Specimens prepared to RRH and one-month saturated conditions were used to investigate 

the influence of loading rate on UCS testing of Cobourg limestone (Chapter 3). The RRH 

specimen results show a minor decreasing trend in CD and UCS with increasing axial strain rate. 

Young’s modulus, Poisson’s ratio, and CI threshold remain relatively constant throughout all 

tested strain rates, suggesting no loading rate effects. The one-month saturated specimens show 

the opposite trend of the RRH specimens for CD and UCS, indicating a minor increase with 

increasing axial strain rate. The CI data for saturated specimens shows a similar trend to RRH 

results, suggesting that CI threshold remains relatively constant with changing axial strain rate. 

Although there appears to be a minor increasing trend in both Young’s modulus and Poisson’s 

ratio with increasing axial strain rate, the data at the lower strain rates is quite variable. It is likely 

that these properties remain relatively constant throughout the different strain rates. The trends of 

RRH and one-month saturated loading rate specimens indicate no significant influences on the 

elastic and strength properties of the Cobourg limestone, proposing that the material properties of 

the rock remain relatively constant throughout the tested axial strain rate range. 

The results of UCS and triaxial testing have shown that, while CD and UCS appear to be 

influenced by saturation, scale and loading rate effects on the Cobourg limestone are relatively 

minor. In addition, the consistency of CI threshold throughout the tested conditions indicates that 

it is significantly less sensitive to testing conditions than CD and UCS. These findings are 

consistent with previous research, which advises that CI is a true material property and is 

independent of testing conditions (Martin 1993, Diederichs 1999, Diederichs et al. 2004, 
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Ghazvinian et al. 2012, Ghazvinian 2015). The testing of specimens under different saturation, 

scale, loading rate, and confinement conditions has been effective for investigating the variable 

failure behaviour of Cobourg limestone. The observations made regarding testing methodology 

provide insight into the various factors which must be considered to properly evaluate the 

geomechanical properties of heterogenous rocks. Although some of the tested conditions do not 

appear to have significantly influenced the elastic and strength properties of the rock, the 

methodology presented in this study can serve as a basis for future investigations aimed at 

characterizing potential host rocks for DGR development. 

7.2 Future Work 

This thesis has examined the geomechanical properties of Cobourg limestone under various 

conditions and identified saturation as the most significant factor influencing results. While the 

other testing conditions have not indicated any significant effects on the rock, this may only be 

indicative of the range of conditions that were tested. For example, the BTS scale results indicate 

that the 50 mm specimens produced noticeably higher indirect tensile strengths than the 

remaining diameter specimens. In these instances, it would be beneficial to conduct testing 

beyond the range of conditions presented in this study to better define any relationship which may 

exist. This includes testing of BTS specimens between 45 and 76 mm to better define scale 

influence, testing of UCS specimens at axial strain rates slower than 6 με/min to further examine 

the long-term strength, and triaxial testing at confinements between and above those tested in this 

thesis.  

Additional work regarding scale effects would also be beneficial to establish REVs for 

the Cobourg limestone, so that future testing may fully define any scale influences for the 

mechanical testing of this rock. Static load testing could also be helpful in further understanding 

the long-term strength of the Cobourg limestone and be valuable for obtaining other parameters 

such as stress corrosion factors and static fatigue limit. Similarly, the influence of long-term 
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loading could be examined for larger diameter specimens to investigate the influence of 

heterogenous fabric in the failure of Cobourg limestone. The failure behavior and loading rate 

influence of the rock could be different at larger specimen diameters, highlighting the importance 

of REV in the proper characterization of Cobourg limestone.  

 It would also be beneficial to investigate the nature of failure in Cobourg limestone 

through means of thin section and scanning electron microscope analysis. Such work has been 

conducted by Day (2016) for Cobourg limestone specimens, however, it would be interesting to 

examine the differences in the damage induced to the specimens of different testing conditions. 

As well, a mineralogical analysis of RRH and saturated Cobourg limestone would provide a 

better understanding of the interaction between the SPW and rock. Different portions of a 

specimen may behave differently in the SPW, thus, examining the behaviour of various sections 

of the rock would be useful. 

While the Cobourg limestone is the proposed horizon for low and intermediate level 

nuclear waste DGR development, site selection is currently being conducted for a high-level 

waste DGR site. For this process, both sedimentary and crystalline rock formations are being 

considered (Crowe et al. 2016). This highlights the need for additional work to be conducted on 

crystalline rocks which may be representative of formations being considered for DGR 

development. While some of the work from this thesis will be applicable, the heterogeneity 

present in the Cobourg limestone make its failure behaviour and observed trends to testing 

conditions unique and not directly relevant for other rocks. The testing results between 

sedimentary and crystalline rocks are likely to vary significantly, thus similar work will be 

required to investigate suitable techniques and methodologies to properly characterize the current 

and long-term in situ conditions of crystalline rocks.  

  



 

238 

 

References 

Al, T., Beauheim, R., Crowe, R., Diederichs, M., Frizzell, R., Kennell, L., Lam, T., Parmenter, 

A., and Semec, B. 2011. Geosynthesis (NWMO DGR-TR-2011-11). Toronto, Ontario. 

Al, T., Xiang, Y., and Cave, L. 2010. Measurement of Diffusion Properties by X- Ray 

Radiography and by Through-Diffusion Techniques Using Iodide and Tritium Tracers: Core 

Samples from OS-1 and DGR-2 (TR-07-17). Fredricton, NB. 

ASTM International. 2008a. Standard Test Method for Splitting Tensile Strength of Intact Rock 

Core Specimens (D3967). ASTM International, West Conshohocken, PA. 

doi:10.1520/D3967-08.2. 

ASTM International. 2008b. Standard Practices for Preparing Rock Core as Cylindrical Test 

Specimens and Verifying Conformance to Dimensional and Shape Tolerances (D4543). 

ASTM International, West Conshohocken, PA. doi:10.1520/D4543-08. 

ASTM International. 2010. Standard Test Methods for Laboratory Determination of Water 

(Moisture) Content of Soil and Rock by Mass (D2216). ASTM International, West 

Conshohocken, PA. doi:10.1520/D2216-10.N. 

ASTM International. 2014a. Standard Test Methods for Compressive Strength and Elastic Moduli 

of Intact Rock Core Specimens under Varying States of Stress and Temperatures (D7012). 

ASTM International, West Conshohocken, PA. doi:10.1520/D7012-14.1.5.1.1. 

ASTM International. 2014b. Standard Practice for Rock Core Drilling and Sampling of Rock for 

Site Investigation (D2113). ASTM International, West Conshohocken, PA. 

doi:10.1520/D2113-14.rience. 

Atkinson, B.K. 1987. Introduction to Fracture Mechanics and It’s Geophysical Applications. In 

Fracture Mechnics of Rock. Edited by B.K. Atkinson. Academic Press, London, England. 

pp. 1–26. 

Atkinson, B.K., and Meredith, P.G. 1987. The Theory of Subcritical Crack Growth with 



 

239 

 

Applications to Minerals and Rocks. In Fracture Mechnics of Rock. Edited by B.K. 

Atkinson. Academic Press, London, England. pp. 111–166. 

Barton, N., Lien, R., and Lunde, J. 1974. Engineering classification of rock masses for the design 

of tunnel support. Rock Mechanics, 6: 189–236. doi:10.1007/BF01239496. 

Bergsaker, A.S., Røyne, A., Ougier-Simonin, A., Aubry, J., and Renard, F. 2016. The effect of 

fluid composition, salinity, and acidity on subcritical crack growth in calcite crystals. 

Journal of Geophysical Research: Solid Earth, 121: 1631–1651. 

doi:10.1002/2015JB012723. 

Bieniawski, Z.T. 1967. Mechanism of brittle fracture of rock: Part I-theory of the fracture 

process. International Journal of Rock Mechanics and Mining Sciences, 4(4): 395–406. 

doi:http://dx.doi.org/10.1016/0148-9062(67)90030-7. 

Bieniawski, Z.T. 1976. Rock Mass Classification in Rock Engineering. In Bieniawski (ed.), 

Symposium Proceedings of Exploration for Rock Engineering. Cape Town. pp. 97–106. 

Brace, W.F., Paulding, B.W., and Scholz, C. 1966. Dilatancy in the Fracture of Crystalline Rocks. 

Journal of Geophysical Research, 71(16): 3939–3953. doi:10.1029/JZ071i016p03939. 

Brady, B.H.., and Brown, E.T. 2004. Rock Mechanics For Underground Mining. In Third Edit. 

Springer, Dordrecht, Netherlands. 

Brookfield, M.E., and Brett, C.E. 1988. Paleoenvironments of the mid-Ordovician (Upper 

Caradocian) Trenton limestones of southern Ontario, Canada: Storm sedimentation on a 

shoal-basin shelf model. Sedimentary Geology, 57: 75–105. doi:10.1016/0037-

0738(88)90019-X. 

Carter, T.G., Diederichs, M.S., and Carvalho, J.L. 2008. Application of modified Hoek-Brown 

transition relationships for assessing strength and post yield behaviour at both ends of the 

rock competence scale. The Journal of The Southern African Institute of Mining and 

Metallurgy, 108(June): 325–338. 



 

240 

 

Chapman, S. 2017. Microfacies Analysis of the Orovician Lindsay Formation (St. Mary’s Quarry 

Bowmanville) and Cobourg Formation (Deep Geological Repository, Bruce Nuclear Site). 

BSc. Thesis, Department of Geological Sceinces and Geological Engineering, Queen’s 

University. 

Chemtura Corporation. 2007a. Adiprene ® LF 950A. Chemtura Corporation. 

Chemtura Corporation. 2007b. Adiprene ® L 100. Chemtura Corporation. 

Cherblanc, F., Berthonneau, J., Bromblet, P., and Huon, V. 2016. Influence of water content on 

the mechanical behaviour of limestone: Role of the clay minerals content. Rock Mechanics 

and Rock Engineering, 49: 2033–2042. Springer Vienna. doi:10.1007/s00603-015-0911-y. 

Coulomb, C.A. 1776. Sur une application des regles maximis et minimis a quelques problems de 

statique, relatives a l’architecture. Academie Royale Des Sciences, 7: 343–387. 

Crowe, R., Birch, K., Freire-Canosa, J., Chen, J., Doyle, D., Garisto, F., Giersewski, P., Gobien, 

M., Hatton, C., Hunt, N., Hirchorn, S., Hobbs, M., Jensen, M., Keech, P., Kennell, L., 

Kremer, E., Maak, P., Mckelvie, J., Medri, C., Mielcarek, M., Murchison, A., Parmenter, 

A., Ross, R., Sykes, E., and Yang, T. 2016. Technical Program for Long-Term Management 

of Canada’ s Used Nuclear Fuel – Annual Report 2013 (NWMO-TR-2016-01). Toronto, 

Ontario. 

Darlington, W.J., Ranjith, P.G., and Choi, S.K. 2011. The effect of specimen size on strength and 

other properties in laboratory testing of rock and rock-like cementitious brittle materials. 

Rock Mechanics and Rock Engineering, 44: 513–529. doi:10.1007/s00603-011-0161-6. 

Day, J. 2016. The Influence of Healed Intrablock Rockmass Structure on The Behaviour of Deep 

Excavations in Complex Rockmasses. Ph.D, Department of Geological Sciences and 

Geological Engineering, Queen’s University. 

Diederichs, M.S. 1999. Instability of hard rockmasses: The role of tensile damage and relaxation. 

Ph.D, Department of Civil Engineering, University of Waterloo. 



 

241 

 

Diederichs, M.S. 2003. Rock Fracture and Collapse Under Low Confinement Conditions. Rock 

Mechanics and Rock Engineering, 36(5): 339–381. doi:10.1007/s00603-003-0015-y. 

Diederichs, M.S. 2007. The 2003 Canadian Geotechnical Colloquium: Mechanistic interpretation 

and practical application of damage and spalling prediction criteria for deep tunnelling. 

Canadian Geotechnical Journal, 44(9): 1082–1116. doi:10.1139/T07-033. 

Diederichs, M.S., Kaiser, P.K., and Eberhardt, E. 2004. Damage initiation and propagation in 

hard rock during tunnelling and the influence of near-face stress rotation. International 

Journal of Rock Mechanics and Mining Sciences, 41: 785–812. 

doi:10.1016/j.ijrmms.2004.02.003. 

Diederichs, M.S., and Martin, C.D. 2010. Measurement of spalling parameters from laboratory 

testing. In Proceedings of the Eurpopean Rock Mechanics Symposium (Eurock). Edited by 

J. Zhao, V. Labiouse, J.P. Dudt, and J.F. Mathier. CRC Press - Taylor & Francis Group, 

Lausanne, Switzerland. pp. 323–326. 

Dunning, C.P., and Yeskis, D.J. 2007. Lithostratigraphic and Hydrogeologic Characteristics of 

the Ordovician Sinnipee Group in the Vicinity of Waupun , Fond du Lac County , 

Wisconsin , 1995 – 96 (Scientific Investigations Report 2007 – 5114). Reston, Virginia. 

Dyskin, A.V., and Germanovich, L.N. 1993. Model of rockburst caused by cracks growing near 

free surface. In Proceedings of the 3rd International Symposium on Rockbursts and 

Seismicity in Mines. Edited by R.P. Young. A.A. Balkema, Kingston, Ontario. pp. 169–174. 

Eberhardt, E., Stead, D., Stimpson, B., and Read, R.S. 1998. Identifying crack initiation and 

propagation thresholds in brittle rock. Canadian Geotechnical Journal, 35(2): 222–233. 

doi:10.1139/t97-091. 

Fairhurst, C.E., and Hudson, J.A. 1999. Draft ISRM suggested method for the complete stress-

strain curve for intact rock in uniaxial compression. International Journal of Rock 

Mechanics and Mining Sciences, 36: 279–289. doi:10.1016/0148-9062(87)91231-9. 



 

242 

 

Falls, S.D. 1993. Ultrasonic imaging and acoustic emission studies of microcrack development in 

Lac du Bonnet granite. Ph.D, Queen`s University. 

Falls, S.D., Chow, T., Young, R.P., and Hutchins, D.A. 1991. Acoustic Emission Analysis and 

Ultrasonic Velocity Imaging in the Study of Rock Failure (ASTM STP 1077). Philadelphia, 

USA. 

Frizzell, R., Cotesta, L., and Usher, S. 2008. Phase I Regional Geology, Southern Ontario (OPG 

00216-REP-01300-00007-R00). Toronto, Ontario. 

Ghazvinian, E. 2010. Modelling and Testing Strategies for Brittle Fracture Simulation in 

Crystalline Rock Samples. MASc., Department of Geological Sciences and Geological 

Engineering, Queen’s University. 

Ghazvinian, E. 2015. Fracture Initiation And Propagation In Low Porosity Crystalline Rocks : 

Implications For Excavation Damage Zone (EDZ) Mechanics. Ph.D, Department of 

Geological Sciences and Geological Engineering, Queen’s University. 

Ghazvinian, E., Perras, E., Diederichs, M., and Labrie, D. 2012. Formalized approaches to 

defining damage thresholds in brittle rock : Granite and Limestone. In 46th US Rock 

Mechanics - Geomechanics Symposium. American Rock Mechanics Association, Chicago, 

USA. 

Griffith, A.. A.. 1921. The Phenomena of Rupture and Flow in Solids. Philosophical Transactions 

of the Royal Society of London, 221: 163–198. 

Griffith, A.. A.. 1924. The Theory of Rupture. In 1st International Congress for Applied 

Mechanics. Delft, Netherlands. pp. 57–63. 

Hajiabdolmajid, V., Kaiser, P.K., and Martin, C.D. 2002. Modeling brittle failure of rock. 

International Journal of Rock Mechanics and Mining Sciences, 39: 731–741. 

doi:10.1016/S1365-1609(02)00051-5. 

Hawkins, A.B. 1998. Aspects of rock strength. Bulletin of Engineering Geology and the 



 

243 

 

Environment, 57: 17–30. 

Hoek, E. 1968. Brittle Fracture of Rock. In Rock Mechanics in Engineering Practice. Edited by 

K.G. Stagg and O.C. Zienkiewicz. Wiley, New York, USA. pp. 1–30. 

Hoek, E. 1994. Strength of rock and rock masses. ISRM News Journal, 2(2): 4–16. 

Hoek, E., and Bieniawski, Z.T. 1965. Brittle Rock Fracture Propagation In Rock Under 

Compression. International Journal of Fracture Mechanics, 1(3): 137–155. 

doi:10.1007/BF00186851. 

Hoek, E., and Brown, E.T. 1980a. Empirical strength criterion for- rock masses. Journal of the 

Geotechnical Engineering Division,: 1013–1035. 

Hoek, E., and Brown, E.T. 1980b. Underground Excavation in Rock. The Institution of Mining 

and Metallurgy, London, England. 

Hoek, E., and Brown, E.T. 1997. Practical estimates of rock mass strength. International Journal 

of Rock Mechanics and Mining Sciences, 34(8): 1165–1186. doi:10.1016/S1365-

1609(97)80069-X. 

Hoek, E., Carranza, C., and Corkum, B. 2002. Hoek-Brown failure criterion – 2002 edition. In 

NARMS-TAC Joint Conference. Toronto, Ontario. pp. 267–273. doi:10.1016/0148-

9062(74)91782-3. 

Hoek, E., and Franklin, J.A. 1968. A Simple Triaxial Cell for Field and Laboratory Testing of 

Rock. Transactions of the Institute of Mining and Metallurgy, 77: 22–26. 

Hoek, E., Kaiser, P.K., and Bawden, W.F. 1995. Support of Underground Excavations in Hard 

Rock. A.A. Balkema. 

Hudson, J.A., Crouch, S.L., and Fairhurst, C. 1972. Soft, stiff and servo-controlled testing 

machines: a review with reference to rock failure. Engineering Geology, 6: 155–189. 

doi:10.1016/0013-7952(72)90001-4. 

ISRM. 1978. Suggested methods for determining tensile strength of rock materials. International 



 

244 

 

Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 15: 99–103. 

doi:10.1016/0148-9062(78)90003-7. 

ISRM. 1979. Suggested methods for determining water content, porosity, density, absorption and 

related properties and swelling and slake-durability index properties. International Journal 

of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 16(2): 141–156. 

doi:10.1016/0148-9062(79)91452-9. 

ISRM. 1983. Suggested Methods for Determining the Strength of Rock Materials in Triaxial 

Compression: Revised Version. International Journal of Rock Mechanics and Mining 

Sciences and Geomechanics Abstracts, 20(6): 285–290. doi:10.1016/0148-9062(83)90598-

3. 

Jaeger, J.C., Cook, N.G.., and Zimmerman, R.W. 2007. Fundamentals of Rock Mechanics. In 

Fourth Edi. Blackwell Publishing, Malden, USA. 

Johnson, M.D., Armstrong, D.K., Sanford, B.V., Telford, P.G., and Rutka, M.A. 1992. Paleozoic 

and Mesozoic Geology of Ontario. Geology of Ontario - Ontario Geological Survey Special 

Volume, 4(2): 907–1008. Available from 

h:%5CpqResearch%5CPapers%5CJohnson%5CnMD%7B_%7DArmstrong%5CnDK%7B_

%7DSanford%5CnBV%7B_%7DTelford%5CnPG%7B_%7DRutka%5CnMA%5Cn(OGS

%5CnCh%5Cn20).pdf. 

Kemeny, J.M., and Cook, N.G.W. 1987. Crack Models for the Failure of Rocks in Compression. 

In Second International Conference on Constitutive Laws for Engineering Materials: Theory 

and Applications. Edited by Desai et al. Amsterdam: Elsvier, Tuscon, USA. pp. 879–887. 

Lajtai, E.Z., Duncan, E.J.., and Carter, B.J. 1991. The Effect of Strain Rate on Rock Strength 

(Technical Note). Rock Mechanics and Rock Engineering, 24: 99–109. 

doi:10.1007/BF01032501. 

Lajtai, E.Z., and Lajtai, V.N. 1974. The evolution of brittle fracture in rocks. Journal of the 



 

245 

 

Geological Society of London, 130: 1–18. doi:10.1144/gsjgs.130.1.0001. 

Li, D., and Wong, L.N.. 2012. The brazilian disc test for rock mechanics applications: Review 

and new insights. Rock Mechanics and Rock Engineering, 46: 269–287. 

doi:10.1007/s00603-012-0257-7. 

Liu, T., and Cao, P. 2016. Testing Study of Subcritical Crack Growth Mechanism During Water 

Rock Interaction. Geotechnical and Geological Engineering, 34: 923–929. Springer 

International Publishing. doi:10.1007/s10706-016-0012-z. 

Lockner, D.. 1993. The role of acoustic emission in the study of rock fracture. International 

Journal of Rock Mechanics and Mining Science & Geomechanics Abstracts, 30(7): 883–

899. Available from http://www.sciencedirect.com/science/article/pii/014890629390041B. 

Marinos, P., and Hoek, E. 2000. GSI: A geologically friendly tool for rock mass strength 

estimation. In Proc. GeoEng2000 Conference. Melbourne. pp. 1422–1442. 

Martin, C. 1993. The Strength of Massive Lac du Bonnet Granite Around Underground 

Openings. Ph.D, Department of Civil & Geological Engineering, University of Manitoba. 

Martin, C.D. 1997. Seventeenth Canadian Geotechnical Colloquium: The effect of cohesion loss 

and stress path on brittle rock strength. Canadian Geotechnical Journal, 34(5): 698–725. 

doi:10.1139/cgj-34-5-698. 

Martin, C.D., Christiansson, R., and Söderhäll, J. 2001. Rock stability considerations for siting 

and constructing a KBS-3 repository: based on experiences from Äspö HRL, AECL’s URL, 

tunnelling and mining. Stockholm, Sweden. Available from 

http://www.skb.se/upload/publications/pdf/TR-01-38.pdf. 

Martin, C.D., Kaiser, P.K., and McCreath, D.R. 1999. Hoek-Brown parameters for predicting the 

depth of brittle failure around tunnels. Canadian Geotechnical Journal, 36: 136–151. 

doi:10.1139/t98-072. 

Martin, C.D., Read, R.S., and Martino, J.B. 1997. Observations of brittle failure around a circular 



 

246 

 

test tunnel. International Journal of Rock Mechanics and Mining Sciences, 34(7): 1065–

1073. doi:10.1016/S1365-1609(97)90200-8. 

Martino, J.B., and Chandler, N.A. 2004. Excavation-induced damage studies at the Underground 

Research Laboratory. International Journal of Rock Mechanics and Mining Sciences, 41: 

1413–1426. doi:10.1016/j.ijrmms.2004.09.010. 

Mistras Group Inc. 2002. Series 315 Load Frame - Product Information Manual (100-104-403 A). 

MTS System Corporation, Eden Prairie, Minnesota. 

Mistras Group Inc. 2010. Pocket AE-2: Portable 2-Channel Acoustic Emission System - Product 

Bulletin. Mistras Group Inc. 

Mogi, K. 1971. Effect of the triaxial stress system on the failure of dolomite and limestone. 

Tectonophysics, 11(11): 111–127. 

MTS System Corporation. 2009. Axial Extensometer - Product Information Manual (100-006-

162 E). MTS System Corporation, Eden Prairie, Minnesota. 

MTS System Corporation. 2011. MTS Series 793 Controller Overview - Product Information 

Manual (100-162-928 H). MTS System Corporation, Eden Prairie, Minnesota. 

Murrell, S.A.F. 1965. The Effect of Triaxial Stress Systems on the Strength of Rocks at 

Atmospheric Temperatures. Geophysical Journal of the Royal Astronomical Society, 10: 

231–281. doi:10.1111/j.1365-246X.1965.tb03155.x. 

Nara, Y., Kashiwaya, K., Nishida, Y., and Ii, T. 2017. Influence of surrounding environment on 

subcritical crack growth in marble. Tectonophysics, 706–707: 116–128. Elsevier B.V. 

doi:10.1016/j.tecto.2017.04.008. 

Nicksiar, M., and Martin, C.D. 2012. Evaluation of methods for determining crack initiation in 

compression tests on low-porosity rocks. Rock Mechanics and Rock Engineering, 45: 607–

617. doi:10.1007/s00603-012-0221-6. 

NWMO TR-2017-07 in preparation. (n.d.). Geomechanical Characterization of the Cobourg 



 

247 

 

Limestone. Toronto, Ontario. 

Okubo, S., Nishimatsu, Y., and He, C. 1990. Loading Rate Dependence of Class II Rock 

Behaviour in Uniaxial and Triaxial Compression Tests An Application of a Proposed New 

Control Method (Technical Note). International Journal of Rock Mechanics and 

Geomechanics, 27(6): 559–562. 

Pelli, F., Kaiser, P.K., and Morgenstein, N.R. 1991. An interpretation of ground movements 

recorded during construction of the Donkin-Morien tunnel. Canadian Geotechnical Journal, 

28: 239–254. doi:10.1139/t91-030. 

Perras, M.A. 2014. Understanding and Predicting Excavation Damage in Sedimentary Rocks. 

Ph.D, Department of Geological Sciences and Geological Engineering, Queen’s University. 

Perras, M.A., and Diederichs, M.S. 2014. A Review of the Tensile Strength of Rock: Concepts 

and Testing. Geotechnical and Geological Engineering, 32(2): 525–546. 

doi:10.1007/s10706-014-9732-0. 

Perras, M.A., and Diederichs, M.S. 2016. Predicting excavation damage zone depths in brittle 

rocks. Journal of Rock Mechanics and Geotechnical Engineering, 8: 60–74. Elsevier Ltd. 

doi:10.1016/j.jrmge.2015.11.004. 

Raven, K., McCreath, D., Jackson, R., Clark, I., Heagle, D., Sterling, S., and Melaney, M. 2011. 

Descriptive Geosphere Site Model (NWMO DGR-TR-2011-24). Toronto, Ontario. 

Read, R.S. 2004. 20 years of excavation response studies at AECL’s Underground Research 

Laboratory. International Journal of Rock Mechanics and Mining Sciences, 41: 1251–1275. 

doi:10.1016/j.ijrmms.2004.09.012. 

Ridler, T.W., and Calvard, S. 1978. Picture Thresholding Using an Iterative Selection Method. 

IEEE Transactions on Systems, Man and Cybernetics, 8(8): 630–632. 

doi:10.1109/TSMC.1979.4310204. 

Roctest Limited. 2003. Hoek Triaxial Cell Instruction Manual. Roctest Limited. 



 

248 

 

Schmidtke, R.., and Lajtai, E.Z. 1985. Long-term strength of Lac du Bonnet granite (Technical 

Note). International Journal of Rock Mechanics and Mining Sciences & Geomechanics 

Abstracts, 22(6): 461–465. doi:10.1016/0148-9062(86)91038-7. 

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. 2012. NIH Image to ImageJ: 25 years of 

image analysis. Nature Methods, 9(7): 671–675. Nature Publishing Group. 

doi:10.1038/nmeth.2089. 

Stacey, T.R. 1981. A Simple Extension Strain Criterion for Fracture of Brittle Rock. International 

Journal of Rock Mechanics and Mining Sciences and Geomechanics Abstracts, 18: 469–

474. 

Stacey, T.R., and Page, C.H. 1986. Practical Handbook for Underground Rock Mechanics. In 

Volume 12. Trans Tech Publications, Cclausthal-Zellerfeld, Germany. 

Tapponnier, P., and Brace, W.F. 1976. Development of Stress-Induced Microcracks m Westerly 

Granite. International Journal of Rock Mechanics and Mining Sciences & Geomechanics, 

13: 103–112. 

Terzaghi, K. 1936. The shearing resistance of saturated soils and the angle between planes of 

shear. In Proceedings of the International Conference on Soil Mechanics and Foundation 

Engineering. Harvard University Press, Cambridge, USA. pp. 54–56. 

Thuro, K., Plinninger, R.., Zäh, S., and Schütz, S. 2001. Scale effects in rock strength properties. 

Part 1: Unconfined compressive test and Brazilian test. In Eurock - ISRM Regional 

Symposium. Edited by Sarkka and Eloranta. Swets & Zeitlinger Lisse, Espoo, Finland. pp. 

169–174. 

Wawersik, W.R., and Farihurst, C. 1970. A Study of Brittle Rock Fracture. International Journal 

of Rock Mechanics and, 7: 561–575. Available from 

http://www.sciencedirect.com/science/article/pii/0148906270900070. 

Winder, C.G., and Sanford, B.V. 1972. Stratigraphy and paleontology of the Paleozoic rocks of 



 

249 

 

southern Ontario. In 24th International Geological Congress. Montreal, Canada. p. 73. 

 

  



 

250 

 

Appendix A – LVDT Calibration Certificate 

 

 

 



 

251 

 

 



 

252 

 

Appendix B – Axial and Circumferential Extensometer Calibration 
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Appendix C – UCS Testing Data Summary 

    Test 
Number  Specimen ID Description 

Axial 
Displacement 

Rate (mm/min) 

Radial 
Displacement 

Rate (mm/min) 

Young's 
modulus (GPa) Poisson's ratio UCS 

(MPa) 
    E35 E50 v35 v50 
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TF

)  

1
 

C1-6-1-U 50 mm 
specimens 

0.01 0.00825 38.18 36.66 0.193 0.213 135.01 
2
 

C1-8-1-U 0.01 0.00825 37.80 37.33 0.197 0.220 135.01 
3
 

C1-13-1-U 0.01 0.00825 35.89 35.02 0.180 0.205 123.79 
4
 

C1-4-1-U 76 mm 
specimens 

0.01 0.0125 40.50 38.71 0.207 0.257 114.28 

5
 

C1-9-1-U 0.01 0.0125 38.93 37.94 0.2069 0.2358 127.88 

6
 

C1-12-1-U 0.01 0.0125 40.20 38.40 0.239 0.275 106.80 

7
 

B1-1-1-U 101 mm 
specimens 

0.01 0.0165 37.84 36.63 0.220 0.243 112.61 

8
 

B2-1-1-U 0.01 0.0165 42.89 46.16 n/a n/a 111.31 

9
 

B2-2-1-U 0.01 0.0165 41.59 40.01 0.231 0.252 128.38 

1
0
 

C1-1-1-U 125 mm 
specimens 

0.01 0.021 45.84 44.19 0.222 0.246 133.58 

1
1
 

C1-5-1-U2 0.01 0.021 46.12 45.39 0.183 0.224 118.86 

1
2
 

C1-10-1-U 0.01 0.021 44.93 43.14 0.223 0.247 124.10 
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A1-3-1-U2 specimens are 
failed in 6 min 

0.03 0.0375 43.66 42.91 0.219 0.228 111.95 

14
 

C2-2-1-U 0.03 0.0375 41.62 39.88 0.226 0.239 123.48 

15
 

A1-5-1-U 0.03 0.0375 43.23 41.63 0.231 0.297 123.05 

16
 

A1-4-1-U specimens are 
failed in 600 min 

0.0003 0.000375 34.54 33.63 0.210 0.232 122.50 

17
 

C2-3-1-U 0.0003 0.000375 38.32 37.29 0.227 0.256 129.34 

18
 

A1-9-1-U 0.0003 0.000375 38.23 37.22 0.224 0.242 133.86 

19
 

A1-7-1-U specimens are 
failed in 2 min 

0.1 0.125 42.23 40.64 0.245 0.263 128.30 

20
 

C2-4-2-U 0.1 0.125 35.40 33.80 0.215 0.245 87.80 

21
 

A1-11-1-U 0.1 0.125 40.87 39.34 0.213 0.236 128.34 

22
 

A1-8-1-U specimens are 
failed in 60 min 

0.003 0.00375 35.69 34.68 0.218 0.241 125.52 

23
 

C2-8-1-U 0.003 0.00375 38.55 37.55 0.146 0.201 135.02 

24
 

A1-12-1-U 0.003 0.00375 41.41 28.02 0.227 0.168 132.77 
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25
 

A1-3-2-U specimens are 
failed in 6 min 

0.03 0.0375 32.38 30.01 0.241 0.305 100.29 

26
 

C2-11-1-U 0.03 0.0375 31.98 32.66 0.300 0.325 90.62 

27
 

C2-12-2-U 0.03 0.0375 25.69 25.35 0.241 0.330 81.23 

28
 

A1-4-2-U specimens are 
failed in 600 min 

0.0003 0.000375 28.69 28.55 0.152 0.220 84.28 

29
 

C2-14-1-U 0.0003 0.000375 28.84 27.92 0.273 0.366 99.97 

30
 

A1-15-1-U 0.0003 0.000375 20.73 17.77 0.110 0.120 75.11 

31
 

A1-7-2-U specimens are 
failed in 2 min 

0.1 0.125 33.07 30.61 0.197 0.262 103.15 

32
 

C2-15-1-U 0.1 0.125 33.29 31.61 0.240 0.303 84.20 

33
 

A1-16-1-U 0.1 0.125 31.81 30.04 0.271 0.357 98.65 

34
 

A1-8-2-U specimens are 
failed in 60 min 

0.003 0.00375 33.10 31.98 0.234 0.299 84.47 

35
 

C2-16-1-U 0.003 0.00375 34.64 37.21 0.232 0.470 69.31 

36
 

C2-4-1-U 0.003 0.00375 26.02 25.58 0.185 0.249 78.03 
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3
7
 

A2-6-1-U Oven-dry (1 
month) 

0.01 0.0125 45.02 42.94 0.238 0.258 151.76 

38
 

A2-12-1-U 0.01 0.0125 37.53 36.38 0.219 0.262 140.97 

3
9
 

A2-15-2-U 0.01 0.0125 39.08 37.31 0.201 0.221 139.11 

4
0
 

A2-5-1-U Oven-dry (2 
weeks) 

0.01 0.0125 43.23 41.63 0.231 0.297 123.05 

41
 

A2-11-1-U 0.01 0.0125 43.53 41.04 0.164 0.195 138.69 

4
2
 

A2-15-1-U 0.01 0.0125 36.75 37.05 0.203 0.276 99.30 

4
3
 

A2-2-1-U Submerged (1 
week) 

0.01 0.0125 35.28 33.79 0.266 0.310 95.37 

4
4
 

A2-8-1-U 0.01 0.0125 36.13 34.30 0.236 0.272 91.19 

4
5
 

A2-13-1-U 0.01 0.0125 37.85 35.70 0.224 0.255 103.59 

4
6
 

A2-1-1-U Pressurized (1 
week) 

0.01 0.0125 34.97 32.53 0.225 0.267 99.33 

47
 

A2-7-1-U 0.01 0.0125 34.82 32.93 0.241 0.279 103.43 

4
8
 

A2-12-2-U 0.01 0.0125 33.53 32.40 0.226 0.263 89.25 

4
9
 

A2-3-1-U Submerged (1 
month) 

0.01 0.0125 32.95 32.21 0.276 0.372 77.21 

50
 

A2-9-1-U 0.01 0.0125 33.12 31.56 0.184 0.258 86.67 

5
1
 

A2-14-1-U 0.01 0.0125 25.53 26.12 0.230 0.346 86.42 

5
2
 

A2-4-1-U Submerged (3 
months) 

0.01 0.0125 30.63 28.59 0.225 0.288 83.99 

53
 

A2-10-1-U 0.01 0.0125 32.49 30.31 0.286 0.384 96.18 

5
4
 

A2-14-2-U 0.01 0.0125 23.09 22.70 0.242 0.340 84.98 
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Specimen 

ID Description 

Crack Initiation (CI) Thresholds Critical Damage (CD) Thresholds 

    
Direct 

Circumferential 
Strain (MPa) 

Crack 
Volumetric 

Strain (MPa) 
Inverse Tangent 
Lateral Stiffness 

(MPa) 
Instantaneous 

Poisson's 
Ratio (MPa) 

Direct 
Axial 
Strain 
(MPa) 

Direct 
Volumetric 

Strain (MPa) 
Instantaneous 

Young's Modulus 
(MPa) 

Sc
al

e
 E

ff
e

ct
 

R
R

H
 (

2
0

 m
in

 T
TF

)  

C1-6-1-U 50 mm 
specimens 

48 57 57 57 95 n/a 125 
C1-8-1-U 55 53 49.5 50 105 n/a 118 

C1-13-1-U 51 55 n/a n/a 92 115.0 94 
C1-4-1-U 76 mm 

specimens 
48 47 47 47 90 112.0 106 

C1-9-1-U 47 49 n/a n/a 98 n/a 120 
C1-12-1-U 49 51 46 50 98 86.0 85 
B1-1-1-U 101 mm 

specimens 
46 46 61 n/a 82 82.0 82 

B2-1-1-U 43 n/a 39 39 100 n/a n/a 
B2-2-1-U 46 57 66.5 56 98 n/a 120 
C1-1-1-U 125 mm 

specimens 
53 55 48 55 97 n/a 119 

C1-5-1-U2 55 62 n/a 58 93 n/a 107 
C1-10-1-U 49 47 39 n/a 96 112 108 

Lo
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R
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ct
 R

R
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V
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A1-3-1-U2 specimens are 
failed in 6 min 

52 n/a 58 55 82 n/a 105 
C2-2-1-U 54 61 54 44 84 n/a 110 
A1-5-1-U 48 58 n/a 55 88 n/a 106 
A1-4-1-U specimens are 

failed in 600 
min 

48 50 48 48 85 n/a 100 
C2-3-1-U 54 54 41 40 102 106 100 
A1-9-1-U 62 54 n/a n/a 95 n/a 112 
A1-7-1-U specimens are 

failed in 2 min 
58 54 46 48 98 n/a 101 

C2-4-2-U 46 42 39 39 64 76 68 
A1-11-1-U 52 56 51 53 87 n/a 105 
A1-8-1-U specimens are 

failed in 60 min 
55 55 58 57 80 n/a 101 

C2-8-1-U 52 52 n/a n/a 100 n/a 120 
A1-12-1-U 48 n/a n/a n/a 64 n/a n/a 
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n
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A1-3-2-U specimens are 
failed in 6 min 

39 39 39 37 55 94 80 
C2-11-1-U 55 38 54 53 75 80 65 
C2-12-2-U n/a 33 33 36 62 62 66 
A1-4-2-U specimens are 

failed in 600 
min 

38 35 34 32 66 64 64 
C2-14-1-U 37 38 36 34 74 75 73 
A1-15-1-U 43 n/a 42 40 64 n/a 62 
A1-7-2-U specimens are 

failed in 2 min 
38 44 44 44 64 92 n/a 

C2-15-1-U 36 35 29 33 62 73 70 
A1-16-1-U 38 40 31 34 70 75 n/a 
A1-8-2-U specimens are 

failed in 60 min 
39 35 48 48 65 65 n/a 

C2-16-1-U 27 32 32 26 n/a 38 n/a 
C2-4-1-U 43 n/a 43 n/a 66 73 73 
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A2-6-1-U Oven-dry (1 
month) 

62 59 50 50 116 132 132 
A2-12-1-U 52 51 51 50 112 121 112 
A2-15-2-U 41 39 n/a n/a 78 90 92 
A2-5-1-U Oven-dry (2 

weeks) 
56 57 56 55 98 110 111 

A2-11-1-U 41 48 n/a n/a 88 n/a 135 
A2-15-1-U 42 38 58 58 77 90 n/a 
A2-2-1-U Submerged (1 

week) 
44 n/a 46 n/a 70 84 74 

A2-8-1-U 43 40 46 n/a 68 n/a 74 
A2-13-1-U 48 51 50 42 59 94 89 
A2-1-1-U Pressurized (1 

week) 
45 42 48 46 67 n/a 80 

A2-7-1-U 46 42 49 50 62 n/a 82 
A2-12-2-U 42 39 38 n/a 63 80 77 
A2-3-1-U Submerged (1 

month) 
39 33 36 38 52 55 67 

A2-9-1-U 39 33 37 n/a 57 n/a 74 
A2-14-1-U 40 36 42 43 68 55 61 
A2-4-1-U Submerged (3 

months) 
38 37 36 36 55 n/a 74 

A2-10-1-U 38 42 40 40 66 70 86 
A2-14-2-U 39 n/a 44 n/a 62 71 72 
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Specimen ID Description 

Acoustic Emission Estimates 
Water 

Content 
(%) 

Bulk 
Density 
(g/cm3) 

Test Date     
(dd-mmm-

yy) 

Argillaceous 
Limestone 

(%) 
    

Acoustic 
Emission CI_L 

(MPa) 

Acoustic 
Emission 

CI_M 
(MPa) 

Acoustic 
Emission 

CI_U 
(MPa) 

Acoustic 
Emission 
CD (MPa) 

Sc
al

e
 E

ff
e

ct
 

R
R

H
 (

2
0
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in

 T
TF

)  
C1-6-1-U 50 mm 

specimens 
n/a 53 n/a 119 0.13 2.649 10-Mar-16 44.6 

C1-8-1-U 38 48 58 108 0.12 2.658 10-Mar-16 48.6 
C1-13-1-U 32 52 72 107 0.12 2.655 10-Mar-16 43.7 
C1-4-1-U 76 mm 

specimens 
37 51 65 102 0.32 2.665 11-Oct-15 42.0 

C1-9-1-U 45 57 68 100 0.26 2.668 11-Oct-15 37.2 
C1-12-1-U 41 52 63 92 0.18 2.671 29-Oct-15 36.8 
B1-1-1-U 101 mm 

specimens 
42 n/a 61 76 0.18 2.655 29-Nov-16 n/a 

B2-1-1-U 39 n/a 53 105 0.21 2.648 29-Nov-16 n/a 
B2-2-1-U n/a 66 n/a 114 0.16 2.660 29-Nov-16 n/a 
C1-1-1-U 125 mm 

specimens 
n/a 53 n/a 107 0.12 2.677 24-Mar-16 n/a 

C1-5-1-U2 n/a 50 n/a 103 0.12 2.674 25-Mar-16 n/a 
C1-10-1-U 36 45 54 117 0.12 2.674 25-Mar-16 n/a 
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A1-3-1-U2 specimens are 
failed in 6 min 

38 47 51 83 0.28 n/a 15-Oct-15 38.8 
C2-2-1-U 36 50 60 97 0.31 2.664 15-Oct-15 46.0 
A1-5-1-U 31 50 69 109 0.07 2.662 29-Oct-15 43.2 
A1-4-1-U specimens are 

failed in 600 min 
33 48 62 105 0.27 2.658 17-Oct-15 42.7 

C2-3-1-U 30 56 78 107.8 0.10 2.663 22-Jan-16 47.0 
A1-9-1-U 38 45 61 124 0.21 2.662 07-Nov-15 47.3 
A1-7-1-U specimens are 

failed in 2 min 
36 n/a 55 80 0.27 2.664 17-Oct-15 49.8 

C2-4-2-U n/a 44 n/a 67 0.29 2.657 17-Oct-15 50.6 
A1-11-1-U 47 n/a 56 100 0.24 2.664 22-Oct-15 46.1 
A1-8-1-U specimens are 

failed in 60 min 
31 51 71 100 0.27 2.664 20-Oct-15 49.6 

C2-8-1-U 38 n/a 61 118 0.22 2.668 22-Oct-15 48.9 
A1-12-1-U 42 49 64 85 0.19 2.662 07-Nov-15 44.3 
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A1-3-2-U specimens are 
failed in 6 min 

31 38 48 98 0.66 2.664 19-Nov-15 47.0 
C2-11-1-U n/a 61 n/a 75 0.71 2.661 19-Nov-15 52.0 
C2-12-2-U 37 n/a 52 72 0.65 2.661 19-Jan-16 46.7 
A1-4-2-U specimens are 

failed in 600 min 
n/a 31 n/a 65 0.51 2.667 19-Nov-15 45.5 

C2-14-1-U 33 39 55 87 0.55 2.665 21-Nov-15 47.8 
A1-15-1-U 25 37 52 64 0.56 2.666 28-Nov-15 42.3 
A1-7-2-U specimens are 

failed in 2 min 
37 n/a 52 65 0.66 2.667 19-Nov-15 48.7 

C2-15-1-U 26 35 46 82 0.75 2.663 21-Nov-15 51.7 
A1-16-1-U 34 n/a 50 74 0.64 2.663 21-Nov-15 39.7 
A1-8-2-U specimens are 

failed in 60 min 
38 n/a 57 78 0.55 2.669 25-Nov-15 46.1 

C2-16-1-U 23 31 41 41 0.72 2.662 25-Nov-15 50.2 
C2-4-1-U n/a 40 n/a 72 0.64 2.662 28-Nov-15 46.4 
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A2-6-1-U Oven-dry (1 
month) 

n/a 56 n/a 129 0.06 2.671 12-Nov-15 40.9 
A2-12-1-U 40 54.5 69 105 0.05 2.666 12-Nov-15 42.3 
A2-15-2-U 41 53 65 104 0.05 2.666 12-Nov-15 43.3 
A2-5-1-U Oven-dry (2 

weeks) 
42 58 62 111 0.07 2.668 27-Oct-15 40.5 

A2-11-1-U 39 53.5 68 125 0.11 2.664 27-Oct-15 41.2 
A2-15-1-U 41 53 65 84 0.08 2.665 29-Oct-15 39.8 
A2-2-1-U Submerged (1 

week) 
39 44.5 50 83 0.59 2.667 03-Nov-15 42.3 

A2-8-1-U 32 51 54 88 0.62 2.665 03-Nov-15 42.1 
A2-13-1-U 40 46.5 53 93 0.62 2.667 05-Nov-15 42.6 
A2-1-1-U Pressurized (1 

week) 
39 45 51 90 0.59 2.667 26-Nov-15 41.1 

A2-7-1-U 36 56 64 82 0.61 2.665 03-Dec-15 40.2 
A2-12-2-U 32 46 51 66 0.62 2.662 03-Dec-15 45.2 
A2-3-1-U Submerged (1 

month) 
34 44.5 55 63 0.62 2.668 01-Dec-15 41.7 

A2-9-1-U n/a 46 n/a 64 0.57 2.669 01-Dec-15 38.4 
A2-14-1-U n/a 37 n/a 61 0.64 2.667 03-Dec-15 42.6 
A2-4-1-U Submerged (3 

months) 
32 34.5 37 63 0.66 2.660 19-Jan-16 45.3 

A2-10-1-U n/a 39 n/a 92 0.58 2.667 19-Jan-16 40.4 
A2-14-2-U n/a 34 n/a 76 0.71 2.660 19-Jan-16 44.9 
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Appendix D – UCS Specimen Records 

** Please note: A before and after testing photo, a summary of the data, and core scans where available 

have been included for each specimen. The region between vertical lines of the core scans represent 

the specimen circumference and all specimens are 76 mm in diameter unless otherwise noted. 

Specimens are organized in the same order as in the UCS Testing Results Summary in Appendix D.** 

Scale Effect  

  

 

Specimen ID C1-6-1-U 

Test Type Scale Effect 

Testing Condition 50 mm specimens 

Water Content (%) 0.13 

Bulk Density (g/cm3) 2.649 

Specimen Length (mm) 126.8 

Specimen Diameter (mm) 49.78 

Axial gage length (mm) 50 

Chain length (mm) 156.16 

Test date (dd/mm/yyyy) 10/03/2016 
Axial displacement rate 
(mm/min) 0.01 
Radial displacement rate 
(mm/min) 0.00825 

UCS (Mpa) 135.01 

Young's Modulus (E35) 38.177 

Young's Modulus (E50) 36.663 

Poisson's Ratio (v35) 0.1933 

Poisson's Ratio (v50) 0.2128 
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Loading Rate (RRH) Effect Specimens 
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**Note: specimen experienced violent failure, resulting in significant breakdown of the 

sample and producing small fragments which were ejected from the testing chamber** 
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**Note: specimen experienced violent failure, resulting in significant breakdown of the 

sample and producing small fragments which were ejected from the testing chamber** 
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Loading Rate (One-Month Saturated) Effect Specimens 
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Saturation Effect Specimens 
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**Note: specimen experienced violent failure, resulting in significant breakdown of the 

sample and producing small fragments which were ejected from the testing chamber** 
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Appendix E – Strain Gauge Specifications 
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Appendix F – BTS Testing Data Summary 

 

Test 
Number Core ID Brazilian 

ID  Description 
Brazilian 
Strength 

(MPa) 

Average 
Brazilian 
Strength 

(MPa) 

Water 
Content 

(%) 

Average 
Water 

Content (%) 
Test Date       

(dd-mmm-yy) 
Bulk 

Density 
(g/cm3) 

Sc
al

e
 E

ff
e

ct
 (

R
R

H
)  

1
 

C1-6-1 
c1-6-1 

50 mm 
specimens 

9.1 

9.74 

0.10 

0.080 

11-May-16 2.662 
2
 

c1-6-2 11.1 0.07 11-May-16 2.645 
3
 

C1-8-1 
c1-8-1 11.7 0.08 11-May-16 2.657 

4
 

c1-8-2 8.0 0.08 11-May-16 2.659 

5
 

C1-13-1 c1-13-1 8.8 0.07 11-May-16 2.650 

6
 

C1-4-1 
c1-4-bot-1 

76 mm 
specimens 

6.6 

7.18 

0.07 

0.081 

11-May-16 2.665 

7
 

c1-4-bot-2 7.9 0.08 11-May-16 2.660 

8
 

C1-2-1 c1-2-top 8.0 0.10 11-May-16 2.650 

9
 

C1-12-1 
c1-12-top 7.8 0.09 11-May-16 2.683 

1
0
 

c1-12-bot 5.6 0.07 11-May-16 2.664 

1
1
 

B1-1-1 B1-1-Top-1 
100 mm 

Specimens 

4.9 
6.78 

0.16 
0.164 

29-Nov-16 n/a 

12
 

B2-1-1 
B2-1-Top-1 8.1 0.18 29-Nov-16 n/a 

13
 

B2-1-Top-2 7.1 0.14 29-Nov-16 n/a 

14
 

B2-2-1 B2-2-Top-1 7.0 0.18 29-Nov-16 n/a 

15
 

C1-1 c1-1 125 mm 
specimens 

6.9 
6.00 

0.31 
0.318 

11-Jul-16 2.654 

16
 

C1-5 c1-5 4.8 0.33 11-Jul-16 2.653 

17
 

C1-10 c1-10 6.3 0.31 11-Jul-16 2.653 
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43
 

A2-6-1 
a2-6-top 

Oven-dry (1 
month) 

10.0 

8.64 

0.00 

0.004 

12-May-16 2.656 

44
 

a2-6-bot 4.8 0.00 12-May-16 2.632 

45
 

A2-8-1 
a2-8-top-2 10.1 0.00 12-May-16 2.649 

46
 

a2-8-bot-2 9.3 0.00 12-May-16 2.649 

47
 

A2-1-1 a2-1-bot-2 9.0 0.00 12-May-16 2.640 

38
 

A2-5-1 
a2-5-top 

Oven-dry (2 
weeks) 

6.5 

7.64 

0.01 

0.013 

12-May-16 2.656 

39
 

a2-5-bot 6.5 0.02 12-May-16 2.643 

40
 

A2-11-1 
a2-11-top-1 8.1 0.00 12-May-16 2.656 

41
 

a2-11-bot-2 8.6 0.02 12-May-16 2.649 

42
 

a2-11-top-2 8.5 0.02 12-May-16 2.648 

23
 

A2-2-1 
a2-2-top 

Submerged (1 
week) 

6.7 

6.12 

0.51 

0.651 

12-May-16 2.661 

24
 

a2-2-bot 6.0 0.80 12-May-16 2.646 

25
 

A2-8-1 
a2-8-top-1 7.7 0.53 12-May-16 2.651 

26
 

a2-8-bot-1 4.0 0.84 12-May-16 2.648 

2
7
 

A2-13-1 a2-13-top 6.2 0.57 12-May-16 2.654 

1
8
 

A2-1-1 
a2-1-top 

Pressurized (1 
week) 

6.4 

6.08 

0.60 

0.671 

12-May-16 2.657 

1
9
 

a2-1-bot-1 6.0 0.82 12-May-16 2.630 

20
 

A2-7-1 
a2-7-top 6.0 0.51 12-May-16 2.652 

2
1
 

a2-7-bot 5.1 0.86 12-May-16 2.644 

2
2
 

A2-4-1 a2-4-top-3 6.9 0.56 12-May-16 2.642 

2
8
 

A2-3-1 
a2-3-top 

Submerged (1 
month) 

5.8 

5.38 

0.60 

0.724 

12-May-16 2.658 

29
 

a2-3-bot 4.6 0.90 12-May-16 2.640 

3
0
 

A2-9-1 
a2-9-top 6.2 0.62 12-May-16 2.655 

3
1
 

a2-9-bot 4.5 0.83 12-May-16 2.635 

3
2
 

A2-10-1 a2-10-top-2 5.8 0.66 12-May-16 2.643 

3
3
 

A2-4-1 
a2-4-top-1 

Submerged (3 
months) 

7.2 

5.56 

0.60 

0.710 

11-Jul-16 2.658 

34
 

a2-4-top-2 5.8 0.71 11-Jul-16 2.651 

3
5
 

A2-10-1 
a2-10-top-1 6.2 0.62 11-Jul-16 2.643 

3
6
 

a2-10-bot-1 5.0 0.84 11-Jul-16 2.638 

3
7
 

a2-10-bot-2 3.6 0.78 11-Jul-16 2.644 
Note: Highlighted specimens were observed to have bedding interaction 
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Appendix G – BTS Specimen Records 

** Please note: A photo of the specimen face and side prior to testing, a photo after testing, and a 

summary of the data has been included for each specimen. The scale specimens are organized in the 

same order as in the BTS Results Summary in Appendix F, however, the saturation specimens have 

been organized by increasing specimen ID due to the nature of the photographs. All specimens are 76 

mm unless otherwise noted.** 

Scale Effect Specimens 
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Saturation Effect Specimens 
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Appendix H – Triaxial Testing Data Summary 

 Test 
Number 

Specimen 
ID Confinement 

Peak 
Strength 

(MPa) 

Young's 
modulus 

(GPa) 
Poisson's 

ratio 
Crack Initiation (CI) Thresholds Critical Damage (CD) 

Thresholds Water 
Content 

(%) 

Bulk 
Density 
(g/cm3) 

Test Date 
(dd-mm-yy) 

Argillaceous 
Limestone 

(%) 

 
E35 E50 v35 v50 

Direct 
Circumferential 

Strain (MPa) 

Inverse 
Tangent 
Lateral 

Stiffness 
(MPa) 

Acoustic 
Emission 

CI_M 
(MPa) 

Direct 
Axial 
Strain 
(MPa) 

Instantaneous 
Young's 
Modulus 

(MPa) 

Acoustic 
Emission 
CD (MPa) 

R
R

H
 

1
 

D4-2-2 
20 MPa 

231.80 47.38 45.42 0.253 0.272 100 100 n/a 180 172 n/a 0.24 2.671 29-May-17 33.1 

2
 

D6-3 212.40 46.61 47.79 0.289 0.342 94 n/a n/a 155 189 n/a 0.26 2.667 29-May-17 36.0 

3
 

D5-1-1 216.69 48.72 46.14 0.229 0.239 102 80 n/a 162 164 n/a 0.29 2.666 29-May-17 43.0 

5
 

D5-8-1 10 MPa 
184.26 38.32 37.02 0.177 0.186 99 106 n/a 152 147 n/a 0.26 2.669 29-May-17 30.2 

6
 

D1-4 180.68 37.78 37.11 0.180 0.201 94 75 n/a 149 127 n/a 0.23 2.666 29-May-17 33.2 

10
 

D3-10 5 MPa 
159.52 45.75 43.29 0.212 0.218 78 77 n/a 124 116 n/a 0.27 2.674 7-Jun-17 35.3 

11
 

D6-4 157.25 35.48 34.06 0.225 0.246 65 89 n/a 114 118 n/a 0.33 2.667 7-Jun-17 35.7 

12
 

D4-14 0 MPa 
106.77 35.26 36.39 0.312 0.399 45 38 n/a 91 98 98 0.27 2.667 7-Jun-17 38.2 

13
 

D3-13 67.51 36.67 24.28 0.158 0.168 39 35 38 55 n/a 53 0.21 2.674 7-Jun-17 35.2 

1
 W

e
e

k 
Sa

tu
ra

te
d

  

14
 

D4-3-2 
20 MPa 

197.39 34.46 33.73 0.261 0.331 87 91 n/a 140 153 n/a 0.48 2.680 29-May-17 38.9 

1
5
 

D5-15 184.95 43.25 38.34 n/a n/a 109 79 n/a 148 149 n/a 0.57 2.675 29-May-17 31.5 

16
 

D6-10 201.81 35.02 34.39 0.153 0.218 79 95 n/a 128 157 n/a 0.52 2.681 29-May-17 29.2 

17
 

D3-8 
10 MPa 

176.42 33.22 31.65 0.268 0.332 70 86 n/a 122 141 n/a 0.47 2.682 30-05-2017 35.9 

18
 

D5-5-1 152.82 41.11 38.22 0.246 0.275 73 89 n/a 107 124 n/a 0.51 2.681 30-May-17 34.1 

19
 

D6-7 149.96 26.43 26.31 0.155 0.183 74 89 n/a 112 119 n/a 0.51 2.681 30-May-17 35.7 

2
0
 

D2-3 
5 MPa 

104.05 37.93 37.40 0.280 0.327 48 n/a n/a 76 82 n/a 0.62 2.675 30-May-17 39.7 

21
 

D5-2 131.57 45.78 44.05 0.322 0.388 54 47 n/a 92 98 n/a 0.53 2.680 30-May-17 34.3 

22
 

D5-6-1 130.97 n/a n/a n/a n/a 56 59 n/a 98 117 n/a 0.61 2.680 30-May-17 38.2 

23
 

D1-3 
0 MPa 

84.51 35.69 35.68 0.195 0.217 45 38 64 72 65 82 0.50 2.681 31-May-17 33.0 

2
4
 

D3-9 88.36 38.70 36.83 0.214 0.238 46 53 50 71 63 82 0.49 2.682 31-May-17 31.3 

25
 

D3-5 65.86 47.34 44.09 0.225 0.245 38 34 41 52 50 53 0.51 2.680 31-May-17 32.7 
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Appendix I – Triaxial Specimen Records 

** Please note: A before and after testing photo, summary of the data, and core scans have been 

included for each specimen. Specimens are organized in the same order as in the Triaxial Results 

Summary in Appendix H.** 

RRH Triaxial Specimens 
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One-Week Saturated Triaxial Specimens 
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