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Abstract 

Discontinuities (joints, fractures, faults, bedding planes etc.) in rockmasses are an important mechanical 

component of a rockmass.  In low to moderate in situ stress conditions where gravity-driven failure 

dominates, these discontinuities act as planes of weakness and govern the material response.  

Discontinuity behaviour can have a large impact in geotechnical design, and therefore it is essential to 

determine their geomechanical properties in order to predict rockmass behaviour and prevent any 

potential failure that would pose a threat to personnel safety or damage property.  A common method of 

determining the mechanical properties (e.g. stiffness, strength, and dilation) of rockmass discontinuities, 

which are used as inputs for numerical geotechnical design, is through laboratory direct shear testing. 

Direct shear testing is typically conducted using two different boundary conditions: constant normal stress 

(CNL*) and constant normal stiffness (CNS). The CNL* boundary condition represents fracture 

behaviour in slopes and near surface conditions where gravity loading dominates, while the CNS 

boundary condition is considered to better reflect behaviours of fractures in underground excavations 

where in situ and induced stresses control rockmass stability and joint opening (dilation) is suppressed 

during shear.   

This research addresses the further refinement of direct shear laboratory testing protocols (sample 

selection, test program creation, and test procedure) and understanding of the behaviour of rock joints 

under constant normal stiffness boundary conditions.  Furthermore, a machine normal stiffness estimation 

tool for CNS testing is developed in order to improve the reliability and applicability of CNS direct shear 

testing programs for tunneling applications.  Finally, intact geomechanical laboratory testing was 

completed (unconfined compressive strength and Brazilian indirect tensile strength testing) was 

completed to determine intact geomechanical properties.  A new secant dilation angle is created to 

characterize the post-yield behaviour of rock joints to be used an input to account for post-yield behaviour 

in numerical models. Measured geomechanical properties (fractures and intact rock) were then used to 

complete a preliminary numerical modelling program of laboratory scale direct shear tests.  
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Chapter 1 

Introduction 

1.1 Purpose of Study 

A rockmass is composed of two components: intact rock and discontinuities. Intact rock is comprised of 

lithified mineral grains that may contain micro-scale mechanical defects such as cracks. Macro-scale 

discontinuities act as boundaries to blocks of intact rock and include features such as joints, fractures, 

faults, and bedding planes. The deformability, strength, and dilation mechanical properties of 

discontinuities, also referred to as rock joints in this thesis, govern the overall rockmass behaviour. This is 

prevalent in low to moderate in situ stress conditions where gravity-driven failure behaviour dominates, 

as rock joints act as planes of weakness. These weakness planes significantly influence the strength, 

deformability, and permeability of the overall rockmass and must be taken into account when designing 

engineered structures that involve interactions with rockmasses, such as foundations, excavations, and 

slopes.  Therefore, in geotechnical engineering design, it is essential to determine the geomechanical 

properties of the rockmass structural features in order to predict rockmass behaviour and prevent any 

failure that would harm life or damage property during or after construction. A common method of 

determining the geomechanical properties of rockmass discontinuities is through laboratory direct shear 

testing.  

 In a laboratory setting, rock joints are sheared under one of two boundary conditions, which 

produce different behaviours: unconstrained boundary conditions (constant normal load (CNL) and 

constant normal stress (CNL*)) or constrained boundary conditions (constant normal stiffness (CNS)), 

which are illustrated in Figure 1-1. The unconstrained CNL* boundary condition is a laboratory scale 

analogue to represent fracture behaviour in slopes and other near surface gravity-driven environments, while 

the CNS boundary condition is considered to better reflect behaviours of rock fractures near underground 
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excavations, such as tunnels, mines, and nuclear waste repositories, where in situ and induced stresses 

dominate the control of rockmass stability (Indraratna et al., 1999).   

 

Figure 1-1: Examples of joint boundary conditions in situ and their laboratory equivalents.  

Modified after (Goodman, 1976; Haberfield and Szymakowski, 2003) 

 Direct shear testing programs are commonly completed using the CNL boundary condition due to 

its relatively simple test setup and equipment requirements. CNS testing programs are becoming more 

common with the development of servo-controlled machines, which replaced early test machines 

requiring springs.  

 Since CNS direct shear testing mechanics and interpretation are still not fully understood, there 

are very few guidelines available for creating a testing program that adequately captures discontinuity 

properties.  The purpose of this research is to provide a better understanding of joint behaviour under 

constant normal stiffness boundary conditions by testing fractures in crystalline rocks (specifically 

granites and gneisses).  In particular, this research addresses aspects from all stages of the geotechnical 

design workflow, from sample selection and preservation during the site investigation stage, to the 

creation of boundary condition selection guidelines for laboratory testing, to the data analysis of intact 

testing data and direct shear testing date for the estimation of intact rock properties and rock joint 

geomechanical properties, and to the applicability of these properties to discrete element method 

numerical models. 
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1.2 Motivation for Study 

Canada’s first full scale CANDU reactor was first brought online in 1967 and since then nuclear power 

generating stations have been a significant source of electricity for Canadians in the provinces of Ontario, 

Quebec and New Brunswick (Cowan, 1990).  Since 1967, over 2 million used nuclear fuel bundles have 

been generated and are currently being stored on an interim basis at facilities where it is produced 

(NWMO, 2010).  After the completion of a three-year study and consultation with citizens, specialists and 

Aboriginal peoples, the Government of Canada based on recommendations provided by Nuclear Waste 

Management Organization (NWMO) selected Adaptive Phased Management as the long-term plan for 

safe storage of Canada’s waste nuclear fuel.  The Adaptive Phased Management program is similar to 

other long term nuclear waste storage programs created in other countries such as Sweden (SKB, 2018), 

France (ANDRA, 2016) and Switzerland (NAGRA, 2017) with respect to the plan to store waste nuclear 

fuel in a deep geological repository (DGR) (NWMO, 2010).   

 Canada’s high level waste DGR is intended to be a permanent storage facility with a design life 

of one million years (Jensen et al., 2009). In order to meet Canadian legislation, Ontario Power 

Generation (OPG) and NWMO are creating the engineering designs for the DGR using guidelines 

published by the Canadian Nuclear Safety Commission in guidance document G-320 (CNSC, 2006).  

Designing for a million-year lifespan is unprecedented; in order to successfully create a design for this 

requirement, state of the art numerical modelling tools are necessary to produce the best prediction of 

geomechanical and excavation behaviours.  Accurate and reliable numerical models require a 

comprehensive understanding of geomechanical properties of the intact rock and discontinuities within 

the rockmass.  As numerical models can be very sensitive to geomechanical inputs, it is imperative that 

laboratory tests be performed using best practice techniques providing the most accurate results.   

1.2.1 Current Status of the Canadian Deep Geological Repository Design & Site Selection 

The benefit of storing nuclear waste in a DGR is that the facility will be sited in a rock unit that is deep 

enough below ground surface to be isolated from the biosphere, at an approximate depth of 500 m or 
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greater. In addition to being isolated at depth, the DGR is designed to use a multiple - barrier concept 

consisting of a copper waste canister and bentonite backfill as shown in Figure 1-2.   

 

Figure 1-2: Artist rendition of a Canadian design for a Deep Geological Repository (Noronha, 2016) 

Canada, in addition to actively working on the design of the low and intermediate waste DGR, is in 

Phase 2 of the Preliminary Assessments for site selection of the DGR for high-level nuclear waste.  

Initially, twenty-two (22) communities, nineteen (19) in the Province of Ontario and three (3) in the 

Province of Saskatchewan entered the site selection process for the siting of Canada’s high level waste 

DGR with host geological units including Paleozoic sedimentary formations and Archean crystalline 

basement.  As of May 2017, nine (9) communities, shown in Figure 1-3, had been assessed as having a 
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strong potential to meet the site selection requirements and were identified for further study (Hirschorn et 

al., 2017).  

 

Figure 1-3: Location of communities initially involved in the site selection process of siting 

Canada's high level waste DGR and those identified for further site investigation (shown in blue). 

(Hirschorn et al., 2017) 

1.3 Evolution of Direct Shear Testing 

Many engineering projects interact with geological materials. The boundaries between engineered and 

natural materials or between different natural materials have a large influence on the overall behaviour 

and performance of the structure. The criticality of being able to understand and replicate this 

geomechanical behaviour has driven research around new laboratory equipment, the development of new 

constitutive models and the understanding of joint behaviour. A primary objective when developing a 

laboratory testing program involving earth materials is the ability to resemble in situ conditions. This has 

driven innovation in laboratory testing since Coulomb created the first direct shear machine in 1776 over 

200 years ago (Das and Sobhan, 2016). The first direct shear machine is attributed to Charles-Augustin de 

Coulomb in 1776, and at that time it was used for determining material properties of soils (Lambe and 

Whitman, 1969).  Following Coulomb in the early 1800s, a direct shear machine was developed and used 

extensively by French engineer Alexandre Collin (Skempton, 1984).  Collin’s direct shear machine was 
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used for soil samples that were subjected to double shear under load, which was applied by hanging 

weights from the machine (Skempton, 1984). 

 In the first half of the 20th century, one major challenge in rock engineering was the reliable 

measurement of relevant field data, including the characterization of rock joints (Barton, 1971). This led 

to the widening gap between the quality of input data and the numerical modelling methods available at 

the time (Barton, 1971).  This challenge persists today with increasing site investigation costs, the 

increasing complexity of engineering designs, and the desire for small project budgets. Significant 

advancements in this area occurred during the latter half of the 20th century with the developments of new 

laboratory equipment and new constitutive models (e.g. continuously yielding, Barton-Bandis) that 

mathematically describe the behaviour of rock joints (Cundall and Hart, 1984; Barton & Bandis, 1990).  

 The ability to be able to describe rock joint behaviour is a challenging task as rock joints are 

highly variable features; however, a great deal of research has been performed to develop mathematical 

descriptions of rock joint behaviour. The original bilinear constitutive model for rock joints was 

introduced by Patton (1966).  The work by Patton (1966) provided an experimental basis for the creation 

of fundamental constitutive models (Barton, 1971).  The Patton (1966) model is also the precursor to the 

development of curved strength envelopes used extensively in rock engineering today, including the 

Barton-Bandis Failure Criterion, which was developed as a way to describe the peak shear strength of 

rock joints, presented in Figure 1-4 (Barton & Bandis, 1990).  Further advancements of constitutive 

models continue, which is demonstrated by the constitutive model developed by Indraratna and 

colleagues at the University of Wollongong to model the joint behaviour under the constant normal 

stiffness boundary condition, shown in Figure 1-5 (Indraratna et al., 1998; Indraratna et al., 2010; 

Thirukumaran et al., 2014).   
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Figure 1-4: Dimensionless model for shear stress – shear displacement based on the Barton-Bandis 

joint constitutive model showing the typical shape of the Barton-Bandis shear stress – shear 

displacement curve (Barton and Bandis, 1990) 
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Figure 1-5: Shear stress – shear displacement graph showing experimental data and the predicted 

joint response using the constitutive models as developed at the University of Wollongong 

(Indraratna et al., 2010) 

 In parallel to the development of new constitutive models, advancements of direct shear 

laboratory testing processes have occurred, most notably with the introduction of more versatile and 

powerful machines such as servo-controlled direct shear machines. The oldest form of the rock direct 

shear machine is the CNL direct shear machine, presented in Figure 1-6. This constant normal load 

machine uses a mechanical level arm to ensure the normal load on the specimen remains constant, similar 

in concept to the machine developed by Collin in 1800s.  To apply the shear load, this machine uses a 

hydraulic jack where readings must be manually recorded (Hoek, 2007).  This was a relatively simple and 

common machine type in early research. 



9 

 

 

Figure1-6: (a) Diagrammatic section through a constant normal load direct shear machine. (b) 

Photograph of the machine illustrated in (a) (Hoek, 2007) 

 

Because of the relatively complex equipment requirements for CNS direct shear tests, very few 

testing programs under CNS conditions have been published (Saeb and Amadei, 1992).  The constant 

normal stiffness boundary condition can be implemented using two types of machines: a CNL machine 

outfitted with springs or a servomechanism-controlled direct shear machine (Saeb and Amadei, 1992). 

One of the first CNS direct shear machines is credited to Williams (1980) and his colleagues at Monash 

University and described by Johnston et al. (1987). In order to simulate ground conditions, a spring of 

known stiffness was used to create the CNS boundary condition.  The normal load is applied to the 

system using a steel shaft, which is connected to a load cell, and a screw jack suspended from a spring 

mounted at the top of the frame, as shown in Figure 1-7 (Johnston et al., 1987). The shear load was 

applied to the bottom box via a load cell connected to a hydraulic jack, which could be set to any 

predetermined displacement rate. A disadvantage of a machine with springs is the cumbersome job of 

changing springs in order to change the stiffness between tests (Lee et al., 2011). 
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Figure 1-7: The CNS direct shear machine used by Johnston et al. (1987) with equipment details 

 

 Servomechanism or servo-control machines are automated devices that use negative feedback 

from the system to adjust internal mechanisms in order to minimize the error between the machine input 

and the machine output (Younkin, 2003). In the case of the direct shear machine performing a Constant 

normal stress test (CNL*), this negative feedback could be the deviation from the desired normal stress 

caused by inconsistent hydraulic pressure from the pump or the opening of discontinuities applying 

pressure on the normal actuator. A measurement of normal stress lower than the input would prompt an 

automatic increase in normal load from the machine where a measurement of normal stress higher than 

the input would prompt an automatic decrease in load from the machine. The decreasing area of the 

sample during the shear displacement is accounted for to maintain a constant normal stress. A servo-

controlled direct shear machine is typically composed of the following components (Jiang et al., 2004): 
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• A direct shear apparatus with a normal actuator and a shear actuator with load capacities that vary 

between machines;   

• Instrument packages composed of load cells to measure applied loads and LVDTs (linear 

variation displacement transducers) to measure displacement; 

• A microprocessor-based, digital, servo-controller and acquisition system; and 

• A computer with software to control the system. 

Servo-controlled machines are typically more expensive than conventional direct shear machines; 

however, there are multiple advantages, described by Rao et al. (2009), to the servo-controlled direct 

shear machine (shown in Figure 1-8), which include but are not limited to:  

• Freedom to produce direct shear testing programs under CNL/CNL* and CNS boundary 

conditions by varying the input parameters in the direct shear software;  

• For CNS testing, the stiffness applied by the machine can be varied in the direct shear software 

without the need to change the physical components on the machine; and 

• Data is continuously recorded at rates specified by the user and are displayed in real time.  
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Figure 1-8: Direct shear setup in the Queen's University Advanced Geomechanics Testing 

Laboratory using the GCTS RDS-200 Servo-Controlled Rock Direct Shear System (A) GCTS DSH-

150 direct shear apparatus (B) RDS-SERVOPAC hydraulic servo control package (C) SCON-1500 

microprocessor based digital servo controller and acquisition system and Computer with GCTS 

controlling software 

1.4 Use of Experimentally Determined Geomechanical Properties in Numerical Modelling 

In geotechnical and geological engineering, design methods can be categorized into one of four methods: 

empirical, analytical, observational and numerical.  Bieniawski (1989) describes these design methods as 

follows:  
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1. Empirical Design Methods –validated based on direct observations, experimentation and 

statistical analysis.  

2. Analytical Design Methods –use closed form solutions.  A solution is considered closed form if 

the system can be described in terms of functions and mathematical operations that have been 

validated as true.  

3. Observational Design Methods –relies on field monitoring of physical behaviours to validate the 

design.  Observational design methods are typically used to validate other design methods.  

4. Numerical Design Methods - use open form solutions to describe systems.  Systems are described 

mathematically in terms of known physical laws and series of differential equations.  

Rock engineering is becoming more complicated as different infrastructure projects (e.g. deep 

base tunnels for transportation infrastructure, large open pit and underground mines with complex 

geometries, etc.) are being constructed in more challenging environments and at deeper horizons.  For 

these projects, empirical methods such as rockmass classification systems do not fully capture the 

behaviour of excavations (van der Pouw Kraan, 2014) and analytical solutions do not exist for discrete 

rockmass systems (Jing, 2003).  This results in numerical modelling methods to be the preferred route for 

effective geotechnical design of these challenging projects.  Innovation driven by the need to understand 

complex rockmass behaviours has led to the advancement of numerical design software (Jing, 2003).   

Since numerical models are not closed form solutions, many inferences and assumptions about 

appropriate input parameters can be justified based on experience, but the validity of assumptions for any 

new project can seldom be established prior to construction (Oreskes et al., 1994).  Numerically modeled 

systems are based upon assumptions made by the user in order to create the most representative model; a 

design process is used to produce a model that can be validated. A valid numerical model has been 

described by the International Atomic Energy Agency as “a good representation of the actual processes 

occurring in a real system” (IAEA, 1982).  Another definition of a valid numerical model is a 

computational model that captures the model assumptions being tested based on a comparison of 
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measured responses from various combinations of in situ experiments, laboratory experiments, and 

natural analogues (Davis et al., 1991).  

Laboratory testing is one component of the numerical method design processes (Figure 1-9) and, 

when completed by using high quality procedures, high quality inputs for numerical models are produced 

(Day, 2018).  

 

Figure 1-9: Workflow of data input and analysis for the geotechnical design of 

excavations (modified after Day, 2018) 

 

Laboratory testing is the most economical way to measure geomechanical properties when 

compared to in situ experiments; however, laboratory testing is always conducted using specimens that 
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are significantly smaller than the system that is under investigation. A challenge of conducting laboratory 

testing for numerical geotechnical design is the scale effect of the input parameters and their measured 

properties.  In direct shear testing, geomechanical properties that are used as numerical input parameters, 

including joint normal stiffness (Kn), joint shear stiffness (KS), shear strength (τ), and dilation (ψ), are 

measured at the laboratory scale and applied to the excavation scale (Oreskes et al., 1994). The challenge 

of using numerical modelling inputs determined from laboratory testing is highlighted in a numerical 

modelling study completed by Day et al. (2017) on the implications of stiffness property selection on 

excavation response. In the study completed by Day et al. (2017), the authors compared the excavation 

response using different joint stiffness properties for interblock (discontinuities) and intrablock (healed 

structures), shown in Table 1-1,  in a finite element method (FEM) numerical model as illustrated in 

Figure 1-10.  From the model results, the authors determined that when minimum stiffness values were 

assigned to the bedding and intrablock structure, the most displacement in the roof occurred and when the 

maximum stiffness values for both structures were used, the numerical model predicted the least amount 

of displacement.   

 By studying the excavation behaviour during project construction, geotechnical engineers can 

understand which numerical input properties should be modified to improve the numerical representation 

of the physical system, and to improve predictions of anticipated rockmass behaviours in later stages of a 

project. This iterative feedback forms the basis of observational design, as illustrated in the workflow 

presented in Figure 1-9.   

Table 1-1: Ranges of modelled normal and shear stiffness properties (Day et al., 2017) 

Structure Bedding  Intrablock  

Stiffness (MPa/m) Normal, Kn Shear, Ks Normal, Kn Shear, Ks 

Minimum 4,000 3,000 10,000 5,000 

Maximum 10,000 6,000 50,000 8,000 
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Figure 1-10: Numerical Model results from a FEM numerical modelling study comparing 

excavation response to joint stiffness inputs (Day et al., 2017). 

Although the validation of geomechanical numerical models cannot rely on observing ground 

behaviour in feasibility design stages that occur prior to construction, laboratory testing results can 

provide reasonable initial estimates of the behaviour of intact rock and rock joints. It is therefore critical 

that laboratory testing be conducted in a robust and repeatable manner, and the results be critically 

analyzed with consideration that the purpose of the data is to be used in numerical models. On this basis, 

laboratory testing can be used in pre-construction design to calibrate the behaviour of the intact rock and 
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discontinuities at the excavation scale, and during construction to guide parameter modifications as 

needed.  

1.5 Research Objectives 

This thesis aims to provide insight into the behaviour of rock joints under constant normal stress and 

constant normal stiffness boundary conditions and to provide improved laboratory testing procedures for 

direct shear testing programs.  Through the implementation of improved laboratory testing procedures, 

accuracy of results should be increased and depict in situ conditions, leading to higher quality inputs for 

numerical models and increasing the reliability of numerical results.  The specific research objectives to 

achieve this are described as follows:  

• To critically review current direct shear laboratory practices for direct shear testing programs 

involving testing under the constant normal stiffness boundary condition (Chapter 2). 

• To provide additional sample preservation and preparation procedures that preserve the quality of 

the specimens during transport from the project site to the laboratory facility (Chapter 3). 

• To develop a new method of estimating the direct shear machine input “machine normal 

stiffness” based on in situ conditions for constant normal stiffness direct shear testing (Chapter 5). 

• To modify existing laboratory testing procedures for constant normal stress direct shear testing, 

and develop new additional procedures for constant normal stiffness direct shear testing 

(Chapter 5). 

• To investigate the mechanical behaviour in direct shear of fractures in crystalline rock, using 

gneisses and granites from Pointe Du Bois, Manitoba, to determine deformation, shear strength, 

and dilation properties at the laboratory scale for use as inputs to numerical models (Chapter 5).  

• To explore the use of discrete element method numerical models for the estimation of constant 

normal stiffness behaviour based on results from constant normal stress direct shear laboratory 

testing (Chapter 6).  
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• To explore the influence of physical dilation in laboratory scale numerical simulations using the 

discrete element method (Chapter 6).  

1.6 Thesis Scope 

In order to meet these objectives, the scope of this thesis includes the following:  

1. Conduct a critical literature review of previous direct shear laboratory testing programs using 

unfilled rock joints under constant normal stress and constant normal stiffness boundary 

conditions (Chapter 2).  

2. Source and characterize drill core (intact rock and fractures) to be used in a direct shear 

laboratory testing program (Chapter 3).   

3. Test intact rock samples in unconfined compressive strength (UCS) and Brazilian tensile strength 

(BTS) testing programs to determine intact geomechanical properties (Chapter 4).  

4. Analyze unconfined compressive strength testing results to estimate unconfined compressive 

strength, crack initiation, crack damage, Young’s Modulus, and Poisson’s Ratio, and analyze 

Brazilian Tensile Strength Testing to determine tensile strength for use in numerical modelling 

(Chapter 4). 

5. Create and conduct a direct shear testing program, using fracture specimens tested under constant 

normal stress and constant normal stiffness boundary conditions (Chapter 5).  

6. Analyze direct shear laboratory test results to estimate joint normal stiffness, joint shear stiffness, 

shear strength, and dilation for use in numerical modelling (Chapter 5). 

7. Develop preliminary numerical models at the laboratory specimen scale to determine the 

influence of dilation in discrete element method numerical models (Chapter 6).  

1.7 Thesis Outline and Contributions 

This thesis has been prepared in accordance with the requirements outlined by the School of Graduate 

Studies at Queen’s University, Kingston, Ontario, Canada.  This thesis consists of seven (7) chapters and 

eight (8) appendices, which are outlined below.  References are presented at the end of each chapter.   



19 

 

 In Chapter 1, a brief history of the evolution of direct shear testing and the machines created to 

test varying conditions is presented.  In addition, the importance and use of laboratory results in numerical 

modelling is briefly discussed.   

 In Chapter 2, a detailed literature review is presented as a background for this thesis which 

includes the concepts behind the constant normal load/stress (CNL/CNL*) and constant normal stiffness 

(CNS) boundary conditions, as well as the geomechanical parameters that can be measured through direct 

shear testing.  In Chapter 2, multiple constitutive models are briefly discussed with respect to how 

dilation is accounted for and how shear strength is estimated.  In the last section of the chapter, a brief 

overview of discrete element method (DEM) numerical modelling is discussed.   

 Chapter 3 outlines the geological characteristics of the rocks tested in this study, including 

regional geology of the source of rock samples, lithological description and mineralogy assessment. 

Furthermore, sample selection, sample preparation, and digital preservation of samples are outlined for all 

laboratory tests performed in this study. Joint roughness is estimated from profiles taken from 3D 

photogrammetry models, which is a recognized method of obtaining rock joint topology (Nilsson and 

Edelbro, 2012; Wernecke and Marsch, 2015) and compared to standard profiles published by Barton and 

Choubey (1977). 

 In Chapter 4, results from intact laboratory testing, including unconfined compressive strength 

(UCS) and Brazilian indirect tensile strength (BTS) are discussed.  Intact laboratory testing was 

completed in order to fully classify the geological material and obtain input parameters for numerical 

modelling.  

 In Chapter 5, new direct shear testing and data analysis protocols are presented.  Laboratory 

testing of fractures in the Pointe Du Bois granites and gneisses was conducted to evaluate rock joint 

behaviour under the constant normal stiffness boundary condition.  From these tests, geomechanical 

properties, including joint normal stiffness, joint shear stiffness, shear strength, and post-peak dilation, are 

analyzed for use as inputs into numerical models.  In this study, a new equation developed by the author 
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for the estimation of machine normal stiffness based upon in situ conditions is used to determine the 

testing boundary conditions.  Furthermore, a new method of estimating dilation angle for use in numerical 

modelling is developed.   

 In Chapter 6, the approach of numerical modelling for the prediction of rock joint behaviour 

under constant normal stiffness boundary conditions is described with particular focus on the limitations 

of flat jointed models, and the influence of dilation on shear strength.   

 In Chapter 7, a discussion and conclusions of the key findings of this thesis, recommendations for 

future research, and a summary of contributions made through this research are presented.   

 In Appendix A, geological logs, detailed fracture logs, and core box photographs are presented. 

 In Appendix B, x-ray diffraction results are presented.   

 In Appendix C, unconfined compressive strength and Brazilian indirect tensile strength specimen 

photographs are presented.  

 In Appendix D, direct shear testing specimen photographs are presented.  

 In Appendix E, strain gauge specifications and calibration documentation is presented.  

 In Appendix F, the results from direct shear testing data is presented.  

 In Appendix G, the numerical model verification procedure is outlined. 

 In Appendix H, the code used to run the numerical models used in this research is presented.
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Chapter 2 

Review of Direct Shear Testing Boundary Conditions 

2.1 Introduction 

Direct shear testing is a common way to test and characterize geomechanical properties of discontinuities, 

such as stiffness, strength, and post-yield dilation behaviour, for geotechnical engineering design and 

numerical modelling simulations (Goodman, 1976). Real world ground stress conditions can be 

simplified for an individual fracture surface to two external conditions: 1) the normal stress remains 

relatively constant during shearing, and 2) the normal stress varies during shearing. As the demand for 

safer engineering designs has increased, so has the need to develop machines that can provide improved 

analogues to these external site conditions in the laboratory (Mouchaorab et al., 1994).  Constant normal 

load (CNL) and constant normal stress (CNL*) boundary conditions in laboratory tests are used to 

represent expected fracture behaviour in slopes and other near surface environments where rockmass 

failure is gravity-driven, while the constant normal stiffness (CNS) boundary condition is better suited to 

represent shear behaviour of rock fractures near underground excavations, such as tunnels, mines, and 

nuclear waste repositories, where in situ and induced stresses dominate control of rockmass behaviour 

(Goodman, 1976; Indraratna et al., 1999) (Figure 2-1). While CNL and CNL* conditions allow the 

fracture to dilate freely during shear, so there is no feedback between dilation and normal stress, dilation 

is constrained by this feedback in CNS conditions.  
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Figure 2-1: Examples of direct shear boundary conditions in situ: (A) slope with constant 

normal load (CNL) conditions; (B) tunnel wall with perpendicular joints under constant normal 

stiffness (CNS) conditions (Photos courtesy of Mark Diederichs) 

2.2 Constant Normal Load (CNL) and Constant Normal Stress (CNL*) 

Constant normal load was the first boundary condition to be applied in laboratory direct shear testing on 

rock joint specimens (Goodman, 1976).  Constant normal load testing is conducted by applying a load to 

the specimen either through the application of weights or hydraulic pressure, which remain constant as the 

specimen is sheared.  With the development of servo-controlled laboratory direct shear testing machines, 

laboratory direct shear tests were able to be performed under boundary conditions that more closely 

resembled site specific conditions, which included both constant normal load and constant normal stress 

conditions (Natau et al., 1979).  Constant normal stress testing is conducted by updating the load being 

applied to the sample during shear displacement; the applied load is determined by taking the desired 

stress to be applied and multiplying the value by the area of the sample actively being sheared as shown 

in Figure 2-2.  
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Figure 2-2: During laboratory direct shear testing, the surface area of the discontinuity undergoing 

shear decreases as displacement progresses 

 

The surface area undergoing shear is computed by the servo-controlled direct shear machine and 

is updated based on current shear displacement.  The calculated area is based upon the geometry (circular 

or ellipsoidal shaped surface) of the discontinuity prior to shear and how much the surface area decreases 

as shearing progresses.  The constant normal load and constant normal stress boundary conditions are 

intended to simulate near surface environments such as rockmasses sliding on slopes or sliding of dams 

along their foundations (Figure 2-3). 
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Figure 2-3: Examples of constant normal load boundary condition laboratory setup and the in 

situ analogue. Modified after Goodman (1976) and Haberfield and Szymakowski (2003) 

2.3 Constant Normal Stiffness (CNS) 

The concept of a constant normal stiffness boundary condition has been the subject of multiple 

investigations.  In a study to examine the influence of joint roughness and material strength on friction 

and deformation behaviour, Schneider (1976) completed a direct shear test program consisting of constant 

normal load and constant normal stiffness tests. In the study completed by Schneider (1976), it was 

determined that granite and limestone samples did not have a constant residual friction shear strength and 

that friction behaviour is influenced by the brittle fracture process.  As results are influenced by the brittle 

fracture process, Schneider (1976) concluded that test results are dependent on the stiffness of the 

machine. Johnston et al. (1987) conducted a study to investigate the shear performance of rough concrete 

surfaces and rock joints, considering the effect of lateral stiffness in the design of rock concrete socketed 

piles. Based on the direct shear testing completed by Johnston et al. (1987) it was concluded that the CNS 
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boundary condition governed the behaviour of concrete piles socketed into rock and could be further 

applied to other situations where the rock joint dilation is constrained.   

The CNS boundary condition constrains dilation during shearing. This causes the normal stress to 

increase, which in turn increases shear strength (Indraratna et al., 1999). The CNS condition is intended to 

simulate boundary conditions at fracture surface contacts that are observed in underground environments, 

rock socketed piles, and bolted joints where dilation is constrained (Figure 2-4).  Prior to the development 

of numerical models, closed form solutions for the determination of elastic stresses were used to calculate 

the stresses acting on structures around an excavation (Reed, 1986).  An analytical solution for stresses 

and displacements in an infinite elastic solid containing a circular opening was presented by Kirsch in 

1898 (Jaeger et al, 2007). The Kirsch equation is a closed form calculation that was used to calculate the 

radial and tangential stresses that would occur around an excavation.  These radial and tangential stresses 

when acting on a planar feature, such as a discontinuity would act as normal and shear stresses.  Solving 

the Kirsch system resulted in known stresses in situ.  Laboratory testing was then completed under 

constant normal stiffness direct shear in order to verify the maximum strength of the joint under the 

applied normal stress applied to the fracture as calculated through the Kirsch equation.  As the target 

normal stress was the focus of the test and the maximum normal stress applied was not considered, the 

constant normal stiffness boundary condition resulted in a higher maximum shear strength when 

compared to the constant normal stress results.  When taking into account the increase in strength due to 

the boundary condition it was hypothesized that the increase in strength was the result of higher friction 

angles.  

In direct shear laboratory testing, the machine normal stiffness (KNM), rather than a constant load 

or stress used in CNL or CNL* tests, respectively, is applied to the specimen during the shear stage. The 

CNS boundary condition can be applied with a servo-controlled direct shear machine or with springs with 

known stiffness properties. The increase in normal stress on the test specimen during shear is equal to 
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normal stiffness of the surrounding rockmass with respect to normal displacement (dilation) of the 

discontinuity (Goodman, 1976).  

 

Figure 2-4: Examples of constant normal stiffness boundary condition laboratory setup and the 

in situ analogue. Modified after Goodman (1976) and Haberfield and Szymakowski (2003) 

2.3.1 Determining the Normal Stiffness of a Rockmass 

Research conducted by Johnston et al. (1987) showed that when an axial load is applied to a rock 

socketed pile, which is a cast in place concrete pile in rock, relative vertical movement between the pile 

and rock surface could occur.  This occurs when the shear resistance between the rock and concrete is 

exceeded.  When the socketed pile starts to mobilize there can be some shearing of the rock wall 

asperities.  The amount of shearing depends on the roughness of the interface, the relative intact stiffness 

and strength properties of the concrete and rockmass, and the initial normal stress acting across the joint.  

The sliding of the pile over rock asperities will cause the socket diameter to dilate, which is opposed by 

the radial stiffness of the surrounding rockmass.  The opposition by the rockmass stiffness will cause the 
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stresses acting normal to the pile to increase as the dilation increases (Johnston et al., 1987). This sliding 

mechanism is illustrated in Figure 2-5. 

 

Figure 2-5: Displacement behaviour of a pile socketed in rock:  (a) pile before displacement; (b) pile 

after displacement (Johnston et al., 1987) 

The effect of dilation on normal stress (Δσn) acting across the concrete rock interface has been 

related to the socket radius dilation (Δr) by expanding elastic thick walled cylinder theory (Boresi, 1965).   

 ∆𝜎𝜎𝑛𝑛 =
𝐸𝐸

1 + 𝜐𝜐
Δ𝑟𝑟
𝑟𝑟

 (2-1) 

Where r is the original socket radius, E is the rockmass modulus and 𝜐𝜐 is the Poisson ratio of the intact 

rock. Since Δr is smaller than r by several orders of magnitude, the elastic properties of the rock are 

effectively constant for small changes in Δr.  This allows Equation 2-1 to be rearranged as follows: 

 
∆𝜎𝜎𝑛𝑛
Δ𝑟𝑟

=
𝐸𝐸

1 + 𝜐𝜐
1
𝑟𝑟

= 𝐾𝐾𝑛𝑛 (2-2) 

In this case, Kn is a constant and represents the normal stiffness of the rockmass, with units of GPa/m.  

While this method of determining the surrounding “global” stiffness applies to concrete piles, it cannot be 
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applied to rockmass fractures in underground settings as the equation assumes dilation is occurring 

radially in all directions and not specifically on a planar feature.   

2.4 Direct Shear Testing Equipment  

The innovation of new direct shear machines has always been dependent on the equipment capabilities, 

and over the last fifty years multiple machines have been developed, including constant normal stiffness 

machines by Obert et al. (1976), and Lam and Johnston (1982), servo-controlled direct shear machines by 

Natau et al. (1979), Ooi and Carter (1987), Mouchaorab and Benmokrane (1994), and Jiang et al. (2004), 

as well as dynamic direct shear machines by Crawford and Curran (1981), and Konietzky et al. (2012).  

Direct shear laboratory testing machines are all relatively similar, where half of the sample is fixed and 

the other half of the sample is allowed to move across the fixed sample. The earliest form of the constant 

normal load direct shear testing machines are of the same concept as shown in Figure 2-6a (Hoek, 2007).  

A series of weights of known magnitude are applied to the machine in order to apply a constant normal 

load to the specimen. Shear load is applied by a hydraulic pump that is equipped with a gauge on the line 

in order to record the shear resistance of the sample.  For a constant normal stress test, the normal actuator 

on the machine is held constant with respect to normal stress. Since stress is calculated as the load applied 

to the sample divided by the area that it is applied over, the load applied to the sample decreases as the 

area decreases with shear displacement from a mated to an unmated sample.  Constant normal stress tests 

can only be reasonably completed with servo-controlled direct shear systems.  For CNS testing, the 

machine simulates the surrounding rockmass; as shearing and subsequently dilation occur, the normal 

force applied to the upper sample will increase due to the stiffness of the surrounding rockmass.  The 

CNS boundary condition can be applied with a servo-controlled direct shear machine or with springs 

(Figure 2-6b) (Indraratna et al., 1999).  

For machines without servo-control, the stiffness is simulated by a spring or set of springs. This 

limits the ability to test different global normal stiffness conditions based upon the springs that can be 

manufactured.  In this setup the desired initial applied load is applied by a hydraulic jack to a plate that is 
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situated on a spring or series of springs that separate the jack from the test specimen (Johnston et al., 

1987; Ohnishi and Dharmaratne, 1990; Indraratna et al., 1998; Skinas et al., 1990; Indraratna and Haque, 

2000a; Indraratna and Haque, 2000b; Indraratna et al., 2015).  

Automated servo-controlled machines, such as the machine shown in Figure 2-6c, are relatively 

similar to traditional machines, and both the normal and shear actuators are controlled through hydraulic 

jacks.  Automated servo-controlled machines do not rely on springs for implementation of constant 

stiffness; the stiffness is controlled by computer software and a digital controller (Natau et al., 1979; 

Mouchaorab and Benmokrane, 1994; Jiang et al., 2001; Seidel and Haberfield, 2002; Jiang et al., 2004).  

As the servo-controlled machines eliminate limitations of previously developed machines, direct shear 

testing programs can be created to better suit anticipated site conditions in a project.  

 
Figure 2-6: Examples of direct shear testing equipment (a) CNL direct shear machine (Hoek, 

2007); (b) CNS direct shear machine (Indraratna et al., 1999); (c) Queen’s University Advanced 

Geomechanics Testing Laboratory GCTS RDS 200 servo-controlled direct shear machine 

(CNL, CNL*, and CNS) 
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2.5 Shear Behaviour of Clean Rock Joints under CNL & CNS Conditions 

In most cases, joints and other discontinuities when formed by tensile failure in intact rock typically have 

semi-rough to rough characteristics.  In contrast, joints that form parallel to existing planes of weakness 

(e.g. foliation, bedding, and lithological contacts) have the potential to be relatively smooth and have 

insignificant dilative potential (Oliveira, 2009). 

Since the roughness of a discontinuity tends to depend on the failure mode of the fracture and 

local changes in lithology, roughness tends to vary between samples of similar lithologies.  The variety of 

roughness will produce a wide range of shear behaviours (varying stiffness and strength).  In order to 

quantify the shear strength of a rock fracture, the basic friction angle of the material (friction angle of a 

flat surface) and the asperity geometry (roughness) of the surface are typically used (Oliveira, 2009).  As 

the basic friction angle of rock is relatively consistent between different lithologies (Barton, 1976), the 

applied normal stress and the roughness governs the shear behaviour (stiffness and strength) of 

discontinuities (Oliveira, 2009).  

Dilation is a direct response to the roughness of a joint, as it is caused by need to ride over the 

asperity during shearing (Patton, 1966).  The shear strength and dilation model by Patton (1966) 

(Equation 2-3) is the earliest constitutive model that accounts for surface roughness in the determination 

of shear strength.   

 𝜏𝜏 =  𝜎𝜎tan (𝜙𝜙𝑏𝑏 + i) (2-3) 

          Where:  

τ = Peak shear strength 

σ = Effective normal stress 

ϕb = Basic friction angle  

i = Mean slope of asperities 

2.5.1 Pre-Yield Deformation Behaviour: Stiffness  

Two key deformation parameters of discontinuities can be determined using geotechnical laboratory tests.  

In direct shear testing, the normal stiffness and shear stiffness of a discontinuity are calculated using 
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displacement and stress data prior to yield. These parameters were first introduced by Goodman et al. 

(1968) as a response to the need to quantify the pre-yield elastic behaviour in finite difference numerical 

models that were beginning to use explicit structural elements.  

 

2.5.1.1 Joint Normal Stiffness (Kn) 

In direct shear testing, the normal stiffness deformation property of a discontinuity is measured during the 

initial normal loading stage of the test. This initial loading stage is where the load is increased to the 

specified starting load magnitude for both constant normal stress and constant normal stiffness tests.  

Multiple closure laws for the determination of normal closure with respect to increasing normal stress in 

physical experiments are reported in the literature.  The first closure law (Equation 2-4) was proposed by 

Goodman (1974), which has a non-linear hyperbolic relationship between normal stress (σn) and normal 

displacement (δn) that becomes asymptotic at maximum joint closure.  

 𝜎𝜎𝑛𝑛 =  
∆𝛿𝛿𝑛𝑛

𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 −  ∆𝛿𝛿𝑛𝑛
𝜉𝜉 + 𝜉𝜉 (2-4) 

In Equation 2-4, Δδn represents the change in normal displacement in response to an increase in normal 

stress from the initial seating pressure (𝜉𝜉) to σn, and δnmax is the maximum joint closure.  In this case, the 

joint normal stiffness (Kn) is a variable equal to the derivative of the function.  

A linear relationship was found to exist between normal displacement (δn) and normal stress (σn) 

by Hungr and Coates (1978) during their direct shear investigations on limestone and sandstone samples 

from Ottawa, Canada.  The linear closure behaviour, instead of the hyperbolic relationship, was 

interpreted to be the result of pre-compression in joints by in situ stresses that were larger than stresses 

applied during testing.  The hyperbolic fit proposed by Goodman (1974) is explained by an increase in 

true contact area between the fracture walls as intact asperities continue to crush during loading.  Bandis 

et al. (1983) supported the hyperbolic closure law for application to mated fractures, but to improve the 

quantification of normal stiffness for non-mated fractures, they proposed a semi-logarithmic closure law.  
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As a way to determine a normal stiffness relationship for numerical modelling with explicit 

rockmass structure of the Gotthard highway tunnel in Switzerland, Zangerl et al. (2008) compiled 

laboratory and in situ experimental direct shear data of granite samples.  Within the compiled data, the 

majority of the tests were conducted with a maximum applied normal stress between 1.4 and 30 MPa, and 

select tests were conducted at maximum applied normal stresses up to 160 MPa. In order to describe the 

non-linear behaviour of the data, the semi-logarithmic closure law for normal stiffness proposed by 

Bandis et al. (1983) was implemented.  Zangerl et al. (2008) preferred the semi-logarithmic closure law 

because it is defined by a single free parameter, compared to two free parameters as in the Goodman 

(1974) hyperbolic function. The single free parameter associated with the semi-logarithmic closure law 

was defined by Evans et al. (1992) as the “stiffness characteristic” (dKn / dσn), where the change in 

normal displacement (Δδn) due to the change in effective normal stress (σ’n) from an initial normal stress 

(σn
ref) is defined by the following relationship:  

 Δ𝛿𝛿𝑛𝑛 =  ln�𝜎𝜎𝑛𝑛′  / 𝜎𝜎𝑛𝑛
𝑟𝑟𝑟𝑟𝑟𝑟�  

1
𝑑𝑑𝐾𝐾𝑛𝑛  / 𝑑𝑑𝜎𝜎𝑛𝑛

 (2-5) 

For this semi-logarithmic closure law, the function of normal stiffness versus effective normal stress is 

linear and passes through the origin, giving zero normal stiffness at zero normal stress:  

 𝐾𝐾𝑛𝑛 = �
𝑑𝑑𝐾𝐾𝑛𝑛
𝑑𝑑𝜎𝜎𝑛𝑛′

� 𝜎𝜎𝑛𝑛′  (2-6) 

Based upon the relationship shown in Equation 2-6, the normal joint stiffness (Kn) can be computed by 

multiplying any effective normal stress by the stiffness characteristic (Zangerl et al., 2008). 

2.5.1.2 Joint Shear Stiffness (Ks) 

Joint shear stiffness is measured near the beginning of the shear loading stage of a direct shear test, under 

the specified normal load, under either constant normal stress or constant normal stiffness boundary 

conditions.  The joint shear stiffness is measured as the slope of the linear-elastic portion of shear stress 

data with respect to shear displacement.  This linear component represents the portion of the test from the 

onset of shear displacement to yield (commonly referred to as peak shear strength in constant normal 
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stress tests) shear stress.  In order to measure the shear stiffness, two methods are commonly used: the 

peak (secant) method (Goodman, 1970) and the yield (tangent) method (Hungr and Coates, 1978).  Peak 

(secant) shear stiffness is the most commonly used method and is measured as the secant between zero 

and peak shear stress.  This method is limited as there is no consideration of sample seating in the non-

linear portion of the test at the beginning of the shearing stage or non-linear behaviour that may occur 

immediately prior to yield (Day, 2017). Sample seating that occurs at the start of shear displacement is the 

further interlocking of asperities (Barton, 1972). However, the method is relatively simple and can 

therefore be quickly and easily calculated by any practitioner. Yield (tangent) shear stiffness is most 

commonly measured as the tangent at 50% of yield shear stress, or approximated using the slope between 

40% and 60% of yield shear stress.  The yield (tangent) method is also limited by non-linearity or 

deviations from the elastic trend at this measurement point, resulting in inaccurate values (Day 2017). By 

including the non-linear portion of the shear stress versus shear displacement curve, an artificially low 

joint shear stiffness value will be calculated.  Like the peak (secant) shear stiffness, yield (tangent) 

stiffness measurements can be easily determined with consistency by practitioners.  As a result of the 

known limitations with both the peak (secant) and yield (tangent), Day et al. (2017) proposed the use of a 

best-fit chord measurement for joint shear stiffness.  This best fit chord is a more involved method for 

determining the shear stiffness value, as it requires manual selection of the linear elastic portion of the 

shear stress with respect to shear displacement curve between the onset of shearing and yield shear stress.  

This technique minimizes the influence of non-linear behaviour that commonly occurs in laboratory tests 

between the onset of shear displacement and yield shear stress (Figure 2-7) (Day et al., 2017). While this 

method has a limitation by being subjective, with experience practitioners will become more effective in 

selecting the best data (Day et al., 2017).   
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Figure 2-7: Detail view of shear stiffness measurements used in this study which include Peak 

(Secant) (Goodman, 1970), Yield (Tangent) (Hungr and Coates, 1978), and Best Fit Chord (Day et 

al., 2017) 

2.5.2 Yield and Post-Yield Behaviour: Shear Strength (τ) 

Yield shear strength is defined as the maximum shear stress a sample can sustain prior to sliding across or 

through asperities, and is commonly referred to as peak shear strength in constant normal stress testing. 

When comparing constant normal stress and constant normal stiffness boundary conditions, the shear 

strength behaviour is similar prior to yield and diverges in behaviour post-yield. In constant normal stress 

tests, the applied normal stress is maintained at a constant magnitude and, as shear displacement 

continues, the residual shear stress that is sustained by the sample is defined as the residual shear strength 

of the failure surface.  This differs from behaviour of samples tested under constant normal stiffness 

boundary conditions since, post-yield, the normal stress applied to the sample increases as dilation starts 

to occur. This consequently increases the shear stress that needs to be applied to the sample until a 

maximum shear stress is attained (Figure 2-8) (Johnston et al., 1987).  An example of idealized CNS test 

results are shown in Figure 2-8 where σno is the initial normal stress applied to the specimen.  The test 
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starts with a fully mated sample at zero shear displacement (point A), and as shear displacement 

increases, shear stress increases until the initial shear strength of the joint is exceeded (point B). Due to 

the normal displacement of the fracture with the onset of dilation at point B, the leading asperity that 

controls the specimen behaviour up to this point is disturbed, resulting in an initial drop in shear stress 

(point C).  As the shear displacement increases causing an increase in dilation, which in turn results in an 

increase in normal stress, the shear stress increases to force further displacement until point D. At point D, 

the sliding shear stress exceeds the shear resistance of the rock asperities and a new shear plane develops. 

As further movement will occur along the newly developed shear plane, the rock on either side of the 

shear plane is disturbed, resulting in a drop in shear stress to point E as the residual conditions are reached 

(Johnston et al., 1987).  

 

Figure 2-8: Idealized CNS test results for regular triangular asperities (Johnston et al., 1987) 

In constant normal stiffness conditions, the normal stiffness of the testing machine can influence 

the behaviour of the joint.  At a critical point, the increase in normal stress as a response to increasing 

dilation may exceed the rock wall strength and cause crushing of the asperities. In this case, the residual 

fracture surface after shear and fracturing asperities in the wall rock will tend toward an increasingly 

planar fracture surface with crushed and loose rock (asperity) fragments. Under very high normal stresses, 



40 

 

the shear behaviour under constant normal stiffness and constant normal stress boundary conditions are 

practically identical since all the asperities undergo shearing without dilation (Oliveira, 2009). 

2.5.3 Post-Yield: Dilation (ψ) 

To effectively characterize the post-yield behaviour of rock fractures, dilation is the governing parameter 

that quantifies how a fracture behaves (Barton, 1973). Rockmass bulking, which is a result of the 

development of new shear planes, shearing along existing discontinuities, and geometric 

incompatibilities, is due to the dilation of fractures. Determining and measuring the dilation angle of 

fractures in direct shear testing is an important part of characterizing the behaviour of fractures from pre-

yield to post-yield for use in numerical models with explicit structure (Barton 1973). Dilation in direct 

shear is the opening of a fracture due to continued sliding over asperities.  The dilation angle of a fracture 

depends on the strength of the rock material, angle of asperities, and applied normal stress (Goodman et 

al., 1968). Other geometric properties, such as asperity height, do not have a large influence on dilation 

angle due to phenomena that occurs during testing including asperity shearing, asperity crushing or total 

dilation of the asperity where dilation effective becomes constant. Based on testing completed by Barton 

(1973), the maximum dilation angle for a fracture typically occurs at the instant after shear displacement 

passes the peak shear strength.  The dilation angle is reduced based on direct shear testing parameters 

(increasing applied normal stress) and boundary condition (increasing the normal stiffness of the 

machine) (Barton, 1973; Obert et al., 1976; Alejano and Alonso, 2005).   

Laboratory tests conducted by Skinas et al. (1990) also show a decrease in dilation with 

increasing normal stiffness; in one case where the machine normal stiffness was increased from 0 kN/mm 

(constant normal stress boundary conditions) to 50 kN/mm, the dilation was suppressed by approximately 

20%. 

 The post-yield dilation angle is measured in the final stage of the direct shear test: during 

continued shear displacement, after shear failure and once dilation occurs. The measurement of dilation in 

the context of this study is the rate of change of normal displacement with respect to shear displacement.   
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2.6 Existing Constitutive Models  

This section presents an overview of the existing shear strength constitutive models for clean rock joints 

under both constant normal stress and constant normal stiffness boundary conditions. Many of these 

models have been created using empirical relationships based on field observations and laboratory results. 

There are many constitutive models that have been created or adopted for use in rock mechanics, models 

discussed in this chapter are the Mohr-Coulomb, Continuously Yielding, Barton-Bandis, Patton, Heuze & 

Barbour Analytical Model, Saeb and Amadei constitutive models as well as a series of constitutive 

models developed at the University of Wollongong.   

2.6.1 Mohr-Coulomb Shear Strength Criterion 

The linear Mohr-Coulomb constitutive model was the earliest model created to quantify shear strength of 

soils and further adopted for rock mechanics in order to describe the strength of intact rock and rock joints 

(Coulomb, 1776). The Mohr-Coulomb criterion is limited, as it does not consider asperity degradation 

and damage with progressive shearing.  Maximum shear strength (τ) is expressed in terms of confining 

normal stress (σn), friction angle (ϕ), and cohesion (c), as shown in Equation 2-7.  

 𝜏𝜏 =  𝜎𝜎𝑛𝑛 tan(𝜙𝜙) + 𝑐𝑐 (2-7) 

2.6.2 Continuously Yielding Constitutive Model for Joints 

The nonlinear Continuously Yielding constitutive model for rock joints was proposed by Cundall and 

Hart (1984) in order to provide a coherent and unified discontinuity deformation and strength model for 

joints undergoing both elastic and plastic deformations (Haque and Indraratna, 2000).  

Since joint behaviour is not typically linear in reality (as it is assumed by the Mohr-Coulomb 

criterion), the Continuously Yielding model aims to quantify this.  The Continuously Yielding model has 

three main components (Cundall and Hart, 1984): 

1. The curve of shear stress versus shear displacement targets the maximum shear strength for the 

joint. The instantaneous slope of the curve depends on the difference between strength and stress. 

(Figure 2-9). 
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2. The target “maximum shear strength” decreases continuously as shear displacement increases.  This 

depends on accumulated plastic displacement.  

3. Dilation angle is measured as the difference between the apparent friction angle and the residual 

friction angle.  

The normal loading response is expressed incrementally as:  

 ∆𝜎𝜎𝑛𝑛 = 𝐾𝐾𝑛𝑛∆𝑢𝑢𝑛𝑛 (2-8) 

Where Δun is the normal displacement increment and Kn is the normal stiffness, which is dependent on the 

applied normal stress (Cundall and Hart, 1984). This is given by the following relationship:  

 𝑘𝑘𝑛𝑛 = 𝑎𝑎𝑛𝑛(𝑐𝑐𝑐𝑐)𝜎𝜎𝑛𝑛
𝑟𝑟𝑛𝑛 (2-9) 

The terms an(cy) and en are constants that are experimentally determined.   

This constitutive model forms non-linear shear loading behaviour from the onset of shearing, as 

shown in Figure 2-9 (Cundall and Hart, 1984).  The shear stress increment is calculated as follows:  

 ∆𝜏𝜏 = 𝐹𝐹𝑘𝑘𝑠𝑠∆𝑢𝑢𝑠𝑠 (2-10) 

 

Figure 2-9: Continuously Yielding Constitutive Model: τm – Bounding Shear Strength; shear stress 

versus shear displacement path, FkS – Tangent modulus controlled by Factor F (Cundall and Hart, 

1984) 
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Shear stiffness (kS) as shown in Figure 2-9 and in Equation 2-10 is stress dependent as follows:  

 𝑘𝑘𝑆𝑆 = 𝑎𝑎𝑠𝑠(𝑐𝑐𝑐𝑐)𝜎𝜎𝑛𝑛
𝑟𝑟𝑠𝑠 (2-11) 

 

The terms as(cy) and es are constants that are experimentally determined.  

In the continuously yielding constitutive model, the shear stiffness is controlled by a factor F.  

Factor F is defined as the distance from the current stress curve to the “target” strength curve or bounding 

strength curve (τm) as shown in Figure 2-9 (Cundall and Hart, 1984).  Factor F has the following 

relationship:  

 𝐹𝐹 =  
1 −  𝜏𝜏 𝜏𝜏𝑛𝑛�

1 − 𝑟𝑟𝐿𝐿
 (2-12) 

          Where:  

τ = Current shear stress 

τm = Failure stress at a given plastic displacement 

rL = Factor intended to restore the elastic stiffness 
immediately after a load reversal  

The bounding strength (τm) curve is given by:  

 𝜏𝜏𝑛𝑛 =  𝜎𝜎𝑛𝑛 tan(𝜙𝜙𝑛𝑛) (2-13) 

In Equation 2-13, ϕm is the mobilized friction angle, which includes asperity sliding and shearing.  As 

asperity damage increases this mobilized angle is continuously reduced according to Equation 2-14 

(Cundall and Hart, 1984).   

 𝜙𝜙𝑛𝑛 =  
(𝜙𝜙𝑛𝑛 −  𝜙𝜙𝑏𝑏)

𝑎𝑎
Δ𝑢𝑢𝑠𝑠

𝑝𝑝 (2-14) 

          Where:  

a = Amplitude of joint roughness with a dimension 
and length 

Δus
p = The plastic displacement increment as a function 

of the shear displacement Δus 
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Δus
p is defined by Equation 2-15 (Cundall and Hart, 1984)  

 Δ𝑢𝑢𝑠𝑠
𝑝𝑝 = (1 − 𝐹𝐹)|Δ𝑢𝑢𝑠𝑠| (2-15) 

2.6.3 Barton-Bandis Constitutive Model for Rock Joints 

The Barton-Bandis constitutive model (Barton and Bandis, 1990) is an empirical relationship to quantify 

shear strength of rock joints. Deformation behaviour and discontinuity strength are expressed as a 

function of normal stress and through the Joint Roughness Coefficient (JRC), Joint Wall Compressive 

Strength (JCS), and residual friction angle (ϕr) parameters, as shown in Equation 2-16 (Barton and 

Choubey, 1977).  

 𝜏𝜏𝑝𝑝 =  𝜎𝜎𝑛𝑛 tan �𝐽𝐽𝐽𝐽𝐽𝐽 𝑙𝑙𝑙𝑙𝑙𝑙 �
𝐽𝐽𝐽𝐽𝐽𝐽
𝜎𝜎𝑛𝑛

� + 𝜙𝜙𝑟𝑟� (2-16) 
 

τp = Peak shear strength 

σn = Effective normal stress 

JRC = Joint roughness coefficient 

JCS = Joint wall compressive strength 

ϕr = Residual friction angle is equal to basic friction 
angle (obtained from residual shear tests on flat 
unweathered rock surfaces) 

The estimation of joint dilation angles (ψ) is separated into two different boundary conditions: 

low normal stresses with minimal asperity damage and high normal stresses with high asperity damage 

(expressed in Equations 2-17 and 2-18, and illustrated in Figure 2-10) (Barton and Bandis, 1990).  

Low Normal Stress & Minimal Asperity Damage: 𝛹𝛹 = 𝐽𝐽𝐽𝐽𝐽𝐽 log �𝐽𝐽𝐽𝐽𝑆𝑆
𝜎𝜎𝑛𝑛
� (2-17) 

High Normal Stress & High Asperity Damage: 𝛹𝛹 = 1
2

 𝐽𝐽𝐽𝐽𝐽𝐽 log �𝐽𝐽𝐽𝐽𝑆𝑆
𝜎𝜎𝑛𝑛
� (2-18) 
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Figure 2-10: Peak dilation angles appended to shear strength envelopes; as effective normal stress 

increases the dilation angle decreases (Barton and Bandis, 1990) 

2.6.4 Patton Constitutive Model for Rough Rock Joints  

The bi-linear Patton constitutive model (Patton, 1966) was developed using a series of laboratory direct 

shear tests on regular saw-toothed artificial joints under constant normal load conditions. Using these 

tests, Patton (1966) verified that the results agreed with the bi-linear shear strength envelope proposed by 

Newland and Alley (1957). Because the Newland and Alley (1957) strength envelope was developed to 

describe the dilation of granular material and not necessarily applicable to rock joints, Patton (1966) 

proposed the following equations to express rock joint shear strength when sliding over asperities 

(Equation 2-19) and when shearing through asperities (Equation 2-20):  
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 𝜏𝜏𝑝𝑝 =  𝜎𝜎𝑛𝑛(𝐽𝐽𝐶𝐶𝐿𝐿) tan(𝜙𝜙𝑏𝑏 + 𝑖𝑖0) (2-19) 
 

 𝜏𝜏𝑝𝑝 = 𝑐𝑐 +  𝜎𝜎𝑛𝑛(𝐽𝐽𝐶𝐶𝐿𝐿) tan(𝜙𝜙𝑏𝑏) (2-20) 
where τp is the yield shear stress, σn is the normal stress, ϕb is the basic friction angle, c is the cohesion 

intercept and io is the initial asperity angle. Sliding over asperities occurs at lower magnitudes of normal 

stress, while shearing through the asperities occurs at higher normal stresses (Figure 2-11).  

 The Patton (1966) model is similar to the Mohr-Coulomb (1776) model as both can be described 

in terms of cohesion (c) and friction angle (ϕ).  An alternative to the solid line that is defined by Equations 

2-19 and 2-20, a single straight line that would give a finite shear strength value at zero (0) normal stress 

can be made (mathematically described by the Mohr-Coulomb criterion (Coulomb, 1776), Equation 2-7).  

The value at zero (0) normal stress is known as apparent cohesion, or cohesional strength.  True 

cohesional strength is present when cemented surfaces are sheared and is the strength of the cementing 

material (Wyllie and Mah, 2004).  Frictional strength of a discontinuity is a stress-dependent parameter 

related to the size and shape of the minerals exposed on the fracture surface (Wyllie and Mah, 2004). 

Rock joints that are planar, and have no infilling (clean) will exhibit behaviour shown by the “Specimens 

with flat surfaces” envelope in Figure 2-11, as the cohesional strength will be zero (0) and strength of the 

specimen will solely be frictional strength.  
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Figure 2-11: Bi-linear constitutive model for shear strength of rough rock joints as described by 

Equations 2-19 and 2-20 (Modified after Patton, 1966) 

2.6.5 Heuze & Barbour Analytical Model (1982) 

The three-parameter Heuze and Barbour (1982) analytical model is used to predict the effect of joint 

dilation on the behaviour of rock joints under constant normal stiffness boundary conditions. The model 

was developed to account for axisymmetric interfaces, such as those found in footing foundation designs 

and take into account dilatant effects of rock joints. Heuze and Barbour (1982) determine the peak shear 

stress (τp) through a three-parameter model, which is determined by terms A, B, and C, and normal stress 

(σn).  Equation 2-21 describes the shear stress versus normal stress relationship when the normal stress is 

greater than the normal stress beyond which no dilation occurs (σc).   

 𝜏𝜏𝑝𝑝 = 𝐴𝐴𝜎𝜎 + 𝐵𝐵𝜎𝜎2 + 𝐽𝐽𝜎𝜎3 (2-21) 
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The terms A, B, and C are defined as follows:  

 𝐴𝐴 = tan𝜙𝜙𝑝𝑝 (2-22a) 
 

 𝐵𝐵 =  
3𝐽𝐽𝑝𝑝
𝜎𝜎𝑐𝑐2

−
2(tan𝜙𝜙𝑝𝑝 − tan𝜙𝜙𝑟𝑟)

𝜎𝜎𝑐𝑐
 (2-22b) 

 

 𝐽𝐽 =  
−2𝐽𝐽𝑝𝑝
𝜎𝜎𝑐𝑐3

+
(tan𝜙𝜙𝑝𝑝 − tan𝜙𝜙𝑟𝑟)

𝜎𝜎𝑐𝑐
 (2-22c) 

In term A (Equation 2-22a), peak friction angle (ϕp) is the sum of the residual friction angle (ϕr) and the 

initial dilation angle at zero normal stress (ψ0). Term B (Equation 2-22b) is composed of two parts: the 

apparent cohesion intercept of the residual envelope (Cp) normalized with respect to the critical normal 

stress, and the difference between the tan of the peak friction angle and the residual friction angle (ϕr) 

normalized with respect to the critical normal stress (σc).  Term C (Equation 2-22c) is dependent on the 

same relationship; however, the variables have been modified to different magnitudes. The instantaneous 

dilation angle from the Heuze and Barbour model is determined through the following relationship:  

 
𝑑𝑑𝜏𝜏
𝑑𝑑𝜎𝜎

= tan(𝜙𝜙𝑟𝑟 +  𝜓𝜓) (2-23) 

Which makes ψ = tan-1 (A + 2Bσ + 3Cσ2) – ϕr.  

As the constant normal stiffness boundary condition requires incremental increases in normal 

stress as a feedback mechanism associated with dilation, Heuze and Barbour (1982) proposed the 

following model for incremental increases in normal stress:  

  Δ𝜎𝜎𝑛𝑛 = 𝑡𝑡𝑎𝑎𝑡𝑡𝛿𝛿
𝐾𝐾𝑛𝑛  ∙  𝐾𝐾𝐾𝐾𝐸𝐸𝐹𝐹𝐹𝐹
𝐾𝐾𝑛𝑛 + 𝐾𝐾𝐾𝐾𝐸𝐸𝐹𝐹𝐹𝐹

Δ𝑢𝑢 (2-24) 

In Equation 2-24 KNEFF is the global stiffness of the confining material, Kn is the normal stiffness of 

the joint, and Δu is the shear displacement along the joint.  

2.6.6 Saeb and Amadei Constitutive Model (1992) 

The Saeb and Amadei (1992) constitutive model follows on the work of Goodman (1980) and Leichnitz 

(1985) of proposing constitutive equations that account for the effect of boundary conditions (constant 
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normal load and constant normal stiffness). The Leichnitz (1985) model, however, did not take into 

account the joint surface roughness whereas the Saeb and Amadei (1992) constitutive model applies a 

simplified joint roughness by using an initial asperity angle (Thirukumaran and Indraratna, 2016).  Saeb 

and Amadei (1992) proposed a graphical method and analytical method for predicting and modelling joint 

shear behaviour.   

2.6.6.1 Saeb and Amadei Graphical Method 

The graphical method by Saeb and Amadei (1992) is an extension of the Goodman (1980) graphical 

method. The Goodman (1980) graphical method states that when a joint surface is subjected to a shear 

stress oriented parallel to the joint, the joint plane can undergo both shear (Δu) and normal displacement 

(Δv). If a normal stress is applied to the joint plane, it will result in a reduction of the initial joint aperture, 

but if a tensile force is applied, the block will eventually separate into two different blocks as the joint 

opens.  These behaviours are shown together in Figure 2-12.  Figure 2-12a shows that the behaviour of a 

joint in compression is non-linear and asymptotically tends to a maximum closure (Vmc) value that is 

related to the initial thickness of the discontinuity aperture (Goodman, 1980). Points A, B, C, and D 

shown in Figure 2-12 represent different values of the initial loading (normal) stress. At zero (0) applied 

normal stress, dilation would occur as presented in Figure 2-12b (highlighted by the red dashed line). The 

shear stress would not rise above zero (0) as there is no frictional resistance as presented in Figure 2-12c 

(highlighted by the blue dash-dot line).  As the normal stress increases, dilatancy gradually decreases as a 

result of a greater percentage of asperities becoming damaged during shearing. One of the limitations of 

the Goodman (1980) graphical method, however, is that all  curves shown in Figure 2-12 are based on 

shearing taking place under constant normal load conditions and do not represent shearing under constant 

normal stiffness boundary conditions (Thirukumaran and Indraratna, 2016). 
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Figure 2-12: Coupling of the (a) normal deformation, (b) dilatancy laws, and (c) shear deformation 

for rough joints (Modified after Goodman, 1980) 
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The graphical method shown in Figure 2-13 shows idealized joint behaviour curves as proposed 

by Goodman (1980) (solid lines – constant normal loading boundary condition) and Saeb and Amadei 

(1992) (dashed lines – constant normal stiffness boundary condition). Figure 2-13a shows an example of 

hyperbolic joint closure versus normal stress, which is similar to Figure 2-12a. Figure 2-13b presents joint 

behaviour curves in shear stress – shear displacement space at multiple normal stresses that range 

between σn = A and σn = 20A, where A in this case is an arbitrary number.  Figure 2-13c shows the 

dilatancy curves for stress paths in Figure 2-13b.  According to Saeb and Amadei (1992), the shear 

behaviour of a rock joint under any boundary condition can be determined from the response curves of 

the joint under constant normal stress conditions as shown in Figure 2-13.  The dashed lines in Figures 2-

13 a, b, and c represent the joint behaviour under constant normal stiffness conditions and Figure 2-13d 

shows the normal stress response to the applied constant stiffness. Paths ABCDE and AJKLM in Figure 

2-13 represent the two extremes of the constant normal stiffness boundary condition: where Kn = 0 

constant normal stress (dilation is unrestricted) and Kn = ∞ (dilation is fully restricted).  Path AFGHI 

(green) represents a condition where an arbitrary stiffness has been applied and path ANPQR (orange) 

represents a discontinuity in a rockmass with an increasing applied normal stiffness (Saeb and Amadei, 

1992). 

One of the limitations to the Saeb and Amadei (1992) graphical method is that a large amount of 

experimental data is needed to predict the joint behaviour under constant normal stiffness conditions.  

This graphical method also assumes that the shear behaviour is independent of the stress history 

(Thirukumaran and Indraratna, 2016).  
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Figure 2-13: Joint response curves for multiple magnitudes of normal stress, σn, ranging between A 

and 20A (Modified after Saeb and Amadei, 1992) 
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2.6.6.2 Saeb and Amadei Analytical Method (1992) 

In addition to being presented graphically, the Saeb and Amadei (1992) constitutive model can be 

expressed mathematically. Saeb and Amadei (1992) stated that the shear response of a rock joint is 

affected by its dilatant behaviour. Dilation (ψ) is described by Equation 2-25 and is a function of shear 

displacement (u) and normal stress (σn) (Saeb and Amadei, 1992).  

 𝜓𝜓 = 𝑢𝑢 �1 −
𝜎𝜎𝑛𝑛
𝜎𝜎𝑇𝑇
�
𝑘𝑘2

tan 𝑖𝑖0 +  
𝜎𝜎𝑛𝑛𝑉𝑉𝑛𝑛

𝑘𝑘𝑛𝑛𝑛𝑛𝑉𝑉𝑛𝑛 −  𝜎𝜎𝑛𝑛
 (2-25) 

In Equation 2-25, σT is a transitional stress, k2 is an empirical constant determined by lab testing with a 

value of four (4) as suggested by Ladanyi and Achambault (1969), i0 is the initial dilation angle, which is 

estimated as the average inclination of asperities in contact, Vm is the maximum joint closure, and kni is 

initial normal stiffness of the joint.  Goodman (1976) suggests that the uniaxial compressive strength of 

the intact rock can be used to estimate the transitional stress (Saeb and Amadei, 1992). In this case, the 

transitional stress is treated as an independent constant and determined through laboratory testing (Saeb 

and Amadei, 1992).  

Through differentiation and re-arrangement, an incremental formula for normal stress that relates 

normal stress to normal and shear displacements can be obtained (Equation 2-26) (Saeb and Amadei, 

1992). The two normal stiffness coefficients (knn and knt) are defined by Equations 2-27 and 2-28 

respectively (Saeb and Amadei, 1992).   

 𝜎𝜎𝑛𝑛 =  
d𝑣𝑣 − �1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2

tan 𝑖𝑖0  d𝑢𝑢

−𝑢𝑢𝑘𝑘2𝜎𝜎𝑇𝑇
 �1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2−1

tan 𝑖𝑖0 +  𝑘𝑘𝑛𝑛𝑛𝑛𝑉𝑉𝑛𝑛2
(𝑘𝑘𝑛𝑛𝑛𝑛𝑉𝑉𝑛𝑛 −  𝜎𝜎𝑛𝑛)2

=  𝑘𝑘𝑛𝑛𝑛𝑛d𝑣𝑣 + 𝑘𝑘𝑛𝑛𝑛𝑛d𝑢𝑢 (2-26) 

 

 𝑘𝑘𝑛𝑛𝑛𝑛 =
𝛿𝛿𝜎𝜎𝑛𝑛
𝛿𝛿𝜐𝜐

 =  
1

−𝑢𝑢𝑘𝑘2𝜎𝜎𝑇𝑇
 �1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2−1

tan 𝑖𝑖0 +  𝑘𝑘𝑛𝑛𝑛𝑛𝑉𝑉𝑛𝑛2
(𝑘𝑘𝑛𝑛𝑛𝑛𝑉𝑉𝑛𝑛 −  𝜎𝜎𝑛𝑛)2

 (2-27) 
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 𝑘𝑘𝑛𝑛𝑛𝑛 =
𝛿𝛿𝜎𝜎𝑛𝑛
𝛿𝛿𝑢𝑢

 =  
−�1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2

tan 𝑖𝑖0  d

−𝑢𝑢𝑘𝑘2𝜎𝜎𝑇𝑇
 �1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2−1

tan 𝑖𝑖0 +  𝑘𝑘𝑛𝑛𝑛𝑛𝑉𝑉𝑛𝑛2
(𝑘𝑘𝑛𝑛𝑛𝑛𝑉𝑉𝑛𝑛 −  𝜎𝜎𝑛𝑛)2

 (2-28) 

 

The more compact form of Equation 2-26, where knn = δσn/δν and knt = δσn/δu, was similarly used to 

describe the shear stress behavior (Equation 2-26), where ktn = δτ/δν and ktt = δτ/δu (Saeb and Amadei, 

1992). 

 d𝜏𝜏 =  𝑘𝑘𝑛𝑛𝑛𝑛d𝑣𝑣 + 𝑘𝑘𝑛𝑛𝑛𝑛d𝑢𝑢 (2-29) 

By combining Equations 2-26 and 2-29, the joint deformability can be written in the form of a 

differential equation.  The 2 x 2 matrix in Equation 2-30 is the material tangent stiffness (Saeb and 

Amadei, 1992). 

 �d𝜎𝜎𝑛𝑛
d𝜏𝜏

� = �𝑘𝑘𝑛𝑛𝑛𝑛 𝑘𝑘𝑛𝑛𝑛𝑛
𝑘𝑘𝑛𝑛𝑛𝑛 𝑘𝑘𝑛𝑛𝑛𝑛

�  �d𝑣𝑣
d𝑢𝑢 �   (2-30) 

2.6.6.3 Souley et al. Extension of the Saeb and Amadei Constitutive Model 

The Souley et al. (1995) extension to the Saeb and Amadei (1992) constitutive model takes into 

consideration joint loading and unloading in both the normal and shear directions.  In this extension, 

Souley et al. (1995) made the following assumptions:  

1. The unloading curve is hyperbolic. 

2. Maximum joint closure does not vary with the number of loading and unloading cycles. 

3. The irrecoverable normal displacement upon unloading depends on the level of normal stress 

reached in the previous loading stage.  

A graphical representation of the model with these assumptions is shown in Figure 2-14. In Figure 2-14, 

un0 is the normal closure at point σn0 and unirr is the irrecoverable (plastic) normal closure. kni (unl) is the 

initial normal stiffness for unloading and is larger than the initial normal stiffness for loading kni (Souley 

et al., 1995). 
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Figure 2-14: Normal Stress versus Normal Displacement in the Souley et al. (1995) constitutive model 

extension  

In order to better define the normal stiffness of a joint surface, Equations 2-31 and 2-32 can be 

used to replace Equations 2-27 and 2-28 (Souley et al., 1995).  

 𝑘𝑘𝑛𝑛𝑛𝑛 =  
1

−𝑢𝑢𝑘𝑘2𝜎𝜎𝑇𝑇
 �1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2−1

tan 𝑖𝑖0 +  
𝑘𝑘𝑛𝑛𝑛𝑛(𝑢𝑢𝑛𝑛𝑢𝑢)(𝑉𝑉𝑛𝑛2 + 𝑢𝑢𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟)2

�𝑘𝑘𝑛𝑛𝑛𝑛(𝑢𝑢𝑛𝑛𝑢𝑢)(𝑉𝑉𝑛𝑛 + 𝑢𝑢_𝑡𝑡𝑖𝑖𝑟𝑟𝑟𝑟) −  𝜎𝜎𝑛𝑛�
2

 
(2-31) 

 

 𝑘𝑘𝑛𝑛𝑛𝑛 =  
−�1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2

tan 𝑖𝑖0  d

−𝑢𝑢𝑘𝑘2𝜎𝜎𝑇𝑇
 �1 − 𝜎𝜎𝑛𝑛

𝜎𝜎𝑇𝑇
�
𝑘𝑘2−1

tan 𝑖𝑖0 +  
𝑘𝑘𝑛𝑛𝑛𝑛(𝑢𝑢𝑛𝑛𝑢𝑢) (𝑉𝑉𝑛𝑛 + 𝑢𝑢𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟)2

�𝑘𝑘𝑛𝑛𝑛𝑛(𝑢𝑢𝑛𝑛𝑢𝑢)(𝑉𝑉𝑛𝑛 + 𝑢𝑢𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟) −  𝜎𝜎𝑛𝑛�
2

 (2-32) 

 

2.6.7 Constitutive Models Developed at the University of Wollongong 

The development and refinement of a constitutive model for joint behaviour, specifically under constant 

normal stiffness conditions during shearing on soft rocks with and without joint infilling, has been 

ongoing at the University of Wollongong for many years (e.g. Indraratna et al., 1998; Indraratna et al., 

1999; Indraratna and Haque, 2000; Haque and Indraratna, 2000; Indraratna et al., 2005; Indraratna et al., 
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2010; Indraratna et al., 2015). In an effort to accurately model the dilation response of a discontinuity, 

Indraratna et al. (1999) proposed the use of a Fourier series equation, a mathematical expression 

consisting of a series of sine and cosine functions summed together, to model the dilation of joints with 

triangular-shaped asperities (Equation 2-33) (Indraratna et al., 1999; Haque and Indraratna, 2000; 

Thirukumaran and Indraratna, 2016).  

 (𝛿𝛿v)ℎ =  
𝑎𝑎0
2

+  ��𝑎𝑎𝑛𝑛 cos �
2𝜋𝜋𝑡𝑡ℎ
𝑇𝑇

� + 𝑏𝑏𝑛𝑛 sin �
2𝜋𝜋𝑡𝑡ℎ
𝑇𝑇

��
𝑛𝑛

𝑛𝑛=1

  (2-33) 

Equation 2-33 relates dilation (δv) during shearing (h) to the maximum shear displacement (T), and the 

harmonic numbers related to the accuracy of the fitting (n). The Fourier coefficients (an and bn) can be 

determined based on experimental data. Haque and Indraratna (2000) used the principles of energy 

balance to create a shear stress equation, coupled with the Fourier coefficients (Equation 2-34) 

(Thirukumaran and Indraratna, 2016).  

 𝜏𝜏ℎ = �𝜎𝜎𝑛𝑛0 +  
𝐾𝐾𝑛𝑛
𝐴𝐴𝑗𝑗

 �
𝑎𝑎0
2
��cos �

2𝜋𝜋𝑡𝑡ℎ
𝑇𝑇

� + 𝑏𝑏𝑛𝑛 sin �
2𝜋𝜋𝑡𝑡ℎ
𝑇𝑇

��
𝑛𝑛

𝑛𝑛=1

��  ∙  
tan𝜙𝜙𝑏𝑏 + tan 𝑖𝑖0

1 − tan𝜙𝜙𝑏𝑏 tan 𝑖𝑖ℎ
  (2-34) 

Indraratna et al. (2015) stated that the complete behaviour of the joint under constant normal 

stiffness conditions could be described as long as the dilation under constant normal stiffness conditions 

can be numerically modelled.  The proposed Equation 2-35 aims to describe the change in the rate of 

dilation (v̇) during shearing. As shown in Figure 2-15, variation in dilation rate was broken into three 

zones based upon δh / δh-peak (the ratio of shear displacement to shear displacement at peak dilation rate). 

The dilation rate is a function of c0 (the ratio of δh / δh-peak), c1 and c2 (decay constants determined through 

experimental data), and v̇peak (peak dilation rate). When 0 < δh / δh-peak ≤ c0 no dilation occurs; in the 

following stage where c0 < δh / δh-peak ≤ 1, the dilation rate increases until it reaches peak dilation rate, and 

in the final stage the dilation rate continuously decreases because of damage and deterioration of joint 

surface asperities (Thirukumaran and Indraratna, 2016).  
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 �̇�𝑣 =  

⎩
⎪
⎪
⎨

⎪
⎪
⎧ 0 if �0 <

𝛿𝛿ℎ
𝛿𝛿ℎ−peak

≤ 𝑐𝑐0�

�̇�𝑣peak  �1 −
1

(𝑐𝑐0 − 1)2  �
𝛿𝛿ℎ
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− 1�

2

�  if �𝑐𝑐0 <  
𝛿𝛿ℎ

𝛿𝛿ℎ−peak
 ≤ 1�

�̇�𝑣peak exp � − �𝑐𝑐1  �
𝛿𝛿ℎ

𝛿𝛿ℎ−peak
− 1��

𝑐𝑐2
�  if �

𝛿𝛿ℎ
𝛿𝛿ℎ−peak

> 1�

 (2-35) 

 

Figure 2-15: Proposed concept to calculate the variation of dilation rate with shear displacement as 

described by Equation 2-28 (Indraratna et al., 2015) 

Equation 2-35 in addition to the effect of asperity damage, also takes into account factors such as 

joint surface roughness (JRC), compressive strength of the joint wall (JCS), initial normal stress (σn), and 

global normal stiffness (Kn) and shearing under low or high normal stresses which is accounted for with 

the damage coefficient (M).  These governing parameters are taken into account by the term v̇peak (peak 

dilation rate), which can be calculated through Equation 2-36. The terms α, β, and λ are calculated using 

Equations 2-37, 2-38, and 2-39 (Indraratna et al., 2015). 

 �̇�𝑣peak = �
𝑑𝑑𝛿𝛿𝑣𝑣
𝑑𝑑𝛿𝛿ℎ

�
CNS,peak

= �
tan𝛽𝛽

1 − �𝐾𝐾𝑛𝑛 (−𝛼𝛼 × sec2 𝛽𝛽 +  𝜆𝜆)�
�  (2-36) 
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 𝛼𝛼 =  
𝛿𝛿ℎ−𝑝𝑝𝑟𝑟𝑛𝑛𝑘𝑘 × 𝐽𝐽𝐽𝐽𝐽𝐽 × 𝜋𝜋

𝑀𝑀 × ln10 × 𝜎𝜎𝑛𝑛0 × 180
  (2-37) 

 

 𝛽𝛽 =  
1
𝑀𝑀

 × 𝐽𝐽𝐽𝐽𝐽𝐽 × log10 �
𝐽𝐽𝐽𝐽𝐽𝐽
𝜎𝜎𝑛𝑛0

�  (2-38) 

 

 𝜆𝜆 =
𝑘𝑘𝑛𝑛𝑛𝑛 × 𝑉𝑉𝑛𝑛2

(𝑘𝑘𝑛𝑛𝑛𝑛 × 𝑉𝑉𝑛𝑛 + 𝜎𝜎𝑛𝑛0)2 
  (2-39) 

 

One of the limitations of the proposed Indraratna et al. (2015) model is that it is only validated for 

soft rock and further validation of applicability with regards to harder and stiffer rock types is required 

(Indraratna et al., 2015). 

2.7 Discontinuum Numerical Modelling 

Numerical methods can be classified into two main categories: continuum and discontinuum.  Continuum 

approaches are suited to represent geological systems where the rockmass can be considered 

homogeneous and the behaviour of individual discontinuities does not govern the behaviour of the overall 

system.  On the other hand, discontinuum techniques are better suited for the assessment of systems 

where the rockmass contains a network of discontinuities, but cannot be considered a homogenous mass, 

and the behaviour of fractures and discontinuities governs the response of the system. Failure in 

continuum models is captured by constitutive models based on the principles of elasto-plastic theory 

(Necas and Hlavacek, 1981). In this case the size of the failure zone depends on and is sensitive to mesh 

density, which is in contrast to discontinuum models where the size of failures and shear bands can be 

automatically incorporated (Jing, 2003; Bobet et al., 2009).  The numerical modelling conducted for this 

research has been completed using the discontinuum code UDEC by Itasca Consulting Group (Itasca, 

2017). 
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The distinct element method (DEM) is a Lagrangian based discontinuum-modelling numerical 

method that simulates the response of discontinuous media (ex. jointed rockmasses) under static or 

dynamic loading (Jing, 2003). Blocks of intact rock bounded by discontinuities are treated as discrete 

blocks while discontinuities are treated as boundary conditions between blocks.  DEM allows finite 

displacements, rotation, and detachment of individual blocks to occur, and automatically recognizes new 

contact between bodies during calculations, which is impossible in the Finite Difference Method (FDM), 

Finite Element Method (FEM) and Boundary Element Method (BEM) codes (Jing, 2003; Bobet et al., 

2009). 

DEM models divide the medium into a finite number of blocks using discontinuities, as shown in 

Figure 2-16 (Bobet et al., 2009).  The block generation process identifies all the relationships between 

vertices (corners), edges and faces (Jing, 2003). 
 

 

Figure 2-16: Discontinuum model: Ideal DEM discretization of a medium with two sets of 

discontinuities (Bobet et al., 2009) 

Interaction between contacts and the determination of the contact type is completed by the 

contact-detection algorithm (Itasca, 2017).  The model and code set the smallest distance between two 

blocks. When this distance is within the value specified for contact, a potential contact is numerically 

established (Jing, 2003). 
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Interaction between two blocks is governed through the normal stiffness and the shear stiffness 

and friction angle in the tangential direction, the resulting interaction forces depend on the constitutive 

model of the contacts.  These properties are represented by a spring (stiffness) and a spring-slip (stiffness 

and friction angle) as shown in Figure 2-17a. Forces that develop at the contact point are determined as 

linear or non-linear functions of the deformation of the “springs” and “slip surfaces”, and are resolved 

into normal and tangential components (Jing, 2003). 

 

Figure 2-17: Mechanical representation of contacts in the 2-D DEM; (a) Interaction is 

characterized by a stiffness (spring) and slider (friction) (b) edge to face contact overlap, due to the 

resulting forces the block will rotate (c) vertex to edge contact overlap  (d) face to face contact 

(Cundall, 1988; Jing, 2003) 

The deformability of contacts in DEM codes is represented through interpenetration of rock 

blocks; this is known as the soft contact model.  The soft object model allows the interpenetration of 

objects, which is interpreted physically as local elasto-plastic deformation (Jing, 2003; Bobet et al., 2009). 

The shortcoming with the soft-contact model is noted when the normal forces or stresses at the contact 

points are large and the interpenetration becomes too great to be acceptable (Jing, 2003). 

Calculations are performed in a step-wise manner using computation time steps where the 

solution is fully solved by the end of each time step.  On each time step, the contact force or stresses on 

the block boundary or in the internal elements (unknown variables) are determined locally from known 



61 

 

variables on the boundaries and in the elements of their immediate neighbors (Jing, 2003; Bobet et al., 

2009). In each time step, the kinematic quantities (velocities, displacements and accelerations) are first 

calculated through the law of motion (Jing, 2003; Bobet et al., 2009).  Following the updating of 

kinematic quantities, the constitutive relationships are implemented to provide the corresponding forces 

and stresses.  The cycle of updating relative displacements and contact forces to compute new resultant 

forces and moments at the center of gravity for each block is repeated until the final solution to the system 

has been obtained, as shown in Figure 2-18 (Jing, 2003; Bobet et al., 2009).  

 

Figure 2-18: Calculation cycles in the distinct element method (Jing, 2003) 
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2.7.1  Laboratory Scale Numerical Modelling  

Numerical modelling studies are important tools in the engineering design process. Laboratory scale 

models have been used to determine the capabilities of conventional constitutive models to simulate 

cyclic shear behaviour (Mirzaghorbanali and Nemcik, 2013); analyzing the way the UDEC code 

simulates joint behaviour under constant normal stiffness conditions (Haque and Indraratna, 2000); 

confirm the validity of new constitutive models to predict joint behaviour (Souley et al., 1995); evaluate 

the rotational behaviour of the laboratory specimen (Dang et al., 2016); and investigate the influence of 

test equipment on laboratory results (Dang et al., 2017).  

Indraratna and Haque (2000) and Haque and Indraratna (2000) have used the UDEC program to 

simulate the constant normal stiffness boundary condition in laboratory scale experiments as shown in        

Figure 2-19. The constant normal load direct shear laboratory test is modelled using a similar setup as that 

shown in Figure 2-19.  One change is that the top block (Block A, Figure 2-19) is deleted and the top 

boundary along the y-direction (vertical) is left unbound.  This unbound condition allows dilation to occur 

under Kn = 0 kN/mm conditions.  

 

Figure 2-19: Conceptual model for laboratory CNS shear behaviour (Haque and Indraratna, 2000; 

Indraratna and Haque, 2000) 
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In UDEC, when modelling the constant normal boundary condition, the top block (A),        

Figure 2-19, is used to simulate the spring / servo-controlled actuator.  Material property inputs are 

chosen in order to explicitly model the spring system.  The specimen (blocks B and C) are discretized 

according to specimen size and are assigned material properties of the specimen being modelled. In the 

numerical models produced by Haque and Indraratna (2000) and Indraratna and Haque (2000), the 

triangular shaped discontinuity was input by “crack commands” and subsequently the joint material 

properties were assigned through subroutines. The numerical model was programed to apply the initial 

normal stress (σn) and allow the model to reach equilibrium prior to applying the shear force.  A 

horizontal velocity was then applied to Block C, matching the shearing rate applied in the laboratory 

experiment.  The average normal and shear stresses are applied to the joint using a FISH function, as are 

the associated dilation and shear displacements.   

Laboratory scale numerical modelling programs, such as the one completed by Haque and 

Indraratna (2000) to match and calibrate the numerical output to the physical data is just one part of the 

feasibility design stages that occur prior to construction.  These results can then be used to estimate the 

rockmass behaviour at excavation scale.  

2.7.2 Modelling CNL vs CNS Boundary Conditions 

In the study completed by Haque and Indraratna (2000) and Indraratna and Haque (2000), a “Type I” joint 

(triangular asperities with angles of inclination of 9.5°) was modelled under constant normal load and 

constant normal stiffness boundary conditions using the continuously yielding constitutive model. The 

authors noted that UDEC results generally agree with the laboratory data for the constant normal load 

boundary condition (Figure 2-20).  
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Figure 2-20: UDEC prediction and laboratory shear behaviour of Type I joints under CNL 

boundary conditions (Haque and Indraratna, 2000). 

 

For the constant normal stiffness boundary condition, the UDEC program overestimates joint 

dilation and the resulting normal stress.  Additionally, in numerical models, the peak shear stress occurred 

at a greater shear displacement when compared to laboratory data (Figure 2-21) (Haque and Indraratna, 

2000; Indraratna and Haque, 2000). 
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Figure 2-21: UDEC prediction and observed shear stress responses for Type I joints under CNS 

boundary conditions (Haque and Indraratna, 2000) 

2.7.3 Comparing Predicted Results Between Constitutive Models 

In a study by Mirzaghorbanali and Nemcik (2013), the Mohr-Coulomb and Continuously Yielding 

models were used to simulate the cyclic shear behaviour of rock joints under constant normal stiffness 

conditions.  The authors investigated the capabilities of both constitutive models and found that the 

capability of the models simulating the cyclic shear behaviour depended on the governing shearing 

mechanism.   

In cases where the sliding mechanism was observed in low levels of applied stress and asperity 

angle, the Mohr-Coulomb model could simulate different frictional resistance for forward and backward 

shearing and recovery of dilation behaviour upon load reversal.  This is in contrast with the Continuously 
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Yielding model, as it could not represent the observed laboratory behaviour (Mirzaghorbanali and 

Nemcik, 2013). 

For the asperity breaking mechanism, the Mohr-Coulomb model excludes asperity damage on 

shear resistance and dilation angle, whereas the Continuously Yielding model considers progressive 

damage of asperities upon plastic shear displacement and therefore is a better representation of observed 

laboratory behaviour (Mirzaghorbanali and Nemcik, 2013). 

In an effort to compare the available UDEC constitutive models (Continuously Yielding and 

Barton-Bandis) to the constitutive models developed at the University of Wollongong, Oliveira and 

Indraratna (2010) completed a study simulating laboratory scale shear testing in UDEC on clean and 

infilled joints. In this study, all three models predicted the shear-displacement and normal displacement 

behaviour with reasonable accuracy as shown in Figure 2-22.  

 

Figure 2-22: Predictions for a clean joint in direct shear under constant normal stress conditions, 

where σn = 75 kPa (Oliveira and Indraratna, 2010) 
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Chapter 3 

Mineralogical Assessment and Sample Selection from drill core of the Pointe 

Du Bois Pluton Granites and Gneisses 

3.1 Introduction 

In order to obtain all the required intact and discontinuity geomechanical properties for numerical 

modelling and understand the geological materials, specimens from drill core were selected and prepared.  

Polished thin sections, discontinuities, and intact material were prepared for a mineralogical assessment, 

direct shear testing program and indirect tensile strength and unconfined compressive strength testing 

programs. The mineralogical assessment for each lithological unit consists of polished thin section 

macroscopy and X-Ray diffraction analysis, which are presented in this chapter.   

In addition to the sample preparation and selection protocols, included in this chapter is research 

that consists of sample packaging and transport in order to minimize sample damage, joint roughness 

assessments of fractures prior to laboratory testing, and a mineralogical assessment of the geological 

materials.  

 Geological materials used in this study are crystalline rocks from the Pointe Du Bois Generating 

Station that is situated on the Pointe Du Bois Pluton, which includes gneissic tonalite, pink granite 

(injection), and leucogranite (injection) (Manitoba Hydro, 2012b).  This material is being used as an 

analogue for other crystalline materials associated with the Canadian Shield where sites are being 

investigated for the suitability to host a deep geological repository for long-term nuclear waste storage 

(Hirschorn et al., 2017).  

3.2 Source of Rock Samples  

The crystalline rockmass material used in this testing program was obtained from drill core of bedrock 

from Manitoba Hydro’s Pointe Du Bois Generating Station.  The Pointe Du Bois Generating Station is 
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located on the Winnipeg River in the Village of Pointe Du Bois, Manitoba approximately 120 km east 

north-east of the City of Winnipeg, Manitoba, Canada (Figure 3-1a).   

 The Pointe Du Bois Generating Station is geologically situated on the Pointe Du Bois Batholith 

of the Winnipeg River domain within the Archean Superior Province of the Precambrian Shield 

(Figure 3-1b).  The Winnipeg River Terrane, also known as the Winnipeg River Plutonic Complex is 

composed of the Lac du Bonnet Batholith, Pointe Du Bois Batholith, Rennie River Plutonic Suite and the 

Big Whiteshell Lake Pluton (Yang, 2014).  The Winnipeg River Terrane contains granitic plutons that 

consist of tonalite, trondhjemite, and granodiorite rocks (TTG suites) such as the Pointe Du Bois Pluton 

(Yang, 2014). Metamorphic grades in the Winnipeg River Terrane range from upper amphibolite to 

granulite facies (Tomlinson et al., 2003).   Approximately 90% of the continental crust generated between 

4.0 and 2.5 Ga belongs to TTG suites.  During the Archean, the typical TTG suites are composed of 

equigranular quarts, plagioclase, and biotite bearing plutonic rocks (Martin et al., 2005). TTGs are 

typically silica rich and it has been hypothesized that TTGs are formed by partial melting of hydrated 

basaltic crusts (Martin et al., 2005). Rocks of the Winnipeg River Terrane have experienced high-grade 

metamorphism and underwent extensive to complete differential melting at a deep crustal level.  These 

conditions have resulted in rocks being mostly composed of dioritoid and granitoid gneisses and intrusive 

rocks derived from these gneisses (Yang, 2014). 

 The Pointe du Bois Batholith typically consists of gneissic tonalite, granodiorite, and granite.  

Equigranular pinkish-grey granite and greyish-white leucogranite cross cut the gneissic tonalite of the 

Pointe du Bois Pluton.  The gneissic tonalite is medium grained, consists of biotite-rich layers alternating 

with felsic layers which range from several to tens of centimeters in thickness. (Yang, 2014). 
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Figure 3-1: The Pointe Du Bois Generating Station in Pointe Du Bois Manitoba is the source 

location of samples for this testing program; a) geographical site context (MCWS, 2016a; MCWS, 

2016b; MCWS, 2016c) b) geological map of the area surrounding Pointe Du Bois, Manitoba (MEM, 

1987; MMR, 2013; MCWS, 2016a; MCWS, 2016b) 

3.2.1 Sample Shipping and Core Logging 

Cylindrical drill core samples of granites and gneisses from the Pointe Du Bois batholith were used for 

this testing program.  NQ (47.6 mm diameter) and NQ3 (45 mm diameter) core were drilled as part of 

various engineering projects at the Pointe Du Bois Generating Station in 2002, 2009, and 2011 and stored 

by Manitoba Hydro in Winnipeg, Manitoba (Manitoba Hydro, 2008; Manitoba Hydro 2012a; Manitoba 

2012b). Prior to shipping the rock core to Kingston, Ontario for testing in the Advanced Geomechanics 

Testing Laboratory at Queen’s University, a preliminary assessment of the rock joints was completed to 

determine their condition and suitability for direct shear testing. Fractures that were deemed suitable for 
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the direct shear testing program did not show signs of being ground by drilling, able to be fully mated, 

and were not fractured at the drill core edge. In order to retain the integrity of the joints identified as 

suitable testing candidates, foam packing was placed between the two core pieces as shown in Figure 3-2. 

Once the rock joints were protected, additional foam packing was used to line the box as a way to protect 

the intact core pieces from damage and prevent movement of the core during transport.  As an added 

measure of protection, the core box lids were fastened to the bottom core box using screws to ensure a 

tight seal.    

 

Figure 3-2: Example of the Pointe Du Bois granite drill core, showing the packing foam protection 

between joints used for transport from Manitoba Hydro’s Storage Facility (Winnipeg, Manitoba) to 

the Queen’s University Advanced Geomechanics Testing Laboratory (Kingston, Ontario) 

 Upon arrival at Queen’s University, the core boxes were formally geologically and geotechnically 

logged; detailed geological logs and geotechnical fracture logs are attached in Appendix A, a list of drill 

holes is presented in Table 3-1.  Geological data recorded includes lithology, which is classified using the 

IUGS classification of igneous rocks (Le Bas and Streckeisen, 1991) and colour.  Rockmass geotechnical 
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data recorded includes Rock Quality Designation (RQD) (Deere et al., 1966), recovery length, and 

number of fractures.  In the detailed fracture logs, joint data recorded includes the angle with respect to 

core axis, texture, shape, condition, tightness, weathering and the identification of any weathering, 

fillings, or coatings.  

Table 3-1: List of drill holes used in this study. 

Drill Hole Name Year Drilled Total Length 
(m) Additional Comments 

PDB-BR3-BH1 2009 20.02 Box containing drill core from 8.64 – 
12.85 m below surface was not shipped 

PDB-BR3-BH2 2009 15.24  

PDB-BR3-BH3 2009 15.37  

PDB-2011-PB11-01 2011 N/A Only select samples were shipped to 
Kingston, ON for testing 

PDB-2002-TH1 2002 N/A Only select samples were shipped to 
Kingston, ON for testing 

PDB-2002-TH2 2002 N/A Only select samples were shipped to 
Kingston, ON for testing 

PDB-2002-TH3 2002 N/A Only select samples were shipped to 
Kingston, ON for testing 

 

 The geological material from core holes at Pointe Du Bois (Figure 3-3a) can be separated into 

three distinct rock types: gneissic tonalite (Figure 3-3b), pink granite (Figure 3-3c), and leucogranite 

(Figure 3-3d). The gneissic tonalite is black with white banding, fine to medium grained, and unfoliated 

to weakly foliated.  Both the pink granite and leucogranite are classified as injections into the gneissic 

tonalite due to the orientation of contacts and lack of foliation.  The pink granite is pink, fine grained to 

pegmatitic, unfoliated, and has competent contacts with the gneissic tonalite.  The leucogranite is greyish-

white, medium to coarse grained, unfoliated, and has competent contacts with the gneissic tonalite.  
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During detailed geotechnical logging, machine breaks and natural joints were distinguished based 

on the characteristics of the fracture surface.  Machine breaks were typically rough, with irregular 

profiles, and fresh fracture faces, while natural fractures were typically semi-rough to rough, with sub-

planar to irregular profiles, and had trace mineral coatings of calcite or iron oxide.   

 

Figure 3-3: Examples of Pointe Du Bois geological material; a) core from borehole PDB-BR3-BH3 

that contains all three identified lithologies; b) example of mafic layer of gneissic tonalite; c) 

example of pink granite injection; d) example of leucogranite injection   
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3.3 Mineralogy of Granites and Gneisses of the Pointe Du Bois Pluton 

The gneisses and granites from Pointe Du Bois, Manitoba that were used for this laboratory testing 

program are analogues for crystalline materials of the Canadian Shield, which are of interest to the 

Nuclear Waste Management Organization for siting deep geological repositories.  As a means to 

understand the properties of geological units for geomechanical numerical modelling purposes, it is 

important to analyze the varying lithologies at the microscopic scale in order to estimate the influence of 

mineralogy on macroscopic rockmass behaviour.  Petrographic analysis of the Point du Bois gneisses and 

granites was conducted on seven (7) polished thin sections. Additional crystallographic mineral 

identification was performed using X-Ray Diffraction (XRD) of powdered rock samples from the offcuts 

of the polished thin sections.  The samples used for petrographic and mineralogical analyses were selected 

from representative examples of each lithological unit from boreholes PDB-BR3-BH1, PDB-BR3-BH2, 

and PDB-BR3-BH3.   

3.3.1 Petrographic Analysis using Polished Thin Sections  

Seven (7) polished thin sections of the Pointe Du Bois gneisses and granites (Samples G1, G2, L1, L2, 

T1, T2, and T3) were cut in order to characterize the mineralogical composition and structure of the 

various rock units using microscopic petrography.  The dimensions of each thin section are approximately 

20 mm wide and 30 mm long.   

 The modal mineralogies, based on estimated area percentage, are listed in Table 3-2.  All polished 

thin sections were analyzed using a transmitted light microscope; identification of opaque minerals is 

based on field observations and petrographic analysis published by Yang (2014).  
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Table 3-2: Modal mineralogy determined by petrographic thin section analysis of Pointe Du Bois 

gneissic tonalite, pink granite, and leucogranite samples 

Tonalite Gneiss  
(Mafic Member)               

Samples (T1, T2, & T3) 

Pink Granite (Injection)   
Samples (G1 & G2) 

Leucogranite (Injection) 
Samples (L1 & L2) 

Mineral Name Area % Mineral Name Area % Mineral Name Area % 

Quartz 22-33 Quartz 36 Quartz 34 

Plagioclase 
Feldspar 22-30 Plagioclase 

Feldspar 27 Plagioclase 
Feldspar 30 

Alkali 
Feldspar 3-5 Alkali 

Feldspar 27 Alkali 
Feldspar 21 

Hornblende 25-40 Hornblende 5 Hornblende 8 

Biotite 8-10 Biotite 1 Biotite 2 

Magnetite 
(Opaques) 1 Magnetite 

(Opaques) 2 Magnetite 
(Opaques) 3 

Zircon 1 Zircon 1 Zircon 1 

Rutile 0 Rutile 0 Rutile 1 

Inspection of the polished thin sections showed the mineral geometry and distribution, and 

foliation.  Figure 3-4 shows various thin section photographs of the tonalite gneiss (mafic member) under 

plane polarized light and cross-polarized light. In the analyzed thin sections, the mineral grains vary in 

diameter from 0.3 mm – 1 mm.  Figure 3-4a and c show the variation in hornblende percentage from 25% 

- 40%; the hornblende crystal behaviour shows a weak alignment that defines the weak foliation exhibited 

in hand sample.  Figure 3-4c and d show the same thin section under plane polarized light and cross-

polarized light, respectively, highlighting the contact quality between the felsic and mafic members of the 

tonalite.  The hornblende within the felsic member appears to be the same as the hornblende in the 

tonalite leading to the hypothesis that the felsic member of the tonalite crystallized at relatively the same 

time as the mafic member of the tonalite.  
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Microscopy photographs of the pink granite (injection) and leucogranite (injection) are shown in 

Figure 3-5 and Figure 3-6, respectively.  Minerals within the pink granite and leucogranite injections are 

relatively similar in diameter ranging from 0.2 mm to 2 mm. Petrographic analysis revealed no apparent 

foliation in either of the units, leading to the conclusion that both units are massive and show a degree of 

homogeneity.  

These rock units have undergone high metamorphism and differential melting as shown by 

intergranular recrystallization in thin section.  The gneissic tonalite shows weak foliation in thin section 

and hand sample due to the alignment of the hornblende minerals in thin section and weak expression in 

hand sample.  In the quartz crystals from all rock units, there is no evidence of mineral strain as no grain 

boundary migration, subgrain rotation, or bulging is evident.  
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Figure 3-4: Microscopy images of gneissic tonalite thin sections from the Pointe Du Bois Generating 

Station. Qz – Quartz, Pl – Plagioclase Feldspar, Hbl – Hornblende, Bt – Biotite 
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Figure 3-5: Microscopy images of pink granite (injection) thin sections from the Pointe Du Bois 

Generating Station Qz – Quartz, Pl – Plagioclase Feldspar, Afs – Alkali Feldspar, 

Hbl – Hornblende, Bt – Biotite 
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Figure 3-6: Microscopy images of Leucogranite (injection) thin sections from the Pointe Du Bois 

Generating Station. Qz – Quartz, Pl – Plagioclase Feldspar, Afs – Alkali Feldspar, 

Hbl – Hornblende, Bt – Biotite 
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3.3.2 X-Ray Diffraction (XRD) 

X-ray Diffraction (XRD) is a tool for identifying the mineralogy of powdered crystalline materials.  Rock 

samples are crushed to create a homogenous powder sample by promoting random arrangements and 

orientations of particles on the measured surface.  The reflection of X-Rays by minerals is controlled by 

multiple factors including mineral crystal structure and orientation of reflecting planes.  Crystal structure 

arrangement will produce constructive interference from incident X-Rays at specific angles that are 

controlled by the wavelength of the radiation, diffraction angle, and lattice spacing of the crystalline 

material (Bragg’s Law) (Bragg and Bragg, 1915).  Each mineral has a characteristic response when 

analyzed using the X-Ray Diffraction technique since the crystal structure and atomic makeup of crystals 

affect the intensity of reflected X-Rays with respect to the measurement orientation. As each mineral is 

unique, a library of standard reference patterns has been created, allowing mineral constituents of material 

to be identified by comparing resultant peaks from laboratory testing (Parrish and Langford, 2006).  

 The X-Ray Diffraction analysis was completed using a Phillips Panalytical X’pert Pro Multi-

purpose Diffractometer with an X’celerator detector.  All of the samples were analyzed from 3-100 2θ 

using Co radiation (λ = 1.789Å) for 90 s/step, and the results were analyzed using the Panalytical 

Highscore Pro 4.0 software using the ICDD 2015 PDF 2 database. The XRD analysis was conducted on 

material that remained after the polished thin sections were created to complement the visual thin section 

analysis; results are presented in Appendix B.  Results from gneissic tonalite samples T-1, T-2, and T-3 

show predominant peaks associated with quartz (SiO2), albite (NaAlSi3O8), phlogopite 

(KMg3AlSi3O10(OH)2) and iron rich magnesiohornblende (Ca2[(Mg,Fe+2)4Al]Si7AlO22(OH)2).  XRD 

results from pink granite samples G-1 and G-2 show predominant peaks associated with quartz (SiO2), 

albite (NaAlSi3O8), microcline (KAlSi3O8) phlogopite (KMg3AlSi3O10(OH)2) and nimite (Ni, Mg, 

Fe+2)6(Si, Al)4O10(OH)8). Results from the leucogranite samples L-1 and L-2 show predominant peaks 

associated with quartz (SiO2), albite (NaAlSi3O8) and annite (KFe3AlSi3O10(OH)2). XRD testing results 

for these samples are normal for plutonic igneous rocks in the Winnipeg River Terrane (Yang, 2014) with 
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high counts associated with quartz, potassium feldspar (microcline), plagioclase feldspar (albite), 

hornblende (magnesiohornblende), biotite (phlogopite and annite) and chlorite (nimite).  

   In the case of the Pointe Du Bois Pluton, the tonalite formation would be attributed to partial 

melting of amphibolite and the presence of granodiorite and granite in the pluton indicates melting of 

more evolved felsic crusts such as tonalite (Tomlinson et al., 2005). The presence of phlogopite in the 

tonalite indicates there was an interaction of a sodium rich melt with the country rock (Scaillet and 

Prouteau, 1993).   

3.4 Direct Shear Testing Laboratory Procedure 

Natural fractures and machine breaks identified in NQ (47.6 mm diameter) and NQ3 (45 mm diameter) 

sized cylindrical diamond drill core of granites and gneisses from the Pointe Du Bois Generating Station 

were used in this direct shear testing program.  HQ (63.5 mm diameter) sized core was considered as an 

addition to the program partway through testing of the NQ (47.6 mm diameter) sized core; however, 

further inspection of the HQ core at Manitoba Hydro’s storage facility revealed an insufficient amount of 

fractures in the core to conduct a comprehensive suite of tests.  

 The laboratory direct shear tests were performed with the GCTS RDS-200 Servo-Controlled 

Rock Direct Shear System in the Queen’s University Advanced Geomechanics Testing Laboratory 

(Figure 3-7).  This GCTS Direct Shear System features electro-hydraulic closed-loop digital servo control 

of the shear and normal loads for test automation.  The system is composed of:  

• GCTS DSH-150 direct shear apparatus with a double acting +/- 100 kN capacity shear load 

actuator with 25 mm stroke and single acting 50 kN capacity normal load actuator with 25 mm 

stroke 

• RDS-SERVOPAC hydraulic servo control package 

• SCON-1500 microprocessor based digital servo controller and acquisition system 



87 

 

• DSH-330-150 sample specimen rings: each ring is 150 mm (6 inches) inside diameter, 178 (7 

inches) outside diameter and 76 mm (3 inches) high.  A pair of rings is required for a test (Figure 

3-8).  

• RDS-GROUT quick set, non-shrinking grouting to affix the rock sample inside the shear box 

• Computer with GCTS controlling software 

 

Figure 3-7: Direct shear setup in the Queen's University Advanced Geomechanics Testing 

Laboratory using the GCTS RDS-200 Servo-Controlled Rock Direct Shear System (A) GCTS DSH-

150 direct shear apparatus (B) RDS-SERVOPAC hydraulic servo control package (C) SCON-1500 

microprocessor based digital servo controller and acquisition system and Computer with GCTS 

controlling software 
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Figure 3-8: Dimensions of shear rings and sample mounting; all dimensions are in millimeters 

3.4.1 Sample Selection  

The sample selection process for this test program is based on protocols as detailed by Day et al. (2017). 

During core logging, specimens were highlighted for direct shear testing based on the geometry of the 

fracture profile. Each fracture was required to have a surface roughness amplitude measuring less than 6 

mm, be able to be fully mated, and be free of healed fractures or pre-determined planes of weakness that 

may influence the shear behaviour of the fracture during testing.  

 Samples that met the above criteria were scanned to photographically capture the cylindrical 

surface using a cylindrical scanner, which records an unrolled image of the surface.  The scanner was 

created for previous studies performed in the Queen’s University Advanced Geomechanics Testing 

Laboratory by Wesley Dossett (NSERC USRA), shown in Figure 3-9. An example of an unrolled scanned 

image of drill core is shown in Figure 3-10a.  The image of the fracture is then loaded into RS2 v. 9.016 

software (RocScience, 2016) and manually traced using a polyline (green) with x-y coordinates 

corresponding to the vertices (white dots).  The list of x-y coordinates are exported to a graphing and 

function fitting software where a sinusoidal curve fit is generated and semi-automatically iterated to 

obtain minimized residual values (Figure 3-10b).  In cases where the fracture is sub-perpendicular or 
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perpendicular to the core axis and has a relatively low amplitude, automatic iteration results occasionally 

produced more than one period.  This was manually corrected by adjusting the initial fit parameters to 

result in a best fit to a single period around the circumference of the sample.  The sinusoidal curve 

represents a best-fit plane through the sample when printed to scale and wrapped around the specimen.  

These sinusoidal curves and resulting planar fits were used to determine the bounding elliptical planes of 

the 10 mm thick target shear zone (Day et al., 2017).   

 

Figure 3-9: Cylindrical core scanner used to photographically the circumferential surface of a 

specimen (designed by Wesley Dossett, NSERC USRA) (Day et al., 2017) 

 

Figure 3-10: (a) Original photographic scan of circumferential core surface with the selection of the 

fracture surface (green); (b) sinusoidal curve fit of target shear plane 
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3.4.2 Digital Preservation 

An important part of the sample preparation of direct shear tests is the digital preservation of the shear 

surfaces. By recording the 3D surface photographically, the surface can be used in future research for 

testing 3D printed samples (Woodman et al., 2017) or can be used to manipulate the numerical mesh so 

the joint topography is duplicated in numerical simulation (Nguyen et al., 2014).  For this study, 

photography with a DSLR camera was used to record the sample surface.  The creation of 3D 

photogrammetry models of a fracture surface requires sixteen (16) photographs taken at equal azimuth 

angles around the sample. This was completed by using a stationary tripod camera mount and a turntable 

for the sample.  Photos for photogrammetry were taken for each sample before testing (outside the grout) 

and after testing (inside the grout). Photogrammetry models for the samples from this testing program 

were created by Rudderham (2018), and an example photogrammetry model is shown in Figure 3-11.  

Overhead photographs of each sample were also taken immediately after the test for a photographic 

record.  Sample photographs were taken with a Canon EOS 70D DSLR camera that was fitted with a 

compact-macro EF 50 mm prime lens.  Photographs of each direct shear test sample are shown in 

Appendix C.  

 

Figure 3-11: Photogrammetry model of the bottom half of a direct shear sample prior to shear 

testing; photogrammetry models were created by Rudderham (2018) using the Photoscan software 

package (AgiSoft, 2018) 
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3.4.3 Fracture Joint Roughness Coefficient Estimates from Photogrammetry Models  

The joint roughness coefficient (JRC) of select specimens was estimatedby taking a cross-section from 

the 3D photogrammetry models of each specimen in the direction of shear.  The extracted cross-section 

were compared to standard JRC profiles published by Barton and Choubey (1977), Figure 3-12.  The JRC 

estimates from the photogrammetry model cross-sections are listed in Table 3-3 and shown in Figure 3-

13.    

Table 3-3: List of samples with the JRC estimated from photogrammetry models and JRC values 

from cylindrical core scans 

Sample Name JRC Estimated from 
Photogrammetry 

Max Asperity Height (mm) 
from Photogrammetry 

GI-BH1-R1-NQ-F-IJ 5 3.3 
GI-BH1-R10-NQ-F-AB 6 3.2 
GI-BH2-R4-NQ-F-AB 6 2.5 
TG-BH3-R9-NQ-F-CD 6 2.1 
TG-BH3-R3-NQ-F-CD 7 1.9 
GI-BH3-R6-NQ-F-FG 7 2.2 
TG-BH3-R9-NQ-F-DE 8 2.5 
TG-BH3-R8-NQ-F-BC 8 2.9 
TG-BH3-R4-NQ-F-DE 8 3.1 
GI-BH1-R10-NQ-F-EF 8 3.3 
GI-BH3-R5-NQ-F-FG 8 3.6 
TG-TH3-R8-NQ-F-BC 8 3.6 

TG-BH3-R12-NQ-F-AB 8 2.9 
TG-BH3-R9-NQ-F-GH 8 2.5 
GI-BH3-R10-NQ-F-DE 10 3.6 
GI-BH3-R11-NQ-F-BC 10 3.8 
GI-BH1-R1-NQ-F-BC 11 4.9 

GI-BH1-R11-NQ-MB-AB 13 2.8 
GI-BH3-R11-NQ-F-AB 14 4.7 
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Figure 3-12: Standard JRC Profiles published by Barton and Choubey (1977). 
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Figure 3-13: JRC estimates from photogrammetry models. 

3.4.4 Sample Preparation 

Direct shear sample preparation procedures are based on new direct shear testing protocols detailed by 

Day et al. (2017).  

 The sinusoidal curves that represent the best-fit plane through the sample were printed out to 

scale and wrapped around the sample in order to be traced onto the specimen.  The sinusoidal curves and 

resulting best-fit plane were used to determine the bounding elliptical planes of the 10 mm thick target 

shear zone and cutting planes for the minimum height of the sample. Once cutting planes were transferred 

to the core surface, diamond saws were used to cut the samples.  During cutting, water was used to 
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maintain a cool cutting surface and minimize airborne dust particles from the rock.  For core pieces longer 

than 30 mm, saw cuts were made between 25 mm – 30 mm away from the target shear surface.    

 In order to set the specimen in the shear ring, a non-shrinking, non-bleed, bolt anchor cement 

grout was used for all tests.  In the laboratory, the dry grout mixture is hand mixed into water at a 3:1 

cement to water ratio by weight immediately before pouring into the prepared shear ring.  As illustrated in 

Figure 3-8, the bottom and top halves of each sample are encased in grout and a steel sample ring.  The 

two sample rings are separated by a 10 mm thick layer of plasticine that is manually molded into place 

around the rock sample.  Plasticine is used to separate the two halves of the sample and grout since the 

plasticine has a significantly lower stiffness and strength than that of the rock sample; therefore, the 

influence on the test results is deemed negligible.   As the test set up presented in Figure 3-8 only allows 

for a 10 mm shear zone, one of the limitations of the test is that the target shear plane must a have 

maximum undulation amplitudes of less than 10 mm.  Internal laboratory procedures further limit the 

undulation amplitudes to be less than 6 mm in order to minimize the risk of new shear planes developing 

through the sample outside of the plasticine area (into the grout), by having a 2 mm clearance between the 

pre-existing fracture plane and surface of the grout on each side.  

 Once the grout has cured for 18-24 hours, the prepared specimen is placed in the direct shear 

machine.  During the sample preparation, a small gap is left between the top of the grout and the top of 

the steel ring. Immediately prior to placing the cap on the specimen, a layer of angular construction sand 

is used to create a full and smooth contact surface.  The cap that covers the specimen during the 

laboratory test is designed to couple to the normal and shear actuators.   

3.5 Indirect Brazilian Tensile Strength and Unconfined Compressive Strength Testing 

Laboratory Procedures  

The laboratory Indirect Brazilian Tensile Strength (BTS) and Unconfined Compressive Strength (UCS) 

testing program of the Pointe Du Bois granites and gneisses was completed on NQ (47.6 mm diameter) 

sized diamond drill core.  BTS and UCS testing was completed to supplement the direct shear testing 
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program and mineralogy analysis as methods to characterize geomechanical properties of the intact rock.  

BTS testing was used to estimate the tensile strength of the different lithologies and UCS testing was used 

to estimate the Young’s Modulus, Poisson’s Ratio, Crack Initiation threshold (CI) and Crack Damage 

threshold (CD) and peak compressive strength. All UCS and BTS tests were conducted using 

methodologies created with consideration of available International Society of Rock Mechanics (ISRM) 

Suggested Methods (SM) (Fairhurst & Hudson, 1999; ISRM, 1978) and American Society for Testing 

and Materials (ASTM) standards (ASTM, 2008, 2014, and 2016).  

 All BTS and UCS tests were performed with a MTS 815 Rock Mechanics Testing System in the 

Queen’s University Advanced Geomechanics Testing Laboratory that is a closed-loop, computer 

controlled, servo-controlled hydraulic compression machine (Figure 3-14).  The MTS 815 Rock 

Mechanics Testing System consists of:  

• MTS 315.02 loading frame with differential pressure (ΔP) transducer and Linear Variable 

Differential Transformer (LVDT) 

• MOTS Model 505.07 Silent Flo hydraulic power supply 

• MTS FlexTest 60 controller 
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Figure 3-14: MTS 815 Rock Mechanics Testing System owned by the Queen's University Advanced 

Geomechanics Testing Laboratory used in this study for UCS and BTS laboratory Testing; (a) 

MTS  315.02 loading frame, (b) MTS 505.07 hydraulic power supply, and (c) MTS FlexTest 60 

controller. 
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3.5.1 Sample Selection 

As the UCS and BTS test results were used to supplement the direct shear testing and mineralogical 

assessment of the Pointe Du Bois granites and gneisses, representative samples were identified during 

core logging as potential testing candidates. Samples were selected based on the following considerations:  

1. The sample contains no discontinuities, healed structures, and minimal change in average mineral 

grain size over the length of the sample; and 

2. Sample length is a minimum of 20 cm for one UCS specimen and a minimum of 6 cm for one 

BTS specimen.  

3.5.2 Digital Preservation 

In order to retain the photographic standard as set out for the direct shear testing laboratory samples, 

prepared specimens were photographed in order to have a complete record of the specimen before and 

after the test.  In addition to photographing all samples, UCS samples were scanned with a cylindrical 

core scanner (Figure 3-9) and all tests were videotaped with a Canon EOS 70D DSLR camera.  For UCS 

samples, the samples were photographed at 90° increments around the cylindrical surface and scanned at 

a resolution of 900 DPI; an example of this photographic record is presented in Figure 3-15.  For BTS 

samples, the top and bottom surfaces of each specimen were photographed as part of the photographic 

record.  All specimens were also photographed in the test chamber immediately prior to starting the test 

and immediately after completion of the test. The photographic record for BTS and UCS samples is 

presented in Appendix D.  
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Figure 3-15: Leucogranite UCS test specimen: (a) Photographs of the circumferential surface of a 

NQ (47.6 mm diameter) size specimen taken at 90° increments and (b) corresponding core scan of 

the cylindrical sample surface  
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3.5.3 Sample Preparation 

All UCS and BTS samples were prepared in accordance with relevant ASTM standards: ASTM D4543-

08e1 for UCS samples (ASTM, 2008) and ASTM D3967-16 for BTS samples (ASTM, 2016).  In addition 

to the ASTM and IRSM standards, it is the practice of the Queen’s University Advanced Geomechanics 

Laboratory to require all specimens be within 5% of the chosen length-to diameter ratio.  This additional 

standard has been applied to all BTS and UCS samples tested within this laboratory testing program.  

 Test specimens were cut using diamond saws to the desired length with an additional 2 mm for 

grinding.  Since BTS test specimens are too short to fit in the grinder, special care during saw cutting was 

taken to ensure that the ends remained parallel to one another, meeting the requirements of ASTM 

D3967-16 (ASTM, 2016). For UCS specimens, the samples were ground down to proper length using a 

GCTS RSG-200 specimen grinder with a diamond grinding wheel.  The grinding process served two 

purposes: (i) to grind the sample down in order to meet the length-to-diameter ratio and (ii) to prepare the 

ends in order to meet flatness and parallelism requirements. UCS specimens were cut to a length-to-

diameter ratio of 2.5:1, meeting both ASTM D4543-08e1 (ASTM, 2008) and ISRM Suggested Method 

(Fairhurst and Hudson, 1999).  BTS samples were prepared to a length-to-diameter ratio of 0.5:1, which 

falls within the 0.2:1 to 0.75:1 range as specified in ASTM D3967-16 (ASTM, 2016).  
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Chapter 4 

Intact Laboratory Testing of Pointe Du Bois Granites and Gneisses1 

4.1 Introduction 

Laboratory testing was undertaken to fully characterize the rock for numerical modelling purposes and 

further the current understanding of rock joints in crystalline material. Unconfined compressive strength 

(UCS) and Brazilian Indirect Tensile Strength (BTS) testing programs were conducted to estimate intact 

rock properties.   

 The data analysis from this testing is used to evaluate the applicability of constant normal 

stiffness direct shear testing and the influence of laboratory joint dilation data in geomechanical numerical 

modelling by providing the intact material inputs for numerical models.  

4.2 Intact Rock Testing Procedures 

Unconfined compressive strength (UCS) testing is a laboratory test performed to estimate the 

compressive strength and other mechanical properties of an unconfined rock specimen. To conduct the 

test, a stiff loading frame applies a monotonically increasing compressive force to the sample (Figure 4-

1). All UCS testing for this research was completed in the Advanced Geomechanics Testing Laboratory at 

Queen’s University and adhered to ASTM standard D7012-14 (ASTM, 2014) and the ISRM suggested 

methods (Fairhurst and Hudson, 1999).  The UCS test procedure that was performed for this test program 

is summarized in this section and described in detail by Jaczkowski (2017).   

 For all UCS tests performed in this program, axial and radial deformation was measured and 

averaged from four (4) linear strain gauges with grid lengths measuring 20 mm. The specifications of the 

strain gauges are included in Appendix E.  Two strain gauges were placed 180° apart, and positioned so 

                                                      
1Parts of this chapter are published in a peer reviewed conference proceedings with the following citation: Packulak, 
T.R.M., Day, J.J., Diederichs, M.S., 2018. Practical aspects of boundary condition selection on direct shear 
laboratory tests. In Geomechanics and Geodynamics of Rock Masses: Selected Papers from the 2018 European 
Rock Mechanics Symposium, St. Petersburg Russian Federation, p253-259 
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the long side was parallel to the axial direction and the other two strain gauges were placed at 90° to the 

axial gauges.  In addition to the strain gauges, acoustic emission (AE) sensors were used to collect 

acoustic emissions of each test specimen as shown in Figure 4-1.  All AE data was logged using a 

Physical Acoustics Corporation pocket AE system attached to two (2) nano-sensors. The nano-sensors 

have an operating frequency of 50-400 kHz and resonant frequency of 75 kHz. AE sensors were placed 

180° apart and diagonally across the sample as shown in Figure 4-1, to capture AE events from the entire 

sample. In order to obtain the highest quality data, brass face plates were used to fit the curved 

circumferential surface of the specimen to the flat surface of the AE transducer and Sil-Glyde was used as 

a couplant for better wave transfer between the surface of the specimen and the transducer.  

 After the strain gauges and AE instrumentation was installed, the specimen was placed into the 

MTS testing chamber and centered about the lower platen.  To start the test, the specimen was raised by 

manual control until it was near the top platen.  After being raised manually, a programmed control 

routine that conformed to ASTM D7012-14 (ASTM, 2014) and ISRM suggested methods (Fairhurst and 

Hudson, 1999) was used to conduct the UCS test.   

 ASTM 7014-14 (ASTM, 2014) recommends that UCS specimens reach failure between 2 and 15 

minutes and specimens be loaded at a stress rate of 0.5 – 1.0 MPa / second.  The standard refers to a time 

to failure specification rather than standardized strain or displacement rates as different lithologies 

experience different amounts of deformation before failure.   For this UCS testing program, the test was 

displacement controlled instead of strain controlled as violent failures may occur in high strength 

samples.  A loading rate of 0.01 mm / min was chosen as it met the 0.5 – 1.0 MPa / second stress loading 

rate standard.   
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Figure 4-1: Photograph of a UCS test setup and a simplified representation of the UCS test where 

σu is the peak (ultimate) strength (MPa), Fa is the maximum applied force (N), and X is the cross-

sectional area (mm2) 

Brazilian Indirect Tensile strength (BTS) testing is a laboratory test performed to measure the 

tensile strength of an intact rock specimen.  The Brazilian Indirect Tensile strength test is an alternative to 

the direct tensile strength test, which is a difficult test to perform (Perras and Diederichs, 2014).  The BTS 

method uses a diametrically applied compressive load applied to a prepared disc of rock in order to create 

a tensile field based on the principle of extensile damage in a compressive field. All BTS tests were 

performed in the Queen’s University Advanced Geomechanics Testing Laboratory and adhered to ASTM 

standard D3967-16 (ASTM, 2016) and ISRM suggested methods (ISRM, 1978). The BTS test procedure 

that was performed for this program is summarized in this section and described in detail by Jaczkowski 

(2017).   

In the BTS testing program, the test specimens were not outfitted with strain gauges as lateral 

strain measurements were deemed to be unnecessary. The BTS specimens were placed in a loading 

bracket with the appropriate curved bearing blocks and positioned into the MTS loading frame as shown 

in Figure 4-2. Once the specimen was in the proper position the specimen and testing setup was raised by 

manual control under near contact with the top platen.  Each test was completed using a programmed 

control routine that conformed to ASTM D3967-16 (ASTM, 2016). Similar to the UCS test program one 
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specimen was used to calibrate the loading rate. For BTS tests ASTM 3967-16 specifies that the specimen 

fail within 1 to 10 minutes from the start of the test and a loading rate of 0.05 – 0.35 MPa / second. The 

first test specimen was run with a displacement controlled loading rate of 0.04 mm / min, which did not 

fail the test specimen in the 10 minute window.  The displacement rate was increased to 0.06 mm / 

minute, which did fail the specimens within the 10 minute limit.  

 
Figure 4-2: Photograph of a BTS test setup and a simplified representation of the BTS test where σt 

is the tensile strength (MPa), Fa is the maximum applied force (N), LT is the thickness (length) of the 

specimen (mm), and D is the diameter of the specimen (mm). 

4.3 Test Program and Schedule 

The UCS and BTS testing programs were used to measure the intact geomechanical properties of the 

Pointe Du Bois gneisses and granites for use as inputs to numerical models.  A total of fifteen (15) UCS 

samples and fifteen (15) BTS samples were tested. All samples were of NQ size core (47.6 mm diameter).  

The legend for sample identification numbers is presented in Figure 4-3 and the samples are listed in 

Table 4-1 (UCS) and Table 4-2 (BTS).   
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Figure 4-3: (a) Core box layout and labelling convention; (b) Legend for UCS and BTS sample 

identification numbers where, for example, B1 refers to the first test specimen taken from core 

piece B of Run 11 (R11) in borehole PDB-BR3-BH1 (BH1), the sample is of NQ size and of granitic 

injection (GI) lithology  

Table 4-1: List of UCS test sample identification numbers and parameters 

Lithology  Specimen ID  
(Legend in Figure 4-3) 

Test Date 
(YYYY/MM/DD) 

Axial Displacement 
Rate (mm/min) 

Pink Granite (Injection)  

GI-BH1-R11-NQ-B1 2017-08-15 0.01 
GI-BH1-R11-NQ-B2  2017-08-15 0.01 
GI-BH1-R11-NQ-C1 2017-08-15 0.01 
GI-BH1-R11-NQ-C2 2017-08-18 0.01 
GI-BH1-R11-NQ-C3 2017-08-21 0.01 

Leucogranite (Injection) 

GI-BH3-R10-NQ-E1 2017-08-18 0.01 
GI-BH3-R11-NQ-E1 2017-08-21 0.01 
GI-BH3-R11-NQ-F1 2017-08-21 0.01 
GI-BH3-R11-NQ-F2 2017-08-16 0.01 
GI-BH3-R11-NQ-F3 2017-08-21 0.01 

Gneissic Tonalite 

TG-BH2-R9-NQ-A1 2017-08-16 0.01 
TG-BH2-R9-NQ-A2 2017-08-16 0.01 
TG-BH2-R9-NQ-A3 2017-08-16 0.01 
TG-BH2-R9-NQ-B1 2017-08-18 0.01 
TG-BH2-R9-NQ-B2 2017-08-16 0.01 
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Table 4-2: List of BTS test sample identification numbers and parameters 

Lithology  Specimen ID 
(Legend in Figure 4-3) 

Test Date 
(YYYY/MM/DD) 

Axial 
Displacement 

Rate (mm/min) 

Pink Granite (Injection)  

GI-BH1-R11-NQ-B1 2017-08-14 0.06 
GI-BH1-R11-NQ-B2 2017-08-14 0.06 
GI-BH1-R11-NQ-C1 2017-08-11 0.06 
GI-BH1-R11-NQ-C2 2017-08-11 0.06 
GI-BH1-R11-NQ-C3 2017-08-14 0.06 

Leucogranite (Injection) 

GI-BH1-R10-NQ-E1 2017-08-11 0.06 
GI-BH1-R10-NQ-E2 2017-08-14 0.06 
GI-BH1-R10-NQ-E3 2017-08-14 0.06 
GI-BH1-R10-NQ-E4 2017-08-14 0.06 
GI-BH3-R11-NQ-F1 2017-08-14 0.06 

Gneissic Tonalite 

TG-BH2-R9-NQ-A1 2017-08-11 0.04* 
TG-BH2-R9-NQ-A2 2017-08-11 0.06 
TG-BH2-R9-NQ-A3 2017-08-14 0.06 
TG-BH3-R5-NQ-C1 2017-08-14 0.06 
TG-BH3-R5-NQ-C2 2017-08-14 0.06 

*Calibration specimen, did not fail within the time to failure time limit  
  

All UCS and BTS tests were conducted in August 2017.  The full test process for a single UCS 

sample is two (2) days of work from sample selection through to test completion, and for a single BTS 

test, is one (1) day of work from sample selection to test completion.  Test scheduling was optimized by 

preparing multiple samples to be tested on the same day as the sample preparation and strain gauge 

application process requires more time than the actual testing.   

4.4 UCS & BTS Test Data Analysis  

Test data collected as part of this laboratory testing program was used to calculate several intact 

geomechanical properties including bulk density, Young’s Modulus, Poisson’s Ratio, peak compressive 

strength, Brazilian Indirect Tensile strength, crack initiation and crack damage. ASTM standards were 

primary references used to calculate the intact geomechanical properties. In cases where ASTM standards 

were not available or sufficient, ISRM Suggested Methods or major scientific publications were used.  
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4.4.1 Bulk Density 

Bulk density of the test specimen was calculated using the method provided by the ISRM Suggested 

Method for determining density (ISRM, 1979).  Bulk density is determined using Equation 4-1 where ρ is 

the bulk density (g/cm3), Mass is the mass (g) of the specimen measured prior to testing, and Vol is the 

volume (cm3) of the specimen calculated from dimensions measured during sample preparation using an 

electronic caliper. 

 𝜌𝜌 =
𝑀𝑀𝑎𝑎𝑀𝑀𝑀𝑀
𝑉𝑉𝑙𝑙𝑙𝑙

 (4-1) 

4.4.2 Elastic Parameters (Young’s Modulus and Poisson’s Ratio) 

ASTM Standard D7012-14 (ASTM, 2014) was used to calculate Young’s modulus (E) and Poisson’s 

ratio (ν).  ASTM Standard D7012-14 defines Young’s modulus (E50) as the average slope of the straight-

line portion of the stress-strain curve, calculated between 40% and 60% of peak compressive strength 

(Equation 4-2). Poisson’s radio (ν50) is determined by dividing the change in lateral strain by the change 

in axial strain between 40% and 60% of the maximum applied stress (Equation 4-3).  

 𝐸𝐸 = 𝐽𝐽ℎ𝑛𝑛𝑛𝑛𝑎𝑎𝑟𝑟 𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑢𝑢 𝑠𝑠𝑛𝑛𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠
𝐽𝐽ℎ𝑛𝑛𝑛𝑛𝑎𝑎𝑟𝑟 𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑢𝑢 𝑠𝑠𝑛𝑛𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛

 over interval 40% - 60% of σ1 (4-2) 

 𝜐𝜐 = 𝐽𝐽ℎ𝑛𝑛𝑛𝑛𝑎𝑎𝑟𝑟 𝑛𝑛𝑛𝑛 𝑢𝑢𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟𝑛𝑛𝑢𝑢 𝑠𝑠𝑛𝑛𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛
𝐽𝐽ℎ𝑛𝑛𝑛𝑛𝑎𝑎𝑟𝑟 𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑢𝑢 𝑠𝑠𝑛𝑛𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛

 over interval 40% - 60% of σ1 (4-3) 

4.4.3 Peak Compressive Strength  

Peak compressive strength was calculated for all samples based on ASTM D7012-14 (ASTM, 2014) 

using Equation 4-4, where σu is the peak compressive strength (MPa), Fa is the maximum applied force 

(N) and X is the cross-sectional area (mm2).  

 𝜎𝜎𝑢𝑢 =
𝐹𝐹𝑛𝑛
𝑋𝑋

 (4-4) 

4.4.3.1 Crack Initiation and Crack Damage Estimation: Direct Strain 

Crack damage thresholds, Crack Initiation (CI) and Crack Damage (CD), were calculated for UCS 

samples based on the stress and strain data collected during testing.  The direct strain method (Bieniawski, 
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1967) uses axial, circumferential, and volumetric strain data calculated using sample dimensions and 

displacements measured during a UCS test.  The three strain parameters were plotted together on the 

same axis with respect to axial stress.  Trends observed in the data were analyzed to estimate CI and CD 

thresholds (Figure 4-4). 

 

Figure 4-4: Example graph showing axial, lateral, and volumetric strain data plotted with respect 

to axial stress.  Associated Crack Initiation (CI) and Crack Damage (CD) thresholds are identified 

(Jaczkowski et al., 2017) 

4.4.4 Brazilian Tensile Strength  

ASTM Standard D3967-16 (ASTM, 2016) outlines the procedure of calculating the tensile strength of 

Brazilian specimens.  The tensile strength of all Brazilian specimens was calculated using Equation 4-5 

where σt is the tensile strength (MPa), Fa is the maximum applied force (N), LT is the thickness of the 

specimen (mm) and D is the diameter of the specimen (mm).  

 𝜎𝜎𝑛𝑛 =  
2𝐹𝐹𝑛𝑛
𝜋𝜋𝐿𝐿𝑇𝑇𝐷𝐷

 (4-5) 
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4.4.5 Rock Failure Modes under UCS and BTS Testing 

Rock failures in UCS and BTS tests are categorized into different failure modes based on a study by Basu 

et al. (2013).  In the Basu et al. (2013) study, seventy-six (76) UCS specimens (26 granite, 20 schist, and 

30 sandstone) and sixty (60) BTS specimens (20 granite, 20 schist, and 20 sandstone) were tested and 

examined.  Basu et al. (2013) observed six (6) failure modes in UCS specimens: axial splitting, shearing 

along single plane, double shear, multiple fracturing, along foliation, and Y-shaped failure (Figure 4-5).  

In the BTS specimens tested by Basu et al. (2013), four (4) failure patterns were observed: central, non-

central, central and layer activation, and central multiple (Figure 4-6).  

 
Figure 4-5: Various failure modes observed in Uniaxial Compression Strength testing 

(Basu et al., 2013) 
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Figure 4-6: Various failure modes observed in Indirect Brazilian Tensile Strength testing 

(Basu et al., 2013) 

4.5 Laboratory Testing Results 

A total of fifteen (15) UCS specimens and fifteen (15) BTS specimens from three different lithologies 

were prepared and tested in order to measure intact geomechanical properties. The strain data used to 

calculate Young’s modulus, Poisson’s ratio, CI and CD for each lithology are presented in Figure 4-7, 

Figure 4-8 and Figure 4-9, respectively.  Strain data was not collected for BTS samples; ultimate tensile 

strength is presented in the following sections. Radial and axial strain data was collected by four (4) 

gauges, two (2) for radial strain and two (2) for axial strain.  The individual stress-strain curves were first 

inspected to confirm that both strain gauges were functioning properly during the test.  In tests where only 

one gauge functioned properly, only the data from the functioning strain gauge was used.  In cases where 

both strain gauges were functioning, the strain data was averaged.   

 The first sample tested in the UCS program (GI-BH1-R11-NQ-C1) was used as a calibration 

specimen to test the axial loading rate for the test and confirm the displacement of 0.01 mm/min 

corresponded to a loading rate of 0.5-1.0 MPa/sec.  Figure 4-9 only includes three samples, as the strain 

gauges did not detect data on test specimen TG-BH2-R9-NQ-A3 due to premature strain gauge 

detachment from poor adhesion of the strain gauge to the sample surface. TG-BH2-R9-NQ-B1 was an 

invalid test based on the failure mode as the sample did not develop a shear plane across the sample and 

only failed in one corner (Figure 4-10).   
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Figure 4-7: Strain data collected from all Pink Granite (Injection) UCS samples 

 

Figure 4-8: Strain data collected from all Leucogranite (Injection) UCS samples 
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Figure 4-9: Strain data collected from all Gneissic Tonalite UCS samples 

 

Figure 4-10: UCS test specimens after failure. Specimen on the left failed in the top corner 

(highlighted by the red dashed line). Specimen on the right failed across the sample (highlighted by 

the red dashed line) 
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4.5.1 Bulk Density 

Bulk density has been calculated for all specimens using the methods discussed in Section 4.4.1 and the 

results are presented in Figure 4-11.  It should be noted that only the mafic component of the gneissic 

tonalite was tested, resulting in samples that have a higher density than average continental crust.  

 
Figure 4-11: Bulk density of tested UCS samples 

4.5.2 Elastic Parameters 

The elastic properties of the UCS tests were calculated using the methods discussed in Section 4.4.2.  

Young’s modulus and Poisson’s ratio were calculated as chords between 40% and 60% of axial stress in 

order to estimate the tangent Young’s modulus and Poisson’s ratio at 50% of ultimate axial stress. 

Young’s modulus (E50) and Poisson’s ratio (ν50) values, separated by lithology, are presented in Figure 

4-12 and Figure 4-13, respectively.  
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Figure 4-12: Young's modulus (E50) separated by lithology for tested UCS samples 

 
Figure 4-13: Poisson's ratio (ν50) separated by lithology for tested UCS samples 
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4.5.3 Peak Strength and Damage Thresholds 

UCS testing was completed on five samples from each lithology to estimate the peak compressive 

strength and stress thresholds.  Stress thresholds (UCS, CI, and CD) have been sorted by lithology in 

order to highlight any variability between lithologies (Figure 4-14).  The calculations of CI and CD are 

based on the direct strain method (Bieniawski, 1967), which uses the stress-strain curves presented in 

Figures 4-7, 4-8, and 4-9. In cases where the specimen exhibited a softening behaviour after CI, CD was 

not estimated.  In general, there are no significant differences between the lithologies with regards to CI 

however, peak compressive strength is variable between the units.  The pink granite is the most 

homogenous of the lithologies and the gneissic tonalite exhibits a weak foliation in some samples, which 

could influence crack propagation and fail the specimen earlier.  As shown in Figure 4-14, some of the 

test specimens reached peak UCS strengths that closely resembled CI or CD. These low strength values 

could be due to internal flaws (in the case of the pink granite samples) or foliation which is sub-parallel to 

the core axis (in the case of the gneissic tonalite).  These internal flaws and planes of weakness will be 

exploited by cracks that form at the onset of crack initiation, resulting in lower ultimate strengths (Perras 

et al., 2015).   

 
Figure 4-14: Comparison of CI, CD, and UCS stress thresholds with respect to lithology 
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Young’s modulus was plotted with respect to UCS (Figure 4-15) in order to estimate the modulus 

ratio (MR) of the tested samples. The modulus ratio (MR) estimated from laboratory testing was then 

compared to values reported by Hoek and Diederichs (2006) for granites and gneisses. The majority of 

the data falls between a MR of 300 and 350, which correlates to the MR values of granite (300-550) and 

gneiss (300-750) reported by Hoek and Diederichs (2006). For granites, the lower MR values correspond 

with finer grained materials and the MR value increases with average crystal size (Hoek and Diederichs, 

2006).  As shown in Figure 4-15, there are specimens that have MR of 200 – 250, which falls within the 

range for granites as published by Tziallas et al. (2009).  In the gneissic rocks, the MR value corresponds 

to the angle of foliation with respect to the applied axial load. Loads applied parallel the angle of foliation 

result in higher MR values, whereas samples that have axial loads applied perpendicular to foliation result 

in lower MR values (Hoek and Diederichs, 2006).  

 
Figure 4-15: Young's modulus (E50) compared to UCS, with modulus ratios (MR) 200, 250, 300, 

and 350 highlighted 
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4.5.4 Tensile Strength 

A compilation of tensile strength results for all BTS tests is presented in Figure 4-16.  BTS testing was 

completed on five specimens from each lithology.  The tensile strength is relatively consistent between 

the gneissic tonalite and the leucogranite lithologies.  The pink granite samples exhibit a higher tensile 

strength, 18 MPa in comparison to 14 MPa of the gneissic tonalite.  The pink granite is more homogenous 

resulting in fewer internal planes of weakness.   In the testing of the gneissic tonalite, two samples failed 

at lower tensile strengths, however the test specimens were not visually foliated and there was no 

apparent defect in the specimen.  While not visually foliated, it is possible that there is weak alignment of 

hornblende minerals at the mineralogical scale which would have to be confirmed through thin section 

analysis. 

 
Figure 4-16: Compilation of BTS results, separated by lithology 
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4.5.5 Failure Mode 

After each UCS and BTS test, the specimen was visually inspected to determine the failure mode.  UCS 

specimens exhibited axial splitting and multiple fracturing failure modes in the pink granite and 

leucogranite (Table 4-3). In two (2) of the four (4) valid UCS tests on the gneissic tonalite, the specimen 

failed along a foliation surface.  All BTS samples failed along a central facture (Table 4-4).  

Table 4-3: List of UCS test samples, UCS and failure mode 

Lithology  Specimen  UCS 
(MPa) Failure Mode 

Pink Granite (Injection)  

GI-BH1-R11-NQ-B1 240.6 Axial Splitting 
GI-BH1-R11-NQ-B2  335.9 Multiple Fracturing 
GI-BH1-R11-NQ-C1 343.5 Multiple Fracturing 
GI-BH1-R11-NQ-C2 348.6 Multiple Fracturing 
GI-BH1-R11-NQ-C3 245.0 Multiple Fracturing 

Leucogranite (Injection) 

GI-BH3-R10-NQ-E1 237.0 Axial Splitting 
GI-BH3-R11-NQ-E1 318.8 Axial Splitting 
GI-BH3-R11-NQ-F1 262.0 Axial Splitting 
GI-BH3-R11-NQ-F2 239.6 Axial Splitting 
GI-BH3-R11-NQ-F3 250.8 Axial Splitting 

Gneissic Tonalite 
(Mafic Layer) 

TG-BH2-R9-NQ-A1 274.8 Along Foliation 
TG-BH2-R9-NQ-A2 268.2 Along Foliation 
TG-BH2-R9-NQ-A3 152.8 Axial Splitting 
TG-BH2-R9-NQ-B1 N/A Invalid Test 
TG-BH2-R9-NQ-B2 218.7 Axial Splitting 
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Table 4-4: List of BTS test samples, BTS and failure mode. 

Strength and 
Damage Threshold  

Strength and 
Damage 

Threshold 

BTS 
(MPa) Failure Mode 

Pink Granite (Injection)  

GI-BH1-R11-NQ-B1 14.8 Central 
GI-BH1-R11-NQ-B2 15.8 Central 
GI-BH1-R11-NQ-C1 16.6 Central 
GI-BH1-R11-NQ-C2 16.6 Central 
GI-BH1-R11-NQ-C3 18.0 Central 

Leucogranite (Injection) 

GI-BH1-R10-NQ-E1 15.1 Central 
GI-BH1-R10-NQ-E2 14.6 Central 
GI-BH1-R10-NQ-E3 14.6 Central 
GI-BH1-R10-NQ-E4 15.2 Central 
GI-BH3-R11-NQ-F1 14.2 Central 

Gneissic Tonalite 
(Mafic Layer) 

TG-BH2-R9-NQ-A1 13.8 Central 
TG-BH2-R9-NQ-A2 14.6 Central 
TG-BH2-R9-NQ-A3 14.3 Central 
TG-BH3-R5-NQ-C1 8.6 Central 
TG-BH3-R5-NQ-C2 10.1 Central 

 

4.6 Discussion and Conclusions 

This investigation of the Pointe Du Bois granites and gneisses characterized intact geomechanical 

properties through unconfined compressive strength and indirect Brazilian tensile strength testing. 

Laboratory testing is one component of the geotechnical design process, used to estimate the 

geomechanical properties of intact rock for effective geotechnical design and numerical modelling.  

Unconfined compressive strength (UCS) and indirect Brazilian tensile strength (BTS) testing was 

conducted to determine intact stiffness and strength geomechanical properties of the pink granite, 

leucogranite, and gneissic tonalite.  

 In this UCS and BTS testing program, fifteen (15) UCS and fifteen (15) BTS specimens from 

three (3) different lithologies, were tested.  Granites and gneisses of the Pointe Du Bois pluton had 

measured bulk densities that ranged between 2.61 – 2.72 g/cm3. Based on the strain-strain behaviour the 

granites and gneisses had a measured Young’s Modulus that ranged between 72 – 90 GPa and a Poisson’s 

Ratio of 0.24 – 0.33. Through UCS and BTS testing, Crack Initiation (CI), Crack Damage (CD), peak 
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compressive strength and peak tensile strength were measured, the range of for each of the strength and 

damage thresholds is presented in Table 4-5.  

Table 4-5: Range of strength and damage thresholds as measured from UCS and BTS testing. 

Strength and Damage 
Threshold Range (MPa) 

Crack Initiation (CI) 80 - 160 
Crack Damage (CD) 160 – 270  

Peak Compressive Strength  150 – 350 
Peak Tensile Strength  8 – 18 

 

 The measured parameters are spread out over a wide range of values.  Separating the measured 

results by lithology reveals two separate characteristics.  The leucogranite and gneissic tonalite show 

similar characteristics with regards to elastic deformability and strength. The differences in behaviour, 

highlighted by peak compressive strength and peak tensile strength are due to the weak foliation in the 

gneissic tonalite.  This weak alignment of minerals in the gneissic tonalite acts as a plane of weakness and 

in some cases can cause the specimen to fail at significantly lower values (e.g. failure at 153 MPa 

compared to 268 MPa).  The test results of pink granite are clustered in two distinct sets, which is likely 

caused by the mineralogical composition and the spatial distribution of the crystals.  The pink granite 

exhibits some variability in grain size and in some cases can be pegmatitic. The larger crystals and 

clustering of feldspar crystals provide crack propagation pathways along crystal faces and cleavage 

planes.  Half of the pink granite specimens have MR between 200 – 250, which is significantly lower than 

the majority of data, which falls in the range of 300 – 350.   

 The differences in the intact material have the possibility to influence the behaviour of the rock 

joints during shearing.  Looking strictly at intact geomechanical properties the leucogranite and gneissic 

tonalite rock joints should deform in relatively the same manner, however the gneissic tonalite rock joints 

have the potential to fail (e.g. develop new shear planes) at a lower stress threshold as is evident by the 

low UCS values in the range of CI values.  The pink granite samples will behave in a different manner, as 
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some of the specimens have the potential to store a larger amount of energy prior to failure, some 

asperities on the rock joint may undergo large deformations under high stresses. If asperities deform to a 

greater extent while storing large amounts of energy, the specimen should experience cascading failure of 

asperities as the stress is redistributed to other asperities when one fails.  A rapid cascading failure of 

asperities should present as a sudden transition to residual shearing behaviour from immediate post yield 

behaviour as shearing progresses.  The greater deformability of individual asperities would also have the 

capability of controlling rock joint behaviour depending on the size of the asperity and relative difference 

in individual asperity strength when compared to overall rock joint behaviour.   

  



124 

 

4.7 References 

ASTM International. (2014). D7012-14: Standard Test Methods for Compressive Strength and Elastic 

Moduli of Intact Rock and Core Specimnens under Varying States of Stress and Temperatures. 

West Conshohocken: American Society of Testing and Materials International. 

ASTM International. (2016). Designation D3967-16: Standard Test Method for Splitting Tensile Strength 

of Intact Rock Core Specimens. West Conshohocken: ASTM International. 

Basu, A., Mishra, D. A., & Roychowdhury, K. (2013). Rock failure modes under uniaxial compression, 

Brazilian, and point load tests. Bull Eng Geol Environ, 72, 457-475. 

Bieniawski, Z. T. (1967). Mechanism of Brittle Fracture of Rock: Part 2 - Experimental Studies. Int. J. 

Rock Mech. Min. Sci., 4, 407-423. 

Fairhurst, C. E., & Hudson, J. A. (1999). International Society for Rock Mecahnics Commission on 

Testing Methods: Draft ISRM Suggested Method for the Complete Stress-Strain Curve for Intact 

Rock in Uniaxial Compression. Int. J. Rock Mech. Min. Sci., 36(3), 279-289. 

Hoek, E., & Diederichs, M. S. (2006). Empirical estimation of rock mass modulus. Int. J. of Rock Mech 

Min Sci, 43, 203-215. 

ISRM. (1978). Suggested Methods for Determining Tensile Strength of Rock Materials. Int. J. Rock 

Mech. Min. Sci. & Geomech. Abst., 15, 99-103. 

ISRM. (1979). International Society for Rock Mechanics, Commission on Standardisation of 

Laboratoryand Field Tests: Suggested methods for determining water content, porosity, density, 

absorption and related properties and swelling and slake-durability index properties. Int. J. Rock 

Mech. Min. Sci., 16(2), 141-156. 

Jaczkowski, E. L. (2017). Laboratory Strength Testing of Argillaceous Limestone Under Varying 

Saturation, Scale, Loading Rate, and Confinement Conditions. Queen's University at Kingston, 

Department of Geological Sciences and Geological Engineering . Kingston: Queen's University. 

Jaczkowski, E., Ghazvinian, E., & Diederichs, M. (2017). Uniaxial Compression and Indirect Tensile 

Testing of Cobourg Limestone: Influence of Scale, Saturation and Loading Rate. Toronto: 

Nuclear Waste Management Organization (NWMO). Report: NWMO-TR-2017-17 



125 

 

Perras , M. A., & Diederichs, M. S. (2014). A Review of the Tensile Strength of Rock: Concepts and 

Testing. Geotech Geol Eng, 32, 525-546. 

Perras, M. A., Ghazvinian, E., Diederichs, M. S., Amann, F., & Wannenmacher, H. (2013). Back analysis 

of rock mass behavior of the Quinter Limestone at the Gonzen mine near Sargans, Switzerland. 

Rock Mechanics for Resources, Engergy and Environment, 473-478. 

Tziallas, G. P., Tsiambaos, G., & Saroglou, H. (2009). Determination of Rock Strength and Deformability 
of Intact Rocks. Electronic Journal of Geotechnical Engineering, 14(1), 12 pages.



126 

 

This page left blank 

  



127 

 

Chapter 5 

Direct Shear Laboratory Testing of Pointe Du Bois Granites and Gneisses2 

5.1 Introduction 

Laboratory testing was undertaken to fully characterize the rock for numerical modelling purposes and 

further the current understanding of rock joints in crystalline material. Direct shear laboratory testing was 

conducted to establish a reliable protocol for future laboratory testing under constant normal stiffness 

boundary conditions and to analyze geomechanical property data of fractures including stiffness, strength, 

and dilation.   

 The method used to perform the direct shear tests as well as methods to calculate geomechanical 

properties of rock joints including joint normal stiffness, joint shear stiffness, yield, max and residual 

shear strength, and dilation are discussed in this chapter. The data analysis from this testing is used to 

evaluate the applicability of constant normal stiffness direct shear testing and the influence of laboratory 

joint dilation data in geomechanical numerical modelling.  

5.2 Direct Shear Testing Procedure 

Direct shear testing is a physical laboratory test used to measure the normal and shear stiffness, shear 

strength, and dilation potential of targeted surfaces. The direct shear tests performed in this study were 

conducted in the Advanced Geomechanics Testing Laboratory at Queen’s University (Figure 5-1a). 

Prior to each test, the direct shear machine was cleaned to remove any debris that may obstruct 

movement of the normal actuator and visually inspected for wear from testing.  Once all components of 

                                                      
2 Parts of this chapter are published in a North American journal with the following citation: Packulak, T.R., Day, 
J.J., Diederichs, M.S. 2018 Assess: The role of rock direct shear testing in determining geomechanical properties of 
fractures. Tunnels and Tunnelling. v2018:1:p32-36. Other parts of this chapter are published in a peer reviewed 
conference proceedings with the following citation: Packulak, T.R.M., Day, J.J., Diederichs, M.S., 2018. Practical 
aspects of boundary condition selection on direct shear laboratory tests. In Geomechanics and Geodynamics of Rock 
Masses: Selected Papers from the 2018 European Rock Mechanics Symposium, St. Petersburg Russian Federation, 
p253-259. 
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the direct shear machine were inspected and deemed to be functioning properly, the specimen was placed 

in the sample seat (Figure 5-1b).   

 
Figure 5-1: (a) Servo-controlled direct shear machine in the Queen's University Advanced 

Geomechanics Laboratory; (b) Sample specimen in the sample seat before the shear cap is installed, 

in this sample a piezo sensor was installed to obtain AE data  

 In order to set up the machine to start the test, the normal actuator was manually aligned with the 

sample cap with a seating pressure of 0.1 MPa. This was done first to prevent overturning of the top half 

of the specimen when the shear actuator was manually coupled to the sample cap using a pin as shown in 

Figure 5-1.  After the specimen was coupled to the machine, a programmed control routine that conforms 

to ASTM Standard 5607-16 (ASTM, 2016) and ISRM Suggested Methods (Muralha et al., 2013) was 

then used to perform the direct shear tests. A summary of the control routine is as follows: 

1. Start recording shear load (N), shear displacement (mm), normal load (N) and normal 

displacement (mm), and calculate the surface area of the sample to obtain shear stress and 

normal stress applied to the sample every 0.5 seconds. 

2. Start the three cycle normal loading stage of the test, while holding the shear actuator constant 

(stress and displacement), by increasing the normal stress at 0.01 MPa / s from 0.1 MPa to the 
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desired test stress. Once the machine has reached the desired test stress, the machine decreases 

the normal stress at the same rate back to 0.1 MPa. This marks the end of one loading cycle. 

3. Upon reaching the desired test stress at the end of the third loading cycle, the normal actuator 

(stress and displacement) and shear actuator (stress and displacement) are held constant for 15 

seconds.  For the next stage of the test, the CNL* boundary condition is explained in step 4(a) 

and the CNS boundary condition is explained in step 4(b).  

4(a) CNL* Boundary Condition: The machine starts the shear loading stage of the test. The shear   

actuator pushes the top half of the specimen horizontally over the fixed bottom half of the 

specimen at a rate of 0.2 mm / min for 10 mm.  The normal actuator is held at a constant stress.   

4(b) CNS Boundary Condition: The machine starts the shear loading stage of the test.  The shear 

actuator pushes the top half of the specimen horizontally over the fixed bottom half of the 

specimen at a rate of 0.2 mm / min for 10 mm.  The normal actuator holds the machine stiffness 

constant and has a feedback mechanism that increases the normal load (Fn) applied to the 

sample based on the relationship ΔFn = knm * Δδn, where knm is the machine normal stiffness and 

Δδn is the change in normal dilation. At points where there is no dilation (and no increase or 

decrease of the normal load due to dilation); the machine holds the normal load constant rather 

than the normal stress constant.  

5. At the end of the control routine, the machine holds the normal actuator and shear actuator  in 

place with a displacement rate of 0 mm / min and at the stress applied at the end of the test. The 

user then can export a .CSV file of the recorded test data. 

6. The sample cap is manually decoupled from the actuators. First, the shear load on the sample is 

lowered so the pin can be removed.  Once the pin is removed, the normal actuator is raised 

(decreasing the normal load) to de-couple the normal actuator from the test specimen. Finally, 

the sample cap is removed.  
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Upon completion of the test, the two halves of the specimen are removed from the direct shear 

machine and photographed.  Overhead photographs are taken for reporting purposes and a set of 16 

photographs per sample half are taken at a constant oblique vertical angle and at equally spaced azimuth 

orientations to the shear surface for photogrammetry model generation.  All specimens are removed from 

the steel sample rings and stored for additional observation as required.  

5.2.1 Machine Normal Stiffness  

As discussed in Chapter 2, the machine normal stiffness is the analogue of in situ rockmass stiffness for 

laboratory constant normal stiffness testing.  Currently there is no standard for estimating machine normal 

stiffness since most machines rely on springs to be installed which is time consuming and difficult to 

change between tests  (Lee et al., 2011).  With the use of a servo-controlled machine, the machine 

stiffness can be changed in the software with ease so test conditions can reflect variable in situ conditions.  

The original equation for estimating normal stiffness was proposed by Johnston et al. (1987) for rock 

socketed concrete piles in soft rock (e.g. sandstone). The equation assumes that, as the boundary of the 

pile shears, dilation occurs radially.  This assumption, while applicable for concrete piles and foundations 

in rock, does not represent the in-situ conditions of rock blocks moving in a rockmass around an 

underground excavation.   

 In order to provide a better estimate of the global stiffness for tunnelling applications Equation 5-

1 was created, where  KNM is the machine normal stiffness, E is intact Young’s modulus , L is the 

rockmass joint spacing, ν is Poisson’s ratio and A is the sample surface area.   

 𝐾𝐾𝐾𝐾𝑀𝑀 =
𝐸𝐸

2𝐿𝐿 ×  (1 − 𝜈𝜈2)
 × 𝐴𝐴 (5-1) 

 Equation 5-1 is based on the assumption of a rockmass system of intact rock (defined by E and ν), 

cut by infinitely repeating parallel joints with a spacing of L, that simultaneously dilate under identical 

boundary conditions, shown in Figure 5-2.  Example calculations of machine normal stiffness for a 48 

mm diameter rock sample with different Poisson’s ratios are presented in Figure 5-3.  Figure 5-3a is an 
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estimate based on a Poisson’s ratio of 0.20 compared with Figure 5-3b, which is an estimate based on a 

Poisson’s ratio of 0.30.   

 
Figure 5-2: Schematic representation of the in situ condition for the basis of Equation 5-1, where 

principal stresses are vertical and horizontal  

 
Figure 5-3: (a) KNM estimation (for a 48 mm diameter sample, Poisson's ratio=0.20) vs. in situ joint 

spacing (b) KNM estimation (for a 48 mm diameter sample, Poisson's ratio=0.30) vs. in situ joint 

spacing. 
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5.3 Test Program and Schedule 

This direct shear testing program was designed to investigate the effects of different confining stresses 

and boundary conditions on the direct shear behaviour of rock joints in granites and gneisses. Test 

specimens were all retrieved from NQ size (47.6 mm diameter) core and included natural fractures and 

machine breaks.  The main program tested normal stresses of 1, 2, 4, and 8 MPa with two specimens 

tested at 6MPa.  Specimens were tested at the normal stresses previously listed under the CNL* boundary 

condition and the CNS boundary condition with machine normal stiffnesses of 6 kN/mm and 12 kN/mm.  

Two tests were completed under CNS conditions with a machine normal stiffness of 1.5 kN/mm and three 

(3) tests were completed under CNS conditions with a machine normal stiffness of 3 kN/mm with an 

initial target stress of 2 MPa.  The naming convention used for direct shear samples is relatively similar to 

that used for naming UCS and BTS specimens.  The UCS and BTS naming convention was slightly 

modified to describe the fracture instead of the intact core.  The legend for the naming convention is 

presented in Figure 5-4 and the tested samples are listed in Table 5-1.  

 

Figure 5-4: (a) Core box layout and labelling convention; (b) Legend for direct shear sample 

identification numbers, where BC refers to fracture specimen taken between core pieces B and C of 

Run 11 (R11) in borehole PDB-BR3-BH1 (BH1), the sample is of NQ size and of granitic injection 

lithology 
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Table 5-1: List of direct shear test sample identification numbers and parameters. 

Normal 
Stress (MPa) 

Machine Normal 
Stiffness (kN/mm) Sample Name Test Date 

(YYYY/MM/DD) 

1 

0 (CNL*) 

TG-BH3-R8-NQ-F-BC 2017-05-22 
TG-BH3-R9-NQ-F-CD 2017-05-22 
TG-BH3-R12-NQ-F-AB 2017-05-22 

GI-BH1-R13-NQ-MB-BC 2017-10-20 

6 
GI-BH1-R11-NQ-MB-BC 2017-09-20 

TG-TH2-R1-NQ-F-BC 2017-11-04 
TG-PB1101-R25-NQ-F-BC 2017-11-04 

12 
GI-BH1-R12-NQ-MB-DE 2017-09-17 

TG-PH1101-R30-NQ3-F-DE 2017-11-04 
TG-TH3-R8-NQ-F-AB 2017-11-03 

2 

0 (CNL*) 

GI-BH1-R1-NQ-F-BC 2017-05-21 
GI-BH1-R1-NQ-F-IJ 2017-05-21 

GI-BH2-R4-NQ-F-AB 2017-05-21 
TG-PB1101-R29-NQ3-F-GH 2017-11-02 

1.5 
TG-BH3-R9-NQ-F-DE 2017-03-04 
TG-BH3-R9-NQ-F-GH 2017-03-04 

3 

TG-BH3-R6-NQ-F-KL 2017-02-24 
TG-BH3-R7-NQ-F-DE 2017-02-24 
TG-BH3-R3-NQ-F-CD 2017-03-04 

GI-BH1-R12-MQ-MB-AB 2017-10-20 

6 
GI-BH1-R10-NQ-F-AB 2017-06-01 
TG-TH2-R5-NQ-F-AB 2017-11-02 

12 
GI-BH1-R13-NQ-F-CD 2017-07-25 
TG-TH2-R16-NQ-F-AB 2017-11-01 
TG-TH2-R7-NQ-F-AB 2017-11-01 

* Table Continued on Next Page 
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Table 5-1 Continued 

Normal 
Stress (MPa) 

Machine Normal 
Stiffness (kN/mm) Sample Name Test Date 

(YYYY/MM/DD) 

4 

0 (CNL*) 
TG-BH3-R4-NQ-F-DE 2017-05-19 

GI-BH1-R10-NQ-MB-BC 2017-10-20 
TG-TH3-R8-NQ-F-BC 2017-11-05 

6 
GI-BH1-R11_12-NQ-MB-DA 2017-08-18 
TG-PB1101-R36-NQ3-F-AB 2017-11-05 

TG-TH2-R9-NQ-F-AB 2017-11-05 

12 
GI-BH1-R11-NQ-MB-CD 2017-08-16 
TG-TH3-R10-NQ-F-CD 2017-11-06 
TG-TH3-R4-NQ-F-BC 2017-11-06 

6 0 (CNL*) 
GI-BH3-R5-NQ-F-FG 2017-05-19 
GI-BH3-R6-NQ-F-FG 2017-05-19 

8 

0 (CNL*) 

GI-BH3-R10-NQ-F-DE 2017-05-18 
GI-BH3-R11-NQ-F-AB 2017-05-18 
GI-BH3-R11-NQ-F-BC 2017-05-18 
TG-BH3-R5-NQ-F-CD 2017-05-31 

6 
GI-BH1-R11-NQ-MB-AB 2017-06-25 

TG-TH3-R5-NQ-F-CD 2017-11-06 
TG-TH3-R10-NQ-F-AB 2017-11-07 

12 
GI-BH1-R10-NQ-F-EF 2017-06-25 
TG-BH3-R4-NQ-F-EF 2017-11-07 

 

5.4 Laboratory Testing Results 

The primary objective of this direct shear testing program is to study the boundary effects on granites and 

gneisses by comparing rock joint behaviour when sheared under CNL* conditions and CNS conditions at 

a range of normal stresses. This was achieved by comparing the measurements of joint normal stiffness 

(Kn), joint shear stiffness (Ks), shear strength (in terms of friction, ϕ, and cohesion, c), and dilation (ψ) 

parameters, which are discussed in the following sections. All test results are shown in Appendix F.  

5.4.1 Pre-Yield Deformation Behaviour: Stiffness 

The pre-yield deformation behaviour of a rock joint is quantified through joint stiffness, which is 

separated into joint normal stiffness (Kn) and joint shear stiffness (Ks). Both components can be 
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determined through laboratory testing. Joint normal stiffness is measured during the normal loading stage 

of the direct shear test and joint shear stiffness is measured at the beginning of the shear loading stage.   

5.4.2 Joint Normal Stiffness 

The normal stiffness of rock joints measured in this direct shear testing program has been analyzed with 

linear and semi-logarithmic closure relationships between normal displacement and normal stress (Figure 

5-5). The linear closure law proposed by Hungr and Coates (1978) is based on testing of limestone from 

Ottawa, Canada. The linearity that was observed in the normal loading stage of the direct shear testing 

program is estimated to be the result of pre-compression in joints by greater stresses in situ than the 

applied test load (Hungr and Coates, 1978). A linear relationship does not exist in all cases and there are 

two laws, which describe the non-linearity observed in the normal loading stage of a direct shear test.  

Goodman (1974) proposed a hyperbolic closure law in order to quantify the non-linear behaviour that was 

associated with progressive crushing of previously intact asperities and the increase of true joint contact 

area. However, the proposed hyperbolic law has two free-parameters.  The semi-logarithmic closure law, 

proposed by Bandis et al. (1983) and supported by Zangerl et al. (2008), uses a single free parameter, 

which makes it attractive for engineering applications.  Zangerl et al. (2008) applied the semi-logarithmic 

closure law to describe the non-linear joint behaviour of laboratory and in-situ experimental data of 

granite.   

The linear closure law applied in this testing program was measured as the slope of the linear best 

fit of normal displacement (δn) with respect to normal stress (σn). The stiffness characteristic of each test 

specimen for use in estimating joint normal stiffness using the semi-logarithmic closure law was 

measured as the slope of the linear best fit of normal displacement with respect to ln(σn). The results of all 

test specimens are presented in Appendix F.  
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Figure 5-5: Example linear fits to the three loading cycles of a direct shear test that has a test 

normal stress of 2 MPa; (a) linear closure law (Hungr and Coates, 1978), (b) semi-logarithmic 

closure law (Bandis et al., 1983). 

During the normal loading stage, the test specimen was loaded to the test stress and unloaded to 

the seating pressure of 0.1 MPa.  In many test specimens, the normal displacement with respect to the 

normal stress curve showed non-linear tendencies. This non-linear behaviour resulted in normal stiffness 

values that were softer than the general trend of the data, as the overall behaviour was being controlled by 

the non-linearity at the beginning of the loading cycle. During laboratory testing, it was also observed that 
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on occasion the direct shear machine would overshoot the 0.1 MPa threshold on the unloading cycle, 

causing the normal actuator to move and become slightly decoupled from the sample cap. In cases where 

the normal actuator became off-center, the actuator was re-aligned prior to loading of the following cycle. 

In order to minimize the influence of this non-linear tail and remove possible machine interference at the 

beginning of the load cycle, linear fits were made of the data between 1.5x the seating pressure (0.15 

MPa) and the maximum applied normal stress.   

In addition to the non-linearity at the beginning of the test, some specimens that were tested at 

normal stresses higher than 3 MPa exhibited a stiffening phenomenon around 3 MPa followed by 

softening around 5 MPa, as shown in Figure 5-6. The stiffening and softening phenomena are believed to 

be caused by the mating of micro-asperities on the macro-asperities. All test specimens are fully mated by 

hand during sample preparation; however, it is unrealistic to expect the micro-asperities (asperities on the 

mineral grains) to be fully mated prior to loading.  The application of normal loads to the specimen during 

the test causes the micro-asperities to eventually come into contact and in order to continue closing the 

joint, the micro-asperities have to be sheared off. Since there is a resistance to deformation due to the 

strength of the micro-asperities the sample appears to stiffen, as shown in Figure 5-6.  Once the micro-

asperities are sheared and their strength is overcome, the joint continues to close at the rate prior to micro-

asperity contact, which appears as softening.  

With subsequent normal loading cycles, the micro-asperities become progressively more 

damaged causing the sharp transitions, such as those shown in loading cycle 1 of Figure 5-6, to soften to 

the point of those shown in normal loading cycle 3 of Figure 5-6. As the number of normal loading cycles 

increases, the normal displacement with respect to normal stress curve should become fully linear as the 

micro-asperities become damaged to the point they provide no influence on the normal displacement – 

normal stress curve.  
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Figure 5-6: Example normal displacement - normal stress plot of a fracture subjected to three 

normal loading cycles, loaded up to 8 MPa, exhibiting stiffening (A) and softening (B) behaviour 

with increasing normal stress  

A summary of stiffness characteristics for all direct shear tests on the Pointe Du Bois granites and 

gneisses is presented in Figure 5-7. The test results include both boundary conditions as this part of the 

test is the same for both CNL* and CNS conditions. As the maximum applied normal stress during the 

loading stage increases, the stiffness characteristic decreases (Figure 5-7). When comparing the stiffness 

characteristics of the Pointe Du Bois granites and gneisses to granite data compiled by Zangerl et al. 

(2008), the Pointe Du Bois data falls within the lower bound of the Zangerl et al. (2008) data.  The 

Zangerl et al. (2008) data also shows that the stiffness characteristic remains constant with increasing 

normal stress. Further direct shear tests on the Pointe Du Bois granites and gneisses at higher normal 

stresses may also exhibit a similar trend of stiffness characteristic that has little dependence on maximum 

normal stress.  
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The normal stiffness results of all of the Pointe Du Bois specimens ranges from approximately 

2,000 to 60,000 MPa/m and is illustrated in Figure 5-8. Comparing the two closure laws, the linear 

closure law measurements (range from 2,000 to 20,000 MPa/m) are softer than the semi-logarithmic 

closure law (range from 2,000 to 60,000 MPa/m).   

In order to quantitatively compare the suitability of each closure law for the Pointe Du Bois 

specimens, a statistical analysis of the linear and semi-logarithmic closure laws was conducted. A 

comparison of the coefficient of determination (R2) between the linear closure law and semi-logarithmic 

closure law is shown in Figure 5-9. Figure 5-9 shows that that the R2 values are higher for the semi-

logarithmic closure law compared to the linear closure law. For numerical modeling, it is recommended 

that the range of normal stiffness values to be used as input properties for numerical models be based on 

results of the semi-logarithmic closure law.   
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Figure 5-7: Summary of stiffness characteristics for all normal loading cycles of Pointe Du Bois 

direct shear tests 
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Figure 5-8: Summary of joint normal stiffness for all normal loading cycles of Pointe Du Bois 

specimens; the semi-logarithmic normal stiffness is the product of the stiffness characteristic and 

maximum normal stress for each sample  
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Figure 5-9: Quantitative statistical comparison using the coefficient of determination (R2) to 

measure the suitability of the linear and semi-logarithmic closure laws to the normal stiffness data.  

This analysis suggests that the semi-logarithmic closure law is a better measure of normal stiffness 

for this direct shear testing program.  

The wide range of values associated with joint normal stiffness is partly attributed to the three 

cycle normal loading of the test specimens. In some of the test cases, the normal stiffness estimated with 

cycle 1 is lower than the normal stiffness estimated by cycles 2 and 3. In cycle 1, the sample undergoes 

sample seating as well as mating of micro-asperities whereas cycles 2 and 3 should be more 

representative of the actual joint behaviour. As illustrated in Figure 5-6, there is progressive surface 

damage with subsequent normal loading cycles. For numerical modelling applications, the joint normal 

stiffness used as an input for numerical model will be based on cycle 2, when confirmed by cycle 3. For 
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the Pointe Du Bois direct shear specimens, compilations of stiffness characteristics, joint normal stiffness, 

and statistical analysis for cycle 2 are presented in Figure 5-10, Figure 5-11 and Figure 5-12 respectively. 

In Figure 5-10, the stiffness characteristics display the same behaviour as shown in Figure 5-7, where the 

stiffness characteristic becomes smaller with the increase in applied normal stress. The cycle 2 results 

presented in Figure 5-11 show the same behaviour as in Figure 5-8, where there is a minor dependence on 

normal stress up to 4 MPa.   

When comparing the influence of the non-linear joint behaviour at very low normal stresses, the 

joint normal stiffness measurement at 1 MPa would be influenced a greater amount due to the non-linear 

behaviour than the estimate made from data of a direct shear test completed at 8 MPa.  To reduce the 

influence of this non-linear portion of the curve at low normal stresses, an analysis was undertaken to 

measure the joint normal stiffness from 0.4 MPa (four times the seating pressure) to the maximum applied 

normal stress.  The resulting stiffness characteristics are reported in Figure 5-13 and when compared to 

the overall results reported in Figure 5-10, there is an increase in the stiffness characteristic, especially at 

lower normal stresses, which will increase the lower bound of joint normal stiffness range recommended 

as inputs to numerical models. Measured joint normal stiffness values based on linear fits between 0.4 

MPa and the maximum applied stress are presented in Figure 5-14. When comparing results from Figure 

5-14 to Figure 5-11, the estimate of joint normal stiffness is higher at lower normal stresses and remained 

constant at higher normal stresses.  Based upon the results summarized in Figure 5-14, the linear closure 

law estimates the range of joint normal stiffness from 3,000 to 20,000 MPa/m and the semi-logarithmic 

closure law estimates the range of joint normal stiffness from 4,000 to 45,000 MPa/m.  The statistical 

comparison of R2 values from this analysis indicates the linear closure law is better suited for data that has 

been filtered to remove everything below 0.4 MPa as the majority of the non-linear portion of the data has 

been removed, however both methods are acceptable (Figure 5-15). The Pointe Du Bois granites and 

gneisses, while falling within the lower bound of the data presented by Zangerl et al. (2008) follow the 

same trends and behaviours as described by Zangerl et al. (2008).  It is recommended that the range of 
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joint normal stiffness values for numerical modelling applications be measured based on the semi-

logarithmic closure law 

 

Figure 5-10: Summary of stiffness characteristics for all Pointe Du Bois direct shear tests with 

multiple loading cycles (cycle 2 only). 



145 

 

 

Figure 5-11: Summary of normal stiffness for all Pointe Du Bois specimens with multiple loading 

cycles (cycle 2 only). Linear closure law results are shown in red, semi-logarithmic closure results 

are shown in blue. The semi-logarithmic normal stiffness is the product of the stiffness 

characteristic and maximum normal stress for each sample. 
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Figure 5-12: Quantitative statistical comparison using the coefficient of determination (R2) to 

measure the suitability of the linear and semi-logarithmic closure laws to the normal stiffness data 

(cycle 2 only). This analysis suggests that the semi-logarithmic closure law is a better measure of 

normal stiffness for the analysis of cycle 2 data. 
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Figure 5-13: Summary of stiffness characteristics for all Pointe Du Bois direct shear tests with 

multiple loading cycles (cycle 2 only), data has been filtered to remove everything below 0.4 MPa 

from the linear fit. 
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Figure 5-14: Summary of normal stiffness for all Pointe Du Bois specimens with multiple loading 

cycles (cycle 2 only), data has been filtered to remove everything below 0.4 MPa from the linear fit.  

Linear closure law results are shown in red, semi-logarithmic closure results are shown in blue.  

The semi-logarithmic normal stiffness is the product of the stiffness characteristic and maximum 

normal stress for each sample. 
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Figure 5-15: Quantitative statistical comparison using the coefficient of determination (R2) to 

measure the suitability of the linear and semi-logarithmic closure laws to the normal stiffness data 

(cycle 2 only). This analysis suggests that both the semi-logarithmic and linear closure laws are 

suitable for this data.  

As illustrated in Figure 5-6, the joint normal stiffness behaviour is different between loading and 

unloading.  In tunneling, joints are typically under the highest confinement prior to excavation and as the 

excavation progresses the rock mass around the tunnel starts to relax, unloading the rock joints around the 

excavation (Vlachopoulos and Diederichs, 2014). In numerical modelling of excavations, using the range 

of normal stiffness values based upon the unloading curve instead of the loading curve, as discussed 

previously, may produce results that are closer to in situ behaviours.  The joint normal stiffness was 

measured for the cycle 2 unloading stage using the linear and semi-logarithmic closure laws in order to 
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compare it to results from the cycle 2 loading stage.  The stiffness characteristic for the cycle 2 unloading 

stage is shown in Figure 5-16.  The measured normal stiffness based on the linear closure law and semi-

logarithmic closure law remain constant with respect to normal stress as shown in Figure 5-17.    An R2 

statistical analysis for the cycle 2 unloading data is presented in Figure 5-18. Based upon the analysis in 

Figure 5-18, the linear closure law is better suited for measuring the joint normal stiffness of the 

unloading curve.  The range of joint normal stiffness that is recommended to be used as input for 

numerical models involving rock types used in this study is 4,000 to 18,000 MPa/m.  

The selection of an appropriate value for joint normal stiffness numerical modelling input will be 

depend on the application.  The lower end of the range (closer to 4,000 MPa/m in these types of rocks and 

fractures) should be used for applications at and near ground surface while the higher end of the range 

(closer to 18,000 MPa/m) should be used in situations where large confining stresses occur such as deep 

mines and tunnels. 
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Figure 5-16: Summary of stiffness characteristics for all Pointe Du Bois direct shear tests with 

multiple loading cycles (cycle 2 unloading only). Data has been filtered to remove everything below 

0.4 MPa. 
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Figure 5-17: Summary of normal stiffness for all Pointe Du Bois specimens with multiple loading 

cycles (cycle 2 unloading only). Data has been filtered to remove everything below 0.4 MPa from 

the linear fit. Linear closure law results are shown in red, semi-logarithmic closure results are 

shown in blue. The semi-logarithmic normal stiffness is the product of the stiffness characteristic 

and maximum normal stress for each sample. 
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Figure 5-18: Quantitative statistical comparison using the coefficient of determination (R2) to 

measure the suitability of the linear and semi-logarithmic closure laws to the normal stiffness data 

(cycle 2 unloading only) 
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5.4.3 Joint Shear Stiffness 

The joint shear stiffness is measured near the beginning of the shear stage of the direct shear test, after the 

machine has reached the desired normal stress. Joint shear stiffness is generally measured as the slope of 

shear stress with respect to shear displacement curve between the onset of shearing and the yield shear 

stress, which corresponds to the onset of dilation.   

For this study, joint shear stiffness was measured using three different methods: peak (secant), 

yield (tangent) and chord. Peak (secant) shear stiffness (Goodman, 1970) is the most common method to 

measure joint shear stiffness and is defined as the slope of the line between the onset of shearing (zero 

displacement) and yield shear stress. The yield shear stiffness (Hungr and Coates, 1978) is usually 

measured at 50% of yield shear stress, or approximated by calculating the slope of the line between 40% 

and 60% of yield shear stress of the shear stress – shear displacement curve. The chord shear stiffness 

(Day et al., 2017) is measured as the linear-elastic portion of the shear stress – shear displacement curve 

between zero shear displacement and yield shear stress.   

Test data may show non-linearity prior to yield due to sample seating or increased sample mating 

which have the potential to influence the peak and yield shear stiffness properties, making these 

measurements inaccurate.  However, due to the simplicity of the fits, the peak and yield joint shear 

stiffness values are easily estimated. The chord joint shear stiffness measurement addresses the limitation 

of the previously described methods as the estimate is made based off the manual selection of the linear-

elastic portion of the shear stress – shear displacement curve. By manually selecting the linear portion of 

the data, the influence of the non-linearity that occurs in some tests is minimized. All three types of shear 

stiffness calculations were completed for each specimen in this study with all graphs and values for each 

sample reported in Appendix F.  

A summary of the joint shear stiffness results for all tests completed under CNL*, CNS-6 and 

CNS-12 boundary conditions is presented in Figure 5-19. As illustrated in Figure 5-19, there is a 

relationship between shear stiffness and the applied normal stress. In general, the chord and yield joint 

shear stiffness measurements are stiffer than the peak shear stiffness.  For the Pointe Du Bois granites and 
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gneisses, the joint shear stiffness range recommended for numerical modelling applications should be 

based on the chord joint shear strength measurement. The chord joint shear stiffness ranges from 3,000 to 

10,000 MPa/m.  The selection of an appropriate value for joint shear stiffness numerical modelling input 

will be depend on the application.  The lower end of the range (closer to 4,000 MPa/m in these types of 

rocks and fractures) should be used for applications at and near ground surface while the higher end of the 

range (closer to 10,000 MPa/m) should be used in situations where large confining stresses occur such as 

deep mines and tunnels.   

However, it should be noted that in numerical modelling, this stress dependency should be taken 

into account and testing at both lower (< 1.0 MPa) and higher (> 8.0 MPa) normal stresses should be 

conducted to extrapolate this trend. All data presented in Figure 5-20 was fit using the allometric 

relationship y = a + b*xc.  
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Figure 5-19: Compilation of joint shear stiffness results of specimen samples tested under CNL*, 

CNS-6 and CNS-12 boundary conditions 

5.4.4 Yield and Post Yield Behaviour: Shear Strength 

In this study, the term “yield” shear strength refers to the maximum shear strength before dilation starts to 

occur.  In conventional CNL* direct shear tests, this point is also referred to as peak shear stress. 

However, in CNS testing, peak (maximum) shear strength does not always occur at the onset of dilation, 

as illustrated in Figure 5-20.  
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Figure 5-20: Examples of yield and pre-yield behaviour in (a) CNL* (b) CNS at 6 kN/mm and (c) 

CNS at 12 kN/mm direct shear tests all completed with an initial test normal stress of 1 MPa 
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 In a CNL* direct shear test, the yield shear strength is defined as the shear stress at the onset of 

dilation and in most cases is also the maximum shear stress the sample can sustain for a constant normal 

stress.  As shearing progresses, the residual shear stress that can be sustained by the sample is defined as 

the residual strength of the failure surface, shown in idealized behaviour (Figure 5-21) and real test data 

(Figure 5-22a). In a CNS direct shear test, yield shear strength and residual shear strength are defined in 

the same manner as in a CNL* direct shear test.  Due to the relationship between normal stress and 

normal displacement under CNS conditions, the normal stress increases when dilation occurs and 

decreases when the joint closes, as shown in Figure 5-20b, Figure 5-20c, Figure 5-21 and Figure 5-22b.  

This increase in normal stress after yield increases the shear stress that is required to continue asperity 

sliding until a critical point is reached where asperity shearing starts to occur.  The point of asperity 

shearing in the CNS test is typically the maximum shear strength.  Examples of the yield, maximum, and 

residual measurements for CNS direct shear tests are illustrated in Figure 5-22b. Shear strength 

measurements of all samples are shown in Appendix F. In addition to the shear stress measurements listed 

above, a measurement was made of the shear stress immediately following the maximum shear stress 

(Post-Yield Shear Strength), shown in Figure 5-22a and b. This post-yield measurement was made to 

compare the different samples, minimizing the influence of the strength of individual mineral grains and 

overall joint roughness as at this point, asperities have started to crush or new shear planes have been 

developed and mobilized. As discussed in Chapter 3, the samples vary in roughness and have large 

mineral grains when compared to the size of the sample (47.6 mm diameter). In this case, individual 

grains have the potential to control the overall behaviour of the fracture if conditions permit.  
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Figure 5-21: (a) idealized CNL* direct shear test with example measurements of peak, maximum, 

post yield, and residual shear strengths, and dilation parameters; (b) idealized CNS direct shear 

test with example measurements of peak, maximum, post yield, and residual shear strengths, and 

dilation parameters 
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Figure 5-22: (a) CNL* direct shear test with example measurements of peak, maximum, post yield, 

and residual shear strengths, and dilation parameters; (b) CNS direct shear test with example 

measurements of peak, maximum, post yield, and residual shear strengths, and dilation 

parameters; for each measurement the shear stress and corresponding normal stress is reported 
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 The yield, maximum, post-yield and residual shear stress measurements for several tests can be 

plotted in normal stress-shear stress space. When measurements are made at multiple normal stresses, 

failure envelopes can be fit to the test data in order to determine a cohesion and friction angle for 

engineering and numerical modelling purposes. For this study, the Mohr-Coulomb failure criterion was 

selected as the components of friction angle and cohesive strength make it suitable for both CNL* and 

CNS direct shear tests.   

 The shear strength analyses of the test results discussed here are separated by boundary condition. 

Results of the CNL*, CNS at 6 kN/mm and CNS at 12 kN/mm direst shear tests, including best fit linear 

failure envelopes defined by Mohr-Coulomb parameters, are presented in Figure 5-23, Figure 5-24, and 

Figure 5-25, respectively. The yield failure envelope of the CNL* data is stronger in frictional strength 

and similar to the cohesive strength of the CNS test program’s yield failure envelopes. In the CNS test 

programs, the yield and maximum strength envelopes are relatively consistent in frictional and cohesive 

strength. As shown in Figure 5-24 and Figure 5-25, the data has poorer linear fits with the exception of 

the residual strength. For the residual strength data, the linear fit has a fixed y-intercept at 0 MPa since all 

cohesive strength has been lost when residual behaviour occurs.   

 As discussed in Chapter 3, this testing program consists of rock with three different lithologies. 

Figure 5-26, Figure 5-27, and Figure 5-28 present the results of shear strength analyses for each boundary 

condition (CNL*, CNS at 6 kN/mm, and CNS at 12 kN/mm, respectively) with the lithology of the test 

specimen identified. Based on the results shown in Figure 5-26, Figure 5-27, and Figure 5-28, there 

appears to be no dependence on geology, of the lithologies tested, with respect to each failure envelope.  
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Figure 5-23: All shear strength results and Mohr-Coulomb envelopes for the CNL* test program  
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Figure 5-24: All shear strength results and Mohr-Coulomb envelopes for the CNS – 6 kN/mm test 

program 
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Figure 5-25: All shear strength results and Mohr-Coulomb envelopes for the CNS – 12 kN/mm test 

program



165 

 

 

Figure 5-26: Shear strength results for the CNL* test program, sorted by lithology. 
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Figure 5-27: Shear strength results for the CNS at 6 kN/mm test program, sorted by lithology.  
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Figure 5-28: Shear strength results for the CNS at 12 kN/mm test program, sorted by lithology.  
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 To quantitatively analyze the direct shear strength data, a 95% confidence interval (95% CI) and a 

95% prediction interval (95% PI) was calculated for all linear fits. The 95% confidence intervals and 95% 

prediction intervals are presented in Figure 5-28. The zone encompassed by the 95% CI refers to the 

range where 95% of predicted linear fits to the data may occur. The zone encompassed by the 95% PI 

represents the area where 95% of predicted data points based on the current data are likely to occur. For 

all linear fits of the CNL* boundary condition data, the 95% CI and 95% PI zones are smaller than the 

CNS boundary condition data. This is particularly evident for the maximum strength envelope where the 

95% CI encompasses linear fits that range from being nearly vertical (slope of 6.74 and y-intercept of        

-29.62) to horizontal (slope of 0 and a y-intercept of 8). One of the limitations to the CNS boundary 

condition is the rapid increase in normal stress, which has created a deficit of data at low normal stresses 

(< 3.0 MPa). For residual shear strength, all boundary conditions produced 95% CI and 95% PI that 

encompassed the same range (Figure 5-29).   

 Based on this statistical analysis, there is a possibility for each set of failure envelopes to have 

relatively similar frictional and cohesive strength properties between boundary conditions. However, due 

to the poor statistical fits of the CNS boundary condition results, the author recommends that additional 

testing be performed at lower normal stresses (e.g. 0.5 MPa) and higher normal stresses (greater than 10 

MPa) in order to refine these results.  
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Figure 5-29: Prediction Intervals (PI) and confidence intervals for test data and Mohr-Coulomb 

linear best fits separated by failure envelope and boundary condition
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It should be noted that some of the test specimens in the CNL* direct shear program experienced 

grout interference in the residual stage of the test (Figure 5-30a and b). Those data points were removed 

and are not included in the analysis presented in Figure 5-23.  

During shearing, tensile fracturing on the edge of the sample in the direction of shear occurred 

during the post-yield region of the test, shown in Figure 5-30c. The tensile fracturing causes the surface 

area of the specimen to decrease, which is not taken into account by the direct shear machine. Due to this 

unaccounted surface area loss, the normal stress that the sample is experiencing is higher than what the 

machine is recording and the display is outputting. The direct shear test data was not corrected for the loss 

in surface area, as there was no reliable method of determining when the tensile fracturing occurred 

during the test or the magnitude of failure. Due to observations made during testing (e.g. noise associated 

with fracturing), it is speculated that all tensile fracturing occurs post yield, which has no impact on yield 

strength measurements in both CNL and CNS tests and immediate post-yield strength measurements in 

CNL test.  

 

Figure 5-30: Examples of grout interference and tensile fracturing; (a) Top half of a sample tested 

under CNL* boundary conditions at 8 MPa normal stress, (b) bottom half of the sample, (c) Tensile 

fracturing on the bottom half of a test specimen 
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5.4.5 Post Yield: Dilation 

The post-yield region of CNL* and post-maximum region of CNS direct shear tests are most commonly 

described through the dilation tendencies of the rock joint (Barton, 1973). In direct shear testing, physical 

dilation describes the continuous opening of the discontinuity caused by sliding over asperities with 

increased shear displacement. The maximum dilation angle for a fracture typically occurs immediately 

after yield (Barton, 1972). This maximum dilation angle is not always representative of the overall 

dilation behaviour of a rock joint or applicable for numerical modelling. The maximum dilation angle 

(tangent dilation angle) was not measured in this study.    

 The post-yield dilation angle in a direct shear test is estimated during the final stage of the test 

after yield has occurred and the sample has started to dilate. To address the limitations of max dilation 

angle, a secant dilation measurement is proposed that requires manual selection of the representative 

residual shear stress in the post-yield region. An example measurement of the secant dilation angle is 

presented in Figure 5-31. In order to calculate the dilation angle, the first step is to identify the yield point 

of the direct shear test, Figure 5-31 Point A, and a zone of shear displacement that is representative of 

residual shear strength, Figure 5-31 Point B and Point C. The secant dilation angle (ψs) is the angle from 

horizontal that is formed by drawing a line from the yield point on the normal displacement curve to the 

start of residual shear strength zone on the normal displacement curve. In addition to estimating the secant 

dilation angle, this method can be used to estimate the critical shear displacement (δsc) and total dilation 

potential (δnm). Critical shear displacement is the amount of shear displacement until dilation stops and 

total dilation potential is the total amount the joint has opened between yield (Figure 5-31 Point A) and 

the end of representative residual behaviour (Figure 5-31 Point C), illustrated in Figure 5-31. In addition 

to the manual selection, a standardized approach was developed to estimate the secant dilation angle. The 

user defined representative residual shear strength was estimated based on the data starting at a shear 

displacement equal to 10% and ending at a shear displacement equal to 15% of sample diameter (5 mm 

and 7.5 mm for NQ sized core), presented in Figure 5-32.  
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Figure 5-31: Measurement type for secant dilation angle used in this study. Secant dilation is a new 

approach developed in this testing program. In this case, the beginning of representative residual 

behaviour (B) and end of representative residual behaviour (C) are defined by the user.   

 

Figure 5-32: Measurement type for dilation angle used in this study. Secant dilation is a new 

approach developed in this testing program. This standardized measurement method uses the 

beginning of representative residual behaviour at δs = 10% of core diameter (5 mm) (B), and the 

end of representative residual behaviour at δs = 15% of core diameter (7.5 mm) (C)   
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The compilations of dilation angle measurements for all direct shear tests conducted as part of 

this study are shown in Figure 5-33, Figure 5-34, and Figure 5-35. Individual dilation measurements are 

presented in Appendix F. The secant dilation angles presented have not been corrected for the dip of the 

shear surface and assumes that the joint surface is horizontal. The dilation angle measurements in Figures 

5-33, 5-34, and 5-35 have been presented in three separate ways, as there is no standard reporting method 

for the secant dilation angle or dilation angles for CNS tests. Figure 5-33 presents the secant dilation 

angle measurements separated by boundary condition and plotted against the initial test normal stress. 

Figure 5-34 presents the secant dilation angle measurements separated by boundary condition and plotted 

against the average normal stress (50% between normal stress at yield and normal stress at residual). 

Figure 5-35 presents the secant dilation angle measurements separated by boundary condition and plotted 

against normal stress at representative residual behaviour. In each presentation method, there is a clear 

trend of a decrease in dilation angle with an increase in normal stress. In a majority of the direct shear 

tests completed in this program, the beginning of representative residual behaviour was determined to 

start prior to the 10% of sample diameter displacement resulting in higher dilation angles. This 

observation agrees with previous findings by Barton (1971), Day et al. (2017) and others.   

For numerical modelling applications, the joint dilation angle and a critical shear displacement 

(δsc), or the shear displacement at which dilation stops, has to be specified.  These inputs allow the user to 

control how long dilation occurs and how much the joint opens (total dilation potential (δnm)). Critical 

shear displacement, normal stress, and dilation angle are compared in 3D plots, where user based 

representative residual behaviour measurements are presented in Figure 5-36 and standard based 

representative residual behaviour measurements are presented in Figure 5-37. From these two plots there 

appears to be no relationship between normal stress and critical shear displacement or between critical 

shear displacement and dilation angle.  

For numerical modelling and engineering purposes, it is recommended that the secant dilation 

angle be measured using user-defined representative residual behavior instead of the standardized residual 
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behaviour pick. A standardized method may take into account behaviour that is not fully developed 

residual behaviour or behaviour that is being controlled by other factors (e.g. individual crystal strength) 

instead of average fracture behaviour. While the standardized approach allows measurements to be 

completed faster, all measurements should be examined for potential influence from non-residual 

behaviour.    

 

 
Figure 5-33: Dilation angle measurements of the Pointe Du Bois granites and gneisses separated by 

boundary condition and plotted with respect to initial target normal stress. Squares are 

measurements made through a standardized pick of start and end points of residual behaviour to 

estimate the secant dilation angle, circles are based on user-defined start and end points of residual 

behaviour to estimate the secant dilation angle. 
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Figure 5-34: Dilation angle measurements of the Pointe Du Bois granites and gneisses separated by 

boundary condition and plotted with respect to the average test normal stress (halfway between 

normal stress at yield and residual normal stress). Squares are measurements made through a 

standardized pick of start and end points of residual behaviour to estimate the secant dilation 

angle, circles are based on user-defined start and end points of residual behaviour to estimate the 

secant dilation angle. 
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Figure 5-35: Dilation angle measurements of the Pointe Du Bois granites and gneisses separated by 

boundary condition and plotted with respect to the normal stress at residual. Squares are 

measurements based on standardized start and end points of residual behaviour to estimate the 

secant dilation angle, circles are based on user-defined start and end points of residual behaviour to 

estimate the secant dilation angle. 
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Figure 5-36: 3D plot showing the relationship between dilation angle, critical shear displacement 

and normal stress at residual for user defined representative shear behaviour. 
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Figure 5-37: 3D plot showing the relationship between dilation angle, critical shear displacement 

and normal stress at residual for standardized representative shear behaviour. 
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5.4.6 Joint Stress Paths 

In CNS direct shear testing, the stress paths of the tests propagate along the strength envelope, leading to 

fewer tests being required to predict the strength envelope (Indraratna and Haque, 2000). The joint stress 

path is also hypothesized to be able to describe the degradation of asperities and orientations of new shear 

planes (Johnston and Lam, 1989). As illustrated in Figure 5-38, there are three cases: development of the 

secondary shear plane is negative, the development of the secondary shear plane is positive, or significant 

asperity crushing occurs.  

 

Figure 5-38: Stress path response in CNS direct shear tests and possible interpretations (modified 

after Johnston and Lam, 1989) 

 The compilation of stress path plots for all direct shear tests are shown in Figure 5-39 (CNS 

boundary condition at 6 kN/mm) and Figure 5-40 (CNS boundary condition at 12 kN/mm). The linear 

best fits for the yield strength envelope, max strength envelope, and residual strength envelopes as 

presented in Figures 5-24 and 5-25 were added to the plots in order to compare the linear best fits to the 

stress paths. Overall, the yield measurements and stress paths correlate relatively well. In Figure 5-40, the 

residual failure envelope appears to overestimate the residual strength of the rock joints, as there is a 

potential envelope at 0 MPa cohesive strength and approximately 27° frictional strength.  
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Figure 5-39: Stress path plots for all specimens tested under CNS boundary conditions at 6 kN/mm. 

Measured yield and maximum (max) strength points as well as linear best fits yield, max and 

residual strength  are plotted for reference.  
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Figure 5-40: Stress path plots for all specimens tested under CNS boundary conditions at 

12 kN/mm. Measured yield and max strength points as well as linear best fits for yield, max and 

residual strength are plotted for reference. 
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5.5 Discussion and Conclusions 

This direct shear laboratory investigation of the Pointe Du Bois granites and gneisses characterized the 

mechanical behaviour of rock joints. Laboratory testing is one component of the geotechnical design 

process and is used to estimate the geomechanical properties of rock joints for effective geotechnical 

design and numerical modelling.  Direct shear testing was completed under CNL* and CNS boundary 

conditions to study the mechanical response of rock joints when the boundary condition is changed. A 

new method for estimating machine normal stiffness was proposed that uses relationships based on the in 

situ deformation along planar features. The new machine normal stiffness equation is based on an 

underground system and is more applicable for tunneling applications as it assumes that the joints are 

dilating on linear features rather than radial dilation as is the case with the Johnston et al. (1987) equation.  

 In order to improve the post-yield behaviour characterization of rock fractures for numerical 

modelling, a new method for measuring dilation was created that uses mechanistic reasoning to estimate 

the general dilation angle, critical shear displacement, and total dilation potential. This new approach for 

measuring the secant dilation angle is subjective when using user-defined representative residual 

behaviour. However, with training, it provides an improved representation of dilation angle with 

increased applicability to numerical models with explicit rockmass structure. A standardized approach to 

measuring the secant dilation angle is created.  The values between the two methods were similar and 

with analysis of the results, standardized measurements can be substituted with the user-based 

measurement method.  

 One of the hypotheses of this research is that the geomechanical properties of rock joints do not 

change under different direct shear boundary conditions.  Overall, all three boundary conditions tested 

(CNL*, CNS at 6kN/mm and CNS at 12kN/mm) produced similar results with respect to stiffness, 

strength and dilation and had relatively consistent measurements for rock joint geomechanical properties, 

which supports the hypothesis of this thesis.  
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The pre-yield stiffness measurements are not separated by boundary condition as the CNS 

behaviour does not come into effect until after reaching peak strength and when dilation occurs. The 

normal stiffness (semi-logarithmic closure law) ranges from 4,000 to 45,000 MPa/m for the loading curve 

of cycle 2. In cases where rock joints experience stress relaxation the joint normal stiffness based on the 

normal stress – normal displacement unloading curve may be more applicable to numerical modelling 

applications. For the Pointe Du Bois granites and gneisses, the normal stiffness (linear closure law) ranges 

from 4,000 to 18,000 MPa/m for the unloading curve of cycle 2. For the shear stiffness, the recommended 

range of values to be used in numerical models is based on the chord measurements, which have a range 

of 3,000 to 10,000 MPa/m.  The lower end of the range should be used for applications at and near ground 

surface while the higher end of the range should be used in situations where large confining stresses occur 

such as deep mines and tunnels. 

 Shear strength results are reported in terms of the Mohr-Coulomb failure criterion (frictional and 

cohesive strength). The yield shear strength is comparable between boundary conditions; however, there 

is more scatter in the data from the CNS test series. There is a discrepancy in the frictional and cohesive 

strength between the yield failure envelopes of the different boundary conditions, which may be partly 

due to unclear definition of yield strength (e.g. onset of dilation, end of linear elastic behaviour). In this 

test program, the yield was measured at the onset of dilation. However, it was noted that some samples 

continued expressing linear-elastic behaviour past this point (commonly in the CNS boundary condition). 

In a CNS test, the normal stress applied to the specimen is depends on the progressive development of 

dilation.  In the pre-yield portion of a test, closure of the joint will cause the normal stress applied to the 

sample to decrease and it is possible the decrease in normal stress applied to the sample could cause the 

sample to start to dilate earlier.  As yield in this study is defined as the onset of dilation, the lower shear 

stress would allow the rock joint to dilate sooner, lowering the estimate of the yield strength. Further 

study should be conducted to determine the effect of different yield measurement points (start of dilation 

and end of linear-elastic behaviour). Noted in Chapter 3, the joint roughness and asperity heights are not 
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consistent between specimens. These two factors combined with the large mineral grain size relative to 

the size of the core diameter means that individual asperities and grains may have a greater influence on 

the post-yield behaviour than the behaviour of the overall joint surface. In the testing of rock joints of 

granites and gneisses, individual grains may be exposed to localized increasing confinement, 

subsequently increasing the shear strength of the grain. It is expected that once these individual crystals 

have been sheared and true residual behaviour develops, the sample behaviour should be representative of 

the overall sample instead of individual crystals.  Further laboratory testing should be completed with 

larger diameter core to study the influence of the ratio of crystal size to core diameter.   

 The measurements of dilation angles highlight the same trend that has been found in previous 

studies on rock joints. As the normal stress increases, the dilation angle decreases, which is expected 

since increased normal stress prevents the rock joint from opening. Two (2) samples of the total 45 

samples were excluded from the dilation analysis because they experienced grout interference. Dilation 

angles measured from CNL* and CNS direct shear both have the same trend of decreasing dilation angles 

with increasing normal stress.  At a high enough initial normal stress, the behaviour should be the same. 

Further testing at higher normal stresses is required to determine the critical initial test normal stress 

where rock joints do not open on asperities and instead only shear them.  

Laboratory testing of rock joints to determine their geomechanical properties is an important part 

of engineering geotechnical design.  As site investigation and laboratory investigation costs increase due 

to increases in machine and labour costs, finding efficiencies in laboratory testing is beneficial to 

geotechnical engineering industry.  In the case of direct shear testing, it has been recommended that 

CNL* testing be completed for engineering projects in conditions where joints are unconstrained (e.g. 

dams and slopes) and CNS testing be completed engineering projects in conditions where the joints are 

constrained (e.g. tunneling).  In the case of a tunnel, ISRM guidelines recommend that both CNL* (for 

the slope at the portal) and CNS (for the tunnel) test programs would have to be completed (Muralha et 

al., 2013).  The results of this study lead to the conclusion that the geomechanical properties (stiffness, 
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strength, and dilation) do not change significantly when measured using by direct shear testing under 

CNL* or CNS boundary conditions.   

Based upon the direct shear test program completed there is no added benefit to completing a full 

constant normal stiffness direct shear test program in addition to a constant normal stress test program 

based on the following reasons:  

• Test results are relatively similar between the boundary conditions, as the dilational feedback 

mechanism associated with the CNS boundary condition does not come into effect until yield 

strength has been reached and dilation has started.  

• In the post yield region of the test, the CNS test results are harder to interpret as multiple factors 

are influencing the post yield behaviour (individual mineral strength and dilational feedback 

mechanism).  
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Chapter 6 

Preliminary Analysis of Direct Shear Boundary Conditions Using DEM 

Models3 

6.1 Introduction 

Specimens for direct shear testing are typically collected during the diamond core drilling and sampling 

stage of a site investigation program. The retrieval of fractures for direct shear testing can be quite costly 

depending on the project location and depth, where remote locations and deeper project horizons are more 

challenging to sample. ISRM guidelines recommend that direct shear testing be completed on the same 

joint or test horizon and with a minimum of three specimens (ISRM, 2007; Muralha et al., 2014), which 

may not always be feasible. The ISRM guideline for laboratory direct shear testing also recommends that 

if not enough samples can be procured multi-stage testing should be performed. Multi-stage direct shear 

testing is a laboratory procedure where the same discontinuity is sheared multiple times with increasing 

normal loads applied to specimen with each test (Hencher and Richards, 1989). However, multi-stage 

direct shear testing on rock joints does not consider the unique asperity profiles and could cause damage 

to the asperity profile, which affects subsequent tests (Petro et al., 2017). Furthermore, with constant 

normal stiffness testing becoming more common, the required number of direct shear test specimens has 

the potential to increase, as extensive testing programs that use multiple boundary conditions become 

common practice. In order to try to reduce the requirement for a larger number of physical samples, there 

is the potential to use numerical models in order to compliment physical lab testing programs. By using 

measurements made from laboratory testing as inputs to numerical models, there is the possibility to 

                                                      
3 Parts of this chapter are published in a peer reviewed conference proceedings with the following caption: Packulak, 
T.R., Day, J. J., 2018. The role of rock direct shear testing and practical aspects of boundary conditions. In 
Proceedings of the 2018 Annual Canadian Society of Civil Engineers Conference, CSCE, Fredericton, NB, Canada, 
10 pages 
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predict rock joint behaviour under different boundary conditions and reduce the number of physical tests 

required.  

 This chapter addresses the numerical application of laboratory direct shear measurements to 

discrete element models. Within the scope of this study, discrete element numerical simulations of 

laboratory scale direct shear tests were developed to provide insight on:  

• the influence of dilation in a numerically modelled direct shear test; and 

• the applicability of constant normal stiffness direct shear testing in numerical modelling.  

Itasca’s two-dimensional discrete element method software, Universal Distinct Element Code (UDEC) 

(Itasca, 2017a), was used to conduct this investigation. The models were calibrated based on the physical 

direct shear testing results presented in Chapter 5. The ultimate goal this study is to investigate the 

feasibility of estimating direct shear test behaviour under a constant normal stiffness (CNS) condition 

using parameters estimated based on physical constant normal stress (CNL*) direct shear testing.  

6.2 Modelling Procedure 

For this numerical modelling analysis, two separate 2D models were created in UDEC: (1) a constant 

normal stress direct shear test and (2) a constant normal stiffness direct shear test. 

 Distinct element method numerical models simulate the response of discontinuous systems under 

static or dynamic loading. The analyses conduced in this study are assumed to be under pseudo-static 

conditions by employing a relatively low loading rate (0.001-0.1 mm/sec) (Barton, 1988). In DEM 

numerical models, intact rock blocks bounded by discontinuities are treated as discrete blocks and 

discontinuities are treated as boundary conditions between the blocks. Calculations in DEM models are 

performed in a step-wise manner in a feed-forward process where results from the previous iterations are 

used for the next. For iteration calculations in UDEC, force-displacement laws govern the behaviour of 

contacts, while formulating and solving equations of motion govern the behaviour of discrete blocks 

(Hart, 1993).   
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 As part of the quality assurance protocol at the Queen’s University Advanced Geomechanics 

Testing Laboratory, verification of the chosen software was completed using the Coulomb-Slip 

constitutive model and inputs for a direct shear test setup as described in Appendix G.  

6.2.1 Model Setup – Constant Normal Stress 

In order to numerically simulate a direct shear test in UDEC, a two-block model was created with the 

upper and lower block separated by a Coulomb-Slip sliding interface (Figure 6-1).   

 To build this model in the software code, one large block is created and then discontinuities are 

added to create smaller blocks.  Once the smaller blocks have been created, any unnecessary blocks are 

deleted to finalize the model geometry. For the constant normal stress test setup, the bottom block 

measures 90 mm in length and 25 mm in height and is fixed in the y-direction on the bottom boundary. 

The top block measures 50 mm in length and 25 mm in height and is fixed in the x-direction on the sides 

of the block, as shown in Figure 6-1. Normal (downward vertical) confining stresses of 1, 2, 4, and 8 MPa 

were applied to the top of the top block and a velocity of 0.001 m/s (horizontal right) was applied to the 

bottom block. Both blocks were discretized with a mesh spacing of 0.005 m as shown in Figure 6-2.  



192 

 

 
Figure 6-1: Diagram of the constant normal stress direct shear test model setup in UDEC, including 

model geometry, external boundary conditions, normal (vertical) loading conditions (1, 2, 4, and 8 

MPa) and the applied shear (horizontal) velocity (0.001 m/s) 

 

Figure 6-2: Diagram of the mesh used for the constant normal stress direct shear test model setup 

in UDEC.  
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6.2.2 Model Setup – Constant Normal Stiffness 

In order to simulate the constant normal stiffness direct shear test, a three block model was created where 

the spring is simulated by the top block, and the two halves of the rock sample are simulated by the 

middle and bottom blocks. The interface between the middle and bottom blocks (the simulated fracture 

surface) and the middle block and top block (boundary between the rock and spring) are Coulomb-Slip 

sliding interfaces (Figure 6-3).   

To create separate blocks in the constant normal stiffness direct shear model, the same geometry 

building process used in the constant normal stress model was also applied here. For the constant normal 

stiffness model geometry, the bottom block is 90 mm in length and 25 mm in height and is fixed in the y-

direction on the bottom boundary. The middle block is 50 mm in length and 25 mm in height and is fixed 

in the x-direction on the vertical sides of the block. The top (spring) block is 50 mm in length and 25 mm 

in height and fixed in the x-direction on the sides, and in both the x-direction and y-direction on the top 

boundary after the stress has been applied (Figure 6-3). Confining stresses of 1, 2, 4, and 8 MPa were 

applied to the top of the spring block and a constant velocity of 0.001 m/s (horizontal right) was applied 

to the bottom block. The middle and bottom (specimen) blocks were discretized with a mesh spacing of 

0.005 m and the top (spring) block was discretized with a mesh spacing of 0.025 m as shown in       

Figure 6-4. 
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Figure 6-3: Diagram of the constant normal stiffness direct shear test model setup in UDEC, 

including model geometry, external boundary conditions, normal (vertical) loading conditions (1, 2, 

4, and 8 MPa) and the applied shear (horizontal) velocity (0.001 m/s) 
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Figure 6-4: Diagram of the mesh used in the constant normal stiffness direct shear test model setup 

in UDEC.  

6.3 Selected Material Input Parameters 

The model geometry is based on the direct shear test setup and specimen size as discussed in Chapter 5.  

However, due to model limitations (e.g. spring block had to remain fixed in place), the bottom block has 

an applied velocity, instead of the top block in the physical laboratory test. The bottom block is also 

significantly longer than the physical lab specimen in order to avoid the contact overlap errors in UDEC.  

 Two sets of parameters need to be specified for this model: intact rock properties and rock joint 

properties. Intact rock properties, which are summarized in Table 6-1, are based on intact rock testing 

results presented in Chapter 4 (unconfined compressive strength (UCS) and indirect Brazilian tensile 

strength (BTS) testing). Rock joint properties for the model, summarized in Table 6-2, are based on direct 

shear test results presented in Chapter 5. As reported in Chapter 5, the recommended values for joint 

normal stiffness (Kn) and joint shear stiffness (Ks) for numerical modeling purposes were presented as a 

range. The CNL* model was calibrated to match the pre-yield component of the physical direct shear 
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tests, using joint stiffness values that fell within the measured range. In order to compare how well the 

constant normal stiffness direct shear model predicts CNS behaviour from the CNL* laboratory 

parameters, the same joint stiffness and strength properties were used between the two model setups. For 

these models, joint strength is defined using the Mohr Coulomb-Slip Joint (Itasca, 2017b), which is a 

generalization of the Coulomb friction law (Coulomb, 1776), illustrated in Figure 6-5.   

Table 6-1: Intact rock block and spring properties 

Material Type Intact Rock Properties Parameter Value 

Rock Specimen 

Density, ρ (kg/m3) 2616 
Poisson’s Ratio, ν  0.285 

Young’s Modulus, E (GPa) 75.536 
Bulk Modulus, K (GPa) 58.5 
Shear Modulus, G (GPa) 29.4 

Spring – 6 kN/mm 

Density, ρ (kg/m3) 5000 
Poisson’s Ratio, ν  - 

Young’s Modulus, E (GPa) 0.158 
Bulk Modulus, K (GPa) 0.053 
Shear Modulus, G (GPa) 0.079 

Spring – 12 kN/mm 

Density, ρ (kg/m3) 5000 
Poisson’s Ratio, ν  - 

Young’s Modulus, E (GPa) 0.317 
Bulk Modulus, K (GPa) 0.106 
Shear Modulus, G (GPa) 0.158 

 

Table 6-2: Mohr-Coulomb joint stiffness and strength properties 

Rock Joint Properties Parameter Value 

Joint Normal Stiffness, Kn (GPa/m) 15 
Joint Shear Stiffness, Ks (GPa/m) 1.5 

Peak cohesion, c (Pa) 1 × 106 
Residual cohesion, cres (Pa) 0 
Peak Friction angle, ϕ (°) 57.7 

Residual friction angle, ϕres (°) 39.4 
Tensile Strength 0 

Critical Shear Displacement, δsc (m) 5 × 10-3 
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Figure 6-5: General Mohr circle and Mohr-Coulomb failure envelope defined by cohesive and 

frictional strength parameters (c and ϕ)  

6.4 Model Results  

The overall objective of this numerical modelling program was to study the influence of dilation on the 

post yield behaviour of rock joints in numerically modelled laboratory scale CNL* and CNS direct shear 

tests. The study was achieved by using input parameters (joint normal stiffness (Kn), joint shear stiffness 

(Ks), shear strength (Mohr-Coulomb criterion), and dilation parameters measured from physical CNL* 

tests to be used CNS numerical modelling. The UDEC (Itasca, 2014) software scripts for the CNL* and 

CNS numerical models are presented in Appendix H.  

6.4.1 Constant Normal Stress (CNL*) 

Using the CNL* direct shear test setup, the effect of dilation is highlighted through the results presented 

in Figure 6-6 and Figure 6-7. In Figure 6-6, the CNL* test set up was run with zero dilation and at normal 

stresses of 1 MPa, 2 MPa, 4 MPa, and 8 MPa. The results from the CNL* model suite exhibit a linear-

elastic pre-yield section and then a drop to residual strength after yield. When dilation is added into the 
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model, by a dilation angle to the Coulomb slip joint interface, (Figure 6-7), there is essentially no change 

to the shear stress – shear displacement curves.  

 
Figure 6-6: Shear stress - shear displacement profiles, from UDEC CNL* direct shear models with 

1 MPa, 2 MPa, 4 MPa, and 8 MPa of applied normal stress using the Mohr-Coulomb joint model 

and no dilation 
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Figure 6-7: Shear stress - shear displacement profiles, from UDEC CNL* direct shear models with 

1 MPa, 2 MPa, 4 MPa, and 8 MPa of applied normal stress using the Mohr-Coulomb joint model 

and dilation angles (ψ) of 4°, 8°, and 16° 

6.4.2 Constant Normal Stiffness (CNS) 

The constant normal stiffness test models were computed using the same input parameters as the constant 

normal stress numerical models (see Tables 6-1 and 6-2). Figures 6-8, 6-9, and 6-10 show the results of 

the two different model runs with (i) zero dilation and (ii) nonzero dilation. Comparing the CNS and 

CNL* models with no dilation shows the CNS model yields at a lower shear stress than the CNL* model.  

The pre-yield portion of the shear stress – shear displacement curve is the same between both sets of 

models.   

 During the physical CNS laboratory direct shear tests, there are three main behaviours the 

specimen exhibits: a linear elastic behaviour (pre-yield), an increase in shear strength with increasing 

normal stress as dilation occurs (between yield and max strength), and residual behaviour. As shown in 

Figure 6-9 and Figure 6-10, the model has a pre-yield linear-elastic portion and a residual portion. The 
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software accounts for dilation and resulting increase in normal stress as shown by the increase in shear 

stress post-yield.   

 
Figure 6-8: Shear stress - shear displacement profiles, from UDEC CNS (6 kN/mm and 12 kN/mm) 

direct shear models with 1 MPa, 2 MPa, 4 MPa, and 8 MPa of initial applied normal stress using 

the Mohr-Coulomb joint model and no dilation 
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Figure 6-9: Shear stress - shear displacement profiles, from UDEC CNS (6 kN/mm) direct shear 

models with 1 MPa, 2 MPa, 4 MPa, and 8 MPa of initial applied normal stress using the Mohr-

Coulomb joint model and dilation angles (ψ) of 4°, 8°, and 16° 

 

Figure 6-10: Shear stress - shear displacement profiles, from UDEC CNS (12 kN/mm) direct shear 

models with 1 MPa, 2 MPa, 4 MPa, and 8 MPa of applied normal stress using the Mohr-Coulomb 

joint model and dilation angles (ψ) of 4°, 8°, and 16°. 
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6.5 Discussion and Conclusions 

The numerically simulated direct shear tests under constant normal stress and constant normal stiffness 

discussed in this chapter show that a nonzero dilation angle on the fracture surface (rock block interface) 

has some effect on post-yield joint behaviour in the CNS boundary condition but no effect on post-yield 

joint behaviour in the CNL* boundary condition. Using the Mohr-Coulomb constitutive model and CNL* 

boundary conditions, the yield strength of the model is not dependent on dilation. Therefore, dilation does 

not need to be accounted for when analyzing yield and residual strength of a flat discontinuity. In the 

CNS boundary condition, the increase in normal stress and the subsequent increase in shear strength, as 

shown in physical testing, are also shown in the numerical modelling. In the numerical model, the 

relationship between dilation and normal stress is not accounted for correctly, as the increase in normal 

stress occurs in the residual portion of the test and not as an extension of yield strength parameters. In 

order to improve the constitutive model, an additional condition is required to specify the parameters for 

the portion of the test between the yield and the end of dilation (maximum strength), as observed in 

physical laboratory test results. The author recommends that additional numerical modelling should be 

completed using real joint profiles that take into account asperity crushing and shearing as a way to assess 

the feasibility of modelling the CNS boundary condition using CNL* test results. 
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Chapter 7 

Discussions and Conclusions 

7.1 Discussion  

As society continues to urbanize and the need for resources increases, large infrastructure projects (e.g. 

deep base tunnels for transportation, large open pit and underground mines with complex geometries, and 

deep geological repositories for the storage of nuclear waste with unprecedented design life spans) are 

being constructed in more challenging environments and at deeper horizons.  The geotechnical analysis 

for these projects benefit from a sound understanding of the behaviour of rock joints under varying 

conditions.  Rock joints are typically subjected to one of two boundary conditions: unconstrained 

conditions (e.g. sliding under dams, failure on rock slopes) and constrained conditions (e.g. rock block 

failure in a tunnel).  These in situ two boundary conditions have laboratory scale analogues by completing 

direct shear testing under constant normal load/constant normal stress (CNL/CNL*), unconstrained 

conditions, and constant normal stiffness (CNS), constrained conditions.  

This study’s primary objective is to improve the understanding of the behaviour of granitic and 

gneissic rock joints at the laboratory scale and to develop new procedures and techniques in order to 

improve the reliability and applicability of CNS testing to tunneling applications. The outcomes of this 

thesis can be discussed in the context of the three main components of the geotechnical design process: 

site investigation (sample selection and characterization), laboratory testing (mineralogy assessment, 

intact testing, and direct shear testing), and numerical modelling.     

7.1.1 Sample Selection and Characterization  

  The granites and gneisses used in this study are from Pointe Du Bois, Manitoba, Canada. The 

Village of Pointe Du Bois is geologically situated in the Pointe Du Bois Batholith of the Winnipeg River 

domain in the Archean Superior Province of the Precambrian Shield (Yang, 2014).  All test specimens for 

unconfined compressive strength (UCS), Brazilian indirect tensile strength (BTS), and direct shear testing 
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used in this study were prepared from drill core that was shipped to Queen’s University in Kingston, 

Ontario from Winnipeg, Manitoba. 

 As a way to preserve the integrity of rock joints and intact drill core, prior to shipping, fractures 

were protected using packing foam, and the box was lined with packing foam, before fastening the two 

pieces of the core box together using screws.  By using this method of protection, drill core remained 

intact and natural fracture surfaces were not work or affected from vibrations during shipping resulting in 

high quality samples for laboratory testing.  

  

7.1.2 Laboratory Evaluation of Geological Materials for Numerical Models with Explicit Structure 

For numerical modelling and rock joint behaviour comparison purposes, a mineralogy 

assessment, discussed in Chapter 3, and UCS and BTS laboratory testing programs, discussed in Chapter 

4, were completed in order to characterize the intact rock.  

In total, seven (7) thin sections were created and visually analyzed, which included three (3) of 

the gneissic tonalite, two (2) of the pink granite, and two (2) of the leucogranite as discussed in Chapter 3.  

Thin section analysis highlighted multiple differences between the three tested lithologies.  In general, the 

two granitic injections (pink granite and leucogranite) were unfoliated to weakly foliated and had a larger 

mineral grain then the gneissic tonalite. The gneissic tonalite had varying amounts of hornblende, which 

was weakly aligned causing the foliation visible at the hand sample scale.   

UCS and BTS testing programs were completed on fifteen (15) UCS specimens (five (5) from 

each lithology) and fifteen (15) BTS specimens (five (5) from each lithology) discussed in Chapter 4.  

The intact laboratory testing program results were variable within and between lithology. Compressive 

strength and tensile strength results were affected by the foliation in the rocks (caused by the alignment of 

hornblende and biotite minerals). This alignment allowed for the propagation of fractures along crystal 

boundaries and cleavage planes.  The pink granite was not affected by an alignment of minerals as the 

majority of the lithology is composed of quartz, plagioclase feldspar and alkali feldspar.   Pink granite and 
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leucogranite, while having similar mineralogies and mineral grain sizes had different geomechanical 

behaviours.  The pink granite failed at a higher ultimate strength while having a similar Young’s Modulus 

resulting in lower modulus ratios in contrast to the leucogranite, which failed at lower strengths and 

behaved similar to the gneissic tonalite.  

By using recorded strain gauge data from the UCS tests, CI and CD were estimated using the 

direct strain method (Bieniawski, 1967) as discussed in Chapter 4. In the gneissic tonalite, lower UCS 

values (closer to CI) are attributed to the interaction of fractures with the foliation.  In the pink granite and 

leucogranite specimens, internal flaws (e.g. pegmatitic crystals and inclusions) control the propagation of 

fractures after crack initiation.  This phenomenon of cracks exploiting internal flaws and planes of 

weakness has been previously documented by Perras et al. (2015).  

Direct shear testing was completed on forty-five (45) specimens, including sixteen (16) under 

constant normal stress boundary conditions and twenty-nine (29) under constant normal stiffness 

boundary conditions.  For the constant normal stiffness direct shear program, a new method of estimating 

the machine normal stiffness based on individual rockmass conditions was created (Equation 7-1).  In 

Equation 7-1, KNM is the machine normal stiffness, E is Young’s modulus, L is the rockmass joint 

spacing, ν is Poisson’s ratio and A is the sample area.  

 𝐾𝐾𝐾𝐾𝑀𝑀 =
𝐸𝐸

2𝐿𝐿 ×  (1 − 𝜈𝜈2)
 × 𝐴𝐴 (7-1) 

  

Equation 7-1 is based on the consideration of a rockmass system of intact rock (defined by E and ν) cut by 

infinitely repeating parallel joints with a spacing of L that simultaneously dilate under identical boundary 

condition (Figure 7-2), as discussed in Chapter 5.  
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Figure 7-1: Schematic representation of the in situ condition for the basis of Equation 4-6, where 

principal stresses are vertical and horizontal  

 Rock joint properties including joint normal stiffness, joint shear stiffness, strength, and dilation 

were estimated for all test specimens.  These rock joint properties were first defined in the 1960s and 

since then scientific research has led to the creation of a variety of methods for measuring and calculating 

these parameters.  For joint normal stiffness, there are three documented techniques for estimating the 

parameter: hyperbolic (Goodman et al., 1968), semi-logarithmic (Bandis et al., 1983), and linear (Hungr 

and Coates, 1978) closure laws.  For joint shear stiffness, parameter values in this study were estimated 

using peak secant (Goodman, 1970), yield tangent (Hungr and Coates, 1978), and chord (Day et al., 2017) 

measurements. As discussed in Chapter 5, joint normal stiffness and joint shear stiffness do not depend on 

the applied boundary condition, as the CNS boundary condition does not come into effect until after yield 

has occurred.    

Mohr-Coulomb shear strength values were used to describe the shear strength of the rock joints, 

as the Mohr-Coulomb parameters are more consistent in their measurement and more frequently reported 

in literature than other non-linear constitutive models (e.g. Continuously Yielding (Cundall and Hart, 
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1984), Barton-Bandis (Barton and Bandis, 1990)). Shown in Figure 7-2, the yield strength, maximum 

strength, and post-yield strength envelopes vary between direct shear boundary condition with the CNS 

data having poorer linear fits.  However, based on the statistical analysis presented in Figure 7-2, the 

varying boundary conditions have the potential to produce linear envelopes that are similar with regards 

to frictional and cohesive strength.   

 Taking into account the mineralogy assessment, UCS, and BTS testing, some of the variability in 

the direct shear test data may be attributed to a combination of lithology and topography.  Due to the 

potential influence of individual mineral grains, measurements made in the post yield may not be fully 

representative of the overall joint surface strength. Different mineral grains may undergo different 

amounts of deformation prior to the development of new shear planes.  The failure of asperities would 

cause stress concentrations on the sample to be distrusted to other asperities. The combination of 

individual grain influences and overall joint surface strengths would explain some of the scatter in the 

maximum strength measurements.   

Further testing and numerical modelling is recommended at the same machine stiffness boundary 

conditions and at lower (< 1.0 MPa) and higher (> 8.0 MPa) initial test stresses to increase the amount of 

data and further define any trends that may be present. Numerical modelling of specimens is 

recommended in order to further understand the asperity degradation process and redistribution of stresses 

when asperities fail.  
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Figure 7-2: Prediction Intervals (PI) and confidence intervals for direct shear test data and Mohr-

Coulomb linear best fits separated by failure envelope and boundary condition.  
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Dilation angle measurements were measured using a new secant dilation angle measurement 

developed by the author, as discussed in Chapter 5, in order to provide a method of describing dilation in 

the post-yield region of a rock joint for numerical modelling purposes. Currently, a peak (tangent) dilation 

angle (Barton, 1973) is the most common way of measuring joint dilation. However, it is not always 

applicable for numerical modelling. The secant dilation angle requires the user to manually select of the 

representative residual shear stress in the post-yield region, as shown in Figure 7-3. A manual selection of 

representative behaviour allows for critical analysis of the shear stress – shear displacement and normal 

displacement – shear displacement curves to choose start and end points (Points B and C, Figure 7-3) that 

minimize the influence of non-residual behaviour. 

 
Figure 7-3: Measurement type for dilation angle used in this study. In this case, the beginning of 

representative residual behaviour (B) and end of representative residual behaviour (C) are defined 

by the user.   

 

In order to determine the dilation angle, the first step is to identify the yield point of the direct 

shear test, Figure 7-3 Point A, and a zone of shear displacement that is representative of residual shear 

strength, Figure 7-3 Point B and Point C. The secant dilation angle (ψs) is the angle from horizontal that is 
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formed by drawing a line from the yield point on the normal displacement curve to the start of the 

residual shear strength zone on the normal displacement curve. 

 All of these parameters have been evaluated for use in engineering design and as inputs for 

explicit or discrete numerical modelling.  Constant normal stiffness testing provides stiffness and strength 

results that are consistent with constant normal stress testing, as the CNS boundary condition does not 

come into effect until dilation starts to occur.  The CNS direct shear testing also resulted in measurements 

for residual strength and dilation angle that were equal to constant normal stress testing.  However, further 

testing is required to determine if friction angles for the yield and maximum failure envelopes vary with 

boundary condition.  One of the benefits of the constant normal stiffness boundary condition is the ability 

to determine failure envelopes with few tests (Indraratna et al., 1999). However, as the Pointe Du Bois 

granites and gneisses have such large crystals compared to the size of the test specimen, this phenomenon 

was not observed as individual crystal strength is believed to have influenced some of the results.  Based 

on the observations from CNS direct shear testing, there appears to be no added benefit to completing a 

full CNS direct shear testing program in addition to a CNL* direct shear program on crystalline material 

similar to the Pointe Du Bois granites and gneisses. 

7.1.3 Numerical Modelling Analysis of Direct Shear Boundary Conditions 

 A preliminary numerical modelling program was used to determine the feasibility of predicting 

CNS behaviour from CNL* data.  As discussed in Chapter 6, Itasca’s discrete element numerical software 

UDEC (Itasca, 2017) was used to create two separate flat jointed models, a CNL* test setup to calibrate 

the parameters and a CNS test setup to run the analysis. Joint dilation was added to the Coulomb-Slip 

sliding interface and was found to have no effect on yield or residual strength in the CNL* test setup and 

no effect on the yield in the CNS test setup.  The added joint dilation did affect the residual strength in the 

CNS test and after the model switched from yield parameters to residual parameters caused the shear 

strength to rise as the joint dilated which is consistent with theoretical behaviour of CNS joints if residual 

joint parameters would have come into effect after max strength.  Based on the results of this numerical 
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study, a flat jointed model using the Mohr-Coulomb constitutive model is not suitable to predict CNS 

behaviour from CNL* parameters.  These results suggest that an increase in complexity of model 

geometry (realistic joint profiles and discontinuum modelling using a grain based approach (Farahmand 

and Diederichs, 2014)) is required to increase the accuracy of simulating the deformation and failure 

processes that occur during physical laboratory direct shear tests (e.g. asperity crushing, asperity 

shearing). 

7.2  Summary of Conclusions 

The research in this thesis covers several key concepts that pertain to the behaviour of fractures in 

crystalline rocks under varying direct shear boundary conditions. The primary conclusions of this research 

are summarized below.  

• The new equation for machine normal stiffness (KNM) provides a means to estimate the machine 

normal stiffness input based upon in situ conditions of tunnelling and underground excavations. 

• A non-linear joint normal stiffness closure law was found to be the best fit for the data in this 

study and should be used to describe the normal closure behaviour of fractures in Pointe Du Bois 

granites and gneisses. 

• Variability in joint shear stiffness measurements is likely due to the differences in rock joint 

topology as each sample was unique with respect to mineral face orientation and location within 

the sample. 

• Variability in strength measurements (maximum and post-yield) is likely due to the influence of 

individual mineral strengths and complicated by the dilational behaviour.   

• A new secant dilation angle measurement was created that requires manual selection of the 

residual behaviour of the post yield shear stress – shear displacement curve and correlates to the 

normal displacement – shear displacement curve.  This provides a better representation of overall 

dilation behaviour that can be directly used as input properties for numerical models with explicit 

rockmass structure. 
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• Dilation angles are reduced with increased normal stress. Joints tested under CNS boundary 

conditions have further suppressed dilation angles due to the normal stress feedback with dilation.  

• When computed using the actual normal stress (not target stress), Yield and maximum strength 

envelopes follow the same frictional fit, as the normal stress increases with dilation and the 

frictional property remains unchanged. 

• Industry standard numerical models the utilize constant value inputs and simple constitutive 

models (CNS boundary condition) do not fully capture idealized CNS behaviour as the feedback 

between normal stress and dilation occurs post-yield when residual strength inputs are used in the 

model.  

•  Based on observations from CNS direct shear testing, there appears to be no added benefit to 

completing a full CNS direct shear testing program in addition to a CNL* direct shear program on 

crystalline material similar to the Pointe Du Bois granites and gneisses.  

• Given the current advancements of numerical models and their ability to simulate discontinuity 

shear and the associated dilation and normal stress evolution explicitly, the behavioural 

parameters obtained from constant normal stress shear tests may be sufficient. More expensive 

and complex constant normal stiffness direct shear testing campaigns may not be considered as 

essential to conduct if the intention is to provide input for modern numerical models. Further 

investigation is required to quantify any improvements gained by CNS testing. 

7.3 Future Research 

This thesis has investigated the behaviour of rock joints in granites and gneisses under different direct 

shear boundary conditions and has identified no significant change in the geomechanical properties 

between CNL* and CNS boundary conditions.  In addition, this research also addressed multiple aspects 

of the geotechnical design process, including sample selection from drill core for direct shear tests, 

sample preparation of direct shear specimens, guidelines for the creation of direct shear test programs and 

data analysis, and numerical modelling of laboratory scale direct shear tests.   The contributions of this 
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thesis have not only added to the rock mechanics scientific knowledge base, but have highlighted new 

questions to be answered. There are many directions for future research that can build on this thesis; the 

following list highlights some of the directions this research may take.  

• Investigate the suitability of using cylindrical core scans for JRC estimation as a way to 

compliment traditional methods of estimating JRC from topography, profile gauges, or advanced 

technologies such as 3D photogrammetry models.  

• Continue direct shear testing on rock joints in granites and gneisses under the same conditions at 

higher and lower stresses and at increased machine stiffness in order to develop a database of 

stiffness and strength data that will serve as input for explicit or discrete numerical modelling.  

• Investigate potential correlations between joint roughness, ultimate compressive strength and 

tensile strength with direct shear testing results.     

• Investigate the influence of mineral grain size to core diameter ratio on post-peak rock joint 

behaviour. 

• Analyze the implementation of additional instrumentation into the direct shear test (e.g. acoustic 

emissions) as a means of collecting additional data  to correlate the tensile fracturing that occurs 

during direct shear testing with shear and normal displacement.  This would allow for the 

correction of recorded shear stress and normal stress based on true surface area.   

• Use the 3D digital photogrammetry data of direct shear samples to further study the influence of 

dilation and modelling of explicit asperities in 2D discrete element models. Additionally, the 

applicability of using numerical simulations to estimate rock joint behaviour under constant 

normal stiffness conditions based on laboratory constant normal stress direct shear testing should 

be investigated.   

• In addition to 2D numerical modelling, the 3D photogrammetry data of direct shear samples will 

be useful for 3D numerical simulations to study the loading process of individual asperities and 

provide insight into the influence of individual mineral grain strength on rock joint behaviour.  
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7.4 Contributions 

Chapters 3 to 6 present all scientific and engineering contributions developed through this research as it 

pertains to this thesis.  Parts of this research have been or will be included in multiple scientific 

publications, including refereed journals and refereed conference papers. All published and presented 

contributions as part of this research are summarized below.   

7.4.1 Articles Published in Refereed Journals 

1. Packulak, T. R., Day, J.J., Diederichs, M.S. 2018 Assess: The role of rock direct shear 

testing in determining geomechanical properties of fractures. Tunnels and Tunnelling. 

v2018:1:p32-36 

7.4.2 Fully Refereed Conference Papers with Presentations 

2. Packulak, T. R., Day, J.J., Diederichs, M.S., 2018. Practical aspects of boundary condition 

selection on direct shear laboratory tests. In Geomechanics and Geodynamics of Rock Masses: 

Selected Papers from the 2018 European Rock Mechanics Symposium, St. Petersburg, Russian 

Federation, p253-259 

3. Packulak, T. R., Day, J. J., 2018. The role of rock direct shear testing and practical aspects 

of boundary conditions. In Proceedings of the 2018 Annual Canadian Society of Civil 

Engineers Conference, CSCE, Fredericton, NB, Canada, 10 pages 

7.4.3 Posters Produced from Research Activities  

4. Labeid, M. T., Packulak, T. R., Jaczkowski, E. L., Day, J. J., and Diederichs, M. S., 

2018  "Enhancing Testing Protocols for Rock Mechanics Testing in Support of EDZ 

Prediction and Impact Assessment" Nuclear Waste Management Organization, NWMO, 

Geoscience Seminar, Toronto, ON, June 5-6 

7.4.4 Articles in Preparation for Submission to Refereed Journals 

5. Packulak, T. R., Day, J.J., Diederichs, M.S., 2019 The enhancement of constant normal 

stiffness direct shear testing protocols for determining geomechanical properties of 

fractures.  
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Appendix A 

Geotechnical & Geological Core Logs & Core Box Photographs 

NOTE: No formal geological logs or geotechnical logs were created for core holes PDB-2002-TH-1, 

PDB-2002-TH-2, PDB-2002-TH-3, and PDB-2011-PB11-01 as only select samples were shipped from 

Manitoba Hydro and not the entire hole.   
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 GEOLOGICAL DETAIL 

FRACTURE LOG LEGEND 

 

Feature:  

JT Joint / Discontinuity (Natural) 

MB Machine / Hammer Break 

FOL Foliation 

BCZ Broken Core Zone 

LCZ Lost Core Zone 

BLCZ Broken, Lost Core Zone 

UC Upper Contact 

LC Lower Contact 

 

Roughness 

R Rough 

SR Semi - Rough 

Sm Smooth 

Sld Slickensided 

  

Shape: 

P Planar 

SP Sub - Planar 

IR Irregular 

St Stepped 

Wv Wavy 

Shor Sub-Horizontal 

Sver Sub-Vertical 
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Aperture 

T Tight (0 mm) 

PO Part open (0 - 2 mm) 

O Open (2 - 10 mm) 

C Closed 

H Healed 

 

Weathering:  

F Fresh 

FW Faintly Weathered, a.k.a. trace weathered (tr. W) minor alteration of minerals 

MW Moderately Weathered, significant alteration of minerals on feature surfaces only 

W Weathered, significant alteration of minerals extending back into rock from feature 

 

Fillings / Coatings: 

tr.  Trace 

ctg Coating 

cl Clay 

silt Silt 

SC Silt and Clay 

ca Calcite 

chl Chlorite 

lim Limonite 

py Pyrite 

FeO2 Iron Oxide 

hem Hematite 

qtz Quartz 

Fp Feldspar 

Inf Infill 

GBD Ground By Drill 

DST Direct Shear Testing 
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            CORE DRILLING LOG HOLE NO. 
SHEET  

 
 
 PDB-BR3-BH1 

       1 of 1 
 

SITE    SOUTH OF THE VILLAGE POINTE DU BOIS 
 

PROJECT   THESIS - PACKULAK 
            WEST SIDE OF THE WINNIPEG RIVER  
CORE DIA.        NQ (47.6 MM) NORTHING 
LOGGED BY     T.PACKULAK               DATE  JANUARY 2017 EASTING 
  

DEPTH 
(M) CORE DESCRIPTION Run 

No. 
Depth 

To 

Joints 
Per 
Run 

Recovery 
Length 

RQD 
Length 

0.00 – 1.52 

 
GRANITE:  
PINK, FINE TO COARSE GRAINED 
 

1 0.00 – 1.52 6 1.52 1.04 

1.52 – 3.05 

 
SUB-VERTICAL AND SUB-HORIZONTAL JOINTING, PEGMATITIC IN 
SECTIONS 
 

2 1.52 – 3.05 6 1.35 0.51 

3.05 – 4.57  3 3.05 – 4.57 3 1.52 1.30 

4.57 – 6.10 PEGMATITE 4 4.57 – 6.10 3 1.52 1.45 

6.10 – 7.62  5 6.10 – 7.62 2 1.52 1.27 

7.62 – 8.64 VARYING FROM PEGMATITIC TO COARSE GRAINED GRANITE 6 7.62 – 8.64 0 1.02 1.02 

8.64 – 12.85 MISSING ROCK CORE - - - - - 

12.85 – 13.72 GRANITE 9 12.85 – 13.72 1   

13.72 – 15.24  10 13.72 – 15.24 3 1.52 1.47 

15.24 – 16.76  11 15.24 – 16.76 1 1.52 1.52 

16.76 – 18.29  12 16.76 – 18.29 1 1.52 1.52 

18.29 – 19.81  13 18.29 – 19.81 4 1.52 1.44 

20.02 END OF HOLE      
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            CORE DRILLING LOG HOLE NO. 
SHEET  

 
 
 PDB-BR3-BH2 

       1 of 1 
 

SITE    SOUTH OF THE VILLAGE POINTE DU BOIS 
 

PROJECT   THESIS - PACKULAK 
            WEST SIDE OF THE WINNIPEG RIVER  
CORE DIA.        NQ (47.6 MM) NORTHING 
LOGGED BY     T.PACKULAK               DATE  JANUARY 2017 EASTING 
  

DEPTH 
(M) CORE DESCRIPTION Run 

No. 
Depth 

To 

Joints 
Per 
Run 

Recovery 
Length 

RQD 
Length 

4.57 – 6.10 

 
TONALITE GNEISS 
DARK GREY TO BLACK, FOLIATED TO GNEISSIC, LIGHT TO DARK 
BLACK-GREY BANDED, MEDIUM TO COARSE GRAINED 
 
AT 5.87 M, INTRUSION OF PINK GRANITE, 0.81 M THICK, COARSE 
GRAINED TO PEGMATITIC.  GRADATIONAL CONTACT WITH 
TONALITE GNEISS 

3 4.54 – 6.10 2 1.52 1.52 

6.10 – 7.62 

 
TONALITE GNEISS 
VARYING BLACK AND GREY BANDS 
 

4 6.10 – 7.62 2 1.52 1.52 

7.62 – 9.14 

 
TONALITE GNEISS 
EQUIGRANULAR 
 

5 7.62 – 9.14 4 1.52 1.52 

9.14 – 10.67 AT 9.22 M BIOTITE SCHIST 
BIOTITE (DARK BLACK), TR. SULPHIDES, BREAKS ON FOLIATION 6 9.14 – 10.67 1 1.52 1.52 

10.67 – 12.19 

 
TONALITE GNEISS TO 11.05 M,  
 
BELOW 11.05 ROCK CHANGES TO BIOTITE CHLORITE 
PORPHYBLASTIC SHIST 
 
BELOW 11.84 M ROCK CHANGES INTO GREY TONALITE GNEISS 
 

7 10.67 – 12.19    

12.19 – 13.72 TONALITE GNEISS 8 12.19 – 13.72 0 1.52 1.52 

13.72 – 15.24 

 
INCREASE IN POTASSIUM FELDSPAR BELOW 15.06 M UNTIL 16.03 M, 
ROCK APPEARS GRANITIC 
 

9 13.72 – 15.24 0 1.52 1.52 

15.24 – 16.76 MODERATELY GNEISSIC TONALITE 10 15.24 – 16.76 1 1.52 1.52 

16.67 – 18.29 TONALITE GNEISS WITH PINK GRANITE INTRUSION 11 16.67 – 18.29 1 1.52 1.52 

18.29 – 19.81 

 
TONALITE GNEISS WITH TWO PINK GRANITE INTRUSIONS 0.08 M 
THICK PARALLEL TO EACH OTHER 
 

12 18.29 – 19.81 1 1.52 1.52 
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            CORE DRILLING LOG HOLE NO. 
SHEET  

 
 
 PDB-BR3-BH3 

       1 of 1 
 

SITE    SOUTH OF THE VILLAGE POINTE DU BOIS 
 

PROJECT   THESIS - PACKULAK 
            WEST SIDE OF THE WINNIPEG RIVER  
CORE DIA.        NQ (47.6 MM) NORTHING 
LOGGED BY     T.PACKULAK               DATE  JANUARY 2017 EASTING 
  

DEPTH 
(M) CORE DESCRIPTION Run 

No. 
Depth 

To 

Joints 
Per 
Run 

Recovery 
Length 

RQD 
Length 

4.57 – 6.10 

 
TONALITE GNEISS:  
WEAKLY FOLIATED, BLACK & WHITE BANDS. GRANITIC 
INTRUSION FROM 5.49 – 5.72 M 
 

3 4.57 - 6.09 3 1.52 1.52 

6.10 – 7.62  TONALITE GNESS: 4 6.10 - 7.62 6 1.52 1.52 

7.62 – 9.14 

 
TONALITE GNEISS TO 8.61 M 
 
GRANITE: 
PINK, FINE GRAINED TO PEGMATITIC 
8.61 – 9.14 M 
 

5 7.62 – 9.14 8 1.52 1.42 

9.14 – 10.67 

 
GRANITE TO 10.29 M, TONALITE GNEISS TO 10.67 M 
 
TONALITE GNEISS:  
WHITE & GREY/BLACK BANDING, WHITE BANDS UP TO 10 MM 
THICK 
 

6 9.14 - 10.67 11 1.52 1.30 

10.67 – 12.19 

 
TONALITE GNEISS: 
WHITE BANDS 30 – 50 MM THICK 
 

7 10.67 – 12.19 4 1.52 1.52 

12.19 – 13.72 
 
SAME AS ABOVE 
 

8 12.19 – 13.72 4 1.52 1.50 

13.72 – 15.24 

 
TONALITE GNEISS WITH BANDS OF LEUCOGRANITE INJECTION 
LEUCOGRANITE INJECTIONS BANDS UP TO 50 MM THICK 
 

9 13.72 – 15.24 8 1.52 1.47 

15.24 – 16.76 

 
TONALITE GNEISS TO 15.80 M 
LEUCOGRANITE BELOW WITH TONALITE INCLUSIONS 
 

10 15.24 – 16.76 5 1.52 1.52 

16.76 – 18.29 

 
LEUCOGRANITE TO 17.98 M 
FINE GRAINED, EQUIGRANULAR TONALITE GNEISS BELOW 
 

11 16.76 – 18.29 7 1.52 1.52 

18.29 – 19.81 TONALITE GNEISS 12 18.29 – 19.81 2 1.52 1.52 

19.94 END OF HOLE      
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 20.04 M HOLE NO. PDB-BR3-BH1 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 1 OF 7 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

0.13 12 - - JT R, SP, PO, FW, FeO2 

0.25 74 - - MB R, IRR, T, FW, Tr. FeO2 

0.37 87 - - JT SR, SP, T (TAKEN FOR DST) 

0.48 72 - - JT SR, SP, T 

0.61 90 - - MB Sm, Wv, O, GBD 

0.97 90 - - MB Sm, SP, O, GBD 

1.24 82 - - MB SR. SP, PO, GBD 

1.30 85 - - JT SR, SP, O, GBD, FeO2 

1.37 33 - - JT SR, SP, PO, Ca Ctg, FeO2 

1.45 90 - - JT SR, SP, T (TAKEN FOR DST) 

1.52 90 - - MB R, IRR, T 

1.73 81 - - JT Sm, P, PO, GBD, FeO2 

1.83 80 - - JT Sm, P, PO, GBD, FeO2 

1.94 84 - - JT Sm, P, PO, GBD, FeO2 

1.98 02 - 15 - - JT SR, SP, T, FeO2 

2.22 90 - - MB SR, SP, PO, GBD 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 20.04 M HOLE NO. PDB-BR3-BH1 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 2 OF 7 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

2.31 10 - - JT SR, SP, H, FeO2 

2.31 10 - - JT SR, SP, H, FeO2 

2.51 90 - - MB R, IRR, O, GBD 

2.62 85 - - JT SR, SP, PO, GBD 

2.74 90 - - MB R, IRR, T, GBD 

2.87 – 

3.05 
N/A - - BLCZ LOSS OF 0.18 M 

3.05 20 - - JT SR, SP, O, FW, FeO2 

3.12 90 - - MB R, IRR, O 

3.16 82 - - MB SR, SP, PO, GBD 

3.29 85 - - MB SR. SP, PO, GBD 

3.38 84 - - MB Sm, SP, PO, GBD 

3.48 84 - - MB Sm, SP, PO, GBD 

3.63 88 - - MB Sm, SP, PO, GBD 

3.71 81 - - MB Sm, SP, PO, GBD 

3.78 80 - - JT Sm, P, PO, GBD, FeO2 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 20.04 M HOLE NO. PDB-BR3-BH1 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 3 OF 7 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

3.96 88 - - MB Sm, SP, PO, GBD 

4.04 85 - - MB Sm, SP, PO, GBD 

      

4.17 81 - - JT Sm, SP, PO, GBD, FeO2 

4.23 79 - - MB Sm, SP, PO, GBD 

4.29 86 - - MB Sm, SP, PO, GBD 

4.39 89 - - MB Sm, SP, PO, GBD 

4.50 89 - - MB Sm, SP, PO, GBD 

4.57 88 - - MB R, IRR, T, GBD 

4.66 82 - - MB SR, SP, O, GBD 

4.72 85 - - MB SR, SP, O, GBD 

4.80 83 - - MB SR, SP, O, GBD 

5.03 63 - - JT SR, P, PO, FeO2 

5.03-

5.11 
- - - BCZ BROKEN DUE TO JOINTING AND DRILLING 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 20.04 M HOLE NO. PDB-BR3-BH1 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 4 OF 7 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

5.11 85 - - JT SR, SP, PO, FeO2 

5.38 88 - - MB SR, SP, T 

5.84 82 - - MB SR, SP, T, GBD 

5.99 84 - - MB SR, SP, T, GBD 

6.10 52 - - JT SR, SP, PO, Tr. FeO2 

6.12-

6.32 
- - - BCZ BROKEN DUE TO DRILLING 

6.48 84 - - MB R, IRR, PO, GBD 

6.53 68 - - MB SR, SP, T, GBD 

6.58 63 - - MB SR, SP, PO, GBD 

6.60 80 - - MB Sm, SP, T, GBD 

6.71 80 - - MB SR, SP, T, GBD 

6.93 85 - - MB SR, SP, T, GBD 

7.05 75 - - MB SR, SP, O, GBD 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 20.04 M HOLE NO. PDB-BR3-BH1 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 5 OF 7 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

7.16 86 - - MB SR, SP, O, GBD 

7.62 85 - - MB R, SP, T 

7.82 90 - - MB R, SP, T 

8.23 64 - - MB R, IRR, T 

8.31 70 - - MB R, IRR, T 

8.42 79 - - MB R, SP, T 

8.64 86 - - MB R, SP (END OF BOX 2 – BOX 3 NOT AVAILABLE) 

12.85 82 - - MB R, SP (BEGINNING OF BOX 4) 

13.18 80 - - JT Sm, SP, PO, Tr. Ca Ctg 

13.72 89 - - MB R, SP, T 

13.89 83 - - JT SR, SP, T (TAKEN FOR DST) 

14.27 54 - - MB SR, SP, T 

14.91 55 - - JT SR, P, T, Ca Ctg 

15.19 84 - - JT SR, SP, T (TAKEN FOR DST) 

15.24 82 - - MB SR, SP, T 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 20.04 M HOLE NO. PDB-BR3-BH1 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 6 OF 7 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

15.32 90 - - MB SR, SP, T (TAKEN FOR DST) 

15.57 85 - - MB SR, SP, T 

16.33 89 - - JT SR, SP, T 

16.76 90 - - MB SR, SP, T 

16.87 88 - - MB SR, SP, T 

17.09 51 - - MB SR, SP, T 

17.20 83 - - MB SR, SP, T 

17.48 76 - - MB SR, SP, T 

17.58 81 - - JT SR, SP, T 

17.75 72 - - MB SR, Wv, O 

17.86 60 - - MB SR, Wv, O 

17.91 88 - - MB SR,, Wv, O 

18.16 79 - - MB SR, SP, T 

18.29 82 - - MB SR, SP, T 

18.39 82 - - MB SR, SP, T 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 20.04 M HOLE NO. PDB-BR3-BH1 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 7 OF 7 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

18.69 74 - - MB SR, SP, T 

18.90 65 - - JT Sm, SP, T 

19.08 90 - - MB SR, SP, O 

19.33 79 - - JT SR, SP, T 

19.41 90 - - JT SR SP, T 

19.69 75 - - JT SR, SP ,T 

20.02 90 - - EOH R, SP 

 

. 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH2 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 1 OF 4 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

4.45 80 - - JT Sm, P 

4.57 60 - - MB R, P, T 

4.62 85 - - MB R, P, T, GBD 

5.64 68 - - JT Sm, P, T, Tr. Ca 

5.94 74 - - MB R, IRR, T 

6.10 56 - - JT SR, SP, T, Tr. Ca., Tr. Silt 

6.34 84 - - JT SR, SP, T (TAKEN FOR DST) 

6.54 63 - - JT SR, SP, T, Tr. Silt 

6.99 71 - - JT SR, SP, T, Tr. Ca 

7.44 69 - - MB R, IRR, T 

7.62 85 - - MB SR, SP, T 

8.03 76 - - JT SR, SP, T, Tr. Ca 

8.43 72 - - JT SR, SP, T, Tr. Ca 

8.75 67 - - JT R, IRR, T 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH2 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 2 OF 4 
 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

8.86 77 - - JT SR, SP, T 

8.89 82 - - JT Sm, P, O, Tr. FeO2 

8.99 23 - - JT SR, SP, T 

9.14 89 - - MB R, P, T 

9.27 33 - - JT Sm, P, T (BIOTITE MICA INFILL) 

9.47 49 - - MB R, IRR, T 

9.88 19 - - MB R, IRR, T 

10.06 01 - - MB Sm, P, T 

10.21 40 - - MB R, IRR, T 

10.52 - - - BCZ BROKEN BY DRILLING 

10.67 07-25 - - MB SM, P, T 

11.23 45 - - JT Sm, P, T 

11.48 45 - - MB SR, IRR, T 

11.89 78 - - MB R, IRR, T 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH2 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 3 OF 4 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ UC 

/ LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

11.96 83 - - MB R, SP, T 

12.04 85 - - JT SR, SP, PO. Tr. Ca., Tr. FeO2 

12.19 80 - - MB R, IRR, T 

12.24 06 - - JT Sm, SP, T, BIOTITE MICA INFILL 

12.37 87 - - MB SR, SP, PO, Tr. Ca 

13.72 88 - - MB R, SP, O 

14.20 88 - - MB Sm, SP, PO, GBD 

15.06 80 - - MB SR, SP, T, GBD 

15.24 79 - - MB SR, SP, T 

15.30 90 - - MB R, SP, T, GBD 

16.59 56 - - JT SR, SP, T, GBD 

16.76 69 - - MB R, SP, T 

16.89 90 - - MB SR, SP, PO, GBD 

16.99 72 - - JT R, SP, T, GBD 
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GEOLOGICAL DETAIL 

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH2 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE 90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 4 OF 4 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

17.09 70 - - JT Sm, SP, T, GBD 

17.93 83 - - MB SR, SP, T, BROKE ALONG PEGMATITE CRYSTALS 

18.03 79 - - MB SR, SP, T 

18.19 53 - - MB SR, SP, T 

18.31 77 - - MB R, IRR, T 

18.39 76 - - MB SR, SP,T  

18.44 90 - - MB SR, SP, PO GBD 

19.61 89 - - JT SR, SP,T 

19.84 72   MB SR, SP, T 

19.94 85 - - MB END OF HOLE 
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GEOLOGICAL DETAIL  

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH3 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE  90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 1 OF 5 

 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

4.47 90 - - MB SR, SP, T 

4.57 90 - - MB SR, SP, T 

4.80 82 - - JT Sm, P, T, FW, GBD 

5.28 71 - - JT SR, P, T, Tr. FeO2 

5.92 87 - - JT SR, P, T (TAKEN FOR DST) 

6.10 63 - - MB SR, SP, T 

6.16 71 - - JT Sm, P, T, Tr. FeO2 

6.38 90 - - JT SR, P, T, GBD 

7.26 90 - - JT SR, P, T (TAKEN FOR DST) 

7.42 80 - - JT SR, P, T (TAKEN FOR DST) 

7.53 80 - - JT SR, P, T (TAKEN FOR DST) 

7.62 79 - - MB SR, P, T 

7.95 89 - - JT SR, P, T 

7.99 87 - - JT SR, P, T 

 



 

A-19 

 

GEOLOGICAL DETAIL  

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH3 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE  90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 2 OF 5 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

8.23 86 - - JT SR, P, T (TAKEN FOR DST) 

8.28 83 - - JT SR, P, T 

8.33 65 - - JT Sm, P, T, Tr. FeO2 

8.79 83 - - JT SR, P, T (TAKEN FOR DST) 

8.95 90 - - MB SR, SP, T 

8.98 90 - - MB SR, SR, T 

9.14 90 - - MB SR, SP, T 

9.21 85 - - JT SR, P, O, GBD 

9.31 90 - - MB Sm, P, O, GBD 

9.32 90 - - MB Sm, P, O, GBD 

9.40 83 - - MB Sm, P, O, GBD 

9.49 85 - - MB Sm, P, T, GBD 

9.58 85 - - JT SR, P, T (TAKEN FOR DST) 

9.78 62 - - JT SR, P, T, GBD 

10.06 61 - - JT SR, P, T, GBD 
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GEOLOGICAL DETAIL  

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH3 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE  90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 3 OF 5 
 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

10.21 90 - - MB SR, SP, T 

10.34 75 - - JT Sm, P, T, GBD 

10.52 78 - - JT SR, P, T (TAKEN FOR DST) 

10.67 90 - - MB SR, SP, T 

10.97 70 - - JT SR, P, T, Tr. Ca, GBD 

11.35 45 - - JT Sm, P, T, Tr. Ca 

11.49 65 - - JT Sm, P, T 

11.91 77 - - JT SR, P, T, Tr. Ca 

12.19 90 - - MB SR, P, T 

12.50 90 - - MB SR, P, T 

12.95 85 - - JT SR, P, T 

13.61 75 - - JT SR, P, T, Tr. Ca 

13.72 55 - - JT SR, P, T 

13.87 50 - - JT Sld, P, O 

14.05 70 - - JT Sm, P, T to O 
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GEOLOGICAL DETAIL  

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH3 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE  90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 4 OF 5 

 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

14.20 75 - - JT Sm, P, T 

14.41 86 - - JT SR, P, T 

14.45 85 - - MB R, P, T 

14.71 65 - - JT R, P to SP, T, Tr. Ca 

14.82 71 - - JT SR, P, T 

14.83 90 - - MB Sm, P, O, GBD 

14.91 80 - - JT Sm, P, T 

15.24 90 - - MB SR, P, T 

15.39 70 - - MB SR, P, T 

15.54 54 - - JT R, P, T 

15.90 90 - - MB SR, P, T 

16.03 88 - - JT SR, P, T 

16.41 79 - - JT SR, P, T 

16.57 75 - - MB R, P, T 
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GEOLOGICAL DETAIL  

FRACTURE LOG 

SITE / LOCATION S. OF POINTE DU BOIS, W. SIDE 

OF WINNIPEG RIVER PROJECT THESIS - PACKULAK 

CORE DIAMETER NQ (47.6 MM) 

EOH DEPTH 19.94 M HOLE NO. PDB-BR3-BH3 

BOREHOLE AZIMUTH N/A LOGGED BY T. PACKULAK 

BOREHOLE PLUNGE  90 DATE JAN. 2017 

CORE ORIENTED NO PAGE 4 OF 5 

 

DEPTH 
(m) 

CORE ANGLES FEATURE DESCRIPTION 

AXIAL 

ANGLE 

STRIKE 

AZIMUTH 

DIP / 

PLUNGE 

JT, MB, SHEAR, 

FOL,  

BCZ/LCZ/BLCZ 

UC / LC 

TEXTURE, SHAPE, CONDITION, TIGHTNESS, WEATHERING 

FILLINGS, COATINGS. 

 

CORE LOSS (cm), Description of recovered pieces, ECT. 

16.84 88 - - JT SR, P, T 

16.92 83 - - JT SR, P, T 

17.04 75 - - JT SR, P, O 

17.15 75 - - JT SR, P, O 

17.37 90 - - MB R, P, T 

17.98 90 - - JT Sm, P, O (GEOLOGY CONTACT) 

18.12 90 - - MB R, P, T 

18.29 90 - - MB SR, P, T 

18.85 75 - - JT SR, P, T, Tr. Ca (TAKEN FOR DST) 

19.48 90 - - MB SR, P, T 

19.81 90 - - MB SR, P, T 

19.94 - - - - END OF HOLE 
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Photo 1 – Drill core recovered from test hole PDB - BR3 – BH1 from 
Manitoba Hydro’s 2009 investigation  

 

Photo 2 – Drill core recovered from test hole PDB - BR3 – BH2 from 
Manitoba Hydro’s 2009 investigation  
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Photo 3 – Drill core recovered from test hole PDB - BR3 – BH3 from 
Manitoba Hydro 2009 borrow investigation  

 

Photo 4 – Selected samples shipped from Manitoba Hydro’s 
storage facility to Queen’s University from 2011 investigation 

program drill hole PB11-01 
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Photo 5 – Select samples shipped from Manitoba Hydro’s storage 
facility to Queen’s University from 2002 investigation program drill 

hole TH - 1 

 

Photo 6 – Select samples shipped from Manitoba Hydro’s storage 
facility to Queen’s University from 2002 investigation program drill 

hole TH - 2 
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Direct Shear Test Sample Photographs 
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CNL* Boundary Condition 
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CNS Boundary Condition 
KNM = 1.5 kN/mm
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CNS Boundary Condition 
KNM = 3.0 kN/mm
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CNS Boundary Condition 
KNM = 6.0 kN/mm
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CNS Boundary Condition 
KNM = 12.0 kN/mm
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Appendix C 

Unconfined Compressive Strength (UCS) & Brazilian Indirect Tensile 

Strength (BTS) Sample Photographs 
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Brazilian Indirect Strength Testing  
Sample Photographs 

 
(BTS) 
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Unconfined Compressive Strength Testing  
Sample Photographs 

(UCS) 
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C-25 
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Appendix D 
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CNS Boundary Condition 
KNM = 1.5 kN/mm
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CNS Boundary Condition 
KNM = 3.0 kN/mm
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CNS Boundary Condition 
KNM = 6.0 kN/mm
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CNS Boundary Condition 
KNM = 12.0 kN/mm
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Appendix F  

UDEC Program Code 
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; FILE: CNL_Flat_MC.dat 

; UDEC code for determining the shear behaviour of flat geometry joints under CNL conditions 

 

new  

 

def ini_jdisp     ;define initial joint displacement function 

 njdisp0 = 0.0     ;set normal joint displacement = 0 

 sjdisp0 = 0.0     ;set shear joint displacement = 0 

 ic = contact_head    ;define ic variable as index to list of contacts 

 loop while ic # 0    ;loop while ic does not equal 0 

  njdisp0 = njdisp0 + c_ndis(ic)  ;add normal displacement to initial conditions 

  sjdisp0 = sjdisp0 + c_sdis(ic)  ;add shear displacement to initial conditions 

  ic = c_next(ic)    ;set ic variable to next contact in main list 

 endloop 

end 

 

def av_str     ;define average stress function 

  whilestepping     ;function is executed automatically at the start of every UDEC step 

  sstav = 0.0     ;set average shear force = 0 

  nstav = 0.0     ;set average normal force = 0 

  njdisp = 0.0     ;set normal joint displacement = 0 

  sjdisp = 0.0     ;set shear joint displacement = 0 

  ncon = 0         

  jl = 0.05               ;set joint length = 0.05 

  ic = contact_head     ;define ic variable as index to list of contacts 

   loop while ic # 0    ;loop while ic does not equal 0 

   ncon = ncon+1    ;increase ncon counter 

   sstav = sstav + c_sforce(ic)  ;add shear force to average shear force variable 

   nstav = nstav + c_nforce(ic)  ;add normal force to average normal force variable 

   njdisp = njdisp + c_ndis(ic)  ;add normal displacement to initial conditions 

   sjdisp = sjdisp + c_sdis(ic)  ;add shear displacement to initial conditions 

   ic = c_next(ic)    ;set ic variable to next contact in main list 

   endloop 
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  if ncon # 0     ;if counter does not equal 0 

  sstav = sstav / jl   ;average shear stress = average shear force / joint length 

  nstav = nstav / jl   ;average normal stress = average normal force / joint length 

  njdisp = (njdisp-njdisp0) / ncon  ;normal joint displacement = (norm. jt disp-init. jt. disp)/ ncon 

  sjdisp = (sjdisp-sjdisp0) / ncon  ;shear jt disp = (sh. jt. disp. - init. sh.jt.disp.)/ ncon 

  endif 

end 

 

def namefile 

  name1 = 'SvsSd_MC_'+string(nstress)+'_'+string(n_rundeg)+'Deg.his' 

  name2 = 'SdvsNd__MC_'+string(nstress)+'_'+string(n_rundeg)+'Deg.his' 

  name3 = 'CNLF_MC_'+string(nstress)+'_'+string(n_rundeg)+'Deg.sav' 

end 

 

def variables 

 sigma_n=0 

 n_rundeg=2 

end 

def CNLflatJoint  ; Creates FISH Function 

command 

 ;-----------------Define-Joint-Properties------------------- 

 ; Defines Discontinuity Properties 

 ; Direct Shear Testing 

 ;**Assign Discontinuity Properties** 

 joint model residual 

 set jcondf=residual 

 joint jkn=15e10 jks=15e9 jten=1e6 jrten=0 jdilation=n_rundeg & 

    jfric=57.7 jrfric=39.4 jcoh=1.6e6 jrescoh=0 

 ;jkn: Joint Normal Stiffness (Pa/m) 

 ;jks: Joint Shear Stiffness (Pa/m) 

 ;jten: Joint Tensile Strength (Pa) 

 ;jrten: Residual Joint Tensile Strength (Pa) 

 ;jfric: Joint Friction Angle (Degrees) 

 ;jrfric: Residual Joint Friction Angle (Degrees) 

 ;jcoh: Cohesion (Pa) 

 ;jrescoh: Residual Cohesion (Pa) 
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 ;-----------------Define-Boundary---------------------------- 

 ; Assigns Boundary Conditions 

 ; Direct Shear Testing 

 

 ;**Apply Boundary Conditions** 

 bound xvel=0 range -0.026,-0.024 ,0.050 ;Left edge top block 

 bound xvel=0 range 0.024,0.026 0,0.050 ;Right edge top block 

 bound yvel=0 range -1,1 -0.026,-0.024  ;Bottom Edge Bottom Block 

 

 ;-----------------Define-Initial-Stress------------------------ 

 ; Applies Normal Load 

 ; Direct Shear Testing 

 

 ;**Apply Normal Load** 

 

 bound stress (0,0,sigma_n) range -1,1 0.024,0.026 ;Sigma N MPa applied to Top Edge of Top Block  

 

 ;-----------------Define-Cycle-Count-System-Equilibrium-------- 

 ; Executes n timesteps 

 ; Direct Shear Testing 

 

 cycle 50000 

endcommand 

 

 ;-----------Calculate-Avg-Stress-&-Apply-Displacment------------ 

 ; Functions to calculate average joint stresses 

 ; and average joint displacements 

 ; Direct Shear Testing 

 

 ini_jdisp       ;initialize ini_jdisp function 

 

command 

 ;**Reset histories, displacements, and joint displacements to zero** 

 reset hist disp jdisp 

 ;**Set and label histories** 
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 hist nc 1 

 hist sstav nstav njdisp sjdisp 

 

 ;**Apply shear load by imposing x-velocity on top block** 

 bound xvel=0.001 range -0.046,-0.044 -1,1 ;left edge of bottom block 

 bound xvel=0.001 range 0.044,0.046 -1,1   ;right edge of bottom block 

 bound xvel=0.001 range -1,1 -0.026,-0.024 ;bottom edge of bottom block 

 

 step 6000000 

endcommand 

 

 ;-----------Save-History-&-Model-Files--------------------------- 

 ; Functions to save history and .sav files 

 ; Direct Shear Testing 

 

command 

 Set nstress = sigma_n 

endcommand 

 

 namefile 

end  

 

;-----------------------Geometry--------------------------- 

;   Builds Model Geometry 

; Direct Shear Test 

 

;**Build Model Geometry** 

 

round 0.0002 

bl (-0.045,-0.025) (-0.045,0.025) (0.045,0.025) (0.045,-0.025) 

crack -1 0 1 0 

crack -0.025 0 -0.025 0.025 

crack 0.025 0 0.025 0.025 

del -0.045 -0.025 0 0.025 

del 0.025 0.045 0 0.025 
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;**Generate Mesh** 

 

gen 0 1 -1 0 quad 0.005 0.005 

gen 0 1  0 1 quad 0.005 0.005 

 

  

;-----------------Define-Rock-Properties-------------------- 

; Defines Rock Material Properties 

; Direct Shear Test 

 

;**Assign Material Properties** 

;**Properties are determined from UCS Testing** 

prop material=1 density=2.616e3 bulk=58.555e9 shear=29.3914e9  

 

;Density (kg/m^3) 

;Bulk Modulus (GPa) 

;Shear Modulus (GPa) 

 

label hist 1  

Shear Stress 

label hist 3  

Normal Displacement 

label hist 4  

Shear Displacement 

 

variables 

 

save CNL_Flat_MC.sav 
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CNS Boundary Condition 

Base Code
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; FILE: CNS_Flat_MC.dat 

; UDEC code for determining the shear behaviour of flat geometry joints under CNS conditions 

 

new  

 

def ini_jdisp     ;define initial joint displacement function 

 njdisp0 = 0.0     ;set normal joint displacement = 0 

 sjdisp0 = 0.0     ;set shear joint displacement = 0 

 ic = c_near(0,0)     ;define ic variable as index to list of contacts 

 loop while ic # 0    ;loop while ic does not equal 0 

  njdisp0 = njdisp0 + c_ndis(ic)  ;add normal displacement to initial conditions 

  sjdisp0 = sjdisp0 + c_sdis(ic)  ;add shear displacement to initial conditions 

  ic = c_next(ic)    ;set ic variable to next contact in main list 

 endloop 

end 

 

def av_str     ;define average stress function 

  whilestepping     ;function is executed automatically at the start of every UDEC step 

  sstav = 0.0     ;set average shear force = 0 

  nstav = 0.0     ;set average normal force = 0 

  njdisp = 0.0     ;set normal joint displacement = 0 

  sjdisp = 0.0     ;set shear joint displacement = 0 

  ncon = 0         

  jl = 0.05                ;set joint length = 0.05 

  ic = c_near(0,0)    ;define ic variable as index to list of contacts 

   loop while ic # 0    ;loop while ic does not equal 0 

   ncon = ncon+1    ;increase ncon counter 

   sstav = sstav + c_sforce(ic)  ;add shear force to average shear force variable 

   nstav = nstav + c_nforce(ic)  ;add normal force to average normal force variable 

   njdisp = njdisp + c_ndis(ic)  ;add normal displacement to initial conditions 

   sjdisp = sjdisp + c_sdis(ic)  ;add shear displacement to initial conditions 

   ic = c_next(ic)    ;set ic variable to next contact in main list 

   endloop 
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  if ncon # 0      ;if counter does not equal 0 

  sstav = sstav / jl    ;average shear stress = average shear force / joint length 

  nstav = nstav / jl    ;average normal stress = average normal force / joint length 

  njdisp = (njdisp-njdisp0) / ncon  ;normal joint displacement = (norm. jt disp-init. jt. disp)/ ncon 

  sjdisp = (sjdisp-sjdisp0) / ncon  ;shear jt disp = (sh. jt. disp. - init. sh.jt.disp.)/ ncon 

  endif 

end 

 

def namefile 

  name1 = 'SvsSd_MC_'+string(nstress)+'_6kn' + string(n_rundeg) + 'Deg.his' 

  name2 = 'SdvsNd__MC_'+string(nstress)+'_6kn' + string(n_rundeg) + 'Deg.his' 

  name3 = 'CNSF_MC_'+string(nstress)+'_6kn' + string(n_rundeg) + 'Deg.sav' 

end 

 

def variables 

 sigma_n=0 

 n_rundeg=2 

end 

def CNSflatJoint  ; Creates FISH Function 

 command 

  ;-----------------Define-Joint-Properties------------------- 

  ; Defines Discontinuity Properties 

  ; Direct Shear Testing 

  ;**Assign Discontinuity Properties** 

  joint model residual 

  set jcondf=residual 

  joint jkn=15e10 jks=15e9 jten=1e6 jrten=0 jdilation=n_rundeg & 

           jfric=57.7 jrfric=39.4 jcoh=1.6e6 jrescoh=0 zdilation=5e-3  

  ;jkn: Joint Normal Stiffness (Pa/m) 

  ;jks: Joint Shear Stiffness (Pa/m) 

  ;jten: Joint Tensile Strength (Pa) 

  ;jrten: Residual Joint Tensile Strength (Pa) 

  ;jfric: Joint Friction Angle (Degrees) 

  ;jrfric: Residual Joint Friction Angle (Degrees) 

  ;jcoh: Cohesion (Pa) 

  ;jrescoh: Residual Cohesion (Pa) 
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  ;-----------------Define-Boundary---------------------------- 

  ; Assigns Boundary Conditions 

  ; Direct Shear Testing 

 

  ;**Apply Boundary Conditions** 

  bound xvel=0 range -0.026,-0.024, 0.0001, 0.050 ;Spring and top block 

  bound xvel=0 range 0.024,0.026, 0.0001, 0.050 ;Spring and top block 

  bound yvel=0 range -1,1 -0.026,-0.024 ;Bottom of bottom block 

 

  ;-----------------Define-Initial-Stress------------------------ 

  ; Applies Normal Load 

  ; Direct Shear Testing 

 

  ;**Apply Normal Load** 

 

  bound stress (0,0,sigma_n) range -1,1 0.049,0.051 ;Sigma N MPa applied to Top Edge of Top Block  

 

  ;-----------------Define-Cycle-Count-System-Equilibrium-------- 

  ; Executes n timesteps 

  ; Direct Shear Testing 

 

  cycle 50000 

    

  bound yvel=0 range -1,1 0.048,0.051 ;Top of spring block 

 endcommand 

  

  ;-----------Calculate-Avg-Stress-&-Apply-Displacment------------ 

  ; Functions to calculate average joint stresses 

  ; and average joint displacements 

  ; Direct Shear Testing 

   

  ini_jdisp       ;initialize ini_jdisp function 

   

 command 

  ;**Reset histories, displacements, and joint displacements to zero** 
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  reset hist disp jdisp  

  ;**Set and label histories** 

  hist nc 1 

  hist sstav nstav njdisp sjdisp 

  hist ndis -0.1 0.001 

  hist ndis 0.1 0.001 

  hist ndis 0 0 

 

  bound xvel=0.001 range -0.046,-0.044 -1,1  

  bound xvel=0.001 range 0.044,0.046 -1,1 

  bound xvel=0.001 range -1,1 -0.026,-0.024 

  step 2300000 

 endcommand 

   

  ;-----------Save-History-&-Model-Files--------------------------- 

  ; Functions to save history and .sav files 

  ; Direct Shear Testing 

 command 

  Set nstress = sigma_n 

 endcommand 

  namefile 

end  

;-----------------------Geometry--------------------------- 

; Builds Model Geometry 

; Direct Shear Test 

 

;**Build Model Geometry** 

round 0.0002 

bl (-0.045,-0.025) (-0.045,0.050) (0.045,0.050) (0.045,-0.025) 

crack -1 0 1 0 id 1 

crack -1 0.025 1 0.025 id 2 

crack -0.025 0 -0.025 0.050 

crack 0.025 0 0.025 0.050 

del -0.045 -0.025 0 0.050 

del 0.025 0.045 0 0.050 
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;**Generate Mesh** 

gen quad 0.005 range bl 16370   ;Bottom Block  

gen quad 0.005 range bl 18017   ;Top Block  

gen quad 0.025 0.01 range bl 17675  ;Spring 

 

;-----------------Define-Rock-Properties-------------------- 

; Defines Rock Material Properties 

; Direct Shear Test 

 

;**Assign Material Properties** 

prop material=1 density=2.616e3 bulk=58.555e9 shear=29.3914e9  

change mat=2 range bl 17675 

prop material=2 density = 5e3 bulk=53e6 shear=79e6 

;Density (kg/m^3) 

;Bulk Modulus (GPa) 

;Shear Modulus (GPa) 

label hist 1  

Shear Stress 

label hist 3  

Normal Displacement 

label hist 4  

Shear Displacement 

label hist 5 

Normal Displacement 

label hist 6 

Normal Displacement 

label hist 7  

Normal Displacement  

variables 

save CNS_Flat_MC.sav 


	Statement of Originality
	Chapter 1  Introduction
	1.1 Purpose of Study
	1.2 Motivation for Study
	1.2.1 Current Status of the Canadian Deep Geological Repository Design & Site Selection

	1.3 Evolution of Direct Shear Testing
	1.4 Use of Experimentally Determined Geomechanical Properties in Numerical Modelling
	1.5 Research Objectives
	1.6 Thesis Scope
	1.7 Thesis Outline and Contributions
	1.8 References

	Chapter 2   Review of Direct Shear Testing Boundary Conditions
	2.1 Introduction
	2.2 Constant Normal Load (CNL) and Constant Normal Stress (CNL*)
	2.3 Constant Normal Stiffness (CNS)
	2.3.1 Determining the Normal Stiffness of a Rockmass

	2.4 Direct Shear Testing Equipment
	2.5 Shear Behaviour of Clean Rock Joints under CNL & CNS Conditions
	2.5.1 Pre-Yield Deformation Behaviour: Stiffness
	2.5.1.1 Joint Normal Stiffness (Kn)
	2.5.1.2 Joint Shear Stiffness (Ks)

	2.5.2 Yield and Post-Yield Behaviour: Shear Strength (τ)
	2.5.3 Post-Yield: Dilation (ψ)

	2.6 Existing Constitutive Models
	2.6.1 Mohr-Coulomb Shear Strength Criterion
	2.6.2 Continuously Yielding Constitutive Model for Joints
	2.6.3 Barton-Bandis Constitutive Model for Rock Joints
	2.6.4 Patton Constitutive Model for Rough Rock Joints
	2.6.5 Heuze & Barbour Analytical Model (1982)
	2.6.6 Saeb and Amadei Constitutive Model (1992)
	2.6.6.1 Saeb and Amadei Graphical Method
	2.6.6.2 Saeb and Amadei Analytical Method (1992)
	2.6.6.3 Souley et al. Extension of the Saeb and Amadei Constitutive Model

	2.6.7 Constitutive Models Developed at the University of Wollongong

	2.7 Discontinuum Numerical Modelling
	2.7.1  Laboratory Scale Numerical Modelling
	2.7.2 Modelling CNL vs CNS Boundary Conditions
	2.7.3 Comparing Predicted Results Between Constitutive Models

	2.8  References

	Chapter 3  Mineralogical Assessment and Sample Selection from drill core of the Pointe Du Bois Pluton Granites and Gneisses
	3.1 Introduction
	3.2 Source of Rock Samples
	3.2.1 Sample Shipping and Core Logging

	3.3 Mineralogy of Granites and Gneisses of the Pointe Du Bois Pluton
	3.3.1 Petrographic Analysis using Polished Thin Sections
	3.3.2 X-Ray Diffraction (XRD)

	3.4 Direct Shear Testing Laboratory Procedure
	3.4.1 Sample Selection
	3.4.2 Digital Preservation
	3.4.3 Fracture Joint Roughness Coefficient Estimates from Photogrammetry Models
	3.4.4 Sample Preparation

	3.5 Indirect Brazilian Tensile Strength and Unconfined Compressive Strength Testing Laboratory Procedures
	3.5.1 Sample Selection
	3.5.2 Digital Preservation
	3.5.3 Sample Preparation

	3.6 References

	Chapter 4  Intact Laboratory Testing of Pointe Du Bois Granites and Gneisses0F
	4.1 Introduction
	4.2 Intact Rock Testing Procedures
	4.3 Test Program and Schedule
	4.4 UCS & BTS Test Data Analysis
	4.4.1 Bulk Density
	4.4.2 Elastic Parameters (Young’s Modulus and Poisson’s Ratio)
	4.4.3 Peak Compressive Strength
	4.4.3.1 Crack Initiation and Crack Damage Estimation: Direct Strain

	4.4.4 Brazilian Tensile Strength
	4.4.5 Rock Failure Modes under UCS and BTS Testing

	4.5 Laboratory Testing Results
	4.5.1 Bulk Density
	4.5.2 Elastic Parameters
	4.5.3 Peak Strength and Damage Thresholds
	4.5.4 Tensile Strength
	4.5.5 Failure Mode

	4.6 Discussion and Conclusions
	4.7 References

	Chapter 5  Direct Shear Laboratory Testing of Pointe Du Bois Granites and Gneisses1F
	5.1 Introduction
	5.2 Direct Shear Testing Procedure
	5.2.1 Machine Normal Stiffness

	5.3 Test Program and Schedule
	5.4 Laboratory Testing Results
	5.4.1 Pre-Yield Deformation Behaviour: Stiffness
	5.4.2 Joint Normal Stiffness
	5.4.3 Joint Shear Stiffness
	5.4.4 Yield and Post Yield Behaviour: Shear Strength
	5.4.5 Post Yield: Dilation
	5.4.6 Joint Stress Paths

	5.5 Discussion and Conclusions
	5.6 References

	Chapter 6  Preliminary Analysis of Direct Shear Boundary Conditions Using DEM Models2F
	6.1 Introduction
	6.2 Modelling Procedure
	6.2.1 Model Setup – Constant Normal Stress
	6.2.2 Model Setup – Constant Normal Stiffness

	6.3 Selected Material Input Parameters
	6.4 Model Results
	6.4.1 Constant Normal Stress (CNL*)
	6.4.2 Constant Normal Stiffness (CNS)

	6.5 Discussion and Conclusions
	6.6 References

	Chapter 7  Discussions and Conclusions
	7.1 Discussion
	7.1.1 Sample Selection and Characterization
	7.1.2 Laboratory Evaluation of Geological Materials for Numerical Models with Explicit Structure
	7.1.3 Numerical Modelling Analysis of Direct Shear Boundary Conditions

	7.2  Summary of Conclusions
	7.3 Future Research
	7.4 Contributions
	7.4.1 Articles Published in Refereed Journals
	7.4.2 Fully Refereed Conference Papers with Presentations
	7.4.3 Posters Produced from Research Activities
	7.4.4 Articles in Preparation for Submission to Refereed Journals

	7.5 References

	Appendix A  Geological & Geotechnical Core Logs and Core Box Photographs
	Appendix B  X-Ray Diffraction Sample Results
	Appendix C  Direct Shear Test Sample Photographs
	Appendix D  Unconfined Compressive Strength (UCS) and Brazilian Indirect Tensile Strength (BTS) Sample Photographs
	Appendix E  Strain Gauge Specifications
	Appendix F  Direct Shear Test Data
	Appendix G  Numerical Model Program Verification
	Appendix H  Program Code for Numerical Models
	All_Appendices_LR.pdf
	Appendix A
	Appendix C - UCS_BTS_Photographs.pdf
	Appendix C

	Packulak - Appendix E - Direct Shear Test Data_FINAL.pdf
	Appendix E

	Appendix B - Direct Shear Testing Photographs.pdf
	Appendix B

	Appendix D - Strain_Gauge_Spec.pdf
	Appendix D

	Appendix F - UDEC Program Code.pdf
	Appendix F





