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Abstract 

The failure of brittle rocks around deep underground excavations due to the high induced stress is 

controlled by the crack accumulation in the rock. The study shows that the damage initiation 

strength, CI, corresponds to the long-term strength, and the short-term strength of the brittle rocks 

in-situ is the crack interaction strength, CD. Therefore the damage thresholds that are being used 

for the calibration and validation of numerical models are important parameters in the design of 

underground structures. 

The accurate detection of the damage thresholds is important as they define the in-situ 

behaviour of the brittle rocks. The two most common methods of detecting damage thresholds are 

the Acoustic Emission method and the strain measurement method. Apparent discrepancy that 

exists between the accuracy of these methods was the author’s motivation for comparing these 

two methods on Stanstead and Smaland granites. The author introduced two new parameters 

based on the measured strains for improving the strain measurement method. Based on the 

comparisons, the author is of the opinion that the Acoustic Emission method is a more accurate 

method of detecting damage thresholds. 

Numerical models are an important tool in the design of underground structures. The 

numerical methods that are able to simulate fractures explicitly have the ability to predict the 

brittle failure, the density and the extension of the microcracks around the opening. Itasca’s 

Particle Flow Code (PFC) was used in this study due to its potential  to simulate fractures 

explicitly. Calibration of PFC models to Unconfined Compressive Strength properties of the rock 

does not mean that the model will behave correctly under other confining stresses or in tension. 

The author has tried to solve this problem by different methods and developing new procedures. 

Improvements in the model behaviour have been achieved but  more work is required.  

The definition, and detection and calibrated simulation of rock damage thresholds for 

calibration of numerical models is helpful for a successful design of underground excavations and 

long term, lower bound strength, a critical design parameter for deep geological repositories for 

the storage of nuclear wastes, for example. 
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Chapter 1 

Introduction 

1.1 Brittle failure in underground excavations 

Rockmass classification systems are holistic indices of rock quality that include consideration of 

intact rock, discontinuities, stress and alterations. They are used for general characterization, 

support specification and strength estimation. The most commonly used classification systems, 

such as RMR, Q and GSI (Bieniawaski 1973, 1976, Barton et al 1974, 1977, Marinos and Hoek 

2000) are effective for rockmasses in the mid-range of the classification systems scale. In these 

rockmasses, where failure is normally controlled by the inter-block shear strength rather than the 

material strength, the rock strength criteria derived indirectly (RMR or Q) or directly (GSI) from 

the classification system also responds well (Carter et al 2008). However; for the rocks which fall 

outside the mid-range, i.e. very low strength rocks or high GSI spall-prone rocks, the 

classification systems are not as accurate. For these types of rocks the application of Hoek-Brown 

strength criterion (Hoek et al 2002) is also limited. Outside of the mid-range rockmasses, based 

on the classification systems, the failure is less controlled by the discontinuities.  Rockmasses at 

the low end of the scale with UCSi < 10-15 MPa, begin to behave independent of the joints and 

rely more on the general frictional properties because there are many joints. Similarly for 

rockmasses classified at the high end of the scale (GSI > 65 and mi > 15) material strength 

defines the in situ rock mass strength (Carter et al 2008). The low UCSi rocks are prone to 

squeezing while the massive hard brittle rocks are most likely to fail by spalling, at high stress 

levels (Figure 1-1). 
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Figure 1-1 Modes of failure in tunnels based on the magnitude of the in situ stress, 

yellow boxes highlight the conditions where brittle failure may occur in the opening 

(modified after Martin et al 2001). 
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As the in situ stress increases, due to increasing depth, existing fractures in the rock tend 

to close. This closure of the existing fractures in the rock makes the failure brittle (Martin et al 

2001). The high induced compressive stresses around a deep opening lead to the initiation and 

propagation of stress-induced fractures parallel to the excavation boundary (Figure 1-2).  

 

 

Figure 1-2 Stress-induced brittle failure around the Loetchberg tunnel, (Courtesy of 

M.S. Diederichs). 

 

The stress magnitude around the underground opening plays a key role in the initiation 

and propagation of these stress-induced fractures. As shown in Figure 1-1, at the intermediate in 

situ stress level, the stress magnitude may be just high enough to cause localized spalling and 
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notch formation. But at greater depths the brittle failure may involve the whole boundary of the 

opening. The brittle failure mechanism around the underground openings is shown in Figure 1-3.  

.  

 

Figure 1-3 Top) Extension of the wing cracks in the absence of confining stress (after 

Chandler 2004). Bottom) Development of the brittle failure parallel to the excavation 

boundary due to the increase in the load. The rock would eventually fail after reaching the 

state (b), even with no increase in the axial stress, as the initial cracks are formed and due to 

the absence of confining pressure they coalesce after some time (after Germanovich and 

Dyskin 1999). 
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It can be seen in this figure that the increase in the stress magnitude around the 

excavation surface causes the existing fractures to extend and form wing cracks parallel to the 

excavation surface in the absence of confining stress. The cracks propagate until they coalesce 

and start to interact. The interaction of the cracks causes slabbing and/or spalling around the 

opening boundary 

As seen in Figure 1-3, the existence of high induced-stress tangent to the opening 

periphery causes the extension of fractures parallel to the opening wall in the absence of any 

confining pressure. This confinement dependency prompted the researchers (Diederichs 2007, 

Kaiser et al 2010, Martin et al 2001) to develop a revision that accounts for low–confinement 

sensitivity in the Hoek-Brown criterion, a non-linear strength criterion developed for rockmasses 

(Hoek et al 2002). 

The damage initiation stress, CI, that corresponds to the extension crack damage 

threshold, in Figure 1-4, is shown to be the in situ strength of the rock in low confinement. This 

threshold is a function of the nature and density of internal flaws and heterogeneity (Diederichs 

2007). The damage initiation threshold, which is the onset of non-linearity (Diederichs and 

Martin 2010b ) on the lateral strain-axial stress plot, is believed to be the long term (lower bound) 

in situ strength of the brittle rock. The short term or upper bound for the in situ strength of the 

brittle rock is the yield strength or the crack interaction strength (Diederichs 2007). The crack 

interaction strength, CD, which is the onset of non-linearity in axial stress-strain measurements, is 

the stress at which the cracks start to interact and coalesce. The International Society for Rock 

Mechanics (ISRM) Commission on Spalling Prediction is recommending the terminology of CI 

for crack initiation threshold and CD for crack interaction threshold (Diederichs and Martin 

2010b). These thresholds will be studied further in this thesis. 
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Figure 1-4 In situ yield envelope for brittle rocks, upper two dashed lines indicate 

conventional Hoek-Brown envelopes for yield and peak strength, damage initiation 

threshold is the long term strength of the rock under low confinement (after Diederichs 

2007). 

 

With any underground excavation the stress state and therefore the fracture density 

changes in the surrounding rock. Based on the stress state and the crack density in the 

CD

CI



 

7 

 

surrounding rock, three zones of influence can be defined, as seen in Figure 1-5. In the 

Excavation Influence Zone (EIZ) only the stress changes, and the rock still behaves elastically. 

The Excavation Damaged Zone (EDZ) is the zone in which new cracks have been formed and 

micro-fracturing has occurred. The hydromechanical properties of this zone have been affected 

which leads to an increase in the permeability of the rock. The EDZ is a transitionary zone, with 

small changes in permeability occurring close to the EIZ and larger changes close to the Highly 

Damaged Zone (HDZ). The HDZ is the zone in which interacting cracks exist and macro-scale 

fracturing may occur (Perras et al 2010).The EDZ zones can be mapped to the rockmass strength 

envelope using CI and CD thresholds, as shown in Figure 1-6. The change of the 

hydromechanical properties in the EDZ increases the permeability of this zone. This is a 

significant factor to consider in the design of an underground nuclear waste repository where 

radionuclides may pass through the rockmass more easily along the EDZ (Chandler 2004). 

  

 

Figure 1-5 The schematic of HDZ, EDZ and EIZ around the underground excavation 

(after ANDRA 2005) 

EIZ
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Figure 1-6 Different damaged zones based on the conceptual model of Diederichs (2007) 

(after Perras et al 2010). 

 

CI and CD thresholds are two important parameters that need to be determined through 

laboratory testing for the design of underground excavations. These parameters are used in the 

numerical codes for stability analyses and the simulation of crack initiation (Figure 1-7), for 

instance for defining the dimensions and fracture density within the EDZ. The latter is a global 

topic of research and this thesis can contribute to this area of research. 
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Figure 1-7 Simulation of spalling in the AECL’s Underground Research Laboratory 

test tunnel, Pinawa, Manitoba by using two different codes of Phase2 and FLAC 3D (after 

Diederichs 2007). 

 

1.2 Laboratory testing 

The damage thresholds (CI and CD) in  brittle rocks can be detected in the laboratory by Acosutic 

Emission/Microseismic Activity monitoring or strain measurements during the test. Other less 

common techniques also exist for the detection of crack growth in a sample, including 

photoelastics, laser speckle interferometry, ultrasonic probing or electrical resistivity (Eberhardt 

et al 1998). 
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The Acoustic Emission monitoring system records the number of cracks that form in the 

sample during the test. In the strain measurement method, small changes in the sample 

deformation are recorded. A relation between these deformation changes and the opening and 

closure of the cracks can be established after testing (Brace et al 1966, Bieniawski 1967). Both of 

these methods can be employed for detecting the damage thresholds in direct tensile, Brazilian, 

Unconfined Compressive Strength (UCS) and confined compressive tests. The damage thresholds 

obtained from the laboratory testing are used for the design of the underground excavations by 

means of numerical modelling. 

 

1.3 Numerical methods 

The data obtained from the laboratory testing are used for the calibration and validation of 

numerical models. Different types of numerical methods can be used for the simulation of 

damage development in rocks. Some numerical methods simulate the formation and extension of 

the cracks in the rock, implicitly by distributing the approximate weakness over the material 

volume through a constitutive relationship. The other types of the numerical models that are able 

to simulate fractures explicitly have a great potential for use in the design of underground 

excavations in which the extent of the fracturing around an opening is important. These codes are 

also useful tools for researchers to study the effects and causes of crack initiation and propagation 

in a controlled environment. A Discrete Element Code (codes that model interaction of discrete 

components such as blocks or grains) has been used to model damage around rock excavations 

(Figure 1-8). This is the same code which will be used in the research presented herein.  
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Figure 1-8 Simulating damage around a rock excavation by means of Discrete Element 

Method (after Wang and Tannant 2004). 

 

The applications of numerical models that are able to simulate fractures directly are still 

limited due to some inaccuracies that have been experienced in the simulations’ results. The goal 

of ongoing work, by different research groups, is to better calibrate the behaviour of these models 

to the real behaviour of the rock. The results of simulations by these codes are very sensitive to 

the parameters they are being calibrated to. CI and CD thresholds are two important parameters in 

the process of the calibration. Therefore having an accurate estimation of the rock CI and CD 

thresholds is an important step in the calibration of numerical models and eventually design of the 
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underground structures. Complex models, such as Particle Flow Code (PFC), require careful 

calibration, preferably to laboratory test behaviour across the full range of confinement from 

tensile to compressive. 

 

1.4 Problem statement 

Correct simulation of in situ rock behaviour is possible by means of a correct calibrated 

numerical model. Other than sophisticated methods, true estimate of in situ rock parameters is 

also needed for correct calibration of numerical model. The goals of this thesis are to; 

• Generate and analyse rigorously obtained laboratory test data for tensile, indirect tensile, 

unconfined compressive and triaxial loading. 

• Investigate and compare the accuracy of the Acoustic Emission method and the strain 

measurement method that have been applied to the laboratory testing of brittle rocks for 

detection of damage thresholds. Due to the importance of these thresholds in the design 

of underground excavations, the relative accuracy of these two methods has been a 

disputable topic between researchers and needs to be evaluated.  

• Calibrate a PFC3D model, a discrete element model that has been used in this study for the 

explicit simulation of fractures, for the correct behaviour. Calibration of models in this 

code to the UCS testing data does not necessarily result in a model which accurately 

simulates other laboratory tests such as direct tensile, Brazilian and confined compressive 

tests. This issue can cause inaccuracies in the simulation of large scale models as the 

generated strength in the simulated rock under different confinements does not represent 

what happens in the real rock.  
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1.5 Thesis objectives 

The objectives of this thesis are to evaluate the accuracy of the Acoustic Emission and strain 

measurement methods in detecting the damage thresholds and to use this data for calibrating and 

validating a PFC3D model that is able to simulate the correct behaviour of the real rock. These 

objectives have been achieved by; 

 

1. Conducting UCS, confined compressive and Brazilian tests on Stanstead granite 

(standard quality data), in which UCS and Brazilian tests were monitored by Acoustic 

Emission and strain measurement methods. The author has also been provided by the 

UCS testing results of Smaland granite (Courtesy of ISRM Commission on Spalling 

Prediction, CANMET and SKB), (high quality data).  

2. Applying Acoustic Emission and strain measurement methods to high and standard 

quality data obtained from laboratory testing for detecting damage thresholds. 

3. Introducing new parameters for the strain measurement method that are able to better 

detect the damage thresholds. 

4. Simulating laboratory tests in PFC3D to determine the behaviour of the different types of 

models (simulated rock) that have been generated by;   

4-1. Using different methods for synthesizing the numerical model by using 

different contact models and representing the grains by rigid bodies and 

breakable assembly of particles 

4-2. Developing new methods in PFC3D for generating grains as rigid or breakable 

bodies with random shapes and evaluating the effect of different grain size 

distributions in the model by using these developed methods. 
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1.6 Summary of findings 

The data obtained from the laboratory testing of the Stanstead granite and the high quality 

laboratory data from the Smaland granite (from the Swedish nuclear waste repository site at 

Aspo), provided to the author by the ISRM Commission on Spalling Prediction, allowed for the 

comparison between the Acoustic Emission and strain measurement methods for the detection of 

damage thresholds in the brittle rocks. The data obtained from the laboratory testing of the 

Stanstead granite is typical quality for common engineering projects. An accurate method of 

determining CI and CD thresholds has been studied for both quality levels of data. Two new 

parameters have been introduced by the author based on strain measurements to better detect the 

damage thresholds. The two new parameters are inverse tangent lateral stiffness and tangent 

modulus that are being used for the detection of CI and CD thresholds, respectively. These two 

new parameters detected a smaller range for thresholds and consequently give higher accuracy 

data when compared to the parameters currently being used for detection of damage thresholds in 

the strain measurement methods, which are crack volume strain and volumetric strain. The 

application of the Acoustic Emission method has some benefits in comparison to the strain 

measurement method. For instance, the Acoustic Emission method does not have the problem of 

crack closure and CI limits overlapping, which occurs in the strain measurement method. The 

overall result of the comparison between the different methods of detecting damage thresholds 

showed that the Acoustic Emission method is a more robust method compared to the strain 

measurement method. 

The analysed laboratory data has been used for calibration of PFC3D numerical models. 

The contact bonded model was developed based on Diederichs’ (1999) experience in PFC2D. The 

contact bonded model in PFC3D resulted in relatively high tensile strength and low angle of 
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friction in compare to the real rock, similar to PFC2D results (Diederichs 1999). The use of 

parallel bonds could not improve the overall behaviour of the rock. The PFC method of clumping 

(clump is a group of spheres together that make a rigid body) could help to decrease the tensile 

strength of the model. This reduction in the tensile strength was not due to the clumping as the 

clumps generated by this method do not introduce high interlock. The apparent success of the 

PFC method of clumping was more due to the smaller sphere radii in the sample that took the 

model much longer to compute compared to the other methods. The author developed a new 

method for clumping that is able to generate random shaped clumps. The model produced by the 

new clumping method resulted in a high Poisson’s ratio. This unrealistic volumetric strain is due 

to the space being generated between the undeformable rigid bodies that are slipping and rotating 

over each other. This problem has been solved by developing a new code to convert the rigid 

bodies into an assembly of spheres that are breakable and cracks can propagate through them. 

This method had the closest association to the real rock behaviour. This method has also been 

used to study the effect of different grain size distributions on the behaviour of the simulated 

rock. Better results could have been achieved for the study of grain size distribution effects by 

decreasing the sphere radii. The PFC3D model created by the grain generator method with very 

fine spheres, calibrated by using the accurate damage thresholds will probably behave closely to 

the real rock. 

 

1.7 Thesis outline 

This thesis has been written in seven chapters. Each chapter begins with a discussion of the 

background of the topic that is the main point of concentration in that chapter. Then more detailed 

discussion on that topic is represented in the rest of the chapter. 
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Chapter 1 gives an introduction on the brittle failure of rock around underground 

excavations. The main problems that this study is dealing with, the objectives and the summary of 

findings are explained in this Chapter.  

Chapter 2 reviews the standard laboratory testing procedures for describing the 

mechanical behaviour of the rock. In this chapter the available methods for detecting damage 

thresholds are explained. The standard testing procedures based on the ISRM Suggested Methods 

for different tests are introduced in this chapter. 

Chapter 3 provides a detailed review of the available direct or indirect methods of 

fracture simulation. These methods are discussed for both continuum and discontinuum models. 

A detailed discussion of the mechanics of the Bonded-Particle Method, which is implemented in 

PFC, is given in this chapter. 

Chapter 4 presents the data obtained from the laboratory testing. The testing of the 

Stanstead granite has been done by the author and the data for the Lac du Bonnet granite and 

Smaland granite (Courtesy of ISRM Commission on Spalling Prediction, CANMET and SKB) 

have been provided to the author. The analyses of the data for the detection of CI and CD 

thresholds using different methods, which has been discussed in Chapter 1 briefly, are presented 

in Chapter 4. 

In Chapter 5 the data obtained from the laboratory testing and analyses is used for the 

calibration and validation of the numerical models. Different methods are employed in this 

Chapter to obtain the closest match of behaviour of the model to the real rock. New methods are 

developed and the effect of grain size distribution, on the model behaviour, is evaluated. 

Chapter 6 provides a detailed discussion of the results from Chapters 4 and 5. In this 

chapter the comparative discussion of the different damage threshold methods is further 
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expanded. The different numerical methods, which are employed in Chapter 5, are discussed and 

possible solutions for improving the behaviour of simulated models are given. Chapter 6 presents 

the practical applications of damage threshold detection in the laboratory combined with the 

fracture simulations and their importance to the design of underground excavations. 

A summary of findings and possible future studies based on the current study is included 

in Chapter 7. This Chapter is completed by the conclusions of this study.  



 

18 

 

Chapter 2 

Review of rock mechanics laboratory testing 

 

2.1 Introduction 

Laboratory testing in rock mechanics can be divided into two major categories. The first is 

classification and characterization of rock materials and the second is engineering design tests. 

The category of interest in this thesis is the engineering design tests. Based on the International 

Society for Rock Mechanics (ISRM) suggested methods (SM), the engineering design tests 

include the following tests; 

1. Determination of strength envelope (triaxial and uniaxial compression and tensile tests). 

2. Determination of shear strength parameters (direct shear tests). 

3. Determination of time-dependent and plastic properties (swelling and creep tests). 

 

For the purpose of this research, the tests for determining the strength envelope have been 

conducted. The ISRM Commission on Standardization of laboratory and field tests has produced 

suggested methods, for a wide variety of rock mechanics studies, in an attempt to standardize the 

test procedures to ensure consistency when comparing test results. . The following tests will be 

explained briefly in Section 2.3 of this chapter based on ISRM SMs;  

1. Indirect tensile (Brazilian) (ISRM 1978) 

2. Uniaxial (ISRM 1999) 

3. Triaxial (ISRM 1999) 
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2.2 Data acquisition  

Before discussing the above mentioned testing procedures, it is first necessary to discuss data 

acquisition and the sensors necessary to collect the data. The quality of data is sensitive to the 

method of data collection and sensor type. It may be possible to measure a parameter using 

different types of sensors, but an investigation should be done beforehand for choosing the most 

suitable sensor for measuring a parameter during a test. In this section, an overview of ‘electric 

resistance strain gauges’ and ‘acoustic emission transducers’ will be presented. 

 

2.2.1 Electric resistance strain gauge 

Electrical resistance strain gauges work based on the principle, discovered by Lord Kelvin in 

1856, that change in the resistance of a wire is proportionate with strain. This difference varies 

based on the wire material (Lama and Vutukuri 1978). Wire strain gauges are mounted on 

specimens using cement or glue. The strain in the specimen will be transferred to the strain gauge 

and consequently the change in the strain gauge’s electrical resistance can be observed and 

recorded. This change in the electrical resistance is read using a Wheatstone bridge circuit (Figure 

2-1). A Wheatstone bridge circuit, as a strain indicator, measures an unknown electrical resistance 

(the resistance of the strain gauge) by balancing two legs of a bridge circuit.  
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Figure 2-1 A standard Wheatstone bridge circuit (after Morgenshtein et al 2004). 

 

If R1, R2 and R3 are known and R4 is the unknown resistance, R4 can be calculated based 

on the voltage difference across the meter and using Kirchhoff’s rules (Perry and Lissner 1962). 

Four different types of electrical resistance strain gauges are available on the market (Lama and 

Vutukuri 1978), 

1. Unbonded wire gauges 

2. Bonded wire gauges 

3. Bonded foil gauges 

4. Piezoresistive gauges 

 

The first three types of gauges work based on Lord Kelvin’s principle while the last one 

uses a semiconductor element as the sensing part of the gauge in which electrical resistance 

changes proportionately to the applied stress. Piezoresistive gauges are 60-70 times more 
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sensitive than wire and foil gauges and are mostly being used for dynamic tests (Lama and 

Vutukuri 1978). Wire and foil gauges are the most common gauges used in laboratory testing. 

  The gauge factor is based on the comparison between strain gauges and is a measure for 

strain sensitivity. High sensitivity strain gauges have higher gauge factors. The gauge factor is the 

relation between the strain gauge resistance and the strain and is calculated as follows (Lama and 

Vutukuri 1978); 

= ΔR/RΔL/L  2-1 

where 

F = gauge factor 
R = initial resistance 
ΔR = change in resistance 
L = original length  
ΔL = change in length 

 
Optimal strain gauge is made out of a material with high resistance. High impedance 

materials show higher changes in resistance and larger domains for strain changes, due to 

stretching or compression, in comparison with a material with lower impedance. Strain gauges 

should have a high elastic limit and their physical and electrical properties both should be 

insensitive to the temperature changes and they must have a constant gauge factor. 

There are some major disadvantages in the application of strain gauges in the rock 

mechanics field (Brady and Brown 2004); 

1. Difficulty in having a good contact bond between strain gauge and the rock, 

2. Only the area covered by the strain gauge is being monitored and not all of  the sample, 

and 

3. Sometimes temperature effects are inevitable. 
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The previously mentioned points are unavoidable in a test; however these must be kept in 

mind while using the strain gauges. Point number 2 can especially cause inaccuracies in the strain 

measurement of coarse grained samples. In the coarse grained samples, if the relative size of the 

strain gauge is small compared to the grain sizes, the measured strain by the strain gauge can be 

the combination of the local displacements and slipping of the grains and the total deformation of 

the sample, rather than be due to the pure global deformation of the specimen. 

For measuring displacements in a test, extensometers or linear variable displacement 

transducers (LVDTs) can also be used. A LVDT consists of a main core that is surrounded by 

three equally spaced coils and then encased in an insulating container. The movement of the main 

core, which has a magnet placed in it, inside the coils, produces an electrical output that is 

proportionate to the displacement of the main core. When the main core is in the central position 

the output is zero and when it moves to either side, the voltage induced in the coil which the core 

is moving toward, increases with the proper sign. The induced voltage can be calibrated to the 

actual displacement and be used for measuring displacements in a test. Further information about 

these sensors can be found in Dunnicliff (1998).  

 

2.2.2 Acoustic emission (AE) transducer 

Rocks emit Acoustic Emissions (AE) when they are under stress or are being deformed. This is 

not solely in rocks but many other materials show the same behaviour. Using this characteristic of 

rocks it has been made possible to trace the crack initiation or propagation in a sample when it is 

subjected to stress or deformation (Kaiser 1953, Obert 1977). 

At the  micro-level, an AE can be emitted due to sliding of grains along each other or 

initiation and propagation of extension cracks in the medium (Mogi 2007). These processes 
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suddenly release some amount of stored elastic strain energy which will be converted into an 

elastic strain wave. This strain wave can travel across the sample until it hits the surface. By using 

an AE transducer on the sample boundary, the elastic strain wave can be detected as an AE signal 

(time-history) or as a discrete AE event (processed data).  

An essential benefit of the AE method is its ability to locate the source of the AE event 

which can be interpreted as crack initiation or propagation. The simplest method for positioning 

an AE event is the travel-time-difference method (Hardy 2003).  In this method, based on 

differences in arrival times between closest transducers and each of the other transducers (Figure 

2-2), the transducer positions and wave velocity in the medium under study, it is possible to solve 

Equation 2-2 for the Cartesian coordinates of the source, using a typical transducer layout such as 

in Figure 2-3.  

 

 

Figure 2-2 P-wave and S-wave detected by different AE sensors and difference in 

arrival times based on how far the sensors are from the location of an event (after ESG 

2010) 
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Figure 2-3 Typical geometry of an AE sensor array, Ps is the position of AE event and 

P1 to P5 are the position of AE sensors.  

 ( − ) + ( − ) + ( − ) = ( − )  2-2 

 

In Equation 2-2, Xi, Yi and Zi (i= 1, 2, 3, …, n) are co-ordinates of each transducer, ti and 

Vi are arrival-time and velocity respectively. Xs, Ys, and Zs are the true co-ordinates of the source 

and Ts is the true origin time. As there are four unknowns in this equation (Xs, Ys, Zs and Ts) at 

least four equations and therefore four transducers are needed to calculate co-ordinates of the 

source, but due to some errors in the equation solving and arrival times at least 5 equations and 

consequently 5 transducers should be employed. 

2.2.2.1 Transducer types 

In the AE method the purpose of installing transducers on a sample is to convert the mechanical 

energy associated with every AE event in the sample into an electrical signal. This signal in the 

geotechnical laboratory studies ranges between 50 to 500 kHz. Based on the expected signal 

frequency, different types of transducers can be used which have been listed below (Hardy 2003); 

X

Y

Z
P5(X5,Y5,Z5)

P4(X4,Y4,Z4)

P3(X3,Y3,Z3)
P2(X2,Y2,Z2)

P1(X1,Y1,Z1)

Ps(Xs,Ys,Zs)
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• Accelerometers 

• AE-transducers 

• Piezoelectric elements 

• Semiconductor strain gauges. 

Accelerometers are being used in studies at relatively low frequencies (f<50 kHz). If 

higher frequencies are expected to be detected in a test then AE-transducers will be employed. A 

simple form of an AE-transducer can be made of a single layer of piezoelectric discs mounted on 

a flat sole attached to a suitable damping material and then installed in a protective cover. AE 

transducers with different sizes are shown in Figure 2-4. 

 

Figure 2-4 AE transducers with different sizes. 

 

As said before, the basic sensing part of an accelerometer or an AE-transducer is the 

piezoelectric element. Under certain circumstances, such as space restrictions, piezoelectric 

elements can be attached directly to the specimen (Figure 2-5). Various types of natural or 
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artificial material can be used as a piezoelectric element. However barium titanate or lead-

zirconate titanate (PZT) are the most common. 

 

Figure 2-5 Details and the method of installation of a piezoelectric element. a) different 

parts of a piezoelectric element. b) installation method of a piezoelectric element on a 

specimen (after Hardy 2003). 

 

2.2.2.2 Transducer installation 

Mounting a transducer on a uniaxial specimen using cement or clamping it around a sample by 

using couplant, as shown in Figures 2-6 a and b, are the most common techniques for installing 

transducers. Transducers can also be placed inside the platens of the test machine, or on top of the 

loading heads (Figures 2-6 c and e). However; reflection and refraction of strain waves at the 

boundary of the sample and platens can cause some errors. In hostile environments, a wave guide 

can be used, as shown in Figure 2-6 d, however; larger sources of error can occur with this 

method. In tests with space restrictions, piezoelectric elements or semiconductor strain gauges 

can be used (Figure 2-6 f and g). Transducers can also be installed inside the jacket for tests under 

triaxial loading (Figure 2-7). 
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Figure 2-6 Installation methods of AE transducers on compressive samples (after 

Hardy 2003). 
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Figure 2-7 Installation of AE transducers in the jacket for triaxial tests (after Byerlee 

and Lockner 1977). 

 

2.3 Laboratory testing 

The purpose of laboratory testing is to simulate the stress state that a rock is bearing in the field 

and monitor the rock behaviour by using the sensors that have been explained previously. In this 

section the most common tests in rock mechanics laboratories will be reviewed.  

 

2.3.1 Uniaxial compressive strength (UCS) and confined compression 

The Uniaxial Compressive Strength (UCS) test is the most common test in rock mechanics 

laboratories. The main purpose of this test is to obtain the force-displacement curve for an intact 

rock. From this curve, the peak strength and Young’s modulus of the rock can be determined. 

Recording the diametrical or circumferential displacement makes it possible to calculate the 

Poisson’s ratio for the rock. In these tests a cylindrical specimen with a height to diameter ratio of 

2 to 3, in which the diameter is preferably greater than 50 mm and larger than 20 times the 

average grain size of the specimen, is being loaded using a loading frame with a stiffness greater 
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than  5 MN/mm until it reaches failure. There are certain guidelines regarding the sample 

preparation, loading apparatus characteristics, testing methods etc. which all can be found in 

ISRM SM (1999) for the complete stress-strain curve for intact rock in uniaxial compression. For 

confined failure tests, the same rock specimen as described above will be placed in a chamber, as 

shown in Figure 2-8, and the specimen will be surrounded by oil which provides the confinement 

pressure during the test. 

  

Figure 2-8 Schematic of a prepared specimen for UCS test in the left (after Diederichs 

1999) and another specimen placed in triaxial chamber in the right (MTS 2004). 
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An ideal result of a UCS test is a complete force-displacement curve for a specimen. A 

complete force-displacement curve records the displacement of the specimen’s ends through the 

process of initial loading, the linear elastic prepeak, the onset of systematic damage, the ultimate 

strength of the specimen into the post-peak failure locus and the residual strength (ISRM 1999). 

The complete force-displacement curve is useful in both UCS and confined tests for 

understanding the deformation, onset of cracking state in the specimen and final shear band 

orientation, which can give a good insight to the rock mass failure process. Figure 2-9 represents 

the two typical force-displacement curves for rocks (Wawersik 1968). The curve which is 

monotonically increasing in strain belongs to class 1 rocks, which mostly have ductile behaviour. 

The other curve, in which the strain is not monotonically increasing and represent sudden failure, 

belongs to Class 2 rocks, which exhibit brittle behaviour.  The loading frame stiffness plays an 

important role in achieving the complete force-displacement curve. The shaded area in Figure 2-9 

is the energy that the loading frame suddenly releases upon the specimen and causes the 

spontaneous blast-type failure. Cook (1965, Cook et al 1966) was the first to determine a 

complete load-displacement curve, which was achieved by stiffening the loading frame. Besides 

stiff frames, from 1969, servo-controlled machines have made it easier to obtain a complete load-

displacement graph. Servo-controlled machines let the user control the testing method, for 

instance axial strain control; circumferential strain control; volumetric strain control, etc..  

However; it should be kept in mind that sometimes even by using a stiff servo-controlled machine 

and following any kind of above mentioned testing method, spontaneous failure of some rocks, 

such as high strength granites, is inevitable. 
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Figure 2-9 Different behaviour of class I and class II rock types (after MTS 2004).  

 

In UCS and confined tests normally the load is being recorded using a load cell, which is 

installed in the loading frame, and deformations are measured with numerous methods. Electrical 

resistance strain gauges, linear variable displacement transducers (LVDT) or direct contact 

extensometers can be used for measuring the deformations in the specimen. ISRM SM (ISRM 

1999) prefers the use of direct contact extensometers for measuring the axial and circumferential 

strain, as shown in Figure 2-10. Electrical resistance strain gauges measure the strains locally 

over the area they are covering and sometimes based on the relative size of the grains and strain 

gauge this strain measurement includes grain slipping. Axial measurement by using the LVDTs 

has the benefit of measuring global deformation of the specimen that includes the monitoring of 

the upper and lower parts of the specimen that are experiencing the platen effects. The use of 

extensometers for strain monitoring can provide the benefit of global measurement of 

deformations while avoiding the negative effects of the deformation measurements of those parts 

of the specimen that are experiencing platen effects (confinement). 
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Figure 2-10 UCS specimen with direct contact extensometers for measuring axial and 

circumferential strains (after MTS 2004). 
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2.3.2 Tensile testing 

Tensile testing of rocks is not as common as compressive testing. This can be due to the more 

difficult nature of tensile testing in comparison to compressive testing. Gripping in a direct tensile 

test is hard to achieve and the common idea of zero tensile strength for rockmasses can be another 

reason for the small number of studies on the tensile strength of rocks. Because of difficulty in 

preparation of specimens for direct tensile tests, alternative indirect test setups have been 

developed, such as the Brazilian test (ISRM 1978) and point load test (ISRM 1985). The point 

load test is typically calibrated to UCS but the failure mechanism is due to tension. The Brazilian 

test is an indirect method for predicting tensile strength of rocks. However, the discrepancy 

between the results of direct and indirect testing is debatable. 

2.3.2.1 Direct tensile test 

Tensile failure is a factor in rock failure modes, such as spalling around excavations. Even failure 

in compression, resulting in shear banding, is the coalescence of tensile fractures (Diederichs 

2003). A direct tensile test is the most reliable method for determining tensile strength of rocks. 

The ISRM SM for determining the tensile strength of rock material (ISRM 1978) suggests the use 

of specimens with the same geometry as a UCS test (Figure 2-11a). For a constant stress 

distribution and to direct the crack propagation in a certain path, Hoek (1964) introduced a new 

dumbbell shape geometry for direct testing (Figure 2-11b). In a specimen with dumbbell 

geometry the middle part is the weakest due to the smallest cross sectional area. Therefore the 

dumbbell specimen tends to rupture from the middle. Later Hoek and Brown (1980) introduced 

the idea of a confined tensile test (Figure 2-11c). A confined tensile test setup can help to obtain 

data for rock fracture under different stress conditions. In this setup, axial stress is tensile and 

radial stresses are equal to the fluid pressure. In this way it is possible to define more than one 
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point in the tensile zone of a stress-strain curve. This method can be time consuming and 

expensive to conduct and is of limited value in engineering practice presently.  

 

Figure 2-11 a) Direct tensile test of cylindrical specimen. b) Direct tensile test of 

dumbbell shape specimen. c) Confined direct tensile test (after Diederichs 1999). 

2.3.2.2 Brazilian test 

The Brazilian test is an indirect method of measuring uniaxial tensile strength of rocks. This 

method has been introduced in the ISRM SM for determining tensile strength of rock materials 

(ISRM 1978). The whole idea of the test is based on the fact that a diametrically loaded disc has a 

stress state in the centre that is tensile in the direction perpendicular to loading and compressive 
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(with three times the magnitude) parallel to the loading direction. Therefore the stress state in a 

Brazilian test is not pure tension (Diederichs 1999), and is comparable with confined direct 

tensile tests. In this test, a disc-shaped rock specimen is loaded by two diametrically-opposed 

steel jaws which are curved and have a contact surface with the rock sample over an arc with 

approximately 10 degrees at failure. The test setup can be seen in Figure 2-12. 

 

Figure 2-12 Test setup for Brazilian test (after MTS 2004). 

 

Based on the theory of elasticity for isotropic materials, the ultimate stress perpendicular 

to the loading direction, which is equal to tensile strength of the rock, in the centre of the disc can 

be calculated using Equation 2-3. The lowest ratio of major to minor principal stresses exists in 

the centre of the disc and is equal to three. Therefore the fracture starts to initiate from the centre 
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of the disc and propagate towards the loading platens. The tensile strength, , can be calculated 

as; 

 

= 0.636 ( ) 2-3 

 

where P is the load at failure (N), D is the diameter of the test specimen (mm) and t is the 

thickness of the test specimen (mm). 

Many researchers (Hondros 1959, Fairhurst 1964, Malan et al 1994, Exadaktylos and 

Kaklis 2001, Jianhong et al 2009, Markides et al 2010) have studied the mechanics of failure in 

the Brazilian test and some of them have tried to introduce a closed form solution for stress and 

displacement in disc-shaped rock samples under diametral compression, for either isotropic or 

transversely isotropic materials. Hondros (1959) used the Brazilian test for testing concrete 

samples. He derived the formulation for stress distribution in a thin disc loaded under uniform 

pressure, being radially applied at each end of a diameter, over a short strip of the disc 

circumference. This formulation has later been represented in Malan (1994) as follows; 

 

= − 2 − 2 1 − 1 − 1 × sin 2 cos 2∝
 2-4 

= − 2 + 2 1 − 1 − 1 × sin 2 cos 2∝
 2-5 

= − 2 − sin 2 sin 2∝
 2-6 

 

where all the parameters can be seen schematically in Figure 2-13. 
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Figure 2-13 Schematic of Brazilian disc under two diametrically opposed applied load 

(after Jianhong et al 2009) 

 

For a line load (α = 0), Jaeger and Cook (1976) simplified the Hondros (1959) 

formulation to the following equations, along the diameter across which the load is being applied. 

 

=  2-7 

= − (3 + )( − )  2-8 

The Brazilian test is very popular in the field of rock mechanics. It is easy and 

inexpensive and therefore a large number of tests can be done in a short time without a high cost. 
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This test can also be done in the field with portable Brazilian testing equipment. Most 

importantly, a good estimation of rock tensile strength can be obtained using the Brazilian test. 

In this study the lateral strain of the Brazilian disk is monitored by mounting two strain 

gauges on each side of the disk. Strain gauges are generally not used for strain monitoring of the 

Brazilian tests but in this study they are essential to understand the fracture process. 

Laboratory testing is an important part of any study in rock mechanics. In this study the 

result of laboratory testing will be used later for calibration of numerical models. The following 

chapter will explain the fundamentals of numerical modelling, followed by validation using 

laboratory test results.  

Tests described here are for peak strength. This thesis is examining the role of damage 

initiation prior to failure as a more representative material property for engineering design 

(Diederichs 2003, 2007). Chapter 4 discusses this in more detail. 
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Chapter 3 

Numerical methods for fracture simulation 

 

3.1 Introduction 

The use of numerical modelling in the design and research of rock mechanics related projects has 

grown with the increase in the calculation capabilities of computers. Numerical modelling, in 

rock mechanics, is being done for different purposes, which consequently leads to different 

modelling methods (Jing 2003). Different approaches have been categorized in Figure 3-1. 

 

 

Figure 3-1 Four basic methods and two different levels that yield eight different 

approaches to rock mechanics modelling (after Hudson 2001). 
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The four columns in the central box of Figure 3-1 are different approaches of design in 

rock engineering. The method which is being used for numerical modelling in rock mechanics is 

greatly affected by the medium’s structure, whether it is continuous or discontinuous. A 

discontinuous medium means that some sort of fracture exists, which separates two distinct 

blocks of rock. This fracture can be a fault, joint, bedding plane, micro-scale crack etc.   

Scale is an important factor in the choice of the numerical modelling method. For 

instance; in Figure 3-2 both intact rock specimens and a heavily jointed rockmass can be found 

depending on the scale of investigation. For the heavily jointed rockmass, the weakness caused by 

the joints can be evenly distributed throughout the entire medium and therefore it could be 

modelled using continuum methods. This is due to the high ratio of simulated area to block size 

that makes the model almost homogenous. Figure 3-3 shows how the ratio of tunnel span to the 

joint spacing affects the Q-value, which has been used to determine if continuum or dicontinuum 

modelling should be applied to the problem. This effect of scale and the choice of relevant model 

can be taken down to the grain scale as will be explored in this thesis (Figure 3-2 bottom). 



 

41 

 

 

Figure 3-2 Effect of scale on the judgment of rock intactness (top after Hoek and 

Brown 1980). 

Continuum

Discontinuum
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Figure 3-3 Effect of ratio of tunnel span to joint spacing on the choice of continuum or 

discontinuum modelling (after Barton 1998) 

 

Different methods available to rock engineers can be listed as follows after Jing (2003); 

Continuum methods, 

• the Finite Difference Method (FDM), 

• the Finite Element Method (FEM), 

• the Boundary Element Method (BEM). 

Discontinuum methods, 

• Discrete Element Method (DEM) 

• Discrete Fracture Network (DFN) Method. 

Hybrid continuum/discontinuum models, 

• Hybrid FEM/BEM, 

• Hybrid DEM/DEM, 

• Hybrid FEM/DEM, and 

• Other hybrid models. 

Pseudo-continuum 
using continuum 
approach 

Discontinuum 
approach 

Continuum 
approach 

Q = 0.1 Q = 100 
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A simple schematic comparison between several methods is shown in Figure 3-4. This 

Figure shows how different methods may be used to simplify the field conditions. 

 

Figure 3-4 Representation of ground conditions in different numerical methods. a) 

ground conditions, b) FDM or FEM representation, c) BEM representation, d) DEM 

representation (after Jing 2003).  

 

Not all of the above mentioned methods are of interest in this research. Only the methods 

that are directly or indirectly able to initiate and propagate fractures will be discussed herein. 

 

3.2 Continuum modelling 

In continuum modelling, the displacement field is continuous. The Finite Element Method is one 

the most commonly used methods of continuum modelling in rock mechanics.  
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3.2.1 Finite element method (FEM) 

The Finite Element Method uses the concept of continuum in a solid to develop the integral form 

of equations of equilibrium from the differential equations of equilibrium. In continuum theory it 

is assumed that the solid properties are continuously distributed and the smallest element cut from 

the volume has the same characteristics as the whole body (Moore 2008). In engineering, it is not 

easy or in some cases not practical to derive a closed-form solution as a continuous mathematical 

expression of a field quantity. Therefore the continuum will be replaced (discretized) by discrete 

points (nodes) at which the field quantities will be calculated using different numerical methods. 

Three different solution procedures are possible in the Finite Element Method, as follows; 

• Displacement methods (stresses are known and displacements are the unknown) 

• Equilibrium methods (displacements are known and stresses are the unknown) 

• Mixed methods (both stresses and displacements are unknown) 

 

Typically finite element codes for geomechanics utilize the displacement method with 

other methods employed for boundary conditions. The six major steps (Moore 2008) that need to 

be followed for the displacement Finite Element Method are; 

1. Discretization of the continuum 

2. Choosing the trial function (displacement field) within an element 

3. Obtaining the element force-displacement equations 

4. Assembly of the global force-displacement equations from the element equations 

5. Solve the global equations for the unknowns 

6. Calculations of strains and stresses. 
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After discretizing the continuum, the degree (linear, quadratic, etc) of the polynomial trial 

function for the element will be chosen, based on various criteria. Next, by using the element 

stiffness matrix, the relationship between nodal forces and nodal displacements can be derived, as 

in Equation 3-1. 

[Pe] = [k]e . [Δ]e 3-1 

 

where [Pe] is element nodal force vector, [k]e is element stiffness matrix and [Δ]e is element nodal 

displacement vector. This equation can be solved for n unknowns when the stiffness matrix size is 

n x n. 

The global system of stiffness equations is assembled from all the element equations 

although some level of static and kinematic compatibility of boundary conditions (trial functions) 

along the inter-element boundaries is needed for this synthesis (Figure 3-5). The assembled global 

stiffness is used for solving the global equations and calculation of stresses and strains. 

 

Figure 3-5 Compatibility cases (after Potts and Zdravkovic 1999). 

 

The finite element method is the most popular numerical method in all engineering fields 

and indeed in the field of rock mechanics and rock engineering. This popularity is due to its 

ability to handle stress anisotropy, inhomogeneity in material and the flexibility in dealing with 
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complex boundary conditions and constitutive relations (Jing 2003). It should be kept in mind 

though that material inhomogeneity in the finite element method is simulated by defining 

different material zones with different material properties but each material zone itself is 

homogeneous. Many aspects of rock mechanics, such as property heterogeneity, anisotropy, 

fractures, scale and creep, have lead to developments in the finite element method which allow 

for the simulation of these complex conditions (Jing 2003).  

 Due to the nature of the finite element method, which is based on continuum mechanics, 

fracture simulation is not possible using this method. Many researchers, such as Goodman et al 

(1968), Zienkiewicz et al (1970), Ghaboussi et al (1973), Goodman (1976), Katona (1983) and 

Desai et al (1984), have contributed to developing a method for simulating fractures in the finite 

element method. For instance, a “joint element” has been proposed by Goodman et al (1968) that 

can be implemented in finite element codes. On the excavation scale, large joint spacing can be 

accommodated using “joint elements” however; elaborate fracture simulation for research 

purposes and discontinuities with large displacements are out of the finite element solution range. 

3.2.1.1 Spalling parameter in FEM 

The finite element method is not able to simulate fracture initiation and propagation and therefore 

is not capable of predicting spalling. Although in some methods, the finite element method can be 

helpful for detecting the spalling dimensions or the excavation damaged zone (EDZ). Diederichs 

(2003, 2007). Diederichs et al (2007, 2008) introduced a method for predicting spalling failure 

using the Hoek-Brown formulation. In this method the conventional Hoek-Brown criterion is 

replaced with a multi-step function (Figure 3-6). The new envelope follows the spalling limit 

(threshold for systematic cracking) in the low confinement area and eventually shifts to the long 

term strength of the lab samples, which is the Hoek-Brown envelope for intact rock.  
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Figure 3-6 Failure envelope for brittle rocks (after Diederichs 2003). 

 

Systematic cracking corresponds to the lower bound of in situ compressive strength for 

rocks around excavations. The systematic cracking threshold is the onset of initiation of random 

cracks in the rock and is a function of the nature and density of internal flaws (Diederichs et al 

2007). This threshold can vary from 1/3 to 1/2 of the UCSi, respectively for igneous (Lajtai and 

Dzik 1996) and dense clastic rocks (Pestman and Van Munster 1996). The crack damage 

threshold can be estimated from either acoustic emission or strain measurement data (Martin 

1994 and Diederichs 2007). This will be explained further in Chapter 4. A successful example of 

pillar modelling using spalling parameters has been shown in Figure 3-7. 



 

48 

 

 

Figure 3-7 Successful simulation of pillars using spalling parameters. Left) spalling 

Hoek-Brown parameters, right) equivalent Mohr-Coulomb parameters (after Diederichs et 

al 2007). 

Peak 

Peak Residual
Residual
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3.3 Discontinuum modelling 

Discontinuum modelling of materials has been made possible by the development of the Discrete 

Element Method (DEM). Rock mechanics has benefitted from and helped to develop this method 

for discontinuum modelling (Burman 1971, Cundall 1971, Chappel 1972, Cundall 1974, Chappel 

1974, Byrne 1974). This method has a broad variety of applications in rock mechanics such as; 

tunnelling, underground excavation, nuclear waste repository design, rock dynamics etc. The 

main concept of this method is that the domain is treated as an assembly of rigid or deformable 

blocks (i.e. UDEC (Itasca 2006) and 3DEC (Itasca 2008a)) or particles (i.e. PFC2D (Itasca 

2008b) and PFC3D (Itasca 2008c)) and that the contact between them is updated continuously 

due to motion and applied forces, which may result in deformation.  

 

3.3.1 Distinct element method 

The distinct element method, developed by Cundall (1980, 1988), uses time domain to solve the 

dynamic equations of motion regardless of the static or dynamic nature of model. This method 

has been implemented into the computer codes UDEC (Itasca 2006) and 3DEC (Itasca 2008a) for 

2 and 3 dimensional problems, respectively. In the distinct element method, blocks can be either 

rigid or deformable, and can move (translation and rotation) free from each other based on the 

constitutive relations that govern the contacts between the blocks. Another set of constitutive 

relations can be defined for deformable blocks as well. Due to this freedom, of blocks in 

translation and rotation, detachment or development new contacts between blocks can take place.  

The main difference between the distinct element method and continuum methods is the 

contact pattern between the blocks that can change in the distinct element method but is fixed for 

continuum methods (Jing 2003). 
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Due to the ability of the distinct element method to accommodate block movements, 

discontinuities, i.e. joints, bedding planes, etc., can be simulated in the models. Blocks are free to 

move and slide over each other, along joint elements, but joints are unable to extend beyond the 

pre-defined length, set before the model is executed. Similarly, in the distinct element method, 

fractures can only be defined in the model at the beginning of the simulation, but new fractures 

cannot initiate mid-execution to simulate fracture propagation. This is a limitation for the use of 

the distinct element method for the study of damage accumulation in rocks. 

Voronoi tessellation, which creates randomly sized polygonal blocks, is a type of joint 

generator. Using Voronoi joints can be useful in simulating fracture propagation, if the Voronoi 

joint elements are given rockmass properties. In this method, fracturing happens when the joint 

strength between Voronoi blocks is exceeded (Itasca 2006) and the density of Voronoi elements 

allows for “random” crack propagation. For the study of damage accumulation in rocks, Voronoi 

tessellation can be used to divide a sample’s surface into blocks as small as grains. When the 

stress between the grains exceeds the intragranular strength of the grains, a fracture develops. 

Therefore, in this method, fractures can only initiate and propagate between the grains and not 

through them. 

An example for simulation of crack initiation and propagation in rocks is shown in Figure 

3-8. It should be kept in mind that for a crack to propagate in its own desired path blocks must be 

as small as possible, but at the same time decreasing the size of blocks increases the calculation 

time. Therefore it is important to find an optimum grain size which results in an adequate 

computation time. For further details of calibrating joint parameters the reader is referred to 

Christianson (2006). 
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Figure 3-8 Simulation of UCS test by using Voronoi tessellation in UDEC (modified 

after Damjanac and Fairhurst 2009) 

 

This method of fracture simulation is slow due to the fact that a total discrete system 

needs to be simulated even though not all joints will fail (initiate fracture). This poses severe 

demands on computing hardware. Other methods exist, such as the Finite Element-Discrete 

Element method, which assumes the medium to be a continuum until a fracture initiates. The 

model domain is then either re-meshed or fractures initiate along mesh sides. More specific 

details are discussed below.  
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3.3.2 FEM/DEM 

Hybrid codes are a new approach in numerical modelling that benefits from the advantages of 

both FEM and DEM. The combined finite-discrete element method (FEM/DEM) (Munjiza et al 

1995) is a hybrid code that is able to simulate initiation and propagation of cracks due to its DEM 

component. In this method there is a finite element mesh associated with each discrete block 

(Mahabadi et al 2010a) and the continuum part of the model is solved by FEM and the 

discontinuum part is dealt with by DEM (Munjiza and John 2002). Therefore contact detection is 

an important part of this method that requires sophisticated algorithms (Munjiza 1999). For 

initiating or propagating a crack, bonding stress has been defined using a combined single and 

smeared crack model that is also known as the discrete crack model. In this model the stress-

strain curve for a direct tension test is divided into two sections. The first section involves strain-

hardening prior to reaching the peak stress and the second section involves strain-softening that is 

formulated in terms of stress and displacement through a single crack model (Mahabadi et al 

2010b). The bonding stress is maximum at the crack tip and decreases as it gets farther from the 

crack tip. It is continuously being compared with the tensile strength of the continua and the crack 

will be initiated or propagated in the case in which it exceeds the tensile strength (Mahabadi et al 

2010b, Munjiza 2004, Munjiza et al 1999). 

The finite-discrete element method has been implemented in several numerical codes. 

ELFEN (Rockfield Software Ltd. 2007) is a commercial code available in the market and Y2D 

(Munjiza 2004) is another numerical code working based on FEM/DEM that is still in the 

research phase. ELFEN has the ability of propagating cracks through the elements with dynamic 

remeshing. This has not yet been implemented in Y2D (Fig. 3-9). Mahabadi et al (2010a) have 

developed a graphical user interface (Y-GUI) and have added the ability to deal with the 
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heterogeneous material. Mahabadi (2010) has also implemented the ability to track the position 

and number of cracks as they occur during simulation, which is useful for study of damage 

accumulation in rocks. In Figures 3-9 and 3-10, two examples of simulations using the finite-

discrete element method are shown. 

 

Figure 3-9 Simulation of dynamic Brazilian testing using Y2D showing fracture 

propagation at different time steps (after Mahabadi et al 2010b). 
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Figure 3-9 shows crack propagation in a dynamic Brazilian test that has been simulated 

using Y2D by Mahabadi et al (2010b). In Figure 3-10, surface subsidence associated with block 

caving mining has been simulated using ELFEN. 

 

Figure 3-10 Simulation of surface subsidence development associated with ore extraction 

using ELFEN (after Vyazmensky et al 2007). 
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These hybrid models show promise for simulation of fracture propagation, but are still in 

the development stages. Other non-traditional methods, such as the Bonded-Particle Model, may 

also be useful in simulating fracture propagation. 

3.3.3 Bonded-Particle Model 

Conceptually it should be possible to simulate the mechanical behaviour of rock by using a 

method that assumes that rock has both grains and cement, which are deformable and breakable 

(Potyondy and Cundall 2004). The bonded-particle model (BPM), due to its ability to provide a 

platform for this conceptual method, is able to mimic the mechanical behaviour of rock. 

The mechanical behaviour of rocks after the elastic phase is controlled by the formation, 

growth and interaction of flaws. Some numerical methods simulate the initiation and propagation 

of fractures, directly and some do it indirectly. In indirect methods, such as FEM, the weakness in 

reality, caused by the existence of the fractures, will be distributed over the continua. But in a 

direct method, fractures are directly input into  the model. BPM simulates fractures directly along 

the boundaries between particles. This makes it a powerful scientific tool for the study of the 

effect of micro-mechanics on the macro-behaviour of rocks. 

The basics of the mechanical behaviour in both rock and BPM are similar. A force is 

developed in the fabric under a macroscopic applied load (Potyondy and Cundall 2004). In the 

rock the applied load is carried by grains and contacts between the grains. The stress passes 

through the grains and contacts and depends on the type of contacts, whether they are filled with 

cement or not. Some contacts can bear shear and compressive stresses and tensile stress as well, 

depending on direct grain contact or the cement which creates the contact. Sometimes contacts 

can also transfer bending moments. Force chains can be non-uniform depending on grain size, 
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grain shape, and grain packing. High force chains may cross some grains while some other grains 

are in the vicinity of low force chains (Figure 3-11). High force chains can be several times larger 

than the macroscopic applied force. In this case the high force chain can exceed the strength of 

the contacts causing failure. This sheds load to the neighbouring un-failed grains and contacts. 

This cycle continues until macroscopic fractures form. The same process can be simulated in the 

BPM. 

 

Figure 3-11 An example of high and low force chains around some particles in a BPM. 

Line thickness is proportional to the force magnitude (after Potyondy and Cundall 2004). 

 

Research on fracture phenomenon in rocks shows that initiation and growth of cracks, 

micromechanically, are due to tension, even under global compressive loading (Kemeny 1991 

and Kemeny and Cook 1991). This is why in BPM only shear and tensile strength has been 
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defined. Normal strength of the contact is only represented by tensile strength and no 

compressive strength is defined. Several examples for compression-induced tensile cracks are 

shown in Figure 3-12. 

 

Figure 3-12 Examples of compressive-induced tensile stress (after Diederichs 2003). 

 

The mechanical behaviour of an assembly of non-uniform sized rigid circular particles 

can be simulated with the BPM. These particles possess volume and interact with other particles 

at their contacts. The contacts are soft with normal and shear stiffness. Movement of particles and 

forces and bending moments acting at the contacts define the mechanical behaviour of the 
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collection of particles. Particle motion, force and moments that cause the motions are calculated 

based on Newton’s laws of motion (Potyondy and Cundall 2004). The following are the 

fundamental assumptions in the BPM after Potyondy and Cundall (2004); 

1. The particles are circular or spherical (based on the dimension) rigid bodies with finite 

mass. 

2. The particles can translate and rotate independent from each other. 

3. The particles interact only at contacts and contacts are only amongst two entities. 

4. Relatively small overlap of particles is allowed comparing to their sizes so that contacts 

can form. 

5. Bonds with finite stiffness can exist at a contact. These bonds can break and in the case 

of their existence, particles do not need to overlap to form a contact. 

6. Relative particle motion is related to the force and moment at the contact using 

generalized force-displacement laws. 

 

The bonded-particle method is implemented in the modelling analogue that has been used 

for this study. Therefore the fundamental mechanics of the bonded-particle method and some of 

the exclusive features of this code will be further discussed in the following sections. 

3.3.3.1  Computation cycle 

Cundall and Hart (1992) classified the BPM as a discrete element code because of its ability to 

handle finite displacement and rotation of rigid bodies, including complete detachment and 

recognizing new contacts. Interaction of particles in the BPM is a dynamic process in which the 

state of equilibrium can be reached by balancing internal forces. A time stepping algorithm, in 

which accelerations and velocities are assumed to be constant in each step, is being used to 
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represent the dynamic behaviour of the BPM. Time steps must be small enough not to let the 

disturbance propagate further than the immediate neighbour of any particle in each single time 

step.  

The calculation cycle in the BPM consists of an algorithm which solves the laws of 

motion for each particle, the force-displacement law for each contact and updates wall positions 

in a repeated fashion (Itasca 2008c). At the beginning of each time step, contact information is 

updated based on the positions of walls and particles. Using a contact constitutive model and the 

relative displacements from the previous time step the force-displacement law can calculate the 

contact force. Then using the law of motion at each particle, the velocity and position resulting 

from the forces and moments, due to contact forces, can be resolved. A schematic of the 

calculation cycle can be seen in Figure 3-13. During the course of simulation, existing contacts 

can break automatically and new contacts may be formed. 

 

Figure 3-13 Calculation cycle in BPM (after Itasca 2008c). 
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3.3.3.2  Contact stiffness 

Contact forces acting on the particles can be calculated from the relative displacements of 

particles by using the force-displacement law. The force-displacement law is used to solve the 

contact forces. The contact point, xi
[C], that lies on a contact plane defined by unit normal vector, 

ni, can be used for the description of the force-displacement law (Figure 3-14) to follow. 

 

Figure 3-14 a) ball-ball contact and b) ball-wall contact (after Itasca 2008c). 

 

The contact force vector, Fi, (Equation 3-2) that is active at the contact point, can be 

represented as a summation of shear ( ) and normal ( ) components, with respect to the 

contact plane. 

= +  3-2 

 

The resultant normal force ( ), is calculated directly by using the degree of total normal 

overlap ( ) as follows; 
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=  3-3 

where  is the contact normal stiffness (secant modulus), calculated as follows; 

= ( ) ( )( ) + ( ) 3-4 

 

in which ( ) and ( ) are the particle normal stiffnesses. 

The shear force acting on a contact is calculated in an incremental fashion. After the 

contact has been formed, the shear force ( ) for that contact is set to zero. Every increment of 

elastic shear force that is caused by the relative shear-displacement increment (∆ ) is added to 

. The elastic shear force increment is calculated as follows; 

∆ = − ∆  3-5 

where  is the contact shear stiffness and calculated as; 

= ( ) ( )( ) + ( ) 3-6 

 

with ( ) and ( ) being the particle shear stiffnesses. The relative displacement during time step 

Δt is calculated as; 

∆ = ∆  3-7 

 

where Vi is the contact velocity. 

The contact laws and relationships between force and displacement for the BPM need to 

be understood in order to use BPM codes accurately. The BPM has been implemented in the 

Particle Flow Code (PFC), developed by Itasca Consulting Group, and was the software used in 

this research.  
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3.3.3.3 Contact models 

In this section, the available contact models in Particle Flow Code (PFC) , that have been chosen 

for the purposes of simulation in this study, will be explained. Discussion pertaining to the 

specifics of the modelling conducted as part of this study are discussed in more detail in Chapter 

5.  

The constitutive behaviour of the model is fully dependent upon the contact model that 

will be assigned to each contact (Itasca 2008c). Contact models, that define the force-

displacement law acting over the contacts, are available in PFC as two types; linear and Hertz. 

The linear contact model can be either of bonded (defined contacts, with strength, between 

particles called contact bonds) or unbonded (contacts between particles without strength, similar 

to a granular material, such as dry sand).  

The two main contact models in PFC are the contact bond and parallel bond. There are 

several other contact models and new contact models can be written using C++ programming 

language. Nevertheless, parallel and contact bonds are the most common. The overall model 

behaviour produces “measureable” macro-properties and are equivalent to the measurements in 

the laboratory. These are the result of micro-properties or contact properties such as normal and 

shear strength, normal and shear stiffness, ball friction etc.. These properties which define the 

ball-ball or ball-wall interaction characteristics are called micro-properties. A contact bond is the 

simplest form of contact for calibration, available in PFC, and acts like glue between two spheres, 

connecting them together. A parallel bond can be assumed to be a cylinder connecting the centre 

of two neighbouring spheres (Figure 3-15). A parallel bond acts like a cementing material which 

acts over a finite area at the contact between two spheres, (Itasca 2008c). Both parallel and 

contact bonds can transfer force. Parallel bonds can also transfer moment while contact bonds are 
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unable to transfer moment, which allows rotation of spheres that can cause some deviation in 

behaviour (Cho et al 2007). 

 

Figure 3-15 Bonding logic in PFC (after Itasca 2008c). 

As a contact bond is unable to transfer moment, there may be some balls in the model 

that can roll freely relative to other balls and walls (Figure 3-16a). When a ball is connected to 

more than just one ball or wall, the extra entity would provide a constraint for free rolling of the 

original ball (Figure 3-16b). Therefore free rolling is likely only to happen for balls on the outside 

of an assembly that are only connected to one other entity with a contact bond.  
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Figure 3-16 a) rolling without slipping at a contact bond and b) constraint provided by 

surrounding ball (after Itasca 2008c). 

 

A contact bond can be imagined as two elastic springs with constant shear and normal 

stiffnesses acting upon the contact point between two balls or ball-wall. It can be seen in Figure 

3-17 that the normal force increases as the overlap degree (Un) increases. When no overlap exists 

between entities, the normal component of the contact bond is experiencing tension and this 

continues until the tensile stress surpasses the tensile strength of the contact bond and then the 

bond breaks. In the case of shear stress, a contact bond bears the shear stress until it reaches the 
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shear strength of the bond and then the shear strength drops down to the frictional sliding 

strength. 

 

Figure 3-17 Force-displacement behaviour and yielding process of contact bonds over a 

point (after Cho et al 2007). 

 

A parallel bond can be installed between two balls or a ball-wall and works in parallel 

with the slip or contact bond. The parallel bond stiffness can also be envisioned like two elastic 

springs acting between two entities. The only difference is with a parallel bond stiffnesses are 

uniformly extended across a circular cross-section lying on the contact plane and have the contact 

point in its centre, while the contact bond stiffnesses are acting on the contact point. The 

distribution of stiffness over a finite area in a parallel bond leads to the ability of the parallel bond 

to transfer moment. 

A parallel bond can be envisioned as a cylinder connecting the centre of two adjacent 

balls (Figure 3-18). The total force and moment carried by a parallel bond are  and  and are 
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calculated using Equation 3-8. The force and moment can be resolved into their normal and shear 

components or bending (rotation) and torsion (Figure 3-18), respectively. = +  

3-8 = +  

where ,  and ,  are the normal and shear components of force and moment 

respectively (Figure 3-18).  

 

Figure 3-18 Parallel bond acting between two balls represented by a cylinder (after 

Itasca 2008c). 
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The maximum tensile and shear stresses that a parallel bond can carry on the bond 

periphery are calculated as follows (Itasca 2008c); 

= − +  

3-9 

= +  

 

where A is the area of the bond disk, J is the polar moment if inertia of the disk cross-section and 

I is the moment of inertia of the disk cross-section about an axis through the contact point and the 

quantities are given as follows; 

=  

3-10 = 12  

= 14  

 

The available stress in the bonds and contacts can be easily measured and averaged over 

a finite spherical volume called the measurement sphere. The various contact models allow for 

the measurement of stress and strain at the contact. 

3.3.3.4 Stress and strain measurement 

The stress and strain rate in PFC3D is measured according to a specified measurement volume. 

The measurement volume in PFC3D is a sphere that is called a “measurement sphere”. A 

measurement sphere can be defined by its centre position and radius. In a measurement sphere, 

strain rate is being calculated, not pure strain. Strain rate is a velocity-gradient tensor (Itasca 
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2008c) and therefore the velocity parameter has the component of time implemented in it. This is 

different from strain. For obtaining strain in PFC, the history of the centre position of two balls 

can be recorded and strain can be calculated using the relative movement of the two mentioned 

balls. 

The concept of stress is a continuum quantity, while PFC is a discrete medium. 

Computed contact forces and particle movements are useful for microscale studies of material 

behaviour. However; at a larger scale, such as represented by a continuum, averaging procedures 

are needed to transfer from microscale to macroscale (Itasca 2008c). In a volume V of material, 

the average stress  is defined as (Itasca 2008c);  

= 1
 3-11 

 

where  is the stress acting over the volume. For a material consisting of both balls and clumps 

(a rigid groups of balls), stresses only exist in these two (balls and clumps). Therefore the integral 

can be replaced with a summation of stresses in Np balls and Nl clumps contained in volume V; 

= 1 ( ) ( ) + ( ) ( )  3-12 

 

where ( ) and ( ) are the average stresses in particle (p) and clump (l), respectively and, 

= ∑ ( ) + ∑ ( )1 −  3-13 

 

By substituting equations 3-11 and 3-13 into equation 3-12 for each part of the particles 

and clumps and also substituting the tensor relations and considering the porosity (  ) (from 
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equation 3-13) of the measurement area, the relation can be expanded to the following (the reader 

is referred to Itasca (2008c) for the details of deriving the following relation); 

= 1 −∑ ( ) ∑ ( ) ( ) ( ) + ( ) ( )  

= 1 −∑ ( ) ∑ ( ) ( ) − ( ) ( , ) + ( ) − ( ) ( , )
( )( )  

 

3-14 

in which the summations are over the Np particles and Nl clumps having their centroids in the 

measurement region, and other various terms are described as; 

(ф)                       is the volume of body (ф), where ф = {particle (p), clump (l)}. 

n                             is the porosity of the measurement region. 

(ф)                       is the number of contacts along the surface of body (ф). 

(ф) and ( )         are the locations of a body centroid and its contact, respectively. 

( ,ф)                     is the force acting on body (ф) at contact (c), this includes both the contact and 

parallel bond forces but not the parallel bond moment. 

 

3.3.3.5 FISH 

PFC code lends itself to experimentation due to the inclusion of a user scripting language FISH 

(Itasca 2008c). FISH is a programming language which is directly embedded into PFC. Using 

FISH, the user can define new variables and functions. FISH allows the user access to different 

objects in a PFC model for instance, walls, balls, contact bonds, parallel bonds, clumps etc. These 

objects can be removed, new ones can be added or their properties can be changed while the 

model is running. An example has been shown in Figure 3-19 in which direct access to balls and 
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contacts are provided by FISH. It can be seen that by using the global header list of balls or 

contacts they can be easily traversed for different purposes. 

 

Figure 3-19 Traversing balls and contacts in PFC by using FISH (after Itasca 2008c). 
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As mentioned before, BPM has been implemented in Particle Flow Code (PFC). This 

code has been chosen for the purpose of simulation for this study. The details of how the code has 

been used in this study are explained in more in detail in Chapter 5. The modelling has been 

conducted to compare with laboratory testing data, which will first be explained before moving 

onto the discussion of the numerical modelling. 
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Chapter 4 

Laboratory testing results and analyses 

 

4.1 Introduction 

In this Chapter the results of laboratory testing on two rock types, the Lac du Bonnet granite and 

the Stanstead granite, are presented. Laboratory testing results for the Lac du Bonnet granite have 

been extracted from Diederichs (1999), which encompasses the analyses on the original data by 

Diederichs (1999), and also includes the studies by Wilkins (1980), Lajtai (1988), Gorski and Yu 

(1991), Kelly et al (1993), Martin (1994), Martin and Stimpson (1994), Martin and Chandler 

(1994), Eberhardt et al (1998) and Hommand-Etienne et al (1998). Laboratory testing on the 

Stanstead granite has been conducted by the author. The laboratory results for both rock types 

will be used to set the target parameters for numerical modelling in Chapter 5 and then later to 

compare the simulation results with the real rock behaviour. The author has been provided with 

the high quality data of UCS testing of Smaland granite from Forsmark, Sweden (courtesy of 

ISRM Commission on Spalling Prediction, CANMET and SKB). Extensive analysis has been 

done on the Stanstead granite and Smaland granite test results  to gain a better understanding of 

using strain measurement values and Acoustic Emission data for detecting damage thresholds 

(CI, CD, peak) in brittle rocks. In this regard, a high quality set of UCS testing data on Smaland 

granite, from Sweden, will be used to highlight the strengths and weaknesses of different methods 

for detecting damage limits in granitic rocks.  
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4.1.1 Importance of laboratory testing to this study 

In this study the data obtained from the laboratory testing of rocks is used for detecting damage 

thresholds and for calibration and validation of the PFC models. Lac du Bonnet granite laboratory 

testing data is used to calibrate the numerical models. The data obtained from the laboratory 

testing of Stanstead granite is used to calibrate the numerical models and also to study the 

accuracy of application of different damage threshold detection methods for standard quality 

laboratory data. The high quality Smaland granite laboratory data (courtesy of ISRM Commission 

on Spalling Prediction, CANMET and SKB) is to allow the author to establish an accurate 

comparison between the different methods of detecting damage thresholds in brittle rocks. These 

sets of data could aid the author in a successful comparison of different damage threshold 

detection methods and the improvement in the calibration process of the PFC models.   

4.2 Lac du Bonnet granite properties 

The underground research laboratory (URL) project in Canada, conducted by AECL, is a research 

facility which was created to extensively research the suitability of granitic plutons, of the 

Canadian shield, for long-term storage of nuclear waste. This research facility was excavated in 

the Lac du Bonnet batholith near Pinawa, Manitoba. The batholith is granite in composition and 

is grey or pink in colour, primarily due to the groundwater alteration (Brown et al 1989). It is 

composed of 20% plagioclase, 40% alkali feldspar, 30% quartz and 10% mafic minerals (Martin 

and Stimpson 1994). The Lac du Bonnet granite is medium to coarse in grain size, varying from 

0.5 to 8 mm, with an average grain size of 3.5 mm (Nasseri et al 2006). Pre-existing microcracks 

in the Lac du Bonnet granite are of intragranular type, with an average length of 4 mm and 

maximum length of 7 mm that can be found in both quartz and feldspar grains (Nasseri et al 

2006). The properties of the Lac du Bonnet granite are listed in Table 4-1. 
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Table 4-1 Lac du Bonnet granite properties (modified after Diederichs 1999) 

Elastic Modulus (Tangent Young’s Modulus), E 
65 to 70 GPa (undamaged) 
55 to 60 GPa (at 420 level) 

Specific Gravity 2.62 

Poisson’s ratio, v 
0.22 to 0.26 
(< 0.2 for 420 samples) 

Unconfined Compressive Strength, UCS 
200 to 230 MPa (undamaged) 
150 to 160 MPa (at 420 level) 

Hoek-Brown parameter m (peak strength) 31 (undamaged) 

Base Friction Coefficient, µ, for composite rock 1 

Tensile Strength (Direct and Brazilian) 
6.7 to 13.5 MPa (undamaged) 
(< 2 MPa for 420 level samples)  

 

Two major working levels have been excavated at the URL at 240 and 420 meters below 

the surface. The granite is jointed at the 240 level and is massive at the 420 level. Granite with 

similar composition as the 420 level has a surface exposure at a quarry, called Cold Spring, in the 

vicinity of the URL. A schematic of the URL site can be seen in Figure 4-1. 

 

4.2.1 Direct tensile test 

Direct tensile test data, presented by Diederichs (1999), was obtained from tests on undamaged 

granite specimens from the  Cold Spring quarry. The procedures for obtaining the data from 

direct tensile tests are described by Gorski (1991). The test results can be seen in Table 4-2. 
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Figure 4-1 The position of the Lac du Bonnet batholith in the Canadian shield and the 

schematic of AECL’s Underground Research Laboratory (URL) (after Everitt and Lajtai 

2004). 
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Table 4-2 Summary of direct tensile test data for Lac du Bonnet granite (modified 

after Diederichs 1999) 

Sample ID Elastic Modulus (GPa) Stress at Rupture (MPa) Microstrain at Rupture

34134 51.0 8.06 195 

34449 45.5 7.33 165 

34763 47.2 6.81 140 

35133 33.8 6.52 180 

35522 43.9 7.81 175 

35860 46.3 7.57 160 

38030 27.8 5.46 170 

38517 41.7 5.63 120 

41043 43.1 6.72 150 

41362 39.7 6.38 150 

Mean 42.0 6.83 161 

Standard Deviation 6.8 0.88 22 

 

 

The data shown in Figure 4-2 contains the logged data records from the direct tensile 

tests. The data contains a large amount of noise that can be due to the recording method. The test 

results show some non-linearity, although Diederichs (1999) is not sure if this non-linearity is due 

to permanent softening (plastic damage prior to testing) prior to rupture. 
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Figure 4-2 Stress – Strain curve for direct tensile tests of Lac du Bonnet granite (after 

Diederichs 1999). 

 

4.2.2 Brazilian test 

The data which will be reported in this section are the results of Brazilian testing of samples 

which were taken from opposing ends of the core pieces used for the direct tensile tests. Two 

samples were taken from each core segment. The stress-strain curves for the samples are shown 

in Figure 4-3. The results of this series of tests, which were conducted according to ISRM SM 

(ISRM 1978), illustrate different behaviour (strain softening) than direct tensile test results near 

rupture. 
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Figure 4-3 Stress-strain curve for Brazilian tests (after Diederichs 1999). 

 

Taking the stress-strain behaviour of Brazilian tests in to  log space (log stress vs. log 

strain) will better highlight different damage thresholds. While all the damage thresholds (CI, CD, 

peak) are coincidental for a single test while using the direct tensile method, they can be more 

readily distinguished in a Brazilian test. As illustrated in Figure 4-4, where (a) represents the 

initiation of the first crack in the specimen; (b) is the onset of systematic damage that is 

coincident with volumetric strain reversal (Martin 1994); (c) is interpreted as the crack 

coalescence and yielding limit and (d) is when rupture or splitting occurs. 
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Figure 4-4 Damage threshold detection by using different parameters in Brazilian test 

(after Diederichs 1999). 

 

 

The following result has been extracted from the recorded data of Brazilian tests and has 

been analysed by Diederichs (1999) using the method, which has been shown in Figure 4-4, for 

finding damage thresholds. 
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Table 4-3 Summary of different damage threshold stresses (after Diederichs 1999) 

Sample 
No. 

Crack Inititation 
Stress (MPa) 

Systematic 
Cracking Stress 

(MPa) 

Vol. Strain 
Reversal Stress 

(MPa) 

Critical Crack 
Stress (MPa) 

Peak 
Stress 
(MPa) 

1 6.3 7.6 7.6 8.4 8.8 

2 7.4 8.5 9.7 9.7 9.7 

3 5.6 7.5 8.5 8.5 9.6 

4 5.9 6.7 6.7 6.7 6.7 

5 7.1 8.2 7.6 8.8 9.1 

6 7.7 8.8 10.0 9.5 10.7 

7 6.3 8.4 8.9 8.9 9.9 

8 Invalid test 

9 8.2 9.2 9.7 9.7 10.0 

10 6.9 8.6 9.0 9.1 9.4 

11 7.1 8.0 7.6 8.9 9.1 

12 6.3 7.3 6.7 7.9 8.3 

13 6.2 6.8 6.2 7.4 8.5 

14 6.8 6.8 6.8 7.6 7.8 

15 6.5 7.5 6.9 8.1 8.4 

16 Invalid test 

17 7.1 8.3 8.3 9.1 9.4 

18 4.8 6.5 4.8 7.3 7.5 

19 6.7 7.8 7.8 8.7 9.0 

20 6.8 7.9 7.9 8.6 9.1 

Mean 6.7 7.8 7.8 8.5 8.9 

St. 
Dev. 

0.8 0.8 1.4 0.9 1.0 
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4.2.3 Unconfined Compressive Strength (UCS) test 

Martin (1994, 1995, and 1997) has summarized the test data of numerous compressive strength 

tests that have been conducted on Lac du Bonnet granite for AECL. Diederichs (1999) has also 

analyzed the data for detection of crack initiation and systematic damage thresholds. A summary 

of these analyses along with results from other studies are shown in Table 4-4. 

 

Table 4-4 Summary of damage initiation thresholds, CI, for Lac du Bonnet granite 

(after Diederichs 1999)  

Surface samples (Cold Spring quarry andURL 130m Level) 
1st initiation threshold 
72 MPa   (acoustic emission) (Hommand et al 1995) 
71 MPa (Duevel & Haimson 1997) 
75 MPa (Read 1994) 
80 MPa (Diederichs 1999) 
81 MPa   (acoustic emission) (Eberhardt et al 1998) 
Systematic crack initiation  
95 MPa (Duevel & Haimson 1997) 
100 MPa (Read 1994) 
93 MPa (Diederichs 1999) 
104 MPa   (acoustic emission) (Eberhardt et al 1998) 
240 level samples 
1st initiation threshold 
64 MPa (Martin 1994) 
80 MPa   (acoustic emission) (Eberhardt et al 1998) 
Systematic crack initiation 
103 MPa   (acoustic emission) (Eberhardt et al 1998) 
420 level samples 
1st initiation threshold 
50 MPa range from 40 to 75 MPa due to 
highly non-linear response 

(Martin 1994) 

79 MPa   (acoustic emission) (Eberhardt et al 1998) 
Systematic crack initiation 
102 MPa   (acoustic emission) (Eberhardt et al 1998) 
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4.3 Stanstead granite 

The Stanstead granite is another type of granite which has been investigated in this study. The 

author conducted indirect tensile (Brazilian), unconfined compressive strength (UCS) and 

confined tests on Stanstead granite and extensive analyses of the results have been conducted. A 

comparison between applications of the strain measurement method versus the AE method has 

been done and these results will be used for calibration and validation of the numerical models, 

presented in Chapter 5. 

The Stanstead granite is Devonian in age, belonging to the Beebe region, an eastern 

township in Quebec. Depending on mica content, the colour can vary from pale white to dark 

grey. The Stanstead granite is composed, on average, of 65% feldspar, 25% quartz and 9% biotite 

(Figures 4-5 to 4-8) with average grain sizes of 1.40 mm, 1.25 mm and 0.60 mm, respectively. 

The Stanstead granite, with grain sizes ranging from 0.25 to 4.50 mm, is a fine to coarse-grained 

rock. The microcracks in this rock are of both intragranular and intergranular and can be found in 

either quartz or feldspar and along cleavage planes of biotite grains (Nasseri and Mohanty 2008). 
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Figure 4-5 K-feldspar (Orthoclase) - Cross-polarized light 

 

 

Figure 4-6 Microcline - Cross-polarized light 

1 mm

1 mm
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Figure 4-7 Plagioclase - Cross-polarized light 

 

 

Figure 4-8 Quartz, K-feldspar, Biotite - Cross-polarized light 

1 mm 

1 mm
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4.3.1 Unconfined compressive strength (UCS) test 

In this study eight UCS specimens have been tested under uniaxial loading. The ISRM SM for the 

complete stress-strain curve for intact rock in uniaxial compression (ISRM 1999) has been 

followed for both sample preparation and testing. The specimen lengths and diameters are listed 

in Table 4-5. 

Table 4-5 Dimensions of specimens. 

Sample No. Length (mm) Diameter (mm)
1 129.49 50.43 
2 129.96 50.29 
3 129.18 50.26 
4 130.64 50.35 
5 127.78 50.20 
6 129.72 50.17 
7 129.1 50.27 
8 129.49 50.29 

 

Specimens were monitored by both the strain measurement method (strain gauges (Figure 

4-9) and LVDT (for axial deformation)) and Acoustic Emission system (Figure 4-10). Rosette 

strain gauges were used for measuring axial and circumferential strains. Gauges with a length of 

10 mm and with a gauge factor of 2.12 were used. Prior to gluing the strain gauges in place, the 

surfaces of the specimens were cleaned using anti-static dust cleaner. Gauges were bonded at the 

mid height of the samples. All uniaxial tests have been monitored with Acoustic Emission by 

using four AE transducers. The transducers have been mounted mid height on the sample, slightly 

above the strain gauges at 90 degrees orientation with each other. Honey has been used as a 

couplant and transducers have been kept in place with a rubber band. Examples for a specimen 

before and after the test are shown in Figure 4-11.   
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Figure 4-9 Rosette strain gauges were used for the measurement of axial and 

circumferential strains. 

 

Figure 4-10 AE transducer (circle) and pre-amplifier used for AE monitoring. 
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Figure 4-11 UCS sample, ready for testing in the top and after failure in the bottom. 

Acoustic Emission 
transducers
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The specimens were loaded in deformation control mode by using a MTS machine 

(Figure 4-12) with the rate of 1 mm in 7 minutes (420 seconds). The data was recorded every 

second by the Acoustic Emission system and strain gauge acquisition system. Two readings per 

second were recorded for applied force by the loading machine. Later the average load in each 

second was synchronized with the corresponding AE and strain gauge data. 

 

Figure 4-12 MTS machine used for testing. 
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4.3.1.1 Data analyses 

The data that has been obtained from UCS tests was used for further analyses of different damage 

threshold detection methods. The data obtained from the testing in summary are, axial stress (σ); 

axial displacement measured by LVDT placed in the machine; axial strain (εa); circumferential 

(lateral) strain (εl) measured by strain gauges and AE events. Axial strain from the LVDTs’ axial 

displacement can be calculated as; 

= ∆
 4-1 

 

where:  εa = Axial strain 

  Δl = Change in length of specimen 

  l0 = Initial length of specimen 

Ultimate uniaxial compressive strength can be calculated as follows; 

=  4-2 

 

where:  σc = Ultimate uniaxial compressive strength 

  Pc = Axial load at failure 

  A0 = Initial specimen cross-sectional area 

Young’s modulus and Poission’s ratio have been calculated at an interval where the 

stress-strain behaviour of the specimen has reached a linear trend using the following relations; 

 =  4-3 

 

and; 
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=  4-4 

 

Different methods exist for detection of damage threshold levels i.e. CI (systematic 

damage) and CD (crack interaction). These methods can be categorized into two major methods 

of Acoustic Emission method and strain measurement method (Figure 4-13). 

 

Figure 4-13 Damage detection using a) AE events b) Strain measurement (after 

Diederichs et al 2010) 

 

For a better explanation of the different methods of detecting CI and CD in granitic rocks, 

first the high quality data from UCS testing of Smaland granite (Martin et al 2001) will be used 

for damage threshold identification. The author has been provided with data obtained from UCS 

testing of Smaland granite (courtesy of ISRM Commission on Spalling Prediction, CANMET and 

SKB). The laboratory testing of the Smaland granite (Figure 4-14) has been conducted at 

CANMET Mining and Mineral Sciences Laboratories, Natural Resources Canada which is the 
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only ISO certified laboratory in Canada. Next, the described method will be applied to data 

obtained from UCS testing, conducted by the author, of Stanstead granite. 

 

Figure 4-14 Smaland granite, top) Specimen photos (courtesy of ISRM Commission on 

Spalling Prediction, CANMET and SKB), bottom) Quartz, Microcline, Orthoclase, Biotite - 

Cross-polarized light. 

1 mm 
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4.3.1.2 CI detection 

Three methods have been explained in this section for detecting CI using data obtained from AE 

and strain measurements.  Different parameters can be calculated from the strain measurements 

and therefore different methods (Martin, 1994, Eberhardt et al 1998) can be developed for 

identification of damage thresholds based on strain measurements. The first method that is 

explained in this section is based on AE data and the other two methods are based on the strain 

measurement. 

4.3.1.2.1 Acoustic Emission Method 

In the AE method (Diederichs et al 2004), in which the cumulative number of AE events is 

plotted vs. stress, CI is the first point where the rate of crack emissions suddenly increases with a 

small change in load (Figure 4-13a) and CD is where the second sudden increase in the slope of 

the AE curve occurs (Diederichs 2007).  

For two samples of Smaland granite (No. 232-48 and 249-7), the Log “cumulative AE 

counts” versus Log “stress” have been plotted in Figures 4-15 and 4-16. It can be seen that the 

first point where the slope of the AE curve rapidly changes is very obvious and can be picked 

with a high accuracy within a short range. This point is identified as CI. 

The crack counts that are shown in Figures 4-15 and 4-16 as AE data are the cumulative 

number of cracks (AE events) averaged from multiple AE transducer readings (Diederichs et al 

2004, Eberhardt et al 1999). 
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Figure 4-15 Detection of CI and CD by using AE method for sample No. C3-232-48. 

 

Figure 4-16 Detection of CI and CD by using AE method for sample No. C8-249-7. 
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4.3.1.2.2 Crack volume strain method 

CI is defined as the stress where lateral strain, εl, departs from linearity (Figure 4-13b) due to the 

cracks that start to initiate all over the sample’s volume (Eberhardt et al 1998). Crack-closure is 

the point where closure of most cracks perpendicular to loading direction is observed. This is seen 

in axial strain (εa) . Crack-closure anomalies and damage initiation in rocks can both be captured 

by lateral strain. Therefore when crack-closure and crack initiation limits overlap in the lab data, 

they both have an effect on the lateral strain plot, which makes the interpretation of the CI 

difficult.  This generally occurs when the sample is damaged prior to testing. Therefore Martin 

(1994) and Diederichs and Martin (2010) suggested the reversal point of crack volumetric strain 

(εCV) as the CI threshold (Figure 4-17). Crack volumetric strain can be calculated as follows; 

εCV = εVOL – εEV 4-5 

 

where:  εVOL = Volumetric strain 

  εEV = Elastic volumetric strain 

εVOL and εEV are calculated as follows; 

εVOL = εa + 2εl 4-6 

 

and; 

= (1 − 2 ) 4-7 

 

Based on Equation 4-7 the elastic volumetric strain is dependent upon the Poisson’s ratio 

and Young’s modulus. Determination and approximation of these parameters to a constant value 

is difficult in damaged rock. Crack volumetric strain versus stress, have been plotted for two 

samples of Smaland granite in Figures 4-18 and 4-19. 
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Figure 4-17 Damage progress in brittle rocks (after Martin 1994). 
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Figure 4-18 Detection of CI and CD in Sample C3-232-48 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 
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Figure 4-19 Detection of CI and CD in Sample C8-249-7 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 
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4.3.1.2.3 Tangent lateral stiffness method 

As mentioned before in Section 4.3.1.2.2, both crack-closure anomalies and damage initiation are 

captured by the lateral strain. Therefore in the case of overlapping crack-closure and crack 

initiation limits, it will be hard to distinguish these two from each other. As a potential solution to 

avoid the problem of crack-closure and crack initiation overlap and to  reduce the subjectivity of 

picking the point where  non-linearity begins, the inverse tangent lateral stiffness has been 

introduced by the author, which can be calculated by using Equation 4-8; 

 

∆= ∆∆  4-8 

 

where;  Δσ = σi+8 – σi-8 (i =1,2,3,4, ... ) 

Δεl = εl i+8 – εl i-8 (i = 1,2,3,4, ... ) 

 

Identification of CI by using the inverse tangent lateral stiffness for two samples of the 

Smaland granite has been shown in Figures 4-20 and 4-21. It can be seen that with a good choice 

of scale for the graph, CI can be picked quite accurately at the inflection point of the curve. 
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Figure 4-20 Detection of CI for Sample C3-232-48 using inverse tangent lateral stiffness. 

 

Figure 4-21 Detection of CI for Sample C8-249-7 using inverse tangent lateral stiffness. 
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4.3.1.3 CD detection 

For determination of the CD threshold, like CI threshold, the AE method and two other strain 

measurement methods have been explained in this section.  

 

4.3.1.3.1 Acoustic Emission method 

The CD threshold can be detected very accurately by the AE method where the second change in 

the slope of AE curve occurs. The CD thresholds for two samples of the Smaland granite are 

shown in Figures 4-15 and 4-16. It can be seen in these two figures that the range for CD is very 

small. 

 

4.3.1.3.2 Volumetric strain method 

Martin (1997) suggested that the reversal point of total measured volumetric strain (εVOL) can be 

representative of CD (Figures 4-13b and 4-17). On the other hand Diederichs (2003, 2007) 

showed that the volumetric strain reversal point is not representative of CD in confined tests. This 

is due to the fact that in higher confining pressures the time that lateral strain starts to accelerate is 

coincident with an increase in the vertical strain rate and as volumetric strain is the summation of 

lateral and axial strains, the reversal of this curve is delayed until a considerable increase in the 

rate of lateral strain occurs. The volumetric strain is calculated using equation 4-6. 

The volumetric strain curves for two samples of the Smaland granite have been plotted in 

Figures 4-18 and 4-19. The CD threshold for Smaland granite can be picked at the reversal points 

of volumetric strain in these figures.  
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4.3.1.3.3 Tangent modulus method 

In rock mechanics, unlike other fields such as civil or mechanical engineering, the deviation in 

Young’s modulus has not been used widely for damage detection. “Tangent modulus” that is the 

moving average of Young’s modulus is calculated as follows;  

  

∆= ∆∆  4-5 

 

where:  Δσ = σi+3 – σi-3 (i =1,2,3,4, ... ) 

  Δεa = εa i+3 – εa i-3 (i = 1,2,3,4, ... ) 

 

Figures 4-18 and 4-19 illustrate how the tangent modulus starts to behave like a linear 

elastic material after a steady increase. This is the onset of the crack closure limit in rock as most 

of the cracks non-parallel to loading are closed, leading to a maximum tangential stiffness. After 

this limit the sample starts to behave linearly, in terms of axial stiffness. New cracks initiate 

parallel to loading direction and are not detected in EΔ plot. As soon as the density of cracks in 

the sample reaches a certain limit that is large enough for cracks to coalesce and interact, the 

slope of the tangent modulus starts to decrease. Therefore the second slope change in the tangent 

modulus curve can be used for detection of CD. 

 

4.3.1.4 Damage thresholds for the Stanstead granite 

All the methods that have been mentioned in Sections 4.3.1.2 and 4.3.1.3, for detection of CI and 

CD respectively, have been applied to two UCS samples of the Stanstead granite. The results are 

shown in Figures 4-22 to 4-27. Determination of CI and CD thresholds from the application of 



 

102 

 

AE method for the two Stanstead granite samples is shown to be well defined in Figures 4-22 and 

4-23. A quick look at the tangent moduli curves in Figures 4-24 and 4-25 shows that the tangent 

modulus in sample No. 6 takes a longer time to reach linearity in comparison to the tangent 

modulus for sample No.1. This late arrival of the tangent modulus into an approximate linear 

elastic behaviour, which is the state that new cracks start to form randomly in the sample, shows 

the severity of damage in the sample prior to testing. Also overlapping of the crack closure and 

systematic damage thresholds can be interpreted from the tangent modulus curve in Figure 4-25 

for sample No. 6.  

 

 

Figure 4-22 Detection of CI and CD by using AE method for the Stanstead granite 

sample No. 1. 
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Figure 4-23 Detection of CI and CD by using AE method for the Stanstead granite 

sample No. 6. 
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Figure 4-24 Detection of CI and CD in Sample 1 using tangent modulus (EΔ), volumetric 

strain and crack volume strain methods. A) Starting point for increase in the slope of 

volumetric strain, B) Volumetric strain reversal point, C) Starting point for decrease in the 

slope of volumetric strain. 

-0.002

-0.001

0

0.001

0.002

0.003

0.004

0.005

0 20 40 60 80 100 120 140

St
ra

in

σ axial (MPa)

Axial strain
Lateral strain
Volumetric strain
Crack volumetric strain

CC and CI 
Overlap

CD 
(Crack

Interaction)

CI 
(Systematic 

Damage)

CC
(Crack Closure) 

A B CCD 



 

105 

 

 

Figure 4-25 Detection of CI and CD in Sample 6 using tangent modulus (EΔ), volumetric 

strain and crack volume strain methods. No definite point can be picked for CI and CC, 

crack volumetric strain is calculated based on the constant Young’s modulus that is not 

easy to determine in here. 
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Figure 4-26 Detection of CI for Sample 1 using inverse tangent lateral stiffness. 

 

Figure 4-27 Detection of CI for Sample 6 using inverse tangent lateral stiffness. 
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For the CD threshold, both the tangent modulus and volumetric strain have been plotted in the 

same figure (Figures 4-24 and 4-25) for each sample. It can be seen that the slope change in the 

tangent modulus method provides a clear point associated with the stress value corresponding to 

CD, while the point where dilation begins, in the volumetric strain, is not as obvious. In the 

volumetric strain method the question arises as to which point should be picked as the starting 

point of dilation? Is it the point where the curve’s slope starts to decrease (point A in Figure 4-

24), the curve reversal point (point B in Figure 4-24) or the point where volumetric strain slope 

tends to increase (point C in Figure 4-24) and what will be the answer in case of a flat maximum 

in volumetric strain, for instance in Figure 4-25. This wide range of possible CI values, when 

using the volumetric strain method, makes this method less favourable than the inverse tangent 

modulus method, which shows that the start of the linear behaviour is in fact CD. 

For CI threshold determination, crack volume strain for each sample has been plotted in 

Figures 4-24 and 4-25. The inverse of the tangent lateral stiffnesses have also been plotted in 

Figures 4-26 and 4-27. Here also picking a point by using reversal of a curve is associated with 

similar difficulties as mentioned for CD detection using the volumetric strain method. The other 

concern in this method is the high sensitivity of the crack volume strain to the Poisson’s ratio. 

The process of calculating Poisson’s ratio is subjective by itself due to its variability depending 

on the interval chosen for calculation of Poisson’s ratio. This will be further discussed on the 

Smaland granite samples in Section 4.3.1.5. The other uncertainty associated with the crack 

volume strain method is the error caused in the case of overlapping crack closure with the onset 

of CI. The inverse of tangent lateral stiffness provides the onset of CI threshold quite clearly, at 

the point of slope change, in spite of having previously damaged samples. This is because the 
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method is detecting the rate of change in the slope of the lateral stiffness, which is an inflection 

point independent of the sample behaviour. 

 

4.3.1.5 Variability of different threshold detection methods 

For a comparison between the different methods for detecting damage thresholds, it can be seen 

that for the Smaland granite samples in Figures 4-18 and 4-19, the CD detected by using the 

tangent modulus corresponds relatively well to the volumetric strain method but it is not aligned 

exactly with the reversal point of the volumetric strain curve. The concept behind the picking of 

the reversal point of the volumetric strain curve as the CD threshold is that the lateral strain 

surpasses the axial strain as the dominant parameter in volumetric strain. The author is of the 

opinion that this concept can be useful for finding a range for CD,  but finding a specific CD 

value, with a very small range, is not always possible, especially when the curve has a flat 

maximum value.   

The reversal points of crack volumetric strain for two samples of the Smaland granite are 

shown in Figures 4-18 and 4-19 for detection of the CI threshold. All the difficulties and errors 

associated with picking reversal points of a curve that have been discussed for CD are applicable 

for CI as well. The errors are even larger for CI, as the crack volume strain normally has a much 

flatter curvature at the maximum point, compared to the volumetric strain plot. For instance in 

Figure 4-19 the CI can be picked anywhere in the range of 110 to 150 MPa. 

The other problem associated with crack volume strain for detecting CI, is its high 

sensitivity to the Poisson’s ratio (Eberhardt et al 1998). The high variability of Poisson’s ratio 

itself, due to the interval that is being picked for calculation of Poisson’s ratio, introduces a high 

degree of uncertainty to the crack volume strain. In Figures 4-28 and 4-29 the incremental crack 
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volume strain, which is the difference between every six neighbour data points, has been plotted. 

These graphs show the change in the slope of crack volume strain. The point where incremental 

crack volume strain crosses the x axis approximately shows the reversal point of the crack 

volume strain curve (CI). Incremental crack volume strain curves have been plotted for each 

sample for three different Poisson’s ratios. It can be seen that increasing the Poisson’s ratio from 

0.2 to 0.4 can cause about 60 to 70 MPa increase for the CI limit. 

 

 

Figure 4-28 Incremental crack volume strain for sample No. C3-232-48 based on three 

Poission’s ratios of 0.2, 0.3 and 0.4. 
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Figure 4-29 Incremental crack volume strain for sample No. C8-249-7 based on three 

Poission’s ratios of 0.2, 0.3 and 0.4. 
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curve reversal methods, especially in reversals that happen very gradually. A better understanding 
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quantitative comparison between the methods.  

To have a quantitative comparison between the methods that have been explained so far, 

for detection of damage thresholds in brittle rocks, the UCS data for the rest of Smaland granite 
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-0.00004

-0.00003

-0.00002

-0.00001

0

0.00001

0.00002

0.00003

0.00004

0 50 100 150 200 250

In
cr

em
en

ta
l c

ra
ck

 v
ol

um
e 

st
ra

in

σ axial (MPa)

v = 0.2
v = 0.3
v = 0.4



 

111 

 

It should be kept in mind that strains in these series of tests were measured by transducers 

rather than strain gauges for higher quality and accuracy of the measurements.  

 

Table 4-6 Smaland granite’s CI threshold determined by using AE and strain 

measurement methods 

Sample No. 
CI (MPa) 

AE Crk. Vol. Strain Rev. Tangent Lateral Stiffness
Min. Max. Diff. Min. Max. Diff. Min. Max. Diff. 

230-82 108 117 9 109 144 35 98 114 16 

231-59 96 112 16 114 154 40 101 116 15 

232-48 90 106 16 107 134 27 111 124 13 

234-91 101 114 13 104 145 41 103 115 12 

243-45 105 116 11 110 143 33 119 132 13 

244-12 97 116 19 115 147 32 112 125 13 

244-60 99 116 17 116 148 32 94 115 21 

249-70 96 107 11 110 150 40 96 107 11 

250-25 71 84 13 121 151 30 89 103 14 

252-84 102 116 14 127 152 25 94 104 10 

Average 96.5 110.4 13.9 113.3 146.8 33.5 101.7 115.5 13.8 

 

 

From Tables 4-6 and 4-7 it can be interpreted that in general the range of detected 

damage thresholds for CD is much smaller that the range for CI. Therefore it may not be wrong to 

report a range for CI instead of a specific stress value.  

For CI, a quick look at the average of the ranges that have been extracted by using 

different methods shows that, the AE and the inverse of tangent lateral stiffness methods are 

about the same accuracy while the range detected by crack volume strain reversal point method is 
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more than two times larger than the range detected by the other two methods. Also the ranges 

detected by AE and inverse tangent lateral stiffness methods are almost coincident and totally 

different than the range detected by the crack volume strain method. 

 

Table 4-7 Smaland granite’s CD threshold determined by using AE and strain 

measurement methods 

Sample No. 
CD (MPa) 

AE Volumetric Strain Rev. Tangent Modulus 
Min. Max. Diff. Min. Max. Diff. Min. Max. Diff.

230-82 222 224 2 220 234 14 222 233 11 
231-59 195 204 9 211 224 13 210 225 15 
232-48 231 236 5 188 199 11 185 196 11 
234-91 237 239 2 200 213 13 208 226 18 
243-45 251 256 5 202 215 13 216 237 21 
244-12 243 248 5 208 217 9 215 230 15 
244-60 234 237 3 205 215 10 206 224 18 
249-70 244 251 7 202 216 14 220 238 18 
250-25 174 188 14 194 207 13 207 219 12 
252-84 266 270 4 211 220 9 222 235 13 

Average 229.7 235.3 5.6 204.1 216 11.9 211.1 226.3 15.2 
 

For CD, the range of the threshold detected by the AE method is the smallest, followed 

by the volumetric strain method and the tangent modulus which has the largest range. The 

average threshold detected for CD by the AE method is about 20 MPa larger than the average CD 

limit detected by volumetric strain and the result of the tangent modulus method is closer to the 

AE method. 

4.3.1.6 Method of choice 

Comparing all the methods discussed in this section for detecting damage thresholds in a granitic 

rock the AE was the most robust method that could estimate the threshold levels accurately, even 
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in a previously damaged sample. The strain measurement method was less successful due to the 

larger difference between the lower and upper bound detected for CI and CD in most cases. Using 

the strain measurement method, the tangent lateral stiffness method used for detecting CI was in 

good agreement with the AE result and much more accurate than the crack volume strain method.  

The strain measurement method can be more accurate when using extensometers for measuring 

axial and lateral strains instead of electrical resistivity strain gauges. This is due to the fact that 

strain gauges can only cover several grains (approximately 3 grains in the case of the Stanstead 

granite) and these grains may not be representative of the global behaviour of the sample. 

4.3.1.6.1 Summary of UCS testing result of Stanstead granite 

Summary of the UCS testing and analyses on the testing results for Stanstead granite have been 

listed in Tables 4-8 to 4-10. In Tables 4-9 and 4-10 CI and CD respectively, for Stanstead granite 

samples, have been detected by all the methods mentioned earlier in this section. This data will be 

used in Chapter 5 for calibration of numerical models to numerically reproduce the observed 

Stanstead granite behaviour from the laboratory. 

Table 4-8 Stanstead granite properties obtained from UCS testing 

Sample No. 
Uniaxial Compressive 

Strength (MPa) 
Young’s Modulus, E 

(GPa) 
Poission’s Ratio

1 126.48 39.88 0.30 
2 90.37 30.93 0.15 
3 86.70 29.78 0.17 
4 132.86 37.07 0.30 
5 83.6 24.04 0.19 
6 113.6 32.98 0.21 
7 93.65 26.04 0.37 
8 120.98 29.50 0.22 
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Table 4-9 Stanstead granite’s CI threshold determined by using AE and strain 

measurement methods 

Sample No. 
CI (MPa) 

AE Crk. Vol. Strain Rev. Tangent Lateral Stiffness
Min. Max. Min. Max. Min. Max. 

1 50 60.5 47 69 56 67 
2 29 35 36 55 27 30 
3 50 65 40 56 43 50 
4 42 65 56 80 30 41 
5 20 33 35 52 21 27 
6 42 52 48 67 44 47 
7 44 60 35 50 47 57 
8 38 49 51 70 34 48 

Average 39.37 52.44 43.5 62.37 37.75 45.87 
 

 

Table 4-10 Stanstead granite’s CD threshold determined by using AE and strain 

measurement methods 

Sample No. 
CD (MPa) 

AE Volumetric Strain Rev. Tangent Modulus
Min. Max. Min. Max. Min. Max. 

1 100.5 111 71 96 107 114 
2 66 77 82 Not complete 77 82 
3 78 81 74 Not complete 73 80 
4 90 107 88 104 111 119 
5 67 76 Not complete Not complete 70 75 
6 100 108 90 110 101 106 
7 79 87 49 68 78 83 

8 85 100 89 102 100 108 

Average 83.19 93.37 77.57 96 89.62 95.87 
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The results of analyses on Stanstead granite data are in good agreement with previous 

(Section 4.3.1.6) comparisons of different methods of damage threshold detection. The only 

difference is that for CD threshold, the tangent modulus method is accompanied by a smaller 

range in comparison to the volumetric strain method for Stansetad granite samples. The collected 

lab data for Stanstead granite is of standard engineering quality and the identification of CI and 

CD are still possible with reasonable accuracy. Comparing this data with high quality data, 

courtesy of CANMET, shows that there is a reasonable range of error in both AE and strain 

measurement methods for both quality levels of data. In this regard, AE monitoring is a robust 

method of damage detection. When using the strain measurement method, tangent lateral stiffness 

and tangent modulus for detection of CI and CD respectively can be as good as the AE method in 

quality when transducers are used for strain measurements instead of electrical resistivity strain 

gauges. 

 

4.3.2 Confined compressive (triaxial) test 

Eight samples have been tested in a triaxial cell under confined loading. Four different 

confinement pressures have been chosen and two samples have been tested for each confinement. 

The triaxial cell available to the author was unable to accommodate strain gauges and Acoustic 

Emission sensors on the samples during testing. Only axial stress and axial strain could be 

recorded during the tests by the load cell and LVDTs in the machine, respectively. 

The specimens, like UCS specimens, have been prepared according to the ISRM SM for 

the complete stress-strain curve for intact rock in uniaxial compression (ISRM 1999). Heat shrink 

jackets have been used for insulating the specimens from the oil (Figure 4-30). 
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Figure 4-30 Specimens prepared for triaxial testing. 

 

The results of the triaxial testing can be seen in Table 4-11. 

 

Table 4-11 Triaxial testing results. 

Specimen 
No. 

Length 
(cm) 

Diameter 
(cm) 

σ3 (MPa) σ1 (MPa)
Young’s Modulus, E 

(GPa) 

1 12.91 5.03 4 183.2 26.432 

2 12.87 5.01 4 177.1 25.214 

3 13.14 5.02 10 239.6 27.901 

4 12.65 5.03 10 239.7 30.589 

5 12.94 5.02 20 325.4 37.242 

6 12.92 5.02 20 327.0 38.567 

7 12.46 5.03 30 353.1 35.047 

8 12.77 5.03 30 401.2 39.770 
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Each pair of specimens tested under the same confinement pressure shows consistent 

strength, with the mean value of 13.95 MPa for the difference between pair strengths. This data 

will be used later for plotting σ1-σ3, for the UCS and tensile test results, for the Stanstead granite 

samples. Photos of failed samples are given in Figure 4-31. 

 

 

 

Figure 4-31 Failed triaxial specimens. 
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4.3.3 Indirect tensile (Brazilian) test 

Brazilian testing was carried out on 12 Brazilian samples. The testing procedure was completed 

according to the ISRM Suggested Methods for determining the tensile strength of rock materials 

(ISRM 1978). The same MTS machine that was used for conducting UCS tests was also used for 

Brazilian tests. Due to the unavailability of curve shaped platens, that are suggested by the ISRM 

SM (1978), ordinary flat platens were used for this study.  

Electrical resistivity strain gauges, with a length of 10 mm and gauge factor equal to 2.09, 

were installed on each side of the Brazilian disks to measure the lateral strains (Figure 4-32).  

 

 

Figure 4-32 Prepared Brazilian disk with strain gauges installed on both sides. 
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The tests were also monitored using two AE transducers, mounted on the sample 

periphery at each opposing side of the sample as shown in Figure 4-33. Due to the way data is 

collected, only the peak strengths of the Brazilian samples were calculated, using equation 2-3. 

Not enough data points were collected by the strain gauge data acquisition and AE systems for 

accurate damage threshold detection in a Brazilian disk. This was the case even when the test was 

slowed down and took twice as much time as suggested in the ISRM SM (1978), which is 15-30 

seconds. 

Although the data collected from the strain monitoring of the Brazilian tests were not 

enough for damage threshold detection but they could help to better understand the failure 

procedure in Brazilian test. It could be understood from the comparison of the recorded lateral 

strains from two sides of the disk that under loading, depending on the position of the first-crack, 

the disk diameter that connects the two platens is under tension on one side while the same 

diameter on the other side is under compression. This continues until the fracture propagates 

through the disk and then splits the disk from between. The mentioned failure pattern in the 

Brazilian disk shows that lateral strain monitoring in the Brazilian disk should be done for both 

side of the disk and the conventional method of strain measurement by means of only one strain 

gauge can miss the events that are happening on the other side of the disk.   

 

An example of a sample after splitting can be seen in Figure 4-34.  
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Figure 4-33 Brazilian disk with strain gauges on both sides and two mounted AE 

transducers, ready for testing (the sample is circular, a wrapping is obscuring the view of 

the rock). 
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Figure 4-34 Brazilian sample after failure. 

 

 A summary of Brazilian testing on the Stanstead granite samples is presented in Table 4-12. 

Table 4-12 Summary of Brazilian testing parameters. 

Sample 
No. 

Diameter (mm) Thickness (mm) 
Tensile strength 

(MPa) 

1 50.13 26.5 6.80 
2 50.34 26.18 5.84 
3 50.22 26.72 4.60 
4 50.32 25.86 6.24 
5 50.26 26.53 6.72 
6 50.20 26.55 3.70 
7 50.33 25.95 9.21 
8 50.14 26.61 6.14 
9 50.27 25.45 4.29 

10 50.48 26.35 7.70 
11 50.30 26.96 8.20 
12 50.24 26.54 6.46 

Average   6.32 
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4.3.4 Strength envelope for Stanstead granite 

By using the data obtained from laboratory testing of the Stanstead granite the strength envelope 

(σ1 - σ3 curve) for this rock can be plotted. This envelope will be used later in Chapter 5 for 

comparison between the simulated and the real rock behaviour.  

RocLab, software developed by Rocscience Inc., was used for rockmass strength analysis 

using the Hoek-Brown criterion (Hoek et al 2002). Roclab has been used for curve-fitting of data 

obtained from lab testing. The curve fitted to the laboratory testing results and the Hoek-Brown 

parameters for the strength envelope are shown in Figure 4-35. 

 

Figure 4-35 Representation of laboratory result and fitted Hoek-Brown envelope for the 

Stanstead granite. 

The fitted Hoek-Brown envelope estimates the UCS of the Stanstead granite to be 131.72 

MPa while the mean value for the UCS test results is about 105 MPa. This is due to the fact that 
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the triaxial test results do not line up with the mean UCS and thereby increase the intercept of the 

envelope with the y axis, leading to a higher UCS on the strength envelope. The result where the 

triaxial results do not line up well with the UCS results can be due to the full mobilization of 

cohesion only at high confinement. This phenomenon cannot be captured well by the Hoek-

Brown criterion and the s-shaped (tri-linear) failure envelope introduced by Kaiser et al (2010) 

can be a solution. 

For a strength envelope that better fits the data obtained from laboratory testing of the Stanstead 

granite, a bi-linear envelope with the standard Hoek-Brown parameters (a = 0.5 and s = 1) has 

been fitted to the data in Figure 4-36. The Hoek-Brown parameters for both curves can also be 

seen in Figure 4-36.  

 

Figure 4-36 Bi-linear Hoek-Brown curve fit to the lab results for the Stanstead granite. 
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Induced stress concentrations in underground excavations result from stress redistribution 

due to the near-field deformation which causes loss of strength and eventual failure of rock 

(Eberhardt et al 1998). The energy imbalance in the system can initiate stress-induced brittle 

fracturing. It is important to establish the thresholds associated with crack initiation and 

propagation. These thresholds define the short term and long term strengths of the brittle rock. 

Once the stress level in the rock hits the CI threshold, this rock would eventually fail. As cracks 

are initiated in the rock, it is only the matter of change in the stress condition that shortens or 

lengthens the failure process time. Therefore in the design of underground structures, having 

accurate values for CI and CD is essential. Two main methods of Acoustic Emission monitoring 

and strain measurement methods have been evaluated in this section for determining damage 

thresholds in granitic rocks. Although the best way for identification of these parameters is the 

simultaneous monitoring of the test using both methods, the Acoustic Emission method is a more 

robust and accurate method if only one method can be implemented.  

The data obtained from laboratory testing and being analyzed in this Chapter will be used 

in the next Chapter for calibration and validation of the numerical methods. Once, the numerical 

models behave close enough to the real rock they can be used for the simulation of real, large 

scale projects such as tunnels and underground excavations. 
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Chapter 5 

Numerical modelling of damage accumulation in granitic rocks 

 

5.1 Introduction 

The ability of the Distinct Element Method to simulate fracture initiation and propagation enables 

researchers to study different damage threshold levels in rock that are not possible to simulate 

using other methods such as Finite Element or Boundary Element. The study of damage 

thresholds and crack accumulation in rocks helps to better understand the behaviour of brittle 

rocks under real conditions and to better predict short or long term behaviour of structures in 

highly stressed environments. However, fundamental limitations for fracture modelling still exist 

and must be addressed. 

Particle Flow Code (PFC3D) has been chosen as the bonded-particle analogue for the 

purpose of simulation in this study. Further information regarding this code was given in Chapter 

3. After an introduction to PFC, a discussion of previous work using PFC2D (Diederichs 2003, 

Potyondy and Cundall 2004, Cho et al 2007) will be given before discussing the work conducted 

as part of this research. The chapter will conclude by reporting the results of simulation of 

laboratory testing for the Lac du Bonnet and Stanstead granites, calibrated to the mechanical 

properties extracted from Chapter 4, using PFC3D by the author. 

5.2 Particle Flow Code (PFC3D) 

Particle Flow Code (PFC), which utilizes the bonded-particle model, has been used in this study 

for the purpose of simulating Brazilian, direct tensile, unconfined compressive strength (UCS) 

and confined tests in crystalline rocks. PFC has been developed by the Itasca Consulting Group 
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and is available in both 2 and 3 dimensions. This code enables simulation of fracture initiation 

and propagation, and also provides the possibility of tracking the number and position of the 

cracks, allowing comparison to the Acoustic Emission (AE) monitoring of rock tests in the 

laboratory (Hazzard and Young 2000). This makes PFC a suitable code for simulation of brittle 

rocks under high stress. Many underground rock structures have been successfully simulated 

using PFC, for instance simulation of spalling and notch formation in the URL Mine-by-Test at 

Pinawa, Manitoba, Canada (Potyondy and Cundall 1998), mine pillars by Diederichs (1999) and 

mechanical degradation of emplacement drifts at Yucca Mountain, USA (Damjanac et al 2007). 

In PFC, damage is represented directly, as opposed to indirect fracture simulation, by the 

formation of cracks (Potyondy and Cundall 2004). Therefore it provides a suitable means for 

better understanding the behaviour of rock, both in the laboratory and in the field. Bond breakage 

in PFC represents the formation of cracks. After bond breakage, the broken bond stress is 

distributed over the neighbouring bonds. The stress redistribution prevents the expected stress 

concentration at the tip of the crack. This prevents unstable crack propagation, which happens in 

brittle rocks, from occurring in the software, a significant flaw first identified by Diederichs 

(1999). 

Previous simulations with PFC have shown some inaccuracy in the result. These will be 

listed here and will be further explained in Section 5.3. Inaccuracies have been reported for the 

slope of the confinement-strength curve (internal angle of friction) and in the relationship 

between tensile strength and compressive strength of the synthesised sample (Diederichs 2003, 

2007). Diederichs’ (1999) calibration to the UCS test resulted in an inaccurate tensile strength 

and also calibration to the direct tensile strength test resulted in an inaccurate UCS. In addition, 

the full dilational peak strength (hardening after initial yield), observed in actual samples, could 
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not be reproduced. These inaccuracies in the simulations can be the result of the mathematical 

and kinematic formulation of the Bonded-Particle Model, which restricts the unstable propagation 

of initiated cracks. As stated before in PFC, cracks are simulated by bond rupture and so a crack 

can initiate but does not spontaneously extend beyond a single bond, a phenomenon that does 

occur in real materials as discussed by Kemeny and Cook (1987). A new approach in Bonded-

Particle Modelling is needed for more accurate results in simulations. The author has examined 

several new methods and the discussion of the results is contained in this chapter. 

Besides PFC’s ability to simulate fractures, the implementation of user scripted code, 

using the FISH language, in PFC was another reason for choosing this code as the simulation 

analogue. PFC lends itself to experimentation due to the inclusion of FISH (Itasca 2008). FISH, 

which was introduced in Chapter 3, provides an enormously important ability to control every 

single piece of the model for the researcher. The FISH codes that are developed by the author for 

this study are included in Appendix A. 

 

5.2.1 Clumping and clustering 

In PFC, there is the possibility of attaching a group of spheres together to make a rigid body, 

called a clump (Figure 5-1 Left). Clumping is a useful feature for the study of the effects of grain 

shape and grain size distribution in rocks. Each clump can represent a grain in the model. A 

clump has a rougher surface than a single sphere and therefore it can increase the macro-

mechanical angle of friction. A study by Cho et al (2007) showed that using random shaped 

clumps can improve the model behaviour. This was a motivation for the author to evaluate the 

effectiveness of the random shaped clumps, as one of the multiple methods that have been 

examined in this study, for the improvement of PFC3D model behaviour. The interactions between 
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clumps are governed by the defined micro-properties of spheres making the clumps. There 

already exists a method for clumping in PFC and clumps are supported by FISH. 

Cluster is another terminology being used in PFC that corresponds to an assembly of 

spheres being packed together, as shown in Figure 5-1 on the Right (Itasca 2008c). Cluster 

properties can be the same or different from the neighbour clusters. Clusters can be used foe 

simulating blocky rock systems or here they can be used to represent grains. The difference 

between a clump and a cluster is that clumps are rigid while clusters are not and clusters can 

break apart, which is useful for simulation of fracturing through grains. Cluster is merely a 

terminology in PFC3D and there is no Command or FISH support for it at present. 

 

 

Figure 5-1 Left) Clump concept in PFC, each grain is rigid, Right) Cluster concept in 

PFC, red bonds are between different grains and black bonds are active within each grain.   
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5.2.2 Ball size 

The ball size or resolution of the model is an important parameter in a PFC model. Balls must be 

small enough to let the crack propagate through its desired path and not to create a tortuous path 

as cracks can only propagate between the balls and not through them (it is a fundamental 

assumption in PFC that spheres are rigid). On the other hand the computation time must be kept 

in mind. A slight difference in the minimum ball diameter, Dmin, can significantly change the 

computation time.  

When a model has been calibrated to a certain Dmin and Dmax/Dmin ratio, the diameter of 

the balls should not be changed or the model must be calibrated again. As is shown in Figure 5-2, 

in PFC2D the grain modulus is independent of the grain size, in PFC3D the grain modulus must be 

scaled with the particle radii. The parallel bond moduli, in both 2 and 3 dimensions, are 

dependent upon the particle size and the correct modulus must be calibrated to the particle size 

(Potyondy and Cundall 2004). 

 

Figure 5-2 Formulation of grain and cement elastic constants in PFC (after Potyondy 

and Cundal 2004). 
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5.2.3 Sample genesis procedure 

Unlike ordinary finite element, finite difference, or boundary element codes, in which different 

materials can be defined and assigned to different parts of a model defined by border lines, in 

PFC the sample needs to be synthesized. In PFC3D rock is represented by a dense packing of non-

uniform sized spherical particles that are connected to each other using bonds. The method that is 

used in PFC to synthesize the rock sample with desired locked-in stress, macroscale isotropic 

stress and desired dimensions employs five major steps as follows (Potyondy and Cundall 2004); 

1. Compact initial assembly; the material vessel that can be either a cylinder, sphere or a 

rectangular parallelepiped bounded by six walls will be filled with particles at half their 

final size. The particles will be placed arbitrarily so that no two particles overlap each 

other (Figure 5-3a). For a tight assembly of the particles at the end, the number of 

particles are determined based on the porosity equal to 35%. All balls and walls are 

frictionless at this stage so that there won’t be any constraint for uniform distribution of 

particles and forces. Then the radius of the particles is  doubled to their final size and the 

system is allowed to cycle until it reaches static equilibrium. The radius expansion is one 

method for obtaining a packed assembly. In another method for obtaining a dense 

packing, the particles are generated at their final size but the vessel or border lines aree 

larger than normal size. The vessel is shrunk until the desired isotropic stress is reached. 

In the latter method the final size of the vessel is not under control.  

2. Install specified isotropic stress; in this stage, the radii of particles are changed, for the 

second time, until the desired isotropic stress is achieved (Figure 5-3b). The isotropic 

stress is the average of three direct stresses measured by using measurement circles. 
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3. Reduce the number of floating particles; so far the assembly has been generated by 

randomly placing particles all over the vessel which are compacted mechanically. 

Therefore the chance of the existence of floating particles is high (about ten percent). 

Floating particles are the spheres that are in contact with less than three other spheres in 

PFC3D. The fewer floating particles in the model the denser the network of bonds would 

get at the bond installation stage. Therefore in this step the floating particles are identified 

and they will be fixed by increasing their radii by 30% or any other user specified 

percentage (Figure 5-3c). 

4. Finalize the specimen; the user has the choice of installing the contact bond, parallel 

bond, or both, between the particles. In the case of choosing the contact bond as the 

contact model, contact bonds will be installed between the balls that are overlapping each 

other. If the parallel bond is chosen as the contact model, then parallel bonds will be 

created between the particles within a certain proximity. It is also possible to have both 

the contact and parallel bonds simultaneously activated in the model. Then the specified 

friction coefficient will be set for particles. The material vessel can be removed now or it 

can be kept for later stages of testing to provide confinement or to work as platens 

(Figure 5-3d). 
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Figure 5-3 Sample genesis procedure in PFC, a) compacting the initial assembly, after 

ball generation but before rearrangement, b) obtaining the desired isotropic stress, c) 

contacts generated after step 2 and floater ball with less than three contacts, d) final parallel 

bonded specimen (after Potyondy and Cundull 2004). 
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5.2.4 Sample testing procedures 

Simulation of lab testing on the samples synthesized through the procedures mentioned in the 

previous section can now commence. For the UCS and confined tests, the rock cylinder 

synthesized in a cylindrical vessel will be used directly for testing. For direct tensile and Brazilian 

tests, the specimens are carved out from rectangular parallelepiped samples. For direct tensile 

tests a dumbbell shape specimen, and for Brazilian tests a disk shape specimen are carved out. 

The sample dimensions and geometries have been chosen to be the same as the laboratory 

specimens tested as part of this research and to comply with ISRM SMs (1978, 1999). The 

specimens’ dimensions and geometries are shown in Figure 5-4. 

 

Figure 5-4 Simulated laboratory test specimen geometries (after Ghazvinian and 

Diederichs 2010a). 
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Based on the test that is being simulated, different procedures are followed that will be 

explained in detail in the following sections. 

5.2.4.1 Compressive tests 

A compressive test can be simulated in both a cylindrical sleeved triaxial vessel or polyaxial 

vessel. Here the vessel is equivalent to the laboratory cell. In both cells, the top and bottom walls 

work as loading platens and the side walls provide the confinement. The side walls keep the 

confining pressure constant, by changing the velocity or radius in the polyaxial cell or cylindrical 

vessels (Figure 5-5) respectively by using a servomechanism. For the UCS test, all the sidewalls 

will be removed. The following steps will be taken for conducting a compression test (Itasca 

2008c); 

 

1. In the initial stage, the platens will be seated on the sample and the preset axial and 

confining stresses will be applied to the sample, using platens and side walls respectively, 

by the servomechanism method. After the desired stresses in the sample have been 

obtained the dimensions of the specimen will be recorded as the initial dimension for 

further calculations.  

2. In the phase of applying load to the specimen, the platens move toward each other with a 

constant velocity. To avoid any stress shock to the specimen due to the sudden movement 

of platens with the specified velocity, platens increase their velocity from zero to the 

desired velocity with a constant acceleration. After this the platen velocity remains 

constant. 
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Figure 5-5 UCS specimen under the loading condition, upper and lower platens provide 

the axial loading and the sleeve vessel controls the confining stress through a 

servomechanism (the specimen is cylindrical, the lower part of the specimen is trimmed in 

the figure for better representation of the side wall). 

 

The Specimen 

Upper platen 

Lower platen 
Sleeve vessel 
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3. Different criteria can be defined for termination of the test. The criterion that has been 

used in this study is; 

| | < | |  5-1 

 

where  is the deviatoric stress and is calculated as follows; 

= −  5-2 

 

and α is a constant equal to 0.8 in this study,  is axial stress and  is confining 

pressure. In a compression test normally the deviatoric stress increases until a certain 

value and then tends to decrease after the sample’s failure. By setting α to 0.8 the testing 

can be terminated after the sample’s failure. 

 

5.2.4.2 Brazilian test 

The Brazilian disc can only be trimmed from a specimen synthesized in a polyaxial cell. After 

applying the desired confinement, if required, the disk is trimmed out of a rectangular 

parallelepiped specimen. The following steps are the procedures of simulating a Brazilian test 

(Itasca 2008c); 

1. The servomechanism will be activated for x-walls (Figure 5-6) to seat the walls on the 

sample as these walls will be used as platens to load the sample. 

2. Next, the specimen will be loaded by the platens with a constant velocity that has been 

defined by the user. Similar to a compression test, the platens reach  the final velocity 

gradually. 
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3. During the Brazilian test the average force (F) that is being applied to the x-walls are 

being recorded (by averaging the total force that balls are applying to each x-wall). The 

test will be terminated when, 

<  5-3 

where α is a constant equal to 0.8 in this study and Ff is the maximum value for the 

recorded average force (F) acting on the x-walls. 

 

 

Figure 5-6 Brazilian test setup, side walls are used for loading the sample. 

Y-walls 

X-walls 
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5.2.4.3 Direct tensile test 

Direct tensile test is simulated in PFC to produce a zone in the middle of the specimen that is 

approximately in pure tension. The following steps are followed for the simulation of a direct 

tensile test;  

1. The specimen (Fig 5-7) is removed from the vessel by deleting all walls. For a dumbbell 

shaped specimen it needs to be trimmed from a cylindrical or polyaxial sample.  

 

Figure 5-7 Direct tensile test specimen, orange particles on top and bottom are working 

as grips to pull the sample apart. 
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1. Next, a thin layer of particles at the top and bottom of the specimen are identified to act 

as a grip and are specified a constant velocity to pull the sample apart (orange balls in 

Figure 5-7). Lateral movement or spinning is not allowed for the particles designated as 

the grips. The specified velocity for the grip particles is reached gradually, like the 

compression test, to avoid any shock to the system.  

2. The test will be terminated when the axial stress drops below a specified fraction of the 

maximum recorded axial stress. 

 

5.2.4.4 Stress and strain measurements 

The stress in the samples while simulating the laboratory tests are measured using the 

measurement spheres. The strain rate also can be measured by the means of measurement 

spheres, but this parameter is only  used for calculating Poisson’s ratio in the UCS test. For other 

purposes the strain can be measured by recording the displacement of two particles in the sample 

during the test. The position of measurement spheres in each UCS, Brazilian and direct tensile 

specimen are shown in Figures 5-8 to 5-10, respectively. The stress and strain rate in the UCS 

sample is the mean of these parameters measured by three measurement spheres, as shown in 

Figure 5-8. 
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Figure 5-8 Position of measurement spheres in the compressive specimen. 
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Figure 5-9 Position of measurement sphere shown in the front and side plots of 

Brazilian disk. 

 

Figure 5-10 Position of measurement sphere shown in the front and side plots of direct 

tensile test specimen. 
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5.3 PFC2D experiences 

Many researchers (Diederichs 2003, Potyondy and Cundall 2004, Cho et al 2007) have simulated 

rock engineering laboratory tests, such as unconfined and confined compressive tests and tensile 

tests, in PFC2D. They have discussed their concerns regarding the accuracy of the results they 

obtained. Diederichs (1999, 2003) simulated the progressive damage accumulation within brittle 

rocks, benefiting from the restrictive internal geometry of PFC and the probable mathematical 

and kinematic formulation of BPM that inhibits the unstable propagation of cracks once initiated. 

In PFC after initiation of the first cracks the stress concentration on the tips of the cracks 

dissipates due to the stress redistribution amongst the neighbouring contacts. In a UCS test or 

axisymmetric compression test, shear failure or axial fracture happens through crack coalescence 

and accumulation, rather than by splitting due to a single-crack, due to the stress state and test 

geometry. Diederichs et al (2004) could identify the onset of different damage levels by using 

cumulative crack counts, which can be recorded in PFC and are equivalent to Acoustic Emission 

(AE) monitoring in the laboratory (Hazzard and Young 2000). In Figure 5-11, Diederichs et al 

(2004) show systematic cracking as the onset of damage in the sample and crack coalescence as 

the starting point for localization and the yielding limit of the rock. 
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Figure 5-11 Detection of different damage thresholds by using the cumulative number of 

cracks recorded in PFC2D (after Diederichs et al 2004). 

 

Diederichs (1999), based on his simulations in PFC2D, using contact bonds for the Lac du 

Bonnet granite reported the following; 

• The peak strength envelope does not coincide with the actual strength envelope of the 

rock and better represents the yielding limit.  

• The internal angle of friction for the numerical sample was lower than for actual rock. 

• The tensile strength of the model or the ratio of compressive to tensile strength of the 

synthesized model was much higher than the ones for the actual rock. 
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The reported inaccuracies can be seen schematically in Figure 5-12. 

 

 

Figure 5-12 Comparison between PFC2D simulations and the real rock behaviour (after 

Diederichs 2003). 

 

As shown in Figure 5-12 the difference between simulated behaviour and laboratory 

results are much greater in tension. In reality any initiating crack will immediately progress in an 

unstable fashion to failure, due to the stress field around the crack tip. But in PFC, after initiation 

of the first crack the accumulation of cracks are still required for failure (Figure 5-13).  

Bonds in PFC act as truss elements in a truss structure. As it is shown in Figure 5-13 

(compressive bridges), ruptured tensile bonds cannot cross active compressive bonds. There is the 

same situation in the Brazilian test. The centre of the Brazilian disc is not in a pure unconfined 
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tension (σ1 = -3σ3). Therefore, the disc does not split after initiation of the first crack. As shown 

in Figure 5-13, in a Brazilian test there is a difference between the first-crack stress and peak 

strength. For reaching the localization and peak strength, cracks must be accumulated. The 

process is similar in direct tension. The point of first crack initiation correlates with the true 

tensile strength values, while the ultimate failure stress is unrealistic (Diederichs 1999, 2003). 

 

 

Figure 5-13 Difference between the stresses associated with the first-crack and rupture 

due to the available confining stress (after Diederichs 1999). 

 

Diederichs (2003) suggested that the use of parallel bonding, in 3D simulation, clumping, 

clustering and maybe a combination of these may improve the tensile/compression strength ratio.  
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5.4 PFC3D model calibration 

As previously explained, in Section 5.2.3, in PFC unlike other ordinary engineering codes the 

rock needs to be synthesized. The macroscale properties of the synthesized rock are determined 

by simulating rock mechanics laboratory tests on the synthesized rock sample. These macroscale 

properties are equivalent to those that are measured in the laboratory and are implemented in 

ordinary rock mechanics codes by assigning different material properties to different parts of a 

model. To make the synthesized model and have the desired behaviour, the model  needs to be 

calibrated. The calibration of a PFC model requires adjusting the micrsoscale parameters, such as 

contact properties, the choice of the contact model, contact model properties, ball size and etc., to 

achieve the strength properties determined in a laboratory test. 

  Normally the models are calibrated to the UCS parameters of the rock. This means that 

the microparameters are changed until the UCS strength, Poisson’s ratio and the Young’s 

modulus of the synthesized sample are within an acceptable range of the properties obtained from 

UCS testing of the real rock. The following parameters need to be calibrated for a contact bonded 

model; 

 EC   particle-particle contact Young’s modulus   

 kn/ks   ratio of particle normal to shear stiffness 

μ particle friction coefficient (this applies when the contact bond 

has broken) 

 σc (mean & std. dev.) normal strength 

 τc (mean & std. dev.) shear strength 

For a parallel bonded model the following parameters need to be calibrated; 

 ̅   radius multiplier that is used to set the parallel bond radii 
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 EC   particle-particle contact Young’s modulus 

 kn/ks   ratio of particle normal to shear stiffness 

    each parallel bond Young’s modulus 

 /    ratio of parallel bond normal to shear stiffness 

 μ   particle friction coefficient 

  (mean & std. dev.) normal strength 

 ̅  (mean & std. dev.) shear strength 

The following procedures are followed for calibration of a synthesized sample based on UCS 

properties (Itasca 2008c); 

1. The Young’s modulus is matched by setting the material strengths to a large value and 

changing Ec (and  for a material with parallel bond). Then the Poisson’s ratio can be 

matched by varying the kn/ks (and /  for a parallel bonded material) until the desired 

value is obtained. It should be kept in mind that several iterations may be needed for each 

parameter to match the desired value. 

2. Peak strength can be matched after obtaining the desired elastic responses by setting the 

confinement pressure equal to zero (UCS conditions) and the standard deviation of 

normal and shear strengths to zero. The standard deviation controls the crack initiation 

stress. The ratio of normal to shear strength affects the sample’s behaviour and therefore 

after the ratio is picked it should not change while calibrating. 

3. Post-peak behaviour can be controlled by the particle friction coefficient (μ). 

After calibration of the synthesized sample, its strength envelope can be obtained by 

simulating the triaxial and tensile tests using the calibrated sample. 
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5.5 Contact bond 

The simulation of damage accumulation, in 3 dimensions, is conducted to evaluate the 

consistency of the 2 dimensional contact bonded model results. Inaccurate results have been 

predicted for the behaviour of the rock in 2 dimensional simulations (Diederichs 1999). A series 

of laboratory tests, were simulated in PFC3D using contact bonds. Brazilian, direct tensile, UCS 

and confined compressive tests have been simulated. Specimen dimensions and geometries 

(Figure 5-4), as stated in Section 5.2.4, have been chosen based on the International Society for 

Rock Mechanics (ISRM) Suggested Methods (SM) (ISRM 1978 and 1999) and Hoek (1964) for 

the direct tensile test geometry. 

The target properties for calibration of the Lac du Bonnet granite have been obtained 

from the laboratory test results that have been reported in Chapter 3. For better comparison 

between the results of 2 and 3 dimensional simulations these properties are equal to those which 

Diederichs (1999) has used for his model calibrations. These target properties are shown in Table 

5-1. 

Table 5-1 Target properties for the calibration of the Lac du Bonnet granite models. 

Unconfined Compressive Strength, UCS 180 MPa 

Damage Initiation Threshold 60 to 100 MPa 

Young’s Modulus 55 to 60 GPa 

Poisson’s Ratio 0.25 

Residual Friction Coefficient 1 = tan(45 deg.) 

 

The calibrated microparameters for the Lac du Bonnet granite are listed in Table 5-2. 
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Table 5-2 Microproperties of the contact bonded model calibrated to the Lac du 

Bonnet granite. 

Rmin 0.75 mm kn/ks 4.7 

Rmax/Rmin 1.66 σ n 87±17.4 MPa 

µ 1 σ s 350±70 MPa 

Ec 104 GPa   

 

In Table 5-2, Rmin is the radius of smallest ball, Rmax/Rmin is the ratio of largest to smallest 

ball radii, µ is the ball friction coefficient, Ec is the ball modulus, kn/ks is the normal to shear 

stiffness ratio for balls, nσ  is the normal strength of contact bonds, and sσ  is the shear strength. 

Figure 5-14 shows different damage thresholds for a 3D contact bonded model. Damage 

thresholds have been detected for each test using the Acoustic Emission method. The number of 

broken bonds (new crack forming) is recorded while simulating the testing of the sample.  

It can be seen in Figure 5-14 that the peak strength and first interaction thresholds are 

almost linear. A comparison between Figure 5-12 and Figure 5-14 shows that the results of the 

3D simulations using contact bonds are consistent with the 2D simulations using contact bonds. 
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Figure 5-14 Damage thresholds for the contact bonded model calibrated to the Lac du 

Bonnet granite. 

 

5.6 Parallel bond 

The next step for improving the rock behaviour after using the simplest form of contact model 

(contact bond) is to take advantage of a more sophisticated contact model i.e. parallel bond, in 

PFC3D. Parallel bonds, due to their ability to transfer bending moment, can prevent the free 

rotation of particles. A schematic behaviour of parallel bonds in comparison to contact bonds is 

shown in Figure 5-15. The ability of parallel bonds to prevent the free rotation of particles can 

inhibit some deviation in the model behaviour (Cho et al 2007). 
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Figure 5-15 Schematic representation of parallel bond and contact bond behaviour 

(after Cho et al 2007). 

 

The microparameters for the parallel bonded model, calibrated to the Lac du Bonnet 

granite properties, are listed in Table 5-3.  
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Table 5-3 Microproperties of the parallel bonded model calibrated for the Lac du 

Bonnet granite. 

Rmin 0.75 mm σ n 135±15 MPa 

Rmax/Rmin 1.66 σ s 540±100 MPa 

µ 1 λ  1 

Ec 60.0 GPa E c 60.0 GPa 

kn/ks 4.0 k n/ k s 4.0 

 

In this table, Rmin is the radius of the smallest sphere in the model, Rmax/Rmin is the ratio of 

largest to smallest sphere radii, µ is the ball friction coefficient, Ec is the ball modulus, kn/ks and 

sn kk /  are the normal to shear stiffness ratios for sphere and parallel bonds, respectively. nσ  is 

the normal strength of the parallel bonds, sσ  is the shear strength, λ  is the parallel bond radius 

multiplier, and cE is the parallel bond modulus. 

The behaviour of a parallel bonded model is shown in Figure 5-16. In this figure different 

damage thresholds have been detected for the parallel bonded model. In comparison to the 

contact bonded model, it can be seen that the first interaction (CD) threshold is closer to the peak 

envelope. The overall behaviour of the parallel bond model in tension is less successful than the 

contact bond model, although the parallel bonds could correctly capture the coincidence of CI, 

CD and peak thresholds, which occur in a direct tensile test on a rock specimen.  

A look at the data points for systematic cracking (CI), first interaction (CD) and peak 

envelope in Figure 5-16, shows that the parallel bond model was able to capture the s-shaped (tri-

linear) strength envelope (Kaiser et al 2010) that occurs for brittle rock specimens in the 

laboratory. 
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Figure 5-16 Damage thresholds for the parallel bonded model calibrated to the Lac du 

Bonnet granite. 

 

The change of the contact model from contact bond to parallel bond improved the 

behaviour of the simulated model in tension and lead to the coincidence of CI, CD and Peak 

values. However this value is still too high compared to the real tensile strength of the rock. The 

rupture after failure and the localization of the cracks in the middle zone of the direct tensile test 

specimen are similar to laboratory tests and the model failure mode is shown in Figure 5-17 by 

means of the displacement vectors (left) and a plot of the cracks (right). 
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Figure 5-17 Direct tensile test specimen after failure, left) Displacement vectors for 

particles, right) Plot of broken bonds (cracks) in the specimen. 

 

Examples for a UCS and a Brazilian test specimen after failure are shown in Figures 5-18 

and 5-19. In Figure 5-18 the velocity vectors for the particles are shown. The formation of shear 

banding after failure is clearly shown in this figure. In Figure 5-19, black cylinders are showing 

the magnitude and orientation of the cracks that have been formed while testing. 
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Figure 5-18 Velocity vectors for the particles in a failed UCS test specimen in which the 

shear bands are formed. 
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Figure 5-19 Brazilian disk after failure, black cylinders are representing the cracks. 

 

Representation of grains in the model can be an alternative method for achieving the 

desired behaviour from the simulated rock. Grains can be simulated either as rigid bodies or 

breakable particles by clumping or clustering methods, respectively. 

5.7 PFC method of clumping 

The effect of the clumping method in PFC3D on the simulated rock behaviour has been examined. 

This clumping method, which has been implemented into PFC3D, can be accessed by PFC3D 

Commands and no initial FISH coding is needed for utilizing it. The PFC3D clumping method 
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replaces each single sphere of a model with a clump of spheres with the same volume. These 

clumps are defined by the number, centre position and radius of each of the spheres that construct 

the clump (Itasca 2008c). Different clump shapes can be defined and used based on the desired 

percentage of the total number of existing balls in a model. This type of clumping by replacement 

creates composites that have a rougher surface than a single ball, but do not have high interlock 

with other clumps. 

For the purpose of this simulation, five different clump shapes have been defined. The 

clump geometries used can be seen in Figure 5-20. All clump shapes have been used equally in 

number, comprising 20% of the original number of spheres in the sample. Parallel bonds are used 

as the contact model in this set of simulations and the calibrated micro-properties for the clumped 

model are listed in Table 5-4. 

 

 

Figure 5-20 Different clump geometries used for clumped model (PFC method) 

calibrated to LDB granite (after Ghazvinian and Diederichs 2010a). 

 



 

158 

 

Table 5-4 Microproperties of clumped model (PFC method) calibrated to Lac du 

Bonnet granite. 

Rmin 0.8 mm σ n 129±25.8 MPa 

Rmax/Rmin 1.66 σ s 516±103 MPa 

µ 1 λ  1 

Ec 51.5 GPa E c 51.5 GPa 

kn/ks 4.6 k n/ k s 4.6 

 

In this table, Rmin is the radius of the smallest sphere before clumping, Rmin decreases 

significantly after clumping as the total number of spheres jumps from 33100 to 132400, 

Rmax/Rmin is the ratio of largest to smallest sphere radii before clumping, µ is the ball friction 

coefficient, Ec is the ball modulus. kn/ks and sn kk /  are the normal to shear stiffness ratios for 

ball and parallel bond respectively, nσ  is the normal strength of parallel bonds, sσ  is the shear 

strength, λ  is the parallel bond radius multiplier and cE is the parallel bond modulus. 

Damage thresholds for the clumped models (PFC method) with parallel bonds are plotted 

in Figure 5-21. It can be seen that clumping was able to decrease the predicted tensile strength 

and increase the curvature of the thresholds, but still the result is not satisfactory as the peak 

envelope does not line up with the Hoek-Brown criterion. For the sake of comparison, the Hoek-

Brown criterion with standardized “s” (equal to 1) and “a” (equal to 0.5) for intact Lac du Bonnet 

granite has been drawn in Figure 5-21. 
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Figure 5-21 Damage thresholds for the clumped model (PFC method) with the parallel 

bond calibrated to the Lac du Bonnet granite (after Ghazvinian and Diederichs 2010a). 

 

The major principal stresses for Brazilian tests in Figure 5-21 have been calculated based 

on the relation σ1 = -3σ3 (Diederichs 1999), but it should be mentioned that the ratio of the major 

to minor principal stress in the centre of the disk was measured to be around 4. 

The clumping method itself can be questioned as the main reason for the unsatisfactory result of 

the clumped model combined with parallel bonding. In this method, replacing a ball with a clump 
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that has the same volume, leads to a colony of clumps with a very wide variety of sizes sitting 

beside each other. Furthermore, the inability of this method to produce random shaped clumps 

provides an arrangement that does not introduce any interlocking resistance to normal or shear 

loading. Interlocking is the key behind the apparent success of the clumping algorithm in PFC2D 

introduced by Cho et al (2007). Interlocks between the clumps can bear some of the load, letting 

the bonds be calibrated with a lower strength, which helps to decrease the predicted tensile 

strength of the model to a more realistic value. 

 

5.8 New method for clumping in PFC 3D 

The author developed a new method for clumping to compensate for the shortfalls and the poor 

result of the predefined method of clumping in PFC3D in simulating rock behaviour and predicting 

the damage thresholds. The author is of the opinion that with 3D clumps of random shape 

interlocks will increase (as seen in the 2D studies of Cho et al. 2007). Interlocks bear some of the 

applied load in compression and allow the bonds to be calibrated to a lower strength compared to 

the time that no clumps exist. Lower strength bonds can lead to a lower predicted value for the 

ratio of tensile/compressive strength. 

This method, which has been developed using FISH, tries to produce a model with 

uniformly sized distribution of clumps that have random shapes. In this method of clumping, 

FISH traverses through a list that has a link to all balls in the model which are randomly 

distributed in the model volume. For each ball, FISH finds the other balls that are surrounding 

this ball and do not belong to other clumps. If the count of found balls is equal to or greater than 

the specified maximum clump size, then a specified number of them will be clumped together to 

make a clump of a specified size. If the number of found balls is less than the specified maximum 
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clump size then FISH jumps to a ball adjacent to the original ball and finds the balls surrounding 

this second ball and repeats the searching process. This will continue for a third adjacent ball in 

case not enough balls are found. Afterwards even if the number of found balls, adjacent to the 

first, second and the third balls does not reach the desired number, FISH clumps them together. 

This process starts with making clumps with the maximum size (maximum number of balls 

constrained in a clump) and as the number of free balls decreases, due to their involvement in 

other clumps, new generated clumps have a smaller size. This procedure continues until all the 

balls in the models are clumped. The smaller clumps work like a filler for the gaps between larger 

clumps. A detailed procedure employed for this method is shown in Figure 5-22. 

An example for a clumped model using the new method with the maximum clump size of 

10 balls has been shown in Figure 5-23. Also in this figure several random shaped clumps, 

produced by the new method of clumping, are shown as well. It can be seen that, comparing to 

the PFC method of clumping, interlocks between the clumps have been increased. In this method 

each clump has its own random shape rather than a predefined geometry. 
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Figure 5-22 Algorithm showing the procedure of the developed clumping method, S is 

the clump size (after Ghazvinian and Diederichs 2010b) 
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Figure 5-23 Clumped UCS model in the left and examples of generated clumps in the 

right using the developed clumping method, show the substantial increase of interlocked 

particle.  

 

In Figure 5-24, the distribution of the total number of balls being used in each clump size 

for the model shown in Figure 5-23, is shown. It shows the efficiency of the method in using the 

largest number of balls for the specified clump size. The new method starts to make smaller 

clumps when it is unable to find enough balls of the desired clump size. As can be seen in Figure 

5-24, this method is producing a uniform clump size distribution all over the model. This may not 

be realistic for all rock types, therefore the author developed other FISH codes that are able to 

produce different kinds of grain size distributions such as bell shaped (standard) or bimodal 

distributions. This will be further discussed in Section 5.9.1. 
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Figure 5-24 Distribution of number of balls being used for each clump size in the 

clumped (new method) model. 

 

The Poisson’s ratio generated within the clumped model (new clumping method), under 

UCS loading is unrealistically high for the micro-parameter suite selected. It is possible to reduce 

the Poisson’s ratio to 0.25 by decreasing the kn/ks ratio for both ball and parallel bond to 0.25. But 

in this case the triaxial simulations will not give good results because the kn/ks ratio of less than 

one is not fundamentally correct. A high Poisson’s ratio for this model resulted because clumps 

are rigid bodies that are not breakable. Due to axial loading they can only slip and rotate. Slipping 

and rotation causes empty spaces to form between the clumps and increases the specimen 

diameter which means an increase in the Poisson’s ratio. 

The problem of high Poisson’s ratio associated with the clumping method due to the rigid 

bodies can be prevented by allowing breakable grains. These particles can lower the Poisson’s 

ratio by breaking and filling the empty spaces rather than by slipping and rotating over each 

other. Breakable grains have been produced by developing a clustering method in PFC3D. 
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5.9 Clustering (Grain structure generator) 

The idea of replacing clumps with clusters that are not rigid and allowing cracks to propagate 

through them is an alternative method to clumping. This method can solve the problems 

associated with the new clumping method, due to the rigid bodies, such as a high Poisson’s ratio. 

The clustering method uses the clump structure generated by the newly developed clumping 

method and converts them to breakable grains (clusters). The parallel bonds within the clusters 

(intragranular) are stronger than the parallel bonds between the clusters (intergranular, bonds that 

attach clusters together). This process, in which first the model is clumped with the new clumping 

method and then the clumps are converted in to clusters (breakable grains) will be called “the 

grain structure generator”, hereafter. 

The grain structure generator required a FISH code that could traverse through a list that 

has a link to all parallel bonds in the model. Each parallel bond has two ends which are connected 

to balls. In this method, if two balls on each end of the bond are in the same clump then the 

normal and shear strength of the parallel bond will be multiplied by three. This can even be 

extended for simulating multi-grain samples where bonds in different clumps can be multiplied 

by different constants. If two balls at each opposing end of the parallel bond are not in the same 

clump then nothing will be modified. After assigning the new bond properties, balls will be 

released from the clump constraints.  

To simulate the weaker intergranular and stronger intragranular bonding, the normal and 

shear strength of the bonds within clusters have been set to three times of the magnitude of the 

shear and normal strength of the bonds between clusters. A schematic view of the clustering 

concept can be seen in Figure 5-25. In this figure black bonds are intragrangular and three times 

stronger than red intergranular bonds. 
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Figure 5-25 Schematic of a clustered model, black bonds (intragranular) are three times 

stronger than red bonds (intergranular). 

 

Calibrated microparameters for the clustered model (breakable grains) are listed in Table 5-5. 

Table 5-5 Microproperties of clustered model with the strength ratio of 3, calibrated to 

Lac du Bonnet granite. 

Rmin 0.75 mm σ n 109.5±27.375 MPa 

Rmax/Rmin 1.66 σ s 438±43.8 MPa 

µ 1 λ  1 

Ec 62 GPa E c 62 GPa 

kn/ks 3.9 k n/ k s 3.9 

 

The result of the simulations using the grain structure generator method (clustered) can 

be seen in Figure 5-26. It can be seen that the tensile strength of the specimen has been slightly 

decreased, but still the peak envelope does not coincide with the Hoek-Brown criterion for the 

intact rock. More work is needed to correct this fundamental problem. 
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There are some parameters in this method that potentially are able to change the model 

behaviour more than others. For instance, the cluster size and the ratio of 

intragranular/intergranular bond strengths can affect the behaviour and each will be discussed 

further in Sections 5.9.1 and 5.10.1 respectively. 

 

 

Figure 5-26 Peak strength envelope for the clustered model with the strength ratio of 3, 

with best Hoek-Brown envelope fitted (after Ghazvinian and Diederichs 2010b). 
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5.9.1 Effect of grain size distribution 

The grain size distribution that is generated in the model by the new clumping method has been 

shown in Figure 5-24. To evaluate the effect of the grain size distribution on the model behaviour 

three different grain size distributions, of “fine grain”, “medium grain” and “coarse grain”, have 

been tested. This has been done by modifying the clumping method in the grain structure 

generating process. 

The control on the type of grain size distribution was gained by controlling the number of 

clusters that are being generated for each grain size. In other words certain limits in the number of 

each grain size are defined. The developed code starts to generate grains with maximum specified 

size and it keeps the count of generated grains with that specific size. This continues until the 

count of grains reaches a certain limit, then the maximum size for grains is decreased by one and 

it continues until the certain limit for the new maximum size is reached. The process of 

generating grains and updating the maximum grain size continues until all balls are tagged by a 

grain. 

Three different grain size distributions, with a maximum grain size of 10 balls, were 

generated to test the effects on the model and are shown in Figure 5-27. It can be seen in this 

figure that the employed method was successful in producing the desired grain size distributions 

in the models. 
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Figure 5-27 Grain size distributions for three fine, medium and coarse grain samples 

generated by the developed grain structure generator method, and the corresponding rock 

type for various grain size ranges. 

 

The UCS specimens for the three models, with different grain size distributions, are 

shown in Figure 5-28. It can be seen in this figure that grain sizes are increasing in the UCS 

samples from left to right. Large assemblies of balls can be seen in the fine grain model in Figure 

5-28, however. In these assemblies most are separate grains that are connected to each other by 

weak intergranular parallel bonds and are not single grains. 
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Figure 5-28 Fine, medium and coarse grain models from left to right respectively, 

generated by means of the developed grain structure generator. 

 

Each model has been calibrated separately to the properties of the Lac du Bonnet granite 

that are listed in Table 5-1. The calibrated microproperties of the fine grained, medium grained 

and coarse grained samples are listed in Tables 5-6, 5-7 and 5-8, respectively. The ratio of 

Fine grain model
Number of balls: 40077
Number of grains: 17986

Medium grain model
Number of balls: 40077
Number of grains: 8881

Coarse grain model
Number of balls: 40077
Number of grains: 7069
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intragranular/intergranular strengths have been set to four for this set of simulations. The effect of 

this ratio on the model behaviour will be investigated later in this Chapter. 

 

Table 5-6 Microproperties of the clustered fine grain model with the strength ratio of 

4, calibrated to the Lac du Bonnet granite. 

Rmin 0.75 mm σ n 124.0±31.0 MPa 

Rmax/Rmin 1.66 σ s 496.0±49.6 MPa 

µ 1 λ  1 

Ec 62 GPa E c 62 GPa 

kn/ks 3.9 k n/ k s 3.9 

 

 

Table 5-7 Microproperties of the clustered medium grain model with the strength 

ratio of 4, calibrated to the Lac du Bonnet granite. 

Rmin 0.75 mm σ n 112.7±28.175 MPa 

Rmax/Rmin 1.66 σ s 450.8±45.08 MPa 

µ 1 λ  1 

Ec 62 GPa E c 62 GPa 

kn/ks 3.9 k n/ k s 3.9 
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Table 5-8 Microproperties of the clustered coarse grain model with the strength ratio 

of 4, calibrated to the Lac du Bonnet granite. 

Rmin 0.75 mm σ n 109.7±27.425 MPa 

Rmax/Rmin 1.66 σ s 438.8±43.88 MPa 

µ 1 λ  1 

Ec 62 GPa E c 62 GPa 

kn/ks 3.9 k n/ k s 3.9 

 

Comparing the microproperties of the three models in Tables 5-6 to 5-8 that have been 

calibrated to give the same strength, it is indicated that the differences in the grain size 

distribution have no effect on the calibration of microparameters (Ec, , kn/ks and / )  that 

are associated with the macroscale elastic constants (Young’s modulus and Poisson’s ratio) of the 

models. Therefore the mentioned microparameters remain constant for various grain size 

distributions used in future models. Comparing the normal and shear strength of the parallel 

bonds in the models, with different grain size distributions, shows that the  intergranular strength 

of the bonds are strongest in the fine grained model, more than in the medium grained model, and 

the strength is weakest in the coarse grained model. This is due to the fact that the major 

percentage of bonds breaking at failure are intergranular type bonds. Therefore, as the ratio of the 

number of intergraular to intragranular bonds is higher in the fine grained model and intergranular 

bonds are weaker than intragranular bonds a higher strength needs to be set for intergranular 

bonds in order for the same strength to be achieved 

The strength envelopes of different damage levels for the coarse grained model are 

plotted in Figure 5-29. A slight improvement in the ratio of compressive/tensile strengths of the 

model can be traced but still the overall behaviour of the model is not satisfactory. 
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Figure 5-29 Damage thresholds for the clustered coarse grain model with the strength 

ratio of 4, calibrated to the Lac du Bonnet granite. 

 

For comparing the effect of the grain size distribution on model behaviours, the peak 

envelope and first crack thresholds for the fine, medium and coarse grained models are plotted in 

Figure 5-30 and CI and CD thresholds are plotted in Figure 5-31. 
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Figure 5-30 First-crack thresholds and peak envelopes of the clustered fine, medium and 

coarse grained models with the strength ratio of 4, calibrated to the Lac du Bonnet granite 

(solid, dashed and dotted lines are representing the fine grain, medium grain and coarse 

grained models respectively). 
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Figure 5-31 CI and CD thresholds of the clustered fine, medium and coarse grained 

models with the strength ratio of 4, calibrated to the Lac du Bonnet granite (solid, dashed 

and dotted lines are representing the fine grained, medium grained and coarse grained 

models, respectively). 

 

Comparing different damage thresholds for fine, medium and coarse grain sizes in 

Figures 5-30 and 5-31 shows that the fine grained distribution increases the simulated tensile 

strength of the sample while at the same time decreases the internal angle of friction. The 
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difference between the first crack, CD and peak envelopes of the medium  and coarse grained 

models are minute and just the y-axis interception of the CI threshold for the medium grained 

model is slightly higher than the one for the coarse grained model. 

The attempts for correcting the behaviour of simulated rock in PFC3D for the Lac du 

Bonnet granite was not as successful as expected, although some local corrections could be made 

and many lessons were learned. To evaluate the consistency of the differences between the 

simulated behaviour of the brittle rock with the laboratory measurements, another type of granite, 

the Standstead, has been simulated using the grain structure generator method and compared to 

laboratory test results.  

 

5.10 Grain structure generator method (clustered model) for the Stanstead granite 

To evaluate the accuracy of PFC3D in simulating the behaviour of the Stanstead granite, a series 

of simulations using the clustering method have been conducted. The results of the laboratory 

testing on the Stanstead granite have been reported in Chapter 4. The target macroscale 

parameters that are the summary of laboratory testing results are listed in Table 5-9 and will be 

used for calibration of the models to the Stanstead granite behaviour. 

Table 5-9 Target properties for the calibration of Stanstead granite models. 

Unconfined Compressive Strength, UCS 104 MPa 

Young’s Modulus 30 to 35 GPa 

Poisson’s Ratio 0.24 

Residual Friction Coefficient 1 = tan(45 deg.) 

 

Three different models, with various grain size distributions, i.e. fine, medium and coarse 

grained, have been created and calibrated to the Stanstead granite target properties. The calibrated 
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microproperties for the fine grained, medium grained and coarse grained samples are listed in 

Tables 5-10, 5-11 and 5-12 respectively. In these sets of calibrations, like the clustered Lac du 

Bonnet granite model calibration results, the difference in the grain size distribution has no effect 

on the calibration of microparameters that are associated with the macroscale elastic constants 

(Young’s modulus and Poisson’s ratio) of the models.  

 

Table 5-10 Microproperties of the clustered fine grain model with the strength ratio of 

4, calibrated to the Stanstead granite. 

Rmin 0.75 mm σ n 69.2±17.3 MPa 

Rmax/Rmin 1.66 σ s 276.8±27.68 MPa 

µ 1 λ  1 

Ec 35 GPa E c 35 GPa 

kn/ks 3.55 k n/ k s 3.55 

 

 

Table 5-11 Microproperties of the clustered medium grain model with the strength 

ratio of 4, calibrated to the Stanstead granite. 

Rmin 0.75 mm σ n 64.0±16.0 MPa 

Rmax/Rmin 1.66 σ s 256.0±25.6 MPa 

µ 1 λ  1 

Ec 35 GPa E c 35 GPa 

kn/ks 3.55 k n/ k s 3.55 
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Table 5-12 Microproperties of the clustered coarse grain model with the strength ratio 

of 4, calibrated to the Stanstead granite. 

Rmin 0.75 mm σ n 61.9±15.475 MPa 

Rmax/Rmin 1.66 σ s 247.6±24.76 MPa 

µ 1 λ  1 

Ec 35 GPa E c 35 GPa 

kn/ks 3.55 k n/ k s 3.55 

 

 

The simulated behaviour of the Stanstead granite, with coarse grains and the strength 

ratio of 4, is shown in Figure 5-32. Different damage thresholds and the laboratory rock 

behaviour have been plotted in this figure. In the simulated behaviour of Stanstead granite the 

compressive/tensile strength ratio is high and the peak envelope does not coincide with the 

strength envelope of the real rock measured in the laboratory, although at higher confinements the 

internal angles of friction are equal for both simulated and real rock peak envelopes. 

To compare the effect of the different grain size distributions on the simulated Stanstead 

granite behaviour, three models of fine, medium and coarse grains have been generated. 

Comparison between the peak envelopes and first crack thresholds are shown in Figure 5-33 and 

CI and CD thresholds for various grain size distributions are compared in Figure 5-34. 
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Figure 5-32 Damage thresholds for the clustered coarse grained model, with the strength 

ratio of 4, calibrated to the Stanstead granite. 
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Figure 5-33 First-crack thresholds and peak envelopes of the clustered fine, medium and 

coarse grain models with the strength ratio of 4, calibrated to the Stanstead granite (solid, 

dashed and dotted lines are representing the fine grain, medium grain and coarse grained 

models respectively). 
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Figure 5-34 CI and CD thresholds of the clustered fine, medium and coarse grain models 

with the strength ratio of 4, calibrated to the Stanstead granite (solid, dashed and dotted 

lines are representing the fine grain, medium grain and coarse grained models respectively). 

 

It can be seen in Figures 5-33 and 5-34 that the different grain size distributions hardly 

had an effect on the first crack and CI thresholds. But it can be seen that increases in the grain 

size causes increases in the internal angle of friction in the CD and peak strength envelopes of 
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tensile strength of the model. This can be due to the relatively small cross sectional area of the 

direct tensile test specimen’s middle neck, where the rupture occurs, in comparison to the sphere 

sizes that makes the test insensitive to different grain size distributions.  

In the developed method for clustering, two parameters of grain size and the ratio of 

intragranular/intergranular bond strengths ratio affect the model behaviour. The effect of grain 

size on the model behaviour was examined in this section. Therefore the other parameter left for 

evaluation is the ratio of intragranular/intergranular bond strengths. 

 

5.10.1 Effect of intragranular to intergranular strength ratio 

The effect of intragranular to intergranular strength ratio on the model behaviour has been 

examined for the Stanstead granite by comparing two different sets of analyses using different 

strength ratios. A new set of models with a strength ratio equal to two has been simulated and 

presented in this section. The results are compared with the simulation results of Stanstead granite 

models from the previous sections with a strength ratio of four. 

The calibrated microparameters for the model with a coarse grain size distribution are listed in 

Table 5-13.  

Table 5-13 Microproperties of the clustered coarse grain model with the strength ratio 

of 2, calibrated to the Stanstead granite. 

Rmin 0.75 mm σ n 65.5±16.375 MPa 

Rmax/Rmin 1.66 σ s 262.0±26.2 MPa 

µ 1 λ  1 

Ec 35 GPa E c 35 GPa 

kn/ks 3.55 k n/ k s 3.55 
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The simulated behaviour of the Stanstead granite with coarse grains and strength ratio of 

two is shown in Figure 5-35. The comparison between the two models with different strength 

ratios of two and four is plotted in Figure 5-36. In this figure the solid lines represent the 

thresholds for the model with the strength ratio equal to four and dashed lines represent the 

thresholds for the model with strength ratio of two. 

 

 

Figure 5-35 Damage thresholds for the clustered coarse grain model with the strength 

ratio of 2, calibrated to the Stanstead granite. 
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Figure 5-36 Damage thresholds for the clustered coarse grain models with the strength 

ratios of 2 and 4, calibrated to the Stanstead granite (solid and dashed lines are 

representing models with the strength ratios of 4 and 2 respectively). 

 

The comparison shown in Figure 5-36 indicates that the difference in the intragranular to 

intergranular strength ratio has very little effect on the first crack and CI thresholds. But 

increasing this ratio leads to an increase in the internal angle of friction and a decrease in the 

tensile strength of the model. 
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The damage thresholds i.e. first-crack, CI, CD and peak for the Lac du Bonnet granite 

have been compared for four selected simulation methods. These methods are contact bond, 

parallel bond, PFC method of clumping and grain structure generator method (coarse grained 

clustered model with the strength ratio of 4) and their results are compared for the direct tensile, 

UCS and confined compressive strength (with 25 MPa confinement) tests. The comparisons for 

direct tensile, UCS and confined compressive strength tests are shown in Figures 5-37, 5-38 and 

5-39, respectively. 

Figure 5-37 shows that clumping (PFC method) and the grain structure generator method 

have decreased the tensile strengths of the models as compared to the plain contact or parallel 

bonded models. The decrease in the tensile strengths for the clumped and the coarse grained 

models is greatest for the first-crack threshold.  

The drop in the first-crack and CI thresholds for the clumped and the coarse grained 

models in comparison to the contact bonded and parallel bonded models that can be seen in 

Figures 5-37 to 5-37 are due to the increase in the percentage of the deviation of normal strength 

from 10% to 25%. As it can be seen in Figures 5-38 and 5-39, the behaviour of the contact 

bonded and the parallel bonded models is almost identical in compression and the only difference 

in their behaviour is in tension. The clumped and the coarse grained model behaviour is similar in 

the UCS test but a smoother transition through different damage phases can be seen from the 

coarse grained sample in the confined compressive test in Figure 5-39. 
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Figure 5-37 Comparison of  the damage thresholds in direct tensile tests for the various 

methods used in the PFC3D simulations. 

 

Figure 5-38 Comparison of the damage thresholds in UCS test for the various methods 

used in the PFC3D simulations. 

0
5

10
15
20
25
30
35
40
45
50

Contact  
bond

Parallel bond Clumped 
(PFC 

method)

Coarse grain 
(strength 
ratio of 4)

St
re

ss
 (M

Pa
)

First crack
CI
CD
Peak

0
20
40
60
80

100
120
140
160
180
200

Contact 
bond

Parallel bond Clumped 
(PFC 

method)

Coarse grain 
(strength 
ratio of 4)

St
re

ss
 (M

Pa
)

First crack
CI
CD
Peak



 

187 

 

 

Figure 5-39 Comparison of  the damage thresholds in triaxial test with 25 MPa confining 

pressure for the various methods used in the PFC3D simulations. 

 

 

Different methods have been employed in PFC3D to numerically duplicate the behaviour 

of the Lac du Bonnet granite and the Stanstead granite that have been measured in the laboratory. 

Different contact models, predefined method of clumping in PFC, new clumping and clustering 

methods have been used in simulations. Although the ratio of compressive to tensile strength 

could be decreased and correct internal angles of friction in high confinement stresses could be 

achieved, the exact behaviour of the rocks could not be duplicated. More sophisticated modelling 

codes or new user-written contact models are needed in this regard. 
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Chapter 6 

Discussion of results 

 

The significance of this study on the engineering implications of fracture simulation, with the aid 

of the laboratory testing results, are discussed in this Chapter. First, the discussion on the 

laboratory testing analyses and the numerical modelling results will be given. The Chapter 

continues by discussing the importance of accurate laboratory testing, data analyses and 

numerical simulation in real engineering projects. 

6.1 Discussion of laboratory testing results 

The laboratory results obtained from the testing of the Stanstead granite have been analyzed to 

determine the damage thresholds for this rock. These analyses show that this rock was damaged 

prior to the testing. This damage could have occurred due to many reasons. It could be due to the 

high in situ stress, weathering, extraction method, transportation or others. Therefore it is 

suggested that good care be taken for choosing the samples from this type of granite for studying 

the damage accumulation in granitic rocks. 

Two methods have been employed for the study of damage accumulation in granitic 

rocks. Acoustic Emission monitoring and the strain measurement methods have been used in this 

study. The analyses on the Stanstead granite and Smaland granite by the author showed that 

Acoustic Emission results can be noisy in some cases but, the results obtained from this method 

are more robust compared to the strain measurement method. Using the Acoustic Emission 

method provides the ability to track the occurrence of the new cracks that are initiating or the 

propagation of existing cracks. Another important feature of the Acoustic Emission method is 
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that, because the level of the strain wave that is emitted during the crack closure phase is not 

comparable with the level of Acoustic Emissions that are recorded at the crack initiation phase, 

therefore the problem of crack-closure threshold and CI threshold overlapping does not exist in 

this method. The overlapping issue is a disputable topic in the strain measurement method. The 

following is a discussion of the results achieved by comparing the damage thresholds detected by 

using Acoustic Emission and strain measurement monitoring systems. 

Detection of the damage thresholds using the strain measurement method is very 

subjective and different values can be reported for thresholds by different interpreters for the 

same set of data. It has been attempted in this study to introduce a new set of parameters 

calculated from the strain measurement results for detection of damage thresholds but still more 

work is needed in this regard. 

Using bigger specimens for testing and measuring the strains in the area that is out of the 

zone that is affected by the platen constraints can provide more accurate and reliable data. 

Although the restriction of crack count to the specified location in the sample is not easy to 

implement in the Acoustic Emission method, it is possible. This requires the tracking of crack 

positions in the sample while testing. 

It should be noted that in the strain measurement method, the preference is given to the 

use of transducers for measuring the displacements rather than the strain gauges. Use of 

transducers for displacement measurements can provide a record of global behaviour of the 

specimen under loading that can be misrepresented by local grain movements when using the 

strain gauges. In the case of the Brazilian test, due to the limitation of using transducers for 

measuring the lateral strain, great care should be taken in choosing the strain gauge size and its 

installation.  



 

190 

 

The strain measurement method assumes an isotropic stress distribution all over the 

sample. In the Brazilian test the stress state, isotropic or the degree of anisotropy, is dependent 

upon the grain sizes. Therefore an estimate for the level of inaccuracy for applying the strain 

measurement method for determining the damage thresholds for a Brazilian disk should be taken 

into consideration. Not much work has been done in this regard and therefore it can be a good 

topic for further investigations. 

The discussion of laboratory testing results leads to their application in the simulation of 

laboratory scale numerical models. With further advances in these laboratory scale models in 

representing rock behaviour, their application can be extended to the simulation of real case 

projects. 

 

6.2 Discussion of numerical modelling results 

Comparing the author’s simulations in PFC3D with previous simulations done by other researchers 

(Diederichs 2003, Cho et al 2007) in PFC2D may be useful for understanding the limitations and 

benefits of simulation in 3 dimensions. The contact bonded model in PFC3D, as shown in Figure 

5-15, gives the same type of inaccuracies in the results as in PFC2D (Figure 5-13). For instance, a 

high tensile strength and low angle of friction can be identified in both 2 and 3 dimensional 

models. Cho et al (2007) could simulate a model in PFC2D by means of random shaped clumps 

that was in good agreement with the behaviour of the real Lac du Bonnet granite, although the 

tensile strength of the model was slightly higher (8 MPa in comparison to 6 MPa for real rock) 

and the apparent internal angle of friction of the model was lower than the real rock (52.3  in 

comparison to 53.3  for real rock). The other uncertainty about the simulated behaviour of Cho et 

al’s (2007) model was the data point that has been used for representing the direct tensile test. It 



 

191 

 

is unclear whether this point has been obtained by direct tensile tests, Brazilian tests or the onset 

of first-crack in either direct tensile or Brazilian tests (as suggested by Diederichs (1999) to be 

picked as the correct tensile strength of the simulated rock in PFC2D). The author was unable to 

duplicate Cho et al’s (2007) work in 3 dimensions.  

The new clumping method that is producing random shaped clumps in PFC3D  generated 

a high Poisson’s ratio, caused by the slipping and rotation of clumps over each other. This can be 

due to the problem in the extension of the mathematical or kinematic equations of PFC from 2 to 

3 dimensions or a geometrical restriction caused by the third dimension. Kinematic equations 

governing PFC3D models are more complex than PFC2D models. This is due to the extra degrees 

of freedom for particles in 3 dimensions rather than 2 dimensions. Assuming a PFC2D model is a 

plane strain model, its extension to 3 dimensions would be to extend the disks into cylinders. PFC 

3D actually represents particles as spheres. The other reason for the apparent success of Cho et 

al’s (2007) work can be the ability of decreasing the ball radii in PFC2D much smaller than 

spheres in PFC3D. In PFC2D due to the smaller number of balls, in a certain model comparing to a 

PFC3D model, and also solving the mathematical equations for 2 dimensions, the resolution of the 

models (number of balls) can be significantly increased (minimum ball radius equal to 0.20 mm 

in PFC2D models of Cho et al (2007) versus minimum sphere radius equal to 0.75 mm in the 

author’s PFC3D models). Decreasing the minimum sphere radii of a UCS model in PFC3D from 

0.75 mm to 0.20 mm can significantly increase the calculation time by 15-20 times. Evaluating 

the effect of ball size on the predicted tensile strength of the model was out of the scope of this 

work, but based on a study done by Cho et al (2007), the smaller the ball radius the smaller the 

tensile strength that can be generated. This can be the reason for the low tensile strength predicted 

by the model in which the PFC method for clumping was used in Chapter 5 (Figure 5-36). In this 
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figure it can be seen that although the PFC method of clumping does not provide high interlock 

between the clumps it is able to produce a low strength model (in comparison to contact and 

parallel bonded models) as low as the tensile strength that is generated by the grain structure 

generator (clustered) method. This is due to the fact that PFC’s method of clumping replaces each 

ball with a predefined clump shape. In this case the smallest ball radius was defined to be 0.80 

mm. By replacing a ball with one of the clumps shown in Figure 5-19 the smallest ball radius 

available in the model could approximately drop to half of the original minimum radius (0.80 mm 

to 0.40 mm). Therefore better results can be expected to be obtained from the grain structure 

generator method in the case of lowering the spheres radii, but will certainly take longer time to 

analyze. 

Better studies can be done on the effect of different grain size distributions on the model 

behaviour in case of the possibility of decreasing the sphere radii. The change in the model 

behaviour that has been created by the grain structure generator method, with different grain size 

distributions, was not significant, especially the difference in the tensile strength of the Stanstead 

granite models. The reason can be the relatively large size of the grains in comparison to the 

model size. This makes the model behaviour insensitive to minor changes caused by different 

grain size distributions.  For instance in the direct tensile test, the area of stress concentration and 

rupture is the narrowest part of the specimen, in the middle. If the grains are large in comparison 

to the specimen’s cross-sectional area at the neck, the change in the grain size distribution has a 

minute effect on the model behaviour. In case of the possibility of decreasing the sphere radii 

significantly, and consequently decreasing the grain sizes, the author is expecting to see larger 

variation of behaviours from models with different grain size distributions. However; this was 

beyond the scope of this work due to time constraints.  
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Due to computational time limitations, the author was unable to decrease the spheres radii 

below 0.75 mm (other than the model clumped with the PFC method). Therefore the range of the 

fine grains in the Lac du Bonnet granite and the Stanstead granite with the smallest grain sizes of 

approximately 0.5 mm and 0.25 mm respectively could not be represented in the models directly. 

Decreasing the sphere radii to the true scale of grains in a rock sample would help in correcting 

the behaviour of the models. 

The intragranular to intergranular strength ratio that has been set to equal to 2, 3 and 4, in 

different places, is for forcing the cracks to form between the grains at this stage of the study. 

Further studies can be done on the effect of fractures propagating through the grains that will be 

discussed in Chapter 7. 

 

6.3 Practical applications 

For any rock engineering project four steps are necessary to complete the project. These four 

steps, of design, numerical models, characterization and instrumentation and monitoring (Figure 

6-1), are inter-related (Chandler 2004). In this study two components of characterization and 

numerical modelling have been evaluated that are inevitable steps of the design of underground 

structures in high stressed brittle granitic rocks. Spalling and notch formation, which are not 

directly possible to be captured by conventional design methods, are very likely occur under these 

kinds of conditions. Another issue in the design of underground excavations especially in the 

design of deep geological repositories for nuclear waste is the understanding of the extension of 

the Excavation Damaged Zone (EDZ) and the crack interconnectedness level. Interacting cracks 

in the EDZ can increase the flow in the host rock around the excavation. This flow pathway is a 

potential point of weakness which radionuclides could utilize to escape the designed structure, if 
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not carefully sealed or cut-off from the surrounding environment. Therefore accurate simulation 

of the fracture initiation and propagation for design of some underground structures is needed for 

both safety and stability of the excavation. 

 

 

Figure 6-1 Inter-relation between rock engineering design steps (after Chandler 2004). 

 

For capturing the notch formation and spalling, detecting the EDZ extension and in 

general simulating damage accumulation in the design, first, certain rock behaviour parameters 

such as damage thresholds need to be identified. The characterization part of the design is divided 

in to two parts of laboratory testing and data analysis. The results of characterization need to be 

comprehensive enough to satisfy all the parameter requirements of numerical modelling for 

calibration and validation of the models. Detection of damage thresholds for the host rock is one 

of the most important parts of the characterization process. The CI threshold is the onset of true 

yield and long term strength limit of the rock and once the rock has reached this level of stress, it 

would eventually fail (Diederichs et al 2004). For determining accurate damage thresholds, 

accurate methods of testing are needed and have been addressed in Chapters 2 and 4. Researchers 
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are working on improving the accuracy of the rock testing for better measurement of variables 

during the test (Lau and Chandler 2004). The next step in the characterization process is 

analysing laboratory data and determining accurate values for damage thresholds. Different 

methods of damage threshold detection have been explained in Chapter 4 based on the authors 

work and other researchers (Martin 1994, Eberhardt et al 1998, Eberhardt et al 1999, Diederichs 

2003, Diederichs and Martin 2010b). 

PFC has the Distinct Element Method implemented in it and has been used significantly 

for the investigation of excavation damage development and the short and long term stability of 

underground excavations. For instance Potyondy and Cundull (1998, 2001) have conducted some 

research in this area.  PFC modelling, due to the following abilities (Read 2004), is preferred to 

the conventional modelling methods; 

• Explicit representation of damage evolution is represented as bond breakage, therefore 

there is no more need for empirical relations to quantify and distribute the weakness in 

the material, 

• No re-meshing or grid change is needed for localization of microcracks and their 

coalescence into macroscopic shear banding, 

• No constitutive relations are needed for approximating complex behaviours such as 

strength dependency to confining stress, long term strength degradation etc. in spite of 

simple behaviour at the particle level and 

• The model is believed to reproduce rock behaviour qualitatively although adjustments for 

reproducing the quantitative behaviour are needed. Some secondary phenomena like 

Acoustic Emission data is also obtained by the simulations. 
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Although still some considerations exist regarding the calibration of PFC models to 

reproduce the behaviour of real rock correctly, with some adjustments correct simulations of 

failure and breakouts have been done using PFC. Figure 6-2 shows the simulated damage in a 

PFC model that is corresponding well to the slabbing developed in the breakout region of 

AECL’s Mine-by Experiment in Pinawa, Manitoba (Read and Martin 1996, Martin and Read 

1996). For adjustments in this simulation, either the bond strengths could have been reduced by 

30-40% (based on Diederchs (1999) so that the CI threshold of the direct tensile test is 

corresponding to the real tensile strength of the rock), or the stress corrosion-algorithm (Potyondy 

2007) has been activated. In this case the latter method has been employed. The stress-corrosion 

algorithm simulates crack growth in the model by time-dependent reduction of particle bond 

strength after reaching a certain level of stress. 

It should be kept in mind that the prediction of spalling or notch formation or the 

extension of the EDZ does not help prevent them from occurring by installing the support 

systems. Rock support only contains the failed material, however it is unable to prevent the brittle 

failure phenomenon. The purpose of these simulations is to understand the existence of these 

failures and trying to adjust the design accordingly to deal with the true dimensions of these failed 

zones 

The PFC code is able to simulate other problems associated with the design of the 

underground structures such as the coupled thermo-mechanical, hydro-mechanical or thermo-

hydro-mechanical loadings. For these types of loading, which would exist in a nuclear waste 

repository, conventional design methods are not helpful and explicit simulations of fracture 

initiation and propagation are necessary. 
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Figure 6-2 Top) Slabbing and notch formation in the breakout region of AECL’s Mine-

by Experiment, Bottom) PFC stress corrosion-activated model corresponding well to the 

developed slabs in the photograph on the top (after Read 2004). 
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Chapter 7 

Summary, future studies and conclusions 

 

7.1 Summary of findings 

The excavation of an underground opening induces high compressive stresses in the near-field 

zone that are experiencing low confinement stresses. The high deviatoric stress caused by the 

high compressive stress and low confining pressure can cause crack initiation and propagation in 

the brittle rocks that can lead to slabbing, spalling and notch formation in the opening or change 

in the level of fracture interaction in the EDZ around the opening. These induced fractures must 

be taken into consideration while designing such underground structures. In the conventional 

design methods, by using empirical relations, the weakness caused by the existence of fractures is 

distributed in the model through changing the constitutive relations. The more accurate type of 

simulation which has been made possible by the development of the Distinct Element Method is 

the explicit simulation of cracks in the model as they form due to surpassing the fracture 

toughness of the simulated material. 

PFC3D has been used for the purpose of explicit simulation of fracture initiation and 

propagation and the study of damage accumulation in brittle rocks. The models have been 

calibrated to the Lac du Bonnet granite and the Stanstead granite. The parameters for the 

calibration of models to the Lac du Bonnet granite have been obtained through previous 

researchers that have simulated the Lac du Bonnet granite in PFC2D (Diederichs 2003, Potyondy 

and Cundall 2004, Cho et al 2007). The target properties for the calibration of models to the 
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Stanstead granite have been obtained by laboratory testing (UCS, confined compressive strength 

and Brazilian tests) of the Stanstead granite and data analyses.  

The damage thresholds are important parameters in the design of underground 

excavations as they define the short and long term strength of the host rock. The two main 

methods of detecting CI and CD thresholds from laboratory testing are the Acoustic Emission 

method and the strain measurement method. In the strain measurement method, two parameters 

of crack volumetric strain and volumetric strain are currently being used for detection of CI and 

CD thresholds, respectively. The author has introduced two new parameters calculated from the 

strain measurements for detection of CI and CD thresholds that are inverse tangent lateral 

stiffness and tangent modulus, respectively. All these methods have been used for the detection of 

damage thresholds for the Stanstead granite. Based on the results this type of granite is 

micromechanically damaged, prior to testing, and for further studies regarding the damage 

accumulation in brittle rocks special attention must be paid for finding undamaged samples. For a  

more accurate comparison between the methods for determining CI and CD thresholds, the author 

has been provided with high quality data obtained from laboratory testing of the Smaland granite 

(courtesy of ISRM Commission on Spalling Prediction, CANMET and SKB).  

The comparison of the threshold levels, CI and CD, obtained for the Smaland granite 

show that for CI the inverse tangent lateral stiffness method is as accurate as the Acoustic 

Emission method and the crack volume strain method is the least accurate method. For the 

Stanstead granite the inverse tangent lateral stiffness was the most accurate method with the 

smallest range for CI, followed by the Acoustic Emission method and again the crack volume 

strain was the least accurate. The reason for this lower accuracy in the crack volume strain 

method comparing to the other methods is the subjectivity of detecting a point in the reversal 
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range of a curve. The other problem associated with this method is its dependency on the 

Poisson’s ratio, while the Poisson’s ratio itself is dependent upon the range chosen for its 

calculation. 

The comparison of the determined CD threshold using different methods for the Smaland 

granite shows that the Acoustic Emission method is the most robust, volumetric strain method is 

less accurate with a larger range for CD and the tangent modulus is the least accurate method. For 

the Stanstead granite the tangent modulus is the most accurate method followed by Acoustic 

Emission and volumetric strain is the least accurate method with an inability to detect the CD for 

some samples. 

In general the Acoustic Emission method was the most robust and accurate method for 

determining damage thresholds (in comparison to the strain measurement method). More work is 

still needed on the strain measurement method for development of new parameters that are able to 

detect damage thresholds more accurately. Due to the slower transition of the sample from crack-

closure to systematic damage, a range can be introduced for the CI threshold instead of a specific 

stress value. 

Direct tensile, Brazilian, UCS and confined compressive tests were simulated in PFC3D 

using different methods to simulate the rock behaviour of the samples tested in the laboratory, by 

the author and others (Diederichs 1999). The behaviour of the contact bonded model in 3 

dimensions was identical to the behaviour of the 2 dimensional contact bonded model simulated 

by Diederichs (1999). Using parallel bonds as the contact model in the simulations could 

correctly capture the tri-linear behaviour of the rock under different confinements and also it 

could bring the onset of CI, CD and peak envelopes closer to each other in tension. The PFC 

method of clumping has also been employed and good results in comparison to the plain contact 
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or parallel bonded model have been observed. This is less due to clumping, as the clumps 

generated by this method do not introduce high interlocks, and is more due to the small sphere 

radii, which in turn took the model much longer time to run. A new clumping method has been 

developed by the author that generates random shaped clumps which are interlocking. The 

interlocking and rigid clumps resulted in a high Poisson’s ratio. To solve this problem the author 

developed a clustering method, the grain generator method, which converts the clumps in the 

clump structure into clusters that are breakable. The model generated with the grain generator 

method has the most accurate result compared to the other methods with the same sphere radii. 

As discussed in Chapter 6, the models are probably able to simulate the rock behaviour more 

accurately as the minimum sphere radius decreases. The effect of grain size distribution has also 

been investigated on the model behaviour, with the aid of the grain generator method. Better 

results can be achieved with higher resolution models (smaller sphere radii).       

Further work is needed for more accurate detection of the damage thresholds for rocks 

and the correct calibration of PFC models to the rocks. Accurate detection of the damage 

thresholds in the laboratory and in situ and correct calibration processes in PFC can lead to a 

successful and accurate simulation of the fracture propagation in the rocks and the analyses of 

underground excavation stability. The successful design of an underground excavation in brittle 

rock under high stress relies on the successful simulation of the fracture propagation. 

  

7.2 Future studies 

In this research UCS, confined compressive and Brazilian tests have been conducted in the 

laboratory. UCS and Brazilian tests were monitored by Acoustic Emission transducers and 

electrical resistivity strain gauges. For future laboratory work, the use of higher resolution 
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Acoustic Emission and strain gauge monitoring systems or running the tests with a lower strain 

rate are suggested. Use of a triaxial cell that provides the possibility of installing Acoustic 

Emission transducers and strain gauges can provide good data regarding the damage thresholds in 

rocks under high confinement. The failure of the rocks under tension has been studied much less 

than the failure under compression. Testing of the rocks under a confined tensile environment 

would provide good insight into the extensile side of the Hoek-Brown criterion. 

Further work is needed to introduce new parameters based on the strain measurement 

method that are more representative of damage in the granitic rocks. Both Acoustic Emission and 

strain measurement methods that have been used in Chapter 4 for identification of damage 

thresholds were initially developed for granitic rocks. A study on the accuracy of results obtained 

from extending the application of these methods to other types of brittle rocks, such as limestone, 

is needed. 

Simulations in PFC3D showed that more work is needed for correcting the behaviour of 

simulated rocks. The author is of the opinion that the following steps can help in improving the 

behaviour of the simulated rock models; 

• Decreasing the average sphere radii in the model (increasing the model resolution). 

• Developing a new user-written contact model. 

• Employing an algorithm in the models that weakens the bonds in two zones around each 

side of the cracks as soon as they form. 

The new grain structure generator method, developed by the author, can be used for studying 

the effect of the distribution of grains with different strengths. This study can be further improved 

by tracking the number of cracks forming in the grains separated from the number of cracks that 
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are forming between the grains for a more comprehensive study of damage accumulation in 

brittle rocks. 

7.3 Conclusions 

The data obtained from UCS tests conducted in two laboratories, one with high standards and 

another with regular engineering quality standards, has been analyzed for determining damage 

thresholds of the rocks. The Acoustic Emission method could successfully detect the damage 

thresholds for both sets of data while the strain measurement method was not as successful in 

determining the limits of the thresholds as accurately as the Acoustic Emission method. 

Different methods have been examined in PFC3D for correcting the behaviour represented 

by the synthesized rock. In this regard new codes have been developed, by the author, to produce 

random shaped clumps and also to generate a breakable-grain structure in the model. These 

attempts have increased the internal angle of friction reasonably close to the correct value in high 

confinements and reduce the tensile strength. Better results can be obtained by employing the 

new methods and decreasing the sphere radii, as suggested in the future work section. 

Nevertheless the overall behaviour of the PFC3D model needs more sophisticated coding for the 

correct representation of real rock behaviour. This is especially required for designing important 

underground excavations, for instance, a Deep Geological Repository for storing nuclear waste 

that is sensitive to the existence of the fractures in the surrounding rock and the state of the host 

rock damage. 
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Appendix A 

Damage threshold detection for the Stanstead and Smaland granites 

 

Damage threshold detection for the Stanstead granite samples 

 

 

Figure A-1 Detection of CI and CD by using AE method for sample No. 2. 
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Figure A-2 Detection of CI and CD for sample No. 2 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 
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Figure A-3 Detection of CI for sample No. 2 using inverse tangent lateral stiffness. 
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Figure A-4 Detection of CI and CD by using AE method for sample No. 3. 
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Figure A-5 Detection of CI and CD for sample No. 3 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

0 20 40 60 80 100

EΔ
(M

Pa
)

σ axial (MPa)

EΔ

-0.001

0

0.001

0.002

0.003

0.004

0.005

0 20 40 60 80 100

St
ra

in

σ axial (MPa)

Axial strain
Lateral strain
Volumetric strain
Crack volumetric strain

CI 
(Systematic 

Damage)

CD 
(Crack

Interaction)

CC
(Crack Closure) 



 

218 

 

 

Figure A-6 Detection of CI for sample No. 3 using inverse tangent lateral stiffness. 
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Figure A-7 Detection of CI and CD by using AE method for sample No. 4. 
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Figure A-8 Detection of CI and CD for sample No. 4 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 
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Figure A-9 Detection of CI for sample No. 4 using inverse tangent lateral stiffness. 
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Figure A-10 Detection of CI and CD by using AE method for sample No. 5. 
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Figure A-11 Detection of CI and CD for sample No. 5 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 
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Figure A-12 Detection of CI for sample No. 5 using inverse tangent lateral stiffness. 
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Figure A-13 Detection of CI and CD by using AE method for sample No. 7. 
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Figure A-14 Detection of CI and CD for sample No. 7 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 
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Figure A-15 Detection of CI for sample No. 7 using inverse tangent lateral stiffness. 
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Figure A-16 Detection of CI and CD by using AE method for sample No. 8. 
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Figure A-17 Detection of CI and CD for sample No. 8 using tangent modulus (EΔ), 

volumetric strain and crack volume strain methods. 
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Figure A-18 Detection of CI for sample No. 8 using inverse tangent lateral stiffness. 
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Damage threshold detection for the Smaland granite samples 

 

 

Figure A-19 Detection of CI and CD by using AE method for sample No. 230-82. 
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Figure A-20 Detection of CI and CD for sample No. 230-82 using volumetric strain and 

crack volume strain methods. 
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Figure A-21 Detection of CI for sample No. 230-82 using inverse tangent lateral stiffness. 
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Figure A-22 Detection of CD for sample No. 230-82 using tangent modulus (EΔ). 
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Figure A-23 Detection of CI and CD by using AE method for sample No. 231-59. 
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Figure A-24 Detection of CI and CD for sample No. 231-59 using volumetric strain and 

crack volume strain methods. 
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Figure A-25 Detection of CI for sample No. 231-59 using inverse tangent lateral stiffness. 
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Figure A-26 Detection of CD for sample No. 231-59 using tangent modulus (EΔ). 
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Figure A-27 Detection of CI and CD by using AE method for sample No. 234-91. 
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Figure A-28 Detection of CI and CD for sample No. 234-91 using volumetric strain and 

crack volume strain methods. 
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Figure A-29 Detection of CI for sample No. 234-91 using inverse tangent lateral stiffness. 
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Figure A-30 Detection of CD for sample No. 234-91 using tangent modulus (EΔ). 
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Figure A-31 Detection of CI and CD by using AE method for sample No. 243-45. 
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Figure A-32 Detection of CI and CD for sample No. 243-45 using volumetric strain and 

crack volume strain methods. 
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Figure A-33 Detection of CI for sample No. 243-45 using inverse tangent lateral stiffness. 
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Figure A-34 Detection of CD for sample No. 243-45 using tangent modulus (EΔ). 
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Figure A-35 Detection of CI and CD by using AE method for sample No. 244-12. 
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Figure A-36 Detection of CI and CD for sample No. 244-12 using volumetric strain and 

crack volume strain methods. 
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Figure A-37 Detection of CI for sample No. 244-12 using inverse tangent lateral stiffness. 
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Figure A-38 Detection of CD for sample No. 244-12 using tangent modulus (EΔ). 
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Figure A-39 Detection of CI and CD by using AE method for sample No. 244-60. 
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Figure A-40 Detection of CI and CD for sample No. 244-60 using volumetric strain and 

crack volume strain methods. 
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Figure A-41 Detection of CI for sample No. 244-60 using inverse tangent lateral stiffness. 
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Figure A-42 Detection of CD for sample No. 244-60 using tangent modulus (EΔ). 
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Figure A-43 Detection of CI and CD by using AE method for sample No. 250-25. 
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Figure A-44 Detection of CI and CD for sample No. 250-25 using volumetric strain and 

crack volume strain methods. 
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Figure A-45 Detection of CI for sample No. 250-25 using inverse tangent lateral stiffness. 
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Figure A-46 Detection of CD for sample No. 250-25 using tangent modulus (EΔ). 
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Figure A-47 Detection of CI and CD by using AE method for sample No. 252-84. 
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Figure A-48 Detection of CI and CD for sample No. 252-84 using volumetric strain and 

crack volume strain methods. 
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Figure A-49 Detection of CI for sample No. 252-84 using inverse tangent lateral stiffness. 
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Figure A-50 Detection of CD for sample No. 252-84 using tangent modulus (EΔ). 
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Appendix B 

Developed FISH codes 

 

Clumping for medium grain size distribution with maximum clump size equal to 10 

set echo on 

set logfile log_c.log 

set log on 

; 

def clump_ball 

; 

array ba_id(100) 

array ba_if(50) 

z = 1 

ee = 10 ;clump size 

e = 0 ;clump counter 

; 

bp = ball_head 

loop while bp # null 

; 

if e > 80 then 

 ee = 9 

end_if 

if e > 303 then 

 ee = 8 

end_if 

if e > 704 then 

 ee = 7 

end_if 

if e > 1562 then 
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 ee = 6 

end_if 

if e > 2898 then 

 ee = 5 

end_if 

if e > 4501 then 

 ee = 4 

end_if 

if e > 6004 then 

 ee = 3 

end_if 

; 

x = 1  ;ball id counter 

s = 1  ;ball head counter 

;   

  if b_clump(bp) # null then 

 bp = b_next(bp) 

  else 

; 

main_b = b_id(bp) 

;   

  cp = b_clist( bp )     ; header of linked-list of contacts around bp 

  loop while cp # null 

    if c_ball1(cp) = bp then  ; find bp_other, the adjoining ball 

      bp_other = c_ball2(cp) 

    else 

      bp_other = c_ball1(cp) 

    end_if 

; 

    if pointer_type(bp_other) = 100 

     if b_clump(bp_other) = null then  
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       ba_id(x) = b_id(bp_other) 

       ba_if(s) = bp_other 

       x = x + 1 

       s = s + 1 

     end_if 

    end_if 

    ; 

    if c_ball1(cp) = bp then  ; determine which linked-list to follow 

      cp = c_b1clist(cp)      ; choose the one that surrounds bp 

    else 

      cp = c_b2clist(cp) 

    end_if 

  end_loop 

; 

; for clump size of 'ee' balls 

; 

command 

 print x 

endcommand 

; 

if x = 1 then  

 y = 1 

end_if 

if x >= ee then 

 y = 2 

end_if 

if x < ee then 

 y = 3 

end_if 

; 

case_of y 
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;  

case 1 

  bp = b_next(bp) 

; 

case 2 

  command 

   clump add id z range id main_b 

  endcommand 

  loop n(1,(ee-1)) 

  main_a = ba_id(n) 

  command 

   clump add id z range id main_a 

  endcommand 

  end_loop 

  z = z + 1 

  e = e + 1 

bp = b_next(bp) 

; 

case 3 

; 

command 

 clump add id z range id main_b 

endcommand 

d = x-1 

  loop n(1,d) 

    main_d = ba_id(n) 

    command 

      clump add id z range id main_d 

    endcommand 

  end_loop 

f = ba_if(1) 
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 cp = b_clist( f )     ; header of linked-list of contacts around bp 

 loop while cp # null 

    if c_ball1(cp) = f then  ; find bp_other, the adjoining ball 

      bp_other = c_ball2(cp) 

    else 

      bp_other = c_ball1(cp) 

    end_if 

    if pointer_type(bp_other) = 100 

     if b_clump(bp_other) = null then  

       ba_id(x) = b_id(bp_other) 

       x = x + 1 

     end_if 

    end_if 

    ; 

    if c_ball1(cp) = f then  ; determine which linked-list to follow 

      cp = c_b1clist(cp)      ; choose the one that surrounds bp 

    else 

      cp = c_b2clist(cp) 

    end_if 

 end_loop 

; 

command  

 print x 

endcommand 

; 

if x >= ee then 

 w = 2 

end_if 

if x < ee then 

 w = 3 

end_if      
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; 

case_of w 

; 

case 2 

  command 

     clump add id z range id main_b 

  endcommand 

   loop n(1,(ee-1)) 

    main_e = ba_id(n) 

  command 

      clump add id z range id main_e 

  endcommand 

   end_loop 

    z = z + 1 

  e = e + 1 

bp = b_next(bp) 

; 

case 3 

; 

command 

 clump add id z range id main_b 

endcommand 

de = x-1 

  loop n(1,de) 

main_g = ba_id(n) 

command 

   clump add id z range id main_g 

endcommand 

  end_loop 

g = ba_if(2) 

  cp = b_clist( g )     ; header of linked-list of contacts around bp 
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    loop while cp # null 

      if c_ball1(cp) = g then  ; find bp_other, the adjoining ball 

        bp_other = c_ball2(cp) 

      else 

        bp_other = c_ball1(cp) 

      end_if 

  if pointer_type(bp_other) = 100 

       if b_clump(bp_other) = null then  

         ba_id(x) = b_id(bp_other) 

         x = x + 1 

       end_if 

  end_if 

      ; 

      if c_ball1(cp) = g then  ; determine which linked-list to follow 

        cp = c_b1clist(cp)      ; choose the one that surrounds bp 

      else 

        cp = c_b2clist(cp) 

      end_if 

    end_loop 

; 

command 

 print x 

endcommand 

if x >= ee then 

 v = 2 

end_if 

if x < ee then 

 v = 3 

end_if 

; 

case_of v 
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; 

case 2 

  command 

     clump add id z range id main_b 

  endcommand 

    loop n(1,(ee-1)) 

   main_h = ba_id(n) 

   command 

       clump add id z range id main_h 

   endcommand 

    end_loop 

    z = z + 1 

  e = e + 1 

bp = b_next(bp) 

; 

case 3 

  command 

     clump add id z range id main_b 

  endcommand 

ded = x-1 

    loop n(1,ded) 

  main_j = ba_id(n) 

  command 

     clump add id z range id main_j 

  endcommand 

    end_loop 

    z = z + 1 

  e = e + 1 

bp = b_next(bp) 

end_case 

; 
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end_case 

; 

end_case 

; 

end_if 

; 

end_loop 

end 

clump_ball 
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Clustering with intragranular to intergranular strength ratio equal to 4 

;Clustering with changing the parallel bond inside the clumps. 

; 

set echo on 

set logfile loga.log 

set log on 

; 

def cluster 

; 

xz = 0  ; contact counter 

; 

cp = contact_head 

; 

; 

loop while cp # null 

; 

xz = xz + 1 

; 

command 

 print xz 

end_command 

; 

if c_pb(cp) # null then 

; 

x = c_ball1(cp) 

y = c_ball2(cp) 

; 

if pointer_type(x) = 100 then 

 if pointer_type(y) = 100 then 
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  v = b_clump(x) 

  w = b_clump(y) 

  v1 = cl_id(v) 

  w1 = cl_id(w) 

   if v1 = w1 then  

    a1 = cl_id(v) 

    b1 = round(a1 / 3) 

    c1 = b1 * 3 

    z = a1 - c1 + 2     

    case_of z 

; 

    case 4 

     command 

      print z 

     end_command 

     cl_color(v) = 0  

     pbp = c_pb(cp) 

     zzz = pb_nstrength(pbp) 

     zzzz = pb_sstrength(pbp) 

     pb_nstrength(pbp) = 4.0 * pb_nstrength(pbp) 

     pb_sstrength(pbp) = 4.0 * pb_sstrength(pbp) 

     zzz1 = pb_nstrength(pbp) 

     zzzz1 = pb_sstrength(pbp) 

     command 

      print zzz 

      print zzz1 

      print zzzz 

      print zzzz1 

     end_command 
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     cp = c_next(cp) 

    case 3 

     command 

      print z 

;      print cp 

     end_command 

     cl_color(v) = 1 

     pbp = c_pb(cp) 

     zzz = pb_nstrength(pbp) 

     zzzz = pb_sstrength(pbp) 

     pb_nstrength(pbp) = 4.0 * pb_nstrength(pbp) 

     pb_sstrength(pbp) = 4.0 * pb_sstrength(pbp) 

     zzz1 = pb_nstrength(pbp) 

     zzzz1 = pb_sstrength(pbp) 

     command 

      print zzz 

      print zzz1 

      print zzzz 

      print zzzz1 

     end_command 

     cp = c_next(cp) 

    case 2 

     command 

      print z 

     end_command 

     cl_color(v) = 2 

     pbp = c_pb(cp) 

     zzz = pb_nstrength(pbp) 

     zzzz = pb_sstrength(pbp) 
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     pb_nstrength(pbp) = 4.0 * pb_nstrength(pbp) 

     pb_sstrength(pbp) = 4.0 * pb_sstrength(pbp) 

     zzz1 = pb_nstrength(pbp) 

     zzzz1 = pb_sstrength(pbp) 

     command 

      print zzz 

      print zzz1 

      print zzzz 

      print zzzz1 

     end_command 

     cp = c_next(cp) 

    end_case 

   else 

    cp = c_next(cp) 

   end_if 

 else 

  cp = c_next(cp) 

 end_if 

else 

 cp = c_next(cp) 

end_if 

; 

else 

cp = c_next(cp) 

end_if 

; 

end_loop 

; 

command 
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 save sC_mL-spc_clustered1.sav 

 clump release 

 del clump 

 save sC_mL-spc_clustered2.sav 

end_command 

;  

end 

; 

cluster 

 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


