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Abstract 

The Deep Geological Repository (DGR) is the globally preferred concept for long-term storage of nuclear 

waste, in which the combination of engineered barriers and the surrounding geology are designed to 

safely and securely contain the radioactive waste. The construction processes of underground openings in 

hard rocks at depth are commonly associated with introducing some damage to the surrounding rock mass 

through the initiation and propagation of fractures parallel to the excavation boundary due to disturbance 

to the in situ stress condition, as well as the excavation process quality. The induced fractures in depth 

away from the excavation surface can provide a migration path for the radionuclides in case of damage to 

the engineered barriers. Therefore, different damage zones are defined according to the crack density and 

change in hydraulic permeability of the rock mass surrounding the waste storage tunnel and rooms, these 

are commonly referred to as the Excavation Damage Zones (EDZs). Crack initiation (CI) and propagation 

(CD) characteristics of massive rock masses have a significant influence on the mechanics and geometry 

of EDZs, and this research aims to provide a better understanding of these parameters for brittle rocks. 

 This research addresses the short- and long-term in situ behaviour of massive brittle rock masses 

through characterization of the micro-mechanics of crack initiation and crack damage progress for rock 

specimens in the laboratory. Particular attention is paid to formulize the laboratory estimation of the crack 

damage thresholds. The effect of inherent fabric in intact rocks on the fabric-guided micro-fracturing is 

investigated through laboratory tests on different rock types. Similarly, the influence of the excavation 

process (i.e. confinement) and geological processes such as the glacial cycle (i.e. stress fatigue) are 

investigated for different brittle rocks in the laboratory.  

 A developed approach for a three-dimensional discontinuum Grain-Based Model (GBM) 

complemented the laboratory investigation of crack damage in brittle rocks. The developed approach 

provides an in-depth understanding of the micro-mechanics of crack damage and demonstrates great 

potential as a predictive design tool. Finally, the laboratory and numerical investigations are discussed 

within the context of the short- and long-term behaviour of excavation damage zones (EDZs). 
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Chapter 1 

Introduction 

1.1 Problem Statement 

Safe storage of nuclear waste is of prime importance for the international nuclear community with the 

increase in the amount of radioactive waste generated. Over the years it has become crucial to consider a 

number of alternative solutions including underground storage as a long-term solution. In different 

countries the status of the long-term solution for nuclear waste disposal is at different stages, depending 

on the type of nuclear waste. Only a few countries, such as Germany, Sweden and Finland, have an 

operating repository for storage of Low and Intermediate Level Waste (LLW/ILW). The United States is 

currently the only country with underground facilities for the storage of defense grade nuclear waste 

(High Level Waste or HLW). All other countries are at different stages of research, design, licensing or 

construction for either LLW, ILW, or HLW. In Canada, a Deep Geological Repository (DGR) for the 

storage of low and intermediate level waste is currently in the review process for construction at the 

Bruce Nuclear Power site in a sedimentary rock sequence of limestone overlain by shale. As for high 

level waste, several communities that rest mainly on granitic, gneissic or sedimentary rocks have 

volunteered to host a repository in Canada, and these locations are currently being reviewed for their 

suitability.  

Deep geological repositories for the storage of nuclear waste are typically designed for a service 

life of one million years. This is the longest design life for an engineered structure by at least two orders 

of magnitude. The engineered barriers that are placed around the waste, in combination with the natural 

barrier provided by the rock formations, contain the radioactive waste and isolate the migration of 

radionuclide contaminants. Therefore one of the primary requirements for designing such a structure is to 

characterize the host rock meticulously to be able to predict its behaviour under different loading 

scenarios (mechanical, thermal etc.) over the life span of the repository. The concept of a DGR is 
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illustrated in Figure 1-1, where it can be observed that the nuclear waste (spent nuclear fuel in this case) is 

stored in vertical boreholes or horizontal tunnels depending on the nature of the rock and characteristics 

of the site (NWMO 2014a) at a depth commonly greater than 500 m below the surface.  

Excavations at the depths commonly proposed for DGRs, within hard rock masses, can induce 

excavation related damage (micro- to macro-fracturing) within the rock mass due to the unloading effect 

at the excavation surface of the underground structure. The resulting fractures in the excavation surface 

can increase the hydraulic permeability of the rock mass around the excavation. Different zones of 

damage can be defined based on the intensity of damage and connectivity of the stress induced micro-

fractures. The shape and dimensions of the excavation damage zones (collectively referred to as EDZs) 

are mainly controlled by the Crack Initiation (CI) and Critical Damage (CD) thresholds of the rock for a 

given stress condition. Characterization and delineation of the excavation damage zones around the 

underground excavations are of significant importance for the storage of nuclear waste due to their effect 

on the hydraulic permeability of the rock mass in the vicinity of the waste storage tunnels and rooms. 

 

Figure 1-1: Illustration of the concept and layout of deep geological repositories for the storage of 

nuclear waste (modified after NWMO 2014b). 
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The purpose of this research is to address the mechanisms involved at the micro-scale damage 

initiation and progression for brittle rocks. Particular attention is paid to the challenges and to provide 

solutions for laboratory estimation of damage parameters that define the short- and long-term in situ 

behaviour of brittle rocks. The laboratory investigations are accompanied by a newly developed 

discontinuum numerical approach to provide a tool for understanding and predicting damage around 

underground excavations. The author is confident that this study provides valuable contributions towards 

the management of EDZs and the design of deep geological repositories for nuclear waste. The significant 

outcomes of this study are the prediction of representative in situ behaviour of brittle, and especially 

crystalline rocks and practical guidelines for numerical simulation of brittle rocks. 

1.2 Background 

The instability of deep underground excavations in hard rocks, which are commonly the rock masses 

surrounding nuclear waste repositories (granitic or sedimentary), are controlled by either or both of the 

following factors (Diederichs 2000): 

 Structurally controlled gravity driven failure, 

 Yielding of the intact rock in the form of stress-induced slabbing/spalling. 

The increase in the magnitude of in situ stress (i.e. with depth) reduces the significance of existing natural 

fractures (in the broadest sense) by increasing the normal forces acting on a fracture (Martin et al. 2001). 

This allows the brittle fracturing of intact rock to dominate yielding and instability of the excavation 

surface of underground excavations. At an induced stress well below the compressive strength of the 

intact rock as measured in the laboratory, extensile micro-fractures initiate parallel to the excavation 

boundary and propagate in the direction of increasing tangential stress in the walls of underground 

openings (Diederichs 2003). In extreme cases of high induced stresses, spalling, flaking and sometimes 

bursting (for deep underground openings) are anticipated. Figure 1-2 demonstrates the initiation of axial 

micro-cracks at the grain-scale (Fig. 1-2a); accumulation of extensile axial cracks (Fig. 1-2b), at the 

laboratory scale, with increasing axial stress; and ultimately propagation of the induced micro-cracks 
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parallel to the excavation boundary until a spalled surface is formed in the wall of an underground 

opening (Fig. 1-2c). 

 

Figure 1-2: (a) Initiation of axial extensile micro-cracks in Westerly granite, (b) accumulation of 

axial crack in laboratory sample of Lac du Bonnet granite and (c) formation of a slab parallel to the 

excavation boundary (after Diederichs et al. 2004). 

 

The yielding in the form of brittle fracturing in the walls of underground excavations can be 

limited to localized parts of the tunnel perimeter, depending on the magnitude of the in situ stress and the 

stress ratio. As shown in Figure 1-3, the spalling can spread across the entire perimeter of the tunnel with 

increasing tangential stress in the walls of the tunnel, i.e. by increasing depth. For the design of DGRs, the 

potential depth of the yielded surface, where the rock is visibly fractured, is important to consider. The 

extent of micro-fracturing, isolated and unconnected fractures, into the walls of the excavation where the 

rock is not necessarily completely yielded, is also important.  

The decrease in the induced deviatoric stress (increase in confinement) with distance from the 

excavation boundary (near-zero confinement) into the tunnel walls reduces the extent of fracturing. 

Eventually once the far-field in situ stress is reached, the induced micro-fracturing diminishes, returning 
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to the virgin state of the rock mass. Depending on the extent and density of brittle micro-fracturing and 

damage intensity, three major damage zones around an underground opening can be defined in order of 

occurrence from the tunnel surface into the wall as (Fig. 1-4a): 

 The Highly Damaged Zone (HDZ), 

 The Excavation Damaged Zone (EDZ) and 

 The Excavation Influenced Zone (EIZ). 

 

 

Figure 1-3: Instability of underground openings and the associated mode of failure as a function of 

in situ stress and rock mass quality (fracturing stress and strength of intact rock), yellow boxes 

indicate the circumstances where the conditions for brittle fracturing are met (after Martin et al. 

2001). 
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Different terminologies exist for defining the damage zones around deep underground 

excavations such as those suggested by Lanyon (2011) and Tsang et al. (2005). The terminologies used 

here are taken from Perras (2014), in which the above definitions are adapted from Lanyon (2011) to 

incorporate both the impact of the damage intensity on flow properties as well as numerical indicators for 

prediction of different damage zones. The mechanics of yielding and fracturing can vary significantly in 

different host rocks whether crystalline rocks, shale, salt etc. The discussion of EDZs here mainly focus 

on the mechanisms of brittle micro-fracturing in hard rocks. 

The HDZ is the macro-scale damage and yielding around the underground excavation, where 

macro-fractures form as consequence of interaction and coalescence of induced micro-fractures (Fig. 1-

4c). In more extreme cases (i.e. higher induced stresses) spalling and slabbing and subsequent shearing 

and splitting of the wall can occur (red zones in yellow boxes in Fig. 1-3). The major interaction of 

induced fractures with pre-existing structures in the vicinity of an underground excavation happen in the 

HDZ. Depending on the orientation of the geological structure with respect to the opening, the structure 

can promote stabilization and reduce yielding in the walls or encourage block fall out or other yielding 

mechanisms (i.e. buckling, slabbing, etc.). According to Andra (2005) the permeability of a rock mass 

due to the formation of an HDZ around an underground opening increases by a factor of 1000+ times the 

background value.  

The EDZ, the next damage zone into the walls of excavation after the HDZ, is the zone of 

inelastic damage to the rock (Fig. 1-4d). Significant changes in terms of flow and transport properties 

occur to the rock in this zone. The intensity of damage and density of micro-fractures decrease with 

distance from the inner boundary of the EDZ to the outer boundary. The fractures are mostly connected at 

the boundary between the EDZ and HDZ where the permeability is increased in the order of 

approximately 1000 times the background value, while the sparse micro-fractures at the boundary of the 

EDZ and EIZ hardly increase the permeability of the rock by a factor of 10 times (Andra 2005). Perras 

(2014) defined the inner EDZ (EDZi), and outer EDZ (EDZo) due to the difficulty of defining a clear 
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boundary within the EDZ where the micro-fractures are interacting (dilated micro-fractures) and are 

independent (confined micro-cracks). Perras (2014) used the boundary between the EDZi (transition 

between the volumetric extension-compression) and EDZo (maximum limit of the plastic yield zone) as 

an engineering target for permeability increase within the context of continuum numerical investigations. 

By crossing the boundary from EDZ to EIZ, the magnitude of deviatoric stress falls below the 

threshold for initiation of micro-scale fractures. Therefore changes in the EIZ in terms of rock mass 

behaviour, remains within the elastic range. Significant changes in terms of flow and transport properties 

are not expected to occur to the rock mass in and beyond this zone. The only contributing factor to 

variations in permeability is the change in the pore geometry, which would only significantly impact 

rocks with high porosity (within the elastic limit of the rock). Therefore a sharp decrease in permeability 

of the rock mass at the boundary between EDZ and EIZ can be observed for low permeability rocks (Fig. 

1-4b).  

The primary concern in relation to the excavation damage zones around underground openings of 

a DGR is the increased permeability (Kelsall et al. 1984). A good estimation of the EDZ extension and 

geometry is required for the design of more effective cut-off structures for minimizing the flow pathway 

along the damage zones. While the HDZ is the zone of primary damage, characterization of EDZ and 

management of the flow pathways in this zone is of greatest importance in the process of design and 

construction of a DGR. This can be attributed to the much smaller dimension and easier measures for 

sealing (isolation) or reaming (or slashing – the typical design solution for sealing a DGR involves 

removal of HDZ material) of HDZ in comparison to EDZ. 

Formation of excavation damage zones around underground excavations occur independent of the 

construction method when the induced stresses generate micro-fractures. Poor quality of construction 

(e.g. poor blasting) can contribute to expansion of the HDZ and consequently the EDZ. High quality of 

construction does not, however, inhibit the stress-induced damage within the rock mass. An example is 

shown in Figure 1-5, from AECL’s Underground Research Laboratory (URL) in Pinawa, Manitoba, 
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Canada. It can be seen in this figure that, in an experiment whereby the excavation was performed by line 

drilling and mechanical breakout (no damage is induced within the surrounding rock mass), formation of 

a stress-induced spalling notch was inevitable. The damage zone caused by the construction method and 

the excavation quality falls within the dimensions of HDZ and is termed as Construction Damaged Zone 

or (CDZ). 

 

Figure 1-4: (a) Illustration of different excavation damage zones around an underground opening 

as a function of crack damage intensity and (b) consequent change in hydraulic permeability 

(modified after Andra 2005), (c) an example for HDZ from AECL’s URL mine-by experiment and 

(d) an example for EDZ in the walls of a test tunnel at SKB’s Aspo hard rock laboratory (some of 

the fractures can be due to the blasting effect). 
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Figure 1-5: (a) Excavation by line drilling with mechanical breakout and (b) formation of stress-

induced spalling notch at AECL’s mine-by experiment (courtesy of AECL). 

 

The onset of yielding for the walls of deep underground excavations in hard rocks is observed to 

be significantly smaller than the laboratory strength of intact rock samples (Diederichs 2003). In 

simplified approaches for prediction of strength of tunnel walls, an uniaxial stress state similar to the 

condition in a laboratory unconfined compressive strength test is assumed for the tunnel wall and the over 

all in situ behaviour of the rock mass (into the wall) is approximated by means of empirical failure 

criteria. All widely used empirical shear-based failure criteria, including the Hoek-Brown criterion (Hoek 

et al. 2002), fail at predicting the stability of an underground excavation in brittle rock at near-zero 

confinement conditions, such as at the excavation surface. These shear-based failure criteria tend to over-

predict the in situ strength of a brittle rock mass under low confinement by neglecting the effect of crack 

initiation and propagation on the rock strength reduction (Kaiser et al. 2010, Diederichs 2003, Martin 

1997). Diederichs et al. (2004) demonstrated that the crack propagation (CD) and initiation (CI) 

thresholds are the best estimations of the ultimate and long term in situ strength of brittle rocks at low 

confinement, respectively. Diederichs et al.’s (2004) tri-linear long-term strength envelope for brittle rock 

masses (Fig. 1-6) predicts yielding of the rock to occur at stresses past the CI threshold at low 

confinement, stresses above the CD envelope at high confinements, and the transition of the rock mass 
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behaviour between the low and high confinement conditions is controlled by spalling limit of the rock. 

This yielding surface can be used to predict the formation of the HDZ around underground excavations. 

The CI envelope can be employed within the same concept to predict the formation and geometry of the 

EDZ around underground openings by estimating the state of stress in the walls by means of numerical 

models. Figure 1-7 shows a few attempts by different researchers (Diederichs 2007, Perras 2014) to 

empirically define the depth of excavation damage zones from field and numerical data. It can be seen in 

this figure that CI and CD parameters play an important role in the resultant relationships. 

 

 

Figure 1-6: In situ strength and crack damage envelopes for hard rocks that define the excavation 

damage zone associated with the state of induced stress in the walls of an underground excavation 

(after Diederichs and Martin 2010). 

HDZ
Unravelling
or Dilation

HDZ
Shearing

EIZ (EdZ)
Stress Change

Pre‐Excavation Stress

EDZ
Crack DamageM
a
xi
m
u
m
 C
o
m
p
re
ss
iv
e
 S
tr
e
ss

Tension Minimum Stress Compression

EDZ

HDZ
Spalling



 

11 

 

 

Figure 1-7: (a) Empirical estimates for maximum depth of brittle failure, UCS* = CI (after 

Diederichs 2007) and (b) numerical delineation of the EDZs dimensions (after Perras 2014). 

 

Characterization of the stress that is required for initiation and propagation of stress-induced 

micro-fractures in a massive brittle rock mass is a key parameter in prediction of its long-term behaviour 

when hosting an underground excavation. With this in mind, the estimation of CI and CD thresholds from 

laboratory tests are proving to be a challenging task. The geometrical boundary condition of laboratory 

compressive tests imposes a different stress state than in the in situ condition. This inhibits direct 

measurement of crack initiation and crack propagation thresholds for a rock in the laboratory.  

It is fair to assume that if crack damage thresholds are controlling the stress-induced fracturing 

for a brittle rock mass, the influencing factors on the CI and CD thresholds indirectly contribute to the 

damage intensity (the extension of excavation damage zones) around underground openings. These 

factors could be inherent to the rock mass (e.g. fabric or in situ moisture content) or related to the 

excavation response of the rock mass (i.e. stress path). The stress path for a rock mass that has direct 

influence over the extension of EDZs can be influenced by the factors such as: loading and unloading 

effect of excavation, glaciation, stress rotation in front of a tunnel face, generated heat from emplaced 

waste (in case of a DGR), etc. A good understanding of the effect of each of these parameters on the 
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mechanics of EDZs is a requirement for long-term behaviour prediction of rock masses around 

underground openings.   

Numerical models are strong research tools for understanding the mechanisms of brittle failure 

for rocks at various scales and accurate means of rock mass behaviour prediction for design purposes 

when calibrated and verified correctly. To predict the response of brittle rocks to the applied mechanical, 

thermal, hydro-mechanical and other types of loading, numerical modelling for simulation of brittle 

fracturing in rocks needs to be performed at several different scales. As shown in Figure 1-8, the 

numerical simulation can range from grain scale (crystals and grain boundaries or intra-grain fractures), 

sample scale (including “fabric” due to bedding or layering), to excavation scale (failure of intact rock or 

interaction of existing planes of weakness), and finally long term simulation of stability around 

underground excavations that includes interaction of induced long term fractures with existing geological 

structures. In this study the numerical simulation will be oriented toward simulation of fractures at the 

grain and sample scale only (red box in Figure 1-8). 

 

Figure 1-8: (left) Different scales in simulation of brittle behaviour in limestone and (right) long 

term simulation of brittle fracturing and its interaction with geological structure (modified after 

NWMO 2011). 
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1.3 Thesis Objectives 

This thesis aims to improve the understanding and therefore prediction and management of excavation 

damage zones around deep underground excavations by looking at the micro-mechanics of crack 

initiation and propagation in intact hard rocks. To achieve this, the specific objectives of this thesis are 

defined as follows: 

 To delineate a methodology for precise estimation of crack damage parameters for underground 

excavation design purposes. 

 To re-visit the micro-mechanisms involved at the onset of crack initiation and crack propagation 

thresholds for brittle rocks from both laboratory as well as numerical point of view. 

 To investigate the mechanical components of the excavation response with potential influence on 

the long-term stability of underground openings. 

 To develop a numerical tool with the ability to replicate the initiation and interaction of fractures 

at the grain scale with correct mechanics and with the purpose of becoming a design tool. 

 

1.4 Thesis Contributions 

The contributions that are made through the completion of this thesis to meet the research objectives as 

defined in the previous section, can be summarized as follows: 

1. Formulizing the laboratory measurement approaches of crack damage thresholds. This was 

achieved by: 

 Critical assessment of the strength and limitations of the existing methods for laboratory 

estimation of damage thresholds for brittle rocks (acoustic emission and strain-based 

methods) and determining the most reliable approach. This study involved a comprehensive 

inter-laboratory testing comparison experiment in which four high quality international 

laboratories participated. 
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 To overcome the limitations of existing methods, new approaches were introduced for the 

precise estimation of the crack initiation threshold based on P-wave velocity propagation 

properties for brittle rocks, as well as a new interpretation technique to compare the collected 

AE and strain data from laboratory tests in a unified function. 

2. Investigating the effect of fabric, confinement, and stress fatigue on the micro-fracturing 

behaviour of hard rocks: 

 The fabric-guided micro-fracturing phenomenon was investigated with four dissimilar intact 

rock types of differing origin and distinct inherent fabrics types. The peak strength and the 

CD threshold were shown to be completely dependent upon the fabric orientation. In contrast, 

it was observed that the sensitivity of CI to the fabric orientation is dependent upon the fabric 

type. 

 Numerical and laboratory investigations of Lac du Bonnet granite, including damage-

controlled (cyclic) testing to represent stress fatigue in the rock, concluded that the majority 

of the critical links aligned with the direction of the maximum principal stress rupture in an 

extensile mode, the first time this stress increases beyond CI. Furthermore, stress cycling to 

the CD limit of the rock promotes shear-dominated propagation and coalescence of micro-

cracks to involve and interact with the less critical fracture paths (steeper orientation with 

respect to the direction of applied load).  

 A comprehensive laboratory investigation (indirect tensile, unconfined and confined tests) of 

four crystalline intact rock types confirmed complete dependency of the CD threshold to 

confinement. In contrast, the CI threshold exhibited less sensitivity to confinement. The 

sensitivity of CI to confinement was shown to be a function of the brittleness and grain-scale 

heterogeneity of the rock.  

3. Development of a three dimensional Grain-Based Model for rocks: 
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 The limitations of the existing discontinuum approaches for simulation of crack damage 

progression in brittle rocks was addressed and a new three dimensional Grain-Based 

discontinuum model (Voronoi tessellated) was developed that omits the limitations of the 

existing methods, and has the potential for up-scaling for simulation of damage in the vicinity 

of underground excavations. 

1.5 Thesis Outline 

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

Studies at Queen’s University, Kingston, Ontario. This thesis is structured as a manuscript based thesis 

whereby the majority of the main chapters are or will be submitted to journal publications. It consists of 

eight chapters, which are outlined below. All references are presented at the end of the thesis.  

Chapter 1 introduces the topics to be discussed in this thesis and how they relate to the failure 

mechanisms around deep underground excavations. The definitions of the excavation damage zones for 

hard rocks and their significance to the design of deep geological repositories for the storage of nuclear 

waste is discussed in this chapter.  

Chapter 2 presents a brief summary of the significance of crack initiation and critical damage 

thresholds in controlling the onset of yielding and damage in the walls of underground excavations. An 

in-depth review of current state of practice for laboratory estimation of damage thresholds is covered in 

this chapter. The strength, limitations, repeatability of results, and subjectivity to interpretation for each 

method are investigated through an international inter-laboratory testing plan.  

Chapter 3 focuses on development of new approaches for laboratory estimation of crack initiation 

threshold. This chapter is divided in to two parts. Part 1 examines the estimation of CI thresholds from the 

balance of input elastic strain energy and released acoustic emission energy for rock specimens during 

compressive loading testing in the laboratory. Part 2 introduces a reliable method for identification of CI 

threshold for laboratory specimens (compressive or tensile) from the change of P-wave velocity through 

the rock. 
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Chapter 4 investigates the effect of fabric in intact brittle rocks (e.g. lamination, gneissic banding, 

preferred orientation of micro-cracking, etc.) on guiding the fracture development at CI and CD 

thresholds. A general conclusion is drawn based on the laboratory testing of specimens and a collection of 

existing data sets for four different rock types with different origins (and therefore fabric types) for fabric 

type dependency of crack damage thresholds. 

Chapter 5 presents a newly developed three dimensional grain-based discontinuum modelling 

approach for numerical replication of crack damage within intact rock. Laboratory test results were used 

for calibration and verification of the numerical simulations. The developed numerical method is shown 

in this chapter to successfully simulate the fabric-guided micro-fracturing phenomenon. 

Chapter 6 takes an in-depth look at the mechanisms of initiation and interaction of micro-

fractures at different stress limits within intact brittle rocks. The effect of stress rotation and stress fatigue 

on crack damage thresholds is systematically investigated in this chapter through state-of-the-art 

laboratory testing and monitoring techniques in combination with advanced grain-based numerical 

modelling. 

Chapter 7 describes the confinement dependency of crack damage thresholds for intact brittle 

rocks. Yield surface and damage envelopes for four different rock types with different origins are 

identified from a meticulous laboratory program described in this chapter. Finally, a relationship is 

established between the brittleness and grain-scale heterogeneity of intact rocks and the confinement 

dependency of their CI envelope.  

Chapter 8 provides a general discussion of the key findings as well as a summary of conclusions 

and contributions made through this research. 
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Chapter 2 

Investigation of Application and Limitations of Current State of Practice for 

Estimation of In Situ Crack Initiation and Propagation Thresholds for Brittle 

Rocks Using Laboratory Testing1 

 

2.1 Abstract 

Spalling is a failure mechanism that is commonly observed in the walls of underground excavations in 

rocks with a high ratio of compressive to tensile strength (brittle rocks). The initiation of this damage 

process and the subsequent slabbing failure occurs well before the induced stress reaches the peak 

laboratory strength of the rock. While very common in excavation walls, spalling does not always occur 

in laboratory strength tests due to geometric constraints and boundary conditions within the test. 

Monitoring acoustic emission activity or rigorous strain measurement during a laboratory compressive 

test can be used to indirectly identify the onset of crack damage thresholds for the rock. The lower bound 

Crack Initiation (CI) stress limit corresponds to the ultra-long-term in-situ strength. The upper bound 

threshold for critical crack accumulation and propagation, termed the Critical Damage (CD) stress, 

represents the maximum short term yield strength of the in situ rock at an excavation boundary (zero 

confining stress). The International Society for Rock Mechanics (ISRM) Commission on Rock Spalling 

aims to prepare a suggested methodology for CI and CD measurement based on collected acoustic data 

and measured strain in a compressive laboratory test. To evaluate the consistency and subjectivity of the 

existing algorithms, an inter-laboratory comparison experiment was established, where four sets of cores 

of the same rock type (a granite from Forsmark, Sweden) were tested in four laboratories in different 

                                                      
1 This chapter appears as submitted to an international journal with the following citation: 
Ghazvinian, E., Diederichs, M. S., Martin, C. D., Christiansson, R. and Hakala, M. “Estimation of in situ crack 
initiation and propagation thresholds for brittle rocks using laboratory testing.” International Journal of Rock 
Mechanics and Mining Sciences, submitted on 29 Sep 2014. 
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countries. The crack damage thresholds (CI and CD) were estimated following the routine procedures of 

each laboratory. The estimated CI and CD for Forsmark granite, using the acoustic data and the measured 

strain approach is discussed in this chapter. In addition, the repeatability and subjectivity of each 

method’s interpretation is discussed as the basis for a new Suggested Method. 

2.2 Introduction 

Spalling is the dominant type of failure around deep underground excavations in massive brittle rocks. 

These rock masses are commonly classified in the upper-range of rock classification systems such as the 

Geological Strength Index (GSI) (Marinos and Hoek 2000). The rock mass strength criteria derived by the 

classification systems are well applied to rock masses that are categorized in the mid-range of the rock 

classification systems where their failure is controlled by inter-block shear failure (Carter et al. 2008). At 

the upper-end of the scale (e.g. GSI > 65 and mi > 15), where the failure is governed by the failure of the 

intact rock rather than inter-block shear failure, the in-situ rock mass strength is a simple ratio of intact 

rock strength corresponding to the onset of crack development as detailed by Diederichs (2003, 2007). In 

this upper range of competency and strength, the valid application of the Hoek-Brown strength criterion 

and GSI system for rock mass strength (Hoek et al. 2002) is limited. 

The increase in the induced-stress, tangent to the excavation surface initiates new fractures and 

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

absence of a confining stress. The cracks propagate until they coalesce and start to interact. The 

interaction of the cracks causes spalling and/or slabbing around the opening boundary. The existing shear-

based constitutive models such as Hoek-Brown (Hoek et al. 2002) or Mohr-Coulomb yield criteria do not 

consider the extensile crack damage that occurs in brittle rocks under low confinement. Shear failure 

criteria over-predict the in-situ strength of brittle rocks to the left of the spalling limit in Figure 2-1. In this 

domain, failure is dominated by crack initiation and propagation and the associated reduction in the 

cohesion component of the rock strength and consequently degradation of rock total strength (Diederichs 

2007, Diederichs 2003, Martin et al. 1999, Martin 1997, Castro et al. 1997). 
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Figure 2-1: Damage initiation – spalling limit envelope synthesized from crack damage thresholds 

and laboratory strength of the rock with the associated crack growth progression in an excavation 

wall (modified after Diederichs 2007, Germanovich and Dyskin 2000). 

 

Characterization of stress that is required for initiation and propagation of stress-induced micro-

fractures in a massive brittle rock mass is a key parameter in prediction of its long-term behaviour when 

hosting an underground excavation. With this in mind, the estimation of Crack Initiation (CI) and crack 

propagation (also referred to as crack interaction and Critical Damage; CD) thresholds from laboratory 

tests are proven to be a challenging task. The geometrical boundary condition of laboratory compressive 

tests inhibits direct measurement of crack initiation and crack propagation thresholds for a rock 

(Diederichs 2000, Martin and Chandler 1994, Peng and Johnson 1972, Hudson et al. 1972).  However, a 

number of techniques have been developed for approximation of damage, based on different 
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characteristics of brittle rocks such as, deformation and acoustic emission activity under stress, which can 

be correlated to the initiation and progress of fracturing in rock specimens (Ghazvinian 2010, Diederichs 

2007, Diederichs et al. 2004, Eberhardt et al. 1998, Martin and Chandler 1994, Stacey 1981, Lajtai and 

Lajtai 1974, Bieniawski 1967, Brace et al. 1966). Some techniques are more founded in mechanistic logic 

than others and some are more reliable when applied to real data. It is important to establish procedures 

that are physically justifiable, robust, objective and practical for routine use. This will, in turn increase the 

confidence on the estimated CI and CD thresholds (collectively referred to as the crack damage 

thresholds). This was a strong motivation for the International Society for Rock Mechanics (ISRM) 

Commission on Spall Prediction to take upon the task of developing the Suggested Method for 

Laboratory Determination of Crack Initiation and Critical Damage Thresholds of Brittle Rocks. For this 

purpose an international inter-laboratory testing comparison experiment was established by the ISRM 

Commission on Spall Prediction to help in identifying the challenges with regards to the accuracy and 

repeatability of different methods for determination of crack damage thresholds that need to be addressed 

when formulizing these approaches. The details and outcomes of this inter-laboratory experiment are 

presented in this chapter. 

2.3 In Situ and Laboratory Strength of Brittle Rocks 

A micro-mechanical description of the crack damage thresholds and the associated in situ strength of 

brittle rock masses are given below. 

2.3.1 In Situ Lower Bound Strength: Damage Initiation 

The lower bound for in situ strength is given in laboratory testing as the threshold for Crack Initiation 

(CI).  This threshold is the onset of the formation of new inter- and intra-granular fractures (Figs. 2-2 and 

2-3) and is dependent upon the heterogeneity, density and nature of internal flaws (Diederichs 2007). For 

a sample size significantly larger than the grain size, CI should be a relatively scale-independent property 

of the rock (Martin 1997). The crack initiation threshold can vary from approximately 30% to 60% of the 

UCS for different rocks (Nicksiar and Martin 2013, Lajtai and Dzik 1996, Pestman and Van Munster 
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1996). In testing, it is often challenging to detect this threshold with precision. This is because there are 

actually two theoretical initiation thresholds of interest that exist. The in situ lower bound strength 

extends over a range between the onset of sparse crack formation and systematic damage initiation, as 

shown in Figure 2-1. This range for detectability of CI has also been documented by Diederichs et al. 

(2004) and Eberhardt (1998). Diederichs et al. (2004) describes an initial point where Acoustic Emission 

(AE) counts rise above the background and a higher stress level where cracking becomes systematic with 

increasing load. Eberhardt (1998) relates the existence of the lower and upper bound CI to composite 

mineralogies. Diederichs et al. (2004) accepts the composite mineralogies as a partial reason for this but 

he demonstrates that the lower CI limit is the result of statistical outliers of elemental strength within the 

sample that are not associated with platen interference. For the assessment of short term damage extent in 

underground excavations in normal construction and operational timeframes, Diederichs et al. (2004) 

suggested the upper limit for CI as a practical threshold representative of the onset of observable extensile 

crack damage initiation.  

 

 

Figure 2-2: Microcrack terminology and an example of microcracks in Lac du Bonnet granite 

(after Diederichs 2000, Hakala and Heikkila 1997). 
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The first onset of cracking, however, represents an absolute lower bound for strength and a 

possible indicator of ultra-long term minimum strength (below this limit, no damage = no degradation 

with time) and hereafter will be called CI_L. The upper threshold at which crack initiation becomes 

relatively uniformly distributed throughout the sample and is a steadily accelerating phenomenon with 

increasing load (Fig. 2-3) will be referred to as CI_U.  

2.3.2 In Situ Upper Bound Strength: Crack Coalescence and Interaction 

The instantaneous in situ strength of hard massive or slightly jointed rocks tends to follow the yielding 

limit of the rock rather than the peak envelope (obtained from compressive strength testing of laboratory 

samples). The yielding limit of a hard rock occurs at the onset of significant interaction of previously 

independent extensile cracks (Diederichs 2007), or the propagation of trans-granular fractures as shown in 

Figure 2-3. It can also be related to the unstable extension of the leading wing-cracks with or without 

interaction with a multitude of smaller existing cracks in rocks with previous damage (Germanovich et al. 

1994). The effect of crack accumulation and interaction can be traced in the axial deformation of 

compressive laboratory samples and therefore the yielding limit of hard rock can be identified as the onset 

of non-linearity in the axial stress-strain behavior of the rock (Bieniawski 1967, Brace et al. 1966). 

Lateral strain also starts to accelerate at this critical damage threshold. This limit in testing has come to be 

known as the Critical Damage threshold (CD). 

Demonstration of crack damage progression for a granite specimen by means of AE locations 

associated with crack initiation, propagation and coalescence is shown in Figure 2-4. It is illustrated that 

sparse fractures randomly initiate in the specimen at the onset of CI threshold. The micro-fracturing 

process becomes systematic as the axial stress increases. The fractures are randomly distributed when the 

axial stress in the specimen reaches the CD threshold, however the existing fractures are statistically close 

enough for interaction. When the axial stress in the specimen exceeds the CD threshold, fractures start to 

coalesce and localize to form the shear band, as shown by the green AE events (Fig. 2-4). Existing fabric 
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in the rock can play a key role at this stage for guiding the interaction path for coalescing fractures 

(Mahabadi et al. 2012b, Hakala et al. 2007). This will be discussed in detail in Chapter 4. 

 

Figure 2-3: Different stages of crack damage accumulation (modified after Diederichs 2000). 

 

Figure 2-4: Stages of damage accumulation in a granite specimen represented by AE events. 
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2.3.3 Laboratory Peak Strength 

The peak strength of a brittle rock at zero confinement is obtained from Unconfined Compressive 

Strength (UCS) laboratory testing. In theory, this test measures the maximum load a rock can tolerate 

with no confining pressure (for instance, the stress condition in the walls of an underground excavation). 

However, as was mentioned earlier in this chapter, the stress which causes brittle failure in the walls of an 

underground excavation is much lower than the peak strength of the rock determined by a UCS test. The 

platen effect (Peng and Johnson 1972, Hudson et al. 1972) and also the confinement that the boundary 

condition (specimen shape geometry) provides to the sample (Diederichs 2000) is the primary reason for 

the difference between the way brittle rocks behave in laboratory (UCS test) and in-situ (in the wall of an 

underground opening). The confinement provided by the sample geometry leads to activation of hoop 

stress inside the sample (Diederichs 2007) that differs from the stress condition the rock in the wall of an 

underground excavation is experiencing (low to near zero confinement).  

In practice, the UCS testing of a brittle rock can result in a measured failure stress for the rock 

that can vary between CI to peak strength due to several reasons. Confinement provided by the platens 

causes the failure stress to range between CD and peak. The existing grain shape heterogeneity in a rock 

can cause a complex stress distribution inside a sample. Although the sample is under a compressive 

loading condition, some zones inside the samples experience tension. This complex stress distribution can 

trigger different mechanisms inside the sample to dominate the failure that can vary over a wide spectrum 

of failure modes from axial splitting (associated with CI_U and CD) to shear failure (occurring at peak 

strength). 

2.4 Crack Damage Thresholds Estimation Methods 

The ISRM Suggested Method that describes the testing procedure for determining the complete stress-

strain curve for intact rock in uniaxial compression (ISRM 1999) does not discuss the measurement of the 

onset of crack damage thresholds in rocks. Researchers such as Martin (1994), Lockner et al. (1992), 

Wawersik and Brace (1971), Bieniawski (1967), Brace et al. (1966), Hoek (1964) and many more, studied 
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the initiation, growth of brittle fractures, and crack damage accumulation thresholds in hard rocks by 

monitoring a UCS test using rigorous strain measurement. In a different approach, Acoustic Emission 

(AE) activity of hard rocks is employed to characterize the initiation, accumulation and interaction of 

brittle fractures for loaded laboratory specimens (e.g. Diederichs et al. 2004, Eberhardt 1998, Lockner et 

al. 1992, Ohnaka and Mogi 1982, Scholz 1968). Martin (1994) and Diederichs et al. (2004) have 

formulated two damage threshold estimation techniques for brittle rocks based on this past research by 

using the measured strains and collected AE activity data, respectively. These two methods are widely 

used in rock mechanics laboratories (e.g. Hakala and Heikkila 1997, Jacobsson 2004, NWMO 2011) and 

will be elaborated in this section. There are other methods developed by other researchers that are 

partially mentioned here and are extensively discussed in Nicksiar and Martin (2012), Ghazvinian (2010) 

and Eberhardt et al. (1998). 

 

2.4.1 Crack Initiation Threshold (CI) 

A few methods for estimation of the onset of the crack initiation threshold are described in this section. 

2.4.1.1 Crack Volumetric Strain Method 

The onset of non-linearity of the lateral strain-axial stress curve is shown by Lajtai and Lajtai (1974), 

Bieniawski (1967) and Brace et al. (1966) to correspond to the CI threshold. Identifying the onset of non-

linearity of this curve however can be subjective and also analysis of lateral stiffness (axial stress/lateral 

strain) confirms that the lateral strain-axial stress curve hardly reaches linearity (Ghazvinian et al. 2011, 

Eberhardt et al. 1998). Martin (1997) suggested the use of calculated crack volumetric strain for 

identifying the onset of the CI threshold. For a cylindrical sample, crack volumetric strain ( ) is 

calculated as the difference between the volumetric strain ( ) and elastic volumetric strain ( ): 

ε ε ε  (2-1) 

in which volumetric strain ( ) is a function of axial ( ) and lateral ( ) strains as: 

ε ε 2ε  (2-2) 
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and elastic volumetric strain ( ) is given by: 

ε
1 2ν
E

σ σ  (2-3) 

where E and ν are the Young’s modulus and Poisson’s ratio respectively, and  and  are the major and 

minor principal stresses. 

Crack volumetric strain for a compressive test shows compaction of the specimen at the early 

stages of loading until all the pre-existing fractures in the specimen are closed and  reaches a stable 

condition (no dilation and no compaction with further loading). After this stage, with the increase in the 

axial stress, Martin (1997) defines CI as the onset of dilation of the specimen (second derivative of the 

crack volumetric strain switch sign). In practice however it can be difficult and sometimes erroneous to 

follow this routine. Therefore, where this method is employed, CI is commonly interpreted as the 

maximum (reversal) point of the crack volumetric strain curve as illustrated in Figure 2-5a. 

Crack volumetric strain is sensitive to elastic constants, in particular to Poisson’s ratio (Eberhardt 

et al. 1998). It can be shown that the instantaneous Poisson’s ratio is not constant at any period during a 

laboratory compressive test since the lateral strain-axial stress curve never reaches linearity (Ghazvinian 

et al. 2011, Eberhardt et al. 1998, Hakala and Heikkila 1997). The ISRM Suggested Method for the 

complete stress-strain curve for intact rock in uniaxial compression (ISRM 1999) suggests that the 

average elastic constants (E and v) should be calculated at the straight line portion of the axial stress-axial 

strain and/or axial stress-lateral strain curves. It also mentions that the tangent and secant elastic constants 

are generally calculated at 50% UCS. Elastic constants for a Forsmark granite specimen, calculated for 

various range intervals of percent of UCS, are shown in Figure 2-6a. The corresponding CI thresholds 

estimated from the crack volumetric strain method by using the elastic constants in Figure 2-6a are 

illustrated in Figure 2-6b. The major dependency of the estimated CI threshold to the chosen range for 

calculating the elastic constants is evident in Figure 2-6b. A small change in the elastic constants and 

consequently CI threshold is achieved when a range interval in the vicinity of the 50% UCS is chosen, 

however the calculated Poisson’s ratio is unrealistically high, due to the inclusion of the non-elastic 
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portion of the loading curve beyond CI, that involves initiation of new extensile fractures in the 

calculation of the Poisson’s ratio. 

The significant maximum (reversal) point of the crack volumetric strain curve can be challenging 

to identify for some rocks, since this curve can show limited curvature, near its apparent maximum, for a 

substantial range (Fig. 2-5a) (Ghazvinian et al. 2012b). For instance, as shown in Figure 2-5b, the 

maximum 1% of the calculated crack volumetric strain is associated with a 43 MPa range for CI 

estimated for a Forsmark granite sample with a uniaxial strength of approximately 260 MPa. 

 
Figure 2-5: a) Identifying CI as the maximum point of crack volumetric strain curve.  b) 

Normalized crack volumetric strain to the maximum crack volumetric strain for a granite sample 

(UCS ~ 260 MPa), showing a 43 MPa range for CI associated with the maximum 1% of the crack 

volumetric strain. 
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Figure 2-6: a) The Young’s moduli (E) and Poisson’s ratios ( ) calculated for various range 

intervals of percent of UCS for a Forsmark granite sample and b) the corresponding CI thresholds 

estimated from the crack volumetric strain approach by using the calculated elastic constants for 

different range intervals of UCS. 
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2.4.1.2 Inverse Tangent Lateral Stiffness (ITLS) Method 

Ghazvinian et al. (2011) suggested the Inverse Tangent Lateral Stiffness (ITLS) as an indicator for CI that 

is only dependent upon lateral strain and does not include any calculated parameters. ITLS (Fig. 2-7) 

amplifies the change in the slope of lateral strain-axial stress curve by using the moving point regression 

technique and in this way it decreases the uncertainty and subjectivity of identifying the onset of non-

linearity for lateral strain. ITLS ( ∆) is calculated as: 

ε ∆
∆ε

∆σ
 (2-4) 

where, 

∆ε ε 	 ε 	   (i = 1, 2, 3, …) (2-5) 

∆σ σ 	 σ 	   (i = 1, 2, 3, …) (2-6) 

and σ  is the axial stress. The interval (number of data points) of the sliding window for calculating 

the ∆ should be adjusted by the user according to the data quality and data collection frequency to 

minimize the noise. Application of this method is limited to cases where the precision of lateral strain is 

high. Therefore, this method is limited to the lateral strain that is recorded by means of strain gauges (e.g. 

not extensometers and LVDTs). The strain gauge collected strain data is higher in precision compared to 

strain or displacement recorded by means of extensometers or LVDTs. 

Strain gauges are sensitive to the fractures that occur near the specimen’s surface under the strain 

gauge at the lower stages of crack initiation. But, a transducer can only pick the onset of fracture initiation 

when a considerable number of fractures are accumulated inside the cylindrical sample. This is when the 

specimen dilation due the formation of micro-fractures reaches a considerable value compared to the 

volumetric elastic deformation of the specimen. 

There are some limitations to the application of strain gauges for the measurement of strains in 

rock testing created by the contact between the rock and strain gauge, etc. These concerns can sometimes 

be avoided by changing the strain gauge type or bonding agent, for instance increasing the strain gauge 

length when the grain sizes are relatively large. But in some cases the use of extensometers/LVDTs for 
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deformation measurement is inevitable. In anisotropic samples, mostly sedimentary rocks (metamorphism 

and foliation have a minor effect on CI (Ghazvinian et al. 2013a, Hakala et al. 2006)), the existence of 

interbeds and veins lead to erroneous measurement of strain by strain gauges. In these types of rock, 

various strains will be recorded based on the position of strain gauges on the rock specimen. In these 

cases the use of extensometers are preferred and consequently the application of ITLS approach for CI 

estimation is limited. 

 

 

Figure 2-7: ITLS method for estimating CI by using lateral strain. 

 

2.4.1.3 Acoustic Emission Method 

Extensional crack initiation and propagation and grain boundary sliding in rocks are the source of 

Acoustic Emission (AE) activities that occur when the rock is stressed (Mogi 2007). Therefore, a relation 

can be established between the change in the increasing rate of AE activity (that represent cracks that are 

forming or extending) and the crack damage progression in rocks (Lockner et al. 1992, Ohnaka and Mogi 
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1982, Obert 1977, Scholz 1968, Kaiser 1953). AE activity is commonly quantified by either AE events or 

AE counts. An AE event is a rise in acoustic emission due to change in the structural integrity of the 

material while the counts or ringdown counts or threshold crossing counts is the number of times the AE 

signal crosses the detection threshold (Hardy 2003, Eberhardt et al. 1998). An AE event includes multiple 

counts as schematically shown in Figure 2-8. 

In this method, as illustrated in Figure 2-9a, crack intensity or cumulative number of cracks (AE 

events or AE counts) is plotted versus axial stress on a log scale to demonstrate the sudden increase in the 

number of AE events that can be as large as an order of magnitude. CI_L is measured at the first point on 

the “cumulative number of cracks – axial stress” plot where the rate of AE events suddenly increases 

above the background noise with a small change in the stress. CI_U is the point where this increase 

becomes persistent (Diederichs et al. 2004).  

 

 

Figure 2-8: Key AE signal features. 



 

32 

 

The first crack threshold, CI_L, may not be detectable using strain measurements unless the 

cracking occurs directly under the adhered strain gauge. For extensometer collar measurement of lateral 

strain, this threshold may go undetected. In general, AE responds before extensometer measurements to 

the onset of crack initiation. 

 

 

Figure 2-9: a) Acoustic Emission approach for identifying crack damage thresholds in rock (the 

typical linear increase in the AE activity before CI is attributed to the background noise level, 

which is assumed to remain constant during the tests), b) Filtering effect on the crack intensity 

curve. 
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Detection of the onset of the CI threshold can be challenging for some samples when the change 

in the slope of the crack intensity is very gradual (e.g. blue line in Figure 2-9b). In most cases filtering of 

the AE events can be a solution to this problem. Depending on the AE monitoring system, filtering based 

on AE events energy, number of counts, duration etc. (e.g. removing events with zero energy or one 

count) helps to eliminate events that are not representative of crack formation in the sample but are 

inaccurately registered as events on the AE system. Figure 2-9b demonstrates the difference between the 

crack intensity curve before and after filtering. 

 

2.4.2 Critical Damage Threshold (CD) 

The widely used methods for calculation of the onset of crack propagation threshold (CD) are described 

here. 

2.4.2.1 Volumetric Strain Method 

Martin (1997) estimates CD as the reversal point of total volumetric strain as calculated in Equation 2 for 

a cylindrical sample. This process is illustrated in Figure 2-10. 

 

Figure 2-10: Identifying CD as the reversal point of volumetric strain curve. 
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The standard deviation for CD measured by strain gauges is usually higher than CD measured by 

extensometers (Ghazvinian et al. 2012a). The main reason for this is that at high damage levels in the rock 

(i.e. crack interaction), when the inter-grain contacts are loosened or broken, strain gauge measurements 

are dominated by local grain dislocation and grain boundary sliding rather than larger-scale specimen 

deformation. 

2.4.2.2 Acoustic Emission Method 

CD in the AE method is determined as the next point after CI where deviation from the constant log-slope 

occurs (Diederichs et al. 2004). This is where the second derivative of the cumulative number of cracks 

versus the axial stress has a sharp increase (i.e. crack propagation in Figure 2-9a). 

2.5 Inter-Laboratory Study for Measurement of Damage Thresholds 

The ISRM Commission on Rock Spalling has taken on the task of providing Suggested Method for 

damage initiation threshold detection, as mentioned earlier in this chapter. The current widely used 

techniques for crack damage threshold estimation in rocks (AE and strain measurement approaches) have 

been summarized in this chapter and further details can be found in (Ghazvinian et al. 2012a, Nicksiar 

and Martin 2012, Diederichs and Martin 2010, Eberhardt et al. 1998). These methods need to be 

evaluated in terms of the repeatability of the results, the subjectivity of the interpretation and the 

limitations of each approach before being put forward as the ISRM Suggested Method. For this purpose, 

under the ISRM Spalling Commission initiative, four sets of the same rock type have been tested at four 

different rock mechanics laboratories in different countries, and crack damage thresholds for the 

specimens were determined by the laboratories to examine the accuracy and subjectivity of the AE and 

strain measurement approaches for measuring damage thresholds. The purpose of this study is to establish 

the most accurate and the least subjective procedure for determination of Crack Initiation (CI) and crack 

propagation (CD) threshold stresses for brittle rocks that can produce consistent results in different 

laboratories independent of the monitoring technique and/or the interpretation of the test data. 
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A medium-grained metagranite (Jacobsson 2004) from Forsmark, Sweden, as shown in Figure 2-

11, was chosen for the purpose of this study. The specimens with the diameter of approximately 51 mm 

were taken from four boreholes (KFM04A, KFM05A, KFM06A and KFM01B) drilled as part of an 

investigation program for underground storage of spent nuclear fuel in an area that is managed by the 

Swedish Nuclear Fuel and Waste Management Co (SKB). 

 

 

Figure 2-11: Forsmark granite; left) Specimen, before and after failure; right) thin section view of 

quartz, microcline, orthoclase and biotite, cross-polarized light. 

 

Four rock testing laboratories volunteered to participate in this study by performing the testing 

and analysis of the samples using their interpretation of the procedures for damage detection and analysis:   
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1. CanmetMINING research laboratories, Natural Resources Canada, Ottawa, Canada, 

2. SKB laboratory, Sweden (through the Material and Rock Mechanics Laboratories at the 

Department of Building Technology and Mechanics at the Swedish National Testing and 

Research Institute (SP)), 

3. Posiva, Finland (through the laboratory of rock engineering, Aalto University School of Science 

and Technology, Espoo, Finland) and 

4. Queen’s University rock mechanics laboratory of the Mining Engineering Department, Kingston, 

Canada. 

 

Three sets of specimens, obtained from different depths of boreholes KFM04A, KFM05A and 

KFM06A were tested at SKB. Another three sets of specimens, obtained from borehole KFM01B, were 

intentionally mixed and sent to Canmet, Posiva and Queen’s for testing (Table 2-1). 

 

Table 2-1: Depth and borehole information of the Forsmark granite specimens sent to the 

laboratories for testing (different colours represent different boreholes). 

Sample No. Laboratory 

Canmet Posiva SKB Queen’s 

1 KFM01B-230.82 KFM01B-231.12 KFM06A-449.15 KFM01B-231.29 

2 KFM01B-231.59 KFM01B-231.87 KFM06A-483.11 KFM01B-232.24 

3 KFM01B-232.48 KFM01B-232.83 KFM05A-560.03 KFM01B-234.76 

4 KFM01B-234.91 KFM01B-243.15 KFM05A-560.38 KFM01B-243.30 

5 KFM01B-243.45 KFM01B-243.60 KFM05A-560.65 KFM01B-243.75 

6 KFM01B-244.12 KFM01B-244.27 KFM05A-560.78 KFM01B-244.45 

7 KFM01B-244.60 KFM01B-245.45 KFM05A-560.92 KFM01B-249.55 

8 KFM01B-249.70 KFM01B-249.95 KFM04A-586.60 KFM01B-250.10 

9 KFM01B-250.25 KFM01B-251.76 KFM04A-586.73 KFM01B-252.08 

10 KFM01B-252.84 KFM01B-253.53 KFM04A-586.95 KFM01B-253.68 

11   KFM04A-587.42  

12   KFM04A-812.78  

13   KFM04A-813.06  
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2.5.1 Testing and Monitoring Methods at Each Laboratory 

The laboratories that participated in this study each followed their own methods for testing, monitoring, 

choice of equipment, sensors, etc. All methods were deemed compatible with available standards. The 

procedure that was undertaken by each laboratory for testing the Forsmark granite specimens are 

described below. 

2.5.1.1 CanmetMINING 

The Canmet testing facility is an ISO 17025 accredited testing laboratory. Therefore their testing 

procedure must be in conformity with the current available standards (i.e. ASTM) or Canmet’s Standard 

Operating Procedures (SOPs) that form part of Canmet’s accredited test procedures. To prepare the 

specimens for testing, the specimen ends were ground to be flattened within to 0.025 mm and to be 

parallel to each other within a 0.025 mm range. The precision of the specimen ends perpendicular to the 

specimen longitudinal axis of the specimens were within 0.25 degrees. 

A MTS computer controlled servo-hydraulic machine loaded the specimens in stress control 

mode. 12.5 mm strain gauges measured axial and circumferential deformations. Two diametrically 

opposed strain gauges, which were connected in series to form a single active strain gauge, were installed 

at the mid-height of the specimens for axial deformation measurement. Another two strain gauges, 

connected similarly to the axial gauges setup, were mounted 90 degrees to the axial gauges for 

circumferential deformations. Three LVDTs, arrayed 120 degrees from each other, and a circumferential 

extensometer were used for the axial and circumferential deformation measurements respectively (Fig. 2-

12). Specimens were wrapped in a teflon heat shrinking tube during testing to avoid damage to the 

LVDTs and extensometer. The tests were also monitored with a Physical Acoustics Corporation (PAC) 

AE system (pre-amplification of 40 dB) using 6 PAC Pico AE transducers with operating frequency of 

200-750 kHz. The transducers were divided into two outer arrays (3 AE transducers in each array spaced 

120 degrees from each other) mounted at 1/3 of the distance from the specimen ends. The two arrays’ 
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transducers had 60 degrees offset from each other. All stress, strain and AE data was recorded every 

second. 

 

Figure 2-12: Testing setup for the Forsmark granite samples at Canmet. 

2.5.1.2 SKB 

For testing the Forsmark granite specimens at the SKB testing facility (SP), the SKB internal control 

documents were followed during the specimen preparation and compressive testing. The specimen ends 

were ground to achieve a high quality surface for testing that is in conformity with ASTM 4543-01 

(2001).  

The compressive tests were carried out on specimens saturated for minimum of 7 days, using a 

GCTS servo controlled testing machine. The compressive tests were conducted in the radial strain control 

mode to acquire the post-failure behavior of the specimens. The axial and circumferential deformations 

were measured using miniature LVDTs. The axial deformations were measured using two independent 
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systems. The first system (S1) measures the deformation that occurs between ¼ to ¾ of the specimen 

height, by means of two LVDTs. The second system (S2) measures the total deformation of the specimen, 

also by using two LVDTs. The circumferential deformation of the specimen was measured by means of a 

LVDT that recorded the change in the opening gap of a chain that is mounted around the specimen at 

mid-height. The testing setup is shown in Figure 2-13. 

 

Figure 2-13: Testing setup for the Forsmark granite samples at SKB (Courtesy of SKB). 

2.5.1.3 Posiva 

The Forsmark granite specimens at Posiva testing facility were cut using a 300 mm diameter diamond 

saw blade, and ground using a grinding machine, to satisfy the length-to-diameter ratio, straightness, 

perpendicularity and flatness of the specimen ends requirements suggested by the ISRM Suggested 

Method (ISRM 1999). 

The specimens, which were saturated in water for at least a week prior to testing, were tested 

using a MTS computer-controlled servo-controlled hydraulic compression machine. The tests were run 

under radial strain control mode with a rate corresponding to an elastic axial loading rate of 

approximately 0.75 MPa/s. Three averaging direct contact axial extensometers with a 50 mm gauge 
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length were used to measure axial deformation as per Figure 2-14. Radial deformation was measured 

using a roller chain, wrapped around the specimen at mid-height that was connected to a circumferential 

extensometer. Strains were also measured using two triaxial 3-wire strain gauges that were mounted on 

the specimens’ mid-height. The specimens were also monitored by using a two-channel PAC AE 

monitoring system (pre-amplification of 40 dB and threshold voltage of 0.1 V) including two PAC R15 

AE transducers with operating frequency of 50-400 kHz. All of the scanned data were recorded with 1 Hz 

frequency. 

 

Figure 2-14: Testing setup for the Forsmark granite samples at Posiva. 

 

2.5.1.4 Queen’s University 

The specimen ends were ground using a lathe at the Queen’s rock mechanics laboratory to fall within the 

ISRM requirement range for specimen ends flatness and straightness (ISRM 1999). 

The specimens were tested using a MTS servo-controlled testing machine in axial deformation 

control mode. Four strain gauges were installed on each specimen for strain measurement. To capture the 

foliation effect, two strain gauges for axial deformation, 90 degrees from each other and another two 
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strain gauges for circumferential deformation, 90 degrees from each other and diametrically opposed to 

the axial strain gauges were installed at the mid-height of the specimens (Fig. 2-15). 2 cm strain gauges 

were used on 5 specimens and 1 cm strain gauges were used on another 5 specimens to evaluate the effect 

of strain gauge size on the accuracy of measured strain. For all tests the axial deformations were also 

recorded using the stroke through the loading frame. For 6 of 10 specimens, a lateral extensometer 

connected to a roller chain was used to measure the circumferential deformation. The lateral extensometer 

was taken off the specimens at mid-test to avoid damage to the extensometer. The AE monitoring of the 

specimens with an ESG Hyperion system (pre-amplification of 40 dB and threshold voltage of 0.1 V) 

during testing included four PAC Nano30 AE transducers with operating frequency of 150-750 kHz. Two 

arrays of two diametrically opposed transducers were mounted approximately at ¼ and ¾ of the specimen 

height. The two arrays were 90 degrees offset from each other. 

 

Figure 2-15: Testing setup for the Forsmark granite samples at Queen’s. 
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A summary of the Forsmark granite specimen conditions at the testing time, test control mode 

and sensors that were used for monitoring of the specimens at the laboratories is presented in Table 2-2. 

Table 2-2: Testing condition and sensors that were used for monitoring of the Forsmark granite 

testing at the laboratories. 

Laboratory 
Specimen 
condition 

Test control 
mode 

Strain measurement 
Acoustic 
Emission 

Specimen 
l/d (d = 
51mm) 

Strain 
gauge 

Extensomter/ 
LVDT 

Canmet Dry Axial stress Yes Yes Yes 2.2 

SKB Saturated Radial strain No Yes No 2.5 

Posiva Saturated Radial strain Yes Yes Yes 2.5 

Queen’s Dry 
Axial 

displacement 
Yes 

Yes (6 
samples) 

Yes 3.0 

 

2.6 Results 

The acquired laboratory testing results from Canmet, Posiva and SKB including crack damage thresholds 

calculated from different methods for the Forsmark granite are summarized in Tables 2-3 to 2-5. Queen’s 

provided only the raw testing data. The stress parameters in the tables are in MPa and E (Young’s 

modulus) is in GPa.   

Table 2-3: Forsmark granite testing results reported by Canmet (the stress parameters are in MPa, 

E (Young’s modulus) is in GPa and Depth is in m). 

Sample 
No. 

Depth UCS 
Transducer Strain gauge 

E ν CI CD E ν CI CD 
1 230.82 251.1 72.7 0.24 129.6 228.6 77.4 0.28 134.3 224.0 
2 231.59 276.8 71.8 0.27 146.2 223.6 76.7 0.32 131.5 197.9 
3 232.48 247.5 69.8 0.26 123.0 196.1 74.5 0.33 126.5 163.0 
4 234.91 255.5 69.2 0.26 128.4 209.6 73.4 0.26 122.8 221.4 
5 243.45 262.7 68.3 0.27 137.4 209.4 73.1 0.27 133.5 252.1 
6 244.12 268.0 70.1 0.27 143.2 216.7 73.5 0.28 134.9 242.7 
7 244.60 256.1 69.7 0.25 129.6 211.1 73.2 0.28 134.0 219.3 
8 249.70 266.9 71.1 0.27 140.5 213.5 75.0 0.31 127.5 192.1 
9 250.25 273.7 71.2 0.31 135.8 204.9 73.0 0.32 136.7 199.4 
10 252.84 281.8 71.3 0.28 141.4 218.6 74.0 0.31 146.1 206.7 

Average - 264.0 70.5 0.27 135.5 213.2 74.4 0.30 132.8 211.8 
St. Dev. - 10.8 1.3 0.02 7.2 8.8 1.5 0.02 6.1 24.5 



 

43 

 

Table 2-4: Forsmark granite testing results reported by Posiva (the stress parameters are in MPa, 

E (Young’s modulus) is in GPa and Depth is in m). 

Sample 
No. 

Depth UCS 
Transducer AE 

E ν CI CD CI_L CI_U CD 
1 231.12 250.0 74.0 0.28 124.0 205.0 100.0 125.0 235.0 
2 231.87 242.0 74.0 0.27 119.0 199.0 75.0 110.0 235.0 
3 232.83 235.0 72.0 0.28 117.0 200.0 100.0 150.0 225.0 
4 243.15 214.0 69.0 0.28 105.0 168.0 75.0 100.0 200.0 
5 243.60 231.0 71.0 0.28 117.0 188.0 90.0 100.0 225.0 
6 244.27 239.0 72.0 0.28 126.0 208.0 90.0 110.0 235.0 
7 245.45 218.0 70.0 0.29 108.0 176.0 75.0 110.0 215.0 
8 249.95 237.0 73.0 0.28 129.0 188.0 80.0 110.0 225.0 
9 251.76 259.0 72.0 0.30 120.0 201.0 80.0 100.0 250.0 
10 253.53 266.0 72.0 0.31 125.0 203.0 110.0 150.0 265.0 

Average - 239.1 71.9 0.29 119.0 193.6 87.5 116.5 231.0 
Std. Dev. - 15.5 1.5 0.01 7.3 12.6 11.9 18.2 17.0 

 

Table 2-5: Forsmark granite testing results reported by SKB (the stress parameters are in MPa, E 

(Young’s modulus) is in GPa and Depth is in m). 

Sample 
No. 

Depth UCS 
Transducer S2 

E ν CI 
1 449.15 238.9 74.9 0.29 123.0 
2 483.11 244.9 75.0 0.26 133.0 
3 560.03 221.0 77.3 0.26 120.0 
4 560.38 221.3 75.1 0.28 113.0 
5 560.65 207.8 72.9 0.28 114.0 
6 560.78 205.4 72.1 0.25 100.0 
7 560.92 233.1 82.9 0.28 115.0 
8 586.60 244.1 75.5 0.21 120.0 
9 586.73 243.5 78.4 0.22 120.0 
10 586.95 227.9 77.9 0.22 120.0 
11 587.42 245.9 78.7 0.24 130.0 
12 812.78 214.4 74.7 0.25 115.0 
13 813.06 232.0 71.2 0.30 130.0 

Average - 229.2 75.9 0.26 119.5 
Std. Dev. - 13.7 3.0 0.03 8.4 

 

The elastic constants and crack damage thresholds for the Forsmark granite samples were also 

recalculated by the authors by using the raw testing data, which was provided by the laboratories, to 

compare with the crack damage thresholds reported by the laboratories (these values are referred to as 

recalculated hereafter in the chapter). In this analysis, the elastic constants were calculated for the range 
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between 30% to 50% of the UCS. The recalculated crack damage thresholds are reported in Tables 2-6 to 

2-9. The last 5 specimens for the Queen’s set failed prematurely, therefore only testing results for the first 

5 specimens are shown in Table 2-9. 

The reported test results demonstrate that the average UCS for specimens tested at Canmet is 

approximately 25 and 35 MPa higher than the average UCS of the samples tested at Posiva and SKB 

respectively (Fig. 2-16). This difference can be mainly attributed to the length to diameter ratio (l/d) as 

well as the saturation condition of the specimens (unsaturated specimens at Canmet versus saturated 

specimens tested at Posiva and SKB). Canmet prepared and tested specimen with l/d of 2.2. Posiva and 

SKB tested specimens with l/d of 2.5 and Queen’s specimens were tested with l/d of 3. Another 

influencing factor is the loading control method (stress control at Canmet versus radial strain control at 

Posiva and SKB). Radial strain controlled tests are commonly slower in duration when compared to stress 

controlled tests. In a slow compressive test, fractures can extend further – compared to the retarded 

process of fracturing in a fast compressive test – and consequently lower the compressive strength of the 

specimen. 

Table 2-6: Recalculated Forsmark granite crack damage thresholds from the raw testing data 

provided by Canmet (the stress parameters are in MPa, E (Young’s modulus) is in GPa and Depth 

is in m). 

Sample 
No. 

Depth UCS 
Transducer Strain gauge AE 

E ν CI CD E ν CI CI* CD CI_L CI_U CD 
1 230.82 251.1 72.2 0.19 102.2 228.6 76.9 0.26 98.2 124.2 224.0 108.4 127.8  
2 231.59 276.8 71.5 0.25 102.6 223.6 76.4 0.29 112.5 131.5 195.3 101.6 115.4 247.1 
3 232.48 247.5 69.4 0.23 100.4 196.1 74.3 0.27 103.0 126.5 161.9 95.0 106.8 231.3 
4 234.91 255.5 68.6 0.24 95.5 209.6 73.0 0.24 103.9 124.6 223.1 101.9 116.9 238.5 
5 243.45 262.7 67.4 0.25 103.7 209.4 72.8 0.25 108.2 118.3 245.1 100.4 118.4 250.0 
6 244.12 268.0 69.9 0.23 114.4 216.7 73.4 0.26 113.7 123.8 248.3 100.8 115.2 244.5 
7 244.60 256.1 68.5 0.21 97.7 211.1 72.6 0.26 90.9 126.5 219.3 95.2 117.4 232.0 
8 249.70 266.9 70.9 0.24 111.1 213.5 75.5 0.28 106.8 126.0 192.1 101.8 110.5 248.0 
9 250.25 273.7 71.2 0.28 112.4 204.9 72.9 0.29 105.9 131.8 199.4 78.3 100.3  

10 252.84 281.8 70.2 0.24 111.6 218.6 73.9 0.28 121.2 122.2 206.7 98.0 118.8 262.3 

Average - 264.0 70.0 0.24 105.2 213.2 74.2 0.27 106.4 125.5 211.5 98.1 114.7 244.2 

St. Dev. - 10.8 1.4 0.02 6.4 8.8 1.5 0.02 8.0 3.8 24.7 7.5 7.1 9.6 
CI* for Canmet testing is calculated using the inverse tangent lateral stiffness method. 
CD based on AE method could not be estimated for two specimens since the AE activity was not recorded for the 
entire duration of the tests. 
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Table 2-7: Recalculated Forsmark granite crack damage thresholds from the raw testing data 

provided by Posiva (the stress parameters are in MPa, E (Young’s modulus) is in GPa and Depth is 

in m). 

Sample 
No. 

Depth UCS 
Transducer Strain gauge AE 

E ν CI CD E ν CI CI* CI** CD CI_L CI_U CD 
1 231.12 250.0 74.4 0.25 96.3 204.5 75.1 0.27 101.4 107.9 104.6 183.7 98.1 120.1 237.7 

2 231.87 242.0 75.4 0.25 96.2 199.4 75.9 0.26 94.6 109.1 104.0 207.3 84.8 102.5 234.4 

3 232.83 235.0 70.3 0.24 89.6 199.7 71.7 0.27 91.4 104.8 104.8 186.7 102.2 113.5 223.5 

4 243.15 214.0 70.6 0.26 102.2 168.0 71.1 0.28 86.7 93.8 93.8 154.3 76.3 95.2 199.8 

5 243.60 231.0 70.8 0.25 82.0 187.9 71.0 0.26 90.9 101.9 102.4 180.9 80.2 101.0 226.4 

6 244.27 239.0 72.1 0.25 100.1 232.4 73.0 0.23 94.7 109.3 117.7 234.3 87.2 109.0 229.8 

7 245.45 218.0 68.7 0.25 84.3 175.9 71.5 0.24 84.7 107.8 100.4 193.5 80.7 98.5 214.8 

8 249.95 237.0 74.6 0.25 91.5 187.5 75.3 0.28 95.4 100.6 92.1 169.9 80.8 105.5 220.5 

9 251.76 259.0 73.2 0.26 108.3 201.3 75.4 0.29 104.2 95.5 97.9 190.6 82.2 101.5 249.6 

10 253.53 266.0 71.7 0.27 101.5 203.2 73.6 0.26 107.2 103.0 104.8 205.8 104.1 131.8 259.2 

Average - 239.1 72.2 0.25 95.2 196.0 73.4 0.26 95.1 103.4 102.2 190.7 87.7 107.9 229.6 

Std. Dev. - 15.5 2.1 0.01 7.9 16.8 1.9 0.02 6.9 5.2 6.8 20.8 9.5 10.6 16.1 
CI* for Posiva testing is calculated using the inverse tangent lateral stiffness method for data collected by strain 
gauge 1. 
CI** for Posiva testing is calculated using the inverse tangent lateral stiffness method for data collected by strain 
gauge 2. 
 

Table 2-8: Recalculated Forsmark granite crack damage thresholds from the raw testing data 

provided by SKB (the stress parameters are in MPa, E (Young’s modulus) is in GPa and Depth is in 

m). 

Sample 
No. 

Depth UCS 
Transducer S2 

E ν CI CD 
1 449.15 238.9 61.9 0.20 101.7 199.6 
2 483.11 244.9 63.0 0.20 100.3 206.5 
3 560.03 221 61.2 0.18 87.6 188.3 
4 560.38 221.3 60.5 0.18 83.0 181.8 
5 560.65 207.8 62.3 0.20 85.4 178.0 
6 560.78 205.4 61.3 0.18 79.5 187.5 
7 560.92 233.1 73.0 0.22 94.1 195.1 
8 586.60 244.1 73.5 0.19 94.0 210.4 
9 586.73 243.5 73.3 0.19 99.3 207.1 

10 586.95 227.9 73.9 0.18 91.6 191.9 
11 587.42 245.9 74.0 0.20 105.7 206.8 
12 812.78 214.4 63.5 0.19 76.5 185.2 
13 813.06 232 62.3 0.23 91.2 193.0 

Average - 229.2 66.4 0.20 91.5 194.7 
Std. Dev. - 13.7 5.7 0.01 8.6 10.2 
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Table 2-9: Calculated Forsmark granite crack damage thresholds from the raw testing data 

provided by Queen’s (the stress parameters are in MPa, E (Young’s modulus) is in GPa and Depth 

is in m). 

Sample 
No. 

Depth UCS 
Strain gauge AE 

E ν CI CD CI_L CI_U CD 
1 231.29 244.6 48.5 0.29 118.3 217.6 91.1 122.6 208.5 
2 232.24 184.2 30.5 0.35 92.7 169.0 68.5 78.1 169.6 
3 234.76 154.5 43.6 0.27 76.5 144.5 63.3 74.6 142.6 
4 243.30 199.0 62.5 0.38 98.3 174.5 103.1 125.6 183.3 
5 243.75 201.4 61.5 0.35 100.7 184.6 81.4 117.5 188.7 

Average - 196.7 49.3 0.33 97.3 178.0 81.5 103.7 178.5 
Std. Dev. - 29.2 11.9 0.04 13.5 23.8 14.6 22.5 21.9 

Note: 5 samples in the Queen’s suite failed prematurely and are not included. 

 

 

 

Figure 2-16: Comparing means and ranges (+/- 1 standard deviation) of UCS for the Forsmark 

granite as reported by the laboratories. 

 

The Queen’s data were comparable with respect to the values obtained although the overall UCS 

strength variation in this suite seemed much higher and the overall mean, lower than for the other suites 

of samples. The strain gauge readings for the Queen’s samples proved problematic. This set of samples 

may have been damaged in transport. 
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For a better comparison of the testing results, the reported UCS and crack damage thresholds are 

plotted in Figure 2-17. The overall comparisons of the CI and CD thresholds for the entire suite of tested 

Forsmark granite samples are shown in Figure 2-18. The normalized plots of estimated CI and CD to 

UCS for all samples are shown in Figures 2-19. The list of acronyms that are used in the following figures 

are described in Table 2-10.  

 

Table 2-10: Acronym definitions used in this chapter. 

CI-Trdc 
CI estimated from the maximum point of crack volumetric strain curve which is calculated 
by using data collected by means of transducers, LVDTs and extensometers 

CI-SG 
CI estimated from the maximum point of crack volumetric strain curve which is calculated 
by using data collected by means of strain gauges 

CI-ITLS CI estimated from the ITLS method using data collected by means of strain gauges 

CIU-AE Upper-bound CI estimated by the AE method 

CIL-AE Lower-bound CI estimated by the AE method 

CD-Trdc 
CD estimated from the reversal point of volumetric strain curve which is calculated by 
using data collected by means of transducers, LVDTS and extensometers 

CD-SG 
CD estimated from the reversal point of volumetric strain curve which is calculated by 
using data collected by means of strain gauges 

CD-AE CD estimated by the AE method 
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Figure 2-17: a) Means and ranges (+/- 1 standard deviation) for UCS, CD and CI reported for the 

Forsmark granite by Canmet.  b) Means and ranges (+/- 1 standard deviation) for UCS, CD and CI 

reported for the Forsmark granite by Posiva. c) Means and ranges (+/- 1 standard deviation) for 

UCS and CI reported for the Forsmark granite by SKB (CD was not reported by SKB). d) Means 

and ranges (+/- 1 standard deviation) for UCS, CD and CI as calculated by the authors for the 

Forsmark granite tested at Queen’s (Queen’s only provided raw testing data). 
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Figure 2-18: a) Comparing the reported and recalculated means and ranges (+/- 1 standard 

deviation) estimated for CI by using different methods for all the samples.  b)  Comparing the 

reported and recalculated means and ranges (+/- 1 standard deviation) estimated for CD by using 

different methods for all the samples. 
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Figure 2-19: a) Comparing the reported and recalculated means and ranges (+/- 1 standard 

deviation) for CI normalized to UCS (all the samples). b) Comparing the reported and recalculated 

means and ranges (+/- 1 standard deviation) for CD normalized to UCS (all the samples). 

 



 

51 

 

2.7 Discussion 

From the Canmet and Posiva testing results, where the strain was monitored simultaneously with strain 

gauges and transducers, a comparison could be established between strain gauge and transducer (LVDTs 

and extensometers) readings. The mean CI and CD thresholds estimated from the crack volumetric strain 

and volumetric strain methods by using both the transducer and strain gauge data was found to be very 

similar (for both recalculated and reported CI and CDs). The standard deviation for CD measured by 

strain gauges was generally higher than CD standard deviation measured by transducers. The main reason 

can be that at high damage levels (i.e. crack interaction), when the inter-grain bonds are loosened or 

broken, strain gauge measurement is dominated by local grain dislocation and grain boundary sliding 

rather than larger-scale specimen deformation. 

The CI thresholds estimated from the maximum crack volumetric strain are consistent when the 

ranges for calculating the elastic constants are identical for specimens tested in the same condition (e.g. 

saturation and loading method). The results can differ drastically when the ranges are dissimilar. For 

instance, the reported CIs from Posiva and SKB are in close range (elastic constants are calculated at an 

approximate range of 50% UCS) but they differ from the Canmet CI because of the saturation condition, 

in spite of using a similar range for calculating the elastic constants. The same is true for the recalculated 

CIs for different labs - although the ranges for calculating the elastic constants were identical, the average 

Canmet CI is different than the average Posiva and SKB CI because of the saturation condition. The crack 

initiation is expedited when the pore water pressure increases in isolated pores due to specimen 

compaction and extensile fracturing is facilitated in wet environments (Atkinson 1979). Therefore for low 

porosity rocks, such as the Forsmark granite with porosity of approximately 0.2-0.4% (Liedberg 2006), 

the crack initiation threshold drops drastically with the existence of moisture in the test environment 

(Lajtai et al. 1987).  The reported and the recalculated CIs from the maximum crack volumetric strain for 

each laboratory also differ due to different ranges used for calculating elastic constants (at approximately 

50% for the reported CIs as opposed to the 30% to 50% for the recalculated CIs). According to Equations 
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1 & 3 and as illustrated in Figure 2-6, in general the axial stress associated with the maximum point of the 

crack volumetric strain curve increases with increasing the Poisson’s ratio for the same specimen. Moving 

the elastic constants calculation interval closer to the UCS, results in an increase in the Poisson’s ratio due 

to the micro-fracturing in the rock. Furthermore increasing the Poisson’s ratio reduces the elastic 

volumetric strain and therefore brings the crack volumetric strain curve closer to volumetric strain (CI 

shifts closer to CD). Ultimately at Poisson’s ratio of 0.5, the crack volumetric strain curve is replicating 

the volumetric strain and therefore CI and CD are equal. 

The CI thresholds identified from the AE method are more consistent when comparing different 

interpretations (i.e. comparable values reported by Posiva and identified by the authors for CI_L and 

CI_U thresholds) since no calculated parameter is involved in the process of estimation of CI. The 

saturation effect can still be seen in the results. ITLS commonly estimates CI close to the upper bound CI, 

as in the AE method. 

Estimated CD for specimens are more scattered as compared to CI. Remarkably, the CD as 

predicted by the AE method, is commonly slightly greater than the CD measured by the strain 

measurement method. 

The saturation appears to have similar effects on CI as on UCS for the Forsmark granite specimens. The 

normalized CI to UCS in Figure 2-19 from different laboratories measured with the same method (i.e. the 

AE method or the strain method with the same range for calculating elastic constants) prove to be 

consistent. 

CI is theoretically a test-independent material property of rock (Diederichs 2007). This 

phenomenon is supported by the CI thresholds estimated by AE and ITLS methods for samples tested at 

Canmet and Posiva by representing null or minor dependency on UCS (Fig. 2-20) consistent with 

Ghazvinian et al. (2012b). This dependency is greater for CI identified as the maximum point of crack 

volumetric strain for all samples. Figure 2-21 on the other hand confirms the complete dependency of CD 

on UCS. Interestingly when comparing CI versus CD – that is the true yielding strength of crystalline 
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rock – in Figure 2-22 for samples tested at Canmet and Posiva (precise testing) the dependency 

diminishes (for all methods). 

The independent nature of CI from UCS does not imply that the change in UCS and CI should not 

have the same trend. Commonly rocks with higher CI (the stress value, not the CI/UCS ratio) tend to have 

higher UCS. After all, if the fractures initiate sooner they will propagate at a relatively earlier stage and 

take the rock to the yielding failure faster. As is shown in Figure 2-23, the mean UCS and mean CI from 

different sets of rock specimens can follow the same trend (i.e. relatively higher or lower mean UCS and 

CI for one suite of specimens compared to another), however in each suite of the specimens for a single 

test, CI is independent of UCS and it is even fair to assume CI as one of the controlling factors of UCS. 

The CI independence phenomenon suggests that CI must be measured directly. CI is also less sensitive to 

the rock pre-damage, testing setup and boundary condition and sample scale compared to UCS. It is 

therefore erroneous to measure UCS for a rock and assume CI as a ratio of the UCS.  

 

 

Figure 2-20: CI compared to UCS for the various Forsmark granite samples and methods. 
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Figure 2-21: CD compared to UCS for the various Forsmark granite samples and methods. 

 

 

Figure 2-22: CI compared to CD for the various Forsmark granite samples and methods. 
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Figure 2-23: CI is independent of UCS for each single specimen however the change of CI and UCS 

between different suites of rock samples can have the same trend. 

 

2.8 Conclusions 

In this work, the ISRM Commission on Rock Spalling has established and recommends the use of the 

terms “CI” for the crack initiation threshold and “CD” for the crack accumulation, interaction and 

propagation threshold in brittle rocks. Distinguishing between a lower and upper bound for CI with the 

introduction of CI_L and CI_U is more accurate for describing the crack damage progression and 

behaviour of brittle rock under stress. The existing widely applied algorithms for calculation of the onset 

of crack damage thresholds for brittle rocks based on the Acoustic Emission (AE) and measured strain 

approaches were described in this chapter. Furthermore, the application, robustness, and subjectivity of 

interpretation of these methods were investigated through an inter-laboratory testing experiment 

conducted with Forsmark granite. These methods, including their monitoring procedures and the 

guidelines that were addressed in this study, are forming the initial working basis of a new “Suggested 

Method” for calculation of the onset of crack damage thresholds. 



 

56 

 

This study demonstrated that the AE method results in the most reliable estimates for CI due to its 

ability to provide information from within the rock. In the AE approach the fracturing process is 

measured directly. This technique, however, requires experience for collection (including the use of 

proper AE transducers with a proper operating frequency range for different rock types and correct testing 

setup including pre-amplification, threshold level, etc.) and interpretation of the data. In contrast, the 

strain method offers a simpler approach, but is less reliable in terms of the accuracy of the results. The 

fracturing process in the strain method is approximated indirectly through monitoring of the resulting 

deformations caused by micro-cracking within the rock specimen.  

Identification of CI from the crack volumetric strain curve requires the least effort for data 

interpretation but is strongly dependent upon the calculated elastic constants. Therefore this methods is 

not as reliable as the AE method in terms of accuracy. The ITLS method from the strain approach 

minimizes the reliance to the calculated (as opposed to the directly measured) parameters, but it is 

sensitive to the size of the interval (sliding window) being chosen for calculations and also requires high 

resolution strain data. Furthermore, in the measured strain approach the accumulation of cracks within the 

rock is required for deformation detection on the specimen surface, therefore CI_L may not be detectable 

by using measured strains unless the cracking occurs directly under the adhered strain gauge. Lastly, for 

some rock types the local strain measurement is influenced by heterogeneity resulting in erroneous crack 

damage thresholds interpretations. 

In summary, the AE technique is the preferred method for the estimation of the CI threshold. In 

the absence of AE data, estimation of the CI threshold directly from the lateral strain-axial stress curve 

(either by using the ITLS technique or not) or from the calculated crack volumetric strain when there is a 

confidence in the elastic constant values (not changing as a function of the calculation range under the CI) 

is suggested. Estimation of the CD threshold from both the AE method and volumetric strain technique 

are comparable in terms of accuracy. In conclusion, estimation of the crack damage thresholds 

simultaneously by means of the AE technique as well as the strain data is recommended whenever 
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possible for the maximum reliability of the results. This chapter addressed the estimation of crack damage 

thresholds in unconfined conditions. Further investigation for estimation of crack damage thresholds in 

confined conditions are addressed in Chapter 7. 
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Chapter 3 

New Approaches for Estimation of Crack Initiation Thresholds for Brittle 

Rocks 

An in-depth review of the strengths and limitations of the current state of practice methods for laboratory 

estimation of crack damage thresholds was completed in Chapter 2. The repeatability of the results and 

the subjectivity to interpretation for each method was investigated through an international inter-

laboratory experiment. It was shown that a certain level of confidence exists with the current methods for 

estimation of the Crack Initiation threshold (CI), however the need for more reliable and less subjective 

approaches for measurement of this stress limit is still present. In this two-part chapter, two new 

approaches for measurement of the onset of the CI threshold are presented. Part 1 looks into the 

application of a method from materials engineering which is used to study the delamination phenomenon 

in composite materials, for approximation of the CI threshold for intact rocks. Part 2 investigates the 

possibility of accurate and reliable measurements for the onset of crack initiation in brittle rocks by 

measuring the velocity changes of P-wave propagating through the rock. 
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Part 1: Crack Damage Evaluation of Crystalline Rocks by Means of the Acoustic Emission 

Technique2 

 

3.1.1 Abstract 

The crack damage progression in crystalline rocks is approximated in the laboratory by means of rigorous 

strain measurement and/or monitoring of Acoustic Emission (AE) activity. When both means are used, 

they are usually treated independently to quantify damage in the rock. This study investigates a new 

method to combine the AE and strain data in a unified function, to calculate the balance of stored and 

released energy in the rock due to loading (strain energy) and micro-cracking, respectively. This method 

introduces a new solution for measurement and quantification of crack damage in rock and also provides 

a tool to investigate the brittleness of different rock types. Unconfined Compressive Strength (UCS) 

testing of six different rock types with strain measurement and AE activity monitoring was performed for 

this study. The application of the new method to the data collected from the UCS tests shows the 

difference between the behaviour of the various rock types in terms of sudden energy release at the onset 

of CI threshold.  It also shows the difference in the storability of strain energy before and after CI and CD 

thresholds. 

3.1.2 Introduction 

In situ strength of brittle rocks around the walls of deep underground excavations (low confinement areas) 

is considerably lower than the peak strength measured in the laboratory (Diederichs 2003, Martin et al 

1999). Brittle spalling is the failure mechanism that is commonly observed in the walls of underground 

excavations in massive rocks with high ratio of compressive/tensile strength. Spalling occurs by initiating 

fractures parallel to the excavation boundary and formation of a notch by fracture propagation and 

                                                      
2 This part appears as published in a peer reviewed conference proceedings with the following citation: 
Ghazvinian, E., Diederichs, M. S., Labrie, D., Bandini, A. and Berry, P. (2014). Crack damage evaluation of 
crystalline rocks by means of Acoustic Emission technique. In: Proceedings of the 48th US Rock Mechanics 
Symposium, Minneapolis, USA. 
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coalescence under higher induced stresses or stress corrosion and fatigue. Therefore, the in situ strength 

of brittle rocks is a function of the micro-fracturing state of the rock (Diederichs 2003).  A lower and an 

upper in situ strength limit for brittle rocks can be identified corresponding to the extent of crack damage 

in the rock. 

3.1.2.1 Crack Initiation Threshold 

Crack Initiation (CI) threshold, which corresponds to the onset of the formation of new inter- and intra-

granular fractures, defines the lower bound in situ strength of rocks. UCS/CI ratio for different rock types 

range between 2 to 3.5 depending upon the heterogeneity, density and nature of internal flaws (Diederichs 

2007, Lajtai and Dzik 1996, Pestman and Van Munster 1996). The sparse crack formation and systematic 

damage initiation can both be interpreted as the CI threshold, although Diederichs et al. (2004) and 

Eberhardt (1998) refer to the sparse crack formation as the lower bound for CI, (which will be called in 

this study and hereafter as CI_L) and the systematic damage at which crack initiation becomes relatively 

uniformly distributed throughout the sample as the upper bound CI (CI_U). CI_L that marks the ultra-

long-term minimum strength (below this limit, there is no damage, or no degradation with time) of the 

rock may go undetected in the strain measurements. However, CI_U as an indicator for the rock mass 

response over normal construction time frames can usually be identified as the onset of non-linearity of 

the axial stress-lateral strain curve (CI in Figure 3-1) (Brace 1964). 

3.1.2.2 Crack Propagation Threshold 

The upper bound or short term in situ strength that tends to follow the yielding limit of the rock, 

corresponds to the onset of crack propagation or Critical Damage (CD) threshold. At this stress level, the 

crack interaction and accumulation (Diederichs 2003) or excessive extension of the leading wing-cracks 

begins (Germanovich et al. 1994). The CD threshold can be tracked as the onset of non-linearity of the 

axial stress-axial strain curve, as shown in Figure 3-1 (Brace at al. 1966, Bieniawaski 1967). 
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Figure 3-1: Crack damage stress levels for a brittle rock specimen in an unconfined loading 

condition,  is the crack closure stress limit (after Amann et al. 2011). 

 

3.1.3 Acoustic Emission Technique in Laboratory 

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

not found solely in rocks; many other materials show the same behaviour. By using this characteristic of 

rocks, it is possible to investigate the crack damage progression in a sample when it is subjected to stress 

or deformation (Kaiser 1953, Obert 1977). 

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

initiation and propagation of extension cracks in the medium (Mogi 2007). These processes contribute to 

a sudden release of some amount of stored elastic strain energy which will be converted into a transient 

elastic wave (Lockner 1993). This strain wave travels across the medium 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. 

Various components of an AE signal are shown in Figure 3-2 for a single AE event. For each acoustic 

emission, a set of meaningful parameters, such as progressive event number, number of counts per event, 

maximum amplitude, etc., can be detected. A complete description of all the AE features can be found in 

ASTM (2013d). An essential benefit of the AE method is its ability to locate the source of the AE event 

which can be a useful tool for interpretation of crack damage thresholds in a rock sample. 



 

62 

 

Extensional crack initiation and propagation and grain boundary sliding in rocks are the source of 

acoustic emissions.  Therefore, a correlation can be established between the change in the increasing rate 

of AE hits and the crack damage progression in a rock. AE hits can be defined by either AE events or AE 

counts. An AE event is a rise in acoustic emission due to change in the material. The counts, ringdown 

counts, or threshold crossing counts is the number of times the AE signal crosses the detection threshold. 

An AE event includes multiple counts as shown in Figure 3-2. 

 

 

Figure 3-2: Key AE signal features. 

 

In this approach, CI_L is measured on the “cumulative number of AE events”-“axial stress” curve 

(Fig. 3-3), as the first point where the increasing rate of AE events suddenly rises with a small change in 

the stress. CI_U is the point where this increase becomes persistent. CD is determined as the next point 

after CI where deviation from constant log-slope occurs. This is where the second derivative of 

cumulative number of cracks (AE events) versus axial stress has a sharp increase (i.e. crack propagation 

in Figure 3-3) (Diederichs et al. 2004, Eberhardt et al. 1998). 
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Figure 3-3: Identifying crack damage thresholds from the cumulative number of AE events. 

 

3.1.4 Sentry Function 

The available methods for assessment and quantification of damage or estimation of crack damage 

thresholds for brittle rock specimens rely either on the measured strains or collected AE data during a 

compressive test (Eberhardt 1998, Martin 1993, Diederichs 2000). Detailed investigation and comparison 

of the available methods for estimation of crack damage thresholds can be found in Ghazvinian et al. 

(2012a). For a detailed analysis of damage in brittle rocks a new method is presented in this study. The 

Sentry function combines the quantified mechanical behaviour (stress-strain response) of a material under 

compressive loading with the associated AE activity. The Sentry function has previously been used in 

other engineering disciplines to study the behaviour of CFRP composite laminates (Minak and Zucchelli 

2008, Minak et al. 2009, Refahi Oskouei et al. 2011). In this study the application of the Sentry function 

for the evaluation of damage in brittle rocks is investigated.  

Strain energy (Es) is stored in a rock specimen during the loading process. The amount of strain 

energy stored in a specimen is equal to the area under the axial stress-strain curve for the material (Obert 

and Duvall 1967). Inelastic strain events, for instance micro-fracturing events, release some part of the 

stored strain energy in the specimen. This energy can be released in various forms such as heat, stored as 
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elastic strain in the loading frame, etc. Acoustic energy (Ea) is also a part of the released energy that can 

be quantified by using different formulations (Pollock 2012) from the recorded AE signal collected by 

means of AE transducers on the surface of the rock specimen.  

The quantity of the acoustic energy for a single AE event in this study is calculated by (Pollock 

2012): 

1
. ∆  (3-1) 

 

where Vi are the successive readings of the signal voltage (Fig. 3-2) and Δt is the time interval between 

these. By squaring the voltage and then dividing it by a token resistance (R) that is equivalent to the input 

impedance of the preamplifier, over a domain starting from the First Thresholds Crossing (FTC) and 

ending at the Last Thresholds Crossing (LTC) for each single event, a proper formed energy quantity can 

be achieved. 

An example for the measured stored elastic strain (Es) and released acoustic (Ea) energies of a 

Forsmark granite specimen under unconfined compressive loading conditions is illustrated in Figure 3-4. 

The Sentry function (f) measures the continuous balance of the stored elastic strain energy in a 

material and the released acoustic energy during the loading process by incorporating these two 

parameters in a unified function. The Sentry function can be an indicator for the damage progression in 

brittle rocks and is given by: 

ln  (3-2) 

 

The Sentry function was calculated and shown in Figure 3-5 for a Forsmark granite UCS 

specimen by using the measured energies shown in Figure 3-4. Sudden drops can be spotted on the f 

curve that correspond, within a very close range, to the structural changes such as crack closure and 

damage (crack initiation and propagation) which are identified from the deformational behaviour of the 

specimen (axial, circumferential and volumetric strains). 
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Figure 3-4: Calculated stored elastic strain energy (Es) and released acoustic energy (Ea) for a 

Forsmark granite specimen under unconfined compressive loading condition. 

 

The red dotted lines in Figure 3-5 illustrate the change in the slope of the f curve. The slope of 

this curve is proportional to the ability of the rock specimen to absorb or store elastic strain energy. 

Therefore, the decreasing trend of the slope of the f curve can be an indicator for the rock specimen losing 

its capacity of storing more elastic strain energy (storability of strain energy) with increase in the axial 

stress. 

The Sentry function, independent of the material, can be described by a combination of four basic 

trends (basic functions) (Minak and Zucchelli 2008), as shown in Figure 3-6:  

 P(I): an increasing function which, from the physical point of view, represents the strain energy 

storing phase. The slope of this function decreases with the increase of damage in the material, 

 P(II): a sudden drop function, which marks a significant internal failure (e.g.  micro-fracturing), 

 P(III): a constant function, a smooth damage progression in the material at which the rate of 

changes in the strain energy storability and acoustic energy release are equal, and 

 P(IV): a decreasing function, which denotes the extent of damage in the material. The material is 

unable to sustain the load and therefore the AE activity is greater than material strain energy 

storing capacity. 
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Figure 3-5: Sentry function (f) calculated for a Forsmark granite specimen, along with the axial and 

circumferential strains and the calculated volumetric strains. 

 

 

Figure 3-6: Typical trends of Sentry function (f) versus stress (after Minak & Zucchelli 2008). 



 

67 

 

3.1.5 Laboratory Experiments 

To examine the application of the Sentry function for evaluation and quantification of damage for brittle 

rocks, six different rock types were tested in the laboratory for UCS. The tested rock types are Forsmark 

granite from Forsmark, Sweden, Lac du Bonnet granite from Pinawa, Canada, Indiana limestone, grey 

and white Carrara marbles from the Carrara basin (Italy), and concrete (cored from an underground tunnel 

lining in Canada) (Fig. 3-7). This selection of rock types was chosen to represent a wide variety of rock 

types with different mineralogies. The crack initiation and propagation phenomenon that exists for brittle 

rocks is also applicable to concrete. In concrete, due to the heterogeneity of the material, cracks can 

nucleate in the mortar matrix in the extensile mode or shear-bond cracks can form at the interface 

between the aggregate and mortar matrix (Illson and Dinwoodie 1979). Interestingly, the serviceability 

stress limit for concrete, below which no cracks are formed and stresses can be maintained, is defined as 

30% of UCS (Hobbs et al. 1977) which is within the CI threshold range for brittle rocks (30% to 50% of 

UCS). Two specimens of each rock type were tested. For each test, the strains (axial and circumferential) 

and the AE data were collected simultaneously. The AE monitoring of the Forsmark granite specimens 

was performed by using 6 Physical Acoustics Corporation (PAC) Pico sensors and a DiSP system. PAC 

two channel Pocket AE was used for the AE monitoring of the other specimens (2 Pico sensors for the 

Lac du Bonnet granite and the Indiana limestone specimens and 2 PAC R15 sensors for the white and 

grey Carrara marbles and the concrete specimens). The test setup for the marble specimens is shown in 

Figure 3-8. 

The crack damage thresholds for the tested specimens are estimated from the cumulative number 

of AE events according to the method described earlier in this chapter. The damage thresholds and the 

UCS of tested specimens are listed in Table 3-1. The CD threshold for the Lac du Bonnet granite 

specimens could not be estimated from the AE data and therefore are not listed in Table 3-1. 
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Figure 3-7: Specimens of different investigated rock types before testing. 
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Figure 3-8: Set-up for testing the Carrara marble specimens. 

 

Table 3-1: The tested rock specimens, their UCS and crack damage thresholds estimated from the 

cumulative number of AE events. 

Rock type Sample No. CI_L CI_U CD UCS 

Forsmark granite 
FG-231.59 101.6 115.4 247.1 276.8 

FG-252.84 98.0 118.8 262.3 281.8 

Lac du Bonnet 
granite 

LdB-09-01 70.0 82.4 - 257.6 

LdB-09-02 68.8 80.8 - 265.9 

Indiana 
limestone 

IL-8 15.3 22.7 33.5 42.8 

IL-9 18.2 23.1 31.8 44.3 

Grey Carrara 
marble 

CG-4 42.0 45.8 73.8 80.3 

CG-9 43.1 47.3 75.5 82.8 

White Carrara 
marble 

CB-2 31.0 38.7 69.3 87.6 

CB-7 39.7 46.0 78.8 91.3 

Concrete 
C-04 16.6 24.7 38.2 47.9 

C-09 16.6 22.6 34.5 41.0 
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3.1.6 Experimental Results and Discussions 

The stress-strain curves for the tested rock specimens are plotted in Fig. 3-9. The Forsmark granite and 

the grey and white Carrara marble specimens were tested in axial load control mode. The Lac du Bonnet 

granite, Indiana limestone and concrete specimens were tested in axial strain control mode. 

 
Figure 3-9: The mechanical behaviour (stress-strain curves) of the investigated rock samples. 

 

The Sentry functions (f) for the tested rock specimens were calculated by using the mechanical 

(stress and strain) data and the AE energies. The f can assume any value. However, due to the difference 

between the stiffness of different loading frames and test setups (platen interface effect, etc.), the absolute 

value of the released acoustic energy collected from the very same specimen tested with different testing 

systems can be different. However, the trend of change in the released acoustic energy must be the same 

if tested with the same conditions (loading control mode, loading rate, etc.). Therefore, it is more accurate 

to study and compare the normalized Sentry function (to the maximum Sentry value for a specimen) 

between the specimens as an indicator or index for damage as opposed to the absolute Sentry value.  

The normalized Sentry (f) values (to the maximum f value for each specimen) are plotted for all 

the tested rocks in Figure 3-10. Crack damage thresholds for each specimen are also plotted in the same 

figure.  
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For the Forsmark granite, Lac du Bonnet granite and Indiana limestone specimens, the maximum 

f is coincident with the CI_L, and major drops in the f curve (an indicator for major internal failure) occur 

at CI_U. For these rock types, however, no correlation between the CD and f value can be identified. All 

three rock types mimic the P(III) function as shown in Figure 3-6 for a considerable duration of loading 

time before failure. This indicates a smooth damage progression within the rock.  

 
Figure 3-10: The normalized Sentry functions and the crack damage thresholds for the tested rock 

specimens (the vertical solid, dashed and dotted lines indicate the onset of CI_L, CI_U and CD 

thresholds respectively). 
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The effect of crack initiation and propagation on the f curve for the white and grey Carrara 

marble samples is very minor to null. Some minute unsystematic drops in the f value can be seen to occur 

at CI_L and CI_U thresholds but no major correlation between the damage thresholds and the f plot can 

be established. 

In the concrete specimens, the maximum f value and major release of the inelastic (acoustic) 

energy happens at the CD threshold. This is different than the Forsmark and Lac du Bonnet granites and 

the Indiana limestone for which the maximum f and major energy release occur at CI stress limits. This 

can be due to the fact that the initiation of extensile fractures in concrete mainly occur within the mortar 

matrix (Illston and Dinwoodie 1979), therefore only a small amount of energy is released at this stress 

level in concrete. These fractures are suppressed when they hit an aggregate piece and the tensile stress at 

the tip of these fractures is not high enough to extend the fracture beyond the matrix through the 

aggregate at the CI or between CI and CD limits. From Figure 3-10, it can be recognized that the major 

energy release in concrete occurs when the surface energy of the earlier suppressed fractures are increased 

to a certain amount, becoming large enough to extend through the aggregates (onset of CD threshold). 

A major difference exists between the Sentry curves of the Forsmark granite, Lac du Bonnet 

granite and Indiana limestone and those of the grey and white Carrara marbles. The granite and limestone 

specimens are unable to sustain the increase in the elastic strain energy after CI, however, the marble 

specimens have the ability of storing elastic energy up to a stress level beyond CD. The loss of storability 

of the elastic strain after CI cannot be completely attributed to the heterogeneity at grain scale since the 

Indiana limestone is a monomineralic rock and the heterogeneity observed in this rock is minimal (Ji et al. 

2012) and similar to the marble specimens (Bandini and Berry 2013). The micro-fractures in marble 

specimens at CI stress level are rarely seen to extend beyond a grain size, while this does not necessarily 

apply to the granites and the Indiana limestone (Andreev 1995). Therefore, the localization of stress and 

micro-fracturing is more common in these rocks, which could explain the unstable grain scale micro-

cracks at the CI stress limit and the inability of the rock to sustain its capacity to store strain energy after 
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CI threshold. On the other hand, the stable grain-scale micro-cracks past the CI threshold in the marbles 

would allow for the systematic distribution of the cracks (as shown in Figure 3-11) throughout the 

specimen and extend the ability of the rock to store further strain energy until the very last stages of the 

macroscopic failure. 

 

 

Figure 3-11: Damage processes in cylindrical rock specimens for different rock types (after 

Gramberg 1989). 

 

3.1.7 Conclusions 

The Sentry function (f), a new approach that incorporates the collected AE and strain (mechanical) data 

from compressive laboratory tests, is a unified function to calculate the continuous balance of stored 

elastic strain energy and released inelastic (micro-cracking and sliding) energy in the material. The 

approach has been applied to rock materials in this study. The change in the Sentry function can be an 

indicator for internal damage to the rock; therefore, the progression of the crack damage in rock 

specimens as a function of the applied mechanical load (or stress) can be quantified with this method.  
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It has been shown in this study that the rocks for which the micro-cracking at the grain-scale 

becomes unstable at the onset of CI threshold (independent of the absence or presence of grain-scale 

heterogeneity), such as the Forsmark granite, Lac du Bonnet granite and the Indiana limestone, the ability 

of the rock specimen to absorb further elastic strain energy reduces drastically. A correlation can be 

established between the slope of the Sentry function and the capacity of a rock for storing more elastic 

strain energy. Therefore, the application of the Sentry function can be extended to quantification of 

brittleness with respect to the balance of the absorbed and released energies for the rock material in the 

laboratory. 
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Part 2: Laboratory Identification of Crack Initiation Threshold for Brittle Rocks by Means 

of P-Wave Velocity Measurements3 

 

3.2.1 Introduction 

The spalling strength for the walls of underground openings excavated in massive to moderately jointed 

rock masses is controlled by the onset of micro-cracking and coalescence of these cracks within the intact 

rock. The lower-bound and upper-bound in situ strength of brittle rocks is approximated by the Crack 

Initiation (CI) and Critical Damage/crack propagation (CD) thresholds, respectively. The difference in the 

geometrical boundary condition for intact rock in the wall of an underground excavation, and in a 

conventional laboratory compression test, inhibits the direct measurement of the onset of micro-cracking 

stress in the laboratory. Precise replication of the in situ boundary condition in the laboratory is 

challenging (He et al. 2010), if not impossible. Therefore, estimation of CI and CD thresholds within the 

framework of conventional laboratory compressive tests (ISRM 1999, ASTM 2013b) is limited to indirect 

approaches, for instance, the effect of micro-fracturing on the deformation, Acoustic Emission (AE) 

activity or other mechanical properties of the rock. In this study, the possibility of estimating CI threshold 

from the changes in velocity of P-wave propagation (Vp) for an intact rock is investigated. 

3.2.2 Detection of Crack Initiation Threshold for Brittle Rocks 

The current state of practice for measuring the onset of CI threshold for rocks is either from the AE data 

or from methods that require rigorous strain measurement. The AE approach approximates CI threshold 

as the stress at which an abrupt rise is observed in the AE activity of the rock (Diederichs 2003), in other 

words, the first point on the “cumulative number of AE hits – axial stress” plot where the slope suddenly 

changes (Fig. 3-12a). Different approaches for estimation of CI exist when using the collected strain data. 

Brace et al. (1966), Bieniawski (1967) and other researchers define CI as the onset of non-linearity in the 

                                                      
3 This part is in preparation for submission to an international journal and will have the following author list: 
Ghazvinian, E., Diederichs, M. S. 
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“lateral strain – axial stress” plot. Based on this, Ghazvinian (2010) introduced the Inverse Tangent 

Lateral Stiffness parameter, which is simply the first derivative of the “lateral strain – axial stress”, for 

easier approximation of CI. Martin (1993) introduced the reversal point of crack volumetric strain, the 

onset of dilation for a rock specimen, which is calculated as the difference between the volumetric strain 

and the elastic strain of a specimen as an indicator for crack initiation threshold (Fig. 3-12b). 

 

 

Figure 3-12: Estimation of CI and CD thresholds from a) the AE method and b) from a strain 

method. 

 

The AE method is able to provide direct micro-fracturing information from within the specimen. 

However, the ability of AE transducers to pick up events in triaxial compression tests (particularly those 

with high confining pressures) decreases significantly. This can be attributed to the brittle to ductile 

transition of the mechanical response of rocks with confinement. Estimation of CI from the strain data is 

affected by hysteresis since accumulation and dilation of micro-fractures is a prerequisite for the inelastic 

strain to grow large enough to accelerate the change of the lateral strain (onset of non-linearity of lateral 

strain). Despite the straightforward approach of crack volumetric strain for estimation of CI, this 

calculated parameter is largely sensitive to the elastic constants, in particular Poisson’s ratio. A detailed 

description and comparison of different methods for identification of crack damage thresholds are 

described in Ghazvinian et al. (2015). 
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3.2.3 Compressional Elastic Body Waves (P-Waves) in Rocks 

The propagation of primary compressional body waves (P-waves) in a medium follows an alternating 

pattern of compression and dilation in the direction of the waves, as illustrated in Figure 3-13. When the 

strain associated with the passage of a P-wave through a confined body of rock is small enough to be 

within the elastic range, the velocity of P-wave propagation can be calculated as (Barton 2007): 

 

Vp = 
1
2
 (3-3) 

 

where ) is the axial modulus and  is the density of the rock. Typical ranges of Vp for common rock 

types are shown in Figure 3-14. 

 

 

Figure 3-13: Elastic deformation in a medium associated with the passage of P-waves. 

 

Equation 3-3 shows that the axial modulus controls the velocity of P-wave propagation within the 

rock and that other parameters that have an effect on axial modulus indirectly control the propagation 

velocity as well. Some of the factors that influence the elastic wave velocity for a rock and are also 

significant in terms of the mechanical behavior of the rock are discussed in Section 3.2.4. 
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Figure 3-14: Typical Vp ranges for different tock types (data taken from Press 1966). 

 

3.2.4 Review of Contributing Factors to the P-Wave Velocity in Rocks 

This section will discuss factors which significantly contribute (e.g. porosity, confining pressure) to the 

mechanical response of intact rocks and their influence on the propagation velocity of P-waves within the 

rocks. This is performed through a literature review.   

3.2.4.1 Porosity and Moisture Content 

A large set of data can be found in the literature to correlate the P-wave velocity to rock porosity. In 

general, an inverse relation can be established between the porosity of a rock and the elastic wave velocity 

for that rock (Barton 2007). This porosity can be the natural voids within the rock matrix (i.e. limestone 
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and sandstone) or the weathering effect in rocks such as granite. The results of a study by Kelsall et al. 

(1986) on fissured (weathered) and intact dolerite samples are shown in Figure 3-15. The data in Figure 3-

15a demonstrates that the increase in the porosity of the specimen decreases the Vp. Comparison of the P-

wave velocity in two cases of air-dried and saturated dolerite specimens in Figure 3-15b show the 

increase of Vp in the rocks as a function of saturating the voids with water. This is consistent with the 

higher Vp velocity in water compared to that of air, as shown in Figure 3-14. 

 

 

Figure 3-15: Effects of a) porosity variations, and b) moisture content on the Vp for intact and 

fissured (weathered) dolerite samples (after Kelsall et al. 1986). 

 

3.2.4.2 Fabric 

Presence of a fabric in intact rocks stimulates an anisotropic elastic moduli for the rock and, therefore, P-

wave velocity anisotropy. “Fabric” is used here as a general term to describe any pre-existing planar 

feature in intact rock, such as foliation, micro-scale layering, schistosity, preferred orientation of existing 

micro-cracks, etc. A collection of laboratory studies by different researchers on intact rocks, including 
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different types of anisotropy, support the fabric-dependent velocity anisotropy for P-waves. A 

compilation of these studies can be found in Barton (2007). An example of velocity anisotropy in intact 

slate is shown in Figure 3-16. 

 

Figure 3-16: P-wave velocity anisotropy in slate due to the presence of a fabric (after Duellmann 

and Heitfeld 1978). 

 

3.2.4.3 Confining Pressure 

The closure of pre-existing cracks within an intact rock by increasing the hydrostatic pressure is 

associated with the increase of P-wave velocity. After reaching the hydrostatic confining stress associated 

with the crack closure, the increasing rate of Vp slows down. The Vp increase in rocks after closure of the 

pre-existing cracks is associated with the elastic compaction of the crack-free rock (Birch 1960, Kern 

1978, 1990 and Blake et al. 2013). A classic study by Nur and Simmons (1969) on different rock types 

provides evidence of the confining pressure sensitivity of P-wave velocity (Fig. 3-17). It is shown in their 

study that a stronger sensitivity to hydrostatic pressure can be observed in rocks with larger crack 

porosity, especially in dry samples. 
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Figure 3-17: Confining pressure effect on Vp for different rock types, dry and saturated samples are 

shown by the solid and dotted lines respectively (data taken from Nur and Simmons 1969). 

 

There are other parameters, such as temperature, that could influence the Vp in rocks but these 

parameters are not relevant to the topic of this study and will not be discussed in this chapter (Part 2). 

3.2.5 Changes in P-Wave Velocity with Progressive Damage 

Previous experiments by various researchers (Sammonds et al. 1989, Lockner et al. 1977, Sayers and 

Kachanov 1995, Sayers and van Munster 1991, Scott et al. 1993) have shown that during a compressive 

loading test (uniaxial or triaxial), when the rock is taken to failure, the P-wave velocity has an increasing 

trend at the beginning of loading. This is followed by a decreasing trend as a function of increase in the 

deivatoric stress. All of the factors discussed in Section 3.2.4 that could influence Vp in a rock are 

consistent during a compressive loading test. Therefore the change in Vp during a compressive test can 

only be attributed to the change in the micro-fracture density of rocks, either decreasing (crack-closure) or 

rising with increasing deviatoric stress.  
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The change in Vp as a function of deviatoric stress in rocks is different when perpendicular or 

parallel to the direction of major principal stress (Nur 1971). Eberhardt (1998) showed that the P-wave 

velocity for the Lac du Bonnet granite in the loading direction is not sensitive to micro-fracturing. This is 

consistent with Rummel et al. (1978), in which it was reported that for a bi-axially loaded granite sample, 

axial Vp (measured parallel to the direction of maximum principal stress) continuously increased in the 

pre-peak region, followed by a decreasing trend due to dilation and brittle fracturing in post-peak. Lateral 

Vp (measured perpendicular to the direction of maximum principal stress), on the other hand, exhibited a 

reduction after the onset of micro-fracturing. Therefore, it is safe to assume that Vp in rocks, when 

measured perpendicular to the orientation of the crack openings (parallel to the crack normal), is sensitive 

to micro-fracturing behavior. 

3.2.6 Experimental Methodology 

To investigate the sensitivity of lateral Vp to the progressive damage in laboratory compressive 

specimens, a series of UCS and triaxial tests were performed on  Westerly granite and grey Carrara 

marble (Fig. 3-18). Grey Carrara marble has a monomineralic composition with a crystalline structure. 

The Carrara samples were taken from Carlone quarry, which is the deepest underground quarry in the 

Carrara district. The Westerly granite, which was chosen to represent a polymineralic rock composition, 

is one of the most widely studied rock types in terms of micro-fracturing. The grain size for this rock 

ranges between 0.5 to 2.2 mm (Moore and Lockner 1995). 

Deformation, acoustic emission activity and P-wave velocity were measured for the Westerly 

granite and the grey Carrara marble specimens during the tests. The damage thresholds associated with 

changes in the deformational behaviour and the AE activity of the specimens were compared with the 

stress thresholds corresponding to changes of lateral Vp for the examined rocks. This was done to 

investigate the possibility of establishing a correlation between the deviatoric stresses associated with 

significant changes of Vp and the progress of crack damage in brittle rocks. 
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Figure 3-18: Samples of the Westerly granite (left) and the grey Carrara marble (right). 

 

3.2.7 Test Set-Up 

The Westerly granite and grey Carrara marble specimens were prepared according to the ISRM SM 

(1999) and ASTM (2013a). All the specimens were prepared with a 50 mm diameter and a length of 125 

mm. For each rock type, two specimens were tested for UCS and six specimens were tested under triaxial 

conditions with different confining pressures. The specimens from successful tests are listed in Table 3-2. 

Table 3-2: List of the Westerly granite and the gray Carrara marble specimens tested for UCS and 

triaxial compressive strengths. 

Rock type 
Confining pressure 

UCS 4 MPa 8 MPa 12 MPa 

Westerly granite 
WG-1 
WG-3 

WG-7 
WG-15 

WG-5 
WG-9 

WG-6 
WG-8 

Grey Carrara marble G12 G2 
G3 
G4 

G5 
G6 
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An MTS computer-controlled servo-hydraulic machine was used to load the specimens under 

axial displacement control mode. The target confining pressure for triaxial specimens was reached by 

increasing the isostatic stress at a rate of 1 MPa/min until reaching 4 MPa. After that, for experiments 

with higher confining pressures, the rate was increased to 2 MPa/min. The axial loading rate for the UCS 

and triaxial specimens was set to 0.2 mm/min and 0.05 mm/min, respectively. Two pairs of rosette strain 

gauges with a length of 10 mm were mounted mid-height on the specimens with a 90° offset on the 

circumference of the specimens. They were used to measure axial and circumferential deformation. 

Twelve (12) piezoceramics with a thickness of 2 mm and a resonant frequency of approximately 1 MHz 

were used as transducers for the AE waveforms and ultrasonic signals (for measurement of Vp). Two of 

the transducers were placed in the top and bottom platens. The rest were glued on the circumferential 

surface of specimens in a spiral pattern as illustrated in Figure 3-19. Using this layout for installing 

transducers resulted in five pairs of piezoceramics being mounted at different heights on the specimens at 

45° intervals from the neighboring pairs. The piezoceramics in each pair (installed at the same height on 

the specimen) were installed on the opposing sides of the specimen, 180° apart from each other. Within 

each pair of the transducers for measuring the Vp, one was working as a sender (emitting 50 Volt pulses), 

and the other one was set up as a receiver. The transducer pair installed within the platens permitted axial 

Vp to be measured, while the five pairs of transducers installed on the circumferential surface of the 

specimens measured lateral Vp across different heights of the specimens (Fig. 3-20). Vp for the Westerly 

granite samples were measured every 10 seconds. For the Carrara marble samples, the Vp was recoded 

every 30 seconds. For monitoring of the AE activity, transducer signals were amplified by 40 dB using 

PAC pre-amplifiers. 
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Figure 3-19: Layout of the acoustic emission and ultrasonic signal transducers that were used for 

measuring Vp and monitoring AE activity of the samples. 

 

Figure 3-20: UCS test set-up for the Westerly granite and the grey Carrara marble samples. 
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3.2.8 Test Results 

To compare the stresses associated with major changes of Vp in the Westerly granite and Carrara marble 

specimens with their crack damage thresholds, CI for the two rock types was estimated from the strain 

data and the AE method that was described in detail earlier in Chapter 2. The CI from the strain data was 

estimated as the onset of non-linearity of the axial stress-lateral strain plot.  

The stress-strain plots of the axial strain and lateral strain for the Westerly granite and Carrara 

marble samples are shown in Figures 3-21 and 3-22, respectively. It can be observed in these figures that 

the two rock types demonstrated a very consistent strength and deformational behaviour. The axial and 

lateral strains shown in Figures 3-21 and 3-22 are the averages of the collected strains from the two strain 

gauges in each axial and lateral direction. The data from a couple of the tests could not be used due to the 

failure of strain gauges during the tests (the missing Carrara samples in Table 3-2 for UCS and 4 MPa 

triaxial tests). When possible, the loading frame stroke was used to calculate the axial strain for samples 

with lost axial strain gauges. This, however, resulted in measurement of superficial, softer behaviour by 

the specimens as observed for the axial strain of WG-7 and WG-9 in Figure 3-21. 

 

Figure 3-21: Stress-strain curves for the Westerly granite samples. 
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Figure 3-22: Stress-strain curves for the grey Carrara marble samples. 

 

The general behaviour of measured axial and lateral Vp, in association with the state of axial stress in the 

rock for the Westerly granite samples, are shown in Figure 3-23. This graph, which is plotted from the 

data obtained from triaxial testing of sample WG-6, was tested with 12 MPa confining pressure, and 

shows the lateral Vp at different heights of the sample measured by different transducer pairs. It also 

shows average lateral Vp from different heights of the sample and the axial Vp of the sample measured 

with the transducer pair that was placed in the platens. The axial and lateral Vp can be seen drastically 

increasing at the beginning of the test with increased confining pressure. This is due to the closure of the 

pre-existing micro-fractures in all directions. After reaching the target confining pressure and start of 

axial loading, the axial and lateral Vp increase with a slower rate due to the elastic compaction of the 

intact rock until the initiation and formation of micro-fractures, parallel to the direction of major principal 

stress (axial loading direction here), influences the lateral Vp and causes a decline in this parameter. 
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Lateral Vp assumes a decreasing trend hereafter in the test. On the other hand, the axial Vp is observed 

continuously rising until the later stages of the test. The decreasing trend for axial Vp does not occur until 

at a stress level just below the peak strength. Interestingly, the decline of axial Vp for some samples was 

occurred within a very close range of the CD threshold for those samples. However, this did not happen 

systematically for all the samples and was not further investigated within the scope of this study. The 

change in the average lateral Vp during the tests as a function of applied deviatoric stress for samples of 

the Westerly granite and the grey Cararra marble are shown in Figures 3-24 and 3-25, respectively. 

 

 

Figure 3-23: Axial stress, axial Vp, lateral Vp at different heights of the specimen from different 

transducer pairs and average lateral Vp for WG-6 from triaxial test with 12 MPa confining 

pressure. 
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Figure 3-24: Average lateral Vp for samples of the Westerly granite. 

 

Figure 3-25: Average lateral Vp for samples of the grey Carrara marble. 
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It has been established so far in this study that crack initiation in intact rock has an effect on the 

Vp measured perpendicular to the orientation of the fracture surfaces (lateral Vp measurement, in case of 

laboratory testing). It is, however, important to know if there is any hysteresis for the effect of crack 

initiation on the reduction of lateral Vp for intact rock. In other words, can the stress associated with the 

onset reduction of lateral Vp (maximum lateral Vp) for a sample tested under compressive loading in the 

laboratory be interpreted as the CI threshold for that rock? Or the accumulation of fractures is needed for 

decay of Vp in an intact rock and, therefore, the axial stress associated with the decline in lateral Vp is not 

coincident with the onset of CI threshold for the rock?  

To answer this question, the CI threshold for the tested specimens of the Westerly granite and the 

grey Carrara marble were estimated from both the AE method and the lateral strain data when possible. 

The results were compared to the stress associated with the onset of reversal of lateral Vp curve 

(maximum lateral Vp) for each sample in Figures 3-26 to 3-29. The resonant frequency of the AE 

transducers (1 MHz) was too high to be sensitive to the AE activity of the Carrara marble samples, 

specifically for higher confinements. This impeded the collection of a meaningful AE data set for 

estimation of CI threshold for this rock. AE transducers with lower ranges for operating frequency, which 

commonly means larger sensor size, could not be employed for the testing plan due to the size restriction 

within the triaxial cell. A series of UCS tests (ten specimens) on identical Carrara marble specimens was 

performed as part of the study in Chapter 7, in which PAC R15 sensors with operating frequency of 50 to 

400 kHz were used. For a better comparison, the CI estimated from the AE data for those specimens are 

shown in Figures 3-28 and 3-29 with a black marker (mean CI  1 standard deviation). 

A good agreement is observed between the CI values estimated from Vp data and other methods for 

the Westerly granite samples in Figure 3-26. When normalizing the CI values to the peak strength of each 

test (Fig. 3-27), the repeatability of results for different samples becomes evident. Promising results can 

also be observed for the Carrara marble samples in Figures 3-28 and 3-29. However, for a couple of 

samples, a systematic over-estimation of CI from the Vp data (compared to the CI values estimated from 
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other methods) can be observed. Although the number of samples that demonstrate this behaviour is very 

limited, two reasons can better justify and describe this phenomenon: 

1. Low resolution of Vp measurement data; The Vp for the Carrara marble samples were recorded 

every 30 seconds. Considering the relatively fast loading rate (0.2 mm/min for UCS and 0.05 

mm/min for triaxial tests), a big jump in the axial stress could occur between each Vp 

measurement interval. 

2. Natural behaviour of the Carrara marble; The mechanical behaviour of the Carrara marble is 

much less brittle in comparison to the Westerly granite. Therefore the formation of new micro-

cracks in the Carrara marble can be accompanied with shear localization and plastic flow rather 

than micro-scale dilatant micro-cracks. This is especially true for higher confining pressures 

where Carrara behaves in a semi-brittle manner (Fredrich et al. 1989), as can be observed in 

Figure 3-30.   

The author believes that with higher resolution of Vp measurement for larger number of the Carrara 

marble samples, a good estimation of CI thresholds can be achieved for this rock, as long as the intact 

rock behaves in a brittle manner. 
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Figure 3-26: Comparison of the CI threshold estimated from the AE, Vp and lateral strain data for 

the Westerly granite samples. 

 

Figure 3-27: Comparison of the normalized CI threshold estimated from the AE, Vp and lateral 

strain data for the Westerly granite samples. 
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Figure 3-28: Comparison of the CI threshold estimated from the AE, Vp and lateral strain data for 

the grey Carrara marble samples. 

 

Figure 3-29: Comparison of the normalized CI threshold estimated from the AE, Vp and lateral 

strain data for the grey Carrara marble samples. 
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Figure 3-30: UCS and triaxial samples of the grey Carrara marble after failure. 

 

3.2.9 Estimation of Crack Initiation Threshold from Lateral P-Wave Velocity 

It was shown earlier in this chapter (Part 2) that for an intact brittle rock, induced micro-fracturing during 

a laboratory compression test affects the P-wave velocity measured for the rock in both axial and lateral 

directions. It was described that the crack closure and elastic compaction due to the increase of applied 

stress on the rock specimen, resulted in a gradual increase in the lateral Vp at the early stages of testing. 

The extensile micro-fractures that form with increasing deviatoric stress at the onset of CI threshold are 

commonly parallel to the orientation of major principal stress (axial loading in the case of laboratory 

compressive testing) and therefore affect the lateral Vp of the rock sample. The laboratory study on the 

Westerly granite and the grey Carrara marble samples demonstrated that the effect of initiation of micro-

fracturing at the onset of CI threshold on declining the lateral Vp is instantaneous. Therefore, as 

schematically demonstrated in Figure 3-31, the onset of non-linearity of axial stress-lateral strain plot, the 

first abrupt rise in the AE activity and the maximum lateral Vp for a brittle intact rock sample are 

coincidental. This suggests that the CI threshold for a brittle rock in the laboratory can be identified by the 

stress associated with the maximum Vp measured perpendicular to the direction of major principal stress. 
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Figure 3-31: Schematic of a stress-strain diagram for a Westerly granite sample and the associated 

acoustic emission activity and measured lateral Vp for the sample. 

 

3.2.10 Conclusions 

Precise estimation of the crack initiation threshold for intact brittle rocks is a challenging task in the 

laboratory. Based on the effect of crack damage on the velocity of P-wave propagation in brittle rocks, a 

new approach was introduced in this study to determine the CI threshold for brittle rocks. In the 

developed approach, the onset of CI threshold can be identified as the stress associated with the maximum 

(and the onset of declining) Vp measured parallel to the orientation of maximum principal stress, or 

parallel with the normal vectors of the fracture surfaces. This method assures repeatability of the results 

by eliminating the concerns regarding subjectivity of interpretations and can be applied to all strength 

measurement tests in the laboratory, whether tensile, unconfined compressive or triaxial compressive 

strength tests.   
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Chapter 4 

Fabric Type Dependency of the Crack Damage Thresholds in Brittle Rocks4 

 

4.1 Abstract 

Fabric-guided micro-fracturing phenomenon in brittle rocks and its effect on crack damage thresholds 

remains subject to continuing research. The available fabric in rocks can act as a motivator for nucleation 

and/or extension and interaction of micro-fractures in a preferred orientation, or as a suppressor for 

growth of micro-cracks in a given direction by different mechanisms such as compliance (stiffness 

contrast) or preferred orientation of minerals and their boundaries. While anisotropy of brittle rocks in 

terms of their mechanical strengths can play a significant role in the stability of underground openings, 

the understanding of the dependency of crack initiation (CI) and crack propagation (CD) thresholds on the 

available fabric in rocks can improve predictions of the extension and density of micro-fracturing in 

different directions in the walls of underground openings. To better understand the fabric-guided micro-

fracturing phenomenon, and also to study the effect of fabric types available in brittle rocks on their 

anisotropic behaviour, four types of brittle rocks with different types of fabric are investigated in terms of 

crack damage anisotropy in this chapter. The rocks that are chosen for this study are limestone from the 

Cobourg Formation, Queenston shale, Olkiluoto mica gneiss and Lac du Bonnet granite.  For each rock 

type, CI and CD thresholds are identified from the Unconfined Compressive Strength (UCS) testing data. 

The mechanical behaviour of the four rock types are investigated at each damage stress level and the 

contributing factors to the isotropic or anisotropic behaviour of the rocks at different crack damage 

thresholds are discussed. 

                                                      
4 This chapter appears as submitted to an international journal with the following citation: 
Ghazvinian, E., Diederichs, M. S., Labrie, D. and Martin, C. D. “An investigation on the fabric type dependency of 
crack damage thresholds in brittle rocks.” Journal of Geotechnical and Geological Engineering, submitted on 12 
Dec 2014. 
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4.2 Introduction 

Anisotropic behaviour can be observed in many rock types at different scales from rock masses to intact 

rock. While the anisotropy of rock masses is governed by anisotropic faulting, fracturing, jointing, 

bedding, layering, stratification etc. of the entire rock mass (Amadei 1996), the inherent anisotropic 

behaviour demonstrated by intact rocks is controlled by similar mechanisms but on a smaller scale 

(fabric). The term “fabric” is used in this chapter as a general term to describe any pre-existing planar 

feature in intact rock, for instance, macroscopic foliation, micro-scale layering, preferred orientation of 

existing micro-cracks, etc. 

The anisotropic behaviour of intact rocks in terms of strength and elastic properties has been 

studied widely by many researchers in the past. This includes studies of the effects of preferred 

orientation of micro-cracks, foliation, mica content, etc. on the anisotropy of brittle rocks from 

theoretical, numerical and testing points of view. Early works include studies by Jaeger (1960), Donath 

(1961), Hoek (1964), Walsh and Brace (1964) and Attewell and Sandford (1974), with more recent works 

by Gottschalk et al. (1990), Shea and Kronenberg (1993) and Ramamurthy (1993). Most of these studies 

did not address the influence of fabric on the onset of crack initiation thresholds (CI), or guiding the 

fracturing at the cracks interaction and propagation stress level (CD). 

The in-situ behaviour of brittle rocks around deep underground excavations can be predicted 

more accurately with recent developments in understanding the mechanical damage and micro-mechanics 

of failure in brittle rocks (Martin 1997, Diederichs 2003, 2007). A better understanding of the effect of 

anisotropy on the onset of crack initiation and crack propagation thresholds can improve the prediction of 

the micro-fracturing behaviour of massive brittle rocks containing a fabric around underground openings. 

While the works such as those presented in Gatelier et al. (2002), Colak and Unlu (2004), Hakala et al. 

(2005), Nicksiar and Martin (2013), Amann et al. (2014) and Ündül et al. (2015) address fabric guided 

fracture growth and strength dependence, this study further improves the understanding of the 

dependency of the onset of crack damage thresholds in intact brittle rocks containing a fabric to the fabric 
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orientation and the fabric type, (e.g. foliation, micro-scale layering, preferred orientation of pre-damage 

etc.). For this purpose, four different types of brittle rocks with different types of fabric are investigated. 

Detailed analyses were carried out on the Unconfined Compressive Strength (UCS) testing results of the 

four rock types to investigate the existence of fabric-guided micro-fracturing phenomenon and its effect 

on the crack damage thresholds. 

4.3 In Situ Strength of Brittle Rocks - Damage Thresholds 

Spalling is a failure mechanism that is commonly observed in the walls of underground excavations in 

brittle rocks (low ratio of tensile to compressive strength). The spalling strength of massive to moderately 

jointed brittle rock masses under low confinement is considerably lower than the peak strength measured 

in the laboratory (Martin et al. 1999, Diederichs 2003). Spalling occurs through the initiation of fractures 

parallel to the excavation boundary. The formation of a notch is by fracture propagation and coalescence 

under higher induced stresses or stress corrosion and fatigue. The feedback confinement due to the hoop 

tension caused by the geometrical boundary conditions in laboratory compressive tests suppresses the 

propagation of the dilated fractures and therefore intensifies the estimated failure stress (Peng 1971, Peng 

and Johnson 1972, Diederichs 2007). Lower and upper in-situ strength limits can be defined for brittle 

rocks according to the damage thresholds. The upper bound or short term in situ strength tends to follow 

the yielding limit of the rock and corresponds to the onset of crack propagation or the Critical Damage 

threshold (CD). The lower bound or the ultra long-term in situ strength of brittle rocks is coincident with 

the onset of the Crack Initiation threshold (CI) (Diederichs 2007). It is shown by Brace et al. (1966) and 

Bieniawski (1967) that the onset of non-linearity of axial strain and lateral strain plotted versus axial 

stress corresponds well to the CD and CI thresholds, respectively (Fig. 4-1). 
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Figure 4-1: Crack damage stress levels for a brittle rock specimen (after Bieniawski 1967). 

 

4.3.1 Estimation of Crack Damage Thresholds in the Laboratory 

Spalling does not occur in laboratory rock samples as previously mentioned due to the geometrical 

boundary condition. Therefore direct measurement of crack initiation and crack propagation thresholds is 

impractical with a conventional UCS testing procedure. Rigorous strain measurement or Acoustic 

Emission (AE) monitoring of laboratory compressive tests are currently the two most practical means for 

determination of CI and CD. A detailed study of the different methods for laboratory estimation of crack 

damage thresholds can be found in Ghazvinian et al. (2012a). 

Crack initiation, propagation and grain boundary sliding in rocks can create AE pulses (Obert 

1977). A relationship can be established between the increasing rate of AE activity in brittle rocks and 

crack damage progression. Estimation of CI and CD from AE data is schematically illustrated in Figure 4-

2a. The axial stress that corresponds to the first instance of the sudden increase in the crack intensity or 

cumulative number of AE events above the background noise is identified as the onset of CI for the rock. 

The typical linear increase in the AE activity before CI as observed in Figure 4-2a is attributed to the 

background noise level, which is assumed to remain constant during the tests. The next stress threshold 

after CI where the crack intensity plot deviates from linearity corresponds to CD (Diederichs et al. 2004). 
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Figure 4-2: Identification of crack damage thresholds by using a) the AE method, b) the strain 

method. 

Martin (1997) suggested using the crack volumetric strain (ε ) for estimation of the CI threshold 

to reduce the uncertainty associated with measuring CI at the onset of non-linearity in the axial stress-

lateral strain curve. Volumetric and crack volumetric strains can be calculated from the collected axial 

(ε ) and lateral (ε ) strains during a laboratory compressive test. In this approach, as illustrated in 

Figure 4-2b, CI is identified as the maximum point of crack volumetric strain and CD is estimated as the 

reversal point of volumetric strain. 

For a cylindrical rock sample, the volumetric strain (ε ) is calculated as: 

2  (4-1) 

 

and the crack volumetric strain is calculated as the difference between the volumetric strain and the elastic 

volumetric strain (ε ) as: 

 (4-2) 

and the elastic volumetric strain is given by: 

1 2
1 3  (4-3) 

where E and υ are the Young’s modulus and Poisson’s ratio, respectively, and  and  are the major 

and minor principal stresses. 
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The advantages and disadvantages of the described methods for estimation of damage thresholds 

are discussed in detail in Ghazvinian et al. (2012a). In this chapter the crack damage stress levels for the 

tested rocks are estimated by both the AE and strain methods where possible. 

4.4 Anisotropy Models 

Several modes of macroscopic response can be assumed for intact rocks that consist of a fabric. Based on 

the data collected and the anisotropy models proposed by previous researchers (Jaeger 1960, Donath 

1961, McLamore and Gray 1967, Pariseau 1972, Karr et al. 1989, Gottschalk et al. 1990 and Shea and 

Kronenberg 1992), the orientational strength dependence of intact rocks containing fabric is summarized 

in Figure 4-3. In the simplest form (Fig. 4-3a), the fabric is defined as a unique plane of weakness (Jaeger 

1960). Jaeger’s “plane of weakness” theory was originally developed to describe the shear strength of 

intact rock cut by a single joint or a joint set, but then for simplicity, the developed classical U-shape 

curve was applied to describe the inherent anisotropy of intact rocks. In transversely anisotropic models 

(Fig. 4-3b) the continuous variation of shear strength is predicted as a function of the relative orientation 

between the fabric and the major principal stress axes or the more general orientations that do not 

necessarily strike parallel to the fabric plane (Jaeger 1960, McLamore and Gray 1967, Pariseau 1972, 

Karr et al. 1989, Gottschalk et al. 1990). There are also some exceptions that deviate from the general 

assumption that all rocks that consist of a fabric are anisotropic by demonstration of isotropic behavior 

(e.g. a few types of mica-rich rocks studied by Shea and Kronenberg (1992)), as shown in Figure 4-3c. 

The fabric arrangement in rocks directly influences their anisotropic response and different modes 

of behaviour as shown in Figure 4-3 (Gatelier et al. 2002). The planar arrangement of textural and/or 

structural features in intact rocks can be represented by one of the fabric elements shown in Figure 4-4. 

The difference in mineral composition (Fig. 4-4a), preferred orientation of platy minerals and grain 

boundaries (Figs. 4-4b to 4-4c), spatial variation of grain sizes (Fig. 4-4d), preferred orientation of platy 

minerals, lenticular mineral aggregates or planar micro-fractures in an isotropic matrix (Figs. 4-4e to 4-
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4g) or the combination of any of these fabric elements (Fig. 4-4h) can introduce anisotropical effects to 

the mechanical behaviour of these intact rocks (Passchier and Trouw 2005). 

 

 

Figure 4-3: Anisotropy models describing the orientational strength dependence for intact rocks 

consisting of a fabric. 

 

 

 

Figure 4-4: Fabric elements that introduce planar anisotropy in intact rocks (after Passchier and 

Trouw 2005, modified from Hobbs et al. 1976). 



 

103 

 

The described anisotropy models for orientational strength dependence in Figure 4-3 can be 

employed for describing the fabric-guided micro-fracturing phenomenon in intact brittle rocks. In general 

the preferred orientation of induced micro-fracturing in intact brittle rocks can occur in two general 

circumstances: 

 Mineralogical-related: Lamination in rock or preferred orientation of minerals within the intact 

rock.   

 Stress-induced: High deviatoric stress conditions (with respect to the strength of the rock) can 

induce micro-fracturing parallel to the orientation of major principal stress. For example, this 

occurs due to relaxation (stress relief cracking) of brittle rocks or drilling-induced micro-

fracturing due to the stress concentration in the proximity of well bore bottom in the rock. Under 

sufficient stress concentrations and particular stress orientations, the micro-fracturing from the 

high induced tensile stress within the rock can lead to core discing (Jaeger and Cook 1963, Obert 

and Stephenson 1965, Stacey 1982, Dyke 1989, Li and Schmitt 1998).   

 

This is also in agreement with Barla’s (1974) general classification of rock anisotropy. Barla 

(1974) distinguishes rocks that exhibit anisotropic behaviour into two groups: Class A, those with 

apparent isotropy (anisotropic behaviour can be due to the preferred orientation of pre-existing damage in 

rock) and Class B, those with clear evidence of mineralogical fabric in the rock. 

4.5 Experimental Methodology 

Four types of brittle rocks exhibiting different types of planar fabric (including rock types with class A 

and B according to Barla’s (1974) classification) were chosen to be investigated to determine the effect of 

fabric orientation on the critical stress levels in this study. The chosen rocks were the Cobourg limestone, 

Lac du Bonnet granite, Queenston shale and Olkiluoto mica gneiss. 
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4.5.1 Rock Types 

4.5.1.1 Cobourg Limestone 

The Cobourg limestone Formation, which is Middle to Upper Ordovician in age, is a relatively thin unit 

of the Trenton Group. It is found in the Michigan Sedimentary Basin and is part of a large limestone 

package which marks a depositional environment transition from a restricted coastal to a shelf 

environment (Mazurek 2004). A similar depositional environment existed in the Appalachian 

Sedimentary Basin (which was connected to the Michigan Basin). The Cobourg Formation is also known 

as the Lindsay Formation in south-central and eastern Ontario (Darlington Nuclear Power Station to 

Ottawa) (Gartner Lee 2008). The Cobourg is an argillaceous limestone which is light gray in colour and 

contains dark gray argillaceous wisps and inclusions which loosely mark the irregular bedding. This 

feature is likely due to bioturbation and/or compaction during diagenesis. Typically the argillaceous 

‘bedding’ grades into or abruptly changes to light gray fossiliferous limestone. The apparent anisotropy in 

this rock is governed by the depositional sequences, with alternating layers of fossil rich packstone and 

lime-mudstone bands (Fig. 4-5a).  

 

 

Figure 4-5: Samples of a) Cobourg limestone, b) Queenston shale, c) Olkiluoto mica gneiss and d) 

grey Lac du Bonnet granite (after Martin 1993). 
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The preferred orientation of nodules in the limestone bound by the dark grey wisps and inclusions 

(fine-grained limestone with argillaceous content) is clearly evident in samples with dimensions larger 

than approximately 0.25 m. These nodules are similar in size to laboratory scale specimens and are 

therefore occasionally difficult to identify in a typical cylindrical specimen with diameter ranging 

between 50 to 60 mm. At this scale the dark grey inclusions can appear undulating and discontinuous and 

therefore represent heterogeneity in the Cobourg limestone. The effect of scale, heterogeneity and rock 

fracturing strength is discussed in detail in Section 4.7.1.1.2. 

4.5.1.2 Lac du Bonnet Granite 

Canada’s former Underground Research Laboratory (URL) for investigation of nuclear waste disposal in 

plutonic rocks is situated within the granite of the Lac du Bonnet batholith, in Southeastern Manitoba, 

Canada. The Lac du Bonnet batholith, dated back to late Kenoran (2680 ± 81 Ma), is elongated ENE-

WSW approximately 75 by 25 km and is about 10 km in depth in the Winnipeg River plutonic complex 

of the English River gneiss belt (Read and Martin 1996). The batholith is composed of massive, medium- 

to coarse-grained porphyritic granite that exhibits relatively uniform texture and composition over the 

batholith with local subhorizontal gneissic banding (Everitt et al. 1990). 

In situ stress measurement were performed extensively at the URL. From over 1000 overcoring 

measurements, 80 hydraulic fracturing tests, and in situ stress determination from back calculation of 

convergence measurements (Martino et al. 1997), the in situ stress tensor for Level 420 was determined as 

presented in Table 4-1. At Level 420, the stresses are relatively high in comparison to the maximum 

principal stresses measured at the same depth elsewhere in the Canadian Shield (Fig. 4-6) (Martino and 

Thompson 1997).  



 

106 

 

 

Figure 4-6: Generalized geology and the in situ stress measurements at the URL (after Thompson 

and Chandler 2004). 

 

Sample disturbance is an inevitable artifact when obtaining samples from a high stress 

environment. The induced micro-cracking within the intact rock can be due to coring (stress 

concentration) or relaxation (unloading or de-stressing) or as a combination of both. At the 420 Level due 

to the high in situ stress, sample disturbance and in the extreme case, core discing was observed for core 

samples ranging from 18mm to 1.25m in diameter, with disc thickness varying from a few mm to several 

cm (Martin 1993). The sample disturbance drastically influenced the peak compressive strength of the 

samples obtained from the 420 Level in comparison to the samples recovered from the 240 Level and 

above, that were tested in the laboratory (Read and Martin 1996). Mechanical properties of the Lac du 

Bonnet granite and the associated damage and core discing at depth have been investigated extensively, 

such as the work documented in Martin (1993), Eberhardt (1998), Everitt (2001) and Lim and Martin 

(2010). The strength properties of the grey Lac du Bonnet granite from the 420 Level of the URL are 

listed in Table 4-1. The fabric in the Lac du Bonnet granite specimens from the 420 Level that are studied 

in this chapter is defined by the stress-induced micro-fractures with preferred orientation. 
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Table 4-1: Best estimate of the in situ stress tensors (from Martin et al. 1997) and the mechanical 

strength properties of the grey granite from the 420 Level of the URL (from Eberhardt 1998). 

Stress components 1 2 3 
Magnitude (MPa) 60 (±3) 45 (±4) 11 (±4) 
Trend/Plunge (°) 145/11 054/08 290/77 
Stress ratios 1/2 1/3 2/3 
 1.33 5.45 4.10 
Strength parameters 420 m Level Grey Granite 
CI (MPa) 76.4 (± 3.7) 
CD (MPa) 100.4 (± 12.2) 
UCS (MPa) 157.1 (±17.7) 

*standard deviation in parentheses. 
 

4.5.1.3 Olkiluoto Mica Gneiss 

Mica gneiss is one of the dominant rock types at the proposed Finnish site for its used nuclear fuel 

repository in Olkiluoto, Finland (Hakala et al. 2005). The main minerals for this rock are classified as fine 

to medium grained quartz, potassium and biotite. The thin section study of the mica gneiss at Olkiluoto 

borehole OL-KR10 showed that biotite, quartz and feldspar make up at least 77% of all minerals, and the 

average mica content of samples from different depths is over 20% (Hakala and Heikkila 1997). The 

Olkiluoto mica gneiss is clearly foliated and typically metamorphous and therefore is anticipated to 

exhibit anisotropic behaviour (Vaittinen et al. 2003, Hakala et al. 2005). The foliation in a laboratory 

specimen of the Olkiluoto mica gneiss is shown in Figure 4-5c. 

4.5.1.4 Queenston Shale 

The Queenston Formation is part of the sedimentary secession of the Appalachian and Michigan 

sedimentary basins and is Upper Ordovician in age. It can include interbeds of siltstone, sandstone and 

fossiliferous carbonates and regionally grades from coarse to fine grained in a north westerly direction, 

away from the sediment source on the east coast of North America (Brogly et al. 1998). In the Niagara 

region, where the testing samples came from, the formation is predominately mudstone to silty mudstone 

(Fig. 4-5b) (Rigbey et al. 1994). The rock mass appears massive, but bedding is visible in thin sections 
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representing alternating depositional layers of similar minerals, which in decreasing order of abundance 

are typically quartz, muscovite, chlorite, calcite and illite (Schandl 2009, Perras 2009). 

The Cobourg limestone and the Olkiluoto mica gneiss fall within class B of Barla’s (1974) 

classification by demonstration of mineralogical fabric. The investigated Lac du Bonnet granite and 

Queenston shale specimens are categorized as Barla’s (1974) class A rocks, since the fabric in these rocks 

only appears at the micro-scale. 

4.6 Laboratory Testing 

Anisotropy of the four rock types in terms of their CI, CD and peak unconfined strength is investigated 

through the study of the UCS test data for specimens with several different fabric orientations. 

The Cobourg limestone specimens were drilled from large cores (200mm diameter) that were 

obtained from a quarry in Bowmanville, Ontario, courtesy of the Nuclear Waste Management 

Organization of Canada (NWMO). The specimens were prepared for testing with an average diameter of 

54mm and a length to diameter ratio of approximately 2.2, resulting in 5 sets of specimens with different 

fabric (apparent bedding) orientations which are 0°, 30°, 45°, 60° and 90° with respect to the loading axis. 

An example of the drilling process and specimens with different fabric orientations for the Cobourg 

limestone are shown in Figure 4-7. The specimen fabric orientations are measured with respect to the 

direction of loading. The fabric orientation measurement scheme will remain the same for the other rock 

types investigated in this chapter.  

For each fabric orientation set, 6 specimens were prepared and tested for UCS according to the 

ISRM (1999) and ASTM (2012) suggested methods. Loading of the specimens was conducted in axial 

strain control mode (0.00059 mm/sec) and specimen deformation data was collected by using two 

opposing axial and two lateral strain gauges for 4 out of the 6 specimens. For the 2 remaining specimens 

in each orientation set, Linear Variable Differential Transformers (LVDTs) and extensometers connected 

to a chain wrapped around the specimens were used for the axial and circumferential deformation 

measurements, respectively. The Acoustic Emission activity of the specimens was recorded during the 
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tests by means of a Physical Acoustics Corporation (PAC) Pocket AE and two PAC R15 AE transducers. 

The UCS testing setup for the Cobourg limestone is shown in Figure 4-8a. 

 

 

Figure 4-7: Top) drilling of 54mm diameter specimens with different orientations from large 

Cobourg limestone core samples. Bottom) prepared Cobourg limestone specimens with different 

fabric orientations. 

 

 In addition to testing the UCS of the Cobourg limestone, the change of the tensile strength of this 

rock with respect to the fabric orientation was measured from indirect tensile strength (Brazilian) tests. 

The Brazilian disks were cut from the core just above and below the location of the UCS specimens with 

an approximate thickness of 40 mm to satisfy the requirements of the ISRM (1978) suggested method for 

determining tensile strength of rock materials. The Brazilian disks were grouped in the same fabric 

orientation set as the cylindrical specimens from which they were cut. The Brazilian tests were conducted 

with a loading rate of 0.11 kN/sec with three different loading angles () of 0°, 45° and 90° for each 
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fabric orientation set. The 45° Brazilian disks prepared for testing and the schematic representation of the 

different fabric orientations and loading angles for the Brazilian specimens are shown in Figure 4-9.  

 

Figure 4-8: UCS test setup for a) the Cobourg limestone and b) the Olkiluoto mica gneiss (from 

Hakala et al. 2005). 

 

Figure 4-9: Top) samples of 45° Brazilian specimens, Bottom) schematic illustration of three 

different loading angles for a Brazilian specimen with 45° fabric orientation. 
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The crack damage thresholds and peak compressive strength data for the Olkiluoto mica gneiss 

were determined by Hakala et al. (2005). Nineteen UCS specimens with fabric orientation ranging from 

10° to 90° were tested. AE data was collected for all the specimens and deformation was simultaneously 

monitored by means of strain gauges and extensometers (Fig. 4-8b). The reader is encouraged to consult 

Hakala et al. (2005) for a detailed description of the test setup and specimen selection process. 

The UCS test data for the Lac du Bonnet granite was provided courtesy of CanmetMINING, 

Natural Resources Canada from their testing program that was performed for Atomic Energy Canada 

Limited (AECL) in the 1980s and 1990s. The testing was part of a research program to investigate the 

anisotropy of the Lac du Bonnet granite in terms of its uniaxial mechanical properties. To focus on the 

effect of pre-existing preferential orientated micro-cracks on guided micro-fracturing and crack damage 

anisotropy, the studied specimens are limited to the grey Lac du Bonnet granite from the 420 Level. Four 

200 mm diameter cores were obtained from a borehole with dip of -2.1° and strike of 67° at the 420 

Level. Twelve 45 mm diameter specimens with an approximate length of 100 mm were drilled from each 

of the 200 mm cores with different orientations. The 48 resulting specimens were classified according to 

their orientations with respect to the axis of the large cores. The orientation of the 45 mm specimens with 

respect to the large cores’ axes were measured with angle ‘’, location of the collar of the 45 mm hole 

around the circumference of the 200 mm core and angle ‘’, the angle between core axes of the 45 mm 

specimen and the 200 mm core, as illustrated in Figure 4-10. The 45 mm specimens were drilled from the 

large diameter cores with various  and  orientations: 0°, 22.5°, 45°, 67.5° and 90°. 

UCS testing of the Lac du Bonnet granite specimens was performed in load control mode, loading 

the specimen to failure within approximately three minutes. Deformation of the specimen was measured 

by two opposing axial and two opposing lateral strain gauges. The two strain gauges for measurement of 

deformation in each direction were connected in series to form a single active strain gauge. 
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Figure 4-10: Drilling of 45mm Lac du Bonnet granite specimens from large diameter cores and the 

illustration of varying  and  orientations. 

 

The Queenston shale UCS test data was obtained courtesy of Ontario Power Generation (OPG) 

from tests that were completed previously at the design stages of OPG’s Niagara Tunnel Project. The 

Queenston shale testing data used in this study are from specimens originating from a borehole under St. 

David’s Gorge in the Niagara region. The specimens were taken from depths ranging between 203m to 

236m below the ground surface. The data was filtered to select only those tests conducted on specimens at 

their natural in situ moisture content to minimize the influence of sample disturbance. After filtering, the 

data set included testing data for 4 specimens that were drilled parallel to the bedding (0°), 4 specimens 

oriented at 45° to the bedding and 15 specimens drilled perpendicular to the bedding (90°). Deformation 

data of the 0° and 90° specimens was collected with axial and lateral strain gauges while the deformation 

data of the 45° specimens was only measured by axial strain gauges. Therefore only the peak strength of 

the 45° specimens is included in the fracturing strength anisotropy evaluation of the Queenston shale. 
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4.7 Test Results 

The measured mechanical properties for specimens of the four rock types are summarized in this section. 

4.7.1 Cobourg Limestone 

4.7.1.1 UCS and Damage Thresholds 

The measured peak unconfined strengths for the Cobourg limestone specimens belonging to the 5 sets of 

specimens with different fabric orientations are presented in Figure 4-11. The onset of CI and CD 

thresholds for the Cobourg limestone was identified by means of both the AE and the strain method. 

Estimation of CI and CD thresholds from the strain approach was from the stress associated with the 

maximum crack volumetric strain and volumetric strain, respectively. These results are shown in Figure 

4-11 and listed in Table 4-2. No formal significance should be placed in the best fit second degree 

polynomial functions used to capture the sensitivity of stress limits to the fabric orientation. 

 

Table 4-2: The mean measured UCS, CI and CD thresholds estimated from the AE and strain 

methods for the Cobourg limestone specimens. 

Fabric 
orientation (°) UCS (MPa) 

AE method Strain method 

CI (MPa) CD (MPa) CI (MPa) CD (MPa) 

0 60.8 35.5 52.3 24.5 48.5 

30 68.8 26.0 54.0 23.7 62.5 

45 62.8 24.4 45.3 25.2 34.4 

60 76.6 32.5 59.5 28.0 53.1 

90 93.3 43.8 72.6 34.9 77.1 

 

The authors are more confident in the CI and CD trends for anisotropy that is established from the 

AE data, in comparison to the strain method. This is mainly due to the use of strain gauges (4 out of 6 

specimens for each orientation) for the deformation monitoring of the Cobourg limestone. Identification 

of CI and CD with strain gauge data can be impossible or erroneous for the Cobourg limestone tests, due 
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to the layering and heterogeneity that exists at the laboratory specimen scale, which can lead to local (in 

the vicinity of the strain gauge) rather than global deformation measurement. 

 

Figure 4-11: UCS and CI and CD thresholds estimated from the AE and strain methods for the 

Cobourg limestone (the trend lines are second degree polynomial fit). 

 

4.7.1.1.1 Failure Mode 

The failure mode for each of the Cobourg limestone specimens (axial splitting versus shearing or a mixed 

mode) was identified in the laboratory after each test. The results are shown in Figure 4-12. While axial 

splitting is observed to be the dominant failure mode for the 0° and 90° specimens, the 30°, 45° and 60° 

specimens are seen to fail in mixed mode or shearing. Shear failure along the so-called “weak fabric 
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planes” in the 30°, 45° and 60° specimens masks the crack propagation threshold effect on the volumetric 

strain (the axial stress-volumetric strain plot never reaches a turning point). Therefore as seen in Figure 4-

11, CD from the strain method could only be identified for a limited number of specimens. 

 

 

Figure 4-12: Failure modes of the Cobourg limestone UCS specimens. 

 

4.7.1.1.2 Heterogeneity and Scale Effect 

The relatively wide distribution of UCS, CI and CD thresholds measured for the Cobourg limestone 

samples within each fabric orientation set can be attributed to the heterogeneity that is inherent in the 

Cobourg limestone at the laboratory specimen scale. Although the wisps and inclusions observed in the 

Cobourg limestone laboratory samples appear to be heterogeneous, a visual examination of larger samples 

of the Cobourg limestone (40 cm cubes) demonstrate a more homogenous nature. Therefore it is 

anticipated that a more uniform distribution of strength and crack damage thresholds can be obtained by 

testing larger samples.  

To investigate the effect of heterogeneity on the peak strength of the Cobourg limestone, the 

approximate ratio of the compositional dark wisps (fine-grained limestone with argillaceous content) to 
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the entire volume of the specimens was estimated by means of simple image processing technique. For 

this purpose ImageJ (Schneider et al. 2012), a public domain image processing software, was used. The 

percentage of the composing dark grey wisps for each specimen was approximated as the average of the 

percent of the dark grey area from two pictures taken on two opposing sides of each specimen. The 

simplified procedure is shown in Figure 4-13, in which the specimen picture is imported into ImageJ (Fig. 

4-13a), the threshold for estimation of the grey areas is calibrated (Fig. 4-13b) and finally the ratio of 

black (dark grey areas) versus white (light grey areas) pixels is estimated (Fig. 4-13c). The sensitivity of 

UCS, CD and CI to this ratio are shown in Figures 4-13d to 4-13f. A general trend can be established 

between the ratio of the composing fine-grained lime-mudstone wisps and inclusions (dark grey) and 

coarser-grained packstone (light grey) with the fracturing strengths for Cobourg limestone. Increasing this 

ratio decreases the UCS, CD and CI. The percentages of the dark grey wisps in larger Cobourg limestone 

samples are anticipated to be within a narrow range and therefore the effect of heterogeneity on the 

variation of the peak and CI and CD thresholds should be minimal. 
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Figure 4-13: Heterogeneity study for the Cobourg limestone, a) an example of a Cobourg limestone 

specimen used for estimating the percent of composing dark grey argillaceous inclusions, b) 

calibrating the threshold for estimation of the dark grey areas, c) measurement of black versus 

white pixels which represent the dark grey inclusions and the light grey matrix of the Cobourg 

limestone, respectively, d-f) the correlation between the fracturing stress limits and the percentage 

of the composing dark grey argillaceous inclusions in the Cobourg limestone specimens. 
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4.7.1.2 Elastic Constants 

The Young’s moduli and Poisson’s ratios for the Cobourg limestone specimens were calculated over a 

range of 30% to 50% of the peak strength, to minimize the effect of micro-fracturing on the calculation of 

the elastic responses. The calculated elastic constants for the specimens with different fabric orientations 

are demonstrated in Figure 4-14. These values were used for calculation of the crack volumetric strain 

and therefore estimation of CI through the strain approach. 

The mean Young’s moduli for different fabric orientations represent a bi-modal distribution, with 

the maximum value occurring at 30° and the second maximum at 60°. This bi-modal distribution can be 

due to the presence of a secondary preferred micro-fracturing plane as described by Barron (1971). 

However, since this behaviour is not observed in the strength plots or the Poisson’s ratio envelope, it is 

more likely to be an inconsistent behaviour in specimens with a 45° fabric orientation. A significant trend 

cannot be established between the fabric orientation and the mean Poisson’s ratios, however; the 

maximum mean Poisson’s ratio is observed (Figure 4-14) to occur for specimens with the fabric oriented 

at 30°, similar to the maximum Young’s modulus. 

 

 

Figure 4-14: Calculated elastic constants for the Cobourg limestone, left) Young’s modulus, right) 

Poisson’s ratio (the mean values at each orientation are connected by the red lines). 
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4.7.1.3 Tensile Strength 

The tensile strength of the Cobourg limestone, as measured from the Brazilian testing of specimens with 

different fabric orientations at various loading angles, ranged between 3.0 MPa and 10.4 MPa. The 

fracturing patterns of the Brazilian disks are shown in Figure 4-15 and the tensile strengths and the mean 

distribution for various fabric orientations and loading angles are shown in Figure 4-16.  

 

Figure 4-15: The effect of the fabric orientation and the loading angle on the fracture pattern of 

Cobourg limestone Brazilian specimens. 
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Since rotation of the 90° specimens around their central axes does not change the loading angle ( 

in Fig. 4-9), the same test results are repeated at the various loading angles for the 90° fabric orientation 

in Figure 4-16. The loading angle is observed to play an important role on the measured tensile strength 

when comparing the tensile strengths of specimens tested at a 0° loading angle (increasing trend with 

increasing fabric orientation) with samples tested at a 90° loading angle (bi-modal distribution). The 

change in loading angle in Figures 4-15 and 4-16 appears to control the degree of fabric involvement in 

the failure of the specimens consistent with Dan et al. (2013) Brazilian tests on Gneiss and Slate. Further 

testing with a larger number of samples is required to better understand the effect of the loading angle in 

combination with the fabric orientation on the failure mechanism of Brazilian samples and consequently 

the tensile strengths. 

 

Figure 4-16: The tensile strengths and the mean distribution for the Cobourg limestone Brazilian 

disk specimens with different fabric orientations tested with various loading angles. 
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4.7.2 Lac Du Bonnet Granite 

The CI and CD thresholds for the Lac du Bonnet granite specimens were estimated from the strain data 

only, due to the absence of AE activity monitoring. The crack propagation threshold for the specimens 

was estimated from the reversal point of the volumetric strain, while the CI threshold was estimated from 

the maximum crack volumetric strain, and also from the onset of non-linearity (or change in curvature) of 

the lateral strain. Testing of the Lac du Bonnet granite specimens drilled from the large 20 cm cores, with 

a wide variety of orientations, allowed for investigation into the effects of preferred orientation of pre-

existing damage in the rock due to drilling and the likely stress relief cracking effect on the fabric-guided 

micro-fracturing phenomenon. 

 

4.7.2.1 Drilling-Induced Damage 

Two sets of specimens were drilled at perpendicular directions with 90° offset from each other ( = 0° 

and  = 90°) to the circumference of the large (20 cm) Lac du Bonnet granite cores with various 

orientations. Assuming that the drilling damage to the large cores occurred perpendicular to the 

direction of drilling, the orientation of “” for the specimens from these two sets of specimens will be 

identical to the orientation of the fabric (preferred orientation of pre-existing micro-cracks). Therefore the 

mechanical response of these specimens is suited for studying the drilling-induced damage effect on the 

fabric-guided micro-fracturing. The test results are shown in Figure 4-17 and listed in Table 4-3. The 

second degree polynomial fits to the data are also illustrated in this figure. The elastic constants in Figure 

4-17 are the tangent modulus and Poisson’s ratio calculated at 40% of the peak strength for the 

specimens. The relatively high values for the Poisson’s ratio can be attributed to the pre-existing damage 

in the rock. 
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Figure 4-17: Mechanical response of the Lac du Bonnet granite specimens studied for drilling-

induced damage. Solid, dashed and dash-dotted lines in (a) and (b) are the second degree 

polynomial fits for the UCS, CD and CI thresholds, respectively; a) CI estimated from the lateral 

strain, b) CI estimated from the crack volumetric strain, c) Young’s moduli and d) Poisson’s ratio, 

( = 0° data points are connected by the black lines and = 90° data points are connected by the 

red lines). 

4.7.2.2 Relaxation-Induced Damage 

The major principal stress is horizontal and the minor principal stress is vertical with the 1/3 ratio 

approximately equal to 5.5 at the URL 420 level (see Table 4-1). The relaxation-induced micro-cracks 

(stress relief cracking) within rocks from this level are therefore expected to be horizontal. Specimens that 

are drilled perpendicular to the circumference of the large cores ( = 90°) are therefore used to study the 

effect of relaxation-induced preferentially orientated damage on the fabric-guided micro-fracturing. The 

orientation of the laboratory specimens drilled around the circumference of the large diameter cores of the 
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Lac du Bonnet granite (angle ) denote the fabric orientation within the intact rock in this case. The 

measured UCS and estimated CI and CD thresholds are shown in Figure 4-18 and listed in Table 4-3. The 

CI threshold for the specimens is estimated from the lateral strain as well as the crack volumetric strain. 

 

 

Figure 4-18: UCS and crack damage thresholds for the Lac du Bonnet granite specimens studied 

for relaxation-induced damage. Solid, dashed and dash-dotted lines are the second degree 

polynomial fits for the UCS, CD and CI thresholds, Left) CI is estimated from the lateral strain, 

Right) CI is estimated from the crack volumetric strain. 

 

Table 4-3: The mean measured UCS and CI and CD thresholds estimated for the Lac du Bonnet 

granite specimens. 

Fabric 
orientation 

(°) 

Coring damage (β = 0° / β = 90°) Relaxation damage 

UCS (MPa) CD 
(MPa) 

CI 
UCS 

(MPa) 
CD 

(MPa) 

CI 

Lat str*  Crk vol 
str** Lat str*  

Crk vol 
str** 

0 151.3/152.3 72.9/75.2 57.4/59.1 70.9/71.1 152.3 75.2 59.1 71.1 

22.5 144.8/139.8 71.4/79.6 60.8/54.0 69.2/66.0 149.0 77.6 59.6 71.2 

45 138.5/142.5 79.8/73.7 62.6/56.7 66.6/67.6 149.3 83.8 61.1 69.9 

67.5 155.5/156.0 92.8/79.2 74.9/59.6 79.6/73.4 156.0 79.9 55.2 73.7 

90 161.5/- 98.9/- 73.2/- 78.5/- 151.3 72.9 57.4 70.9 

*CI estimated from the onset of non-linearity of the lateral strain-axial stress curve. 
**CI estimated from the reversal point on the crack volumetric strain curve. 
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4.7.3 Olkiluoto Mica gneiss 

The variation of UCS for the Olkiluoto mica gneiss with respect to the fabric orientation (foliation angle) 

is illustrated in Figure 4-19. The crack damage thresholds for the mica gneiss specimens were identified 

by using both AE and strain measurement methods. The extensometer measured strain data were used to 

determine CI and CD from the stresses associated with the maximum crack volumetric strain and 

volumetric strain within the strain approach, respectively. Since the number of specimens tested for each 

orientation is limited, the entire set of mica gneiss specimens was divided into three groups: 0°-30°, 30°-

60° and 60°-90° with mean values for UCS, CI and CD shown in red markers for each group in Figure 4-

19. The reader is encouraged to consult Hakala et al. (2005) for a detailed investigation of the sensitivity 

of the tensile strength and elastic constants of the Olkiluoto mica gneiss to the foliation angle. 

 

Figure 4-19: UCS and CI and CD thresholds estimated from the AE and strain methods for the 

Olkiluoto mica gneiss; the mean values are shown with red markers (data from Hakala et al. 2005). 
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4.7.4 Queenston Shale 

The measured UCS for the Queenston shale specimens are shown in Figure 4-20. Calculated CI and CD 

thresholds for the vertical and horizontally laminated Queenston shale specimens are also presented in 

this figure. CI was identified from the onset of non-linearity of lateral strain and CD was estimated from 

the reversal point of the volumetric strain. Developing a conclusive anisotropy model is barely possible 

with such a limited number of specimens with different fabric orientations; however a useful comparison 

can be established for the Queenston shale behaviour with horizontal and vertical laminations with respect 

to the direction of major principal stresses. This will be further discussed in Section 4.8. 

 

 

Figure 4-20: Measured UCS and CI and CD thresholds estimated from the strain data for the 

Queenston shale. 

 

The wide distribution of peak strengths for the Queenston shale, independent of the fabric 

orientation (Fig. 4-20), can be mainly attributed to the difference in the silt fraction of the specimens. 

Grain size analysis data of the tested 90º specimens, provided to the authors courtesy of OPG, indicate the 

presence of claystones (shale) as well as siltstones in the specimens. Evaluation of the test results in 
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Figure 4-21 shows that an increase in the silt fraction of the Queenston shale improves its mechanical 

strength. With increasing silt fraction from 20% (80% shale) to 85% (15% shale) in the Queenston shale 

specimens the strength increases approximately 6 times and the Young’s modulus increases 

approximately 3 times. These values can also be used as approximate indicators for the strength and 

stiffness contrast ratios of the siltstone to claystones (shale) in the Queenston shale.  It be deduced from 

Figure 4-21 that the shale content is controlling the CI limit while the CD threshold is controlled directly 

by the siltstone content of the specimens.  

 

Figure 4-21: Effect of silt fraction in the Queenston shale specimens with horizontal lamination on 

their mechanical properties. 

 

Shale in the Queenston shale acts as the nucleation point and is an instigator for the initiation of 

new cracks, and as shown in Figure 4-21, as long as approximately 30% of the Queenston shale specimen 

is composed of shale (70% siltstone), its CI threshold will remain constant or slightly decrease with 

increasing shale content. It can also be observed in this figure that the increase in the siltstone content of 

the Queenston shale specimens increases the crack propagation threshold. Therefore it can be concluded 

that in the Queenston shale, the shale (claystones) is the weakest link and is the nucleation point for new 
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cracks. These cracks are suppressed by the available siltstone, similar to the mechanism that gravels in 

concrete deviate or suppress the fractures initiated within the cement matrix. As long as a minimum 

amount of shale exists, fractures will nucleate, and therefore increasing the shale content does not 

drastically decrease the CI threshold. However with increasing siltstone content, the ability of the 

Queenston shale to suppress fractures improves and consequently the CD limit increases. 

4.8 Discussion 

The Cobourg limestone demonstrates the maximum and minimum peak strengths for the specimens with 

a fabric orientation of 90° (ranging approximately between 80 MPa to 110 MPa with average UCS of 

93.3MPa) and 0° (ranging approximately between 40 MPa to 80 MPa with average UCS of 60.8MPa), 

respectively (see Fig. 4-11 and Table 4-2). The peak strengths for the specimens with a vertical fabric (0°) 

are scattered over a range with minimum values close to the mean CI. This is consistent with Diederichs 

(2000), Diederichs et al. (2004) and Ghazvinian et al. (2012b) which describe CI as the true material 

property, while UCS is dependent upon the testing conditions (e.g. specimen geometry, specimen size, 

loading rate etc.) and can vary within a range, with the minimum equal to CI. The CD thresholds for the 

Cobourg limestone follow a similar trend as the peak strength, whereby the crack propagation stress limit 

changes from approximately 45 MPa to 73 MPa for different fabric orientations as estimated from the AE 

data (Table 4-2). 

A slim U-shaped anisotropic trend can be observed for the CI thresholds estimated from the AE 

data for the Cobourg limestone, with the maximums occurring at the 0° (with average CI of 35.5MPa) and 

90° (with average CI of 43.8MPa) fabric orientations, and the minimum occurring at the 45° orientation 

(with average CI of 24.4 MPa). However, the slim U-shaped anisotropy is uncertain due to the 

heterogeneous nature of the Cobourg limestone at the investigated scale. While no direct measurement of 

strength and stiffness for the dark grey fine-grained argillaceous bands and the light grey coarse-grained 

matrix of the Cobourg limestone exists, investigation of  the UCS and Young’s modulus of different rock 

classes with different mineralogies from the Cobourg formation by Perras (2014) results in an 
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approximate measure of 1.25 and 1.4 for the strength and stiffness ratios of the light grey matrix to the 

dark grey argillaceous bands in the Cobourg limestone, respectively. The small values for the strength and 

stiffness contrast and undulating nature of nodule boundaries in the Cobourg limestone contribute to 

reducing the sensitivity of the CI threshold to the fabric orientation. 

Laboratory testing or numerical modelling studies of core discing by many researchers, such as 

Dyke (1989) and Li and Schmitt (1998), show that the maximum damage to the rock occurs when the 

coring is aligned with the direction of the minor principal stress. Despite this, some damage was 

anticipated to occur within the large (20 cm) Lac du Bonnet granite cores that were bored within a close 

range to the orientation of the intermediate principal stress (2). The assumption for choosing the fabric 

orientation of the Lac du Bonnet specimens in Section 4.7.2.1 was that the micro-fracturing in the rock 

occurs perpendicularly to the boring axis. The results in Figure 4-17 show the anisotropic effect of the 

preferential orientation of pre-existing damage on the UCS of the specimens. The minimum and 

maximum mean UCS for specimens from the β = 0° group occurs at 45° (138.5MPa) and 90° 

(161.5MPa), respectively (Table 4-3). The CD thresholds for the specimens in Figure 4-17 are either 

independent (β = 0°) or increasing with increasing fabric orientation (β = 90°). The magnitude of the CD 

thresholds that are estimated here from the maximum volumetric strain are observed to be too low to 

compare to other references, i.e. 100.4 (± 12.2) MPa from Table 4-1 (Martin 1993, Eberhardt 1998, 

Everitt 2001). The trend lines for the CI thresholds estimated from the crack volumetric strain for β = 0° 

and 90° closely overlap and follow a nearly isotropic trend. The CI values estimated from the lateral 

strain method are always smaller than those estimated from the crack volumetric strain method (Table 4-

3). The lateral strain CI thresholds for specimens belonging to the β = 0° group have a linear trend line 

(increasing trend with increasing fabric orientation) while the trend line for when β = 90°, follows a 

moderate U-shape trend.  

The Lac du Bonnet granite specimens investigated for relaxation-induced damage in Section 

4.7.2.2 represent a perfect isotropic behaviour for UCS and CI thresholds estimated either from lateral 
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strain or crack volumetric strain methods. The unusual behaviour of the CD thresholds where the 

maximum occurs at the 45° fabric orientation could have been attributed to the wrong selection of fabric 

orientation reference (i.e. by 45° offset). However the isotropic behaviour of the specimen at the CI 

threshold and the peak strength suggests that the CD threshold should also represent a similar isotropic 

behaviour. The up-side down U-shape trend is attributed to measurement or estimation error. The 

isotropic behaviour of the specimens in Figure 4-18 can be justified either by accepting that relaxation-

induced damage did not affect the cored material, or the fact that the preferred orientation of the pre-

existing crack damage in rock has no effect on the mechanical response of the rock, which contradicts the 

previous discussion about the anisotropic behaviour observed in Figure 4-17. 

The dependency of the UCS and CD threshold (estimated from the AE and strain method) to the 

orientation of the fabric available in the Olkiluoto mica gneiss specimens can be observed in Figure 4-19. 

The CI threshold, on the other hand, appears to be independent of the fabric orientation or insignificantly 

sensitive to foliation dipping when estimated by the AE method (Fig. 4-19). According to Shea and 

Kronenberg (1993), in metamorphic rocks with low mica content (less than approximately 20% mica 

content, similar to the mica content of the investigated Olkiluoto mica gneiss), significant inelastic strains 

are accommodated mainly by extensive micro-cracking of the quartzo-feldspathic framework, and the 

role of ductile basal gliding and frictional sliding along cleavage in individual mica grains or at inter-

granular boundaries within mica clusters isolated within a matrix of stronger silicates is negligible. With 

increasing mica content in a rock, dislocation glide and frictional sliding along basal cleavage and kinking 

of mica grains accommodate the localized strains. However the increase in the mica content is associated 

with the transition of the mechanical behaviour of the rock from brittle to ductile (Shea and Kronenberg, 

1993) for which the discussion of crack initiation and crack propagation is not critical. Mica with basal 

planes inclined to the orientation of the maximum principal stress can act as isolated shear flaws or as 

interacting flaws, depending upon the overlap and spacing of neighboring micas relative to their lengths, 

and may be able to generate significant stress concentrations and nucleate fractures near their ends within 
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the surrounding phases (Tapponnier & Brace 1976, Wong & Biegei 1985, Gottschalk et al. 1990, Shea 

and Kronenberg 1993). This said, the micas in low mica content rocks are isolated within the quartz, 

feldspar and other abundant phases that are distributed randomly and deform solely by micro-cracking. 

The nucleation of cracks within the homogenous quartzo-feldspathic framework (strong silica matrix) is 

the key for independency of the CI threshold to the orientation of fabric in gneissic rocks with low mica 

content (mica minerals are assumed to be the weakest links and are usually elongated in the foliation 

direction). At the crack propagation and interaction stress level, the quartzo-feldspathic bridges 

connecting the mica grains are arrayed in an en-echelon pattern, which introduce a dependency of the CD 

threshold to the foliation angle.  

The limited test data available for different fabric orientations for the Queenston shale constrains 

the possibility for reaching a concluding remark for CI and CD anisotropy for this rock. However, the 

data will allow for the comparison of CI and CD thresholds for the two cases where the major principal 

stress is either parallel or perpendicular to the lamination. The CI limits for 0º and 90º Queenston shale 

specimens are observed to be within a very close range in Figure 4-20, however they demonstrate 

significantly different ranges for the CD stress limits. This suggests that although the long term in situ 

strength of the Queenston shale with horizontal and vertical laminations with respect to the major 

principal stress will be similar, the short term in situ strength (e.g. during the construction period) or 

yielding strength of the 0º specimens (lamination parallel to the orientation of major principal stress) is 

lower than those of 90º specimens (horizontal lamination). The comparison of crack damage thresholds 

for the 0º Queenston shale specimens reveals that the CI and CD limits for these specimens are in a very 

close range. In another words, in Queenston shale samples with lamination parallel to orientation of major 

principal stress, as soon as fractures initiate, they become unstable, propagate and lead the specimen to 

failure. 
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4.9 Conclusions 

The textural and/or structural planar fabric that exists in intact rocks controls the anisotropic behaviour of 

the rock at different damage stress levels (CI, CD and UCS) depending on the fabric type (Fig. 4-4). 

Distinct types of fabric were investigated in this study through laboratory studies of the Cobourg 

limestone, grey Lac du Bonnet granite, Olkiluoto mica gneiss and Queenston shale.  

The dark gray argillaceous bands could act as a minor micro-fracturing instigator in the Cobourg 

limestone while the alternating layers of packstone and argillaceous lime-mudstone wisps facilitate the 

interaction and coalescence of fractures. Therefore the fabric in the Cobourg limestone (Figs. 4-4d and 4-

4h), considering the heterogeneity at the scale investigated, was observed to control the peak strength and 

CD threshold and to a lesser extent the CI stress limit of this rock. The type of fabric in the Lac du Bonnet 

granite is defined by the preferential orientation of pre-existing micro-fractures (Fig. 4-4g). The available 

test data for this rock showed that the fabric has minimal effect on CI thresholds, some control over the 

CD threshold and a key role in the anisotropic strength of specimens in terms of their peak strength. The 

UCS and CD threshold for the Olkiluoto mica gneiss are governed by the existing fabric (Figs. 4-4e and 

4-4f), however the foliation does not play a significant role in controlling the CI threshold. The limited 

data available for the Queenston shale hampered the general conclusion regarding the effect of micro-

scale layering on the fabric-guided micro-fracturing. However, the available data proved that the long 

term in situ strength (CI threshold) for this rock is impartial to the vertical or horizontal laminations with 

respect to the direction of the major principal stress while the fabric orientation is significant for the 

yielding strength (CD threshold) where specimens with laminations parallel to the major principal stress 

are weaker than the specimens with perpendicular laminations. Therefore while no firm anisotropic model 

can be established for the CI threshold, it can be deduced that UCS and CD threshold for the Queenston 

shale vary anisotropically with the fabric orientation.  

The different fabric types investigated in this study were shown to control the CD thresholds and 

consequently the peak strength of the intact rocks. The fabrics represented by platy minerals, lenticular 
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mineral aggregates or planar micro-fractures in an isotropic matrix (Olkiluoto mica gneiss and Lac du 

Bonnet granite) were shown to be non-essential to the CI threshold while no specific conclusion could be 

established for the effect of micro-scale depositional layering of different mineral compositions 

(Queenston shale). The fabric defined by banding (spatial variation of grain sizes) with stiffness and 

strength contrast between the layers (Cobourg limestone), exhibited minor sensitivity of the CI stress 

level to the available fabric. 
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Chapter 5 

3D Random Voronoi Grain-Based Models for Simulation of Brittle Rock 

Damage and Fabric-Guided Micro-Fracturing5 

 

5.1 Abstract 

A grain-based distinct element model featuring 3-dimensional (3D) Voronoi tessellations (random poly-

crystals) is proposed for simulation of crack damage development in brittle rocks. The grain boundaries in 

poly-crystal structure produced by Voronoi tessellations can represent flaws in intact rock and allow for 

numerical replication of crack damage progression through initiation and propagation of micro-fractures 

along grain boundaries. The Voronoi modelling scheme has been used widely in the past for brittle 

fracture simulation of rock materials. However the difficulty of generating 3D Voronoi models has 

limited its application to 2D codes. The proposed approach is implemented in Neper, an open-source 

engine for generation of 3D Voronoi grains, to generate block geometry files that can be read directly into 

3DEC. A series of Unconfined Compressive Strength (UCS) tests are simulated in 3DEC to verify the 

proposed methodology for 3D simulation of brittle fractures and to investigate the relationship between 

each micro-parameter and the model’s macro-response. The possibility of numerical replication of the 

classical U-shape strength curve for anisotropic rocks is also investigated in numerical UCS tests by using 

complex-shaped (elongated) grains that are cemented to one another along their adjoining sides. A micro-

parameter calibration procedure is established for 3D Voronoi models for accurate replication of the 

mechanical behaviour of isotropic and anisotropic (containing a fabric) rocks. 

                                                      
5 This chapter appears as published in an international journal with the following citation: 
Ghazvinian, E., Diederichs, M. S. and Quey, R. (2014). 3D random Voronoi grain-based models for simulation of 
brittle rock damage and fabric-guided micro-fracturing. Journal of Rock Mechanics and Geotechnical Engineering, 
6(6), 506-521. 



 

134 

 

5.2 Introduction 

The simulation of micro-fracturing and crack damage progression for brittle rocks can be performed 

implicitly in continuum or explicitly with the aid of discontinuum numerical approaches. In implicit 

simulation of micro-crack formation, the weakness caused by the formation of cracks is smeared within 

the material by means of constitutive relationships. The Damage Initiation-Spalling Limit (DISL) 

approach is an example of implicit brittle fracture simulation with continuum codes (Diederichs 2007). 

The explicit simulation of micro-fracturing in rock-like material can be accomplished by direct 

representation of cracks in models formulated based on the Discrete Element Method (DEM) (Cundall 

and Hart 1985, Cundall 1988) or by using the hybrid Finite-Discrete Element Method (FDEM) codes 

(Mahabadi et al. 2012a). 

In DEM, the rock-like material can be simulated as a dense assembly of rigid or deformable 

particles that interact at their contact points. Also, the discrete bodies can detach and new contacts can 

automatically be detected (Itasca 2013a) and therefore fractures can be simulated at the grain (or block) 

boundary opening. In the Bonded-Particle Model (BPM), which falls within the DEM formulation, the 

particles are represented by rigid disks in 2D and rigid spheres in 3D (Potyondy and Cundall 2004). The 

breakage of bonds between the spheres in the BPM is comparable to fracturing in rock. The BPM which 

is implemented in Particle Flow Code (PFC) (Itasca 2008a, 2008b) has been used widely for crack 

damage simulation in rock. The concerns and possible solutions for the accuracy of PFC simulations have 

been documented in the past by many researchers, including Diederichs (2003), Potyondy and Cundall 

(2004), Cho et al. (2007), Yoon et al. (2008), and Ghazvinian (2010). 

The random polygonal blocks (grains) in DEM are an alternative geometry to the disks and 

spheres employed in BPM approach for simulation of fracturing. Voronoi tessellation is one of the 

available techniques for generating the random polygonal grains within a domain. In this technique, a 

region is populated with random seed points. Lines or planar surfaces are generated so that the bounded 

region surrounding each seed point includes all the space that is closer to that seed point than any other. 



 

135 

 

The grain boundaries in the poly-crystal structure produced by Voronoi tessellation can be used to 

represent flaws in intact rock and therefore allow for simulation of crack damage development through 

initiation and propagation of fractures along grain boundaries. 

In the Voronoi modelling approach for numerical simulation of fracturing in intact rock, the 

grains (blocks) can be rigid, deformable or inelastic. The behaviour of contacts between the grains are 

commonly governed by the available constitutive formulations for rock mass joints and discontinuities. 

Some of the concerns associated with the formulation of bonded particle models (i.e. PFC) were 

demonstrated to be no longer applicable to the Voronoi method (Kazerani and Zhao 2010, Lan et al. 

2010). This lead to increasing application of Voronoi grain-based models for simulation of fracture 

formation in rocks despite its poor computational speed compared to the BPM. While clumping and 

clustering in the BPM (Cho et al. 2007, Ghazvinian, 2010) and the modifications to the BPM formulation 

(development of the flat-joint contact model (Potyondy 2012)) in recent years have solved the concerns 

with the accuracy of the BPM results to a great extent, the Voronoi based GBMs are still popular due to 

simple method of generating these models. On the other hand, the complexity of generating 3D Voronoi 

domains has limited the application of Voronoi scheme for fracturing simulation of rock materials to 2D 

models. In this chapter, a new methodology for generation of 3D Voronoi Grain-Based Models (GBMs) 

is proposed which would provide a means for simulation of rock brittle fracturing in 3DEC (Itasca 

2013a). 

Damage processes in laminated intact rocks or rocks that have a preferred fabric orientation, 

which commonly result in anisotropic mechanical behaviour, can also be simulated by means of an 

equivalent continuum such as the Ubiquitous Joint Model in FLAC (Itasca 2012), or with DEM and 

hybrid FDEM discontinuum approaches. The discontinuum methods either apply implicit anisotropic 

contact and material constitutive behaviour or introduce an anisotropic defect or pre-damage to the model 

(e.g. Diederichs et al. (2004), You et al. (2011), Kazerani (2013), Lisjak et al. (2014a)). By using the 

proposed approach in this chapter for generation of 3D Voronoi GBMs, an analogue for intact rocks with 
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inherent anisotropy is suggested by scaling the models and therefore achieving elongated grains. The 

fabric-guided micro-fracturing in the anisotropic models are verified by laboratory test results of the 

Cobourg Limestone and the calibration procedure for the laminated GBMs is established from sensitivity 

analyses of the contact micro-parameters. 

5.3 Numerical Approach 

The extensile “crack opening forces” at the micro-scale can be generated through different mechanisms. 

These mechanisms amplify the localized shear strains and subsequently facilitate the nucleation of inter-

granular and intra-granular cracks at the Crack Initiation (CI) threshold (Diederichs 2003). Some of the 

mechanisms of extension crack generation under deviatoric stress conditions are illustrated in Figure 5-1. 

 

Figure 5-1: Schematic illustration of crack opening forces generated through different mechanisms 

at the micro-scale under deviatoric stress conditions. High (Hi) and low (Lo) E and v are the 

Young’s modulus and Poisson’s ratio, respectively (after Diederichs 2000). 

 

To simulate the extensile crack opening forces at the micro-scale in DEM models, the rigid or 

deformable particles are approximated by simple geometries. The three commonly used geometries are 

disks (spheres in 3D) (Potyondy and Cundall 2004, Scholtès and Donzé 2013), Voronoi grains (Damjanac 
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et al. 2007), and triangles (trigons in 3D) (Gao and Stead 2014). The geometry of the particles plays a key 

role in the generation of the crack extension and shearing forces acting on the sliding fractures. A 

schematic of an identical micro-mechanism simulated with Voronoi grains and circular disks is illustrated 

in Figure 5-2. The applied compressive forces in the Voronoi model can be resolved into extensile and 

shearing forces acting on the grain boundaries (sliding flaw in this case). In the circular disk model, the 

applied forces will translate into tensile stresses at the contact between the disks and rotational moments 

acting upon the disks. The geometrically-imposed restriction on the generation of shear stresses at the 

contacts between the disks in the BPM has a minor effect on the CI threshold since most of the micro-

cracks in brittle rocks form in tension (Diederichs 2007). However, with increasing deviatoric stress and 

on reaching the Critical Damage (CD) threshold, micro-cracks start to interact and coalesce, mostly 

through shearing. Therefore, the BPM with circular disks has limited application for simulation of crack 

interaction (Diederichs 2007). 

 

Figure 5-2: Micro-mechanisms for compression-induced tensile stress at the contacts between the 

particles in DEM. (a) The compressive force can be resolved into tensile and shear stresses acting 

on the boundaries between the grains. (b) The compressive forces are resolved into tensile stress at 

the contacts and moments trying to rotate the disks. 
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The simplicity of generating triangular grains (trigons) in DEM for simulation of fracturing in 

rock is leading to increasing use of this approach. The micro-properties of the trigon models can be 

calibrated to simulate the exact macro-properties of rock tested in the laboratory. At the micro-scale, in 

contrast to the BPM models, most of the failure occurs in shear (Gao and Stead 2014). In Figure 5-3a, the 

potential sliding path in a trigon model is shown (red lines). In Figure 5-3b, a Voronoi tessellated model 

with similar edge length to the trigon model is also illustrated. While the trigon model includes smooth 

pathways that encourage shear sliding, the grain boundaries of the Voronoi model creates asperities and 

rough failure paths which lead to extensile opening of some grain boundaries and simultaneous shear 

sliding along other grain edges. This figure shows that the existence of these smooth pathways for 

cracking encourages shear sliding. 

 

 

Figure 5-3: Smooth versus rough sliding paths for shearing in the (a) trigon and (b) Voronoi 

models, respectively. The conceptual example for sliding paths are shown as red and blue lines. 
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5.4 Microstructure Modelling for DEM 

5.4.1 3D Voronoi Tessellations 

A 3D Voronoi tessellation is a partition of a domain of 3D space, ∈ , into a collection of cells. Being 

given a number of seed points in D, {Si(xi)} for i = {1, …, N}, every seed is assigned a Voronoi cell, Ci, 

as follows: 

∈ | , , 				∀    (5-1) 

where d(•,•) is the Euclidean distance. The seed locations are randomly chosen from a uniform 

distribution in the domain. A Voronoi cell can be seen as the region of influence of a seed, namely the 

region of space closer to the seed than to any other seed. Voronoi cells are convex polyhedra intersecting 

along flat faces, straight edges and vertices, for 2, 3 and 4 cells, respectively. An example of a Voronoi 

tessellation containing 2000 cells is provided in Figure 5-4a. Different algorithms have been proposed for 

constructing Voronoi tessellations. In the present work, a cell-by-cell construction algorithm is used. A 

cell (Ci, of seed Si) is first set as the whole domain. Ci is then modified by an iterative process, where 

other seeds (Sj) are considered by increasing distance from Si. At each iteration (seed Sj), Ci is reduced to 

the intersection of the previously computed cell and the half-space closer to Si than to Sj. The iterative 

process can be stopped when the distance between seed Si and seed Sj becomes high enough for the half-

space closer to Si than to Sj to necessarily include the whole cell. A simple, isotropic criterion is 

 

, 2 					with	 max ∈ , max ∈ ,  (5-2) 

 

where {Vi} is the set of vertices of cell Ci. The resulting collection of cells fully defines the Voronoi 

tessellation. However, cell interfaces are defined several times: a cell face, edge or vertex is defined in 2, 

3 or 4 cells, respectively. Therefore, for a proper description of a tessellation, duplicate features are 

merged. In general, this is also needed for further processing, for example regularization (see Section 

5.4.2) and meshing (see Quey et al. (2011)). 
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The application of Voronoi tessellations for microstructure modelling is twofold. First, similar to 

regular 3D tessellations, based on cubes, rhombic dodecahedra or truncated octahedra, Voronoi 

tessellations can be described in a vectoral format (in contrast to a raster format as provided by 

tomography techniques or different modelling approaches). Such a compact description is particularly 

well-suited for DEM and can be meshed for other methods. Second, Voronoi tessellations show a wide 

variety of cell shapes and volumes, and spatial orientations of the contact surfaces between cells. This 

guarantees that the microstructure behaviour is not biased by particular cell arrangements or interface 

spatial orientations. This is why 3D Voronoi tessellations have been often used for finite element method 

(FEM) or boundary element method (BEM) simulations, e.g. Barbe et al. (2009), Barbe and Quey (2011), 

Quey et al. (2012), Benedetti and Aliabadi (2013). 

5.4.2 Regularization 

As can be seen in Figure 5-4a, Voronoi tessellations contain a high proportion of edges and faces of 

dimension significantly lower than the average cell size. Such features are negligible from a cell 

morphology point of view and therefore should not have a significant effect on the results of the DEM 

simulations either. They also are highly detrimental to computation time in DEM simulations. 

These drawbacks can be circumvented by “regularization”, a technique consisting of removing 

the “small edges” of a tessellation, of length typically lower than a tenth of the cell size (Quey et al. 

2011). Regularization removes small faces indirectly, because the latter are composed of one or several 

small edges. During regularization, the small edges are removed by increasing length. An edge (and its 

two vertices) is collapsed to a single vertex on the condition that the resulting geometrical distortion in the 

vicinity of the edge is sufficiently low (typically, the neighbouring faces must remain planar within a 20° 

angular tolerance). Constraints are imposed on the vertices, edges and faces at the boundary of the domain 

so that the domain shape is not changed. As illustrated on Figure 5-4b, regularization removes the small 

edges and faces while retaining the global cell shapes. In most cases, face distortions remain lower than 
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1–2 (Quey et al. 2011). In 3DEC simulations, such distorted faces can be treated as standard, planar 

faces. 

 

Figure 5-4: Effect of regularization illustrated on a 2000-cell tessellation. (a) Standard Voronoi 

tessellation and (b) regularized Voronoi tessellation. Only half of the cells are shown and the small 

edges are plotted in red. 8000 out of 25000 edges are removed by regularization. 

 

5.4.3 Two-Scale Voronoi Tessellations 

A “two-scale Voronoi tessellation” is a tessellation for which every cell of a first, “primary” Voronoi 

tessellation, is partitioned by another, “secondary” Voronoi tessellation. Figure 5-5 provides two possible 

applications of two-scale Voronoi tessellations. First, such tessellations can model microstructures that 
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clearly exhibit two scales such as sedimentary rocks, consisting of 45-tilted bands decomposed into 

individual blocks (Figure 5-5a). The primary Voronoi tessellation was created from seeds regularly 

spaced along a line (hence the band structure) and the secondary Voronoi tessellations were obtained 

using random seed locations. Second, two-scale tessellations enable inclusion of potential intra-grain 

crack paths into a regular, single-scale material (Figure 5-5b). Intra-grain interfaces can be assigned 

micro-properties different from grain-to-grain interfaces. The algorithm for constructing a two-scale 

Voronoi tessellation consists of sequentially constructing standard, single-scale Voronoi tessellations. 

Secondary Voronoi tessellations can be constructed independent of each other. The Voronoi tessellation 

algorithm described in Section 5.4.1 is used, based on the primary cell (instead of the whole domain) as a 

starting point for the secondary cells. This results in a collection of secondary tessellations. Similar to 

single-scale Voronoi tessellations, duplicated, or overlapping features are found at the intersections 

between secondary tessellations. These features must be merged to get a proper description of the 

tessellation. The procedure involves merging, creation and decomposition of vertices, edges and faces 

located at the intersection between secondary tessellations. Details will be provided separately. Similar to 

single-scale tessellations, the resulting two-scale tessellations contain small edges and faces, which can be 

removed by regularization. 

5.4.4 The Neper Software 

All algorithms described previously have been implemented in free (open-source) software: Neper (Quey 

et al. 2011, Quey 2014). The software offers support for both single-scale and two-scale Voronoi 

tessellations, in 2D and 3D, however the focus of this chapter is on single-scale 3D Voronoi tessellated 

models. Thanks to efficient and robust algorithms, very large tessellations can be easily created (typically 

105 cells). Any convex domain shape can be used; cubes (or any parallelepiped) and cylinders are directly 

supported. The tessellations can also be stretched to get elongated cells. Rotation and cropping are also 

straightforward operations. Finally, tessellations can be written to various file formats, including 3DEC 

for DEM simulations, and meshed for FEM simulations. 
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Figure 5-5: Two-scale Voronoi tessellations applied to modelling (a) a two-scale material (e.g. 

sedimentary rocks) and (b) intra-grain cracking paths. 

 

5.5 Grain-Based Model for 3DEC 

The Voronoi blocks can be used for simulating fractures at different scales, from micro-cracks within a 

laboratory specimen (Lan et al. 2010) to modelling spalling and slabbing in the walls of underground 

excavations (Itasca 2011). The focus of this chapter is on Grain-Based Models (GBMs). With the 

currently available computational power, GBMs are commonly restricted to the laboratory specimen 

scale. To investigate the application of the 3D Voronoi tessellation approach for simulation of brittle 

micro-fracturing in rock, a series of Uniaxial Compressive Strength (UCS) tests are simulated in 3DEC 

from the tessellations generated in Neper. 

5.5.1 Specimen Generation 

Cylindrical specimens were generated for the simulation of UCS tests. Any 3D convex domain geometry 

can be filled with 3D Voronoi diagrams with Neper. To avoid grains whose geometry is affected by the 
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domain boundary in a cylindrical specimen, a cubical domain was generated which was then carved into a 

cylindrical specimen in 3DEC (Figure 5-6). For generation of the specimens, a cylinder 140 mm high was 

cut from the centre of the tessellated block and then two 10 mm slices were cut from each end of the 

specimen. The grains in these 10 mm thick slices were joined to form the platens. The final specimen had 

a diameter of 55 mm and a length of 120 mm. The cubical domains in Neper were generated with 40,000 

grains while the final cylindrical specimens contained 5300 grains on average. 

 

 

Figure 5-6: Generation of a Voronoi tessellated cube in Neper and cutting the cube into a 

cylindrical specimen in 3DEC. 

 

5.5.2 Numerical Test Set-Up 

Loading of the UCS models was performed by applying a constant velocity to the top and bottom platens 

until a moderate state of monotonically increasing axial stress was reached in the specimens. After this 

stage, a servo system took over the loading control. This servo mechanism kept the average unbalanced 

mechanical forces in the model within a specified range by adjusting the applied velocity to the platens. 

The unbalanced force servo system is particularly important at the failure stage to keep the loading 

condition within the static range. The loading velocity at the beginning of the test and the specified range 
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for unbalanced forces for the servo-mechanically controlled loading stage was kept small enough to 

ensure the uniform distribution of stress within the specimen. 

The axial strain for the specimens was measured by averaging the displacements between five 

pairs of grid points, located 10 mm away from each end of the specimens in the vicinity of the models’ 

axial axis, in principle similar to laboratory extensometers. The locations of these grid points are 

illustrated in Figure 5-7. The specimens’ lateral strain was calculated from the average relative 

displacement of three pairs of grid points in the middle of the specimens as shown in Figure 5-7, in the x 

and y directions. 

 

Figure 5-7: Location of grid points used to measure axial and lateral strains. 

 

The axial stress in the specimens was measured by averaging the axial stress in the zones of 

blocks whose centroids fall within a cube in the centre of the cylindrical specimen. A trial test was run to 

determine the suitable size for the cube which was representative of the axial stress within the specimen. 
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For this purpose, the axial stress within four boxes with dimensions shown in Figure 5-8a was measured 

during a UCS test. The results are shown in Figure 5-8b. It can be seen that the difference between the 

measured stresses tends to disappear with increasing box size, consistent with the emergence of a 

representative volume element (Kanit et al. 2003). Although the stress measured in the two largest cubes 

appear to be very similar, it was decided to use the biggest box size with dimensions of 35 mm35 

mm40 mm to measure axial stress within the specimens. An example for the zones used for 

measurement of axial stress in a specimen is shown in Figure 5-8c. 

 

 

Figure 5-8: Measurement of axial stress for the specimens. (a) The four box sizes investigated for 

axial stress measurement. (b) Comparison between the measured axial stress within the four boxes 

of different dimensions. (c) Axial stress for the specimen is measured as the mean axial stress 

recorded in the red zones. 

 

5.5.3 Estimation of Crack Damage Thresholds 

Estimation of the crack damage thresholds for the models was performed according to the Acoustic 

Emission (AE) method described in Ghazvinian et al. (2012a). The comparable phenomenon to AE 

activity in laboratory specimens can be easily correlated to the bond breakage in PFC models. However, 
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the same is not true for GBMs in 3DEC. Contact deletion, sub-contact deletion, sub-contact failure, area 

of the failed sub-contact etc. can all be associated with the AE activity. In this study, the number of failed 

sub-contacts was used, as shown in Figure 5-9, to identify the damage thresholds. Nevertheless further 

investigation is required on this subject. 

 

 

Figure 5-9: Estimation of crack damage thresholds from the number of failed sub-contacts in 

3DEC. 

 

5.5.4 GBM Calibration 

The behaviour of 3D Voronoi tessellated models are controlled by two main components: the grains 

(3DEC blocks) and the contacts between grains. The grains in a 3DEC model can be simulated as rigid 

bodies, either elastic or plastic, where continuum intra-grain failure is allowed to occur. Common practice 

with Voronoi GBMs is to have rigid (Kazerani and Zhao 2010) or elastic grains (Itasca 2011) for 

simplicity and to allow for failure to occur only at contacts between the grains. In this case, the 

parameters requiring calibration, when a simple Coulomb slip joint model is used for the grain contacts in 

3DEC, are as follows: 
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 contact normal stiffness (kn) 

 contact normal to shear stiffness ratio (kn/ks) 

 contact peak cohesion (cp) 

 contact residual cohesion (cr) 

 contact peak tensile strength (Tp) 

 contact residual tensile strength (Tr) 

 contact peak friction angle (p) 

 contact residual friction angle (r) 

 grain (block) Young’s modulus (E) 

 grain (block) Poisson’s ratio () 

 

For simplicity in the calibration process, the residual tensile strength (Tr) and cohesion (cr) are 

commonly assumed as zero (Kazerani and Zhao 2010, Itasca 2011, Gao and Stead 2014) for Voronoi 

GBMs. 

Martin (1997) showed that the mobilization of the frictional and cohesional components of 

shearing in brittle rocks is not a simultaneous process. The friction gradually mobilizes as a function of 

damage to the brittle rock, while the cohesion is degrading. Hajiabdolmajid et al. (2002) successfully 

implemented the Cohesional Weakening-Frictional Strengthening (CWFS) behaviour in their continuum 

modelling to simulate notch formation around the tunnels of deep underground openings in massive 

brittle rocks. To adopt the CWFS concept for the contact behaviour between the grains, the peak cohesion 

(cp) and residual friction angle (r) were defined for the contacts while the residual cohesion (cr) and peak 

friction angle (p) were set to zero. Therefore for simplicity from now on in this chapter, the peak 

cohesion, peak tensile strength and residual friction angle will be referred to as c, T and , respectively. 

The schematic representation of the contact behaviour with the implemented CWFS approach in the 

generated GBMs is shown in Figure 5-10. 
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For the sensitivity analysis of the GBM response to the grain contact properties, a set of micro-

parameters were chosen to closely replicate the mechanical properties of the Lac du Bonnet granite 

(Diederichs 2000). The micro-properties were adjusted accordingly in an iterative process suggested by 

Potyondy and Cundall (2004) and Itasca (2008b) until the desired macro-response was reached in terms 

of UCS and other macro-properties. The final micro-properties, model properties and stress-strain curve 

for the model are shown in Table 5-1 and Figure 5-11, respectively. The micro-properties listed in Table 

5-1 will be used in Section 5.6 for the parametric study. 

 

Figure 5-10: 3DEC simulation of fracturing along grain boundaries. (a) Sequential mobilization of 

cohesion and frictional component of contact shear strength. (b) Constitutive behaviour of grain 

contacts with implemented CWFS approach (nT is the normal stress at which the contact 

properties are switched from peak to residual, s
max is the maximum shear stress at a contact with 

normal stress greater than nT). 
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Table 5-1: Micro-parameters used for calibration of the 3D Voronoi GBM and the resulting model 

macro-response. 

Contact micro-parameters  Model macro-properties 

contact normal stiffness (kn)  68000 GPa/m UCS 183 MPa 

contact normal to shear stiffness 
ratio (kn/ks) 

5 CI 111 MPa 

contact peak cohesion (cp) 148 MPa Young’s modulus (E) 64.7 GPa 

contact residual cohesion (cr) 0 MPa Poisson’s ratio () 0.29 

contact peak tensile strength (Tp) 14.8 MPa   

contact residual tensile strength (Tr) 0 MPa   

contact peak friction angle (p)  0°   

contact residual friction angle (r)  25°   

grain (block) Young’s modulus (E)  100 GPa   

grain (block) Poisson’s ratio () 0.20   

 

 

 

 

Figure 5-11: Stress-strain curve for the UCS model with the micro-parameters listed in Table 5-1. 
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5.6 Sensitivity Analysis for GBM Micro-Properties 

The primary requirement prior to any GBM modelling is to calibrate the model micro-properties. The 

calibration process can be challenging and laborious if done in a random fashion. Therefore, a series of 

sensitivity analyses were performed on the GBM contact properties and grain size to better understand the 

role of these micro-properties on the overall response of the model and to establish the calibration 

procedure for a 3D Voronoi GBM. The sensitivity of the model response to the contact micro-properties 

was investigated by varying one micro-property at a time while the rest of the micro-parameters were kept 

constant, equal to the values listed in Table 5-1. The grain elastic constants (Young’s modulus and 

Poisson’s ratio) were considered real and were obtained from reported laboratory tests on the minerals of 

the Lac du Bonnet granite (Lama and Vutukuri 1978) as opposed to rigid (Kazerani and Zhao 2010), or 

semi-rigid (by assuming very high stiffnesses for them (Itasca 2011)). 

5.6.1 Contact Normal Stiffness (kn) 

The earlier work by Kazerani and Zhao (2010) on 2D rigid Voronoi GBMs and similar work by Gao and 

Stead (2014) on UDEC (Itasca 2013b) trigon models, suggested that the simulated Young’s modulus of 

the specimen is strongly correlated with the normal and shear stiffness of the contacts between the grains. 

They showed that by increasing the normal and shear stiffness of the contacts, the model’s Young’s 

modulus increases. Similarly, the contact stiffness in the 3D Voronoi models directly controls the 

specimen’s Young’s modulus as shown in Figure 5-12. The increase in the normal and shear stiffness of 

the contacts stiffens the model’s contact lattice and consequently enhances the stiffness of the model. 

Stiffening the model’s contact lattice also increases the role of grain deformation in controlling the 

model’s macro-behaviour. Therefore, increasing the contact normal and shear stiffness values changes the 

model’s Poisson’s ratio to within a closer range to the grain’s Poisson’s ratio. For the models shown in 

Figure 5-12, the model’s overall Poisson’s ratio approaches 0.20 (grains Poisson’s ratio) with increasing 

contact stiffness values. The Poisson’s ratio of the model with constant kn/ks ratio is independent of the 

change in the contact stiffness when grains are assumed rigid (Kazerani and Zhao 2010). 



 

152 

 

 

Figure 5-12: Effect of contact normal stiffness on the model’s elastic constants. 

 

5.6.2 Contact Normal to Shear Stiffness Ratio (kn/ks) 

The Poisson’s ratio is directly governed by the normal to shear stiffness ratio of the grain bonds in the 

BPM formulation as demonstrated by Diederichs (2000), Potyondy and Cundall (2004) and Cho et al. 

(2007). Similar work in UDEC with rigid Voronoi grains (Kazerani and Zhao 2010) and elastic trigon 

grains (Gao and Stead 2014) support this.  

The stress-strain curves from the sensitivity analysis for the contact kn/ks ratio for the 3D Voronoi 

GBM is shown in Figure 5-13. In this series of models, the contact normal stiffness (kn) was kept 

constant, at 68,000 GPa/m, while different kn/ks ratios (2, 5, 8 and 16) were examined. The change in the 

model’s elastic constants as a function of kn/ks ratio is plotted in Figure 5-14. This figure shows that 

increasing the kn/ks ratio increases the Poisson’s ratio, even beyond the realistic threshold of 0.5, before 

the crack initiation threshold is reached. Conversely, increasing the kn/ks ratio decreases the Young’s 

modulus and reduces the brittleness (increases ductility) of the model. By decreasing the shear stiffness 

and keeping the normal stiffness constant (increasing kn/ks ratio), while this makes the model softer and 

consequently lowers the Young’s modulus, the contacts are encouraged to dilate in shear as opposed to 
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extensile opening, which results in a larger lateral deformation and thus a larger Poisson’s ratio. Therefore 

in 3D Voronoi GBMs, the kn/ks ratio is not only the major controlling factor for the Poisson’s ratio, but 

also controls the Young’s modulus and the brittle to ductile transition of the model (Fig. 5-13). 

 

Figure 5-13: Stress-strain curves for the models with constant normal stiffness (68,000 GPa/m) but 

different ratios of contact normal to shear stiffness. 

 

 

Figure 5-14: Effect of contact normal to shear stiffness ratio (kn/ks) on the model’s elastic constants. 
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5.6.3 Contact c/T 

The contact or bond strength properties in UDEC and PFC directly control the strength of the models in 

compression or tension. Increasing the contact strength-related micro-properties improves the specimen’s 

strength (Diederichs 2000, Potyondy and Cundall 2004, Gao and Stead 2014). As reported by Diederichs 

(2000), the shear to normal strength ratio of the contact bonds in PFC controls the peak strength and 

brittleness of the model. The material response shifts towards a more brittle response, with increasing 

shear to tensile bond strength ratio. This is because increasing this ratio for the contact bonds forces the 

micro-fractures to form mostly in tension, which is similar to the initiation of extensile fractures in 

laboratory brittle rock specimens (Diederichs 2007).  

A suite of models were run with identical grain contact peak cohesion (c), but varying peak 

tensile strengths (T) for the grain contacts to achieve different ratios of cohesion to tensile strength (c/T) 

for the 3D Voronoi GBMs. The UCS and UCS/CI results for this series of models are shown in Figure 5-

15. As expected, the peak strength of the specimen increases with decreasing c/T ratio, since T is 

increasing, causing the strength of the grain contacts to improve. The other macro-property that is 

affected by the c/T ratio is the CI threshold in the models. The opening of fractures at the CI threshold is 

assumed to be in an extensile fashion and therefore governed by the tensile strength of the contacts 

(Diederichs 2003). This is supported by the models in Figure 5-15 which show that by decreasing the c/T 

ratio, the UCS/CI ratio decreases drastically (increasing CI with increasing contact tensile strength). 

Diederichs (2000, 2003) reported limited success with PFC2D for simulation of crack propagation 

beyond a single disk at the CD threshold. This is due to stress redistribution amongst the bonds in the 

vicinity of a bond once it breaks, which impedes stress concentration at the crack tips and therefore 

suppresses crack extension. Gao and Stead (2014) argued that they have successfully simulated the crack 

propagation and coalescence within their trigon approach in UDEC and 3DEC. This was however solely 

based on the visual evaluation of contact openings. Martin and Chandler (1994) identified the deviatoric 

stress corresponding to the maximum volumetric strain of a laboratory specimen under compressive 

loading, as the onset of unstable cracking, or in other words, the CD threshold. Here, the volumetric strain 
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is plotted versus the axial stress normalized to the peak strength of each specimen for models with 

different c/T ratios in Figure 5-16. If the reversal of volumetric strain can also be identified as the crack 

propagation threshold in the numerical models, it can be seen that unstable micro-cracking or crack 

propagation occurs in models with c/T ratios equal to 4, 10 and 100. In Figure 5-16, the decreasing c/T 

ratio shifts the axial stress associated with the reversal point of the volumetric strain closer to the UCS. 

For c/T = 2, the volumetric strain of the model never reaches the reversal point. Trans-granular cracks are 

big contributors to unstable cracking and the crack propagation threshold in brittle rocks. The absence of 

this factor can suppress the unstable cracking to a large extent in GBMs with unbreakable grains. Sub-

tessellation of the Voronoi grains as described in Section 5.4.3 allows for trans-granular fracture 

propagation and can be a solution to this limitation. The decreasing c/T ratio as observed in Figure 5-16 

increases the slope of the volumetric strain curve for the models. This can be attributed to the increase in 

the tensile strength of the contacts which allows for larger contact dilation before failure and therefore 

larger volumetric strains at the failure stress. 

 

 

Figure 5-15: Effect of contact c/T ratio on the model’s peak strength and UCS/CI ratio. 
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Figure 5-16: Effect of contact c/T ratio on the model’s volumetric strain behaviour. 

 

The cohesion, tensile strength and friction angle of the grain contacts are also shown in 2D 

Voronoi simulations of triaxial tests by Kazerani and Zhao (2010) and Gao and Stead (2014), to control 

the macro cohesion, tensile strength and friction angle of the model respectively. 

5.6.4 Contact Friction Angle () 

To more accurately simulate the behaviour of brittle rocks, the CWFS approach was employed in the 

models as was discussed in detail in Section 5.5.4. The peak friction angle of the grain contacts was set to 

zero, therefore the material friction is controlled by the residual friction angle. This approach is more 

common in PFC modelling (Diederichs 2003). According to Kazerani and Zhao (2010) and Gao and 

Stead (2014), the material friction angle can be controlled by the peak friction angle. In the CWFS 

approach, the material friction angle is governed by the residual friction angle. The results of a series of 

3D Voronoi GBMs with different residual friction angles showed that, as expected, increasing the residual 

friction angle improves the strength of the models. 
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5.6.5 Effect of Grain Size 

A comprehensive investigation on the effect of particle size on the PFC2D and PFC3D model macro-

properties was done by Potyondy and Cundall (2004). They showed that in the PFC2D models, the elastic 

constants and the peak strengths are independent of the particle size while in PFC3D, the peak strength and 

the Young’s modulus of the model are governed by the particle size. Similar to PFC2D, the Poisson’s 

ratios of PFC3D models are independent of the particle size.  

To investigate the effect of GBM grain size on the model response, a set of cylindrical specimens 

were carved from three cubes filled with 20,000, 40,000 and 60,000 Voronoi grains. The resulting 

specimens contained approximately 3000, 5300 and 7800 grains, with average grain volumes of 0.111 

cm3, 0.062 cm3 and 0.042 cm3, respectively. The stress-strain curves obtained from the UCS simulation 

for these models are shown in Figure 5-17.  

 

 

Figure 5-17: Effect of grain size on the material response. 
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The results show that the peak strength of the models is independent of the grain size, within the 

range of grain sizes investigated in these models. A minor dependency of the model’s elastic response to 

the grain size is observed to occur after the initiation of damage in the models (deviation of lateral strain 

from linearity (Martin 1993)). As fracturing initiates, the macro-response of the models becomes slightly 

softer with decreasing grain size. This can be attributed to the relative magnitude of the grains’ elastic 

constants in comparison to the shear and normal stiffnesses of the grain contacts. 

 

5.7 Calibration Procedure for GBMs with Regular 3D Voronoi Grains 

A better understanding of the role of each of the micro-parameters on the overall mechanical response of 

the GBMs was achieved from the sensitivity analyses. Therefore, the following procedure can be 

suggested for calibration of 3D Voronoi grain-based models from UCS data: 

 

1. Decide on the Voronoi grain size (number of Voronoi cells within the specimen) based on the 

rock mineralogy and available computational power.  

2. Define the elastic constants (Young’s modulus and Poisson’s ratio) for the grains according to 

laboratory testing or available literature for the minerals composing the simulated rock. 

3. Set the grain contact strength related components to high values or run the 3DEC models in 

“small strain” mode for calibration of the model elastic constants. 

4. Adjust the contact normal to shear stiffness ratio (kn/ks) for the correct Poisson’s ratio. 

5. Adjust the normal stiffness (kn) for the model to achieve a proper Young’s modulus. 

6. Cohesion, c/T and the residual friction angle of the grain contacts are adjusted in the model to 

achieve the correct peak strength and crack initiation threshold. In the case of matching the model 

response to triaxial and tensile strength testing data, the model cohesion, friction angle and tensile 

strength can be controlled by the grain contact cohesion, residual friction angle and tensile 

strength, respectively. 
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7. A distribution of strengths can be assigned to the grain contacts to further refine the crack 

initiation threshold. 

8. Steps 3 to 6 (without changing the contact strength parameters to high values) can be reiterated 

for a more accurate calibration. 

 

The suggested calibration procedure is for GBMs with elastic grains and grain contact behaviour 

as shown in Figure 5-10. 

5.8 DEM Modelling of Damage Progression in Anisotropic Rocks 

Many rocks near the Earth’s surface represent anisotropic behaviour due to layering, foliation, fissuring, 

bedding, stratification, jointing, etc. (Amadei 1996). The available fabric arrangement in rocks directly 

influences their anisotropic behaviour (Gatelier et al. 2002). The term “fabric” is used in this chapter as a 

general term to describe any planar feature in intact rock. The available fabric in intact rocks can be 

represented by one or a combination of the fabric elements shown in Figure 5-18. The difference in 

mineral composition (Fig. 5-18a), preferred orientation of elongated grains (Fig. 5-18b and 5-18c), spatial 

variation of grain sizes (Fig. 5-18d), preferred orientation of platy minerals, aggregates or planar micro-

fractures (Fig. 5-18e to 5-18g) or the existence of any combination of these elements in intact rock (Fig. 

5-18h) can introduce anisotropic effects to its mechanical behaviour. 

Previous attempts to explicitly simulate mechanical anisotropic behaviour for brittle intact rocks 

by different researchers have mainly concentrated on introducing anisotropic damage to the intact rock, 

similar to the fabric elements as shown in Figure 5-18g. Diederichs et al. (2004) studied the effect of pre-

existing damage in brittle rocks on their mechanical behaviour, such as CI and CD, by inducing different 

crack intensities (removing or breaking bonds between disks) at different orientations in their PFC2D 

models. In a hybrid continuum/discontinuum approach (Mahabadi et al. 2012b), Lisjak et al. (2014a) 

successfully applied a small scale Discrete Fracture Network (DFN) to a combined FDEM model to study 

the anisotropic behaviour of Opalinus Clay. They later extended this approach to a larger scale to study 
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the development of the Excavation Damage Zone (EDZ) around tunnels excavated in this formation 

(Lisjak et al. 2014b). 

 

 

Figure 5-18: Fabric elements that can introduce anisotropic behaviour in intact rocks (after 

Passchier and Trouw 2005, modified from Hobbs et al. 1976). 

 

The Voronoi tessellation provides an opportunity to generate GBMs that resemble the fabric 

elements similar to the ones in Figures 5-18c to 5-18f at the micro-scale. In the simplest form, a GBM 

with different scaling factors can be generated from a regular Voronoi tessellation to mimic the intensity 

of the anisotropy in the intact rock. Figures 5-19a to 5-19c which host the fabric elements as shown in 

Figure 5-18c can be approximated by scaled Voronoi grains with different length/width ratios. 
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Figure 5-19: Crystalline minerals with various degrees of recrystallization. (a) Polygonal fabric of 

scapolite (width of view 4 mm). (b) Elongated grains in recrystallized quartz (width of view 1.8 

mm). (c) Strongly oriented mineral grains defined by parallel grains of biotite, muscovite and 

quartz (width of view 1.8 mm), (modified after Passchier and Trouw 2005). 

 

5.8.1 Laminated GBM for Fabric-Guided Micro-Fracturing Simulation 

Laminated GBMs with fabrics composed of elongated 3D Voronoi grains can be constructed with scaling. 

An example for generation of a cylindrical laminated specimen oriented 45 with respect to the loading 

direction is illustrated in Figure 5-20. A prismatic domain with height/width ratio equal to the desired 
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length/width ratio of grains is generated, scaled and then rotated for proper fabric orientation. The 

generated model is then exported to 3DEC and cut for a cylindrical specimen. 

 

Figure 5-20: Generation of layered GBMs for anisotropic simulations in 3DEC (an example of a 45 

specimen). (a) Generation of 3D Voronoi tessellations with a prismatic domain. (b) Scaling the 

domain to achieve the layered model with elongated grains. (c) Rotation of the domain to achieve 

the desired layering orientation. (d, e) Cutting through the block to make the cylindrical specimen 

and platens. 

 

5.8.2 Calibration 

To investigate the application of the laminated GBMs for simulation of anisotropic rock behaviour, a 

series of UCS models were generated in 3DEC by using the elongated grains for different fabric 

orientations following the procedure introduced in Section 5.8.1. The Cobourg Limestone, which is 

composed of alternating layers of fossil rich packstone and argillaceous wisps and blebs, was chosen for 

the model verification. The mechanical properties of the Cobourg Limestone were obtained from 



 

163 

 

Ghazvinian et al. (2013a, b). In these studies, Cobourg Limestone specimens with different layering 

orientations with respect to the loading direction were drilled from large diameter cores obtained from a 

limestone quarry in Bowmanville, Ontario. For five groups of specimens with apparent bedding oriented 

at 0, 30, 45, 60 and 90, four to six specimens were tested for their mechanical properties including 

the peak strength, elastic constants and crack damage thresholds. An example of the Cobourg Limestone 

specimens and the associated GBMs are shown in Figure 5-21. 

 

Figure 5-21: The Cobourg Limestone specimens with different fabric orientations with respect to 

the loading direction (before testing) and the corresponding 3DEC models. 

 

In addition to the micro-parameters discussed in Section 5.5.4 that need to be calibrated for 

GBMs with regular Voronoi tessellations, here the length to width (l/w) ratio of the grains for laminated 
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GBMs also needs to be calibrated. For a specific rock, the models with different fabric orientations have 

identical micro-parameters. It is the l/w ratio of the grains which define the mechanical anisotropy for the 

behaviour of the GBMs with different fabric orientations.  

The calibration process was conducted by deciding on an initial value for the grains’ l/w ratio and 

adjusting the micro-parameters for the horizontally (90) and vertically (0) laminated models 

simultaneously with an identical set of micro-parameters to achieve the proper elastic constants. Then, the 

strength-related micro-parameters were adjusted for the horizontal model to calibrate its strength 

properties. Subsequently by applying those micro-parameters to the vertically laminated model and fine-

tuning the grains’ l/w ratio to attain the proper strength macro-properties, the global set of micro-

parameters for the entire suite of specimens with different fabric orientations was obtained. The stress-

strain curves for the numerical and laboratory specimens with vertical and horizontal fabrics are shown in 

Figure 5-22. The calibrated micro-properties, listed in Table 5-2, were applied to the suite of GBMs with 

five different fabric orientations as shown in Figure 5-21. 

 

Figure 5-22: Stress-strain curves for 0 and 90 specimens tested in the laboratory and numerically 

simulated in 3DEC. 
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Table 5-2: Calibrated micro-parameters based on the horizontal and vertical laminated models. 

Contact micro-parameters  

contact normal stiffness (kn)  46000 GPa/m 

contact normal to shear stiffness ratio (kn/ks) 8 

contact peak cohesion (cp) 50 MPa 

contact residual cohesion (cr) 0 MPa 

contact peak tensile strength (Tp) 5 MPa 

contact residual tensile strength (Tr) 0 MPa 

contact peak friction (p)  0° 

contact residual friction (r)  25° 

grain (block) Young’s modulus (E)  50 GPa 

grain (block) Poisson’s ratio () 0.10 

Grain (block) length to width ratio (l/w) 2 

 

 

 

5.8.3 Numerical Results 

The laminated GBM approach was successful in capturing the effect of fabric orientation on the failure 

mode of the models. In Figure 5-23, which shows the fractures in the models after failure on a plane cut 

through the centre of the model, the switch between the failure modes can be observed to occur as a 

function of the fabric orientation. Axial splitting and brittle failure can be seen in the 0 and 90 

specimens respectively and the formation of shear bands is evident in the other orientations. Remarkably 

the formation of axial micro-fractures and their influence on the formation of a shear band by kinking can 

be seen in the 45 model. 
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Figure 5-23: Cross-sections through the laminated GBMs after the failure. 

 

The comparison between the laboratory testing results of the Cobourg Limestone and the 

corresponding numerical macro-properties are shown in Figure 5-24. The UCS and CI thresholds between 

the two sets of data are in good agreement and the classical U-shaped behaviour (Jaeger and Cook 1969) 

for anisotropic rocks is well-captured by the GBMs. The elastic response of the numerical models, which 

were calibrated before the strength properties, approximately captures the lower-bound Young’s moduli 

(except the vertically and horizontally laminated models) and the upper-bound of the laboratory measured 

Poisson’s ratios. Since calibration of the strength-related components of the macro-behaviour for GBMs 

takes place after the calibration of the elastic response, the Young’s moduli and the Poisson’s ratio of the 

models can be slightly altered, as observed in Figure 5-24. Therefore, following the calibration procedure 

for a couple of iterations between adjustments for the elastic response and strength of the models can 

increase the accuracy of the calibrated micro-parameters. 
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Figure 5-24: Comparison between the mechanical properties of the Cobourg Limestone measured 

in the laboratory and simulated in 3DEC (the dotted lines are 2nd order polynomial best fit to the 

3DEC results). 

 

5.8.4 Sensitivity Analysis 

The micro-properties that can be calibrated for a specific set of macro-properties in general are non-

unique. A series of sensitivity analyses were conducted for the most important micro-properties of a 

laminated GBM to better understand their role in defining the classical U-shape behaviour that is 

anticipated from anisotropic rocks. The U-shape behaviour was first introduced by Jaeger and Cook 

(1969) to show the effect of discontinuities on the rock mass strength. It is employed here to demonstrate 

the variation of mechanical properties with respect to the intact rocks fabric orientation. 

5.8.4.1 Scaling (grain l/w ratio) 

Numerous models with different grain l/w ratios was achieved by scaling prismatic domains of different 

heights, but all filled with an identical number of grains, down to a proper cube. This was discussed in 
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detail in Section 5.8.1. Two new sets of laminated GBMs with l/w ratios of 1.5 and 2.5 were generated 

and numerically tested by using the micro-properties listed in Table 5-2. The results for these two new 

sets of models are compared in Figure 5-25 with the original suite of GBMs as discussed in Section 5.8.3. 

The l/w ratio of grains appear to have a major impact on the strength of the horizontally laminated 

models, while its effect on the strength of models with other fabric orientations seems to be minimal. 

Regarding the Young’s modulus and Poisson’s ratio, the l/w ratio appears to control the depth of the 

anisotropy U-shape curve, and the elevation of the curve, respectively. 

 
Figure 5-25: Effect of grain l/w ratios on the GBM macro-response (the dotted lines are 2nd order 

polynomial best fit to the data points). 
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5.8.4.2 Contact c/T Ratio 

The c/T ratio of contacts in GBM plays a key role in controlling the macro-response of the models as 

observed in Section 5.6.3. Two new sets of models with identical micro-parameters to the original set of 

laminated models (as listed in Table 5-2, c/T = 10), but different contact tensile strengths (T), to achieve 

c/T ratios of 2 and 20 were numerically tested. The results are plotted in Figure 5-26. Similar to the GBM 

with regular Voronoi grains, reducing the c/T ratio by increasing the tensile strength (T) of contacts 

improves the peak strength of the models and subsequently shifts the U-shape anisotropy curve to a 

higher elevation (model with higher peak strengths). This is also true for the effect of the c/T ratio on the 

Young’s moduli of the models. The c/T ratio controls the flatness and the direction of the anisotropy 

curve for the CI thresholds and Poisson’s ratios as shown in Figure 5-26. The c/T ratio is particularly 

important for its role in controlling the anisotropy curve for the CI threshold. In some rocks, the CI 

threshold is entirely independent of the fabric orientation (Hakala et al. 2007) while it can change 

according to the orientation of the lamination in other rock types (Ghazvinian et al. 2013a). Therefore the 

c/T parameter can be used to adjust the sensitivity of the CI threshold to the orientation of the fabric 

present in a rock. 

 

5.8.4.3 Contact Friction Angle 

Increasing the friction angle of the contacts (i.e. the residual friction angle according to the contact model 

as shown in Figure 5-10) improves the peak strengths of the models. The increase in the strength of the 

models intensifies as the orientation of fabric in the rock changes from vertical to horizontal. As shown in 

Figure 5-27, the maximum strength increase of the laminated GBMs as a function of increasing the 

models’ friction angle is observed in the horizontally laminated model. 
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Figure 5-26: Effect of contact c/T ratio on the mechanical behaviour of laminated GBMs (the dotted 

lines are 2nd order polynomial best fit to the data points). 

 

 

Figure 5-27: Effect of contact friction angle on the strength of laminated GBMs (the dotted lines are 

2nd order polynomial best fit to the data points). 
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5.8.5 Calibration Procedure 

Verification of the laminated GBM approach with the available test data from the Cobourg Limestone 

confirmed the application of this modelling method for numerical replication of brittle rock behaviour 

with inherent anisotropic mechanical properties. Based on the conducted sensitivity analyses for micro-

properties, the calibration procedure for the GBMs with elongated 3D Voronoi grains can be summarized 

as follows: 

 

1. Decide on the grain size for the GBM and an initial grain l/w ratio. 

2. Define the elastic constants (Young’s modulus and Poisson’s ratio) for the grains. It is nearly 

impossible to match the elastic constants for the horizontally and vertically laminated models 

during the calibration stage with an identical set of micro-parameters with rigid grains or 

unrealistically very stiff grains. 

3. Set the strength components of the contacts to a high value so that the deformational behaviour of 

the model is fully elastic (or set the “small strain” in 3DEC) and adjust the Poisson’s ratio for the 

models with the horizontal and vertical fabric simultaneously by modifying the kn/ks ratio. 

4. Calibrate the Young’s moduli for the models with the horizontal and vertical fabric 

simultaneously by adjusting the kn for the contacts. 

5. Calibrate the peak strength and CI threshold for the horizontally laminated model by fine-tuning 

the c/T ratio and c. Adjust the friction angle based on the post-peak behaviour (if needed). 

6. Apply the micro-parameters calibrated thus far to the vertically laminated model and adjust the 

grains l/w ratio accordingly. 

7. Apply the micro-parameters calibrated thus far to the entire suite of laminated GBMs and correct 

the U-shape anisotropy curve by adjusting the micro-parameters according to the discussions in 

Section 5.8.4 for a few iterations. 



 

172 

 

5.9 Discussion 

This study showed that brittle rock damage through explicit simulation of micro-fracturing can be 

accurately captured in numerical models by means of GBMs built with 3D Voronoi grains. Similar work 

has been done previously in 2D (e.g. Kazerani and Zhao (2010), Lan et al. (2010), Itasca (2011)), 

however the complexity of generating proper 3D Voronoi tessellations has encumbered its development 

in 3D DEM codes to this point. The mechanics of the Voronoi tessellated models at the micro-scale 

remains nearly the same in transition from 2D to 3D. However some complexities in regards to the 

calibration process can intensify when switching from UDEC to 3DEC for Voronoi GBMs. In UDEC and 

3DEC, the contact models commonly used for grains are the constitutive slip models developed for rock 

mass joints and therefore, attempting to formulate the micro-scale grain contact behaviour by using an 

analogue established for large-scale discontinuities can be challenging. In this study, the CWFS approach 

was successfully implemented in the grain contact model to better address the peak and residual friction 

angles and gradual mobilization of the frictional strength component of the contacts. This approach can be 

further refined with GBM simulations under triaxial conditions to capture the correlation between the 

material friction angle and the friction angle in the CWFS model for grain contacts.  

Grain contact normal and shear stiffnesses are two of the most important micro-parameters in 

terms of defining the model’s macro-response. The transition from 2D to 3D models drastically increases 

the importance of these two micro-parameters. The unrealistic representation of contact stiffnesses 

(particularly the normal stiffness) with a constant value leads to high stiffness parameters for the contacts 

and therefore an enormous stiffness contrast between the grain and the grain contact, which can be 

erroneous. It is anticipated that defining the normal stiffness of the grain contact as a function of the 

grains’ overlapping area (in 2D) or volume (in 3D) can better represent the micro-mechanical behaviour 

of crystalline rocks.  
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5.10 Conclusions 

A new methodology was introduced in this chapter for the generation of models with arbitrary 3D convex 

shape domains in 3DEC tessellated with Voronoi grains. This extends the application of the Voronoi 

tessellated DEM models from 2D to 3D. The sensitivity of the macro-response of the isotropic models 

(with regular-shape grains) to the micro-properties of the models was explored through a detailed 

parametric study, therefore allowing for the establishment of a calibration procedure. 

The new 3D Voronoi GBM successfully replicated the different stages of crack damage in intact 

rocks through simulation of the initiation, accumulation, and minor interaction of cracks. A more realistic 

simulation of crack extension, interaction, and coalescence can be achieved in the models by the 

introduced two-scale Voronoi tessellations (Voronoi tessellated-Voronoi grains), which allowed for trans-

granular fracture propagation. 

Furthermore, a new approach was introduced for simulating the inherent anisotropic behaviour of 

rocks containing a fabric based on the freshly developed 3D Voronoi GBM through geometrical scaling 

of Voronoi grains. The fabric-guided micro-fracturing with this approach was verified successfully with 

the available laboratory testing data of the Cobourg Limestone. The sensitivity analysis of the grain 

contact micro-properties proved that the dependency or independency of the CI threshold to the fabric 

orientation in the rock can be controlled for different rocks and different types of anisotropic behaviour, 

and finally was employed to establish a calibration procedure for the 3D Voronoi laminated grain-based 

models. 

3D Voronoi tessellated models can be used as the building block for the Synthetic Rock Mass 

(SRM) (Mas Ivars et al. 2011) to represent intact rock. Its combination with the in-situ joint network, 

commonly referred to as the DFN, can represent rock masses which can be numerically investigated. The 

regular and laminated GBMs can be used for SRM representation of rock masses, including intact rock 

with isotropic or inherent anisotropic mechanical behaviour. Success of the 3D Voronoi GBMs in 

simulating the micro-fracturing in laboratory scale specimens supports its ability to simulate rock damage 
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and fracturing in the walls of deep underground excavations in brittle rocks by means of proper up-scaling 

rules. 
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Chapter 6 

Progress of Brittle Micro-Fracturing in Crystalline Rocks under Cyclic 

Loading Conditions6 

6.1 Introduction 

The long-term stress path for the near field rock surrounding deep underground excavations are typically 

more complex than simple monotonically increasing deviatoric stress conditions. The state of stress for a 

point in the wall of an underground opening can go through multiple loading and unloading scenarios as 

the excavation advances and moves past the point. For underground structures such as Deep Geological 

Repositories (DGRs) with ultra-long design life (e.g. a million years), the stress oscillation can continue 

to occur after the excavation is completed due to glacial loading/unloading cycles. Micro-fracturing 

behaviour of intact rocks can change significantly when they undergo mechanical loading/unloading 

cycles, in comparison to the crack damage parameters that are measured from the initial state of the rock. 

Strength degradation through accumulation of crack damage for brittle rocks was examined in detail by 

Martin (1993), Eberhardt (1998) and Diederichs (2000) through cyclic testing of the Lac du Bonnet 

granite.  

Martin (1993) captured the cohesion loss and mobilization of friction resulted from accumulation 

of crack damage within intact brittle rocks through a series of damage-controlled cyclic tests in which the 

maximum applied stress was increased in each consecutive load cycle. This was mainly accomplished by 

the investigation of the Critical Damage (CD) locus that was defined from the collected strain gauge data. 

Eberhardt (1998) further advanced the knowledge of the “fatigue” strength of brittle rocks by using the 

Acoustic Emission (AE) technique in addition to the measured strain data collected from damage-

controlled cyclic tests whereby samples were loaded beyond CD, below the CD threshold or loaded 

incrementally to reach failure.  

                                                      
6 This chapter is in preparation for submission to an international journal and will have the following author list: 
Ghazvinian, E., Diederichs, M. S., Backers, T., Meier, T. and Labrie, D. 
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The effect of stress fatigue on the Crack Initiation (CI) and crack propagation (CD) thresholds is 

further investigated in this chapter. The strength degradation and damage accumulation for the pink Lac 

du Bonnet granite is studied through damage-controlled tests. Monitoring of the loading/unloading cycles 

with novel techniques such as lateral P-wave velocity (Vp) measurement and the associated Discrete 

Element Method-based Grain-Based Models (GBMs) provided a useful insight into the mechanics of 

crack damage accumulation in brittle intact rocks. 

6.2 UCS Testing of the Lac du Bonnet Granite 

The pink Lac du Bonnet granite was chosen for investigation in this chapter. The previous research and 

existing literature on this rock provide a good platform for comparison of the new findings and previous 

conclusions. Samples of the pink Lac du Bonnet granite reported on in this chapter, were obtained from 

the Cold Spring Quarry site in Manitoba, which is a surface exposure of the massive granite found at 

depth within the AECL’s Underground Research Laboratory (URL). The samples from the quarry contain 

minimal pre-existing damage in comparison to the grey Lac du Bonnet granite from the 420 m level or the 

pink granite from the 240 m level of the URL (Martin 1993, Eberhardt 1998). 

In the current work, mechanical properties of the intact pink Lac du Bonnet granite were 

measured from two UCS tests (on specimens LdB-1 and LdB-2) to establish the base properties for 

comparison with the damage-controlled experiments. A MTS servo-hydraulic compression machine was 

used for testing the specimens. The specimens were prepared with radius of 58 mm and length of 130 mm 

according to ISRM (1999) and ASTM (2013a). The tests were performed in axial displacement control 

mode following the ISRM Suggested Method (SM) for the complete stress-strain curve for intact rock in 

uniaxial compression (ISRM 1999) as well as ASTM (2013b). One of the specimens (LdB-1) was tested 

with the loading rate of 0.001 mm/sec and the second specimen (LdB-2) was tested with the loading rate 

of 0.002 mm/sec. Deformation of the specimens were measured in both axial and lateral direction by 

using two opposing strain gauges (in each direction) with a gauge length of 12.5 mm. The strain gauges 

were installed in series to form a single active strain gauge. The axial deformation was also measured by 
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using three averaging Linear Variable Differential Transformers (LVDTs) that were arrayed around the 

specimen at 120° intervals. The specimens were also monitored during the tests with a Physical Acoustics 

Corporation (PAC) Pocket AE system connected to two PAC Pico sensors with an operating frequency of 

200-750 kHz. The event filtering threshold was set to 45 dB. The testing set-up for the Lac du bonnet 

granite is shown in Figure 6-1.  

 

Figure 6-1: Test set-up for the UCS and cyclic damage-controlled testing of the Lac du Bonnet 

granite. 

 

The axial, lateral and the calculated volumetric strains for the Lac du Bonnet granite samples are 

shown in Figure 6-2. It can be observed that the samples represent a very similar behaviour in terms of 

deformation and strength. The elastic constants for the samples were calculated over a range between 30 

MPa to 80 MPa to avoid the crack closure stage of the loading and the effect of formation of new micro-

fractures that could alter the elastic behaviour of the intact samples, thereby influencing the calculated 

Young’s modulus and Poisson’s ratio. 



 

178 

 

The AE activity of the samples are plotted in Figure 6-3. The lower- (CI_L) and upper-bound 

Crack Initiation threshold (CI_U) are estimated from the AE data. The CD threshold was not evident in 

the AE data collected for the specimens, therefore the reversal point of volumetric strain was 

approximated at the crack propagation threshold for the tested samples (circles on the volumetric strain 

curves in Figure 6-2). Finally the intact mechanical properties of the investigated Lac du Bonnet granite is 

presented in Table 6-1, and the properties measured in this work are compared with those from the 

literature. The literature values are taken from Diederichs (2000) where a summary of the data available 

for the pink Lac du Bonnet granite were summarized from documents by Martin (1993), Martin and 

Stimpson (1994), Martin and Chandler (1994), Eberhardt et al. (1998), Hommand-Etienne et al. (1998), 

Gorski and Yu (1991), Wilkins (1980), Kelly et al. (1993) and Lajtai (1988). 

 

 

Figure 6-2: Axial, lateral and volumetric strains for the Lac du Bonnet UCS samples, CD 

thresholds are marked by the circles on the volumetric strain curves. 
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Figure 6-3: Acoustic emission plots for the Lac du Bonnet UCS samples and the associated lower- 

and upper-bound CI thresholds. 

 

A comparison of the measured mechanical parameters and the values obtained from the literature 

for the pink Lac du Bonnet granite shows that the elastic properties of the tested samples are similar to 

those from the literature, however the peak strength of the tested samples is higher than those from other 

studies. While the lower- and upper-bound CI for the tested samples are within a very close range with 

those from the literature, the CD threshold and consequently the UCS of the tested specimens are 

approximately 30 to 60 MPa stronger than those from the work of other researchers. This difference can 

be attributed to the difference in the level of pre-existing damage for the tested samples in comparison to 

those from other studies. Other researchers mostly reported the mechanical properties of the Lac du 

Bonnet granite from the 130 m level of URL for undamaged rock while the samples tested for this study 

are taken from the Cold Spring Quarry. 
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Table 6-1: Mechanical properties of the undamaged Lac du Bonnet granite. 

Mechanical 
parameters 

Measured properties Literature values 
(Cold Spring Quarry to URL 130 m 

level) LdB-1 LdB-2 Average 

E (GPa) 71.6 71.4 71.5 65-70 

 0.21 0.22 0.22 0.22-0.26 

UCS (MPa) 257.6 265.9 261.8 200-230 

CI_L (MPa) 63.7 68.8 66.3 

72 (AE) – (Hommand et al. 1995) 
71 – (Duevel & Haimson 1997) 
75 – (Read 1994) 
80 – (Diederichs 2000) 
81 (AE) – (Eberhardt 1998) 

CI_U (MPa) 93.4 98.2 95.8 

95 – (Duevel & Haimson 1997) 
100 – (Read 1994) 
93 – (Diederichs 2000) 
104 (AE) – (Eberhardt 1998) 

CD (MPa) 207.9 215.4 211.7 156 – (Eberhardt 1998) 

 

6.3 Damage-Controlled Testing of the Lac du Bonnet Granite 

6.3.1 Sample LdB-DC1 

A damage-controlled cyclic test was performed on a sample of the Lac du Bonnet granite (LdB-DC1); the 

sample was loaded in uniaxial compression up to an axial stress above the CD threshold for the rock. The 

sample was then unloaded, completing one cycle and then loaded again to an identical axial stress from 

the first cycle and then unloaded again. The same routine was repeated until the sample was loaded up to 

failure during the 26th cycle (Fig. 6-4). In this experiment, the sample size was similar to that used in the 

UCS test above. Aside from the loading method and the loading rate, the test set-up and monitoring 

systems were identical to those for the UCS tests. The cyclic test was performed in axial stress control 

mode with a loading rate of approximately 60 MPa/min.  

The axial strain, lateral strain and the calculated volumetric strain for the LdB-DC1 sample is 

shown in Figure 6-5. These plots are compared with those from the UCS tests for samples LdB-1 and 

LdB-2 in Figure 6-6. Interestingly the load cycling had no significant effect on the peak strength of the 

Lac du Bonnet granite sample (listed in Table 6-2). A similar observation was reported by Martin (1993). 
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Figure 6-4: Axial stress versus time for the cyclic damage-controlled test performed on the LdB-

DC1. 

 

Table 6-2: Mechanical properties and the cyclic loading conditions for the damage-controlled Lac 

du Bonnet granite samples. 

Mechanical parameters LdB-DC1 LdB-DC2 

Peak strength at the final cycle (MPa) 266.6 267.3 

E – first cycle (GPa) 68.8 67.8 

 – first cycle 0.21 0.19 

Number of cycles 25 41 

Loading stress (MPa) ~234 
235 (cycles 1-21) 

240 (cycles 22-41) 

Unloading stress (MPa) ~13 20 
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Figure 6-5: Axial, lateral and volumetric strain for LdB-DC1 sample. 

 

 

Figure 6-6: Comparing the mechanical behaviour of the Lac du Bonnet granite samples tested in 

monotonically increasing compressional load and cyclic damage-controlled loading conditions. 
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A detailed view of the volumetric strain for sample LdB-DC1 is shown in Figure 6-7. The axial 

stress associated with the maximum volumetric strain (CD threshold) for the loading increment of each 

cycle is shown with red markers. It can be observed in this figure that the critical damage locus (the red 

line) has an increasing trend which levels off.  Eberhardt (1998) demonstrated that the critical damage 

locus suddenly decreases if the cycling continues (after 26 cycles in his work). The Lac du Bonnet granite 

samples tested in this study and in Eberhardt (1998) were “undamaged samples” from the Cold Spring 

Quarry and from the 130 m level of URL, respectively. In contrast, damage-controlled testing of Lac du 

Bonnet granite from the 420 m level of URL with pre-existing damage, due to stress relief during sample 

retrieval, by Martin (1993), showed that the drop in the CD locus can occur much earlier in the cycling 

process. Martin correlates the change in the critical damage threshold to the reduction of cohesion and 

mobilization of frictional component of strength for intact brittle rocks. 

 

 

Figure 6-7: Volumetric strain for sample LdB-DC1, the maximum volumetric strain from the 

loading increment of each cycle is connected with the red line. 
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For accurate estimation of crack volumetric strain, the elastic constants for each loading and 

unloading increment of each cycle were calculated independently over a range between 30 to 80 MPa to 

minimize the effect of crack closure and formation of new fractures on the calculated elastic parameters. 

The calculated elastic constants for sample LdB-DC1 are shown in Figure 6-8. The Young’s modulus 

suddenly increases from cycle 1 to cycle 2, this could be the result of crack closure in cycle 1 which was 

not repeated again in the following cycles since the minimum unloading stress (13 MPa) did not allow for 

the fractures to open as a result of relaxation. According to Eberhardt (1998), collapse of bridging 

material between cracks could be a stiffening mechanism for the intact rock and another reason for the 

sudden increase in the Young’s modulus. The major collapse of bridging material occurs in the first cycle 

after surpassing the CD threshold, therefore this effect cannot be observed in the unloading Young’s 

moduli and the Young’s moduli of following cycles. An abrupt increase in the Poisson’s ratio is also 

observed between cycles 1 and 2, while the changes after cycle 2 are gradual. This sudden increase is 

attributed to the formation of a large population of extensile fractures in the first cycle after the axial 

stress in the rock goes beyond the CI threshold. In general, a gradual reduction in the moduli of the rock 

as a function of accumulation of damage concurrent with gradual increase in the Poisson’s ratio is 

observed for the Lac du Bonnet sample with increasing loading cycles. 

The crack volumetric strain for each loading cycle is calculated for sample LdB-DC1 and shown 

in Figure 6-9. The elastic constants of the loading increment of each cycle were used for calculation of the 

crack volumetric strain for each cycle (loading and unloading increment). This could have introduced 

minor inaccuracies to the determination of the crack volumetric strain for the unloading part of each 

cycle. However, since the unloading crack volumetric strain is of no interest to this discussion, the 

inaccuracies were deemed to be acceptable. The CI threshold, axial stress associated with the maximum 

crack volumetric strain according to Martin (1993), for each cycle is marked in Figure 6-9 with red circles 

and the CI locus is shown with the red line. It can be seen in this figure that if the crack volumetric strain 

is accepted as an indicator of the CI threshold, then the CI locus remains constant with each loading-
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unloading cycle. The same behaviour is reported by Martin (1993) where he concludes that the crack 

initiation threshold is independent of damage accumulated in the sample. 

 

 

Figure 6-8: The elastic constants calculated for the loading and unloading increments of each 

loading cycle for sample LdB-DC1. 

 

An investigation of the AE data collected from the damage-controlled testing of sample LdB-

DC1 in Figure 6-10, shows that the AE events at the CI threshold and between the CI and CD thresholds, 

only occur during the first loading cycle and the AE activity of the sample at the CI threshold diminishes 

after the first cycle. From cycle 2 onward, the sample is only acoustically active at the CD threshold and 

stresses above this threshold. This is also in agreement with Eberhardt (1998) in which the so-called CI 

threshold estimated from the AE method in damage-controlled test for cycles 2 onward is within a very 

close range to the CD stress level. A look at the energy associated with the AE events for sample LdB-

DC1 in Figure 6-11, calculated according to the approach described in Chapter 3 (Equation 3-1), shows 

that the majority of the energy dissipated by micro-fracturing during the test occurs in the first cycle. 
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Considering that all of the AE events after cycle 1 occur at the CD threshold and stresses above, they are 

mainly associated with the coalescence of the local fractures and development of existing fractures. The 

amount of energy that is released by the specimen after cycle 1 gradually decreases with increasing 

number of loading cycles. This decrease in release of energy is also observed in the form of a decline in 

the number of AE events as a function of loading cycles. This demonstrates that the formation and/or the 

extension of a micro-crack network within the intact rock requires more energy (higher axial stress) for 

further extension and interaction of the existing micro-cracks. 

The AE data contradicts the notion that the CI threshold, as estimated from the reversal of crack 

volumetric strain, is independent of the damage accumulated in the sample as suggested by Martin 

(1993). It can be realized from the AE data (release of the majority of the AE energy at the CI threshold in 

the first cycle) and also the sudden increase of the Poisson’s ratio between cycles 1 and 2 that the CI 

threshold only happens once for a rock sample; this is further discussed in the next section. 

 

 

Figure 6-9: Crack volumetric strain for the sample LdB-DC1, the maximum crack volumetric 

strain from the loading part of each cycle is connected with the red line. 
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Figure 6-10: Histogram of acoustic emission events occurred during each cycle of damage-

controlled testing of sample LdB-DC1. 

 

 

Figure 6-11: Normalized cumulative AE energy that has been dissipated by sample LdB-DC1 in 

each cycle of the damage-controlled test. 
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6.3.2 Sample LdB-DC2 

To further understand the process of micro-fracturing at the CI threshold and accumulation of damage 

through stress fatigue at the CD threshold, another damage-controlled cyclic test was performed on the 

Lac du Bonnet granite whereby the test was monitored with an AE system that could determine the type 

of micro-fractures, whether shear or tensile. A sample (LdB-DC2) with the radius of 50 mm and length of 

125 mm was loaded/unloaded in cyclic mode for 41 cycles and was finally loaded to failure in the 42nd 

cycle. For the first 21 cycles, the loading and unloading stress was set to 235 MPa and 20 MPa, 

respectively and for cycles 21 to 41 the loading stress was increased to 240 MPa as shown in Figure 6-12. 

The test was performed in axial displacement control mode with the loading rate of 0.1 mm/sec by using a 

MTS servo-controlled testing machine. Axial and circumferential deformation of the sample was 

measured by using two pairs of 10 mm rosette strain gauges that were adhered mid-height on the 

specimens with a 90° offset on the circumference of the specimen. Twelve (12) piezoceramics with 

thickness of 2 mm and resonant frequency of approximately 1 MHz were used as transducers for the AE 

waveforms and ultrasonic signals (for measurement of Vp). Transducer signals were amplified by 40 dB 

using PAC pre-amplifiers. 100 V was used for ultrasonic pulses. P-wave velocity was measured across 

the diameter of the specimen.  

The peak strength of sample LdB-DC2 was measured to be 267.3 MPa, very similar to the peak 

strength of the other Lac du Bonnet granite samples tested in this study. The elastic parameters of the 

sample LdB-DC2 measured from the first cycle over a range between 30 to 80 MPa, are listed in Table 6-

2. Axial, volumetric and lateral strain for the sample are shown in Figure 6-13 and a detailed view of the 

volumetric strain is plotted in Figure 6-14. It can be observed in this figure that the sample was loaded to 

the limit of the CD threshold for each cycle. 
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Figure 6-12: Axial stress versus time for the cyclic damage-controlled test performed on sample 

LdB-DC2. 

 

 

Figure 6-13: Axial, lateral and volumetric strain for sample LdB-DC2. 
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Figure 6-14: Volumetric strain for sample LdB-DC2. 

 

As mentioned earlier, the acoustic emission system used for monitoring this test is able to 

measure the polarity of events and therefore determine the type of each event, whether shear or tensile. 

Accumulation of shear and tensile fractures during the loading increment of the first cycle for LdB-DC2 

is shown in Figure 6-15. It can be observed that the lower-bound CI (CI_L; hypothesized by Diederichs et 

al. (2004) and Eberhardt (1998) to be controlled by the failure of weak links and strength statistical 

outliers within the intact rock), measured from the two UCS tests (LdB-1 and LdB-2) to be approximately 

66 MPa, coincident with the sudden increase of shear dominated events for the Lac du Bonnet granite. 

Upper-bound CI (CI_U), the onset of systematic cracking for the Lac du Bonnet granite (96 MPa) 

coincides perfectly with the onset of formation of tensile dominated fractures. These results are in 

agreement with the fracture mechanics belief that a fracture process zone is required for formation and 

extension of fractures. At grain scale micro-fracturing, at the onset of CI threshold, the shear dominated 

fractures that occur at CI_L form the fracture process zone at the tip of the larger scale inter-granular 

(grain boundary) and intra-granular micro-fractures that form in an extensile fashion at CI_U threshold. 
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This is also in agreement with Diederichs (2003) who describes extensile micro-cracks as the mechanism 

of fracturing at the CI threshold in brittle rocks.     

A study of the accumulation of shear and tensile micro-cracks during the first 6 loading cycles 

(Fig. 6-16) and the entire duration of the test (Fig. 6-17) reveals that the majority of the tensile events 

occur in the first cycle. However, the accumulation of shear dominated events that mostly occur around 

the CD threshold after cycle 1 continues to evolve until complete failure. This can be attributed to the fact 

that the fractures forming the CI threshold are mostly tensile, while the CD threshold in rocks are 

controlled by the shear fractures that allow coalescence and formation of trans-granular bridges. 

Interaction and coalescence of micro-fractures play a significant role in controlling the short-term strength 

of brittle rocks. Decay of lateral P-wave velocity in Figures 6-16 and 6-18 provides good insight into the 

degradation of short term strength for the Lac du Bonnet granite as a function of advanced bridging and 

coalescence of fractures with each loading cycle. 

 

 

Figure 6-15: Accumulation of acoustically captured shear and tensile fractures in the first loading 

cycle for LdB-DC2. 
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Figure 6-16: Accumulation of acoustically captured shear and tensile dominated fractures and the 

associated lateral P-wave velocity during the first 6 loading cycles for LdB-DC2. 

 

 

Figure 6-17: Accumulation of acoustically captured shear and tensile fractures during the damage-

controlled testing of LdB-DC2. 
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Figure 6-18: Decay of lateral P-wave velocity for LdB-DC2 as a function of damage progression in 

the sample through load cycling. 

 

6.4 Numerical Replication of Progressive Damage in an Intact Rock 

A suite of laboratory test data for the pink Lac du Bonnet granite was evaluated and discussed in the 

previous sections of this chapter. In order to further examine the conclusions based on the laboratory test 

data, a 3D Voronoi Grain-Based Model (GBM) was set-up to replicate the mechanical behaviour of the 

Lac du Bonnet granite numerically. The findings in the previous section can be summarized in two major 

points: 

1. Formation of the majority of the micro-cracks at the crack initiation threshold occurs the first 

time this limit is surpassed and further crossing of this limit; for instance, through stress cycling, 

is not critical to the crack density within the rock (in other words the CI threshold for a rock only 

occurs once in a given orientation),    

2. Initiation of the dominant micro-cracks at the CI threshold is mostly extensile while the 

propagation, bridging and coalescence of the fractures at the CD limit mainly occur in shear.  
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The Lac du Bonnet granite 3D GBM provides a controlled test environment that the assumptions 

about the mechanical behaviour of the rock can be tested against, within the limits of the model. Further 

details on the possibilities and limitations of the 3 dimensional DEM Voronoi models were described 

earlier in Chapter 5. 

6.4.1 Specimen Generation 

A cylindrical specimen was generated in Neper (Quey et al. 2011) with radius of 50 mm and length of 

125 mm (Fig. 6-19). The cylindrical vessel was filled with 5000 grains and then was cycled in Neper for 

10 iterations. In each iteration the seed for each grain was shifted within a certain limit closer to centre of 

mass of the grain. This process were followed to bring the grains to a slightly more uniform geometry 

which results in smaller number of tiny edges in the model and therefore shorter simulation time. The 

model was then exported to 3DEC (Itasca 2013a) and was zoned with edge length of 1 mm resulting in 

1,755,523 zones. 

 

Figure 6-19: Cylindrical numerical specimen, including 5000 grains, generated in Neper and then 

exported to 3DEC. 
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6.4.2 Numerical Set-Up 

Deformation of the model was measured through monitoring the displacement of a group of grid-points. 

For axial strain, the displacement between 5 pairs of grid-points on the top and bottom sections of the 

specimen was recorded (z direction in Figure 6-20). For lateral strain, the average deformation between 

18 pairs of opposing grid-points at the mid-height, on the circumference of the specimen, were monitored. 

The grid-point pairs were installed at 10° intervals on the circumference of the specimen, as shown in 

Figure 6-20. The axial stress in the specimen was calculated as the average of the stress in the z direction 

(Fig. 6-20) measured from the zones of the grains, whose centroids lie within a rectangular cube in the 

centre of the specimen with dimensions of 30 mm (x direction) * 30 mm (y direction) * 35 mm (z 

direction).  

 

Figure 6-20: Location of the grid-points in the specimen that were used for axial and lateral strain 

measurement. 
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Loading of the numerical specimen was performed by applying incremental forces to the grid 

points on the top and bottom of the specimen, corresponding to 1 MPa stress on the specimen end 

surfaces. The next increment of force was applied when the measured stress within the specimen reached 

95% of the applied stress. For damage-controlled models, in which the applied force was cycling, the 

unloading increments were simulated in a similar method to loading, by reducing the applied forces on 

the top and bottom of the specimen, in increments of 1 MPa axial stress. 

6.4.3 UCS Model and Calibrated Properties 

The model micro-parameters were calibrated in an iterative process following the method established 

earlier in Chapter 5. Elastic behaviour was assumed for the grains and failure within the model was only 

allowed along the grain contacts. The elastic properties of the grains was taken from Lama and Vutukuri 

(1978) to approximately represent the minerals composing the Lac du Bonnet granite. To have a better 

control on the damage thresholds, a distribution of one standard deviation was introduced for the cohesion 

and tensile strength at the contacts; this also required calibration according to CI and CD thresholds. This 

distribution was applied to the contacts randomly using a normal distribution. The resulting histogram for 

the strength component of contact micro-properties is shown in Figure 6-21. The calibrated micro-

parameters and the corresponding model macro-response is listed in Table 6-3 and the stress-strain 

behaviour of the calibrated UCS model for the Lac du Bonnet granite can be observed in Figure 6-22. 
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Figure 6-21: Normal distribution of cohesion and tensile strength for model contacts. 

 

Table 6-3: Calibrated micro-parameters for Lac du Bonnet granite and the resulting model macro-

response. 

Model micro-parameters Model macro-properties 

Contact normal stiffness kn (GPa/m) 68,000 UCS (MPa) 255.5 

Contact normal to shear stiffness ratio kn/ks  5 CI (MPa) 64 

Contact peak cohesion cp (MPa) 120 (±10)* CD (MPa) 235 

Contact residual cohesion cr (MPa) 0 E (GPa) 74.8 

Contact peak tensile strength Tp (MPa) 90 (±5)*  0.25 

Contact residual tensile strength Tr (MPa) 0   

Contact peak friction angle φp (°) 0   

Contact residual friction angle φr (°) 20   

Grain Young’s modulus E (GPa) 150   

Grain Poison’s ratio  0.28   
*values in the brackets are the 1 standard deviation for the contact strength components that were assigned to 
contacts with a uniform distribution.  
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Figure 6-22: Stress-strain curves for the UCS model with the micro-parameters listed in Table 6-3. 

 

The failures of the sub-contacts were tracked in the model and the failure type was distinguished 

between tensile or shear in order to numerically reproduce the laboratory AE monitoring results. CI and 

CD thresholds for the model were estimated from the number of failed tensile and shear sub-contacts 

according to Figure 6-23. The CD threshold estimated from the cumulative number of sub-contacts that 

failed in shear is in good agreement with the stress associated with the reversal of volumetric strain for the 

same model in Figure 6-22. It is however slightly higher than the CD threshold measured for the Lac du 

Bonnet granite in the laboratory (~212 MPa from Table 6-1). This is due to the absence of trans-granular 

micro-cracks in the model, which could have been simulated with computationally intensive sub-

tessellated grains, however this is out of the scope of this work. To overcome this limitation and to 

achieve the current CD threshold in the model, relatively low values for the contact c/T ratio (~1.34) had 

to be used. 

 



 

199 

 

 

Figure 6-23: Accumulation of damage in the model in the form of sub-contact failure and 

estimation of crack damage thresholds from the number of failed sub-contacts. 

 

In the grain-based model developed for the Lac du Bonnet granite, the orientation of normal 

vectors to the surface of the sub-contacts which failed in tension was recorded with respect to the 

orientation of the loading axis (z axis in Figure 6-20). Sub-contacts with surface normal angles equal to 

90° are perfectly aligned with the direction of applied load. With the change of a sub-contact normal 

angle from 90°, the sub-contact surface first becomes sub-parallel to the loading direction and with 

further changes, at extreme limits (normals equal to 0° or 180°) it becomes perpendicular to the direction 

of loading.  

The progress of damage and the orientation of normal vectors for sub-contacts which failed in 

tension for the Lac du Bonnet UCS model are shown in Figure 6-24. The CI and CD threshold estimated 

from Figure 6-23 is also overlain on this figure. It is interesting to note in Figure 6-24, that the most 

critical cracks in the model are aligned parallel to sub-parallel to the direction of loading. The sub-

contacts with normals within a range of 75° to 105° are those that fail first. The range for the normal of 
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the less critical sub-contacts grows to 60° - 120° right before the onset of CD threshold. As soon as the 

CD threshold is crossed, the sub-contacts with normals within the range of 30° to 150° become unstable 

and fail.  

As discussed in Chapter 5, due to the geometrical condition of the grains, Voronoi grain-based 

models can be biased towards failure of grain contacts mostly in tension as opposed to trigon models in 

which most of the failure along grain boundaries occurs in shear. Therefore here, the sub-contacts with 

steeper normals that fall within the range of 30° to 150° and fail after the CD threshold could be those that 

fail in shear in a laboratory sample. 

 

 

Figure 6-24: Orientation of normal vectors for sub-contacts failed in tension for the Lac du Bonnet 

UCS model. 

 

6.4.4 Damage-Controlled Models 

Damage-controlled numerical simulations were performed on the Lac du Bonnet granite grain-based 

model through load cycling, similar to the cyclic tests performed in the laboratory. Three tests were 

simulated with different limits for maximum applied stress in each cycle. Model DC-140 was loaded up 
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to 140 MPa (above CI and below CD), model DC-200 was loaded up to 200 MPa (slightly below CD) 

and model DC-240 was loaded up to 240 MPa (above CD) in each cycle. The unloading stress limit for 

all the models were set to 15 MPa. Due to the existing hysteresis in the models (time-stepping is needed 

to notice the effect of change in applied stress in the middle of the specimen), usually a 10 MPa over-

shooting was observed in loading and approximately 2 MPa over-shooting was observed when switching 

between unloading to loading. The axial stress cycling for the models, versus time-steps and the 

corresponding stress-strain behaviour, are shown in Figure 6-25. Models DC-140 and DC-200 were 

cycled 6 times and then were loaded up to failure in cycle 7. Model DC-240 was cycled 4 times and upon 

completion of the 4th cycle (unloading), it had failed and could not be loaded up again. 

Similar to the laboratory testing results, the stress cycling for models DC-140 and DC-200 had no 

influence on the peak strength of the models. These models failed at approximately 255 MPa in cycle 7, 

similar to the UCS model in the previous section. The DC-240 model that was cycled to a stress (just 

under 250 MPa) close to the UCS for this model (255.5 MPa), experienced a drop in the peak strength. 

The study of the stress-strain curves for the damage-controlled models show that as the cycling stress 

limit is increased, the permanent damage in the model that is represented in the deformational behaviour 

of the models (softening) is more distinct.   

Accumulation of damage in the models in the form of sub-contact failure for the damage-

controlled simulations is shown in Figure 6-26. The CI and CD thresholds estimated from the UCS model 

(Fig. 6-23) are overlaid on the plots in Figure 6-26. The drops of axial stress for the shear and tensile 

curves in this figure represent the load cycling. The overall behaviour of DC-140 and DC-200, in which 

the CD threshold was not crossed during load cycling, in terms of sub-contact failure appears to be very 

similar. However for DC-240, in which the axial stress in the specimen exceeded the CD threshold in 

each cycle, the failure of sub-contacts after the first cycle appear to be greatly affected by the load cycling 

where large numbers of sub-contact failures are observed to occur in each loading and unloading 

increment. 



 

202 

 

 

 

Figure 6-25: Axial stress versus time-step and the associated stress-strain behaviour for damage-

controlled models DC-140, DC-200 and DC-240. 
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To further investigate the dominance of tensile fractures at the CI threshold, the progressive 

damage in the damage-controlled models are shown in Figure 6-27, presenting the orientation of normal 

vectors to the sub-contacts failed in tension. The range for normal vector orientation for the most critical 

sub-contacts from the UCS model (Fig. 6-24) are shown in the Figure 6-27 plots with dashed red lines. 

The major accumulation of failure of critical sub-contacts (normal vectors between 75° and 105°) occurs 

in the first cycle for all of the cyclic models. In DC-140 and DC-200 where CD is not surpassed during 

stress cycling, the less critical sub-contacts (with normal vectors between 60° and 120°) fail in the 

following cycles (after the first cycle). For these two models, steeper sub-contacts with normal vectors 

mainly ranging between 15° to 165° start to fail after crossing the CD threshold limit in the last loading 

increment where the models are taken to complete failure. In the DC-240 model, for which the measured 

stress in the model goes beyond the CD threshold in the first cycle, the range for sub-contact normals that 

fail in each cycle grows larger with each consecutive cycle and in the final cycle (cycle 4) sub-contacts 

with normal vectors as steep as approximately 0° or 180° are observed to fail. It appears from the 

comparison of the plots and the range of contact normal orientations in Figure 6-27, that the extent of 

damage and the maximum stress threshold that a rock has experienced in the past, play a key role in 

exciting isolated micro-cracks or the least critical grain-boundaries to mobilize.  

Unloading damage in the form of sub-contact failure can be seen in Figure 6-26 to happen at the 

unloading increment of cycle 1 only for models DC-140 and DC-200. For DC-240, the unloading damage 

is observed to occur at all cycles and it becomes more severe with each loading cycle. In Figure 6-27, the 

unloading damage for DC-140 and DC-200 in cycle 1, appears to be mostly due to the failure of sub-

vertical critical sub-contacts (normal vectors between 75° and 105°). However, the arched shape of each 

loading cycle for DC-240 in Figure 6-27 indicates that the unloading damage is due to failure of sub-

contacts with steep normal vectors. Based on previous discussions this could represent bridging and 

coalescing shear micro-cracks in a laboratory sample. 
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Figure 6-26: Cumulative number of sub-contact failures in shear and tension for models DC-140, 

DC-200 and DC-240. 
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Figure 6-27: Orientation of normal vectors for sub-contacts failed in tension for models DC-140, 

DC-200 and DC-240. 
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6.5 Conclusions 

The concept of stress fatigue and its effect on crack initiation and crack propagation thresholds for brittle 

rocks was investigated in this chapter. Accumulation of damage and subsequent degradation of strength 

was studied for the pink Lac du Bonnet granite from the Cold Spring Quarry in Manitoba through 

laboratory damage-controlled cyclic tests. The associated discontinuum simulations by means of 3D 

Voronoi Grain-Based Models proved to be significantly helpful in developing a better understanding of 

the mechanisms of damage at CI and CD thresholds. 

The peak strength of the Lac du Bonnet granite appeared to be not affected by the stress fatigue 

(loaded beyond the CD threshold) within the number of cycles (maximum 41 in laboratory) the samples 

were tested in this study. However, according to one of the damage-controlled grain-based models, if the 

maximum stress in each cycle is close to the UCS value, a drop in the peak strength may be observed. It 

should be noted that damage-controlled testing is a lengthy process, and therefore a fast loading rate is 

usually employed. It can be speculated that with decreasing loading rates, the mobilized micro-fractures 

will have the chance to propagate and possibly degrade the strength of the rock with loading cycles. 

The crack propagation threshold (CD) for the Lac du Bonnet granite appeared to be gradually 

increasing with each loading cycle when the sample is loaded beyond the CD threshold in each cycle. 

This behaviour was observed in both the strain (stress associated with the reversal of volumetric strain) 

and the AE data. The decay in the number of AE events and reduction in the dissipated AE energy with 

increasing loading cycle suggested a slowing rate in the propagation of mobilized fractures and the need 

for higher energy in the form of increased axial stress for further propagation. This explains the increase 

in CD threshold with each loading cycle. The study by Eberhardt (1998) however showed that if the 

cycling continues after the gradual increase in CD threshold, it would start to decline eventually. 

Interesting results from the AE monitoring, which had the capability to distinguish between the 

shear and tensile events for a damage-controlled test on the Lac du Bonnet granite, and the numerical 

models proved that crack initiation threshold (CI) for a rock happens only once, the first time this 
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threshold is crossed. While this can also be detected in a sudden jump of Poisson’s ratio from the first 

cycle to the second, crack volumetric strain appeared not to be sensitive enough and estimated a similar 

CI for all the loading cycles of a damage controlled test. 

The AE results from the laboratory tests and damage-controlled grain-based numerical 

simulations indicate that the majority of the critical links within an intact brittle rock which are commonly 

either perfectly aligned or are sub-parallel to the direction of major principal stress, dilate in an extensile 

mode when the CI threshold is reached. Therefore no other critical extensile weak links are left un-dilated 

within the intact rock to mobilize the next time this threshold is crossed within a loading-unloading 

condition. Conversely, the propagation, coalescence and bridging of existing fractures that define the CD 

threshold and commonly have a shear mechanism, continue to grow and involve micro-fracture paths 

with steeper orientations with respect to the orientation of major principal stress with each cycle. 
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Chapter 7 

Confinement Dependency of Crack Damage Progression in Brittle Rocks7 

7.1 Introduction 

The in situ strength of massive brittle rock masses are primarily governed by the onset of Crack Initiation 

(CI) and Crack Propagation (CD) thresholds of the intact rock. At near-zero confining stresses, at the 

surface of underground openings in high stress environments, the crack propagation threshold marks the 

yielding strength of the rock mass and crack initiation threshold is a reliable estimate for true long-term 

strength for the rock mass (Diederichs 2003). The Cohesional Weakening-Frictional Strengthening 

(CWFS) phenomenon (Martin 1993) suggests that the strength of rock at the face of deep underground 

excavation boundaries is determined by the cohesional component of the rock strength. The intrinsic 

strength of the rock (cohesion) is controlled by the state of crack damage in the rock. The increase in 

confining stress with distance from the excavation boundary into the walls of underground excavations 

allows the mobilization and dilation of friction subsequent to the cohesion loss stage for the rock. This 

improves the rock mass strength by shifting its strength envelope closer to the strength limits predicted by 

the conventional shear strength-based failure criteria such as Hoek-Brown (Hoek et al. 2002). Although 

the mobilization of friction improves the strength of rock in the presence of confinement, it has no effect 

on the onset of initiation of micro-fractures in intact rock. In other words, the initiation and formation of 

fractures is needed for the frictional component of rock strength to mobilize as shown in Figure 7-1. 

The in situ strength of the brittle rock masses are assumed to follow the crack initiation envelope 

at low confinements, and the crack propagation envelope at higher confinements. The transition follows 

the spalling limit that is approximated by a constant ratio of major to minor principal stress equal to 10-20 

(Hoek 1965), as shown in Figure 7-2. This implies that the CI threshold envelope has little influence on 

the strength of rock masses in the presence of high confinements unless the damaged zones become 

                                                      
7 This chapter is in preparation for submission to an international journal and will have the following author list: 
Ghazvinian, E., Diederichs, M. S. 
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exposed to low confinement. However the CI envelope defines the stress at which micro-fractures start to 

initiate and therefore controls the extent and shape of the Excavation Damage Zones (EDZs) around 

underground excavations. The geometry and characteristics of the EDZ is important for its influence on 

the hydro-mechanical behaviour of the rock mass in the vicinity of underground structures that are 

sensitive to the flow paths within the rock mass such as Deep Geological Repositories (DGRs) for the 

storage of nuclear waste. 

The goal of this study is to investigate the sensitivity of crack damage thresholds to confinement. 

For this purpose, a series of laboratory tests including tensile and compressive tests were performed on 

different rock types of different origins and brittleness. The crack damage thresholds for the investigated 

rock types are identified for a wide range of confinements. A thorough study of the CI and CD envelopes 

for the rock types are performed and the dependency of the damage envelopes to confinement as a 

function of brittleness and grain scale heterogeneity is discussed. 

 

Figure 7-1: Schematic representation of Cohesional Weakening-Frictional Strengthening 

phenomenon for, a) a laboratory sample and, b) the associated behaviour of rock around an 

underground opening (after Hajiabdolmajid et al. 2002). 
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7.2 Effect of Confinement on Micro-Fracturing Behaviour 

For an intact brittle rock, the yielding and fracturing mechanism changes with increasing confining 

pressure from extensional splitting in tension to axial splitting, and the combination of axial splitting and 

moderate shear failure at zero or low confinements to pure shear failure at high confining pressures, as 

demonstrated in Figure 7-2. In pure tensile stress conditions, the first formed crack, perpendicular to the 

direction of tension, becomes unstable and propagates to form a well-defined and discrete failure surface 

(Diederichs 2000). Under unconfined stress conditions or near zero confinement stress levels, yielding of 

brittle rocks are governed by propagation (at the CD threshold) of a population of extensile fractures 

(accumulated from CI to CD thresholds parallel to the direction of major principal stress) or by the 

coalescence of populated extensile fractures to form a high angle shear macro-fracture or a combination 

of both (Germanovich et al. 1994). With increasing confinement and moving to the right of the spalling 

limit (Fig. 7-2), the extension of fractures are inhibited by the confining pressure and the shear surface is 

formed by the accumulation of un-propagated fractures. With further increase in the confining pressure, 

beyond the Mogi line ( /  = 3.4) pure shear and slipping governs the yielding of the rock. Mogi’s line 

(1966) defines the transition between brittle and ductile behaviour of rocks. 

While confining pressure is an important parameter in determining the yielding mechanism of 

hard rocks, other influencing factors such as brittleness of rocks also plays a major role in defining the 

micro-fracturing behaviour of a rock in near zero confining pressures. The yielding mechanisms 1, 2 and 

3 that are schematically drawn in Figure 7-2, can all be observed under uniaxial stress conditions in hard 

rocks with different brittleness and/or mineralogical composition. In extremely brittle and homogenous 

(commonly fine grained) material such as glass or lithographic limestone, the first few weak links in the 

sample become unstable and propagate across the rock similar to brittle extensile splitting mechanism 

(Gramberg 1989). The yielding strength of these types of materials in the laboratory is equal to their CI. 

In the less brittle but more common rock types such as granite, the extensile fractures form at CI and start 

to propagate with increasing axial stress. The fractures may coalesce if they are close enough for 
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interaction. In the laboratory, the strength of these rocks can vary from their CI to the so-called 

“laboratory peak strength” depending on the geometrical boundary condition of the test. Failure of these 

rocks are observed to be axial splitting due to buckling or in some cases due to the confinement provided 

by the platens, axial splitting with high angled shear failure. The other type of “semi-brittle” rocks that are 

shown in Figure 7-2, are those in which axial extensile fractures form at the CI threshold. In this case, the 

dilated fractures interact and coalesce in the form of an “en echelon” array in a complex conjugate shear 

plane pattern, until one of these shear planes leads the rock sample to failure. This type of behaviour is 

characteristic of brittle rocks that also include an element of plastic behaviour such as Carrara marble 

(Gramberg 1989). An example of Carrara marble sample tested under uniaxial conditions is shown in 

Figure 7-3. Interestingly, in this figure, axial micro-cracks can be observed that are covered by crushed 

grain powder that was formed in the process of shearing that caused yielding of the rock sample. 
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Figure 7-2: Schematic representation of yielding in hard rocks as a function of confining pressure 

and brittleness (bottom, modified after Gramberg 1989). 
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Figure 7-3: Shear surface of a Carrara marble specimen after uniaxial compressive strength test. 

 

7.3 Models for Confinement Dependency of Damage Thresholds 

7.3.1 Crack Initiation Threshold 

The CI threshold in an unconfined condition for different rocks was shown by many researchers to vary 

between 30% to 60% of their UCS (Lajtai and Dzik 1996, Pestman and Van Munster 1996, Martin 1993, 

Eberhardt 1998). For higher confinements the damage initiation threshold is commonly expressed in the 

form of a simple linear function: 

	. .  (7-1) 
 

Brace et al. (1966) estimated the A = 0.33 and B = 1.4 for Westerly granite according to Figure 7-

4, while Pestman and Van Munster (1996) estimated B = 1.5 for sandstone from acoustic emission 

monitoring. These values are interestingly in line with Hobbs et al.’s (1990) suggestion on the 

serviceability limit and ultimate stress limit of concrete, with A and B ranging between 0.3 to 0.45 and 2 

to 3 respectively. 



 

214 

 

 

Figure 7-4: Test data for damage initiation and yielding strength of Westerly granite obtained by 

Brace et al. (1966) for Westerly granite under slow and fast loading conditions (after Diederichs 

2000). 

 

Martin (1993) describes the damage initiation relation for highly damaged Lac du Bonnet granite 

from the 420 m Level of Atomic Energy Canada Limited (AECL’s) Underground Research Laboratory 

(URL) in Pinawa, Manitoba as: 

49	 0.39	  (7-2) 
 

A more reliable back analysis from the in situ micro-seismic monitoring (Martin 1997) estimated 

the damage function as:   

70	  (7-3) 
 

A more recent study by Hommand et al. (1995) on the same Lac du Bonnet granite with acoustic 

emission monitoring resulted in the following damage envelope: 

72	 1.5	  (7-4) 
 

The difference between the slopes of the damage surface in :  space obtained from different 

studies on an identical rock type describes the challenging nature of estimating the CI threshold, 
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specifically in triaxial testing conditions. A discontinuum numerical study by Diederichs (2000) on the 

Lac du Bonnet granite approximated B equal to 1.4 and 1.8 for the onset of first crack and systematic 

damage, respectively. Diederichs (2007) suggests a B value between 1.5 to 2.5 according to the 

investigation of possible fracture initiation mechanisms within typical minerals done by Diederichs 

(2000). For a more detailed discussion of the confinement dependency of the CI threshold and 

comparison between the empirical relationships and theoretical failure criteria such as fracture mechanics 

based two and three dimensional Griffith criteria (Griffith 1921, 1924, Murrell 1963) or extensional 

strain-based criterion by Stacey (1981), for the Lac du Bonnet granite, the reader is encouraged to consult 

Diederichs (2000). 

7.3.2 Crack Propagation Threshold 

The Critical Damage (crack propagation) threshold (CD) is an indicator of the upper-bound in situ 

strength (yielding strength) of brittle rock masses. This threshold is registered as the onset of non-linearity 

on the axial stress-axial strain plot of the laboratory compressive samples (Brace et al. 1966, Bieniawski 

1967) and is equivalent to the long-term laboratory strength of the intact rock. Shear failure criteria such 

as Hoek-Brown (Hoek et al. 2002) and Mohr-Coulomb are applicable to this threshold, therefore largely 

sensitive to the confining pressure. The composite S-shaped envelope, shown as the dashed red line in 

Figure 7-2, that is developed for more realistic approximation of in situ behaviour of brittle rock masses 

(Diederichs 2004, 2007), merge to this threshold in high confinements (stress state at which the frictional 

component of the rock strength is mobilized and controls yielding of the rock). 

7.4 Laboratory Investigation of Crack Damage Thresholds under Different Confining 

Conditions 

To address the confinement dependency of crack damage progression in brittle rocks, a series of 

laboratory experiments were performed on four different rock types. Complete strength and crack damage 

envelopes for the investigated rock types were acquired through indirect tensile (Brazilian), Uniaxial 

Compressive Strength (UCS) and triaxial compressive strength tests that were simultaneously monitored 
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by state of the art monitoring approaches such as AE monitoring and measurement of P-wave velocity 

(Vp) across the specimens.    

7.4.1 Rock Types 

The rocks investigated in this study are Westerly granite, Indiana limestone, grey Carrara marble and 

white Carrara marble. These rock types were carefully chosen to represent different origins, mineral 

compositions and brittleness. The relative uniformity of the rock types was also an important 

consideration to minimize the effect of micro-fracture facilitator and suppressors on crack initiation and 

propagation. Prepared specimens of the studied rock types and their failure pattern after the UCS tests are 

shown in Figure 7-5.     

7.4.1.1 Westerly Granite 

The Westerly granite belongs to the Pennsylvanian or Post-Pennsylvanian granitic rocks in age and is 

primarily exposed in Ashaway, Watch Hill, Carolina, and the Quonochontaug quadrangles of Rhode 

Island, USA (also known as the Westerly area). Westerly granite is fine grained with a uniform 

composition that has made it a popular rock in the stone industry for purposes such as statuary and 

monuments (Quinn 1971). The apparent lack of fabric and the relatively uniform distribution of fine grain 

size have made the Westerly granite one of the most commonly studied rock types in rock mechanics 

laboratory investigations (Moore and Lockner 1995). Moore at al. (1987) reported the range of 

approximately 0.05 to 2.2 mm for Westerly granite grain size with mean grain size of 0.75 mm and 

porosity of ~1% (Meredith and Atkinson 1985). A modal analysis by Meredith and Atkinson (1985) 

determined the composition of the Westerly granite by volume to be: quartz 27%, microcline 36%, 

plagioclase 30%, phyllosilicates 6% and others 1%.  

7.4.1.2 Indiana Limestone 

Indiana limestone is a sedimentary rock of Mississippian age (Hart and Wang 1995) that can be 

categorized as a grainstone according to Dunham’s classification system for carbonate sedimentary rocks 
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(Dunham 1962). Due to the uniform grain size distribution and structure, Indiana limestone is a popular 

building stone and a widely studied rock type in the field of rock mechanics. The Indiana limestone is 

composed of 98.2 % calcium carbonate, ~0.075% magnesium carbonate, ~0.21% ferric oxide and ~0.83% 

other constituent minerals (Hart and Wang 1995). The grains with a range of approximately 0.3 to 0.5 mm 

(Walton et al. 2014) are ooids, fossil and shell fragments, and other grains that are merely coated with 

calcium carbonate. The grains are cemented together by calcium. The porosity for this rock commonly 

ranges between 12 to 20% (Vajdova et al. 2004).   

7.4.1.3 White and Grey Carrara Marbles 

The marble of Carrara is a metamorphic rock, belonging to Lower Jurassic (Hettangian) in age (Herz and 

Dean 1986). Marbles from the Carrara basin are prime ornamental and statuary stones due to their purity 

(100% calcite according to Howarth and Rowlands (1987)), uniformly distributed fine grain size and 

colour. Two types of marble from the Carrara basin were investigated in this study, white Carrara marble 

and grey Carrara marble. They both consist of metamorphosed crystalline irregularly shaped calcite grains 

that differ in size. The mean grain size for the white Carrara marble is 0.1 mm with some smaller crystals. 

The average grain size for the grey Carrara marble is ~0.3 mm with rare presence of smaller grains but 

more frequent grains within a millimeter range. 

The chosen limestone and marble rock types in this study are interestingly, similar in chemical 

composition (CaCO3), but differing in texture. Carrara marbles are metamorphosed rocks in which calcite 

grains are recrystallized, interlocked together and form a crystalline structure. In the Indiana limestone, 

however, the grains are mostly the fossils and shell fragments that are frequently visible to the naked eye 

and are cemented together with calcium carbonate. 



 

218 

 

 

Figure 7-5: Sample of the investigated rock types, top) prepared for testing, bottom) after UCS test. 

 

7.4.2 Testing Set-Up and Monitoring 

Preparation and testing of the rock specimens were completed in different laboratories, all in accordance 

with ISRM (1978, 1983, 1999) and ASTM (2013a, 2013b, 2013c). Cylindrical specimens for UCS and 

triaxial tests were prepared with approximate length and diameter of 125 mm and 50 mm, respectively. 
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The Brazilian disks were cut from the top and bottom parts of cylindrical specimens and prepared with 

approximate diameter of 50 mm and minimum thickness of 25 mm. The testing set-up for the specimens 

are described in this section and a quick over-view of the set-up and monitoring sensors are shown in 

Figure 7-6. The number of specimens tested for different experiments and confining pressures are listed in 

Table 7-1.  

 

Table 7-1: Number of specimens tested for different experiments and confining pressures. 

Rock type 
Brazilian 

test 

Confining pressure for compressive tests (MPa) 

0 2 4 6 8 10 12 15 18 20 24 30 

Westerly 
Granite 

6 6  2  2 2 2   2 2 2 

Indiana 
limestone 

7 12 3 3   3    3   

Grey Carrara 
marble 

10 12  2  2  2  2  2  

White Carrara 
marble 

10 10  2 1 2 1 2 1  1 2  

 

7.4.2.1 Unconfined Compressive Strength Test 

A MTS servo-controlled hydraulic machine, utilizing a 2.2 MN load cell, was used for testing samples of 

the Westerly granite and Indiana limestone. The loading was performed in axial displacement control 

mode with a loading rate of 0.048 mm/min. Axial and lateral strains for the specimens were each 

measured by using two 25 mm long strain gauges on opposing side across the specimen diameter, that 

were installed in series to form a single active strain gauge. The axial strain gauges were glued 90° apart 

from the circumferential strain gauges on the circumferential surface of the specimens. Acoustic emission 

activity of the specimens during loading was monitored by means of a Physical Acoustics Corporation 

(PAC) Pocket AE system connected to two PAC R15 sensors with an operating frequency [resonant 
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frequency] of 50-400 [75] kHz. The event filtering threshold was set to 45 dB. The set-up is shown in 

Figure 7-6b. 

The uniaxial compression test for the grey Carrara and white Carrara marble specimens were 

performed by using a servo-controlled testing system, utilizing a 500 kN load cell, in axial force control 

mode (Fig. 7-6a). The loading rate was set to 30 kN/min. Two axial and two lateral strain gauges 20 mm 

long were used for deformation measurements. The acoustic emission activity of the specimens was 

simultaneously monitored by means of a PAC Pocket AE system connected to two PAC R15 sensors. The 

event filtering threshold was set to 30 dB to allow for future filtering options. 

7.4.2.2 Triaxial Test 

Triaxial testing of the Indiana limestone and some of the Westerly granite specimens were performed by 

means of an MTS triaxial cell in the loading frame that was used for uniaxial testing of specimens of 

similar rock types. Similar to the UCS specimens for these rock types, the triaxial tests were performed in 

axial deformation control mode at a loading rate of 0.048 mm/min. The confining pressure was raised to 

the target confinement at a rate of 6 MPa/min. Three averaging Linear Variable Differential Transformers 

(LVDTs), which were arrayed around the specimens at 120° intervals, measured the axial deformation of 

the specimens. A circumferential extensometer, connected to a chain collar wrapped around mid-height of 

the specimens measured the specimens’ circumferential deformation. AE activity for these specimens was 

not monitored during the tests. 

The grey and white Carrara marble samples and some of the Westerly granite samples were tested 

with a triaxial cell that had the capability of accommodating piezoceramic transducers (Fig. 7-6d). The 

triaxial cell was loaded with an MTS computer-controlled servo-hydraulic machine. Loading of the 

specimens was performed in the axial strain control mode at a loading rate of 0.2 mm/min. The target 

confining pressure at the beginning of the tests was raised at a rate of 1 MPa/min until 4 MPa. For tests 

continuing to higher confinements, the rate was increased to 2 MPa/min. Two pairs of 6 mm long rosette 

strain gauges, glued at mid-height of the specimens at 90° offset, were used to measure axial and 
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circumferential deformation of the specimens. Twelve (12) piezoceramics with thickness of 2 mm and 

resonant frequency of approximately 1 MHz were used as transducers for the AE waveforms and 

ultrasonic signals (for measurement of Vp). Two of the transducers were placed in the top and bottom 

platens and the other ten sensors were placed in the jacket around the specimens in a spiral pattern as 

shown in Figure 7-6c. Using this layout for installing transducers resulted in five pairs of piezoceramics 

mounted at different heights of the specimens. Within each pair of the transducers for measuring Vp, one 

was working as a sender, emitting 50 Volt pulses, and the other one was set up as the receiver. The five 

pairs of transducers installed on the circumferential surface of the specimens measured lateral Vp across 

the diameter of the specimens at different heights. Vp for the Westerly granite samples were measured 

every 10 seconds and for the Carrara marble samples the Vp was recorded every 30 seconds. For 

monitoring of the AE activity, transducer signals were amplified by 40 dB using PAC pre-amplifiers and 

the Voltage threshold crossing limit was set to 0.05 V. 

7.4.2.3 Indirect Tensile (Brazilian) Test 

The Brazilian test set-ups for the white and grey Carrara marble samples and the Westerly granite and 

Indiana limestone specimens are shown in Figures 7-6e and 7-6f, respectively. Curved platens were used 

for the marble specimens and wooden sticks (with flat platens) were used for the Westerly granite and 

Indiana limestone samples, respectively, to distribute the load applied to the top and bottom ends of the 

disks more evenly rather than a line load. The tests were run in axial force control mode. Loading rate for 

the Carrara marble samples was set to 3 kN/min and a loading rate equal to 5.1 kN/min was used for the 

granite and limestone samples.  
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Figure 7-6: Illustration of a) test set-up for UCS samples of the grey and white Carrara marbles, b) 

UCS samples of the Westerly granite and Indiana limestone, c) ultrasonic transducers installed in 

the specimen jacket for triaxial testing of the Westerly granite and grey and white Carrara marble, 

d) triaxial set-up for testing the Westerly granite and grey and white Carrara marble samples, e) 

indirect test set-up for the grey and white Carrara marble samples and f) indirect test set-up for the 

Brazilian disks of the Westerly granite and Indiana limestone. 
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7.4.3 Estimation of Damage Thresholds 

7.4.3.1 Crack Initiation Threshold 

The CI threshold in brittle rocks, as shown by Brace et al. (1966), Bieniawski (1967), Lajtai and Lajtai 

(1974) and others, marks the onset of permanent damage on the lateral strain response of laboratory 

compressive specimens. The initiation and dilation of extensile axial cracks at the CI threshold is 

associated with the onset of non-linearity of axial stress – lateral strain curve. A less subjective CI can be 

estimated from the first abrupt increase in AE activity of laboratory compressive specimens under 

monotonically increasing load (Diederichs 2000). It was also shown in Chapter 3 of this thesis that lateral 

Vp is at a maximum at the CI threshold, and that the initiation of damage causes a decay in this parameter. 

The axial stress associated with the maximum lateral Vp is therefore coincident with CI. A detailed 

comparison of these methods is described in Ghazvinian et al. (2015). In this study, when the lateral 

strain, AE or Vp data is available, the CI threshold is estimated according to Figure 7-7. 

 

 

Figure 7-7: Estimation of CI threshold from the collected lateral strain, number of AE counts or 

measured lateral Vp in compressive laboratory tests. 
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7.4.3.2 Crack Propagation (Critical Damage) Threshold 

The effect of formation of trans-granular fractures from interaction of previously independent extensile 

micro-cracks at the CD threshold, (Diederichs 2003), can be identified at the onset of non-linearity of the 

axial stress-axial strain plot (Brace et al. 1966, Bieniawski 1967). According to Diederichs (2004), the 

hysteresis of the volumetric strain increases with confining pressure and therefore estimation of the CD 

threshold from the reversal point of volumetric strain curve (Martin 1997) becomes erroneous at high 

confining pressures. Therefore when only strain data was available for the investigated specimens in this 

study, the CD threshold was measured as the onset of softening of the rock from the instantaneous tangent 

modulus, as shown in Figure 7-8a (Eberhardt 1998, Ghazvinian 2010). The instantaneous tangent 

modulus (E) is calculated as: 

∆	
∆
∆

 (7-5) 
 

and    ∆ 		 		  (i = 1,2,3,…)  

   ∆ 		 		  (i = 1,2,3,…)  

where  is the axial stress,  is the axial strain for a sample, and n is adjusted according to the quality 

and the frequency of strain measurement. The CD threshold from AE data is estimated as the stress 

associated with the first point after the CI where a sudden increase in the number of AE events occur, as 

shown in Figure 7-8b (Diederichs 2004). 

 
Figure 7-8: Estimation of CD threshold from a) calculated instantaneous tangent modulus (from 

collected axial strain data) and b) the recorded AE data. 
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7.4.4 Acoustic Emission Activity of Different Rock Types under Different Confinements 

The acoustic emission activity of triaxial specimens of the Westerly granite, grey Carrara marble and the 

white Carrara marble was monitored inside the triaxial chamber as described earlier in this chapter. The 

AE data obtained from testing of the Westerly granite samples proved successful for estimating the onset 

of damage thresholds under high confinement. The samples of Carrara marbles (white and grey) 

demonstrated acoustically silent behaviour with increasing confining pressure, and the collected AE data 

from the majority of the specimens could not be attributed to a significant structural change or damage 

progression in the samples. To better understand this phenomenon a comparison was established between 

two grey Carrara marble specimens tested under unconfined condition, one with similar AE set-up as the 

triaxial tests (“high freq.” sensors in Fig. 7-9) and the other one with the AE set-up used for UCS testing 

(“low freq.” sensors in Fig. 7-9) of the Carrara marble specimens, described in Sections 7.4.2.1 and 

7.4.2.2. The main difference between the two AE set-ups were the operating frequency of the employed 

sensors wherein the UCS set-up PAC R15 sensors were used with operating frequency [resonant 

frequency] of 50-400 [75] kHz and for the triaxial set-up piezoceramic transducers with resonant 

frequency of approximately 1 MHz were employed. The detection limit was kept low (30 dB for UCS and 

0.05 V for the triaxial set-up) to eliminate its significance. The results are shown in Figure 7-9. It can be 

observed that the damage thresholds can be precisely estimated from the AE data collected with low 

frequency sensors, while the measured AE data with high frequency transducers are not sensitive to the 

structural damage (CI and CD thresholds shown in Figure 7-9 are estimated from strain data). It is 

concluded that micro-fracturing behaviour of the carbonate rocks display low frequency characteristics. 

Therefore, the effect of confining pressure on the acoustic emission activity of the marble specimens 

could not be investigated, due to the high operating frequency of the piezoceramic sensors that can be 

placed in the triaxial cell. 

The investigation of confinement on the AE activity was performed for the Westerly granite 

samples as shown in Figure 7-10, including AE results for both UCS and triaxial experiments at different 

confining pressures. The acoustic emission activity of the Westerly granite was recorded for the full range 
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of confinement pressure, within the limits examined (0-24 MPa). Slipping and minor dislocation of some 

minerals that occur during the hydrostatic loading of the specimens at the beginning of confined 

experiments is typically accompanied by acoustic emission activities. Therefore for some confined 

specimens, a large number of AE events was recorded during the hydrostatic loading stage, followed by 

an acoustically silent interval before the CI threshold was reached. This behaviour was more substantial 

for experiments with high confining pressure. In these cases narrowing down the window for 

identification of the CI threshold from the lateral strain data, proved very helpful. Estimation of CD 

threshold was straightforward, even for tests at high confinement. 

 

 

Figure 7-9: Effect of operating frequency of the AE transducers on the quality of collected AE data 

from UCS tests performed on the Carrara marble specimens; axial stress and AE data with  

identical colours (blue/red) belong to the same test.  
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Figure 7-10: Comparison of the AE activity of the Westerly granite as a function of confining 

pressure (for better representation of AE data on the top graph, a relatively smaller scale is used 

for the “AE events” axis).   
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7.4.5 Interpretation of Results 

A wide range of behaviour was observed for the investigated rock types over different confining 

pressures. Representative stress-strain curves for specimens of the Westerly granite, Indiana limestone, 

white and grey Carrara marbles are shown in Figure 7-11. The Westerly granite behaves in a brittle 

manner within the limits of the confining pressures for the specimens tested in this study. The Indiana 

limestone gradually shifts toward more ductile behaviour with increasing confining pressure. This 

transition is faster for the grey and white Carrara marbles. The confining pressures used for triaxial testing 

of the samples were chosen based on the limit suggested by Mogi (1966) under which the rock specimens 

should behave in a brittle fashion (to the left of Mogi’s line, /  = 3.4). 

To evaluate the confinement dependency of the damage thresholds for the four rock types, 

strength and damage envelopes were fit to the measured and calculated data. Linear equations in the form 

of Equation 7-1 were fit to the CI thresholds of the four rock types to be consistent with previous studies 

by other researchers, as discussed earlier in this chapter. For the laboratory peak strength and yield 

strength (CD threshold) of the samples, the generalized Hoek-Brown envelope (Hoek et al. 2002) was fit 

to the data in form of: 

 (7-6) 

 

where  and  are the major and minor principal stresses, respectively, UCS is the intact uniaxial 

compressive strength and m, s and a are the material constants (s = 1 and a = 0.5 for intact undamaged 

rock). 

The best fit damage initiation, crack propagation and strength envelopes for the Westerly granite, 

Indiana limestone, grey Carrrara marble and white Carrara marble are shown in Figures 7-12, 7-13, 7-14 

and 7-15 respectively. The Hoek-Brown material constants “s” and “a” were kept equal to 1 and 0.5, 

respectively, for the laboratory peak strength envelopes and CD envelopes. The indirect tensile 

(Brazilian) strength data (TBraz) that were used for fitting the laboratory peak strength and CD envelopes 

were corrected to approximate direct tensile strength (Tc) according to Perras and Diederichs (2014). 
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Correction factors of 0.86 (igneous), 0.68 (sedimentary) and 0.93 (metamorphic) were used for the 

Westerly granite, Indiana limestone and the Carrara marbles, respectively (Perras and Diederichs 2014). 

To be consistent between the four rock types and use the most precise damage thresholds, unconfined CI 

and CD thresholds estimated from the AE method (available for all rock types) and confined CI and CD 

values estimated from the strain method (available for all rock types) were used for fitting the damage 

envelopes in Figures 7-12 to 7-15. The elastic parameters (calculated over the range of 20 to 50% of 

UCS) and damage thresholds for unconfined conditions, mean tensile, unconfined compressive strength 

and the damage envelopes fit to the data for the four rock types are listed in Table 7-2. 

 

 

Figure 7-11: Stress-strain plots for samples of the Westerly granite, Indiana limestone, white and 

grey Carrara marbles tested under unconfined and confined compression conditions. 
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Figure 7-12: Damage initiation (CI), crack propagation (CD) and laboratory peak strength 

envelopes fit to the tensile, unconfined and confined compression test data on the Westerly granite. 

 

Figure 7-13: Damage initiation (CI), crack propagation (CD) and laboratory peak strength 

envelopes fit to the tensile, unconfined and confined compression test data on the Indiana limestone. 
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Figure 7-14: Damage initiation (CI), crack propagation (CD) and laboratory peak strength 

envelopes fit to the tensile, unconfined and confined compression test data on the grey Carrara 

marble. 

 

Figure 7-15: Damage initiation (CI), crack propagation (CD) and laboratory peak strength 

envelopes fit to the tensile, unconfined and confined compression test data on the white Carrara 

marble. 
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Table 7-2: List of the measured and calculated elastic constants, strengths, damage thresholds and 

their Hoek-Brown fit data for the investigated rock types. 

Rock 
type 

E 
(GPa) 

v 
UCS 

(MPa) 
CD 

(MPa) 
CI 

(MPa) 
TBraz 

(MPa) 
Tcorr. 

(MPa) 
UCS/TB UCS/Tc mucs mcd 

Westerly 
Granite 

49.5 
(0.4) 

0.33 
(0.02) 

168.5 
(11.9) 

127.0 
(10.2) 

70.2 
(7.2) 

8.4(0.6) 
7.3 

(0.6) 
20.1 23.1 27.5 18.5 

Indiana 
limestone 

33.8 
(0.5) 

0.27 
(0.01) 

65.2 
(3.2) 

46.0 
(3.6) 

27.9 
(4.8) 

8.2 
(0.2) 

5.6 
(0.1) 

8.0 11.6 10.7 6.9 

Grey 
Carrara 
marble 

71.4 
(0.7) 

0.31 
(0.01) 

81.0 
(1.2)  

74.1 
(1.2) 

41.6 
(4.3) 

9.7 
(0.8) 

9.0 
(0.8) 

8.4 9.0 8.5 7.1 

White 
Carrara 
marble 

57.3 
(1.4) 

0.31 
(0.01) 

91 
(1.6) 

77.3 
(3.8) 

41.3 
(3.9) 

10.7 
(1.2) 

9.9 
(1.1) 

8.5 9.2 8.6 6.6 

Note 1: Standard deviation is given in brackets. 
Note 2: TBraz or TB is the tensile strength measured from indirect tensile (Brazilian) test. 
Note 3: Tcorr. or Tc is the corrected tensile strength according to Perras and Diederichs (2014). 
 

7.5 Discussion of Results 

Comparing the normalized strength and damage envelopes in Figure 7-16, the Hoek-Brown constant m 

and the UCS/T ratio for the four rock types, suggests that the Westerly granite is the most brittle among 

the tested rock types, followed by the Indiana limestone and then the Carrara marbles (white or grey). 

This comparison is consistent with Walton et al. (2014), whereby the calculated drop modulus in the post-

peak for the Indiana limestone and white Carrara marble showed that the Indiana limestone is more brittle 

than the white Carrara marble. 

The CD threshold for the investigated rock types can be observed in Figures 7-12 to 7-15 to be 

completely dependent upon the confining pressure, as expected. Interestingly, the CD envelope estimated 

from the AE data (m = 18.3) is in a good agreement with the CD envelope estimated from the axial strain 

(m = 18.5) for the Westerly granite in Figure 7-12. This reveals the high confidence in the CD envelopes 

for all the investigated rocks. The CD threshold is controlled by the propagation, coalescence and 

interaction of previously existing extensile micro-cracks that occur with a shearing mechanism. Therefore 
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confining pressure that can be resolved into normal stress acting on propagating fractures, controls this 

limit for the rock.  

A detailed plot of the CI relationships for the four rock types with linear fits in the form of 

Equation 7-1 are shown in Figure 7-17. The fit parameters A and B are listed in Table 7-3. The CI 

envelope estimated for the Westerly granite is consistent with the relationship in Figure 7-4 obtained for 

slow loading of Westerly granite (B = 1.4) by Brace et al. (1966) and approximately coincidental with the 

Hommand et al. (1995) approximation of the CI envelope for Lac du Bonnet granite in Equation 7-4 (B = 

1.5). As mentioned previously, to be consistent between the four rock types, the CI envelopes were 

established based on AE estimated CI for unconfined samples while the CI values for the triaxial part of 

the relationships were obtained from meticulous assessment of the lateral strain response. Using the 

available data for the Westerly granite made it possible to compare the CI envelopes from different 

identification methods, whether AE, Vp or lateral strain. The slope of the Westerly granite damage 

initiation envelope (Fig. 7-18) changes from 1.3 to 1.5 to 2.8 when estimated from the Vp, lateral strain 

and AE data, respectively. While all these values are within the range 1.5 to 2.5 suggested by Diederichs 

(2000), the AE estimated slope for this envelope seems to be pushing the 2.5 limit but still under the B = 

3 suggested by Hobbs et al. (1990) for the ultimate stress limit of concrete. 

Higher mean unconfined compressive strength of the white Carrara marble compared to the grey 

Carrrara marble is consistent with Olsson (1974) who found an inverse relation between the grain size of 

marble and the yield strength. It should be remembered that the white and grey Carrara marble are 

identical in chemical composition, mineralogy and texture and the only difference between the two rock 

types is the grain size, approximately 0.1 mm for the white Carrara marble and 0.3 mm for the grey 

Carrara. Eberhardt et al. (1999) suggests that CI is independent of grain size while the CD threshold 

increases with increasing grain size due to the larger available crack propagation paths (larger grain 

boundaries) based on a study on granitic rocks with different grain sizes. Similar behaviour is observed 

for the Carrara marbles. CI for the white (41.3 MPa) and grey (41.6 MPa) Carrara marbles are within 1%, 
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while the CD threshold for the white Carrara (77.3 MPa) is 4.1% larger than the CD for the grey Carrara 

(74.1 MPa).  

Based on the information provided in Table 7-3 and Figure 7-17, the sensitivity of the damage 

initiation envelopes to the confining pressure is lowest for the Carrara marbles, followed by the Indiana 

limestone, with the Westerly granite being the most sensitive to confinement; with the slopes of 0.5, 0.7, 

0.9 and 1.6, respectively. The mono-mineralic Carrara marbles (grey or white) are the most uniform 

(grain size and grain shape) and homogenous and the least brittle in this study. Indiana limestone falls in 

the middle (between Carrara marbles and Westerly granite) in terms of brittleness and grain structure. 

Although it is quite pure (at least 98% CaCO3), the distribution of grain size and grain shape and grain 

orientation is not as uniform as in the Carrara marbles. The polycrystalline Westerly granite is the least 

homogenous at mineral scale and the most brittle amongst the rock types investigated in this study.  

Therefore it can be deduced from the examination of the four rock types and the corresponding 

sensitivity of their CI envelope to the confining pressure, that brittleness (Hoek-Brown constant mucs or 

UCS/Tc ratio) and the heterogeneity at the mineral/grain scale appear to be the two controlling factors on 

the dependency of the CI threshold to confining pressure. In some cases the two factors can be inter-

related. 

 

Table 7-3: Fit parameters for the crack initiation linear envelopes in form of Equation 7-1. 

Rock type A (intercept) B (slope) 

Westerly Granite 0.42 1.6 

Indiana limestone 0.41 0.9 

Grey Carrara marble 0.51 0.7 

White Carrara marble 0.44 0.5 
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Figure 7-16: Normalized strength and damage threshold envelopes with respect to the Hoek-Brown 

criterion estimated UCS fit; B values are the slope of CI envelopes as in Equation 7-1. 

 

 

Figure 7-17: Crack initiation envelopes for the investigated rock types (the CI thresholds are 

normalized to the mean UCS values for each rock type as listed in Table 7-2). 
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Figure 7-18: The crack initiation envelopes estimated from different methods for the Westerly 

granite (the CI thresholds are normalized to the mean UCS for the Westerly granite as listed in 

Table 7-2). 

 

7.6 In Situ Strength of Brittle Rock Masses: Transition from CI to CD Envelope 

As mentioned earlier in this chapter, the transition of the in situ yielding surface of massive brittle rocks 

between the CI envelope (lower-bound in situ strength at low confinement) to the CD envelope (in situ 

strength at high confinements) with increase in confining pressure follows the spalling limit (Diederichs 

2000, Kaiser et al. 2000). The spalling limit is a constant ratio of /  that defines the stability of 

propagating cracks. According to Hoek (1965, 1968) the extension and propagation of micro-cracks are 

stable under a certain ratio of / . Beyond this limit, the micro-cracks propagate beyond the grain scale 

(trans-granular micro-fractures) in an unstable fashion and form macro-cracks or spall fractures, as shown 

in Figure 7-19. Diederichs et al. (2000) further investigated this phenomenon by means of numerical 

models and concluded that the slope of spalling limit is a function of heterogeneity, surface effects, 

damage and stress rotation.  
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Different approaches exist for estimation of in situ strength envelopes of brittle rock masses 

depending on the method to describe the spalling limit, for instance the Damage Initiaiton-Spalling Limit 

(DISL) “S” shape in situ strength curve developed by Diederichs (2007). The Cohesion Weakening-

Frictional Strengthening (CWFS) model is another approach by Hajiabdolmajid and Kaiser (2003) 

whereby the spalling limit is calculated as the stress limit in rock at different confinements at which the 

frictional strength component of the rock is fully mobilized. 

The Griffith locus as defined by Cook (1965), is the locus of stress that is required to initiate 

sliding of a Griffith crack. The damage-controlled testing of the Lac du Bonnet granite from the 420m 

Level of the AECL’s Underground research Laboratory (URL) in Pinawa, Manitoba, Canada, at different 

confining pressures by Martin (1993) and Martin and Chandler (1994) revealed that the Griffith locus is 

coincident with the measured CD locus from laboratory testing (Fig. 7-20a). It was also shown by Martin 

(1993) that for brittle rocks, the cohesional component of the rock strength begins to decline 

simultaneously with the mobilization of the frictional strength component at the onset of dilatancy (CD 

threshold) with the initiation of sliding and propagation of micro-fractures (Fig. 7-20b). Therefore axial 

stress associated with the part of CD locus that corresponds to high amount of damage within the rock or 

the flat bottom end of the Griffith locus that corresponds to an extensively propagated fracture, is an 

indicator for residual value of cohesion in the rock, when the strength is mostly governed by the friction. 

The application of this stress limit is examined here for defining the spalling limit. 
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Figure 7-19: Effect of confining pressure on the unstable growth and propagation length “a” of 

existing Griffith crack with half length “c” (after Diederichs 2003). 

 

 

 

Figure 7-20: (a) Critical damage loci obtained from damage-controlled testing of the Lac du Bonnet 

granite (black circles) compared with the calculated Griffith loci showed with the black lines, (b) 

cohesion loss and mobilization of friction as a function of increasing axial stress (progress of 

damage) in brittle rocks (After Martin 1993). 
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According to Cook’s approach (1965), the critical axial strain ( ) for initiation of crack sliding 

can be calculated as:  

2
2 1

2
2

 (7-7) 

 

where 

4
1  

2
1  

8
1

 

and where  is the Poisson’s ratio, G is the shear modulus, n is the number of cracks per unit volume of 

rock,  is the friction coefficient of the crack surface, c is the crack half length and  is the fracture 

surface energy.   and  are the normal stress acting on the surface of the crack and the shear stress in 

the direction of sliding, respectively, and in the case of confined compression, assuming the intermediate 

principal stress is parallel to the crack surface, they are given as:  

2 2
2  

 

2
2  

(7-8) 

 

where  is the angle between the surface of critical crack and the orientation of the maximum principal 

stress. 

All the parameters required for calculation of critical strain from the Griffith locus can be 

measured directly by standard laboratory tests, except the number of cracks per unit volume (n) and 

orientation of fractures ( ). Martin (1993) has presented a sensitivity analysis study on the effect of 

different parameters on the shape of the Griffith locus. Due to the absence of damage-controlled testing 

data for the investigated rock types in this study, a thorough calibration of the Griffith locus parameters 
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was impossible. Therefore only a preliminary investigation of the application of the Griffith locus for 

calculation of the spalling limit is examined here. For calibration of the parameters for the Westerly 

granite, the laboratory estimated parameters were fixed and the rest of the parameters were adjusted to 

permit the Griffith locus to intersect the axial stress-axial strain curve, obtained from a UCS test, at the 

onset of the CD threshold, as shown in Figure 7-21. The axial strain of the Westerly UCS sample was 

corrected for the platen seating phase and crack closure limit. 

Shear modulus (G) for the Westerly granite was calculated as: 

 

2 1
 (7-9) 

 

from the mean E and  measured in the laboratory for the Westerly UCS samples (listed in Table 7-2). 

The value for  was set at 15° based on a study by Wong (1982), who examined the micromechanics of 

fracturing in the Westerly granite by means of Scanning Electron Microscope (SEM), and found that 

numerous low angle (<15°) trans-granular fractures occurred before failure. The value for  was 

calculated from g = 2	  (Atkinson 1987) where g is the strain energy release rate and was chosen equal to 

100 J/m2 consistent with g = 117 J/m2 measured by Schmidt and Lutz (1979) for Westerly granite. Walsh 

(1965) estimated the friction coefficient for the Westerly granite to approximately be within the range of 

0.6 to 0.7. However a better match between the stress-strain curve and the Griffith locus was achieved by 

using the friction angle of 47.6° that Martin (1993) used for the Lac du Bonnet granite. Finally the n was 

calibrated to be equal to 1000. The calibrated Griffith locus for the Westerly granite in unconfined 

condition is shown in Figure 7-21. 
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Figure 7-21: Preliminary calibration of the Griffith locus parameters for the Westerly granite. 

 

The Griffith loci for the Westerly granite at different confining pressures (0, 10, 20, 30 and 50 

MPa) were calculated using the calibrated parameters. The axial stress associated with the critical strain 

curves when they reach their plateau (corresponding to the stress at which cohesion reaches its residual 

value) were measured (Fig. 7-22a). The measured axial stresses at different confining pressures are shown 

in a  1: 3 space in Fig. 7-22b. It can be observed that the residual cohesion stress limit measured from 

the Griffith loci for the Westerly granite represents a transition surface between CI to CD envelopes with 

increasing confining pressures that coincide with a spalling limit with a slope of 8. Although the slope of 

the calculated Griffith loci is close to the lower limit of the slope range (10 to 20) suggested by Hoek 

(1968), it should be remembered that the calibration of the Griffith locus parameters in this study was 

performed in a preliminary manner due to the absence of suitable damage controlled data. With a precise 

calibration process, the Griffith locus is anticipated to have a tremendous potential for accurate estimation 

of the spalling limit for brittle rock masses. 
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Figure 7-22: (a) Estimation of the major principal stress associated with residual cohesion from 

Griffith loci at different confining pressures, (b) The spalling limit constructed from the residual 

cohesion stress. 
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7.7 Conclusions 

The sensitivity of crack initiation and crack propagation stress envelopes for brittle rocks under 

confinement was investigated in this study. Crack damage thresholds for Westerly granite, Indiana 

limestone, grey Carrara marble and white Carrara marble were measured over a wide range of stress 

states through indirect tensile, unconfined compressive and triaxial tests. The results proved that the CD 

envelope, upper-bound in situ strength at near zero confinement zones, is completely dependent upon the 

confinement, which was expected due to the significant contribution of frictional component of strength 

after the onset of dilatancy of rocks (after CD threshold). The CI envelope exhibited significantly less 

dependence on confinement with the slope of linear fit in the :  space ranging between 0.5 to 2.8 for 

different rock types and different estimation methods. Comparing the slope of the CI envelope for the 

four investigated rock types suggested increasing confinement sensitivity of the damage initiation 

envelope to brittleness (m or UCS/T ratio) and heterogeneity at grain scale. 

Precise estimation of crack damage thresholds for brittle rocks in the laboratory is a difficult task. 

It is more challenging in triaxial tests and the results could be more erroneous with increasing confining 

pressure, due to the transition between brittle to semi-brittle and ductile behaviour of rocks. The CD 

envelope over a wide range of confining pressures was estimated for the Westerly granite from the AE 

data and also from the axial strain (instantaneous tangent Young’s modulus). The results demonstrated a 

remarkable consistency. Comparing different approaches for estimating CI at high confinements exhibited 

a slight difference between the CI envelopes estimated from Vp or strain method and the AE identified CI 

envelope. While the Vp approach was the least subjective procedure, estimation of CI threshold from AE 

and lateral strain data can be challenging at high confinements. Depending on the rock type and the 

operating frequency of the employed AE transducers, the rock specimens may be acoustically silent. It 

should also be noted that the specimen shrinking at the beginning of the triaxial tests due to application of 

the hydrostatic pressure can introduce some level of uncertainty to the CI limit estimated from the onset 

on non-linearity of the axial stress-lateral strain plot. 
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Critical strain calculated from the Griffith loci at different confining pressures was used to 

identify the axial stress associated with the point when residual cohesion is reached for the Westerly 

granite. These stress limits (residual cohesion) define a transition line for in situ strength of brittle rocks in 

1: 3 space from the CI to the CD envelope with increasing confining pressure. With proper calibration 

of the Griffith locus parameters with damage-controlled test results, this approach will present a sound 

estimate of the spalling limit for brittle rock masses from laboratory testing of the intact rock. 
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Chapter 8 

Discussion and Conclusions 

8.1 Discussion 

Characterization of excavation damage zones surrounding an underground opening is essential for 

understanding the long-term behaviour of the rock mass hosting an underground structure. This is 

particularly critical for the design of deep geological repositories for the storage of nuclear waste. The 

induced fracturing within the damage zones, if not sealed, can provide a flow pathway for migration of 

radionuclides, in the case of damage to the canisters and surrounding low permeability bentonite (Fig. 8-

1). A good understanding of the development of excavation damage zones in the vicinity of the rooms, 

tunnels and shafts of a DGR can significantly improve the effectiveness of the design of cut-off seal 

structures. 

 

 

Figure 8-1: Conceptual design for placement of a used fuel canister surrounded by bentonite clay in 

a horizontal placement tunnel from the Grimsel Test Site, Switzerland. 
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This study and the resultant publications are dedicated to better understanding the micro-

fracturing behaviour of intact brittle (hard) rocks at the laboratory scale and to extend the discovered 

fundamental concepts to the excavation scale. Within this context the outcomes of this thesis can be 

discussed within three main categories: (1) laboratory measurement of crack damage thresholds for brittle 

rocks, (2) understanding the effect of available inherent fabric, stress fatigue, and confinement on the 

micro-fracturing process, and (3) numerical replication of the micro-fracturing process for brittle rocks 

using the developed three dimensional grain-based model. 

8.1.1 Laboratory Estimation of Crack Damage Thresholds 

Estimation of representative values for stress limits that are required to initiate and propagate fractures 

within intact rocks is one of the primary steps for prediction of the in situ behaviour of brittle rock 

masses. The challenging nature of this task in the laboratory has hindered a robust solution in the form of 

a standardized method to date. With deeper excavations and longer design life spans for underground 

structures, the need for a systematic algorithm for laboratory estimation of crack damage thresholds by 

certified laboratories is required. Therefore, the International Society for Rock Mechanics (ISRM) 

Commission on Rock Spalling has taken on the task of providing suggested methods for damage initiation 

and propagation threshold detection. As part of this mandate, a comprehensive inter-laboratory testing 

plan was organized, the results of which are presented in Chapter 2. Further studies in this regard were 

performed and are presented in Chapters 3 and 7. 

8.1.1.1 Crack Initiation Threshold (CI) 

The application of state of the art monitoring techniques and novel approaches as well as conventional 

methods for measurement of the CI threshold was investigated in this study in terms of accuracy, 

repeatability and subjectivity of the results to interpretation. It is shown in this thesis that three 

characteristics of a rock specimen can be examined for measurement of the CI threshold: (1) 

circumferential deformation (perpendicular to the orientation of major principal stress), (2) acoustic 
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emission activity and (3) changes in lateral P-wave velocity. These characteristics can be discussed within 

two domains of unconfined and confined tests for estimation of the CI threshold.  

Estimation of the onset of the CI threshold from lateral strain is accomplished either by 

identifying the onset of non-linearity of the axial stress-lateral strain plot (Brace et al. 1966) or from the 

reversal point of crack volumetric strain (Martin 1993). The discussions in Chapter 2 described the 

subjectivity of the interpretation based on the lateral strain curve. In addition, the high sensitivity of the 

crack volumetric strain to the calculated elastic constants was discussed. In general, the interpretation of 

strain data under confined conditions becomes more difficult with increasing confinement (Martin 1997).   

Monitoring of acoustic emission activity of rock specimens provides direct information regarding 

the fracturing process from within the rock. The high sensitivity to the fracturing process provides the 

possibility of defining the lower- and upper-bound CI thresholds. Despite the required experience for the 

monitoring and interpretation of results, the AE method provides a reliable estimate of the CI threshold. 

The interpretation of AE data for some rock types at high confinements can prove challenging due to the 

transition from brittle to semi-brittle behavior, which is commonly accompanied by silent slipping rather 

than acoustically active micro-fracturing.   

The Sentry function was introduced in Chapter 3 as a means to integrate the collected strain data 

and AE energy in a unified function for estimation of damage and subsequently the CI threshold for a 

rock specimen. This approach was shown to provide good insight into the progression of damage and the 

change in the storability of elastic strain energy for a rock as a function of axial stress. The approximation 

of the CI threshold from the Sentry values was shown not be possible for all rock types. However, it 

provides an accurate means for assessment of pre-peak brittleness of rocks from the absorbed and 

released energy point of view, and is therefore a tool for evaluating the rock bursting potential (versus 

slower mechanisms of failure such as spalling) for rock masses.  
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Changes in the measured lateral P-wave velocity for a rock specimen were introduced as a new 

indicator for estimation of the CI threshold in Chapter 3. This method was shown in Chapters 3 and 7 to 

be easy in terms of interpretation of data and reliable across a wide range of confinements.  

In comparison, estimation of the CI threshold in unconfined and confined conditions is most 

reliable when estimated from the AE (with proper monitoring configuration) or Vp methods. Due to the 

limitations of the common commercially available triaxial cells, AE monitoring and lateral Vp 

measurement of confined tests can be prohibitive due to the high cost for the specialized test cells. 

Investigations in Chapters 3 and 7 showed that in the absence of AE and Vp data, the onset of non-

linearity on the axial stress-lateral strain plot from rigorous deformation measurements can be used for 

estimation of the CI threshold in confined tests. Despite the higher precision of electrical strain gauges 

compared to the chain extensometers for measurement of circumferential strain, the CI estimated from the 

data collected using the chain extensometers in confined tests are more reliable, due to elimination of 

local (grain scale) dislocations/deformation effects when applying confining pressure at the beginning of 

the tests. 

8.1.1.2 Crack Propagation Threshold (CD) 

The crack propagation threshold for a specimen can be estimated from the measured strains or the 

collected AE data from a compressive specimen. Both approaches were systematically investigated in this 

thesis and by previous researchers.  

Different strain data interpretation methods exist for estimation of the CD threshold. In the 

simplest approach, CD can be estimated from the onset of non-linearity of the axial stress-axial strain plot 

(Brace et al. 1966, Bieniawski 1967), however this approach can be subjective to interpretation, similar to 

the approximation of CI from the onset of non-linearity of the axial stress-lateral strain plot. Estimation of 

CD from the reversal point of volumetric strain is a more reliable approach for unconfined conditions, 

however the increasing hysteresis of this parameter with increasing confining pressure prohibits the 

application of this method to confined tests. Estimation of CD from the instantaneous tangent modulus 
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(Eberhardt 1998, Ghazvinian 2010) was shown in Chapter 7 to be coincidental with the AE results over a 

wide range of confinements. 

Estimation of the CD threshold from the AE data, similar to the CI threshold, is a more direct 

approach to quantifying the crack damage behaviour of a rock compared to the strain-based techniques. 

The investigations in Chapter 2 and a study in Ghazvinian et al. (2012b) demonstrated that for some rock 

types tested under unconfined conditions, the AE method can estimate a higher value of the CD threshold 

than the strain method (reversal point of volumetric strain). 

The studies of the determination of crack damage thresholds in this thesis are a substantial 

contribution to the currently under preparation ISRM Suggested Method for laboratory measurement of 

crack initiation and crack propagation thresholds. 

8.1.2 Effect of Inherent Properties and Rock Mass Excavation Responses on the Development of the 

EDZs 

The effects of fabric inherent in intact rocks, stress fatigue and confinement on the crack damage process 

were investigated in Chapters 4, 6 and 7, respectively. A brief discussion of these parameters within the 

context of their influence on the excavation damage zones is given in this section. 

8.1.2.1 Fabric in Intact Rocks 

The study performed in Chapter 4 indicated that the CD threshold of an intact rock that contains a fabric 

is dependent upon the relative orientation between the plane of fabric and the major principal stress, 

similar to the laboratory peak strength for the rock. The extent of this dependency can change as a 

function of the fabric type or rock origin. In the same chapter, the sensitivity of the CI threshold to the 

fabric orientation was observed to be insignificant for gneissic rocks and marginally sensitive for some 

sedimentary rock types. A simplified approach to estimating the long-term in situ strength envelope of a 

massive rock mass for different orientations of the major principal stresses with regards to the fabric plane 

(in the intact rock) is shown in Figure 8-2. The following assumptions were applied to produce this graph: 
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1. The study in Chapter 4 was limited to unconfined testing conditions. Therefore the CI and CD 

envelopes in Figure 8-2 are extrapolated to confined test conditions based on a preliminary 

triaxial experiment performed on the Cobourg limestone published by Ghazvinian et al. (2013b). 

The effect of fabric on CI and CD thresholds is anticipated to decrease with increasing 

confinement, however this needs to be further examined in the laboratory.  

2. The spalling limit is assumed to be identical for all fabric orientations. However, depending on 

the rock mass brittleness in different orientations, the spalling limit could be different.  

3. The behaviour of the rock mass is assumed to be brittle for all fabric orientations. This 

assumption can be correct for the crack initiation stress limit (and consequently formation of 

EDZ), however for some ranges of orientation between the plane of fabric and major principal 

stress, yielding of the rock mass can occur in a shear dominated mode. 

 

For rocks with a CI envelope insensitive to the rock fabric, as shown in Figure 8-2, the long-term 

stability of the rock mass surrounding an underground opening will be independent of the in situ stress 

orientation. Similarly, the geometry of the EDZ surrounding an underground opening is expected to be 

independent of the in situ stress orientation. In contrast, the short term strength (during construction) for a 

rock containing a fabric around a tunnel is not necessarily identical for different in situ stress orientations 

due to the difference in the CD envelope and spalling limit for different fabric orientations. For instance, 

the spalling over-break that is shown in Figure 8-2 was observed to form during construction at the 

Niagara Tunnel Project (Perras et al. 2014), where the horizontal lamination in the Queenston shale is 

parallel to the orientation of major principal stress. In the case where the laminations were vertical, and 

therefore at 90° to the orientation of the major principal stress, it is postulated that a smaller notch would 

have formed. If the rock formed in the HDZ, is removed or allowed to fall out, the EDZ will be extended 

because the near-zero confinement condition would extend into the rock mass away from the excavation 

surface. This highlights the importance of installing support systems closer to the tunnel face. The support 
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is not likely to change the EDZ geometry directly, however by preventing removal of rock material from 

within the HDZ, it inhibits penetration of the near-zero confinement condition into the tunnel walls. The 

long term stability and the geometry of the EDZ around the underground openings in rocks with CI 

thresholds sensitive to the inherent fabric is expected to vary around the tunnel (i.e. as a function of the 

relative angle between the orientation of the major principal stress and the lamination plane). 

 

Figure 8-2: A simplified schematic representation for the long-term in situ behaviour of a rock 

mass in cases with different orientations of major principal stress with respect to the fabric plane in 

intact rock. The picture of over-break from the Niagara Tunnel Project (Perras et al. 2014) 

demonstrates formation of the HDZ for the case where the major principal stress is parallel to the 

horizontal lamination in shale. 

8.1.2.2 Stress Fatigue 

The study pertaining to the stress fatigue phenomenon discussed in Chapter 6 suggested that for 

laboratory specimens, the majority or the entire population of the micro-crack paths, sub-parallel to the 
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orientation of the major principal stress have the potential to fracture in an extensile fashion, thereby 

mobilizing when the major principal stress increases beyond the crack initiation threshold of the rock for 

the first time. It was also shown that in a mechanical load cycling process, only the interaction and 

propagation of induced micro-fractures remain active when reaching the crack propagation threshold for 

the rock (if the rock has experienced a similar state of stress with similar orientation in the past). 

Extending this knowledge to the excavation scale for a rock mass surrounding an underground opening 

that has experienced a tangential stress beyond CI but below the CD threshold, suggests that all the 

possible crack paths, with the potential to rupture in a stress-induced extensile fashion parallel to the 

orientation of tangential stress (and tunnel wall) are fractured (EDZo). With the first rotation of stress 

around the tunnel periphery (i.e. glaciation), the isolated extensile stress-induced micro-fractures would 

form around the entire circumference of the tunnel for the parts of rock mass with tangential stress 

between the CI and CD limits. With additional stress rotation cycles around the tunnel periphery, the 

hydraulic permeability of the rock mass at parts where the tangential stress does not reach the crack 

propagation threshold would remain the same since all the possible fracture crack-paths are ruptured. 

However, for the parts of the rock mass around the tunnel where the tangential stress increases beyond the 

CD threshold, the interaction and propagation of isolated or previously interacting micro-fractures 

evolves with each stress rotation increment, which increases the permeability and possible transition from 

EDZi to HDZ. 

8.1.2.3 Confinement 

A comprehensive laboratory investigation of four rock types in Chapter 7 confirmed the complete 

dependency of the crack propagation threshold to confinement. Significantly less sensitivity to 

confinement was observed for the CI envelope. A linear fit in the form of: 

1 0.41 0.51 	 0.5 2.8 	 3 (8-1) 

was found to govern the CI envelope behaviour at different confinements for the rock types investigated 

and the methods used for estimation of the CI threshold in this study.  
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A combination of CI and CD envelopes by means of the DISL method (Diederichs 2007) as 

described in Figure 1-6, is the current state of practice within the context of continuum numerical 

methods for estimation of the in situ behaviour of rock masses and prediction of the geometry of EDZs 

surrounding underground excavations in brittle rocks. 

8.1.3 Discontinuum Simulation of Brittle Fracturing 

Discontinuum models provide the possibility for simulation of strength reduction in rocks by direct 

simulation of fracturing. This eliminates the need for constitutive models which smear the weakness 

caused by fracturing across the medium (continuum modelling approach). The developed three 

dimensional Voronoi tessellated model in Chapter 5 was shown to provide the possibility for simulation 

of crack initiation and propagation at the laboratory specimen scale. It was also shown in the same chapter 

that the anisotropic behaviour of laminated rocks could be accurately captured without the need for 

anisotropic constitutive relations. The laboratory and numerical investigation of the stress fatigue 

phenomenon for brittle rocks in Chapter 6 demonstrated the ability of the developed 3D grain-based 

model to precisely simulate the effect of load cycling on the progress of crack damage within an intact 

rock. These altogether provide confidence in the accuracy of the predicted rock mass behaviour at the 

excavation scale by means of the developed discontinuum tool when calibrated properly to the laboratory 

and field scale response of the rock. 

An ideal numerical model should be able to simulate fracturing at the grain-scale and allow for its 

propagation to the excavation scale and interaction with existing geological structure. Although the 

current computational power limitations obstructs generation of such all-inclusive models, the developed 

DEM model would provide the possibility of fracture simulation at the excavation scale and the 

interaction of stress-induced fractures with the existing geological structure that can be introduced to the 

models by means of Discrete Fracture Networks (DFNs). This state of the art approach can predict the 

long-term rock mass behaviour and formation of excavation damage zones around underground 

excavations. 
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8.1.4 Limitations of Current Research 

The development of understanding the micro-fracturing characteristics of intact brittle rocks presented in 

this thesis has been to investigate their behaviour at the laboratory scale. The extension of this micro-

fracturing knowledge of the rocks to the in situ scale was hypothesized based upon previous experience of 

underground excavations. Therefore the primary limitation associated with this research involves the 

scale at which the rocks have been studied. More reliable knowledge of rock fracturing can be obtained 

from large scale and in situ experiments, however, the laboratory investigations are essential for design of 

successful and effective in situ experiments. 

8.2 Summary of Conclusions 

The research completed and presented in this thesis covers a wide range of concepts pertaining to the 

crack damage phenomena for brittle rocks. The primary conclusions of this thesis are summarized in the 

following subsections. 

8.2.1 Laboratory Measurement of Crack Damage Thresholds 

 A lower- and an upper-bound CI (CI_L and CI_U, respectively) were defined as two physically 

meaningful thresholds for brittle rocks that can be estimated from the acoustic emission method 

only. 

 The acoustic emission activity monitoring of laboratory specimens provides direct information 

regarding micro-fracturing from within the rock and is the preferred approach from the currently 

available methods for estimation of the CI threshold.  

 Changes in lateral P-wave velocity and the application of the Sentry function to brittle rocks were 

introduced in this study as two possible indicators for identification of the CI threshold. The 

lateral P-wave velocity approach presented precise results for unconfined and confined testing 

conditions. 
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 The estimation of the CI threshold from the onset of non-linearity of the axial stress-lateral strain 

curve was observed to be a practical approach when AE and lateral Vp monitoring is not 

available.  

 The AE method for estimation of the CD threshold was shown to be reliable for unconfined and 

confined testing conditions.  

 The measured strain data can be used reliably for identification of the CD threshold from the 

reversal point of volumetric strain (only under unconfined conditions), and also from the 

instantaneous tangent Young’s modulus across a variety of unconfined and confined conditions. 

 Precise acoustic emission monitoring of laboratory specimens, including the use of appropriate 

AE transducers with the proper operating frequency range and correct testing set-up (including 

pre-amplification, threshold crossing level etc.) are important for obtaining the maximum AE 

monitoring accuracy, and therefore consistent results. The AE set-ups have to be adjusted per 

rock type and therefore running a few preliminary tests for fine-tuning the set-up is 

recommended.    

8.2.2 Effect of Fabric, Confinement and Stress Fatigue on Micro-fracturing Behaviour of Hard 

Rocks 

 Within the range of the rock types that were investigated in this thesis, fabric-guided micro-

fracturing was observed to control the CD threshold and consequently the laboratory peak 

strength of the intact rocks with inherent fabric. This dependency differs according to the fabric 

type. 

 The fabric in intact rocks that are represented by platy minerals, lenticular mineral aggregates, or 

planar micro-fractures in an isotropic matrix are non-essential to the onset of micro-fracturing for 

the rock (CI threshold). 
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 The CI threshold in intact rocks, where the fabric is defined by banding (spatial variation of grain 

sizes) with contrasting strength and stiffness between different layers, is sensitive to the fabric 

orientation (with regards to the direction of major principal stress). 

 The majority of the critical links within an intact brittle rock, which are either perfectly aligned or 

are sub-parallel to the direction of the major principal stress, dilate in an extensile mode when the 

major principal stress increases beyond the CI threshold for the first time. Further crossing of this 

threshold in a cyclic fashion does not contribute to the crack density of the rock, therefore the 

crack initiation threshold in a given direction only occurs once for an intact rock. 

 In a cyclic loading condition (stress fatigue) for an intact rock, the propagation and interaction of 

stress-induced fractures continues to progress in a shear dominated mechanism with each 

consecutive loading cycle, when the major principal stress approaches the CD threshold of the 

rock. With increasing damage within the rock for each loading cycle, propagation, coalescence 

and bridging of the existing fractures involves micro-fracture paths with steeper orientations with 

respect to the orientation of major principal stresses. 

 The CD envelope for brittle rocks is entirely dependent upon the confining pressure and is well 

represented by a shear-based failure criterion, such as Mohr-Coulomb or Hoek-Brown. 

 The CI envelope for brittle rock is less sensitive to confinement, as compared to the CD envelope. 

The slope of the linear fit for the CI envelope in the :  space ranges between 0.5 to 2.8 for 

different rock types (depending on their brittleness and grain-scale heterogeneity), and different 

estimation methods that were investigated in this thesis. 

 The Griffith locus has the potential for systematic estimation of the spalling limit when calibrated 

properly to the laboratory behaviour (damage-controlled tests) of brittle rocks. 
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8.2.3 3D Grain-Based Model for Rocks 

 A new methodology was introduced for the generation of grain-based models with any arbitrary 

three dimensional convex shape domains in 3DEC, tessellated with random-shaped Voronoi 

grains. 

 The developed grain-based model was shown to accurately capture the brittle crack damage 

behaviour of intact rocks by explicit simulation of micro-fracturing through the entire progress of 

extensile axial fracturing at the CI threshold, to fracture propagation, to fracture coalescence and 

interaction at the CD threshold, and finally accumulation of damage in the rock through cyclic 

loading. 

 Based on the developed grain-based model, a new approach was introduced for simulation of the 

inherent mechanical anisotropic behaviour of rocks containing a fabric. 

 A thorough investigation of the effect of micro-properties on the macro-response of the model 

was performed and the calibration procedures for the cases of isotropic intact rocks and laminated 

models (for intact rocks including a fabric) were established.   

8.3 Future Research 

The research that was performed during this thesis addresses many aspects of brittle fracturing at the 

micro-scale and helps in better understanding of the crack damage phenomenon in intact brittle rocks. 

This task was completed through extensive laboratory work and numerical simulations. As new 

developments are always associated with more questions, there exist numerous paths and research ideas 

to build more knowledge of brittle fracturing, building on what has been done in this thesis. These 

include: 

 Investigation of the stress fatigue phenomenon (damage-controlled testing) under different 

confinement levels; 

 Investigation of stress fatigue in different directions for intact rock (e.g. cubic specimens); 

 Study of the possibility of crack initiation with increasing hydrostatic stress; 
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 In-depth investigation into the application of Griffith locus for estimation of the spalling limit 

from damage-controlled laboratory tests; 

 Application of grain-based models with sub-tessellated Voronoi grains for simulation of trans-

granular fracturing (Voronois inside Voronois) and to reduce the bias of fracturing in tension 

(Voronoi tessellated models) or in shear (trigon models) with Voronoi grains sub-tessellated with 

trigons. 

8.4 Contributions 

The scientific contributions developed through the research pertaining this thesis are presented in 

Chapters 2 through 7. All contributions made through completion of this thesis are summarized below. 

8.4.1 Articles Published in Refereed Journals 

1. Ghazvinian, E., Diederichs, M. S. and Quey, R. (2014). 3D random Voronoi grain-based models 
for simulation of brittle rock damage and fabric-guided micro-fracturing. Journal of Rock 
Mechanics and Geotechnical Engineering, 6(6), 506-521. 

8.4.2 Articles Submitted to Refereed Journals 

2. Ghazvinian, E., Diederichs, M. S., Martin, C. D., Christiansson, R. and Hakala, M. “Estimation 
of in situ crack initiation and propagation thresholds for brittle rocks using laboratory testing.” 
International Journal of Rock Mechanics and Mining Sciences (submitted on 29 Sep 2014 – 
IJRMMS-S-14-00650). 

3. Ghazvinian, E., Diederichs, M. S., Labrie, D. and Martin, C. D. “An investigation on the fabric 
type dependency of crack damage thresholds in brittle rocks.” Journal of Geotechnical and 
Geological Engineering (Submitted on 12 Dec 2014 – GEGE-D-14-00261). 

8.4.3 Articles in Preparation 

4. Ghazvinian, E. and Diederichs, M. S. “Laboratory identification of crack initiation threshold for 
brittle rocks by means of P-wave velocity measurements.” In preparation. 

5. Ghazvinian, E., Diederichs, M. S., Backers, T., Meier, T. and Labrie, D. “Progress of brittle 
micro-fracturing in crystalline rocks under cyclic loading condition.” In preparation. 

6. Ghazvinian, E. and Diederichs, M. S. “Confinement dependency of crack damage progression in 
brittle rocks.” In preparation. 

7. Bandini, A., Berry, P., Ghazvinian, E., Diederichs, M. and Zucchelli, A. “Identification of the 
crack initiation and propagation thresholds through Sentry function in marble under 
compression.” In preparation. 
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8.4.4 Fully Refereed Conference Papers (Ghazvinian as first author only) 

8. Ghazvinian, E., Diederichs, M. S. and Quey, R. (2014). Numerical simulation of micro-
fracturing in rock by using 3D Voronoi tessellation. In: Proceedings of the International 
Conference on Discrete Fracture Network Engineering, Vancouver, Canada. 

9. Ghazvinian, E., Diederichs, M. S., Labrie, D., Bandini, A. and Berry, P. (2014). Crack damage 
evaluation of crystalline rocks by means of Acoustic Emission technique. In: Proceedings of the 
48th US Rock Mechanics Symposium, Minneapolis, USA.  

10. Ghazvinian, E., Perras, M., Diederichs, M. and Labrie, D. (2013). The effect of anisotropy on 
crack damage thresholds in brittle rocks. In: Proceedings of the 47th US Rock Mechanics 
Symposium, San Francisco, USA.  

11. Ghazvinian, E., Perras, M., Langford, C., Diederichs, M. and Labrie, D. (2013). A 
comprehensive investigation of crack damage anisotropy in Cobourg limestone and its effect on 
the failure envelope. In: Proceedings of GeoMontreal 2013 – Canadian Geotechnical Society 
Conference, Montreal, Canada. 

12. Ghazvinian, E., Perras, M., Diederichs, M. and Labrie, D. (2012). Formalized approaches to 
defining damage thresholds in brittle rock: Granite and Limestone. In: Proceedings of the 46th 
US Rock Mechanics Symposium, Chicago, USA. 

13. Ghazvinian, E., Diederichs, M. and Martin, C. D. (2012). Identification of crack damage 
thresholds in crystalline rock. In: Proceedings of Eurock 2012 – ISRM, Stockholm. Sweden. 

14. Ghazvinian, E., Diederichs, M. and Archibald, J. (2011). Challenges related to standardized 
detection of crack initiation thresholds for lower-bound or ultra-long-term strength prediction of 
rock. In: Proceedings of Pan-Am CGS Geotechnical Conference, Toronto, Canada. 

8.4.5 Refereed Extended Abstract and Presentation (no paper) 

15. Ghazvinian, E. and Diederichs, M. S. (2013). Anisotropy of crack damage thresholds in brittle 
rocks. Presented at the 4th Canadian Young Geotechnical Engineers and Geoscientists 
Conference. Tremblant, Quebec, Canada. 

8.4.6 Reports Produced from Research Activities 

16. Diederichs, M., Perras, M. A., Ghazvinian, E. and Walton, G. (2014). EDZ Research Project: 
Phase 1 Final Report - Mechanics, Prediction, Verification and Mitigation of EDZ in Sedimentary 
Rocks. Prepared for the Nuclear Waste Management Organization of Canada. Toronto, Ontario, 
Canada. 87pgs. 

17. Ghazvinian, E., Diederichs, M., Martin, C. D., Christiansson, R., Hakala, M., Gorski, B., Perras, 
M. and Jacobsson, L. (2012). Prediction thresholds for crack initiation and propagation in 
crystalline rocks – ISRM Commission on Spall Prediction report on testing procedures. Prepared 
for the International Society for Rock Mechanics. Lisbon, Portugal. 52pgs.  

18. Ghazvinian, E. and Diederichs, M. (2012). 1st Annual SRM Research Progress Report: 
Development of a Synthetic Rock Mass for a Used-fuel Repository in Sedimentary Rocks. 
Prepared for the Nuclear Waste Management Organization of Canada. Toronto, Ontario, Canada. 
42pgs. 
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8.4.7 Posters Produced from Research Activities 

19. Ghazvinian, E., Farahmand, K., Pitts, M. and Diederichs, M. (2014). Synthetic Grain-Based 
Models (GBM) for damage evolution in rock – Anisotropy, Heterogeneity and Thermo-Hydro-
Mechanical Coupling. Poster presented at the NWMO 12th Annual Geoscience Seminar, Blue 
Mountains, Canada. 

20. Ghazvinian, E., Perras, M., Diederichs, M., Labrie, D., Jensen, M. and Lam, T. (2013). Crack 
damage anisotropy in brittle rocks. Poster presented at the NWMO 11th Annual Geoscience 
Seminar, Blue Mountains, Canada. 

21. Ghazvinian, E., Palleske, C., Day, J., Farahmand, K., van der Pouw Kraan, M. and Diederichs, 
M. (2013). Modelling Tools: Effect of natural and induced fractures on the behaviour of 
sedimentary rock masses. Poster presented at the NWMO 11th Annual Geoscience Seminar, Blue 
Mountains, Canada. 

22. Ghazvinian, E., Diederichs, M., Lam, T. and Jensen, M. (2012). Inter-lab comparison for 
repeatability assessment of current crack damage thresholds estimation methods. Poster presented 
at the NWMO 10th Annual Geoscience Seminar, Blue Mountains, Canada. 

23. Ghazvinian, E., Diederichs, M., Jensen, M. and Lam, T. (2011). Damage threshold estimation in 
brittle rocks; available methods, new parameters. Poster presented at the NWMO 9th Annual 
Geoscience Seminar, Orangeville, Canada. 

8.4.8 Invited Presentations 

24. Ghazvinian, E., Perras, M. and Diederichs, M. (2013). Development of Synthetic Rock Mass: 
Sedimentary Rocks. Presented at the NWMO 11th Annual Geoscience Seminar, Blue Mountains, 
Canada. 

25. Perras, M. A., Ghazvinian, E. and Diederichs, M. (2013). Mechanics, Prediction, Verification 
and Mitigation of EDZ in Sedimentary Rocks. Presented at the NWMO 11th Annual Geoscience 
Seminar, Blue Mountains, Canada. 

26. Ghazvinian, E. and Diederichs, M. (2013). Estimation of crack initiation and crack propagation 
thresholds for crystalline rocks. Presented at the ISRM Spalling workshop at ARMA San 
Francisco, USA. 
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