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Abstract 

A detailed understanding of strength and fracturing behaviour of the rockmass is essential for 

coherent design of underground structures such as deep geological repositories (DGRs) for long-

term nuclear waste storage. The development of advanced numerical approaches, such as Synthetic 

Rock Mass (SRM), provides an effective tool to simulate the failure process of the rock at various 

scales from laboratory scale samples to excavation scale problems. As an alternative to empirical 

methods and physical testing, the SRM technique can also be employed to estimate the 

deformability and strength properties of jointed rockmasses under a wide range of scales and 

boundary conditions. 

In this study, a two-dimensional code based on the discrete element synthetic rock mass 

model is used to simulate the behaviour of low-porosity rocks under hydro-mechanical loading.  A 

methodology is developed to calibrate the SRM models to the response of laboratory-scale intact 

rock. Using numerical simulation, the role of connectivity of induced micro-cracks on increasing 

the permeability of a laboratory-tested sample is investigated. The capability of the model to 

simulate the effect of pore fluid pressure on weakening the strength of the rock is examined. Next, 

the calibrated model is applied to simulate the formation of the excavation damage zone (EDZ) 

around unlined underground tunnels in crystalline granitic and laminated sedimentary rocks. The 

understanding gained from simulating damage development around case history tunnels leads to 

recommendations for calibrating the micro-parameters of the model for tunnel-scale applications.  

In addition, an SRM model coupling the discrete fracture network (DFN) model and discrete 

element grain-based model (GBM) is used to characterize the strength and deformability of highly 

interlocked jointed rockmasses under confined and unconfined conditions. The scale dependency 

and variability of the rockmass properties are investigated using the concept of Representative 

Element Volume (REV). The results of numerical modelling are then compared with the predicted 

values obtained from empirical methods.  
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It is demonstrated that the SRM technique can be successfully applied to simulate the 

observed shape and extent of the damage zone around underground excavations. The estimated 

strength based on the SRM modelling results is in agreement with the unconfined strength predicted 

by the empirical Hoek-Brown criterion.  
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Chapter 1 

Introduction 

1.1 Purpose of the Study 

Amongst the various methods of long-term radioactive waste disposal, the most widely accepted 

solution is to isolate the nuclear waste in a deep geological repository (DGR) with the notion that 

the geological system provides a natural barrier between the radioactive contaminants and the 

biosphere (see Figure 1-1).  

The construction of underground openings, however, usually generates a zone of fractured 

rock, referred to as the Excavation Damage Zone (EDZ) in the immediate vicinity of the excavation 

with the hydrological and mechanical properties significantly different from those of the rock 

located far enough from the excavation boundary. This region of the damaged rock comprising the 

induced fractures of various scales can provide preferential pathways for the transport of 

radionuclides away from the source excavations (Tsang et al., 2005; Perras, 2014). 

Under initial conditions there may be elevated pore pressure in the rock reducing the effective 

stresses and thereby the effective strength of the rock. The creation of a damage zone may initially 

reduce these pore pressures through dilation or through drainage. Post-closure pore pressure may 

reestablish, however, in the damage zone and lead to long term migration of the fractures. As a 

result, the EDZ has a potential to affect the short- and long-term structural stability of a repository, 

as well as the effectiveness of the rock mass as a contaminant transport barrier (Rutqvist et al., 

2009). In the context of siting and safety assessment of such an underground repository, the effects 

of excavation-induced damage and associated hydro-mechanical coupling involved in the 

development of the EDZ need to be well understood in order to minimize the hydraulic conductivity 

of the host rock and maximize the long-term integrity of the excavation stability. 
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Figure 1-1 (a) Layout of ONKALO deep geological repository (DGR) for the storage of 

nuclear waste in Eurajoki, Finland. (b) Fractures in the sidewall of a tunnel at the DGR site. 

(c) A horseshoe type tunnel at ONKALO. (d) Sketch of a vertical placement of nuclear waste 

container (photographs courtesy of Posiva Oy). 

In order to characterize the extent and the severity of fracturing in the excavation induced 

damage, the hydro-mechanical coupling processes between the solid phase and the pore fluid of 

the intact rock need to be taken into account in this analysis (see Figure 1-2). Here, the term 

“coupled processes” implies that one process affects the initiation and progress of another. This so-

called poromechanical effect may occur when the rate of mechanical loading is faster than the speed 

at which excess pore pressure can fully dissipate (the so-called undrained condition) (Yuan and 

Harrison, 2006). Such undrained poromechanical interactions is of paramount importance in 

designing a Deep Geological Repository as a high advancement rate of the excavation operation 

(e.g. up to 6 m/day, NAGRA, 2016) coupled with low hydraulic conductivity of the host rock      
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(≈10-21  – 10-17 m2) provides the circumstances for undrained loading of the porous rock. Therefore, 

induced stress perturbations and associated deformation of the rockmass during the excavation of 

the repository cause the compression or extension of the pore volume around the excavation. In 

return, the changes in the pore pressure influence the mechanical properties of the rockmass in the 

vicinity of the repository.  

 

Figure 1-2 Framework of fully coupled hydro-mechanical scheme for rock (after Rutqvist 

and Stephansson, 2003). 

Numerical models are strong tools to aid in the analysis and design of DGRs and can be used 

as the predictive tools to determine the response of the brittle rock to the applied hydro-mechanical 

loading. The applied numerical tools should be able to simulate the two distinct components 

involved in brittle failure of rockmass: (1) fracture of intact rock, and (2) movement along pre-

existing discrete discontinuities. In this study, a state-of-the-art numerical modelling approach 

based on the Synthetic Rock Mass (SRM) is used, in order to simulate brittle failure of the rock at 

various scales. The SRM approach combines two well-established numerical techniques: the grain-

based discrete element Voronoi model for the simulation of the intact rock deformation (Itasca, 

2014), and discrete fracture network (DFN) modelling for the representation of the rockmass 

discontinuities (Ivars, 2010). The technique uses discrete element logic to capture the brittle failure 
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of the rock (Jing and Stephansson, 2007). In this approach, the complex interactions between flow, 

stress and damage can also be explicitly simulated during the deformation and failure process of 

the rockmass. To represent grain-scale characteristics of rock fabric, the system geometry is 

discretized into a collection of polygonal shaped blocks using a special joint network generator, 

namely Voronoi tessellation (Lorig and Cundall, 1989). Here, each bond forming between the 

blocks represents an existing plane of weakness defined by the surrounding solid matrix, and is 

assigned hydraulic properties that are described by the cubic law (Witherspoon et al., 1980). In this 

way, the fluid flow in the model is governed by the aperture of the Voronoi joints, and in return the 

joint aperture is a function of the state of stress and fluid pressure acting on the joint boundary. At 

the same time, the state of stress in the adjacent grains changes according to the magnitude of the 

fluid pressure acting on them. This simulates the two-way hydro-mechanical coupling effects 

between pore pressure and rock deformation. 

This thesis aims to achieve two goals: (i) develop a methodology for calibration of a discrete 

element grain-based model to hydro-mechanical laboratory properties of the brittle rock, and 

applying the calibrated model to simulate the formation of the excavation damage zone (EDZ) 

around underground tunnels; (2) characterize the strength and deformability of moderately jointed 

rockmasses and investigate the associated scale dependency of the rockmass properties.  

In this thesis, the numerical simulations are conducted using the two dimensional discrete 

element code UDEC (Itasca, 2014).  

1.2 Hydro-Mechanical Characteristics of the Excavation Damage Zones (EDZs) 

The excavation of any underground opening causes a disturbance in the state of the stress in the 

rock adjacent to the excavation surface. This induced stress perturbation can lead to subsequent 

fracturing of rock as the concentrated stresses exceed the rock strength. As a result, propagation 

and accumulation of new fractures at both the micro- and meso- scale form an irreversibly damaged 
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zone in the vicinity of the excavation referred to as an excavation damage zone (EDZ) (see figure 

1-3) (Perras, 2014). 

 

Figure 1-3 (a) Section cut from the tunnel wall at ӒSPO Hard Rock Laboratory, Sweden. 

(Olsson et al., 2008). (b) View of the cut section showing the excavation damaged zone (EDZ) 

fractures. (c) Cross-section of a slab sewed from the tunnel wall showing the induced fractures 

intensity as a function of the distance from the tunnel wall (modified after Olsson et al., 2008). 
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Within this damage zone, the density and interconnected nature of the induced fractures 

decreases moving away from the excavation boundary (Emsley et al., 1997; Diederichs, 2007; 

Jonsson et al., 2009). As a result, bulk permeability within the EDZ can vary by several orders of 

magnitude depending on whether the damage zone is predominantly visible macroscopic 

fracturing, or is comprised primarily of micro-cracks (Martino and Chandler, 2004; Bossart et al., 

2004; Armand et al., 2007; Bernier et al., 2007; Levasseur et al. 2010).  

In order to address the impact of damage intensity on the evolution of hydraulic properties 

of the disturbed rock, it is necessary to divide the EDZ into some sub-regions representing the 

degree of fracturing with distance away from the excavation wall. Based on the mechanism of 

brittle failure in hard rocks, the disturbed zone around an excavation can be divided into a three 

distinct zones, namely EIZ, EDZ, and HDZ (as depicted in Figure 1-4). Perras (2014) defined the 

different zones comprising the EDZ, based on the terminology first suggested by Tsang et al. 

(2005), as follows:  

The excavation influence zone (EIZ) is described as a zone of stress change and/or elastic 

strain influence, without occurrence of any induced damage. Although rocks within this region just 

experience irreversible deformation, the induced deformation can cause changes in variables such 

as pore volume, water pressure, and saturation which in turn, leads to possible hydro-mechanical 

modifications. It is believed that the alterations occurring in this zone are temporary and do not 

have a major influence on flow and transport properties (Tsang et al., 2005). Therefore, the EIZ 

permeabilities will only be affected in high porosity rocks due to the alteration in pore geometry 

(Perras, 2014). 
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Figure 1-4 Damage zones around a circular tunnel.  

 

The excavation damage zone (EDZ) is defined as a zone of inelastic damage in which the 

micro-scale fracturing and re-arrangement of rock structures induce significant changes in flow and 

transport properties of rock. This zone generally can be sub-divided into the outer zone (EDZouter) 

and the inner zone (EDZinner) to facilitate the hydrogeological modelling of tunnels. The inner 

damage zone is described as including visible fracturing and as having three to four orders of 

magnitude increase in hydraulic conductivity when compared to the conductivity of the intact rock. 

The outer damage zone is described as including only micro-crack damage and having a one or two 

orders of magnitude increase in hydraulic conductivity (Martino and Chandler, 2004). 

In addition, a highly damaged zone (HDZ) might be formed as the part of the EDZ, at the 

excavation surface, where macro-scale fracturing may occur. The induced open, unloaded fractures 

comprising this severely damaged area are highly inter-connected due to the lower confining 

pressure near the excavation boundary. The overall permeability of this zone is governed by the 

aperture and the interconnected nature of the fracture geometry and may be up to five orders of 

magnitude greater that of the undisturbed rock (Perras, 2014). 
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1.3 Discrete Element Voronoi model for Simulating Fracture Initiation and 

Propagation in Rock Considering the Hydro-Mechanical Coupling Processes 

In general, the numerical methods available to simulate the damage-permeability relationship under 

hydro-mechanical loading can be classified into two categories: (i) indirect (continuum) approach, 

and (ii) direct (discontinuum) approach. This classification is based on whether damage is presented 

directly by tracking the evolution of micro-cracks, or indirectly by its effects on the 

phenomenological constitutive relations (Potyondy and Cundall, 2004). 

In indirect approaches (e.g. continuum damage mechanics (CDM) model developed by Tang 

(2000)), the permeability evolution is a function of macroscopic mechanical characteristics such as 

volumetric strain or stress, or plastic strain, without explicitly considering the dependence of 

permeability evolution to the crack’s density in rock.  Unfortunately, continuum models typically 

yield little insight into underlying material micro-mechanics and do not allow for the identification 

of important sub-continuum material properties (Boutt, 2007). However, direct approaches such as 

discrete element method (DEM) and hybrid finite–discrete element method (FDEM) consider 

permeability change as a direct function of micro-crack density. 

In this thesis, a discrete element grain-based model (GBM) is used for simulating the 

fracturing process and fluid flow in intact and jointed rock. Using this discontinuum approach, the 

complex interactions between flow, stress and damage can be simulated explicitly during the failure 

process of the intact rock.  

The main advantage of using GBM over the continuum models is that the complete stress-

strain response of the rock can be replicated just by using very simple constitutive behavior for 

cohesive cracks. In addition, the solid and fluid mechanics are clearly resolved by simulating flow 

at the pore-scale and computing fluid-grain coupling (Boutt et al., 2007). Implicit assumptions 

about effective stress and continuum-scale porosity-permeability relationships are not necessary, 

because the solid framework is made of discrete elements. Deformation and movement of the grains 

will directly change porosity and hence permeability of the system (Boutt et al., 2007). Moreover, 
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it needs fewer unknown parameters to be implemented in the model to simulate various features of 

rock behaviour subjected to hydro-mechanical loads. In addition to that, the presence  of 

discontinuities and their influences on the hydro-mechanical response of the rockmass and failure 

process of jointed rock can be explicitly simulated by introducing the discontinuities to the domain 

of intact rock model represented by grain-based model.  

1.4 Thesis Objectives  

The overall goal of the work presented in this thesis is to characterize the strength and deformability 

of jointed rockmasses and also simulate the formation of the excavation damage zone (EDZ) around 

underground tunnels.  To achieve this goal, the following specific research objectives were 

established: 

▪ Implement a constitutive model, known as the cohesive crack model, into UDEC code in 

order to control the fracturing behaviour of the contacts forming between grain 

boundaries; 

This objective was addressed by implementing a cohesive crack model into the UDEC code 

to control the behaviour of the grain-grain bonds under compression, tension and shear 

loads. Implementation of the crack model in the grain-based simulator aims to enhance the 

capability of the UDEC-Voronoi scheme to simulate more realistic micro-cracking 

mechanisms, which are similar to the micro-cracking mechanisms observed in physical 

laboratory experiments (Chapter 3). 

▪ Develop a systematic procedure to calibrate the micro-components of the UDEC-Voronoi 

model; 

This objective was addressed by defining a step-by-step procedure to calibrate the 

components of the UDEC-Voronoi model. The calibration process involves running a 

series of Brazilian, UCS, and drained/undrained biaxial simulations to determine a set of 
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input parameters that yields correct hydro-mechanical response of the tested rock 

(Chapter  3). 

▪ Investigate the role of connectivity of induced micro-cracks on increasing the permeability 

of the low-porosity brittle rock; 

This objective was addressed by simulating a biaxial compression test on the granitic rocks. 

Throughout the loading stages of the simulations, the permeability evolution in the model 

as a result of elastic deformation and micro-cracking were monitored. The permeability of 

the sample during the elastic deformation, stable crack growth, unstable crack growth, and 

post-failure states were examined. The relationship between the geometrical characteristics 

of the induced micro-cracks and bulk permeability of the sample was studied (Chapter 3).  

▪ Investigate the ability of the UDEC-Voronoi model to reproduce the impact of pore 

pressure on  weakening the strength of the low porosity intact rock under a drained loading 

condition; 

This objective was addressed by simulating a series of biaxial compression tests under the 

same effective stress boundary conditions. It was examined if the peak strength of the 

synthesized samples follows the Terzaghi’s effective stress law (Chapter 3). 

▪ Investigate the scale dependency associated with the strength and deformability of jointed 

rockmass; 

This objective was addressed by generating SRM samples of different sizes and subjecting 

them to standard stress paths. Effect of size of the synthesized samples on the estimated 

values of strength and deformability was examined (Chapter 4 and Chapter 5). 

▪ Test the capability of the calibrated model to simulate the dimension of the excavation 

damage and establish recommendations for selecting model input parameters to simulate 

EDZ development for excavation-scale applications;  
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This objective was addressed by simulating the formation of the EDZ around two case    

history tunnels.  A tunnel in isotropic granitic rock and a hydroelectric tunnel in an 

anisotropic sedimentary formation are used as case studies in order to calibrate the 2D 

GBM to the observed EDZs (Chapter 3 and Chapter 6). 

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, Canada. The results of this study have been or 

will be submitted to journal publications. It consists of seven Chapters, which are outlined below. 

All references are presented at the end of this thesis. 

Chapter 2 presents an overview of the different empirical methods in rock engineering for 

estimation of the mechanical properties of jointed rockmasses. Firstly, the commonly used rock 

classification systems for characterizing the rockmass quality are briefly discussed. Secondly, the 

Hoek-Brown empirical criterion for estimating the confined and unconfined strength of jointed 

rockmasses is discussed.  

Chapter 3 numerically investigates the effects of hydro-mechanical coupling processes in 

brittle failure of the laboratory-scale samples. A methodology for calibration of the micro-

properties of the UDEC-Voronoi model is discussed. The role of connectivity of induced micro-

cracks on increasing the permeability of laboratory-scale samples is investigated using numerical 

simulations. The calibrated samples are then used to investigate the influence of pore fluid pressure 

on weakening the drained strength of the laboratory-scale rock. The validity of the effective stress 

law for the drained peak strength of low-porosity rock is tested by performing a series of biaxial 

compression test simulations. Lastly, the evolution of damage around a circular unsupported tunnel 

is investigated. 

Chapter 4 numerically investigates the scale-dependency associated with the mechanical 

properties of jointed rock. The concept of the Representative Elementary Volume (REV) is used to 
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determine the equivalent continuum properties of the rockmass. To investigate the scale-

dependency of the rockmass properties, initially, a number of 2D rectangular models of different 

heights from 0.5 m to 20 m are extracted from a large-cubic DFN model. The sample specimens 

are then incorporated into the 2D discrete element code UDEC to create SRM models. The 

calculated elastic deformation and strength properties of the specimens are then compared with 

predicted values obtained from the Hoek-Brown failure envelope. The strength parameters of the 

Hoek-Brown criterion are calculated based on values of the Geological Strength Index (GSI) 

estimated from blockiness and joint condition observed in an unlined tunnel rock exposure. 

Additionally, the effects of increasing confining stress on deformation and strength of biaxial 

compression models are investigated. The applicability of the Hoek-Brown failure criterion and the 

GSI system for estimating the unconfined and confined strength of moderately jointed rock is 

examined. Finally, the simulated failure pattern (depth and extension of failure) forming in the 

excavation damage zone (EDZ) around a deep tunnel is compared when continuum and 

discontinuum modelling approaches are used.  

Chapter 5 aims to characterize the stiffness and strength of a rockmass and their variabilities 

within a single geological unit using numerical modelling. The SRM approach is used to assess the 

inherent variability of rockmass properties by generating and numerically testing different samples 

obtained from the same geomechanical domain at a limestone quarry in Ontario, Canada.  

Chapter 6 aims to assess the capability of the grain-based model to realistically simulate the 

formation of the excavation damage zone (EDZ) in horizontally laminated ground. A hydroelectric 

tunnel in laminated sedimentary formations is used as a case study in order to calibrate the grain-

based model to the observed EDZ. Two models are constructed. One model is calibrated to the 

long-term laboratory strength of the rock, whereas the second model is calibrated to short-term 

strength of the rock. The simulated EDZ dimensions are compared with the damage development 

observed at the tunnel site. The results of this study can be used for developing a verified and 
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practical numerical tool for understanding and predicting the formation of damage around 

underground excavations.  

Chapter 7 provides a discussion of the overall findings of this thesis, as well as a summary 

of the contributions made through this research. 
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Chapter 2                                                                                                  

Empirical Methods for Estimating Rockmass Strength and 

Deformability Properties – An Overview 

2.1 Introduction 

Design of geotechnical projects requires an adequate knowledge of rockmass quality. From the 

geotechnical engineering point of view, the quality of a rockmass is mainly defined by its strength 

and stiffness, and how the jointed medium responds to an applied load/perturbation introduced by 

engineering activities. The characteristics of rock blocks and conditions of block forming joints 

(joint geometry and properties) are two components that control the mechanical properties of the 

jointed rock. The laboratory tests normally give the information about the strength and 

deformability of the intact portions of a rockmass, but other steps may have to be taken to estimate 

the properties of rock en masse (for example: Paterson and Wong, 2005; Hoek and Diederichs 

2006; Hoek et al., 2002). 

An in situ determination of rockmass properties including strength and deformability is 

usually conducted by compressional testing methods such as the Plate Jacking test, the Plate 

Loading Test, the Radial Jacking Test, and Large Scale Triaxial Test (Van Heerden, 1979; 

Bieniawski, 1978; Hutchinson and Diederichs, 1996; Palmstrom and Singh, 2001). These methods 

are seldom conducted in rock engineering projects since these tests are difficult to perform, require 

a significant amount of time and are very expensive (Hoek and Diederichs, 2006). The main issue 

associated with laboratory testing of jointed samples is the size of the tested samples and that the 

tested volume may not be truly representative of the rockmass due to natural heterogeneity present 

for most formations. Back-analysis techniques using modelling and instrumentation are 

indisputably the best way to estimate the rockmass properties, however, the use of the approach is 

only restricted to the times when the construction has started. For almost all cases of geotechnical 
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problems, back-analysis evaluation of deformation measurements (e.g. tunnel relaxation, and pillar 

monitoring) provides the most credible information on the rockmass properties as well as the 

insights into the material behavior (Carter and Marinos, 2014).  

Empirical-based classification methods such as the Rock Mass Rating System (RMR), Rock 

Mass Quality Index (Q), and Modified Rock Mass Rating (MRMR) (Bieniawski, 1973 and 1989; 

Barton et al., 1974; Laubscher, 1990; Laubscher and Jakubek, 2001) were initially developed to 

evaluate the rockmass quality based on rating schemes that have been calibrated from experience 

gained from case histories. The rockmass classification schemes rank a specific rockmass by 

assigning numerical values to those properties or features of the rockmass considered likely to 

influence its behavior, and to combine these individual values into one classification rating for the 

rockmass (Brady and Brown, 2007). The attributed rating to a specific rockmass is then used to 

provide an initial estimate of support requirements and to predict the strength/deformability 

characteristics of the jointed medium. 

The recent advances in the use of numerical models provide a powerful tool for reliable 

characterization of rockmass properties including confined and unconfined strength under complex 

loading paths (Ivars et al., 2011; Esmaeili et al., 2010; Duran, 2017). These advanced numerical 

methods, which can be generally referred to as Synthetic Rockmass Models (SRMs), synthesize 

the rockmass as a series of discrete joints which are embedded within an assembly of particles 

bonded together at their contacts.  In addition to assessment of rockmass properties, the application 

of this method is to provide significant insight into the stages of brittle failure, which involve joint 

shearing, propagation and coalescence of new fractures and deterioration of the resulting fully 

formed blocks under further straining (Pierce et al., 2009). On the other hand, the SRM modelling 

has some advantages over empirical methods in terms of its ability to consider scale effect, 

anisotropy of material properties, and strain softening behavior in post-failure stage 
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(Ivars  et  al.,  2011). Note that rockmass classifications are based on case histories and hence tend 

to perpetuate conservative practice (Bieniawski, 1989). 

In Section 2.2, some of the most widely used empirical methods to arrive at the rockmass strength 

are reviewed.  

2.2 Empirical Classification Systems for Rockmass Characterization  

The practical and economic difficulties associated with characterization of rockmass mechanical 

properties at both laboratory and field scales urge researchers to develop empirical classification 

systems based on the experience and results obtained from case histories. These empirical systems 

such as the RMR, MRMR, and Q were originally developed in an attempt to provide a practical 

tools for determination of the stand-up time of unsupported underground excavations and also 

selection of support requirements. The first major classification system for the design of the tunnel 

support was proposed by Terzaghi (1946). Later, researchers suggested some relationships for 

determination of the rockmass properties based on the rockmass quality rated from the RMR system 

(e.g. Hoek and Brown, 1980; Ramamurthy et al., 1985), and the Q system (e.g. Barton 2002). The 

most verified classification system for estimation of rockmass strength is known as the Geological 

Strength Index (GSI) which was first introduced by Hoek et al. (1995) in order to be used in the 

Hoek and Brown (1980) failure criterion to derive the rockmass properties under confined and 

unconfined conditions. Table 2-1 lists the most common rockmass classification systems developed 

for design of the rock engineering structures. In the following sections the most applied 

classification systems will be briefly discussed. 
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Table 2-1 Major rockmass classification systems (after Cosar, 2004). 

Rockmass classification 

system 

Originator Country of 

origin 

Application area 

Rock Load Terzaghi, 1976 USA Tunnels with steel 

support 

Stand-up time Lauffer, 1958  Australia Tunnelling 

Rock Quality Designation 

(RQD) 

Deere et al., 1967 

 

USA Core logging, 

tunnelling 

Rock Mass Rating (RMR) Bieniawski , 1973 

(last modification 

1989-USA) 

South Africa Tunnels, mine, 

(slopes, foundations) 

Rock Mass Quality (Q) Barton et al., 1974 

(last modification 

by Barton, 2002) 

Norway Tunnels, mines, 

foundations 

Rock Mass Strength (RMS) Stille et al., 1982 

 

Sweden Metal mining 

Modified Rock Mass Rating 

(MRMR) 

Laubscher, 1990 Turkey Mining 

Rock Mass Index (RMi) Palmstrom, 1996 Sweden Tunnellling 

Geological Strength Index 

(GSI) 

Hoek et al., 1995 

(last modification 

by Hoek et al., 

2013-Canada) 

Canada All underground 

excavations 

 

2.2.1 The RQD System 

The rock quality designation (RQD) index was introduced by Deere (1967) as a means of using 

diamond core to obtain a quantitative assessment of fracture frequency (Pells et al., 2017). The 

RQD is calculated as the ratio of the sum of the lengths of pieces of rock core longer than 10 cm to 

the total length of the core (Figure 2-1). It has been used as an estimate of rockmass strength and 
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deformability properties and most importantly used as a parameter within other classification 

schemes such as the RMR and Q. The RQD system classifies the rockmass quality according to 

Table 2-2. 

 

Figure 2-1 Procedure for determination of Rock quality designation (RQD) (Abbas and 

Konietzky, 2014). 

 

Table 2-2 Rockmass quality classification based on the RQD (Deere et al., 1967). 

RQD value Rockmass quality 

< 25 Very poor 

25-50 Poor 

50-75 Fair 

75-90 Good 

90-100 Excellent 

 

In many situations where cored borehole data are not available, the practical necessity has 

led the rock engineers to adopt relationships between RQD and other geometrical characteristics of 

discontinuities (Pells et al., 2017). Palmstrom (2005) has suggested the following relationship that 

links the volumetric joint spacing (Jv) to RQD: 

RQD = 110 − 2.5Jv  (for Jv = 4 − 44)       (2.1) 

Where the parameter Jv is the sum of the number of joints per unit length for all joint sets.   
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Similarly, the following equation is proposed by Priest and Hudson (1976) as: 

RQD = 110.4 − (
3.8

ẋ
)                     (2.2) 

Where �̇� is the mean spacing between discontinuities assuming an exponential distribution. 

However, according to Pells et al. (2017), the application of such correlations to provide an 

estimate of RQD may be misleading and inappropriate because of two reasons. Firstly, rock 

included in RQD measurement must comprise only sound core, as Deere (1967) addressed when 

developing RQD. Secondly, it is necessary to only consider the discontinuities in RQD 

measurements that have zero tensile strength. 

2.2.2 The RMR System 

Bieniawski (1973) published a classification system called the Geomechanics Classification or rock 

mass rating (RMR) scheme which was originally developed based on evaluating 49 case studies of 

shallow tunnels in sedimentary rocks in South Africa (Kaiser et al., 1986). The system was 

proposed for design of primary support in tunnels and evaluating stand-up time for an unsupported 

span. The system has undergone significant changes and updates by assessment of a total of 351 

case histories of tunnels, mines, caverns, and slopes which were constructed in various types of 

rocks including sedimentary, igneous, and metamorphic rocks. The RMR system discussed here is 

based on the 1989 version detailed by Bieniawski (1989). According to this rating scheme, the 

geotechnical quality of the rockmass is described by 5 classes, as presented in Table 2-3, based on 

the rating system that ranges from 0 to 100.  The ranking of a specific rockmass is being carried 

out by evaluating six parameters including uniaxial compressive strength of rock, RQD value, 

spacing of discontinuities, condition of discontinuities, orientation of discontinuities, and ground 

water conditions, as shown in Table 2-4. The overall RMR is calculated by adding the values of 

the ratings determined for each parameters. It should be noted that the RMR system does not give 

any weighing to the influence of stress on rockmass behavior, and hence the practitioner is required 

to consider this effect separately especially when dealing with evaluating rockmass response to 
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high stress conditions (Bahrani, 2015). Moreover, the RMR system suggests a conservative 

estimate for the support system requirement which its use can lead to overdesign of the support 

system for the geotechnical projects (Bieniawski, 1989). As the system was originally developed 

based on the case histories of competent rockmasses, the RMR system cannot be used reliably in 

weak rockmasses (Singh and Geol, 1999; Abbas and Konietzky, 2014). 

Table 2-3 RMR rating calibrated against rockmass quality. 

RMR rating Description 

80-100 Very good rock 

61-80 Good rock 

41-60 Fair rock 

21-40 Poor rock 

<20 Very poor rock 

 

The incorporation of the RQD within the Q and RMR systems is no longer necessary, as its 

original incorporation in such systems was a matter of historical development (Pells et al., 2017). 

Lowson and Bieniawski (2013) recommended against further use of RQD in the RMR system. 

Instead, they recommend to use ‘fracture frequency’ as an inverse of ‘fracture density’. For the 

same reason, in the modified version of Laubscher’s mining rock mass rating (MRMR) which was 

introduced by Jakubec and Esterhuizen (2007), RQD is replaced by the fracture frequency 

parameter. 
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Table 2-4 Rock Mass Rating (RMR) classification system (Bieniawski, 1989). 

 

2.2.3 The Q System 

Barton et al. (1974) studied over 200 hard rock tunnels projects in Scandinavia and developed the 

Tunneling Quality Index Q. The system was initially proposed as a means of selecting the tunnel 
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support (Figure 2-2), and later it was updated to extend its applications for estimating rockmass 

strength properties and rock slope design. In 2015, Barton and Bar (2015) proposed a modified Q-

system called Q-slope to allow rock engineer practitioners to rapidly assess the stability of the 

unsupported rock slopes. The Q system utilizes six parameters including RQD, Jn, Jr, Ja, Jw and 

SRF to calculate a value for Q as: 

 Q = (
RQD

Jn
) × (

Jr

Ja
) × (

Jw

SRF
)        (2.3) 

Where RQD is the Rock Quality Designation, Jn is the Joint Set Number which represents the 

number of joint sets, Jr is the Joint Roughness Number which accounts for roughness of 

discontinuities, Ja is the Joint Alteration Number that describes the degree of alteration and surface 

texture of the predominant discontinuities in the rockmass, Jw is the Water Reduction Factor 

representing the groundwater conditions, and eventually, SRF is the Stress Reduction Factor which 

accounts for the influence of stresses acting on the rockmass. 

 In Eq. 2.3, the first quotient (
RQD

Jn
) is a crude representation of the average block size of the 

rockmass, and the second quotient (
Jr

Ja
) may be taken as inter-block frictional shear strength and 

surface integrity of the discontinuities, while the third quotient (
Jw

SRF
) accounts for the effect of 

active stress acting on the rockmass while taking into the account the effect of water flowing 

through joints in reduction of effective stress (Hutchison and Diederichs, 1996). SRF is a parameter 

that accounts for faulting, for strength/stress ratios in hard massive rocks, for squeezing or for 

swelling. For the case of a competent rockmass, the parameter SRF is a measure of the 

stress/strength ratio in prediction of a stress-fractured damage zone surrounding over-stressed 

tunnels (Barton, 2002).  

The possible Q values range from 0.001 to 1000 on a logarithmic scale. The system classifies 

the rock quality into 9 geotechnical classes ranging from exceptionally poor (Q ≤  0.01) to 

exceptionally good (Q ≥  400).  
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Figure 2-2 The Q-support chart for selecting permanent reinforcement and support for 

underground excavations in rock (Grimstad and Barton, 1993). 

2.2.4 The GSI System 

Hoek et al. (1995) introduced a new classification system known as the Geological Strength Index 

(GSI) to be used as a geological data input for the Hoek-Brown failure criterion in order to estimate 

the confined and unconfined strength of a rockmass (see Figure 2-3). This classification scheme 

was developed as an index for estimating the rockmass strength by the reduction in intact rock 

strength for different geological conditions. The GSI system assumes that the peak strength of a 

jointed rock is a function of properties of intact blocks and also depends on the freedom of the 

blocks to slide and rotate under a range of imposed stress conditions (Marinos and Hoek, 2000). 
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This freedom tends to be controlled by the shape of the blocks and also the condition of 

discontinuity surface separating them. As a result, the GSI seeks to account for these two features 

of the rockmass: its structure as presented by its blockiness and degree of interlocking, and the 

condition of discontinuity surface. 

The main reason for developing such a system was to overcome some of the deficiencies that 

had been identified in using the RMR system in the characterization of poor quality rockmasses 

and also to avoid double counting of the uniaxial strength of intact blocks and discontinuity spacing 

as occurs in the RMR system (Marios and Hoek, 2000; Brady and Brown, 2007; Hutchinson and 

Diederichs 1996). In addition to that, the GSI system does not account for the in situ stress and 

groundwater conditions itself as the influences of these factors are intended to be separately 

incorporated into numerical analyses.  

Day (2016) introduced a composite GSI chart that accounts for the influence of intrablock 

structures and micro defects such as veins to characterize the complex rockmass condition.  
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Figure 2-3 Qualitative GSI chart with added massive and laminated/sheared categories 

(Marinos and Hoek, 2000). 

2.2.4.1 GSI Input Parameter Quantification 

The original GSI system proposed by Hoek et al. (1995) infers the rockmass condition based on 

the concise descriptions for the two input parameters of blockiness and discontinuity surface 
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conditions. The evaluation of these two parameters was intended to be made by direct visual 

inspection of the rock condition in the field. The interpreted GSI value for a specific rockmass is 

therefore dependent upon the level of experience of the practitioner and also whether the user has 

a geological or an engineering background (Hoek et al., 2013).  

In order to overcome the challenges of subjectivity faced by the user with different level of 

experience and to facilitate the use of the system, different authors have proposed quantitative 

methods to obtain GSI values (Sonmez and Ulusay 1999; Cai et al., 2004; Hoek et al., 2013).  

Sonmez and Ulusay (1999) proposed a more quantitative numerical basis for evaluating GSI by 

introducing two quantitative measures that are indicators of the block size and joint surface 

condition. To characterize the degree of blockiness, the authors introduced the term structure rating 

(SR), which is based on volumetric joint counts Jv (joint/m3). The value for the SR parameter is 

determined using the Jv-SR plot given in the left margin of Figure 2-4 according to the estimated  

Jv values for the rockmass. In this approach, the Jv value determines the degree of blockiness of the 

rockmass according to Table 2-5. The structure rating ranges from 0 to 100 and is equally divided 

among five categories of structure in the GSI chart. 

The joint surface conditions is presented by a parameter known as surface condition rating 

(SCR), and is obtained using the following expression: 

 SCR = Rr + RW + Rf         (2.4) 

where Rr, RW and Rf denote the ratings for joint surface roughness, weathering, and infilling, 

respectively. The values for these parameters can be estimated using the rating scheme presented 

in in the top section of Figure 2-4.   
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Table 2-5 Relationship between the block size, volumetric joint count (𝐉𝐯 ) and descriptive 

structure categories in the GSI system (after Sonmez and Ulusay, 1999). 

Description Jv (joint/m3) Description for GSI 

Very large blocks <1 Intact or massive 

Large blocks 1-3 Blocky 

Medium sized blocks 3-10 Very blocky 

Small blocks 10-30 Blocky/Disturbed/Seamy 

Very small blocks 30-60 Disintegrated 

Crushed >60 Disintegrated 

 

Cai et al., (2004) proposed an alternative approach that defines the GSI as a function the joint 

condition rating (Jc) defined by Palmstrom (1995) and the mean joint spacing or block volume (see 

Figure 2-5). In this approach, the strength of joints is represented by Jc, and can be estimated using 

the following expression: 

 Jc =
Jw Js

Ja
          (2.5) 

where Jw represents the joint waviness, Js is the joint smoothness, and Ja is the joint alteration 

condition. These parameters can be estimated using the rating schemes presented in Tables 2-6, 2-

7, and 2-8. 

For a rockmass with persistent joints, the mean block volume (Vb) can be calculated using 

the angles between joint sets (γi) and the mean joint spacing for each set (Si) as follows (Palmstrom, 

1996): 

Vb =  
S1 S2 S3

sin γ1  sin γ2  sin γ3 
         (2.6) 

For the rockmasses with non-persistent joints, Vb can be calculated as (Cai et al., 2004): 

Vb =  
S1 S2 S3

sin γ1  sin γ2  sin γ3 √p1p2 p3
3  

                    (2.7) 
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where pi is the persistent factor for each joint set. Cai et al. (2004) also suggest that Vb can be 

estimated by direct measurement of representative blocks in the field. 

 

 

Figure 2-4 Quantitative GSI chart proposed by Sonmez and Ulusay (2002). 
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Figure 2-5 Qualitative GSI chart by Cai et al. (2004). 
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Table 2-6 Rating of the joint roughness parameter 𝐉𝐬 (Palmstrom, 1995). 

Smoothness 

terms 

Description Rating for 

smoothness, Js 

Very rough Near vertical steps and ridges occur with 

interlocking effect on the joint surface 

3 

Rough Some ridge and side-angle are evident; 

asperities are clearly visible; discontinuity 

surface feels very abrasive (rougher than 

sandpaper grade 30) 

2 

Slightly rough Asperities on the discontinuity surfaces are 

distinguishable and can be felt (like sandpaper 

grade 30-300) 

1.5 

Smooth Surface appear smooth and feels so to touch 

(smoother than sandpaper grade 300) 

1 

Polished Visual evidence of polishing exists. This is 

often seen in coating of chlorite and specially 

talc 

0.75 

Slickensided Polished and striated surface that results from 

sliding along a fault surface or other movement 

surface 

0.6-1.5 

 

Table 2-7 Rating of the joint waviness parameter 𝐉𝐰 (Palmstrom , 1995). 

Waviness terms Undulation Rating for waviness, 𝐽𝑤  

Interlocking (large scale)  3 

 

Stepped  2.5 

Large undulation >3% 2 

Small to moderate 

undulation 

0.3-3% 1.5 

Planar <0.3% 1 
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Table 2-8 Rating of joint alteration parameter 𝐉𝐀 (Palmstrom , 1995). 

 Term Description JA 

Rock wall 

contact 

Clear joints   

Healed or “welded” joints 

(unweathered) 

Softening, impermeable filling 

(quartz, epidote, etc.) 
0.75 

Fresh rock wall (unweathered) No coating or filling on joint surface, 

except for staining 
1 

Alteration of joint wall: slightly 

to moderately weathered 

The joint surface exhibits one class 

higher alteration than the rock 
2 

Alteration of joint wall: highly 

weathered 

The joint surface exhibits two classes 

higher alteration than the rock 
4 

Coating or thin filling   

Sand, silt, calcite, etc. Coating of frictional material without 

clay 
3 

Filled joints 

with partial or 

no contact 

between the 

rock wall 

surfaces 

Clay, chlorite, talc, etc. “Hard” filling of softening and 

cohesive materials 
4 

Sand, silt, Calcite, etc. Filling of frictional material without 

clay 
4 

Compacted clay materials Medium to low over-consolidated of 

filling 
6 

Soft clay materials Medium to low over-consolidation of 

filling 
8 

Swelling clay materials Filling material exhibits swelling 

properties 
8-12 
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Figure 2-6 Quantitative GSI chart based on the block size (scale A) and joint condition (Scale 

B) (after Hoek et al., 2013).  

 

Hoek et al. (2013) revised the original GSI chart by adding two qualitative scales representing 

the discontinuity surface condition (Scale A) and the blockiness of the rockmass (Scale B), as 

shown in Figure 2-6.  The two indices representing the rockmass conditions are the RQD defined 

by Deere (1967) and the Joint Condition (JCond89) defined by Bieniawski (1989). The authors 

selected these rating indices as both the indices have been in use for decades and rock engineers 

and geologists have found it to be simple and reliable to apply in the field (Hoek et al., 2013). As 

shown in the Figure 2-6, 
RQD

2
 is used to quantify the degree of blockiness and the 1.5JCond89 gives 
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a value for the discontinuity surface condition. The value of JCond89 can be determined by referring 

to the Tables 2-9 and 2-10. An alternative to calculate GSI without using the chart is to use the 

relationship presented in Eq. 2.8: 

GSI = 1.5JCond89 +
RQD

2
        (2.8) 

Table 2-9 Guidelines for estimating the joint surface condition (after Bieniawski, 1989). 

Discontinuity 

length 

(persistence) 

 

rating 

< 1 m 

 

 

 

6 

1 to 3 m 

 

 

 

4 

3 to 10 m 

 

 

 

2 

10 to 20 m 

 

 

 

1 

More than 20 m 

 

 

 

0 

Separation 

(aperture)  

 

rating 

None 

 

 

6 

< 0.1 mm 

 

 

5 

              1 mm 

 

 

                   4 

1-5 mm 

 

 

1 

More than 5 mm 

 

0 

Roughness 

 

 rating 

Very rough 

 

6 

Rough 

 

5 

Slightly rough 

 

3 

Smooth 

 

1 

Slickensided 

 

0 

Infilling  

(gouge) 

 

 rating 

None 

 

 

6 

Hard infilling 

< 5 mm 

 

5 

Hard infilling> 5 mm 

 

 

2 

Soft infilling, 5 mm 

 

 

2 

Soft infilling > 5 mm 

 

 

0 

Weathering 

 

 rating 

Unweathered 

 

6 

Slightly 

weathered 

5 

Moderate weathering 

 

3 

Highly weathered 

 

1 

Decomposed 

 

0 
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Table 2-10 Rating the discontinuity surface condition based on the Joint Condition (𝐉𝐂𝐨𝐧𝐝𝟖𝟗) 

concept defined by Bieniawski (1989). 

Condition of discontinuities Rating 

Very rough surfaces, not discontinuous, no separation, unweathered wall rock 30 

Slightly surfaces, Separation<1 mm, Slightly weathered walls 25 

Slightly rough surfaces, separation<1 mm , highly weathered walls 20 

Slickensided surfaces or Gouge<5 mm thick or separation 1-5 mm, continuous 10 

Soft gouge>5 mm thick or, separation >5 mm, continuous 0 

 

Pells et al. (2017) tested Eq. 2.8 using the data from a number sites in the Australia and South 

Africa. They concluded that the GSI can be estimated from the GSI look-up chart as accurately as 

calculated from the RQD and JCond89. 

2.3 Rockmass Classification Systems and their Application for Estimation of 

Rockmass Deformability and Strength  

In order to have an estimate of the rockmass strength and deformability, attempts have been made 

by many researchers to correlate the strength and modulus of intact rock to those of rockmass 

through rockmass classifications (Bieniawski, 1989; Laubscher, 1990; Laubscher and Jakubec, 

2001; Barton, 2002; Diederichs, 2007; Ramamurthy et al., 2017). These proposed equations were 

derived based on curve fitting to the data obtained from case histories, and the obtained correlations 

have been adopted to assess the Young’s modulus, compressive strength, cohesion and friction and 

to predict stress-strain behavior of jointed rock. These empirical relationships are supposed to be 

applicable only to rockmasses with isotropic behavior. A brief summary of the widely used 

empirical methods for determination of the rockmass strength and deformability is discussed in the 

following sections.  
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2.3.1 Strength Prediction using the RQD Value 

Zhang and Einstein (2004) suggested a correlation (Eq. 2.9) that link the RQD value to unconfined 

strength of the rockmass based a notion that strength of jointed specimens decreases with the 

increase in spacing between the joints.  

UCSrm

UCSi
= 100.013RQD−1.34         (2.9) 

2.3.2  Strength Prediction using the RMR Value 

The RMR value has been used to estimate rockmass properties. For example, Bieniawski (1989) 

and Seirafim and Pereira (1993) have given a relationship between the RMR and the rockmass 

deformation modulus. The RMR value is also used as one way to estimate the mb and s factors in 

the Hoek-Brown failure criterion (Hoek and Brown, 1997) as well as the GSI value to evaluate the 

rockmass strength. These give, however, only empirical relations and have nothing to do with rock 

engineering classification in its true sense. Several researchers have proposed empirical 

relationships that relate the unconfined strength of jointed rock to the RMR value, as listed in Table 

2-11. The estimated strength can be used as input data for numerical models or for empirical design.  

Historically, the Mohr-Coulomb failure criterion has been used to derive peak and post-peak 

strength behavior of soil and rock materials. This shear failure criterion considers a linear failure 

envelope for the material, which is not a realistic assumption for the case of moderately to sparsely 

jointed rocks. This model, which was originally developed for soil-like materials, assumes that the 

size of the rock blocks in highly jointed rockmass is equivalent to an isotropic mass of soil particles 

(Read and Stacey, 2009). According to this model, the strength properties of a rockmass can be 

represented by two measures of cohesion (c) and friction angle (φ). In many rock engineering 

problems, these two equivalent continuum parameters are used to represent the strength 

characteristics of rockmass, and their estimated values are commonly served as input data into 

numerical tools for the design and stability analysis of rock slopes and tunnels. In an attempt to 

derive the frictional and cohesive components of the jointed rock based on the rock classification 
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systems, Bieniawski (1976) calibrated the RMR rating against rockmass strength based on the 

experience gained from the field observations and back-calculations (see Table 2-12). 

Table 2-11 Empirical equations for estimating the unconfined strength of rockmass based on 

the RMR system (modified after Bahrani, 2015). 

UCSrm

UCSi
= √e((RMR−100)/9  (2.10) Hoek and Brown (1980) 

UCSrm

UCSi
= e7.65(RMR−100)/100 

(2.11) Yudhbir et al. (1983) 

UCSrm

UCSi
= e(RMR−100)/18.75 

(2.12) Ramamurthy et al. (1985) 

UCSrm

UCSi
= e(RMR−100)/24 

(2.13) Kalamaras and Bieniawski (1993) 

UCSrm

UCSi
= e(RMR−100)/20 

(2.14) Sheorey (1997) 

UCSrm

UCSi
=

RMR

(RMR + 6(100 − RMR)
 

(2.15) Aydan and Dagic (1998) 

 

Table 2-12 RMR calibrated against rockmass strength and quality (Bieniawski, 1976). 

RMR rating ≤ 20 21-40 41-60 61-80 81-100 

Description Very poor 

rock 

Poor rock Fair rock Good rock Very good 

rock 

Rockmass 

cohesion (kPa) 

<100 100-200 200-300 300-400 >400 

Rockmass friction 

angle (°) 

<15 15-25 25-35 35-45 >45 

UCSrm (MPa) <0.3 0.3-0.6 0.6-1 1-2 >2 

 

Aydan et al. (1993) and Tokashiki and Aydan (2010) suggested the following equations 

respectively, in order to estimate the rockmass Poisson’s ratio (νrm): 

 νrm = 0.5 − 0.2
RMR

RMR+0.2(100−RMR)
       (2.16) 

νrm = 0.25(1 + e−UCSrm/4)        (2.17) 
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2.3.3 Strength Prediction using the Q Value 

Barton (2002) has given an empirical relationship between the Q value and the unconfined strength 

of the rockmass as presented in Eq. 2.18. The author recommended to use Qc values for estimating 

the uniaxial compressive strength of intact rock using Eq. 2.19. In this way, unlike the earlier Q 

values given by Barton et al. (1974), the Qc values obtained from Eq. 2.19 considers the influence 

of uniaxial compressive strength of the intact rock (UCSi) in determining the overall strength of 

rockmass (UCSrm ).  

UCSrm = 5γQc
1/3         (2.18) 

Qc =
Q UCSi

100
          (2.19) 

where γ is the rock density in g/cm3.   

Barton (2002) also used the modified version of Q system (Qc) in order to give a pair of 

cohesion (crm) and friction angle (φrm) values for rockmass using the following expressions.  

φrm = tan−1 (( 
Jr

Ja
)Jw)                                             (2.20) 

crm = (
RQD

Jn
)(

1

SRF
)(

UCSi

100
)        (2.21) 

Bahrani (2015) argues that in Eq. 2.20, the friction angle of the rockmass (φrm) is a function 

of frictional properties of joints (Ja, Jr, and Jw). However, the overall frictional properties of 

rockmass in reality is controlled by frictional behavior of both intact rock blocks and joints. 

Additionally, Eq. 2.21 yields a realistic value of cohesive strength of the rockmass only for the 

materials that are subjected to low confinement condition. This is due to fact that SRF used in Eq. 

2.16 which represents the ratio of rock strength and stress for near excavation materials (i.e. low 

confinement). Therefore, Eq. 2.21 is not applicable for the estimation of cohesion strength of 

rockmass at high confinement relevant for the design of abutments and cores of pillars. 

In addition to the equations suggested by Barton (2002), the relationships presented in Table 

2-13 can be used to calculate the equivalent friction angle and cohesion for the jointed rockmass.  
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Table 2-13 Equations for calculating the rockmass cohesion and friction angle. 

φrm = 20UCSrm
0.25 (2.22) Ayden et al. (1993) 

φrm = 20 + 0.5RMR (2.23) Aydan and Kawamoto (2001) 

Crm = (
UCSrm

2
)(

1−sin φrm

cos φrm
) (2.24) Aydan and Kawamoto (2001) 

 

2.3.4 Strength Prediction using the GSI Value and Hoek-Brown Failure Criterion 

Hoek and Brown (1980) introduced an empirically derived criterion used to describe the non-linear 

nature of the rock and rockmass failure envelope under various range of confinements. As 

demonstrated in Figure 2-7, the criterion started from the properties of intact rock and then 

introduced parameters to reduce these properties on the basis of the characteristics of joints in a 

rockmass (Hoek et al., 2002).  

 

Figure 2-7 (left) Strength degradation from the intact rock strength to the rockmass strength 

using Hoek and Brown criterion. (right) GSI chart (after Eberhardt, 2012). 

 

The criterion was derived based on Hoek’s (1965) experience with brittle rock fracturing and 

his use of a parabolic Mohr envelope derived from Griffith’s crack theory (Griffith 1921) in order 

to define the relationship between shear and normal stress at fracture initiation (Eberhardt, 2012). 

Hoek (1965) performed laboratory tests on samples of annealed glass plates containing a pre-

fabricated a penny-shaped single crack (see Figure 2-8 (a)). The samples were subjected to biaxial 

compressive loadings in order to establish the relationship between the crack initiation and 
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propagation stresses with normal and shear stresses (see Figure 2-8 (b)). According to this 

relationship, Hoek and Brown (1980) proceeded through trial and error to fit a variety of parabolic 

curves to a significant quantity of triaxial test data for variety of rock types, as shown in Figure 2-

9, to derive their failure criterion (Eberhardt, 2012). 

 

Figure 2-8 Dependency of crack length to confining stress. (a) Relationship between the stable 

crack length (L/2c) and ratio of applied principal stresses. L is the length of stable crack and 

2c is the length of initial crack (after Hoek and Bieniawski, 1965). (b) Increase in crack 

propagation with reduced confining stress for an open penny-shaped single crack in a 

homogeneous isotropic elastic solid loaded (Hoek and Martin, 2014). 

In order to determine the degradation of rockmass strength from the intact rock due to the 

existence of joints network in the rockmass, a series of triaxial tests were carried out on the jointed 

Panguana Andesite from the slopes of Bougainvellie open pit copper mine in Papua New Guinea. 

The studied Andesite jointed samples (152 mm diameter) were very strong with intact unconfined 

strength of about 270 MPa where the multiple persistent joint sets with varying joint surface 

conditions (i.e., clean, rough, unfilled joints) separate the rockmass into some individual blocks 

(see Figure 2-10) (Marinos and Hoek, 2000; Bahrani, 2015). In addition to that, Hoek and Brown 

(1980) analyzed the different fracturing stages involved in progressive failure of intact Westerly 
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granite tested under unconfined and confined conditions in order to understand the strength 

degradation of the jointed rockmass from intact rock (Bahrani, 2015). The results of the 

experiments was used for development of the early version of the Hoek-Brown criterion. Later, the 

criterion was being widely used for stability analyses of a variety of underground and slope 

structures. In response to the experience gained from application of the criterion to various projects 

and to address certain practical limitations, the original criterion has been updated several times 

over the years (Hoek and Brown 1988; Hoek et al. 1995 and 2002).  

 

 

Figure 2-9 The triaxial test data assembled by Hoek (1965) and used in developing the Hoek 

and Brown criterion for estimating the strength of intact material (Hoek and Martin, 2014).  

Although the criterion has been validated on observations from excavations in many different 

geological conditions, the calibration of the criterion was only carried out against a few number of 
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field data (Kaiser, 2016). In addition to that, its ability for predicting the rockmass strength has 

been verified for the estimation of rock classes of blocky to disturbed failure which are located 

close to the boundary of the excavation and as a result are subjected to low-confining stresses 

(Kaiser, 2016). The lists of the projects used in development of the criterion are given in 

Table  2- 14. 

 

Figure 2-10 (a) Surface exposure of jointed andesite on the site of the Bougainville open pit 

mine; (b) triaxial cell that was used for testing 152 mm diameter rockmass specimens (after 

Bahrani, 2015).  

 

Table 2-14 List of projects used to develop and modify the Hoek-Brown failure criterion and 

the rockmass conditions described by the GSI system (Bahrani, 2015). 

Type of project UCSi 

(MPa) 

GSI References 

Mine drift 50 75 Hoek and Brown (1997) 

Underground powerhouse 110 75 Hoek and Brown (1997) 

Powerhouse cavern 30 65 Hoek and Brown (1997) 

Tunnel 5-10 20 Hoek and Brown (1997) 

Hydroelectric tunnel 10 6 and 45 Hoek (1999) 

Highway tunnel 10-100 15-50 Goricki et al. (2006) 

Water transport tunnel 15-110 25 Hoek et al. (2008) 
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The current version of the criterion, which is known as the Generalized Hoek-Brown criterion 

(Hoek et al., 2002), is given by: 

σ1
′ = σ3

′ + UCSi (mb
σ3

′

UCSi
+ s)

𝑎

        (2.25) 

Where σ1
′  and σ3

′  are maximum and minimum effective principal stresses, UCSi is the uniaxial 

compressive strength of intact rock, mb is the reduced value of the material constant mi for the 

rockmass, and s and a are parameters that depend on the characteristics or quality of the jointed 

rockmass. From a continuum mechanics point of view, in fact the dimensionless parameters of mb, 

s, and  
σ3

′

UCSi
 in Eq. 2.25 reduce the contribution of unconfined strength of the intact block UCSi to 

reflect the influences of fracturing on degrading the strength of jointed rock (Carter and Marinos, 

2014). Accordingly, depending on the degree of block interlocking (mb), confinement (
σ3

′

UCSi
), and 

condition of the inter-block surfaces (s), these dimensionless components act to downgrade the 

strength of the intact pieces to a strength considered representative for the overall rockmass 

(Carter  and Marinos, 2014). 

The values of mb and s are related to the GSI for the rockmass by the relations 

(Hoek  et  al.,  2002): 

mb = miexp (
GSI−100

28−14D
)         (2.26) 

s = exp (
GSI−100

9−3D
)         (2.27) 

𝑎 = 0.5 +
1

6
(e−

GSI

15 − e−
20

3 )        (2.28) 

Where D is a parameter which depends on the degree to which the rockmass has been disturbed by 

blasting or stress relief. D varies from 0 for undisturbed in situ rockmass to 1 for very disturbed 

rockmasses. For good quality blasting, it might be expected that D ≈ 0.7. The exponential term a 

defines the curvature of the failure envelope, while mb accounts for the strength reduction of the 
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rockmass condition from its intact strength. Note that the parameter mi is an indicator of the 

brittleness of the rock with weaker and more ductile rocks having low mi values while stronger and 

more brittle rocks have high 𝑚𝑖 values. For undisturbed rockmasses (GSI > 25), 𝑎 ≈ 0.5, and for 

disturbed rockmass (GSI < 25): 

 𝑎 = 0.65 −
GSI

200
.          (2.29) 

The uniaxial compressive strength of the rockmass (UCSrm) is obtained by setting σ3
′ = 0 in 

Eq. 2.25, giving (Brady and Brown, 2007): 

UCSrm = UCSis
𝑎         (2.30) 

Assuming that the uniaxial and biaxial tensile strengths of brittle rocks are approximately 

equal, the tensile strength of the rockmass may be calculated by substituting σ1
′ = σ3

′ = Trm in Eq. 

2.25 to obtain: 

Trm = −s
UCSi

mb
          (2.31) 

Hoek and Martin (2014) suggest a relationship between the Hoek-Brown parameter mi, and 

the ratio between the unconfined strength (UCSi), and tensile strength (Ti) of intact rock as follows: 

UCSi

|Ti|
 = 8.6 2+ 0.7 mi         (2.32) 

This relationship, which is obtained on the basis on a few reliable direct tensile, test data, 

provides a practical means for calculating a tensile cutoff for the Hoek-Brown criterion (Hoek and 

Martin, 2014). 

Several researchers have proposed empirical equations for determining the value of the 

Young’s modulus of an isotropic rockmass on the basis of classification systems such as the RMR, 

Q, and GSI. Some of these empirical relationships are given in Table 2-15. According to Hoek and 

Diederichs (2006), while most of these equations give reasonable fit to the in situ data, all of the 

exponential equations give poor estimates of the Young’s modulus of the massive rock because of 

the poorly defined asymptotes. The proposed equations in forms of a third power function such as 
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those given by Read et al. (1999), Barton (2002), Mitri et al. (1994), and Carvalho (2004) give 

relatively poor fits to the full range of rockmass geological conditions (Hoek and Diederichs, 2006). 

Table 2-15 Empirical equations for estimation of rockmass modulus (Hoek and Diederichs, 

2006). 

Erm = 2RMR − 100                                                                 (2.33) (Bieniawski, 1978) 

Erm = 10(RMR−10)/40                                                                  (2.34) (Serafim and Pereira, 1983) 

Erm =
Ei

100 (0.0028RMR2 + 0.9 exp (
RMR
22.82

))
, 

 Ei = 50 GPa                                                                       

(2.35) (Nicholson and Bieniawski, 

1990) 

Erm = Ei(0.5(1 − cos(πRMR/100))), Ei = 50 MPa        (2.36) (Mitri et al., 1994) 

Erm = 0.1(RMR/10)3                                                             (2.37) (Read et al., 1999) 

Erm = 10Qc
1/3

 where Qc =
QUCSi

100
, UCSi = 100 MPa    (2.38) (Barton, 2002) 

Erm = (1 −
D

2
) √

UCSi

100
× 10(RMR−10)/40, D = 0,  

UCSi = 100 MPa                                                               

(2.39) (Hoek et al., 2002) 

Erm = Ei(sa)0.4, Ei = 50 GPa, s = exp (
GSI − 100

9
) 

a=0.5+
1

6 (exp (-
GSI
15

) - exp (-
20
3

))
 

, GSI=RMR               

(2.40) (Sonmez et al. 2004) 

Erm = Eis
0.25, Ei = 50 GPa, s = exp (GSI − 100/9)  (2.41) (Carvalho, 2004) 

Erm = 7(±3)√Q′, Q′ = 10(RMR − 44)/21                         (2.42) (Diederichs and Kaiser, 1999) 

 

The relationship given in Hoek et al. (2002) for estimating the Young’s modulus of the rock 

mass (Erm) using the GSI system has been modified by Hoek and Diederichs (2006) into a single 

equation in the form of a sigmoid function incorporating both GSI and D: 

Erm = Ei (0.02 +
1−𝐷/2

1+e((60+15D)−GSI)/11))       (2.43) 

Eq. 2.43 is applicable to isotropic rockmasses. Note that field data showed that the rate of 

increase in rockmass modulus decreases as joint spacing increases (Zhang and Einstein, 2004). The 
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reason for adopting a sigmoid equation for the rockmass modulus was to constrain the increase of 

modulus as the rockmass becomes less jointed (Hoek and Diederichs 2006). Note that selection of 

a representative value for parameter D is very important to have a correct estimate of rockmass 

modulus using Eq. 2.43. For practical applications, the user can consult with Table 2-16 to select 

the representative input value of disturbance factor (D). Note that D should only be applied to the 

blast damage zone created by blasting operation and definitely should not be applied to the entire 

rockmass (Carter and Marinos, 2014). The depth of this blast-induced damage zone is typically up 

to a few meters into the boundaries of the excavation and for open pit slopes a non-zero value for 

D should be considered for some portion of depth into each bench face based on the slope height 

(Carter and Marinos, 2014). 

Table 2-16 Guidelines for the selection of the disturbance factor D (after Hoek et al., 2002; 

and Carter and Marinos, 2014). 

Location D value Disturbance characteristics 

Underground 

excavations 

(confined conditions) 

0 High quality perimeter blasting (100% half barrel traces) 

or mechanical excavation with TBM or roadheader 

0 NATM excavations in weak rock with mechanical 

excavation 

0.5 As above (but with invert heave issues) 

0.8 Poor quality blasting (<50% half barrel traces 

Open cuts and open pits 

(de-stressed conditions) 

0.7 Controlled blasting (>80% half barrel traces) 

1 Poor quality blasting (<50% half barrel traces) 

0.7 Mechanical excavation in weak rock with face shovel 

etc 

1 Typical open pit production blasting/quarry blasting 

 

2.3.4.1 Limits of Applicability of the GSI System  

Development of almost all of the widely used rockmass classification systems were largely based 

on the field observation and back-analysis of the case histories. Therefore, the bounds of 



46 

 

applicability of a classification system should be limited to the geological conditions of which the 

empirical scheme had been originally calibrated and verified (Bahrani, 2015). As an example, refer 

to Table 2-14 for more information about the geological conditions and projects that used in 

development of the Hoek-Brown criterion. 

In the broadest sense, application of the Q, RMR, and GSI systems for the assessment of rock 

behavior tends to be effective for the rockmasses with closely spaced and persistent structures (i.e. 

30 <  GSI < 65) under relatively low confinement. For example, the Hoek-Brown criterion was 

primarily developed based on the observations of rockmasses behavior at relatively low-

confinement conditions where the failure of the assessed rockmasses is dominated by the rotation 

of blocks and shearing along pre-existing structures. It implies that the application of this criterion 

is not well suited for the case of sparsely jointed to massive hard rocks (GSI ≥ 65, UCSi >100 

MPa, mi ≈ UCSi/Ti >15, and rough structure surface) where the brittle extensile fracturing of 

intact blocks, and not the movement of discrete blocks, controls failure mode of the material (Carter 

et al., 2008). The inability of the criterion is also valid for the case of highly-jointed-poor-quality 

rocks (GSI < 30, UCSi ≤ 15 MPa) where the strength is mainly controlled by matrix strength and 

structure has minimal impact (Carter et al. 2008). As a result, three different modes of failure can 

be identified for the rockmasses, namely (a) the matrix-dominated failure mode for the weak rocks 

with GSI < 30 (Carvalho et al., 2007), (b) the inter-block-shear-dominated failure mode for the 

heavily/persistent jointed rocks with GSI ranges between 30 to 65 (Hoek and Brown, 1995), and 

(c) the brittle-fracturing-dominated failure for sparsely jointed to massive rocks with GSI >  65 

(Martin, 1999; Diederichs, 2004, and 2007). On the basis of this classification, Carter et al. (2008) 

divided the rockmass condition and its associated behaviors into three distinct categories namely 

the spalling-prone condition for the moderately jointed brittle rocks, inter-block shear-failure 

condition for the normal jointed rocks, and squeezing conditions for the equivalent homogenous 

soil-like rockmasses (Figure 2-11). 
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Figure 2-11 Zones of applicability of GSI system and Hoek-Brown failure criterion with 

relation to transitions to brittle spalling criterion (Diederichs, 2007) (top right) and (lower 

left) to Mohr-Coulomb criterion (Carter et al., 2008) (for soil-like material with potential in 

tunneling for squeezing) (after Carter et al., 2008). 

 

Diederichs (2004, 2007) demonstrated that for the spall-prone rockmasses with high GSI, the 

unconfined strength of a large-scale sparsely jointed to massive rock is approximately equal to 30% 

to 50% of the short-term uniaxial compressive strength of intact blocks (UCSrm ≈

 (0.3 − 0.5) UCSi). In tunnels excavated in spall-prone rockmasses, the spontaneous development 

of extension fractures in near excavation boundaries occurs at deviatoric stresses between 30-50% 

of the UCSi. This in situ strength corresponds to the crack initiation strength (CI ≅

(0.3 − 0.5) UCSi) of intact laboratory samples of low-porosity crystalline and sedimentary rocks 

(Diederichs and Martin, 2010; Walton, 2014). To determine the in situ strength of the rockmass 

under low and relatively high confinement (0 ≤ σ3  ≤ ≈ UCSi/10), the strength parameters of the  
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Generalized Hoek-Brown criterion (Hoek et al., 2002) can be determined using Eq. 2.44 and Eq. 

2.45 (Diederichs, 2007): 

ssp = (CI
UCSi

⁄ )
1

𝑎sp⁄
          (2.44) 

msp = ssp(
UCSi

|Ti|
⁄ )         (2.45) 

where CI and Ti are the crack initiation and tensile strength of intact rock. The peak strength of the 

rockmass can be estimated by setting 𝑎sp=0.25. The residual parameters 𝑎residual , and  sresidual   

should be  0.75 and 0.001, respectively. A value between 6 to 10 should be considered for the 

residual parameter mresidual. The failure envelope defined based on the DISL model is illustrated 

in Figure 2-12.  

 

Figure 2-12 Schematic of the DISL model (Diederichs, 2007) for brittle failure showing zones 

of district rockmass failure mechanism and relationship to the EDZ definitions (after 

Diederichs and Martin, 2010). 
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In order to extend the limits of applicability of GSI and the Hoek-Brown criterion for the 

case of weak rockmasses with GSI< 30 and UCSi ≤ 10 − 15 MPa, Carter et al. (2008) 

recommended a set of relationships to be used to adjust generalized Hoek-Brown equations for 

derivation of rockmass strength parameters. Carvalho et al. (2007) argues that the inability of Hoek-

Brown criterion in its general form for anticipation of the weak and broken rockmass behaviour is 

in fact due to considering a non-linear failure envelope. In this case, the behavior is similar to soil-

like material for which the confined strength or the rockmass tends to be more linear (“a” 

parameter→ 1) over various range of confinements (in the conventional 𝜎1 and 𝜎3 space) (Carter et 

al., 2008). As a result, although the conventional Hoek-Brown criterion tends to arrive at a correct 

unconfined strength for the material, the anticipated confined strength is unrealistically 

underestimated. As a treatment to this inability, Carter et al. (2008) proposed a correction function 

with the following form: 

fT(UCSi) = {
1 UCSi ≤ 5 MPa

e−(UCSi−5)2/250 UCSi ≥ 5 MPa
      (2.46) 

Incorporating this correction function into the Hoek-Brown criterion is simply given the 

modified strength parameters as: 

s∗ = s + (1 − s)fT(UCSi)        (2.47) 

𝑎∗ = 𝑎 + (1 − 𝑎)fT(UCSi)        (2.48) 

mb
∗ =

[mb+(mi−mb)UCSi]

(4𝑎∗−1)
         (2.49) 

It should be noted that for rockmasses with major pre-exiting structures (i.e. widely spaced 

but persistent), the overall mechanism of failure is a combination of the brittle fracturing through 

intact block as well as shearing along major discontinuities.  
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Chapter 3 

Calibration of the Hydro-Mechanical Properties of the Grain-Based 

Model for Simulating Fracture Growth in the Excavation Damage Zone 

(EDZ) around Tunnels1 

3.1 Introduction 

The process of brittle rock fracture during compression and tension is a result of the initiation, 

growth, and coalescence of multiple individual micro-cracks that eventually leads to formation of 

multiple clustered regions of macro-fractures in rock. As the compressive or tensile stress is applied 

across the boundaries of a rock sample, a complex heterogeneous stress system will be distributed 

through the rock in which the tensile and shear stresses will be concentrated at pre-existing flaws, 

which are also termed micro-cracks, grain boundaries, cavities, and cleavages (Kranz, 1983). If the 

localized tensile stress exceeds the local strength of the microstructure some micro-cracks start to 

form at the point on the boundary of a pre-existing flaw where maximum tensile stress 

concentration occurs. These axially aligned extensional micro-cracks develop during the early 

loading stages of laboratory compression tests. As the applied deviatoric stresses increase in the 

specimen, the density of compression-induced tensile cracks increases, and eventual interaction 

and coalescence of these cracks result in formation of multiple localized and macroscopic damage 

zones in the material. It is the presence and creation of such micro-fractures that causes the axial 

stress-strain curve of rock to deviate from true elastic (linearity) in the pre-failure region (Hazzard 

et al., 2000). 

                                                      

1 A version of this Chapter has been prepared for submission to the International Journal of Rock Mechanics 

and Mining Sciences with the following authors and title: Farahmand, K., Diederichs, M.S. Calibration of 

the Hydro-Mechanical Properties of the Grain-Based Model for Simulating Fracture Development in the 

Excavation Damage Zone (EDZ) around Tunnels. 
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In addition to pure mechanical effects involved in the deformation of rock, the hydro-

mechanical (HM) couplings between the solid phase of rock and the pore fluid are also playing a 

role in the change of stress state and eventual deformation of the material. In this case, if the external 

load is applied rapidly, the compression of the pore volume causes a rise in pore pressure (P) as the 

pore fluid does not have time to be dissipated from the pore space. In this undrained HM condition, 

the rise in pore pressure leads to a reduction in effective stress (σ′=σ − P) and, in turn, may cause 

hydraulic fracturing. However, in the drained condition, the slow loading of the material gives 

enough time for pore fluid to escape the compressing volume. As a result, the escaping pore fluid 

allows the pore volume to be consolidated, and in turn, reduce the rock permeability (Rutqvist and 

Stephansson, 2003). 

Among the various numerical simulation methodologies, such as DEM, FEM/DEM, and 

damage mechanics methods, grain-based discrete element models (GBMs) (e.g. Particle Flow Code  

(PFC) (Itasca, 2008a, 2008b) and UDEC-Voronoi code (Itasca, 2014)) have been applied 

successfully to simulate the brittle failure mechanisms of rocks (Bruno, 1994; Diederichs, 2000 & 

2003; Potyondy and Cundall, 2004; Kemeny, 2005; Christianson et al., 2006; Damjanac et al., 

2007; Jiang et al., 2009; Lan et al., 2010; Alzo’uni, 2012; Kazerani et al., 2012; Norouzi et al., 

2013; Bahrani and Kaiser, 2013; Farahmand and Diederichs, 2014; Chen et al., 2015). However, 

the majority of past studies have been focused on simulating the pure mechanical response of the 

rock without accounting for the role of interaction between the pore fluid pressure and the solid 

phase of the rock. Therefore, the ability of the grain-based model to realistically replicate the 

influence of pore pressure change on the deformation and weakening the strength of the rock is a 

current topic of this investigation.  

The micro-cracking-induced permeability variation and poromechanical coupling effects 

on change of state of stress in rock are two important phenomena that the DEM-Voronoi model 

should be able to model with a sufficient accuracy. This study examines the capability of the model 
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to successfully simulate the rock fracture process and its associated poromechanical multiphysics, 

and proposes a systematic methodology to calibrate the hydro-mechanical parameters of the model. 

In the DEM Voronoi model, the rock material is represented by an assembly of polygonal grains 

bonded through their cohesive contacts. Here, each bond forming between the grains represents an 

existing plane of weakness defined by the surrounding solid matrix, and is assigned hydraulic 

properties that are described by the cubic law (Witherspoon et al., 1980). In this way, the fluid flow 

in the model is governed by the aperture of the Voronoi joints, and in return the joint aperture is a 

function of the state of stress and fluid pressure acting on the joint boundary. In grain-based models, 

it is the micro-mechanical properties of the model including those of the grains and contacts that 

produce the emergent macro-mechanical properties of the bulk rock. As a result, when modelling 

the fracture development behaviour of the porous media filled with fluid, the first step is to calibrate 

the model mechanical and hydraulic micro-parameters to match the macroscopic mechanical and 

hydraulic material properties. 

In order to establish a holistic modelling technique to simulate the evolution of cracked-

modified rock properties and associated pore fluid behaviour during rock deformation, the proposed 

technique should be able to reproduce a number of key mechanisms. Firstly, the model (e.g. 

uniaxial or triaxial compression test models) should be able to correctly simulate the mechanical 

response in the pre-and post-failure states of the material. Hence, the model should be able to 

simulate successfully the pre-failure elastic response, strength levels such as crack initiation 

threshold (CI), crack damage threshold (CD), and peak compressive strength (σy), and finally 

dilation angle (ω) evolution in the post-failure state (Walton, 2014). In terms of hydro-mechanical 

coupling processes, four poromechanical effects are required to be simulated to mimic the complex 

interplay occurring between the pore-fluid and solid components of the rock. These effects include 

(1) the deformation-induced and damage-induced permeability change (Zoback and Byerlee, 

1975); (2) the effective stress change due to pore pressure evolution (Biot, 1941); (3) the pore 
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pressure change due to change in state of stress of the porous medium (Skempton, 1984); and (4) 

the effect of pore pressure on weakening or strengthening of the strength (CI, CD, and σy) of the 

rock (Brace and Martin, 1968). 

The applied model should be calibrated in order to consider the permeability change of the 

bulk rock in two fundamental mechanisms: (i) the initiation and growth of newly developed cracks 

that leads to permeability increase of the material, and (ii) the pore volume contracts or expands as 

a function of stress, which therefore leads to a change of rock permeability. Correct numerical 

modelling of rock permeability change is of paramount importance when evaluating the 

permeability evolution adjacent to an underground excavation in both the undamaged and damaged 

regions, which are termed the Excavation Influence Zone (EIZ) and Excavation Damage Zone 

(EDZ), respectively (Tsang et al., 2005; Perras and Diederichs, 2016). The relationship between 

the degree of rock deformation and associated permeability evolution in both an intact rock sample 

and a rockmass surrounding a hypothetical tunnel is illustrated in Figure 3-1. 

The second poromechanical effect that must be addressed is the effect of pore pressure 

change on the amount of the effective stress (σ′) experienced by the rock. By modelling this effect, 

the pore pressure influence on changing stress will be simulated accordingly. Based on Biot’s 

theory of consolidation (Biot, 1941), when a porous material is saturated with fluid, the states of 

stress that the material experiences are governed by: 

σ′ = σ − α P                                                                                                                                           (3.1)                                                                                          

where α is a poroelastic material constant known as Biot’s coefficient (Biot, 1941). The numerical 

modelling in this study examines whether the reaction forces occurring between pore-fluid and 

grains when subjected to loading can reproduce the macroscopic stress state in a large volume of 

the rock according to the Biot’s effective stress law. In this case, the macroscopic response of the 

model during elastic deformation (non-damage state) should therefore follow the law of effective 

stress. 
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Figure 3-1 Schematic of the Excavation Damage Zones forming around a tunnel section and 

corresponding state of stress-damage-permeability for each sub-zone of the EDZ. Region 

𝐈, 𝐈𝐈, 𝐈𝐈𝐈 and 𝐈𝐕 represent the elastic deformation (Excavation Influence Zone, EIZ), isolated 

stable cracking (Outer Excavation Damage Zone, 𝐄𝐃𝐙𝐨𝐮𝐭𝐞𝐫), strain-hardening unstable 

cracking (Inner Excavation Damage Zone, 𝐄𝐃𝐙𝐢𝐧𝐧𝐞𝐫), and post-peak (Highly Damage Zone, 

𝐇𝐃𝐙), respectively (modified after ANDRA (2005)). The photograph shows a cut section of 

the EDZ fractures at the tunnel wall at the ӒSPO Hard Rock Laboratory in Sweden 

(Emsley  et al., 1997). 

In terms of continuum mechanics theory, it is Skempton’s coefficient (B), defined as the 

ratio of the induced pore pressure to the change in applied stress for undrained conditions, that 

controls the relationship between the applied confining stress and the pore-fluid pressure induced 

in the sample (Skempton, 1984). This pore pressure change in rock in an undrained condition has 
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profound influence on the deformation and the state of damage in rocks. This undrained response 

and the associated pore pressure evolution are especially important in cases where the rock porosity 

is very low such that the pore fluid does not have enough time to escape the sample. Thus, as a 

result of undrained loading, rock fracturing may initiate due to the sudden pore pressure increase 

as a result of a change in loading condition. Hence, the micro-components of GBMs should be 

calibrated in such a way that the pore pressure response of the bulk model during rock elastic 

deformation is replicated correctly. The ability of the model to simulate such fluid pressure changes 

may significantly affect the shape and extent of the EDZ developed around excavations. 

Another important topic of investigation that is required to determine is how effectively 

the grain-based model can account for the influence of pore pressure in weakening the rock 

strength. There is a considerable body of experimental evidence that shows that the failure strength 

of a wide variety of rocks is a unique function of 𝜎3 – P , where 𝜎3 is the total confining stress and 

P is the pore-fluid pressure. As a result, to a fairly good approximation, Terzaghi’s effective stress 

law (σ3
′ = σ3– P) (Terzaghi, 1943) governs the failure strength of porous rocks (Serdengecti and 

Boozer, 1961; Handin et al., 1963; Murrel, 1965; Robinson and Holland, 1969; Dunn et al., 1973; 

Byerlee, 1975; Gowd and Rummel, 1977; Paterson and Wong, 2005; Jaeger et al., 2009). An 

example is given in Figure 3-2. That is, in general, the differential stress for the fracture strength 

of a particular rock is approximately the same at the same effective confining pressure when the 

latter is taken to be the total confining pressure minus the pore pressure. According to this, the 

capability of the model needs to be tested based on Terzaghi’s effective stress notion that the failure 

of the rock would be controlled by Terzaghi’s effective stress law. 
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Figure 3-2 Effect of pore pressure on peak strength in triaxial compression tests at various 

confining stresses for Darley Dale sandstone with 21% porosity, showing approximate 

conformity with the Terzaghi’s effective stress law. Dashed lines are lines of constant 

“effective stress’ (after Murrell (1965)). 

The remainder of this study is organized as follows. In Section 3.2, the implementation of a 

constitutive model, referred to as “cohesive crack model”, to control the contact behaviour is 

presented. The constitutive model defines the fracture behaviour of the contacts forming between 

grain boundaries in tension (Mode I), shear (Mode II), and mixed-Mode (Mode I-II). The model 

determines the contact forces based on the relative displacement that the contact has undergone 

according to a set of stress-displacement laws, and accounts for the effects of material softening in 

front of the crack tip known as the Fracture Process Zone (FPZ) (Dugdale, 1960) after the bond 

between two contacts breaks. In Section 3.5, a systematic process to calibrate the hydro-mechanical 

properties of the micro-parameters is described when the grains making up the model are 

distributed according to the real mineral composition of the Lac du Bonnet (LdB) granite. The 

appropriateness of the DEM-Voronoi model to reproduce the coupling effects between fluid flow 

and rock deformation during fracturing of a laboratory-scale sample is investigated in Section 
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3.5.3.1. The ability of the calibrated model to mimic the rock permeability evolution coupled with 

the micro-cracking phenomenon is examined by simulating a biaxial compression test. Later, the 

ability of the model to replicate correct values of Biot’s and Skempton’s coefficients measured 

experimentally through laboratory testing are evaluated in Section 3.5.3.2. The effectiveness of the 

DEM-Voronoi model to replicate the effects of pore pressure on weakening the undrained strength 

of the rock according to Terzaghi’s effective stress law is investigated in Section 3.6. Finally, the 

calibrated model is applied to simulate the formation of the Excavation Damage Zone (EDZ) 

around an excavation scale numerical simulation of a drift in Canada’s Underground Research 

Laboratory (URL). The pore pressure evolution due to the re-distribution of the in situ stresses and 

accompanied material fracturing is compared to the pore pressure that was measured at the tunnel 

site. 

3.2 Generation of the Grain-Based Model (GBM) 

The Voronoi tessellation algorithm implemented in RS2 Finite Element Method (FEM) software 

(RocScience Inc. , 2015) is used to generate a 2-Dimensional rectangular intact rock sample with a 

height of 150 mm and width of 60 mm (Figure 3-3 (a)), according to the recommended height to 

width aspect ratio of  2.5 for a laboratory unconfined compressive strength (UCS) test (ISRM, 

2007). A circular sample with a radius of 80 mm is used to simulate a Brazilian indirect tensile 

strength test as shown in Figure 3-3 (b). The grain size is selected based on the average grain size 

in the LdB granite, which is 3.2 mm diameter (Martin, 1993). Hence, an average edge length of 2 

mm is used to generate the Voronoi grain-based body of the model. In order to import the 

geometrical data of the Voronoi network into the UDEC Discrete Element software (Itasca, 2014), 

the internal embedded language FISH is used. 

The calibrations and simulations of these UCS and Brazilian tests are based on the short-

term physical laboratory test properties of LdB granite sampled from the 240 m level at the 

Underground Research Laboratory in Pinawa, Manitoba, Canada (Martin, 1993). The grain-scale 
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material heterogeneity is introduced to the model based on the mineral composition of the LdB 

granite. Four material grain types are defined, including potassium feldspar, plagioclase feldspar, 

quartz, and biotite grains, which are distributed in the model based on the abundance of each 

mineral type reported in Table 3-1. The histogram in Figure 3-3 (d) compares the distribution of 

various mineral phases in both actual granite and the UCS model. 

 

Figure 3-3 Model geometry for (a) UCS testing; and (b) Brazilian testing. Grains with purple, 

light red, light brown, and dark red represent K-feldspar, plagioclase feldspar, quartz, and 

biotite minerals, respectively. (c) Thin section of LdB granite (Lim et al, 2012); and (d) 

histogram showing the abundance of different mineral phases in real LdB granite and the 

SRM model. 
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Table 3-1 Micro-material properties for different minerals of Lac du Bonnet granite.  

Mineral phase Abundance dgr 

(mm) 

ρgr 

(Kg/m3) 

Egr 

(GPa) 

νgr 

(-) 

KIc,c 

(MPa.√m) 

K-feldspar 42% 3 2560 96.8 0.28 4.18±0.09 

P- feldspar 22% 3.5 2630 88.1 0.26 4.18±0.09 

Quartz 29% 1.5 2650 94.5 0.08 8.68±0.18 

Biotite 6% 0.75 3050 33.8 0.36 3.21±0.05 

Average or Range 100% 2.5 2650 88.22 0.22 0.96 to 1.82 

Note: dgr, ρgr, Egr, νgr, KIc,c denote the size, density, Young’s modulus, and Poisson’s ratio 

of the grains, respectively. KIC,c denotes the Mode I fracture toughness for the interface of the 

two adjacent grains. K-and-P-feldspar refer to potassium feldspar and plagioclase feldspar, 

respectively. 

Values of Egr for different minerals are given from Bass (1995). 

Values of Egr, ρgr and νgr for Quartz are given from Mavko et al. (2009). 

Values of KIC,c, for different minerals are given from Mahabadi et al. (2012). 

3.3 Cohesive Crack Model Defining the Behaviour of the Grain Contact 

Experimental observations demonstrate that during fracturing of quasi-brittle materials such as 

concrete and rock, there is intermediate space between cracked and intact portions of the material 

(Labuz et al., 1985). The region that forms at the tip of an opening crack (Mode I) is defined as the 

Fracture Process Zone (FPZ). The FPZ is a zone of partially damaged and interlocked material in 

which the damaged material is still able to withstand the applied stress and transfer the load from 

one surface to the other (Figure 3-4). The material outside the FPZ is assumed to be linear elastic 

(Dugdale, 1960; Hoagland et al., 1973; Labuz et al., 1985). As the crack propagates, the micro-

cracks in the FPZ merge and become a single structure to give continuity to the already existing 



60 

 

crack. So indeed, FPZ acts as a bridging zone between the cracked and intact regions (Bažant and 

Planas, 1998).  

 

Figure 3-4 Phenomenological description of a quasi-brittle fracturing process in (a) Mode I 

(modified from Huespe and Oliver (2011)); (b) Mode II. 

 

In an attempt to idealize the effect of the FPZ on fracturing of quasi-brittle materials, 

several cohesive crack models for both Mode I (crack opening) and Mode II (crack sliding) have 

been proposed. The most important cohesive crack models (for idealizing Mode I fracturing) and 

slip-weakening models (for idealizing Mode II) are reported in Dugdale (1960); Barenblatt (1962); 

Hillerborg (1976), Labuz et al. (1983) and Munjiza (2004); and in Ida (1972); and Palmer and Rice 

(1973) and Lisjak et al. (2014), respectively. 

In this study, the initiation and growth of the explicit micro-cracks are simulated in DEM 

software by means of breakage of the contacts between the polygonal grains. Thus, composite 

fracture trajectories are free to develop within the constraints imposed by the geometry of the 

Voronoi grain network. Depending on the local stress and relative contact wall displacements, the 

contact may yield under Mode I (tensile Mode), Mode II (sliding Mode) or mixed-Mode I–II 



61 

 

conditions (Figure 3-5). A cohesive crack model shown in Figure 3-6 defines the behaviour of the 

grain interfaces under various loading conditions. In this model, the stress-displacement curves for 

Mode I and Mode II conditions have a non-linear pre-peak branch and a softening branch (Figure 

3-6). The non-linear pre-yield branch is intended to represent the decay of stiffness in the pre-yield 

state due to the progression of damage development. 

 

Figure 3-5 Basic modes of fracturing. Mode III is a combination of Mode I and Mode II, and 

is referred to as mixed-Mode of I-II (Dugdale, 1960). 

 

 

Figure 3-6 Stress-displacement behaviour of the cohesive contact model in (a) Mode I, (b) 

Mode II, and (c) mixed-Mode I-II (modified after Grasselli et al., 2015) and (d) discrete 

element model implementation of the FPZ using the cohesive contacts that bind the 

neighboring Voronoi blocks together.  
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According to this cohesive model, the contact boundary between grains yields when the 

relative contact displacement reaches critical values of crack opening, up (Mode I), and shear 

displacement, sp (Mode II). Displacements at peak strength are evaluated as: 

up = e.
Tc

kn,c
           (3.2) 

 sp = e.
fsh

ksh0,c
          (3.3) 

Where e = exp(1) = 2.718281 is the base of the natural logarithm, kn0,c and ksh0,c represent the 

contact initial normal stiffness and shear stiffness, respectively, and Tc and fsh are the strengths of 

the contact in tension (Mode I) and shear (Mode II), respectively. 

The peak shear strength of the grain contact (fsh) is determined based on the following bi-

linear criterion (as demonstrated in Figure 3-7): 

{
|fsh| =  cc + σn. tan(φc)                σn <  σn,Transitional point   

|fsh| =  cc,2nd + σn. tan(φc,2nd)   σn ≥  σn,Transitional point   
    (3.4) 

where cc and cc,2nd  are the contact primary and secondary cohesions, while φc and φc,2nd are the 

contact primary and secondary friction angles, respectively, and σn is the normal stress acting 

across the contact length. σn,Transitional point is the normal stress at which the slope of the shear 

failure envelope transitions from a steeper to a shallower slope. 

The application of the bi-linear shear strength envelope is supported by studies on the 

influence of confining pressure on the Mode II fracture toughness (KII) and shear strength of 

various intact rocks (Lundborg, 1968; Backers, 2005). For example, Backers (2005) observed that 

the determined KII increases in a bi-linear fashion with increasing confining stress, and shows a 

change in slope at approximately 30 MPa for the tested rock types (Figure 3-8). For the case of the 

Ӓspo diorite with approximately similar mechanical properties (UCS = 219 MPa, Ti = 15 MPa, 

Ei  = 68 GPa, νi = 0.24) with LdB granite, the transition from a steep to shallow slope occurs at 

approximately 30 MPa with the friction angle φc = 70° for σn < 30 MPa and φc,2nd = 18° for 
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σn > 30 MPa. The estimated friction angles for these two regimes suggest a ratio of φc/φc,2nd 

equal to approximately 4. 

 

Figure 3-7 Bi-linear failure criterion with residual strength and tension cut-off to define the 

strength properties of the contacts in shear and tension. The Bi-linear peak shear strength 

envelope is approximated based on the experimental data obtained from the shear strength 

of the Punch-Trough rock samples in triaxial compression as reported by Backers (2005). 

Note the purple bi-linear envelope defines the peak shear strength of the contact, while the 

red envelope defines the residual strength of the contact after yielding. 

 

 

Figure 3-8 Influence of confining stress on shear strength of the Punch-Trough shear 

specimens. Two regimes of different slopes are separated and a transitional zone between 

regimes is indicated. Experimental data are taken from (Backers, 2005). 
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In the post-yield state (softening branch), the following stress-displacement (traction-

separation) relationship that links the cohesive stress transmitted by the contact to the contact 

displacement in tensile and shear states is used: 

[
σn

τ
] =  χ(Di). [

Tc

fsh
]         (3.5) 

where σn and τ are the normal and shear stresses acting across the contact length, respectively, and 

Tc and fsh are the strengths of the contact in tension and shear, respectively. In Eq. 3.5, χ(Di) is the 

softening function which defines the decay of contact strength in the post-yield regions. 

The shape of the softening branch of the stress-displacement curves in Mode I and Mode II 

of fracturing (see Figure 3-6 (a) and (b)) can be approximated using the following empirical 

softening equation proposed by Evan and Marathe (1968):  
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where A, B, and C are empirical curve fitting parameters equal to 0.63, 1.8, and 6.0, respectively; 

and Di (𝑖 = I, II, I − II) is a damage variable with a value between 0 and 1. This equation defines 

the shape of the softening branch of the stress-displacement curves in both Mode I and Mode II of 

fracturing. Eq. 3.6 is derived based on the curve fitting to the experimental stress-strain data 

obtained from concrete in direct tension (Munjiza, 2004). 

The damage variable for contacts subjected to Mode I (Munjiza, 2004), Mode II 

(Tatone,  2014), and mixed-Mode I–II (Tatone, 2014) displacements are defined, respectively in 

Eqs. 3.7, 3.8 and 3.9, as: 

DI =  
u−up

ures − up

          (3.7) 

DII =  
s−sp

sres − sp

          (3.8) 

DI−II = √(
u−up

ures−up
)

2

+ (
s−sp

sres−sp
))

2

       (3.9) 
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where u and s are the values of contact relative displacement in normal and shear directions, 

respectively. ures and sres are the residual opening and residual slip, respectively. ures and sres 

correspond to the relative displacements that a cohesive contact requires to undergo to reach the 

residual normal bonding stress and residual shear bonding stress, respectively. By substituting the 

damage variables in Eq. 3.6, the shape of the softening branch of the stress-displacement curves in 

both Mode I and Mode II can be achieved. 

The values of residual opening (ures) and residual slip (sres) in Eqs. 3.7, 3.8, and 3.9 can 

be calculated according to following relations: 

ures =  up +
3GIc 

Tc
         (3.10) 

sres =  sp +
3GIIc 

fsh
         (3.11) 

where GIc and GIIc are defined as the energy that is required to extend the crack surface of a unit 

area in tension and shear modes, respectively. The GIc in the plane strain condition can be estimated 

according to the following equation proposed by Griffith (1921): 

GIc =
KIc

2

Egr
 . (1 − νgr

2 )         (3.12) 

where KIc is fracture toughness of a Mode I crack, and Egr and  νgr are the Young’s modulus and 

Poisson’s ratio of the material surrounding the crack. In this thesis, the values of GIIc are considered 

to be 2 x GIc (Lisjak et al., 2014). 

The behaviour of the contacts under compressive normal loading is represented by the 

hyperbolic function suggested by Bandis et al. (1983):  

σn =  
kn0,c u

1−(u
umax⁄ )

         (3.13) 

where kn0,c represents the initial normal stiffness of the contact, u is the contact closure under 

compression, and umax is the maximum possible contact closure (Figure 3-9). 
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Figure 3-9 Behaviour of the fracture contact under pure compression loading. 𝐤𝐧,𝐜 denotes 

the normal stiffness of the contact. 

To determine if the cohesive model is able to replicate the defined stress-displacement 

behaviours of the contacts under tensile and compressive loadings, a simple numerical test is 

performed, as shown in Figure 3-10. Here, two blocks, each measuring 30 cm width and 10 height, 

represent the quartz material and are glued together by their cohesive contacts. In the first stage, 

the upper block is subjected to the tensile forces acting on the top external boundary (Figure 3-10, 

top right) to induce tension in the cohesive contact while the bottom external boundary of the lower 

block is fixed in x and y directions in zero displacement conditions (the red arrows in Figure 3-10, 

left, illustrate the stress paths for a contact in the first tension cycle). Following the breakage of the 

contacts, compressive forces are imposed on the upper block to force the contacts to close (stress 

paths illustrated by blue arrows in Figure 3-10, left). This loading condition aims to validate if the 

model is able to replicate the normal stress-normal displacement behaviour of the contact under 

compressive loading as defined by Eq. 3.3. Finally, tensile stresses are applied to the top external 

boundary of the upper block again to check the stress-displacement response of the contact in 

tension (yellow arrows, Figure 3-10, left). The result of this numerical test validates the successful 

implementation of the constitutive model into the UDEC software using FISH commands. 
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Figure 3-10 Contact bonding normal stress versus contact normal displacement for a series 

of pull and push tests, which is used to validate the implementation of the cohesive constitutive 

contact model in UDEC for this research. Tensile stresses have a positive sign, in accordance 

with the general sign convention for internal stresses in UDEC, and positive normal 

displacement indicates extension (opening). 

3.4 Modelling Fluid Flow and Hydro-Mechanical Couplings in UDEC 

The fluid flow simulation scheme is UDEC is restricted to modelling the flow through joint 

elements, but not in the intact material grains. As a result, in the context of the grain-based model, 

the fluid is only able to flow within the joints between adjacent mineral grains. In UDEC, the 

numerical implementation for fluid flow is based on a “domain” structure. A domain is a 2D area 

defined to represent the void spaces created at joint intersections by contacts around that spot and 

the void spaces along the joints (Jing and Stephansson, 2007). A joint formed between two blocks 

is separated into a number of domains by the contact points (Figure 3-11). The location of a contact 

point is determined based on the internal discretization by the finite difference mesh elements. The 

domain is assumed to be filled with fluid at uniform pressure and it communicates with its 

neighbors through the contacts (Itasca, 2014).  
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Figure 3-11 Domains defined both at intersections and along joints in a UDEC model (after 

Ahola et al., 1996). 

It is assumed that the fluid flow occurring in the joint spaces can be generally simplified to 

flow between two parallel plates with smooth surfaces, where the pressure gradient between 

adjacent joints governs the fluid flow (Figure 3-12). The flow rate for each contact then can be 

determined based on the cubic law (Whitherspoon et al., 1980) using: 

qc = −
1

12μ
𝑎3 ∆Pd

Lc
         (3.14) 

where μ is the dynamic viscosity of the water, 𝑎 is the contact (joint) aperture, Lc is the assigned 

contact length between the two adjacent domains, and ∆Pd is the pressure difference between the 

adjacent domains. The dynamic viscosity of the water is equal to 0.0001 Pa sec at about 25 degrees 

Celsius (Detournay and Cheng, 1993). 

In UDEC, the deformation of material changes the fluid pressure in joints by changing the 

joint aperture. As a result, the state of stress in the adjacent grains will change according to the 

magnitude of the fluid pressure acting on them. This simulates the two-way hydro-mechanical 

coupling effects between pore pressure and rock deformation. During development of cracks along 

grain boundaries, the aperture evolution as a result of opening (Mode I) and shear dilation (Mode 

II) is recorded, and according to the concurrent magnitude of the aperture, the crack fluid rate is 

calculated. 
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Figure 3-12 Modelling of fluid flow and associated fully hydro-mechanical coupling processes 

using a DEM-Voronoi approach in UDEC (modified after Itasca (2014)). 

3.5 Model Calibration Process 

In continuum models, the input parameters are directly derived from the hydro-mechanical 

properties measured using standard laboratory tests. For the case of grain-based models, however, 

the input values for the micro-components of the model cannot be determined directly from the 

macro-properties measured from physical laboratory tests. Instead, the values of the micro-

mechanical parameters assigned to the grains and their interfaces must be determined through a 

numerical calibration process, in which the emergent macro-properties of the model are compared 

to the relevant measured response of the material (Potyondy and Cundall, 2004; Tatone and 

Grasselli, 2015). 
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In this section, a new calibration procedure for obtaining the hydro-mechanical input 

parameters of the DEM-Voronoi model is presented. The calibration process involves two main 

steps (as illustrated in Figure 3-13). In the first step, the micro-mechanical deformation and strength 

properties of the grains and grain interfaces are required to be calibrated to reproduce the exact 

macro-mechanical properties tested in the laboratory. In the next step, values of the initial and 

residual apertures are determined by a series of numerical experiments so the model replicates the 

permeability of the material at various amounts of deformation and damage. Finally, the initial and 

residual contact apertures are refined until the model reproduces poroelastic properties similar to 

properties derived by laboratory tests. The poroelastic properties that must be calibrated in the 

model are the Biot’s coefficient, α, and Skempton’s coefficient, B. The step-by-step procedures for 

calibration of the mechanical and hydraulic properties are discussed in the following sections.  

 

Figure 3-13 Flowchart illustrating the micro-mechanical and hydraulic property calibration 

procedure for grain-based models. 
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3.5.1 Calibration of the Model to Mechanical Behaviour of the Rock  

The parameters controlling the deformability and strength properties of the DEM-Voronoi model 

are density (ρgr), Young’s modulus (Egr), and Poisson’s ratio (νgr) of the grains, and initial normal 

stiffness (kn0,c), initial shear stiffness (ksh0,c), tensile strength (Tc), cohesion (Cc), friction angle 

(φc), Mode I fracture energy (GIc), and Mode II fracture energy (GIIc) of the contact interfaces. The 

subscripts gr and c indicate the grain property and contact property, respectively.  

To calibrate these parameters, a series of UCS compressive and Brazilian tensile tests are 

simulated in UDEC. In the first step, the micro-parameters of the UCS sample are calibrated to 

match those of the physical laboratory test results. Afterwards, the micro-parameters of the sample 

are iterated until the macro-response of the model mimics the tensile response of the rock in the 

Brazilian indirect tensile and fracture toughness tests. Finally, the compressive peak strength and 

failure envelope properties of the UCS and triaxial samples are calibrated. The laboratory 

experimental data of Lac du Bonnet granite are used as a case to calibrate DEM-Voronoi parameters 

in UDEC, as presented in Table 3-2. 

In the following subsections, the detailed procedure used in each step of the mechanical 

parameter calibration process and relationships between the model micro-parameters to macro-

properties of intact rock samples are discussed.  
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Table 3-2 Experimental mechanical properties of Lac du Bonnet granite (values of laboratory 

experimental data are from Martin (1993)). 

Property Value 

Young’s modulus, ρi (GPa) 69±5.8 

Poisson’s ratio, νi (-) 0.22±0.04 

Crack initiation stress, CI (MPa) 90 (43% of UCS) 

Crack damage stress, CD (MPa) 172 (83% of UCS) 

Uniaxial compressive strength, UCSi (MPa) 207 (207±22) 

Tensile strength, Ti (MPa) 9.3±1.3 

Cohesion, Ci (MPa) 30 

Friction angle, φi (°) 59 

Mode I fracture toughness, KIc,i (MPa.√𝑚 )  0.96-1.82 

Mode II fracture toughness, KIIc,i (MPa.√𝑚 ) ~2 (for Westerly granite) (Ingraffea, 1981) 

Mode I fracture toughness

Mode II fracture toughness 
 

2.2 (Ingraffea, 1981) 

 

3.5.1.1 Selection of Deformability Parameters  

-Finding a representative grain size: The modelled grain size should be on the same order 

as the average grain size in the real rock fabric. In the case of LdB granite, an average edge length 

of 1 mm is selected for the Voronoi grains to result in an approximately 2.5 mm diameter grain 

size. However, in the case of medium-scale and large-scale problems such as underground 

excavations, satisfying this condition requires impractical computational power to handle a huge 

number of grains, which is currently unrealistic for geotechnical modelling practitioners to achieve 

(Gao and Stead, 2014) . As a rule of thumb, modelled grain size can be selected for calibration of 
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large-scale models following the ISRM (2007) suggestion for a UCS test, for which the grain size 

should be at least 10-20 times smaller than the width of the sample.  

-Calibration of contact stiffness in normal and shear directions: The values of contact 

normal stiffness (kn0,c) and shear stiffness (ksh0,c) control the macroscopic Young’s modulus(Ei), 

Poisson’s ratio (νi), crack initiation threshold (CI), and brittle to ductile transition of the specimen 

in the post-failure region. Kazerani et al. (2012) suggest the following relations for calculating the 

stiffness values of the contacts: 

kn0,c =  E𝑖/w          (3.15) 

ksh0,c =  G𝑖/w          (3.16) 

where G𝑖 is the shear modulus of the undamaged rock and W is the thickness of the cohesive zone 

that forms between two polygonal grains. As a result, the ratio of (ksh0,c/kn0,c) should be equal to 

the ratio of (Gi/Ei), which is normally between 0.35 and 0.5. Kazeroni et al. (2012) also suggest 

closed-form expressions based on the width of the cohesive zone to calculate bond stiffness in 

plane-stress problems such that: 

  kn0,c = 3 β 
Ei

2Tc

KIC,c
2          (3.17) 

ksh0,c = 3 β 
Gi Ei Tc

KIIC,c
2          (3.18) 

And for plane-strain problems: 

kn0,c = 3 β 
Ei

2 Tc

(1−νi
2) KIC,c

2         (3.19) 

ksh0,c = 3 β 
Gi Ei  Tc 

(1−νi
2) KIIC,c

2         (3.20) 

where β is a constant multiplier. As a result, the ratio of (ksh0,c/kn0,c) becomes equal to: 

ksh0,c/kn0,c =
1

2 (1+νi
2)

 (
KIC,c

KIIc,c
)2        (3.21) 

However, the following relationship as suggested in the UDEC documentation (Itasca, 2014) 

is used in this research to determine the normal stiffness of the contacts: 
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kn0,c  =  n . max (
Ki+(

4

3
)Gi

∆Zmin
) , 1 ≤ n ≤ 10      (3.22) 

where n is a multiplier factor, Ki and Gi are the bulk and shear moduli of intact rock, respectively, 

and ∆Zmin is the smallest width of an adjoining zone in the normal direction (as shown in Figure 

3-14). The value of ksh0,c can be obtained using the following relation: 

ksh0,c/kn0,c  = (Gi/Ei)         (3.23) 

 

Figure 3-14 Schematic illustrating two Voronoi grains that are glued together with a cohesive 

contact. Note that the grain blocks are discretized with finite difference zones and ∆𝐙𝐦𝐢𝐧 is 

used in the stiffness calculation. 

-Calibration of macroscopic Young’s modulus (Ei): For calibrating the macroscopic 

Young’s modulus of the sample, the density (ρgr), Young’s modulus (Egr), Poisson’s ratio (νgr) of 

all grain mineral phases are assigned based on elastic properties of each individual mineral phase 

obtained from laboratory test data. In this calibration example, the elastic values for all types of 

mineral grains are given in Table 3-1. After assigning the grain properties, the value for kn0,c should 

be adjusted first until the macroscopic Young’s modulus of the modelled UCS sample matches the 

target laboratory test value. It should be noted that decreasing the ksh0,c/kn0,c ratio increases the 

macroscopic Young’s modulus and also decreases the ductility of the material. 
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-Calibration of macroscopic Poisson’s ratio (νi): Diederichs (2000) showed that the 

macroscopic material Poisson’s ratio in the Bonded Particle Models (BPMs) is related to the 

proportion of contact shear stiffness to normal stiffness (ksh0,c/kn0,c). As this stiffness ratio 

decreases, Poisson’s ratio increases and the sample becomes more dilatant. Results reported by 

Kazerani et al. (2012) and Gao and Stead (2014) support this idea for the case of DEM-Voronoi 

models. Thus, the contact stiffness ratio is calibrated to fit the material Poisson’s ratio. 

3.5.1.2 Selection of Strength Parameters  

In this section, the procedure for calibration of microscopic strength parameters including contact 

tensile strength, cohesion, and friction angle are discussed. 

-Calibration of contact tensile strength (Ti): Tensile strength assigned to contacts 

significantly affects the macroscopic tensile strength and crack initiation level of intact rock. As a 

result, accurate calibration of this parameter is of paramount importance for reproducing the correct 

crack initiation threshold and tensile strength of rock. The values for tensile strength of different 

mineral interfaces in this study are taken from the results of laboratory testing on different mineral 

samples reported in Savanick and Johnson (1974). As the Brazilian and UCS tests result in lower 

macroscopic tensile strength and crack initiation threshold reported for the LdB granite, the contact 

tensile strength for each mineral phase is increased until the correct Brazilian indirect tensile 

strength and crack initiation stress are obtained. The reason for this discrepancy is attributed to the 

source of tensile strength data which is from laboratory experimentation on Rockville granite 

(Savanick and Johnson, 1974). As a result, some modifications are needed to be made on the given 

values of contact properties to match the macro behaviour of LdB granite.  

In order to calibrate the tensile strength of the models, a suite of indirect tensile (Brazilian) 

and UCS physical laboratory tests should be performed to provide necessary corrections on values 

of contacts tensile strength to obtain the target macro tensile strength and crack initiation stress 

values.  



76 

 

-Calibration of contact cohesion (Ci): Laboratory and in situ observations reveal that the 

process of rock damage consists of two dominant mechanisms, extensile cracking and shear 

cracking, where the extensile cracking is known as a primary mechanism of damage and the shear 

cracking becomes important only after a sufficient number of extensile cracks (after crack damage 

threshold (CD) is reached) extend through the sample and start to interact (Diederichs, 2000). In 

the DEM models, the contact tensile strength and cohesion define the tensile (Mode I) and shear 

(Mode II) behaviours of the cracks, respectively. As a result, applying a high ratio between contact 

cohesion to tensile strength (
Cc

Tc
) would force the bonds to dominantly yield in a tensile state.  

The Griffith criterion (Griffith, 1921) predicts a cohesion value of two times the tensile 

strength. Fracture studies by Okubo and Fukui (1996) and Laqueche et al. (1986) show that for 

very small cracks (smaller than grain size), the ratio between crack cohesion strength to tensile 

strength is approximately equal to 4 (Diederichs, 2000). 

For calibration purposes, the initial value of contact cohesion should be selected in order 

to reproduce the target unconfined compressive peak strength. In this study, the initial cohesion 

values for each type of contact is set to approximately 4 times the contact tensile strength (
Cc

Tc 
 =4) 

based on the results reported in Okubo and Fukui (1996) and Lacueche et al. (1986). Afterwards, a 

series of 2-Dimensional modelled biaxial compressive tests with varying confining stresses are 

executed to improve the accuracy of the macroscopic results. For each series of simulated tests, the 

confining stress and the corresponding strength values are required to be plotted in σ1-σ3 space to 

calculate the emergent material cohesion (Ci) and friction angle (φi). For the present study, after a 

series of iterative tests,  
Cc

Tc 
 =2.7 was determined to be suitable to replicate the desired macroscopic 

contact cohesion properties. 

-Calibration of contact friction angle (φi): As mentioned previously, the shear failure 

mechanism becomes important only after sufficient tensile cracks accumulate and start to interact. 
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Thus, it is expected that the contact friction angle affects the behaviour of rock at applied axial 

stresses that are greater than the crack damage threshold (CD) of the material. The contact residual 

friction angle (φres,c) is considered to be the most important parameter that controls the post-peak 

behaviour of the material and it can also affect the degree of brittleness of the rock. However, 

determining the micro-frictional properties of the grains from experimental data is difficult. As a 

result, the friction angles of contacts must be calibrated by conducting a series of modelled 2-

Dimensional biaxial compression tests with different confining stresses. For the LdB granite case, 

the most appropriate value of the microscopic contact friction angle (φc) is approximately equal to 

the macroscopic friction angle (φi) of the rock. 

3.5.2 Results of the Calibration to Macroscopic Mechanical Properties 

Since the models are composed of four different mineral phases, ten contact types are required to 

be calibrated. Calibrated contact properties for the defined interfaces of the model are listed in 

Table 3-3. It should be noted that the value for the fracture energy release rate (GIc) for each contact 

type can be estimated using Eq. 3.12. The fracture toughness values (KIc), listed in Table 3-1, were 

used to calculate GIc for most interfaces. However, there are no available data for GIc values of the 

interface between quartz and feldspar, and the interface between biotite and other minerals. 

Therefore, following Mahabadi et al. (2012), the fracture energy release of the contact is assumed 

to be proportional to its tensile strength (e.g. GIC
Feld/Quartz

=  GIC
Feld/Feld

 . (TC
Feld/Quartz

/

TC
Feld/Feld

)). This assumption is based on the fact that both GIc and KIc of the contact are directly 

proportional to their corresponding Tc. 

To load the sample in uniaxial and biaxial boundary conditions, the rock sample is 

subjected to a constant displacement rate to induce stresses until failure is achieved (Figure 3-15 

(a)). To do this, the rock sample is positioned between two extremely stiff platens with thicknesses 

of 20 mm and 15 mm for the UCS and Brazilian samples, respectively. The upper and lower platens 

move toward each other to apply loads to the top and bottom ends of the rock. In the case of biaxial 
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loading, confining stresses corresponding to minor principal stress (σ3) are exerted on the external 

lateral sides of the sample.  

       Table 3-3 Calibrated model parameters for LdB granite. 

Contact type Tc, Tc,res 

(MPa) 

Cc, Cc,res 

(MPa) 

φc, φc,res 

(degree) 

kn0,c 

(GPa/m) 

ksh0,c/kn0,c 

(-) 

GIc 

(
J

m2⁄ ) 

K-Feld/K-Feld 35.0, 0.0 110.0, 0.0 65.0, 5.0 230,000 0.65 286.0 

K-Feld/P-Feld 35.0, 0.0 108.0, 0.0 65.0, 5.0 230,000 0.65 286.0 

K-Feld/Quartz 28.2, 0.0 76.0, 0.0 58.0, 5.0 230,000 0.65 229.0 

K-Feld/Biotite 22.4, 0.0 60.0, 0.0 51.0, 5.0 230,000 0.65 172.0 

P-Feld/P-Feld 35.0, 0.0 112.0, 0.0 65.0, 5.0 230,000 0.65 286.0 

P-Feld/Quartz 28.2, 0.0 80.0, 0.0 58.0, 5.0 230,000 0.65 229.0 

P-Feld/Biotite 22.4, 0.0 54.0, 0.0 51.0, 5.0 230,000 0.65 172.0 

Quartz/Quartz 35.0, 0.0 130.0, 0.0 65.0, 5.0 230,000 0.65 901.0 

Quartz/Biotite 22.4, 0.0 57.0, 0.0 51.0, 5.0 230,000 0.65 541.0 

Biotite/Biotite 25.3, 0.0 88.0, 0.0 45.0, 5.0 230,000 0.65 521.0 

K-Feld and P-Feld refer to potassium feldspar and plagioclase feldspar, respectively. 

Tc,res, Cc,res, and φc,res denote the residual tensile strength, residual cohesion and residual 

friction angle of the contact, respectively. 

The fracture energy release of the contact is assumed to be proportional to its tensile strength; 

Therefore GIC
Feld/Quartz

=  GIC
Feld/Feld

 . (TC
Feld/Quartz

/TC
Feld/Feld

) 

 

Since the solution algorithm of the UDEC software is dynamic and based on a time step 

solution, the rate of loading applied to the platens must be defined. High loading rates or platen 

velocities (e.g. >  0.1 m/sec) result in numerical oscillations within the sample; therefore, it is 

important that the velocity of converging platens be such that perturbations are dispersed 

throughout the sample faster than new loads and displacements are applied (Kazerani et al., 2012). 

In general, the effect of loading rate is most pronounced on the post-peak response. Faster platen 
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velocities resulted in less brittle behaviour, while slower loading results in localized rupture zones. 

This is expected since, for slower loading rates, fewer contacts rupture at each time step, which 

allows for load redistribution and consequent concentration of subsequent damage around previous 

contact rupture points (Diederichs, 2000). For faster loading rates, more distributed cracks can 

occur (in a heterogeneous material with a given strength distribution) in each time step, resulting 

in a more distributed rupture network (Diederichs, 2000). 

 

Figure 3-15 Model setup and loading conditions for simulating (a) biaxial test, and (b) 

Brazilian indirect tensile test. Note that 𝐕𝐲 is the applied axial velocity on the platen, 𝛔𝟑 is the 

confining stress, and 𝐏𝟎 is the pore pressure in the middle of the biaxial specimen. For the 

UCS model, the axial stress is measured in the upper platen and Domain 1, Domain 2, and 

Domain 3. For the Brazilian model, the tension is calculated from upper platen forces. In 

addition, the magnitude of tensile stress is measured in the three yellow circle domains. 
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The axial stress versus axial strain behaviour is monitored during testing by FISH 

functions. Compressive stresses are measured in the upper platen and three domains as shown in 

Figure 3-15. Axial strain is calculated based on the displacement of the two points at the very top 

and bottom of the specimens for both cases of compressive and Brazilian tensile tests. In addition, 

14 sets of measuring points along the external lateral sides of the compressive sample are selected 

to monitor the lateral strain, and the average of the lateral strain in the monitoring points represents 

the overall lateral strain of the rock under compression. In Brazilian tests, the tension is calculated 

from upper platen forces according to Eq. 3.24. In addition, the magnitude of tensile stress is 

measured directly in the three circular domains as shown in Figure 3-15 (b), in order to compare 

the tensile stress measured in the platen and within the sample.  

The Central Straight Through Crack Brazilian Disk (CSCBD) specimens (Fowell, 1995) 

are used to measure the emergent Mode I and Mode II fracture toughness values of the Brazilian 

tensile strength models. As illustrated in Figure 3-16, the diameter of the CSCBD specimens are 

80 mm, with a 0.024 mm long vertical notch or a 0.024 mm long notch with a 27.2° inclination to 

the loading direction, for Mode I and Mode II fracture toughness tests, respectively. The geometries 

of the CSCBD are chosen according to Fowell (1995) (Figure 3-16 (b)). The Brazilian tensile 

strength (Ti), Mode I fracture toughness (KIc), and Mode II fracture toughness (KIIc) are deduced 

according to Eqs.3.24, 3.25., and 3.26, respectively (Atkinson et al., 1982): 

Ti =  
2F

π.d.b
          (3.24) 

KIc,i =
F.√a

√π.R.b
. NI         (3.25) 

KIIc,i =
F.√a

√π.R.b
. NII         (3.26) 

where Ti is tensile strength of the rock, KIc,i is Mode I fracture toughness, KIIc,i is Mode II fracture 

toughness, F is load at failure, R is the radius of the Brazilian disk, and b is the thickness of the 

disk. Since the analysis performed herein is in two-dimensions, the b is assumed to be equal to 1 m. 
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The two non-dimensional coefficients of NI and NII in Eqs. 3.25 and 3.26 can be calculated 

according to the following equations: 

NI = 1 − 4. sin2θ. (1 − 4. cos2θ). (
a

R
)2       (3.27) 

NII= [2+(8cos2θ-5).(
a

R
)2] .sin2θ       (3.28) 

where θ is the notch orientation with respect to the loading direction, and a is the half length of the 

notch. It should be noted that when θ = 0° and a/R = 0.3, the pure Mode I condition will be achieved, 

as NI = 1 and NII = 0. However, for the specimen with the notch oriented at θ = 27.2° and 

a/R  = 0.3, the sample will fail in pure Mode II condition. In this case, the values of  NI and NII are 

equal to approximately 0 and 1.72342, respectively (Fowell, 1995). 

Figures 3-16 (a) and 3-17 (a) show the resultant stress–strain curves for Brazilian and 

unconfined compression tests, respectively. Ti = 10.8 MPa is achieved for the Brazilian tensile 

strength of the calibrated model, while KIc,i = 1.44 MPa. √m, and KIIc,i = 3.5 MPa. √m. 

 

  

Figure 3-16 (a) Peak stress – axial strain curves obtained from calibrated Brazilian specimen 

and the CSCBD specimens for measuring Mode I and II Fracture Toughness. Damage in the 

specimens is shown. (b) geometrical configuration of the CSCBD specimens as suggested by 

Fowell (1995). 
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The axial stress–axial strain response of the model in compression deviates from linearity 

at σ1 = 181 MPa (87% of UCS), which corresponds to the reversal point in the volumetric strain–

axial strain curve (Figure 3-17). The crack damage threshold (CD) corresponds to the stress at 

which this reversal occurs. The onset of crack initiation (CI) occurs at 86 MPa, which is determined 

based on the onset of tensile cracking in the model (red lines in Figure 3-17 (a)). The CI threshold 

occurs approximately at 41% of the UCS. These results are comparable to the experimental results, 

as listed in Table 3-2, in which the CI and CD occurs at 43% and 83% of the UCS, respectively. 

 

 

Figure 3-17 Model response during uniaxial compression test; (a) axial stress – axial strain 

curve and associated incremental accumulation of tensile (extension) cracks and shear 

(cohesive) cracks. (b) Volumetric strain – axial strain curve. 
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The number of induced tensile and shear cracks demonstrates that the primary mechanism 

of damage in the UCS model is extensile cracking, while the shear (cohesive) cracking starts to 

become the dominant behaviour only after the axial stress applied to the sample exceeds the CD 

threshold.  A summary of the experimental and simulated results is given in Table 3-4. Strength 

properties obtained from the model results, including tensile strength, compressive peak strength, 

crack damage, and crack initiation thresholds, demonstrate a very good agreement with those of 

the experimental data reported by Martin (1993). 

Table 3-4 Comparison between experimental and simulation result for the LdB granite 

(values of experimental data are from Martin (1993)). 

 Experimental value Model result 

Young’s modulus (GPa) 69±5.8 67.9 

Poisson’s ratio  0.22±0.04 0.26 

Crack initiation stress (MPa) 90 (43% of UCS) 86 

Crack damage stress (MPa) 172 (83% of UCS) 181 

Uniaxial comp. strength (MPa) 207 (207±22) 207 

Tensile strength (MPa) 9.3±1.3 10.8 

Cohesion (MPa) 30 29.3 

Friction angle (°) 59 58.2 

Mode I fracture toughness (MPa.√𝑚 )  0.96-1.82 1.44 

Mode II fracture toughness (MPa.√𝑚 ) ~2 (for Westerly granite) 

(Ingraffea, 1981) 

3.5 

Mode I fracture toughness

Mode II fracture toughness 
 

2.2 (Ingraffea, 1981) 2.43 

 

The stress–strain curves for the biaxial tests under various confining stresses are presented 

in Figure 3-18 (a). The simulated samples are subjected to a confining stress of 0, 5, 10 and 15 MPa. 
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All simulations initially exhibited a linear elastic behaviour with an increase in confining stress. 

The simulations also show increasing biaxial strength with increasing confining pressure. The 

application of confinement to the lateral sides of the sample increases the peak strength of the 

biaxial models since the confining stress suppresses the nucleation and growth of cracks that initiate 

in the direction parallel to the axially applied major principal stress (σ1). The models exhibit 

softening behaviour after rupture that is accompanied by a sudden drop of induced stress in the 

samples. The results of rupture strength of the rock at multiple confining stresses are used to derive 

the Mohr-Coulomb strength properties (Ci and φi) of the rock. The strength envelopes exhibited 

approximately a linear relationship for confinement higher than zero for the range of confining 

stresses applied to the suite of models (0  ≤ σ3 ≤ 15 MPa). The Mohr-Coulomb strength properties 

obtained from the simulated biaxial tests match very closely to laboratory data reported by Martin 

(1993) (shown in Table 3-4); the simulated cohesion and friction angle values were measured to be 

29.3 MPa and 58.2°, with 2.33% and 1.35% differences from the values obtained from laboratory 

tests, respectively. 

The final fracture patterns under compression and tension are illustrated in Figures 3-16 

(a) and 3-17, respectively. Under unconfined compressive loading condition, accumulation of 

damage in the direction sub-parallel to the applied loading axis creates macroscopic fracture 

patterns in the form of axial splitting. In the case in which the rock is under indirect tensile load, 

the corresponding fracture patterns form some extensile cracks which extend from the top to the 

bottom of the model. These fracture patterns are in good agreement with those typically observed 

in the laboratory (Horii and Nemat-Nasser, 1986; Paterson and Wong, 2005). 
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Figure 3-18  Model response during biaxial compression tests; (a) deviatoric stress-axial 

strain curves for the models under various confining stresses and (b) associated volumetric 

strain – axial strain curves. 

Figure 3-19 shows the comparison between the crack initiation (CI), crack damage (CD), 

and peak strength thresholds obtained for LdB granite in experimental data and simulations. The 

results demonstrate a good match between experimental and numerical simulation findings. The 

experimental values for CI were obtained based on Eq. 3.29 between confining stress (σ3) and crack 

initiation stress (CI) (Diederichs, 2000). This equation, which is extracted based on laboratory test 

obseravations, suggest the sensitivity of the crack initiation threshold to confinement. 

CI = 0.4 (±0.1)UCS + 1.5 (±0.5)σ3       (3.29) 
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Figure 3-19 Strength envelopes from the experiments and simulations (major principal stress, 

𝝈𝟏, versus minor principal stress, 𝛔𝟑). 

 A comparison of the simulation and experimental results for the stress at which the first 

crack starts to initiate is shown in Figure 3-20. The simulated stress thresholds are close to the 

experimental data for the range of applied confining stresses. 

 

Figure 3-20 Comparison between the experimental data and simulation results for onset of 

micro-cracking in LdB granite. The experimental data for the crack initiation threshold of 

LdB granite are from Diederichs (2000). 



87 

 

After finalizing the calibration of mechanical properties, the hydraulic input parameters of 

the model are required to be calibrated. In the section 1.5.3, the calibration process for 

determining the hydraulic micro-parameters of the grain-based model is explained. 

3.5.3 Calibration of the Model to the Hydraulic and Poromechanical Behaviours of the Rock  

In this section, the procedure to calibrate the hydraulic parameters of biaxial test simulations is 

discussed. In addition, the influence of contact apertures on the emergent poroelastic properties of 

the model are examined.  

3.5.3.1 Permeability Calibration 

It is well documented in geomechanics literature that the permeability of rock is very dependent on 

the stress condition (Zoback and Byerlee, 1975; Souley et al., 2001; Schulze et al., 2001; Mitchell 

and Faulkner, 2008; Popp et al., 2008; Jiang et al., 2010; Cai et al., 2014). When rock is subjected 

to mechanical loading, and therefore changes in stress condition, the rock microstructure closes, 

opens, extends and induces new cracks, which in turn affect the mechanical and hydraulic 

properties of the rock. As a result, the stress-dependent permeability is a function of two 

fundamental mechanisms:  

(i) microcracking-induced permeability change which is related to growth of the 

micro-cracks, and  

(ii) stress-induced pore volume change where the pore volume is a function of the 

interaction between fluid pressure and mechanical stress.  

In the first case, damage-modified permeability evolution relates to the heterogeneous nature of 

rock material and presence of internal micro-structure with different sizes and properties. Thus, 

when the rock is subjected to a mechanical compressive load, local tensile stress concentrations 

induced on these internal micro-structures initiates a complex process of fracture propagation in 

the rock. Generation of these crack corridors (channels) modifies the overall permeability of the 

rock to an extent that is dependent on the opening aperture, density, and connectivity of such cracks.  
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In this section, a series of biaxial compression test simulations are presented. Throughout 

the loading stages of the simulations, the permeability evolution in the model as a result of elastic 

deformation and micro-cracking are monitored. For each test, the initial and residual apertures are 

modified manually in order to find a set of values for contact apertures that results in a stress-

permeability curve similar to those obtained experimentally. It should be noted that in the DEM-

Voronoi model, it is the assigned initial and residual apertures that controls the overall hydraulic 

properties of the samples. Hence, to calibrate the model, the values for the initial aperture of the 

contacts are adjusted such that the permeability of the sample matches that of the real rock under a 

specific hydrostatic loading condition. Then, the values of the residual apertures are found by 

performing a series of biaxial hydro-mechanical tests in such a way that the model permeability in 

the elastic portion of the axial stress-strain curve matches permeability of LdB granite at the 

corresponding stress state. 

During the biaxial test, fluid flow through the rock body is simulated by applying fixed 

hydraulic heads to the top and bottom of the model while the two lateral boundaries of the model 

are considered to be impermeable. Next, the mass continuity equation is solved at joint (domains) 

intersections through an iterative scheme under the prescribed hydraulic conditions to obtain the 

flow field. During the test, the sample should be loaded in a drained loading condition. To do so, 

the fluid is assumed to be incompressible; therefore, the deformation of grains and changing of the 

joint aperture will not be able to induce any pressure change in the fluid. 

The axial permeability of the compression model (Kyy) is obtained from Darcy’s law for 

flow in anisotropic and homogeneous porous media (Bear, 1972) as follows: 

Qy = A
Kyy

μ

∆Ps

∆Ls
          (3.30) 

where Qy is the flow rate in the y-direction, A is the cross-section area of the compression model, 

Kyy is the axial permeability, μ is the dynamic viscosity of water, ∆Ls is the height of the rock 

sample, and ∆Ps is the fluid pressure difference between the top and bottom of the rock sample.  
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The sensitivity of the emergent permeability of a biaxial specimen to the assigned values 

of the initial and residual apertures is shown in Figure 3-21, when the specimen is subjected to a 

10 MPa confining stress, and the fluid pressure difference between the top and bottom of the rock 

sample is set to 5 MPa. When the values of initial aperture and residual aperture are set to 0.2 μm 

and 0.05 μm, respectively, the resultant stress-permeability curve mimics the behaviour obtained 

from a laboratory tested sample. The experimental results for the permeability of LdB granite are 

taken from Souley et al. (2001). 

 

Figure 3-21 Permeability evolution of the biaxial specimens under 10 MPa confining stress 

when various sets of initial and residual apertures (a0 and ares) are assigned to the contacts. 

The experimental results for the permeability of LdB granite are taken from Souley et al. 

(2001). 

As illustrated in Figure 3-22, a permeability increase from its initial intact value by ≈ 6 

orders of magnitude is obtained for the model under 10 MPa confining pressure, which is consistent 

with the reported experimental data. The reduction in the permeability of the rock in the early stage 

of the deviatoric loading is achieved by assigning a lower value to the residual aperture than the 
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initial aperture. As a result, as the deviatoric stress increases in the model the hydraulic conductivity 

of the cracks decreases due to their closure under compression. After this stage, the axial 

permeability remains almost constant because the failed cracks in the models are mostly isolated 

and do not contribute to the fluid conduction in the model. However, as failed cracks start to 

accumulate, the axial permeability gradually increases by > 3 orders of magnitude. Through the 

post-peak region, a continous increase in the number of connected damaged micro-cracks leads to 

a dramatic increase in hydraulic conductivity by approximately 6 orders of magnitude from its 

initial non-damaged permeability. In summary, the permeability change can be sorted into three 

different stages. In the first stage (at stresses less than the CI threshold), the permeability reduction 

is caused by the closure of microstructures during early stages of deviatoric stress. In this range of 

deviatoric stress, no crack nucleation or crack propagation occurs. However, by exceeding the CI 

stress, microstructures start to propagate. The stable crack growth in the deviatoric stress state 

between CI and CD thresholds does not affect the overall permability of the sample. By increasing 

the axial stress above the CD threshold, the unstable crack propation initiates which in return results 

in the dramatic increase in permeability. 

As mentioned previously, the micro-cracking of material under mode II (shearing) 

accelerates only after the induced cracks start to interact. This stress thereshold corresponds to the 

crack damage thereshold (CD) and as a result, it is expected to see the impact of shearing diliation 

of the cracks on increasing the sample permeability. This dilational phenomenon and its severity 

on overal sample permeability is examined by assigning different dilation angles to the contacts in 

a suite of models. The result of this sensitivity analysis is illustrated in Figure 3-23. It can be seen 

that assigning a larger dilation angle to the contacts affects the magnitude of permeability increase 

only after the deviatoric stress exceeds the crack initiation threshold. 
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Figure 3-22 Comparison between the laboratory testing (Souley et al., 2001) and numerical 

simulation results from this study for a biaxial specimen of LdB granite under a 10 MPa 

confining stress. 

 

Figure 3-23 Result of sensitivity analysis on influence of the contacts dilation angle on 

macroscopic permeability of the model. The experimental results for the permeability of LdB 

granite are taken from Souley et al. (2001). 
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3.5.3.2 Poromechanical Parameters Calibration 

This section focuses on the calibration of Biot’s coefficient (α), bulk moduli (K, KS, Ku), and 

Skempton’s coefficient (B) for the UDEC models of LdB granite biaxial test simulations. 

Hydrostatic compression tests are simulated in order to determine the compressibility of the granite 

and its poroelastic parameters. Three hydraulic boundary conditions, as shown in Figure 3-24, are 

considered. While the applied confining stress deforms the sample, the changes in specimen volume 

(∆V), and pore pressure (∆P) are monitored during the simulations.  

 

Figure 3-24 Sketch of the (a) undrained (b) drained, and (c) unjacketed boundary conditions 

with compressive principal stresses (𝛔𝟏, 𝛔𝟐, 𝐚𝐧𝐝  𝛔𝟑)  and pore-fluid pressure P (Makhnenko 

and Labuz, 2016).  

In the first test simulation, the hydrostatic compression stresses are applied to the four 

external boundaries of a square specimen, in an undrained condition (Figure 3-24 (a)). The 

undrained loading characterizes the condition where the fluid is trapped in the porous solid such 

that the variation of fluid content, ξ, in the sample is equal to 0. The goal is to calculate the emergent 

Skempton’s coefficient, B,  as well as the undrained bulk modulus (Ku) of the model. Under such 

testing conditions, any variation of confining stress (∆σ) would lead to volumetric strain (∆εV) as 

derived from Eq. 3.31: 

Ku = (−
∆σ

∆εV
 )

ξ=0
         (3.31) 
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where Ku is the undrained bulk modulus of the specimen. It is apparent that a pore pressure (P), 

will be induced under the undrained condition, when ξ = 0. Skempton’s coefficient (B) can be 

calculated as (Detournay and Cheng, 1993): 

B =
∆P

∆σ
           (3.32) 

In the second test, saturated specimen is gradually loaded. The hydrostatic stress is 

increased in a drained condition while maintaining constant pore pressure while the hydrostatic 

stress is increased (∆P = 0). It should be noted that this testing condition is known as “drained 

loading condition”, since the confining stress is increased by ∆σ, but the pore pressure (P) is 

maintained at its initial value (P0) (Figure 3-24 (b)). As explained by Lau and Chandler (2004), the 

compressibility modulus of the model in a drained condition can be derived from Eq.3.33: 

K = (−
∆σ

∆εV
 )∆P=0         (3.33) 

where K is the drained bulk modulus of the specimen. 

In the third test, the bulk modulus of solid matrix (Ks) is calculated according to the 

Eq.  3.34, when the hydrostatic stress and pore pressure are simultaneously increased with the same 

increment (σ = ∆P) (Figure 3-24 (c)). 

Ks =  (−
∆σ

∆εV
 )∆P=∆σ          (3.34) 

Figure 3-25 shows the change in the calculated Skempton’s coefficient (B) when different 

values of apertures are assigned to the contacts forming between grains. As expected, the induced 

pore pressure, due to application of confining stress, increases with decreasing the contact 

apertures. Skempton’s coefficient of LdB granite measured in the laboratory (Lau and Chandler, 

2004) is used to calibrate the contact apertures.  The bulk modulus of water is assumed to be 

2.2 GPa (Detournay and Cheng, 1993). 

As shown in Figure 3-25 (a), the model with initial and residual apertures of a0 = 0.2 μm 

and a0 = 0.5 μm, respectively, yields approximately the same value of B as determined in the 
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laboratory. The results of this sensitivity analysis, as shown in Figure 3-25 (b), suggests the 

following exponential relationship between the contact apertures and the resultant Skempton’s 

coefficient:  

B = −0.114ea0 + 0.7815        (3.35) 

 

 

Figure 3-25 Pore pressure-confining stress response of the grain-based models under 

undrained loading condition, (a) effect of assigned apertures to the contacts on the induced 

pore pressure in the specimens; (b) the effect of changing contact initial aperture on the 

emergent 𝐁 of the models. The experimental data for the Skempton’s coefficient of LdB 

granite are taken from Lau and Chandler (2004). 
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In Figure 3-26, the derived hydrostatic stress-volumetric strain response of the models 

under the undrained hydrostatic loading is compared to the response of the LdB granite observed 

in the laboratory. Similar to the induced pore pressure response, the calibrated model with the 

values of a0 = 0.2 μm and a0 = 0.5 μm successfully reproduces the rock response that was measured 

experimentally.  

 

Figure 3-26 The plot of the confining stress-volumetric strain obtained from numerical 

simulations and laboratory testing of LdB granite under undrained hydrostatic loading. The 

experimental data for the undrained bulk modulus (𝐊𝐮) of LdB granite are taken from Lau 

and Chandler (2004). 

The estimated values of the K and Ks obtained from numerical modelling (Figures 3-27 (a) 

and (b)) is used to calculate the emergent Biot’s coefficient, α, of the grain-based model. Biot’s 

coefficient (α) is defined as the ratio of the volume change of fluid fill porosity to the volume 

change of the solid material when the fluid is free to move out of the solid material (Detournay and 

Cheng, 1993). This parameter can be calculated as follows (Biot, 1941): 

α = 1 −
K

Ks
         (3.36) 
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Figure 3-27 Response of the models in hydrostatic compression tests with two different 

loading conditions for the measurement of (a) the drained bulk modulus, and (b) solid matrix 

bulk modulus of the specimens. The experimental data for the drained bulk modulus (𝐊) and 

the bulk modulus of solid matrix (𝐊𝐬) of LdB granite are taken from Lau and Chandler 

(2004). 



97 

 

As mentioned previously, the capability of the calibrated DEM-Voronoi model to replicate 

the impact of pore pressure change on the effective stress, according to Biot’s theory, is essential 

for simulating the hydro-mechanical behaviour of large-scale rock. It should be noted that during 

mechanical loading, in order to maintain a constant value for the fluid pressure through the model, 

the fluid should be assumed to be incompressible. As a result, the fluid pressure does not change 

with the grain deformation whereas the fluid pressure changes the state of stress acting on the 

grains. Hence, a drained loading condition will be simulated. Calculating α using Eq. 3.36 shows 

that while laboratory tests on core samples by Lau and Chandler (2004) indicate α = 0.73, a value 

of α = 0.72 was estimated for the calibrated model. Table 3-5 lists the calculated values for 

compressibility moduli and Biot coefficient of the LdB granite.  

Table 3-5 Comparison between the poroelastic parameters obtained from the numerical 

simulations and experimental data. 

Parameter Experimental 

 (Lau and Chandler, 2004) 

Model 

K (GPa) 13.36 16.72 

Ks(GPa) 47.56 54.20 

Ku(GPa) 48.6 48.3 

α 0.73 0.65 

B 0.98 0.96 

 

The consistency of the emergent poroelastic parameters of the model can be checked 

(Detournay and Berchenko, 2001) by calculating K using the calculated values of α, B, and Ku and 

the following relation:  

K = Ku (1 − B. α)         (3.37) 
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The K value of 13.36 GPa calculated using Eq. 3.37 is relatively consistent with the value of 

18.16 obtained from numerical modelling. 

3.6 Influence of Pore Pressure on the Strength Thresholds of the Rock 

As previously mentioned in Section 3.1, experimental data show that the failure strength of a wide 

variety of rocks is a unique function of σ3– P (Byerlee, 1975; Gowd and Rummel, 1977; Paterson 

and Wong, 2005). As a result, to a fairly good approximation, Terzaghi’s effective stress law (σ3
′ =

 σ3 – P) (see Figure 3-28 (a)) governs the failure strength of porous rocks (Serdengecti and Boozer, 

1961; Handin et al., 1963; Murrell, 1965; Robinson and Holland, 1969; Dunn et al., 1973; Byerlee, 

1975; Gowd and Rummel, 1977; Paterson and Wong, 2005). That is, the differential stress for 

fracture strength of a particular rock is approximately the same at the same “effective confining 

pressure” when the latter is taken to be the total confining pressure minus the pore pressure (see 

Figure 3-28 (b)). As stated by Jaeger et al. (2009): “most experiments support the conclusion that 

the Biot’s coefficient (α) for failure of rocks is unity. And that, the Biot’s coefficient for failure 

processes has no particular connection to the effective stress coefficient (Biot’s coefficient) that 

appears in the theory of linear poroelasticity”. As a result, the concept of the effective stress 

coefficient in which the effective stress is equal to the difference between the total stress (σ3) and 

effective pore pressure (α . P) only applies to linear elastic deformation of the porous material, and 

not to the non-linear part of the axial stress-axial strain curve. However, the peak strength of 

materials is governed by Terzaghi’s effective stress law in which Biot’s coefficient is considered 

to be unity. 
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Figure 3-28 Concept of Terzaghi’s effective stress law, (a) resultant effective stress acting on 

porous medium (Atkinson, 2000); (b) representation of impact of pore pressure on modifying 

the Mohr’s strength envelope. Note that effect of fluid pressure is to horizontally move the 

Mohr circle to the left by an amount equal to the magnitude of the fluid pressure. 

 

In this section, the impacts of pore-fluid pressure on the emergent crack initiation (CI), 

crack damage (CD), and peak strength of the models under a drained loading condition are 

explored. The question of interest here is to what extent the DEM-Voronoi model is able to 

reproduce the effect of pore pressure in weakening the strength of the rock. To do so, a series of 

biaxial compression tests are simulated to evaluate if the crack damage stress (CD) and peak 

strength of the samples follow Terzaghi’s effective stress law. To do so, saturated samples are 

subjected to various confining stresses when different pore pressures are initialized along the grain 

interfaces. During each test, the axial load is incrementally subjected to the top and bottom of the 

sample, while the pore pressure is maintained at a constant value to create a drained loading 

condition.  
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The Peak (σy), crack damage stresses (CD), and crack initiation (CI) strengths obtained 

from applying different sets of pore pressures and confining stresses (𝜎3) to the biaxial samples are 

plotted in Figures 3-29 (a-c). The points with the same colors in the plots show the strength of the 

samples that experienced the same effective stress loading conditions (the difference between 

applied σ3 and P is the same). The coloured dashed lines in Figure 3-29 (a) demonstrate that for 

the rocks under the same effective stress condition, the resultant peak strengths are similar. As a 

result, the numerical modelling results demonstrate that σy for brittle rocks follows Terzaghi’s 

effective stress law. For the case of CI, Terzaghi’s law is shown to be valid as well (Figure 3-29 

(b)). 

As shown in Figure 3-29 (c), the simulations are able to replicate the effects of pore 

pressure on the CD of the rock based on the notion of effective stress. Similar to Figures 3-29 (a) 

and (b), the differential stress for the CD of a particular rock is approximately the same at the same 

effective confining pressure. As mentioned earlier, the CD threshold can be identified by examining 

the plot of volumetric strain and axial strain, in which the reversal point in the plot refers to the CD 

stress. This reversal point marks the stress value in which the rock starts to experience dilation 

(transition from compaction behaviour to dilational deformation). The volumetric strain-axial strain 

curves in Figure 3-29 (d) are used to identify the CD threshold for each of the loading conditions. 

Final fracture patterns obtained from biaxial testing of material under the same effective stress 

loading are illustrated in Figure 3-30. 
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Figure 3-29 (a) peak strength, (b) crack initiation (CI), and (c) crack damage (CD) thresholds for the DEM-Voronoi specimens as a function 

of pore pressure, for several different values of the effective stresses. (d) Volumetric strain-Axial strain curves for biaxial compression 

simulations. Note that the reversal points in volumetric strain-axial strain curves are used to identify the CD thresholds for each biaxial 

simulation.
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Figure 3-30 (left) Final fracture patterns obtained for the biaxial samples under the same 

effective stress loading condition. The white lines in the biaxial compression samples are the 

stress induced fractures. (right) Legend for the grain types are illustrated. 

3.7 Application of the Model to Simulate Formation of Breakout and Fluid-

Pressure Response Observed in the URL 

The goal of this section is to assess if the short-term response of the undisturbed Excavation 

Influence Zone (EIZ) and the Excavation Damage Zone (EDZ) around two case-history tunnels at 

Canada’s Underground Research Laboratory (URL) in Pinawa, Manitoba can be predicted using 

the calibrated grain-based model. Canada’s URL is located approximately 120 km northeast of 

Winnipeg, Manitoba, Canada within the massive Lac du Bonnet granite near the western edge of 

Canadian Shield. It consists of two main levels at depths of 240 m (240 Level) and 420 m (420 

Level) below ground surface. The layout of the URL is shown in Figure 3-31. The Mine-by 

Experiment tunnel and the Tunnel Sealing Experiment (TSX), which are excavated at a depth of 
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420 m, are two of a series of field studies conducted in order to characterize the hydro-mechanical 

properties of the EDZ. The in situ stresses at the tunnel sites are determined to be a sub-vertical 

minimum principal stress of σ3=11 MPa and a sub-horizontal maximum principal stress of σ1 = 60 

MPa, inclined at 11° to the horizontal direction, with a sub-horizontal intermediate principal stress 

of σ2 = 43 MPa (Martin, 1997). The Mine-by Experiment tunnel with a diameter of 3.5 m was 

excavated in the LdB rockmass using a smooth non-damaging drill method. To maximize the EDZ, 

the tunnel axis was oriented to be parallel to the direction of maximum principal stress (σ1) while 

the minimum principal stress (σ3) was sub-vertical. The experiment involved installing 

instrumentation in an undisturbed volume of rock before excavating the tunnel. The extensometers 

are installed in the boreholes drilled from the adjacent underground galleries (Figure 3-31). The 

installed extensometers recorded rockmass deformation as a result of tunnel excavation. In 

addition, development of the EDZ as a result of the micro-cracking process and associated 

permeability changes were investigated at the tunnel site. The 40 m diameter TSX tunnel (Room 

425) was oriented parallel to the direction of the maximum principal stress (σ1) in order to minimize 

the extent of the EDZ by reducing the concentration of tangential stresses induced adjacent to the 

tunnel. During the excavation process, the microseismic events, changes in microvelocities and 

rock transmissivity were monitored. Furthermore, pore pressure evolution for a period of one year 

was measured at various distances from the excavation (Martino and Chandler, 2004). The field 

measurements show the general pore pressure response can be described as gradual rise over a time 

period of ~ 40 days, followed by gradual dissipation of pressure due to the pore-fluid diffusion 

(desaturation) of pore-fluid in the rockmass. 
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Figure 3-31 Layout of 420 Level (420 m below ground surface) of the Canadian Underground 

Research Laboratory (URL) (Martino and Chandler, 2004). 

 

For the Mine-by Experiment, the excavation-induced maximum tangential stresses at the 

roof and the floor were estimated to be approximately 160 MPa, while a stress magnitude of 100 

MPa was determined in the same locations for case of the TSX tunnel (Martino and Chandler, 

2004). The dimensions of the developed EDZ around the TSX tunnel are illustrated in Figure 3-32.  

To simulate the formation of the EDZs around the Mine-by Experiment and the TSX 

tunnels, two DEM-Voronoi models with the average grain size of 3 cm were constructed. The 

validity of the DEM-Voronoi model to simulate the observed damage progression and its associated 

hydro-mechanical responses at field scale are investigated. The hydro-mechanical properties of the 

models are calibrated (as listed in Table 3-6) to the long-term properties of the LdB granite samples 

obtained from the URL. The studies by Potyondy and Cundall (2004), and Radakovic-Guzina et al. 

(2015) showed that in order to successfully simulate the notch development around tunnels, the 

model parameters must be calibrated to match the long-term strength of the rock (~ 0.4 UCS). The 

short-term UCS of the LdB granite obtained from 420 level is approximately 150 MPa (Lau and 

Chandler, 2004). The in situ (initial pre-excavation) pore pressure is approximated to be around 3 
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MPa (Detournay and Berchenko, 2001; Rutqvist et al., 2009). To avoid numerical instability, the 

materials within the tunnel boundary are excavated by gradually decreasing Young’s modulus of 

the grains to zero. 

 

 

Figure 3-32 Development of damage around the Mine-by Experiment and Tunnel Sealing 

Experiment (TSX) tunnels. The depths of failure observed in situ (Read, 2004) are compared 

with the DEM-Voronoi simulation results. The induced fractures in the models are displayed 

with black dots. 
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Table 3-6 Calibrated parameters for simulating damage progression around the URL 

tunnels. 

Contact type 

Tc, Tc,res 

(MPa) 

Cc, Cc,res 

(MPa) 

φc, φc,res 

(degree) 

kn0,c 

(GPa/m) 

ksh0,c/kn0,c 

(-) 

GIc 

(
J

m2⁄ ) 

K-Feld/K-Feld 25.0, 0.0 50.0, 0.0 25.0, 15.0 9,000 0.65 286.0 

K-Feld/P-Feld 25.0, 0.0 50.0, 0.0 24.0, 15.0 9,000 0.65 286.0 

K-Feld/Quartz 21, 0.0 42.0, 0.0 16.0, 15.0 9,000 0.65 229.0 

K-Feld/Biotite 17, 0.0 34.0, 0.0 11.0, 15.0 9,000 0.65 172.0 

P-Feld/P-Feld 25.0, 0.0 50.0, 0.0 26.0, 15.0 9,000 0.65 286.0 

P-Feld/Quartz 21, 0.0 42.0, 0.0 12.0, 15.0 9,000 0.65 229.0 

P-Feld/Biotite 21, 0.0 420, 0.0 14.0, 15.0 9,000 0.65 172.0 

Quartz/Quartz 25.0, 0.0 50.0, 0.0 28.0, 15.0 9,000 0.65 901.0 

Quartz/Biotite 21, 0.0 42.0, 0.0 14.0, 15.0 9,000 0.65 541.0 

Biotite/Biotite 21, 0.0 42.0, 0.0 18.0, 15.0 9,000 0.65 521.0 

Values of the initial and residual apertures are a0=20 μm and ares=5 μm, respectively. 

  

Figure 3-33 (a-e) compares the simulated re-distribution of stress due to excavation around 

the Mine-by Experiment tunnel. The simulated stresses are obtained from the boundary element 

code Examine2D (RocScience Inc., 2015), and the grain-based model in UDEC. To evaluate the 

elastic response of the UDEC model to the excavation of the tunnel, the values of the strength 

properties assigned to the grains’ contact are set to be 1000 times greater than the contact strength 

properties values listed in Table 3-6. As a result, the contacts will not yield under the applied loads. 

The maximum compressive stress that occurs in the roof and floor of the tunnel is approximately 

160 MPa for the elastic analyses (Figures 3-33 (a) and (b)), while the same stress magnitude is 

estimated at the tip of developing notch (Figure 3-33 (c)). The simulated stress concentration 

corresponds very well to the measured value of 160 MPa at the tunnel site 
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(Martino  and  Chandler,  2004). For the case of the TSX model, the maximum compressive stress 

at the tip of the notch, which is approximately 95-100 MPa, corresponds to the reported stress 

magnitude of 100 MPa measured in the field (Read, 2014). For both of the Mine-by Experiment 

and TSX models, the induced stresses create a zone of compressive stress in the roof, whereas 

materials adjacent to the sidewall of the tunnel experience tensile stress. The stress states and 

accompanied fracturing at the roof and sidewalls of the tunnel are responsible for the measured 

several orders of magnitude increase in permeability of those regions (Souley et al., 2001). When 

compared to the field observations and measurements, as shown Figure 3-32, the models were able 

to successfully simulate the observed dimension and depth of failure due to the spalling mechanism. 

The notch formation due to the progressive slabbing of material (Germanovich and Dyskin, 2000; 

Diederichs et al., 2004; Diederichs, 2007) is captured well. The developed notches at the roof and 

floor progressively develop until the induced compressive zone at the tip of the notch (process zone 

(Martin et al., 1999)) exceeds the tensile strength of the grain contacts. The presence of unloaded 

fractures in the EDZ creates a zone of increased permeability in the roof and floor of the models, 

while the permeability increase at the side of the tunnel is attributed to extensional micro-cracking 

of material and associated fracture opening.  

Figure 3-34 shows the predicted induced pore pressure in the rockmass immediately after 

the excavation operation is finished (short-term response). The modelling results do not account 

for the effect of time on changing the pore pressure as a result of diffusion/recovery 

(desaturation/saturation) processes. It can be seen that the simulated pore pressures adequately 

match the field data, including the pore pressure spike at the tip of the developed notch. The pore 

pressure decrease in the tunnel side walls, due to the tensile cracking, was captured successfully.  
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Figure 3-33 Comparison between maximum principal stress (𝝈𝟏) distributed around the 

Mine-by Experiment and TSX models. Stress re-distribution around Mine-by Experiment 

tunnel obtained from (a) elastic analysis using DEM-Voronoi model, (b) damage analysis 

using DEM-Voronoi model, and (c) elastic analysis using boundary element code (RocScience 

Inc. , 2015). Stress re-distribution around TSX tunnel obtained from (d) damage analysis 

using DEM-Voronoi model, and (e) elastic analysis using boundary element code. 

(f)  Population of induced tensile and shear cracks for the Mine-by Experiment and TSX 

models. 
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Figure 3-34 Excavation-induced pore pressure (in MPa) calculated from the Mine-by 

Experiment model. The field pore pressure responses due to the excavation are taken from 

Chandler et al. (2002) and Rutqvist et al. (2009). The contours show the magnitude of the 

pore pressure (in MPa) at the contacts. 

 

The depths of breakout at the roof and floor of the Mine-by Experiment tunnel obtained 

from field measurements and various numerical models are given in Table 3-7. As illustrated in 

Figures 3-35 (a-d), both the brittle and elastic models of the Mine-by Experiment are mostly able 

to predict the rockmass deformations to match the field deformations recorded by extensometers. 

The exception is the monitoring line located in the floor (Figure 3-35 (c)) for which the brittle 

model over-predicts the deformation. The recorded deformation along monitoring lines at sidewalls 

and roof, as illustrated in Figures 3-35 (a), (b), and (d), show a good fit to the deformation recorded 

in situ. The discrepancy between the roof deformations obtained from the brittle model and the 
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extensometer data (Figure 3-35 (d)) is due to existence of a detached block located at the roof of 

the brittle model which causes the recorded deformation to be larger than the in situ measurement. 

Table 3-7 A summary of calculated depths of failure for Mine-by Experiment tunnel obtained 

from various numerical models (after Li and Tang, 2015). 

Models 

Depth  

of breakout 

 at roof (m) 

Depth  

of breakout 

 at floor (m) 

References 

Field observations 0.53 0.40 (Martino and Chandler, 2004) 

Field seismicity measurements 0.53 - (Cai et al., 2001) 

DEM-Voronoi model  0.56 0.44 Current study 

DISL model 0.5 0.3 Diederichs (2007) 

Elastic-perfectly-plastic model 0.50 0.50 (Hajiabdolmajid et al., 2000) 

Elastic brittle plastic model 0.10 0.10 (Hajiabdolmajid et al., 2000) 

CWFS model 0.70 0.7044 (Hajiabdolmajid et al., 2000) 

Elastic-plastic damage model 0.55 0.50 (Mortazavi and Molladavoodi, 2012) 

PFC model 0.35 0.18 (Chandler, 2004) 

Damage fracture mechanics 0.48 0.43 (Homand-Etienne et al., 1998) 

USMD model 0.83 0.37 (Li and Tang, 2015) 

Classic RFPA model 0.46 0.37 (Li and Tang, 2015) 

SMD model 0.57 0.37 (Li and Tang, 2015) 

Visco-plastic model 0.85 0.80 (Li and Tang, 2015) 
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Figure 3-35 Comparison between the displacement profiles predicted by the model and recorded displacements in the Mine-by Experiment 

tunnel. The monitoring points for which the displacement data are collected are displayed in the plots.  



112 

 

3.8 Discussion and Concluding Remarks 

In this study, a grain-based model was calibrated to the hydro-mechanical properties of tested 

laboratory samples of LdB granite and then used to investigate the formation of damage zones 

around deep tunnels. The model is capable of simulating the contribution of fully hydro-mechanical 

coupled processes between stress-flow-damage in the formation of fractured zones in low-porosity 

crystalline rocks. A cohesive crack constitutive model based on the theories of Non-linear Fracture 

Mechanics (NLEFM) (Dugdale, 1960; Broberg, 1971; Bažant and Planas, 1998) is implemented in 

the UDEC distinct element numerical code to define the constitutive behaviour of the grain 

interfaces before and after yielding.  

The new calibration procedure aims to find suitable values of micro-parameters of the 

model that can reproduce the macro properties of the rock observed by physical laboratory tests. 

The calibration procedure presented herein is an iterative process that involves developing a series 

of Brazilian, UCS, and drained/undrained biaxial simulations to find a set of input parameters that 

yields correct hydro-mechanical response of the tested rock. The procedure involves calibration of 

firstly the macro-mechanical properties, and secondly the macro-hydraulic/poromechanical 

properties of the rock. This process begins with assigning the exact mineral deformability 

properties to the model grains based on reported data in literature (e.g. Lama and Vutukurai, 1978; 

Mavko et al., 2009). Later, the adjustment of the contact stiffness values (kn0,c and ksh0,c) 

continues until the desired Young’s modulus and Poisson’s ratio for the material are achieved. The 

micro-strength properties assigned to contacts need to be adjusted until the stress-strain curves for 

the simulated Brazilian and UCS tests resemble the laboratory-derived curves. By doing so, the 

model simultaneously yields the correct values for the following parameters: Ei, νi, Ti, UCS, CI, 

CD. Simulated fracture patterns and failure modes must also be inspected to ensure consistency 

with those observed in laboratory samples. After that, a series of biaxial test simulations under 

varying confining stresses need to be modelled to adjust the contact friction angle, φc. The iterative 
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refinement for values of Cc, φc and Tc parameters must be carried out until the simulated biaxial 

strength envelope and the resultant macro-mechanical Ci and φi match those obtained from biaxial 

laboratory tests. Afterward, the emergent strength and deformability of the model from UCS and 

Brazilian simulations must be checked again to confirm that they remain in agreement with the 

experimental values. 

After finalizing the calibration of mechanical properties, a series of biaxial compression 

tests under a drained loading condition with different input initial and residual apertures (a0 and 

ares) must be performed to adjust the emergent hydraulic properties of the model. The adjustment 

of the apertures should continue until the permeability-stress curve for the simulated biaxial test 

displays consistency with the curve obtained from laboratory measurements. In addition, the 

assigned values for the model components must be able to successfully reproduce the pore-fluid 

pressure change as a result of deformation of the solid material. To assure that the pore pressure 

increase during the undrained compression of the model can be monitored, it is necessary to check 

if the resultant Skempton’s coefficient (B), confirms the response measured in laboratory. 

Ultimately, a series of drained and unjacketed hydrostatic simulations, as explained in Section 

3.5.3.2, are required to be carried out to derive the compressibility behaviour of the model (K and 

Ks). The values of K and Ks are used to calculate Biot’s coefficient (α), of the model. By 

establishing of parameters controlling the poromechanical properties, the calibration process is 

completed.  

Numerical experimentations demonstrate that the model has the ability to capture micro-

mechanisms involved in modifying rock permeability during compressive loading. The biaxial 

specimens accurately reproduce the permeability decrease in the elastic region of the stress-strain 

curve. For this range of deviatoric stress, permeability decreases from its initial value to 

approximately 2 orders of magnitude. Onset of micro-cracking (CI) and the following crack growth 

do not significantly change the axial permeability. The reason for such hydraulic behaviour is 
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attributed to the isolated nature of propagated cracks for this range of deviatoric stress (stress levels 

between CI and CD). However, accumulation of the micro-cracks that corresponds to an unstable 

crack propagation state results in a permeability increase of three orders of magnitude. Further 

progression of damage and accompanied dilation of the material leads to approximately six orders 

of magnitude of permeability increase for the post-failure state compared to its non-damaged state. 

It is noteworthy to mention that the hydraulic properties of rock in the post-failure state are similar 

to the permeability of fractured rock within the highly damaged zone (HDZ) around deep tunnels, 

where the fluid flow is governed by the fracture permeability of the broken material.  These 

modelling results are in reasonably good agreement with the stress-dependent behaviour of the 

brittle rocks observed in laboratory experiments. Careful examination of the relationship between 

the occurrence of fracturing and the resultant damage geometries with permeability evolution in 

samples indicated that only the major family of the grown micro-cracks could produce the changes 

in permeability. This is consistent with the field measurements in which the greatest hydraulic 

conductivity is recorded in the zones where the borehole camera detected the majority of stress-

induced damage along the borehole wall (Martino and Chandler, 2004). In general, it can be said 

that the hydraulic behaviour of the laboratory-scale rock samples that are subjected to biaxial 

loading is analogous to the permeability of the sub-regions of the EDZ. In this sense, the hydraulic 

characteristics of EIZ, EDZouter, EDZinner, and HDZ are similar to permeability of the rock in the 

elastic deformation, isolated stable cracking, strain-hardening unstable cracking, and post-failure 

states, respectively.  

It has been demonstrated that the calibrated grain-based model is able to accurately produce 

the depth and shape of the brittle spalling failure that occurred in the roof and floor of the TSX and 

Mine-by Experiment tunnels in Canada’s URL when the models were calibrated to the long-term 

strength of the granite. The re-distribution of in situ stresses after excavation results in the 

development of zones of compressive stresses at the top and floor of the tunnels, while tensile 
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stresses occur in the sidewalls. In these zones, the heterogeneity of stress distribution due to the 

microstructure heterogeneity leads to initiation and growth of the tensile and shear cracks. The 

micro-cracking mechanisms in forms of tensile and shear failures eventually result in the creation 

of the V-shaped notches at the roof and floor of the tunnels. As expected, the observed permeability 

increases were achieved for the regions around the tunnels where the maximum degree of fracturing 

occurred (roof and floor). Moreover, in the case of the Mine-by Experiment, fracturing of rock 

initiates at the regions around the tunnels where the materials were subjected to tangential stress of 

160 MPa. This value of tangential stress is consistent with the stress level at which crack initiation 

has been observed in situ. In general, good agreement was obtained between the deformation that 

occurred in the field and the modelling results. It has been also shown that the observed stress-

induced pore pressure changes in the EIZ and EDZ could be explained and captured in the 

numerical modelling. 

Finally, it should be noted that the ability of the model presented herein is restricted to 

predicting the fluid pressure response of a rockmass under quasi-static mechanical loading 

(relatively low loading rate). As a result, the calibrated model does not guarantee reproduction of 

the fracture behaviour of the rockmass surrounding an excavation under dynamic loading 

conditions (e.g. earthquake). In particular, a sudden spike in the pressure of trapped pore-fluid and 

the potential for hydrofracturing of material as a result of an explosion or earthquake may not be 

correctly simulated.  
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Chapter 4                                                                                        

Investigating the Scale-Dependency of the Mechanical Properties of a 

Moderately Jointed Rock using a Synthetic Rock Mass (SRM) 

Approach2 

 

4.1 Introduction 

Safe and cost-effective design of geotechnical projects such as tunnels, caverns, and mine drifts is 

highly dependent on proper knowledge of the strength and deformability parameters associated 

with a given rockmass. Although tremendous efforts have been made to determine deformability 

and strength parameters of large-scale rockmasses, reliable characterization of such properties with 

an adequate level of confidence has remained a challenging issue for rock engineers. The challenge 

mainly originates from the highly heterogeneous and discontinuum nature of jointed rock which is 

due to the existence of distributed discontinuities of various sizes from minute cracks within the 

mineral grains to meso and macro-scale features, such as veins, joints and faults. As a result, the 

mechanical properties of a rockmass are controlled by both the behaviour of pre-existing 

discontinuities and also the stress- fracture behaviour of intact blocks making up the rock bridges 

between discontinuities. On the other hand, given the presence of discontinuities of various nature 

                                                      

2 Materials presented in Section 4.5.3 of this Chapter is the result of collaborative research carried 

out by the author of this thesis and Ioannis Vazaios from Queen’s University, Kingston.  

 

This Chapter appears as submitted to two international journal with the following citation: 

Farahmand, K., Vazaios, I., Diederichs, M.S., Vlachopoulos, N. (2017) Investigating the Scale-

Dependency of the Mechanical Properties of a Moderately Jointed Rockmass using a Synthetic 

Rock Mass (SRM) Approach. Journal of Computers and Geotechnics. Submitted on 7 July 2017 

 

Vazaios, I., Farahmand, K., Vlachopoulos, N., Diederichs, M.S. (2017) The Effects of Confinement 

on the Rockmass Modulus: A Synthetic Rockmass Modelling (SRM) Study. Journal of Rock 

Mechanics and Geotechnical Engineering. Submitted on 18 June 2017 
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and sizes, together with non-linear behaviour of intact blocks, the deformability and strength of a 

specific rock is highly dependent on the size of the rockmass being studied.  

Various techniques have been applied to measure the mechanical properties of jointed rock 

at a representative volume. The most commonly used techniques are in situ field tests, closed-form 

and analytical solutions, laboratory physical models, empirical methods, back analysis techniques, 

and 2D and 3D numerical simulations. Large scale in situ tests to back analyze the rockmass 

properties, such as plate-loading tests to determine deformability and block shear for strength 

properties, are usually time-consuming, expensive to perform and are also difficult in controlling 

the size of the influenced zone (Ribacchi, 2000; Hoek and Diederichs, 2006). Analytical solutions 

(e.g. Duncan and Goddman, 1968; Goodman, 1981; Huang et al., 1995), usually fail to capture 

complicated interactions between blocks and joints, and their application is only limited to selected 

simple joint system geometries (e.g. orthogonal sets of persistent joints) with simple constitutive 

behaviour of joints. As a result, these methods might not be able to estimate with enough accuracy 

the rockmass modulus and strength of more complex joint geometries which are subjected to 

various stress paths. It is also debatable as to whether or not generalize the behaviour of the small-

scale physical models of jointed rock to that of the large-scale rockmass (Ladayni and Archambault, 

1969; Brown and Trollope, 1970; Einstein and Hirschfeld; 1973; Ramamurthy and Arora, 1994; 

Prudenico and Van Sint, 2007; Yang et al., 2011). On the other hand, widely used empirical 

methods (Bieniawski, 1978; Palmstrom, 1996; Barton, 2002; Hoek et al., 2002), which infer the 

rockmass properties from rock mass classification (e.g. GSI, Q, RMR), often suggest conservative 

values of rockmass properties that could result in the overdesign of a project, especially for the case 

of massive and moderately jointed rockmasses (GSI > 65) (Martin et al., 1999; Diederichs, 2000 

and 2007; Carter et al., 2008; Bahrani and Kaiser, 2013). This method is mainly developed from 

observations of rockmass behaviour near excavation walls with low confinement, so that they fail 

to anticipate the confined strength of moderately jointed rock. In addition, the assumption that the 
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prevailing rockmass characteristics can be described with a unique index that can anticipate the 

behaviour of a structurally complex rockmass is debatable (Diederichs, 2007; Esmaieli et al., 2010; 

Kaiser, 2016). Back analysis based on in situ measurements is only feasible during or after 

construction of projects and it does not provide strength and deformability parameters in the 

feasibility and design stages of geotechnical professional practice.  

Among these rockmass evaluation techniques, numerical modelling methods, especially 

discrete element models (DEM), have proven to be an alternative approach to derive the rock 

strength due to its ability to simulate complex joint system geometries and non-linear behaviours 

of both the intact rock and the discontinuities (Baghbanan and Jing, 2008; Esmaieli et al., 2010; 

Elmo and Stead, 2010; Ivars et al., 2011; Khani et al., 2013; Bahrani and Kiaser, 2013; Farahmand 

et al., 2015; Duran, 2017). Moreover, the scale-dependency of modulus and strength of jointed 

rock, due to the presence of discontinuities of various sizes, can be systematically investigated 

using a series of numerical tests. Therefore, the numerical simulation can be employed to estimate 

the large-scale rockmass properties using an upscaling process. The upscaling procedure involves 

estimating variation of the mechanical properties with increasing size of the rock volumes up to a 

representative elementary volume (REV) in which stationary limits are reached for the properties 

under study (Jing and Stephansson, 2007). Figure 4-1 demonstrates the concept of REV for 

rockmass properties. 

In this Chapter, the rockmass strength and its scale-dependency are characterized using a 

hybrid Discrete Fracture Network (DFN) – Grain-based Discrete Element method (GBM). The 

Discrete Fracture Network (DFN) is employed to generate the geometry of the joints. The Discrete 

Element code UDEC (Itasca, 2014) is used to simulate the response of the rockmass to the 

mechanical loading. With this method, the rock failure is captured either in terms of fracturing of 

the rock matrix or displacements (i.e. sliding, opening) of the pre-existing discontinuities. To 

simulate initiation and growth of fractures through intact material, the model domain is discretized 
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into fine polygonal blocks using a Voronoi tessellation algorithm. The grain and grain boundaries 

respectively represent the rock-forming minerals and the flaws in the intact rock. As a result, the 

micro-fracturing process can be simulated explicitly by development of cracks along grain 

boundaries when stresses acting on the interface between the Voronoi blocks exceed their tensile 

or shear strengths. 

 

Figure 4-1 Scale-dependency of rockmass properties and the concept of Representative 

Elementary Volume (REV). 

 
The fracturing behaviour of the contacts is controlled by the cohesive crack model. The 

cohesive contact binds neighbouring grains together with shear and tensile resistance at the 

boundary contact. This cohesive model can be regarded as a combination of those proposed by 

Mujinza (2004), Kazerani et al. (2012) and Tatone and Grasselli (2015), while a bi-linear shear 

failure envelope is added to represent the shear strength of the contact during shearing. The detail 

of the implemented model is presented in Chapter 3. A systematic calibration procedure is followed 

to select a suitable set of values for the micro-parameters of the model components that 
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simultaneously yields the correct deformability and strength response of the intact Lac du Bonnet 

granite. 

Discrete Fracture Networks (DFNs) constructed by Vazaios et al. (2017) are employed in 

this study to generate the samples of a Synthetic Rock Mass (SRM). The employed DFN models 

are generated based on the joint geometry data extracted from LiDAR (Light Detection and 

Ranging) scanning of the unlined Brockville Tunnel in Ontario, Canada (Vazaios et al., 2017). To 

investigate the scale-dependency of the rockmass properties, initially, a number of 2D rectangular 

models of different heights from 0.5 m to 20 m are extracted from a 60 m x 60 m x 60 m DFN 

model. The sample specimens are then incorporated into the 2D Discrete Element code UDEC to 

create SRM models. 

The calculated elastic deformation and strength properties of the specimens are then 

compared with predicted values obtained from the Hoek-Brown strength criterion (Hoek et al., 

2002). The strength parameters of the Hoek-Brown criterion are calculated based on values of the 

Geological Strength Index (GSI) estimated from blockiness and joint condition observed in the 

Brockville Tunnel rock exposure. Additionally, the effects of increasing confining stress on 

deformation and strength of triaxial models are investigated. The applicability of the Hoek-Brown 

failure criterion and the GSI system for estimating the unconfined and confined strength of a 

moderately jointed rock is investigated. Finally, the simulated failure pattern (depth and extension 

of failure) forming in the Excavation Damage Zone (EDZ) around a deep tunnel is compared when 

continuum and discontinuum modelling approaches are used.  

4.2 Creation of the Stochastic Joints using Discrete Fracture Network (DFN) 

Modelling 

The behaviour of a rockmass can be complex and it is strongly influenced by various geological 

structures at different scales, such as discontinuities and faults. Discrete Fracture Network (DFN) 

modelling can be used to generate stochastic discontinuities based on in situ observations. The 
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variability of the geometrical features of the fracture network can be investigated and therefore a 

better insight of the examined rockmass can be gained. However, it is quite crucial that the selected 

input parameters for model generation are geologically sound and representative of a given 

rockmass. In order to collect the required DFN input parameters, LiDAR scanning can be applied 

(Lato and Voge, 2012). LiDAR scanning uses a transmitted and reflected laser beam to record 

millions of points of high accuracy in space (x, y, z). The collection of these points from a scan is 

known as a point cloud. A 3D model of the exposed rockmass can be created by meshing the “point-

cloud” (Sturzenegger and Stead, 2009; Fekete et al., 2010; Lato and Voge, 2012; Voge et al., 2013). 

In this study, a number of DFN samples of varying sizes are extracted from a 60 m x 60 m x 

60 m DFN model in order to be used as a geometrical basis for numerical experiments. The sample 

specimens are then incorporated into the 2D Discrete Element code UDEC to create SRM models. 

The large-scale cubic DFN model was generated by Vazaios et al. (2017) using the structural data 

obtained from LiDAR scanning of a 10-m long section of the Brockville Railway Tunnel. The 

scanned surfaces were processed in Polyworks (Innovemetrics, 2016) in order to create a 3D 

surface model from which joint surfaces could be digitized (Figure 4-2). The derived joint data 

serve to feed the generation DFN algorithm implemented into MoFrac code (Mirarco, 2016) to 

create the fracture network. The obtained input parameters including joint orientation and fracture 

intensity are presented in Tables 4-1 and 4-2. The areal fracture intensity is defined as the total 

trace length per mapped area, as defined by Dershowitz and Herdra (1992). 

Table 4-1 Discontinuity orientations of the dominant sets of the examined tunnel section 

(Vazaios et al., 2017). 

Set Number of entries Dip (°) Dip Direction(°) K (Fisher) 

1 103 88 285 86.50 

2 101 12 077 43.55 

3 58 77 207 48.58 
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Table 4-2 Fracture trace measurements within the LiDAR data for the 10-m section of the 

Brockville Tunnel and derived DFN modelling parameters (Vazaios et al., 2017). 

Set  Mapping area 

(m2) 

Number of traces Total length 

(m) 

Areal fracture intensity 

(m/m2) 

1 60 65 71.03 1.18 

2 54 83 91.61 1.70 

3 54 71 62.93 1.17 

 

 

Figure 4-2 (a) “Virtual” mapping of joint surfaces within the examined 10-m section of the 

Brockville Tunnel, and (b) Manual “virtual” mapping of the joint traces on the right wall of 

this specific section (Vazaios et al., 2017). 
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The discrete fracture model of the rockmass surrounding the Brockville Tunnel that was  

created using the DFN generator MoFrac (Mirarco, 2016) is shown in Figure 4-3 (d). In order to 

calibrate the model an iterative process was followed by Vazaios et al. (2017). The calibration 

process is comprised of the following steps: 

1. Generation of a deterministic DFN model based on the joint input parameters 

obtained from the LiDAR data (Figure 4-3 (a)). 

2. Extraction of fracture traces from the simulated data (Figure 4-3 (b)). 

3. Comparison between simulated fracture traces and observed in situ fracture 

traces (Figure 4-3 (b)). 

4. If a satisfactory fit is not achieved, step 1 to 3 are repeated as necessary. 

 

Figure 4-3 Calibration and generation of the DFN model for Brockville Tunnel for Set 1. (a) 

“Virtual mapping” of the joint traces on the roof of the examined tunnel section on the left, 

and the extracted fracture traces (right); (b) Deterministic discontinuities generated using 

MoFrac for Set 1; (c) Joint traces derived from the DFN model overlap the mapped fracture 

traces (black); (d) Generated stochastic DFN model for a volume of interest that measures 60 

x 60 x 60 m with all joint sets present (Set 1: red, Set 2: blue, and Set 3: yellow) (modified 

after Vazaios et al. 2017). 
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4.3 Generation of the GBM 

The intact part of the SRM model is represented as an assembly of polygonal Voronoi grains. 

As a result, the fracturing of the intact rock can be simulated by development of cracks along grain 

boundaries. In this study, the well-established properties of Lac du Bonnet (LdB) granite sampled 

from the 240 m level of the Underground Research Laboratory in Pinawa, Manitoba, Canada 

(Martin et al., 1999), are used to simulate the intact part of the SRM model forming between DFN 

joints. The deformation properties and density of the common minerals composing the rock are 

listed in Table 3-1. In order to introduce the grain-scale material heterogeneity of the granite into 

the model, four material grain types are distributed in the models based on the abundance of each 

mineral type in the composition of the actual rock (as given in Table 3-1). An average grain size of 

3 cm was selected to generate the models. The histogram in Figure 4-4 compares the distribution 

of various mineral phases in both real granite and the UCSi model. 

 

Figure 4-4 Model geometry for UCS testing. Grains with purple, light red, light brown, and 

dark red represent K-feldspar, plagioclase feldspar, quartz, and biotite minerals, 

respectively; and a histogram shows the abundance of different mineral phases in real LdB 

granite and the SRM model. 



125 

 

4.4 Calibration of the GBM 

A calibration procedure, as outlined in Chapter 3, is followed in order to determine a set of values 

for microscopic model parameters that enables the synthesized rock to replicate the macroscopic 

behaviour of the Lac du Bonnet granite.  

Calibrated contact properties for the ten different interfaces of the model are given in Table 

4-3. Figures 4-5 and 4-6 show the resultant stress–strain curves of the Brazilian and unconfined 

compression tests, respectively. The strength properties determined by the model such as tensile 

strength, compressive peak strength, crack damage, and crack initiation thresholds demonstrate a 

very good agreement with those of the experimental data (Table 4-4). 

Table 4-3 Calibrated micro-mechanical properties for contacts. 

Contact type Tc, Tc,res 

(MPa) 

Cc, Cc,res 

(MPa) 

φc, φc,res 

(degree) 

kn0,c 

(GPa/m) 

ksh0,c/kn0,c 

(-) 

GIc 

(
J

m2⁄ ) 

K-Feld/K-Feld 35.0, 0.0 95.0,  0.0 65.0, 15.0 12,000 0.67 286.0 

K-Feld/P-Feld 35.0, 0.0 95.0, 0.0 65.0, 15.0 12,000 0.67 286.0 

K-Feld/Quartz 28.2, 0.0 82.5, 0.0 58.0, 15.0 12,000 0.67 229.0 

K-Feld/Biotite 22.4, 0.0 55.0, 0.0 51.0, 15.0 12,000 0.67 172.0 

P-Feld/P-Feld 35.0, 0.0 95.0, 0.0 65.0, 15.0 12,000 0.67 286.0 

P-Feld/Quartz 28.2, 0.0 82.5, 0.0 58.0, 15.0 12,000 0.67 229.0 

P-Feld/Biotite 22.4, 0.0 55.0, 0.0 51.0, 15.0 12,000 0.67 172.0 

Quartz/Quartz 35.0, 0.0 95.0, 0.0 65.0, 15.0 12,000 0.67 901.0 

Quartz/Biotite 22.4, 0.0 55.0, 0.0 51.0, 15.0 12,000 0.67 541.0 

Biotite/Biotite 25.3, 0.0 45.0, 0.0 45.0, 15.0 12,000 0.67 521.0 

K-Feld and P-Feld refer to potassium feldspar and plagioclase feldspar, respectively. 

Tc,res, Cc,res, and φc,res denote the residual tensile strength, residual cohesion and residual 

friction angle of the contact, respectively. 

The fracture energy release of the contact is assumed to be proportional to its tensile 

strength; 

Therefore GIC
Feld/Quartz

=  GIC
Feld/Feld

 . (TC
Feld/Quartz

/TC
Feld/Feld

) 
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Figure 4-5 Axial stress-strain curve obtained from the calibrated Brazilian specimen. 

 

Figure 4-6 Intact model response during uniaxial compression test; a) Axial stress-Axial 

strain curve and associated incremental accumulation of tensile cracks and shear cracks; b) 

Volumetric strain-Axial strain curve. 
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Table 4-4 Comparison between experimental and simulation result for the LdB granite 

(values of experimental data are given from Martin (1993)). 

 Experimental value Model 

Young’s modulus (Ei) (GPa) 69±5.8 70.4 

Poisson’s ratio (νi) 0.22±0.04 0.22 

Crack initiation stress (CI) (MPa) 90 (41% of UCSi) 92 (42% of UCSi) 

Crack damage stress (CD) (MPa) 172 (86% of UCSi) 160 (73% of UCSi) 

Uniaxial comp. strength UCSi (MPa) 221 (201±22) 220 

Tensile strength (Ti) (MPa) 9.3±1.3 10 

Cohesion (Ci) (MPa) 30 27.5 

Friction angle (φi) (°) 59 58 

mi (-) 28-30 29 

 

4.5 Numerical Results 

In order to examine the scale-dependency of mechanical properties of a moderately jointed rock, a 

multiple number of SRM models of various sizes were created based on the calibrated DFN and 

grain-based intact models. The structural features extracted from the DFN simulation are 

introduced into the UDEC-Voronoi model as illustrated in Figure 4-7. The results of the numerical 

simulations including uniaxial and biaxial compression testing are discussed in the following 

sections. The calculated mechanical properties are compared to the properties obtained from a 

rockmass classification system approach based on the GSI. 

The shear behaviour of the joints in the synthesized rockmass is controlled by a Coulomb 

slip model with residual strength. The residual strength simulates displacement-weakening of the 

joints by loss of cohesion and friction at the onset of shear yielding. The properties assigned to the 

joints are based on the laboratory tests results reported by Nirex (1997). According to the laboratory 

testing results, the joints are simulated as frictional features with no cohesion or tensile strength. 

The friction angle, dilation angle, initial normal stiffness, and shear stiffness of joints are defined 

as 25°, 5°, 434 GPa/m, 434 GPa/m, respectively, and the critical shear displacement for dilation is 
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assumed to be 3 mm (Nirex, 1997). A hyperbolic function proposed by Bandis et al. (1983) is used 

to simulate the normal stress-normal displacement (closure) response of the joints under 

compressive loading condition. The maximum joint closure is assumed be to be equal to 5 μm 

(Baghbanan and Jing, 2008). 

 

Figure 4-7 (a) Samples of various sizes for the development of the SRM models (white dotted 

rectangles) extracted from the DFN model, and (b) a 10 m × 4 m SRM specimen comprising 

the DFN joint and the intact material represented by the DEM Voronoi grains. (c) 

Configuration of the measuring points and zones for monitoring the stress and strain within 

the sample. Black dots indicate the monitoring points for the strain measurements. The 

stresses are monitored within the Domains 1 (black box), 2 (green dashed box), and 3 (red 

dashed box).  

4.5.1 GSI Estimation for the Synthesized Rockmass 

In order to have an estimate of strength and deformability based on an empirical approach, the 

Geological Strength Index (GSI) is used to evaluate the rockmass from the observed structural 

features in the Brockville Tunnel and the joint surface conditions based on data in the literature 

(Nirex, 1997). In order to quantify the degree of blockiness of the rockmass, three parameters 

including the RQD, joint spacing, and block volume are considered (Cai et al., 2004; Hoek et al., 
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2013), based on information collected in the field using LiDAR scanning and the generated DFN 

geometries. Variability of these parameters are measured by examining the 3D master-volume DFN 

and taking a large number of measurements in various locations within the DFN. The use of the 

RQD, joint spacing, and block volume to infer the GSI range provides a more objective quantitative 

index to represent the rockmass condition. According to the data reported by Nirex (1997), it is 

assumed that the joint condition is fair with the smooth, moderately weathered and altered joint 

surface. Details on the procedure followed to measure these geometrical features is discussed in 

the following paragraphs.  

In order to measure the RQD, joint spacing and fracture intensity of the rockmass, a large 

number of “virtual” boreholes was examined (Figure 4-8 (a)). The measurements on 2975 “virtual 

boreholes” showed that the RQD is within the range of 95% to 100% (Figure 4-8 (b)), while joint 

spacing varies approximately from 0.50 m to 0.90 m (Figure 4-8 (c)). In order to measure the 

average block volume for the rockmass, the DFN geometries of various sizes (height/width =2.5) 

are imported into the 3DEC code (Itasca, 2013). The analyses showed that the blocks formed in the 

synthesized rockmass have an average range of volumes from 0.23 m3 to 2.30 m3.  

Based on the RQD-based GSI chart reported by Hoek et al. (2013) and given that the value 

for the RQD ranges from 95% to 100%, a range of 67 to 77 is predicted for the GSI (Figure 4-9 

(a)). However, when the rockmass block size degree is postulated on the basis of mean joint spacing 

and block volume according to the GSI chart proposed by Cai et al. (2004), different values of GSI 

are obtained compared to the GSI range estimated from the RQD-based chart. By using the Cai et 

al. (2004) GSI chart and given that the mean joint spacing ranges between 0.50 m to 0.90 m and 

the block volume range is between 0.23 m3 and 2.30 m3, the estimated GSI ranges from 

approximately 50 to 65 and 50 to 67, respectively (Figure 4-9 (b)). 
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Figure 4-8 (a) Schematic showing a 2D rectangular mapping window and the extracted 

virtual drill core sample from the DFN model to measure the RQD and joint spacing of the 

rockmass. (b) Evaluated RQD from the virtual rock cores extracted from boreholes of various 

sizes. The RQD is calculated as the ratio of the sum of the lengths of pieces of rock core longer 

than 10 cm to the total length of the core (Deere et al., 1967). (c) Histogram showing the 

distribution of joint spacing in the Brockville site.  
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Figure 4-9 The range of GSI estimated for the Brockville rockmass based on qualitative GSI charts (a) proposed by Hoek et al. (2013), and 

(b) Cai et al. (2004). Coloured regions in the charts indicate the range of the estimated GSI. (right) The green ellipse indicates the range of 

GSI estimated from RQD value and joint condition of the synthesized rockmass. (left) The estimated range of GSI based on mean joint 

spacing and block volume are shown with blue box and red box, respectively.
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4.5.2 The Scale-Dependency of Mechanical Properties 

A series of compression tests under unconfined conditions were simulated on 60 UCS specimens 

with width ranging from 1 m to 10 m, and the height to width ratio of 2.5 to investigate the influence 

of specimen size on the mechanical properties of SRM samples. The mechanical REV size is 

determined based on the change in degree of variability of unconfined strength (UCSrm) and 

deformability (Erm, νrm) of the SRM models. To load the sample in uniaxial boundary condition, 

the SRM sample is subjected to a constant displacement rate to induce stresses until failure is 

achieved. In order to achieve this, the rockmass model is located between two stiff platens. The 

upper and lower platens move towards each other with constant velocities to apply compressive 

load on two ends of the rock.  

The axial stress-axial strain behaviour is monitored during testing by using user-defined 

FISH functions embedded in UDEC. Compressive stresses are measured in upper platens and three 

domains within the sample. Axial strain is calculated based on the displacement of the two points 

at the very top and bottom of the specimens for the compression test. In addition, 14 sets of 

measuring points along external lateral sides of the sample are selected to monitor the lateral strain, 

and the average of the lateral strain in the monitoring points represents the overall lateral strain of 

the rock under compression (Figure 4-7 (c)). 

The modelling results indicate significant variation of Young’s modulus as a function of the 

model size. As illustrated in Figure 4-10, the variation of the Young’s modulus decreases as the 

specimen size increases. In general, the scattering of stiffness of the rockmass decreases with 

increasing the sample size, as the larger samples contain a larger population of joints. For specimen 

heights of less than 3 m, the range of the values is notably wider. However, the range of the 

emergent Young’s modulus narrows significantly for sample heights larger than 7 m, indicating 

that the minimum REV of 7 m can be justified for the deformability of this specific rockmass. In 

this study, a REV size for a property is established if the coefficient of variance (CoV) for a specific 
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property falls below 20% (Baghbanan and Jing, 2008). The value of the CoV for the 7 m high 

specimen is approximately 19%, which is smaller than the acceptable CoV value of 20% for 

establishing the REV size. The Erm at the REV size varies between 50% to 72 % of the intact 

Young’s modulus with the mean value of Erm = 40 GPa.  

 

Figure 4-10 Young’s modulus obtained from the SRM simulation and the empirical Hoek-

Diederichs equation (Hoek and Diederichs, 2006) for different specimen sizes. 

 
Figure 4-10 compares the Young’s modulus obtained for the SRM simulations and the one 

calculated based on the Hoek-Diederichs rockmass modulus equation (Hoek and Diederichs, 2006). 

A disturbance factor of D = 0 is considered in order to estimate the Erm. 

The RQD-based GSI results in a higher stiffness for the rockmass (considering GSI = 67- 77), 

however, the joint-spacing-based GSI and block volume-based GSI (considering GSI=50-65) yield 

a closer approximation to the Young’s modulus resulting from the SRM simulations.  
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The value of Poisson’s ratio (νrm) does not significantly vary with the size of the samples 

except for the 2 m sample, as shown in Figure 4-11. The calculated Poisson ratio for the 2 m sample 

is close to 0.8 which is not mechanically sound as an elastic parameter for a pseudo-continuum. 

This measured lateral/axial strain ratio does not represent a true Poisson’s ratio but is the result of 

the presence of two joints which are extended throughout the model at a critical dip, so that the 

shearing of these joints results in a high amount of lateral deformation and as a result high value of 

νrm. Therefore, a Poisson’s ratio range approximately between 0.25 and 0.35 is recommended to 

be used as an equivalent input parameter into continuum-based numerical models.  

 

 

Figure 4-11 Estimated Poisson’s ratio (𝛎𝐫𝐦) for the SRM samples of different sizes. The 2 m 

tall SRM sample with a pre-existing joint extending throughout the specimen is illustrated 

with an extreme strain ratio influenced by two steep discontinuities corrupting the lateral 

strain reading. Each green dot represents the result of one simulation per specimen size. 

 
The results of calculated values of unconfined compressive strength (UCSrm) from multiple 

numbers of SRM models at different sizes are illustrated in Figure 4-12. Similar to the stiffness 

(Figure 4-10), the variance of calculated UCSrmdecreases as the specimen size increases, and the 
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UCSrm values maintain approximately constant ranges after a certain sample size. At the sample 

height of 1 m, the UCSrm of the model ranges from 5 MPa to 221 MPa depending on the population, 

orientation, and persistence of the pre-existing joints in the model. This scattered data implies that 

the model at this size cannot be described as statistically homogeneous because a stable range of 

the properties cannot be achieved. However, for the sample sizes taller than 7 m, the scattering of 

results narrows to an average UCSrm of approximately 51 MPa. The value of the CoV for the 7 m 

high specimen is approximately 19%, which is smaller than the acceptable CoV value of 20% for 

establishing the REV size.  The mean strength of the models at REV size of 7 m x 2.8 m is 

approximately 23% of the granite intact strength. 

 
 

Figure 4-12 Unconfined compressive strengths (𝐔𝐂𝐒𝐫𝐦) obtained from the SRM simulations 

and Hoek-Brown criterion for different specimen sizes. Input GSI parameter in the Hoek-

Brown criterion was estimated based on the average block volume, mean joint spacing and 

RQD measured in the Brockville site, as well as joint condition data from Nirex (1997). 
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Figure 4-12 also compares the estimated unconfined rockmass strengths obtained from SRM 

simulations and those determined from the Generalized Hoek-Brown criterion with strength 

parameters determined using RQD-joint spacing-block volume-based GSI. As can be seen, under 

unconfined conditions, the simulation predicts that the rockmass fails at about 43 MPa (for a 7 m 

high sample size). The joint spacing- and block volume-based GSI approaches (50 ≤ GSI ≤ 67) 

consistently underestimate the unconfined strength of the rockmass by predicting UCSrm ranges 

from 24 MPa to 35 MPa. This could be attributed to the underestimation of the GSI value when the 

joint spacing and block volume are used to define the degree of blockiness for the rockmass. A 

range of 35 MPa to 63 MPa is determined for the unconfined strength when the RQD index is used 

(67 ≤ GSI ≤ 77). This implies that the predicted strength value using the RQD to estimate the GSI 

results in the mean strength value of 49 MPa which is closer to the UCSrm values (~43 MPa) 

obtained from the SRM simulation. The Hoek-Brown criterion with the GSI range suggested by 

the RQD values was able to successfully capture the variability in the unconfined strength of the 

rockmass.  

The mechanical properties used to determine the REV sizes are listed in Table 4-5. The 

minimum REV size (REV = 7 m) is used for the further analysis on anisotropy of strength, and 

failure envelope for the studied rockmass. In addition, the estimated rockmass macro-mechanical 

properties (UCS, Young’s modulus, and Poisson’s ratio) at the REV size are considered to be 

equivalent continuum properties, and therefore, they can be used as input parameters into 

continuum-numerical codes (Baghbanan and Jing, 2008; Farahmand et al., 2015). 

 

Table 4-5 Summary of the Representative Elementary Volume (REV) determination. 

 Property Mean Value REV Size 

(m) 

Mechanical 

Young’s Modulus, Erm (GPa) 40 7.0 

Poisson’s Ratio, νrm(-) 0.35 2.5 

Unconfined Comp. Strength, UCSrm (MPa) 56 7.0 

Minimum REV size  7.0 
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Figure 4-13 compares the final fracture patterns for the UCSrm models of different sizes. In 

the 1 m high sample, accumulation of damage in the direction sub-parallel to the applied loading 

axis creates macroscopic fracture patterns in form of axial splitting (Figures 4-13 (a) and (b)). In 

this case, most of the propagated micro-cracks are isolated cracks. These are not initiated from the 

tips of the pre-existing joints and the coalescence of these cracks leads to failure of the specimens. 

Therefore, the failure mechanism of this specimen size is very similar to the failure of the intact 

granite reported by Martin (1993). However, for the larger samples, stress concentration at the tips 

of the joints causes the propagation and the formation of wing cracks (Figure 4-13 (a)). The wing 

cracks propagate in the direction of the maximum external load and as the number of induced cracks 

increases by increasing the applied stress, cracks will begin to coalesce and interact. These results 

are in agreement with experimental observations discussed in the literature (Bobet and Einstein, 

1998; Diederichs, 2000; Wong and Einstein, 2009) in which two types of cracks, namely primary 

and secondary cracks, were observed during uniaxial loading of brittle rocks, with primary (or 

wing) cracks appearing first. These are tensile cracks that start at the tips of the flaws and propagate 

in a curvilinear path as the load increases. Wing cracks grow in a stable manner since an increase 

in load is necessary to extend the cracks and align with the direction of the highest compressive 

load. Secondary cracks, which initiate as shear cracks, appear later and are responsible for sample 

failure. These shear cracks in most cases initiate in a direction coplanar to the flaw. The 

accumulated numbers of induced cracks demonstrate that the majority of created cracks are tensile, 

which suggests the overall mode of the sample failure can be considered to be tensile failure.  
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Figure 4-13 Comparison between fracture patterns of SRM specimens and those observed in 

experimental tests. (a) Fracture patterns in UCS specimens of different sizes at their peak 

strength, and (b) Isolated micro-cracks observed in a 10 mm thin section of LdB granite 

compared with the isolated micro-crack geometries formed parallel to the direction of 

maximum principal stress in the numerically testes intact sample. (c) Comparison between 

the induced fractures that occurred during uniaxial loading of marble samples with two pre-

fabricated flaws (Wong and Einstein, 2009) and a 7 m tall SRM model. Note that the two 

coalescence cracks in marble are marked by a pair of horizontal arrows. The extent of the 

spalling zones that occurred between two pre-existing flaws are shown in both the SRM model 

and marble sample. 
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4.5.3 The Effect of Confinement on the Rockmass Modulus 

Five rectangular models of 7-m side length (REV size) extracted from different locations of the 

DFN master volume are employed to investigate the effect of confining stress (σ3) on the Young’s 

modulus during biaxial compression test simulations. At each biaxial simulation, the sample is 

loaded hydrostatically before the top and bottom platens move toward each other with velocities of 

0.02 m/s to induce compressive stress on the body of the specimen. 

The Young’s moduli of the 7-m SRM models as a function of confinement are plotted in 

Figure 4-14. As shown, the Young’s modulus of the synthesized rockmass is strongly confinement-

dependent. The rockmass modulus increases with increasing confinement and reaches an 

asymptotic value or plateau beyond the confining stress of about 10 MPa. The maximum rockmass 

modulus at high confining stress (i.e., σ3=10 MPa) is about 90% of the unconfined modulus of the 

intact rock. For the confining stresses greater than 10 MPa, most of the joints are closed and have 

reached their ultimate normal stiffness value, and as a result, the stiffness of the jointed system is 

mainly governed by the deformability of the intact rock. The increase in the rockmass Young’s 

modulus with increasing confinement is more pronounced at low confining stresses (σ3 ≤ 4 MPa). 

Rosenberg and Jaeger (1969), Martin (1997), and Arzua et al. (2014) observed a similar behaviour 

on heated Wombeyan marble, damaged Lac du Bonnet granite, and Blanco Mera granite, 

respectively (Bahrani, 2015).  
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Figure 4-14 Confinement-dependency of the Young’s modulus of various intact and jointed 

rocks under triaxial loading condition.  

 
Min and Jing (2004) studied the effect of increasing confining stress on the rockmass 

modulus of a highly jointed granitic rockmass (known as Sellafield rockmass) using DEM 
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modelling (Figure 4-15 (b)). The obtained Young’s modulus of the rockmass as a function of 

confinement are plotted in Figure 4-14. In examining the results for both of the rockmasses, it was 

found that generally the stiffness of the jointed system increases as a function of confining stress. 

The trend is consistent with both of the rockmasses displaying a hyperbolic character. Min and Jing 

(2004) suggested a hyperbolic function to fit the numerical data in the following form: 

1

Erm
=  

1

Ei
+ 

1

ή σ3 
         (4.1) 

 

where ή is defined as a sensitivity parameter with a constant value to fit the obtained numerical 

results and σ3 is the confining stress in MPa. This formula can be rearranged in the following form: 

Erm

Ei
=

ή σ3

ή σ3+Ei
         (4.2) 

Erm

Ei
=

ήσ3

ή σ3+Ei
         (4.3) 

 
However, for the unconfined loading condition (σ3=0 MPa), Eq. 4.1 yields a zero value for 

Erm which is not physically meaningful. Therefore, it is suggested to add a parameter in the 

nominator which is the unconfined rockmass modulus (Erm,0), as shown in the following form: 

Erm

Ei
=

ή σ3+Erm,0

ή σ3+Ei
         (4.4) 

 
In the Hoek-Diederichs rockmass modulus equation (Eq. 2.43), the Young’s modulus of the 

jointed rock is a function of the GSI. The GSI value for a specific rockmass is related to the degree 

of the blockiness and joint condition of the fractured medium. Hence, the parameter ή in the Eq. 

4.4 could also be a function of the fracture intensity (P21) and the joint normal stiffness (Jkn). The 

results of numerical simulations presented in Figure 4-14 are used to develop a semi-empirical 

equation to estimate the confined rockmass modulus for the rockmass. A least square regression 

analysis was carried out to determine the fitting parameters. The following relationship is derived 

that relates the parameter ή with the fracture intensity (P21) and the joint normal stiffness (Jkn): 
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ή =
5.5×103 Jkn

Ei P21
        (4.5) 

Eq. 4.5 can be used as a means to estimate the confined rockmass modulus in a situation 

where the normal joint stiffness, areal fracture intensity, and unconfined modulus of the rockmass 

are known. Bahrani (2015) used a similar exercise to develop a semi-empirical equation for 

estimating the confined strength of micro-damaged rocks based on the density of damage for rock 

specimens. 

In order to validate the equation, three experimental sets of data on laboratory-scale damaged 

intact rocks are used. The first dataset shown in Figure 4-14 is based on triaxial laboratory tests on 

damaged LdB granite specimens reported by Martin (1997). The second and third datasets are based 

on results of triaxial testing on heated Wombeyan marble (Gerogiannopoulos, 1977) and Blanco 

Mera granite (Arzúa et al., 2014). As discussed by Rotenberg and Jaeger (1969), and Bahrani et al. 

(2014), damaged intact rock specimens such as heated Wombeyan marble can be assumed to be an 

analogue to a jointed rockmass. Image processing tools implemented in MatlabR (Mathwork, 2016) 

are used to evaluate the fracture intensity of the damaged LdB granite and the Wombeyan marble 

by analyzing the micro-crack distribution in thin section images of these rocks (Figures 4-15 (e and 

f)). The fitting parameters for all the damaged samples, which were derived from the least square 

analysis, are presented in Table 4-6. It should be noted that this equation was developed based on 

numerical results obtained for only two different rockmasses. Therefore, it is necessary to test the 

validity of this equation to a wide range of case studies with various joint intensity and joint 

condition. 
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Figure 4-15 The DFN models for (a) the Brockville tunnel, and (b) the Sellafield site, 

Cumbria, UK (Farahmand et al., 2015). Thin section views of (c) LdB granite (Lim et al., 

2012), and (d) Wombeyan marble (Rosengren and Jaeger, 1969), cross-polarized light. Trace 

length of the micro-cracks in (e) LdB granite, and (f) Wombeyan marble obtained from the 

image processing of the thin section images. (e and f) The traces in white represent the micro-

cracks in the rock samples. 

 

Table 4-6 Summary of the input parameters used in Eq. 4.5 to evaluate the confinement-

dependency of the rock modulus based on the proposed analytical solution. 

 Brockville 

SRM 

Sellafield 

Rockmass 

Damaged LdB 

Granite 

Heated W. 

Marble 

Blanco Mera 

Granite 

Ei (GPa) 69.0 84.0 69.0 70.0 46.5 

Erm,0 (GPa) 40.5 2.5 16.0 1.5 28.0 

Jkn (GPa/m) 434 434 434 60 300 

P21 (m/m2) 2.50 18.00 3.00 1.60 0.65 

R2 0.97 0.98 0.99 0.98 0.90 

 

4.5.4 Anisotropy of Rockmass Strength and Deformability 

It has been well recognized that the mechanical behaviour of intact and jointed rocks can be highly 

anisotropic (Amadei, 1996). In the case of a jointed rockmass, it is the presence of joints distributed 

in preferential orientations that cause the material to deform differently depending on loading 

direction. In this section, the anisotropy of Young’s modulus and strength under unconfined 

condition is investigated. A number of rotated UCS specimens with a height of 7 m and a height to 
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width ratio of 2.5 were extracted from the master DFN model at three different orientations (Plane 

1-(0°), Plane 2-(45°) and Plane 3-(90°) relative to the alignment of the Brockville Tunnel). The 

unconfined strength and rockmass modulus values are shown in polar diagrams in Figure 4-16. The 

eccentricity of the polar plots is indicative of the degree of anisotropy of the material behaviour. In 

the case of Figure 4-16 (a), the plot indicates that the unconfined strength is greatest and least in 

the 0° and 45° directions, respectively, with its maximum and minimum values of 55 MPa to 

4  MPa. Similarly, in Figure 4-16 (b) the rockmass modulus has its lowest and highest values of 

42  GPa and 15 GPa at 135° and 0° angles, respectively. 
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Figure 4-16 Anisotropy of the rockmass properties with respect to direction of loading for 

three different sampling planes. Polar plots of (a) the rockmass unconfined strength, and (b) 

the rockmass modulus for the SRM as a function of the loading direction. The direction of 

loading in the polar plots are in degrees.  
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4.5.5 Determining the Failure Envelope for the Moderately Jointed Rockmass 

The inability of the Mohr-Coulomb and Hoek-Brown strength criteria to predict the maximum 

depth of breakout and the onset of brittle failure in hard rocks is reported in the literature (Pelli et 

al., 1991; Martin, 1997; Castro et al., 1995). Both models tend to replicate an incorrect breakout 

shape and a smaller depth of spalling due to the inadequate incorporation of a brittle damage 

mechanism. Field observations (e.g. the ONKALO rock characterization facility (Siren et al., 

2015), and the Niagara Falls Tunnel Project (Perras, 2009)) indicate that progressive slabbing of 

near excavation material is responsible for the formation of V-shaped notches in the areas around 

the excavation with the highest magnitude of tangential stress (Figure 4-17). It has been reported 

that spalling failure initiates at excavation boundaries where the low confinement allows the cracks 

to freely propagate and form parallel slabs. The onset of spalling corresponds to 0.3-0.4 of the UCSi 

(crack initiation stress) of the intact rock measured in physical laboratory tests. The yielding of the 

rockmass and the corresponding development of the notch stops when the notch geometry provides 

sufficient confinement to stabilize the process zone that forms at the notch tip. In fact, the cracks 

are free to propagate adjacent to the excavation where confinement is relatively low. However, 

further growth of the cracks will be suppressed beyond a certain depth due to reduction in deviatoric 

stresses at the tip of the cracks (Martin et al., 1999). As a result, the rapid increase in the in situ 

rock strength with increasing confinement can be attributed to the diminished ability of cracks to 

grow under high normal stresses acting on their surfaces. From a continuum mechanics point of 

view, this phenomenon can be interpreted as a strength envelope with a shallow-slope first branch 

indicating a low friction angle under low confinement condition. A second branch with higher 

friction angle (steeper slope) is replicating the influence of confinement which leads to an abrupt 

increase in the rockmass strength. 
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Figure 4-17 Mine-by Experiment tunnel showing (a) developed V-shaped breakout notches 

in the crown and the invert of the excavation; (b) cross-section through notch in the tunnel 

invert; (c) close-up view of the notch and associated process zone due to thin slabbing of 

material (Read, 2004). 

Based on such field and laboratory characterization of brittle failure mechanisms, Diederichs 

(2007) developed a brittle Damage Initiation Spalling Limit (DISL) constitutive model to be able 

to predict, with mechanistic reasoning, the shape and depth of the yielded zones observed in situ. 

This model defines a bilinear failure envelope to the rockmass strength. The first branch of the 

envelope accounts for the unstable crack growth under low confinement conditions experienced by 

the near excavation material. The second branch of the model, known as the spalling limit, captures 

the rapid increase in the rock strength with increasing confinement. As a result, the sensitivity of 

the material strength to confinement can be realistically modelled by applying this approach. 

In this section, the results of a series of simulated triaxial compression tests on a 7 m high 

sample are assessed for different ranges of confining stresses in order to derive a strength envelope 

for the moderately jointed rockmass. The stress-strain curves recorded for the triaxial compression 

simulations are illustrated in Figure 4-18 and the obtained strength envelopes are plotted in Figure 
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4-19. The strength envelope as suggested by the Hoek-Brown criterion (UCSi = 221 MPa, mi = 29, 

and GSI  = 70)  is compared to the envelope obtained from the SRM modelling. The objective is to 

derive a failure envelope that is able to estimate the strength of moderately jointed rock more 

accurately for hard rockmasses (UCSi > 100 MPa) with GSI ranging from 65 to 75 and rough, 

dilatant joints. As shown, the unconfined strength calculated from the Hoek-Brown criterion is in 

good agreement with the strength predicted from the SRM models. However, under confined 

conditions the predicted strength from the SRM models does not match the strength predicted from 

the criterion. As previously mentioned, field observations suggest that the rock damage initiates at 

a lower stress state than the stress suggested by the Hoek-Brown criterion. The SRM estimated 

envelope is closer to the in situ rockmass strength data observed in the Pinawa Underground 

Research Lab (URL) (Read, 2004). 

 

Figure 4-18 Stress-strain curves for the 7 m high SRM specimens loaded under confining 

stresses (𝛔𝟑) ranging from 0 to 35 MPa. 
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Figure 4-19 Comparison of the S-shaped strength envelope fit to SRM simulation results of 

7 m high specimens loaded under different confining stresses and the predicted strength 

using the Hoek-Brown criterion. Note that the strength data illustrated with pink diamonds 

are the SRM simulation estimates of peak strength when the rotated model at 45 degrees is 

subjected to triaxial compression. 

Using the simulated peak strengths, the suggested failure envelope consists of three sections 

of curves that fit to the numerical data. Components of the fitted envelope are expressed using the 

Hoek-Brown and the Mohr-Coulomb parameters as listed in Table 4-7. The fitted envelope clearly 

differs from the strength envelope suggested based on the conventional shear-based Hoek-Brown 

parameters. The first section of the criterion corresponds to peak strength of jointed rock under 

confining stresses up to 12 MPa. In this range of confining stress, the block rotation and eventual 

yielding of the rockmass is facilitated by intact rock bridge fracturing. The second section, referred 

to as spalling limit, demonstrates the transitional curve for rock strength under intermediate 

confining stress (12 MPa < σ3 < 20 MPa). At this range of intermediate confinement, the stress 
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acting normal to the surface of a propagating crack prevents the cracks from extending further. This 

resistance to crack growth causes the induced cracks to require higher shear stresses to lengthen 

compared to the case in which lower σ3 applied to the boundaries of the SRM specimens. As a 

result, the intact rock bridges between the pre-existing joints will fail at higher stress levels. This 

strength increase expresses itself with a higher value of friction angle (φrm) and mb achieved for the 

second section of criterion compared to the first and third sections. For the simulated rockmass, the 

critical confinement which causes this rapid strength enhancement corresponds to σ3 = 12 MPa (≈ 

UCSi/20). 

The third section of the fitted envelope demonstrates a transition to shear failure mechanism 

under sufficiently high confinement (σ3 ≈ UCSi/10). In the case of the simulated rockmass, this 

transition occurs when 𝜎3 approximately equals to 20 MPa. The fitted curve to the peak strength 

data for σ3 > 20 MPa shows a significant increase in the apparent cohesion (crm). This apparent 

increase in the cohesion of the material with non-persistent joints can also be experimentally 

observed when at sufficient confinement the shear failure through intact rock bridges leads to a 

significant increase in the apparent cohesion. At high confinement, the strength of the rockmass is 

very close to that of the intact rock. 

 

Table 4-7 The calculated Hoek-Brown (H-B) and Mohr-Coulomb (M-C) components of the 

S-shaped failure envelope. 

Failure envelope Properties 

 Adjusted H-B parameters Adjusted M-C parameters 

  mb    s  a   crm(MPa) φrm(°) 

1st section  2.1 0.015 0.35 17.2 37.4 

2nd section (Spalling limit) 7.0 0.0022 0.75 9.2 53.6 

3rd section 3.4 0.1889 0.50 24.2 34.9 
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4.5.6 Excavation damage zone (EDZ) determination using continuum and discontinuum 

modelling 

In this section, the anticipated behaviour of the ground in deep underground tunnels is compared 

when continuum and discontinuum modelling analyses are used. The continuum-based finite 

element method (FEM) code RS2 (RocScience Inc., 2015) and discontinuum-based UDEC code 

are used to simulate the breakout around a tunnel excavated in Lac du Bonnet granite. The in situ 

stress state and geometry of the simulated tunnel were selected based on the well-characterized 

case history of the Mine-by experiment tunnel in the Pinawa URL, Canada (Read, 2004). The Mine-

by experiment tunnel was excavated in massive Lac du Bonnet granite (GSI~75) with a 3.5 m 

diameter while the magnitudes of the in situ principal stresses are 60 MPa, 49 MPa, and 11 MPa, 

respectively. The maximum principal stress is oriented 11° with respect to the horizontal direction. 

Finite element analyses were performed with strength properties of the continuum rockmass 

model defined by the shear-based Generalized Hoek-Brown criterion and the brittle DISL model 

(Diederichs, 2007). The strength parameters used in each analysis are listed in Table 8. 

Table 4-8 The failure envelope parameters used in FEM continuum modelling. 

 Peak envelope Residual envelope 

 mb s a  mb s a 

Hoek-Brown model 12.3 0.062 0.5 12.3 0.062 0.5 

Brittle DISL model  1 0.033 0.25 7 0 0.75 

 

Potyondy and Cundall (2004) showed that the calibrated micro-parameters of discontinuum 

PFC2D models (Itasca, 2008a) should be adjusted by application of a strength reduction factor of 

0.6 to the calibrated properties of the laboratory-scale model in order to successfully simulate the 

brittle spalling damage notch development around tunnels to a similar extent observed in situ. As 

a result, a uniform strength reduction is performed to adjust the micro-parameters of the tunnel 

model (Figure 4-20) by multiplying both the tensile and shear strengths of all contacts by a factor 

of 0.6. 
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Figure 4-20 Damage predicted by the SRM modelling around a circular tunnel in UDEC 

using the calibrated joints and intact rock properties. Note that the pink features in the model 

represent the pre-existing joints while the white features illustrate the progression of damage 

through the intact material due to the joint slippage or extension and fracturing of the intact 

blocks. 

An approximately 0.43 m high depth of failure developed in the roof of the simulated SRM 

tunnel in UDEC, which corresponds to the failure depth observed in the URL test tunnel, is 

illustrated in Figure 4-20. However, the model also shows potential for the formation of a much 

larger breakout in the roof as well as at the side walls by the yielding of the rock bridges between 

the joints. It can be seen that the model successfully simulates the progressive formation of the 

parallel slabs driven by extension cracking. Similar to the spalling mechanism observed in reality, 

the formation and detachment of each slab near the excavation wall allows the confinement (σ3) 
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acting on the material immediately behind the slabs to reduce. As a result, the induced deviatoric 

stresses encourage the extensile cracking of the material and the creation of a newly developed 

slab. Moreover, the failure process is facilitated by the presence of the preferentially oriented joints 

around the excavation. These structural features act as stress risers so the stress concentrated at the 

tips of the joints is able to initiate and promote spalling in areas around the tunnel where the known 

stress should not yet initiate failure. This can be known as one of the reasons why the brittle failure 

process in massive rocks occurs at stress levels much lower than what the Hoek-Brown and Mohr-

Coulomb criteria would predict. The role of the discontinuities in facilitating spalling failure in 

underground openings is reported by Everitt and Lajtai (2004) and Kaiser (2005). 

In general, the continuum-based FEM models do not consider the influence of rockmass 

heterogeneity that exists due to presence of pre-existing joints. As a result, the discontinuum SRM 

modelling can provide a better understanding of the potential depth and extension of failure zone 

around the excavation when compared to continuum modelling results. It can be seen that the 

inclusion of joints in the SRM modelling provides enhanced insight into the potential response of 

the rockmass to excavation. Having the knowledge of potential rockmass behaviours that may 

occur during excavation is very useful for many aspects of engineering design. This can be 

specifically helpful when dealing with hard moderately jointed rockmasses which are exposed to 

high in situ stresses (i.e. deep mining or tunnelling in massive and moderately jointed rockmasses). 

The inability of the Generalized Hoek-Brown strength criterion to realistically simulate the 

geometry of developed spalling notches around excavations in moderately jointed and massive 

rockmasses with high in situ stress ratio (Ko ≈ 4.5) is shown in Figure 4-21. In these FEM models, 

the conventional H-B criterion produces an incorrect breakout shape and a smaller depth of spall 

breakout in the roof of the excavation. As mentioned previously, failed attempts for reproducing 

realistic breakout development using the Hoek-Brown criterion were also reported in the literature 

(Pelli et al., 1991; Martin, 1997; Castro et al., 1995). However, the FEM model shown in Figure 4-
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21 that uses the brittle DISL strength model realistically predicts the shape and depth of the yielded 

zones as well as the onset of damage initiation. 

 

 

Figure 4-21 Comparison of the depth and extent of the Excavation Damage Zone (EDZ) 

around a 3.5 m diameter circular excavation predicted by (a) continuum finite-element 

modelling using RS2 code with the Generalized Hoek-Brown failure criterion defining the 

strength of materials showing the damage extent (black dashed line); (b) continuum finite-

element model RS2 code with the brittle DISL model showing the damage extent (black and 

white dashed lines); (c) discontinuum model UDEC code simulating the presence of pre-

existing discontinuities; (d) discontinuum model with joints and fractures visible with red 

dashed lines that show the extent of the failure zone. The contours of maximum principal 

stress (𝛔𝟏) for (a-c) are shown. 

4.6 Discussion and Concluding Remarks 

An upscaling procedure was performed to extract the macro-mechanical properties of the 

rockmass. The obtained properties at this size are assumed to be representative of the rockmass 

behaviour at a larger scale (i.e. the excavation scale) by eliminating associated size effects. To 
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establish the REV size, the variability of UCSrm, Erm, νrm with increasing the sample size was 

investigated. The overall REV model specimen height of 7 m with a height to width radio of 2.5 is 

established based on the variability of the aforementioned deformation and strength parameters. 

The extracted mechanical properties at this scale are considered to be equivalent continuum 

properties and can be used as input parameters for the excavation scale modelling of jointed 

rockmasses. In this study, the SRM sample with a height of 7 m (REV scale) was used to examine 

the influence of confining stress and directional loading on the rockmass strength and 

deformability. 

To quantify a range of GSI values for the rockmass, three methods based on the RQD, mean 

joint spacing, and mean block volume were applied to the virtual 3D LiDAR model of the 

Brockville Tunnel. In the RQD-based method, the rockmass condition was inferred based on the 

one dimensional index of RQD and the joint surface condition while the methods based on joint 

spacing and block volume quantify the degree of interlocking of the jointed medium on the basis 

of the measured spacing between discontinuities and the mean volume of blocks, respectively. The 

degree of blockiness for the GSI estimation (50 ≤ GSI ≤ 67) obtained from the joint spacing and 

block volume values underestimates the degree of blockiness observed in the Brockville Tunnel 

where the rockmass condition clearly indicates that the rockmass is massive to moderately jointed 

(GSI > 65). However, quantifying the degree of blockiness based on the RQD seems to give a better 

estimate of the UCSrm. A GSI range from 67 to 77, estimated according to the measured RQD, 

corresponds more closely to the field observations made at the site.  

In general, the Hoek-Diederichs rockmass modulus equation (Eq. 2.43) (Hoek and 

Diederichs, 2006) tends to overestimate the rockmass modulus when compared to the stiffness 

values obtained from synthesized rockmass (Figure 4-10). However, substituting the lower bound 

of GSI (GSI = 67) obtained from the RQD into Eq. 2.8 yields a value for the rockmass modulus 

which is much closer to the SRM modelling prediction. In the case of predicting the strength, the 
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closest approximation to the values of unconfined compressive strength of SRM samples is made 

when a GSI range of 67 to 77 is used in the Hoek-Brown criterion. This suggests that the RQD can 

provide better estimates for the GSI of slightly to moderately jointed rockmasses. Hence, it is 

recommended to use the RQD-based quantified GSI chart reported by Hoek et al. (2013) to 

determine the GSI range for practical purposes. Regarding the compressive strength, the Hoek-

Brown failure criterion seems to offer a realistic value of the rockmass strength under an unconfined 

condition. This conclusion is made by comparing the UCSrm values obtained from the empirical 

approach and SRM models, and assuming that the calibrated model is able to produce correct 

results for the strength of the material. 

The overall mechanical properties of the rockmass are shown to be highly anisotropic due to 

the spatial distribution of pre-existing joints, the joint set geometrical characteristics (i.e. joint size, 

orientation and density), and their interaction. As a result, the unconfined compressive strength of 

the rockmass varies from 4 MPa to 55 MPa depending on the direction of loading. A similar 

response is observed for the rockmass modulus with its highest and lowest values of 42 GPa and 

15 GPa, respectively. These anisotropic properties should be considered when simulating the 

excavation scale response of the rockmass using continuum models and the derivation of direction-

dependent input equivalent parameters. It is possible to investigate strength variability for a given 

rockmass by simulating tension and compression tests on the DFN specimens with various joint 

densities and orientations. Then, the probabilistic design using continuum numerical codes can be 

performed based on strength variability obtained from the numerical modelling. 

It has been shown that the strength of the examined non-persistent hard rockmasses under 

confined condition follows an S-shaped failure envelope. The estimated strength envelope is in 

agreement with the in situ strength of the ground measured in various underground projects. It was 

also found that the GSI approach fails to correctly predict the strength of the highly interlocked 

jointed rockmass under confined loading condition where the material behaviour tends not to be 



157 

 

controlled by interblock shear strength of discontinuities. It was found that the intercept of the third 

branch of the failure envelope corresponds to the long-term strength (CI threshold) of the intact 

Lac du Bonnet granite. Under confined conditions the obtained strength from the SRM models is 

lower than the predicted strength from the Hoek-Brown criterion.  

Finally, by including the presence of structural features such as joints in models and 

simulating the effect of stress concentration on the premature or excess failure of a rockmass, we 

can identify the areas around an excavation that are not driven only by brittle failure of intact rock, 

but also by interaction between new and existing fractures. 
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Chapter 5 

Investigating Variability of the Mechanical Properties of a Jointed 

Rockmass within a Single Geotechnical Domain: A Case Study from 

Bowmanville Quarry Rockmass in Canada3 

5.1 Introduction 

The common practice for site characterization of rockmasses relevant to the design of rock 

engineering projects is to divide the area of the proposed project into a number of geotechnical 

domains. Within a certain geotechnical domain, certain features of the rockmass, including joint 

network geometries, lithology, and stress condition, remain relatively uniform (Bieniawski, 1989). 

Once the geotechnical domains have been identified, input parameters such as stress level, strength 

and deformability are established for each domain. Although within a specific domain the overall 

the rockmass characteristics are more or less the same, there still exists some variability in the 

rockmass properties such as strength and deformability. Generally speaking, the variability in 

rockmass properties within a domain is mainly due to the heterogeneous nature of the joint system 

within the rockmass.  

Understanding and quantifying such variability in rockmass characteristics including 

strength and deformability in both inter-domain and intra-domain are critical for safe and economic 

design of geotechnical projects (Langford and Diederichs, 2013; Kaiser et al., 2016; Perras and 

Diederichs, 2016; Bewick et al., 2017; Joughlin, 2017). This study aims to characterize the stiffness 

and strength of a rockmass and their variabilities within a single geological unit using numerical 

modelling. The SRM approach is used to assess the inherent variability of rockmass properties by 

                                                      

3 Material presented in this chapter is the result of a collaborative research carried out by the author 

of this thesis and Ioannis Vazaios from Queen’s University, Kingston, Canada. 
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generating and numerically testing different samples obtained from the same geotechnical domain 

at the Bowmanville quarry in Ontario, Canada. A rock exposure with the size of approximately 

17.5 m x 17.5 m at the wall of the quarry slope is selected to collect the joint network data required 

to construct the SRM samples. A total of 12 different locations within the mapped area are selected 

in order to extract the geometrical joint data required for the SRM generation.  From each location, 

rectangular samples of different lengths from 0.5 m to 10 m and a height to width ratio of 2.5 are 

created by integrating the mapped joint system samples into the UDEC-Voronoi models. Once 

generated, all SRM specimens were submitted to numerical modelling of a uniaxial compression 

test. This allowed for the determination of the spatial variability induced by joint network geometry 

on the deformability and strength properties of the rockmass at different scales and in different 

locations and orientations. 

After establishing a Representative Elementary Volume (REV) for the studied rockmass, a 

series of triaxial compression tests are simulated to obtain a failure envelope for this moderately 

jointed medium. In addition, the effect of joint persistence and spacing on the emergent unconfined 

strength of rock is investigated by numerical testing on SRM specimens with various joint intensity 

(P21) and joint persistence.  

5.2 Bowmanville Quarry Description 

In this study, a geomechanical domain within a horizontally layered sedimentary rockmass in the 

Bowmanville quarry in Ontario, Canada is selected to estimate the mechanical properties of the 

rockmass and their variabilities. The Bowmanville quarry is located in southern Ontario, Canada.  

The quarry is being excavated in a limestone sedimentary formation known as the Cobourg 

limestone formation using the drill-and-blast excavation method. The Cobourg rockmass is an 

argillaceous limestone and contains dark gray-coloured bedding structures which results from the 

initial deposition and lithification of the limestone (Day, 2016).  In general, three joint sets can be 

observed at the studied rockmass exposure. The sub-vertical joint set is mainly extended between 
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fractured bedding layers, followed by one sub-horizontal joint set which likely formed due to the 

tectonic activity. It has been observed that the third joint set is dominantly formed along sub-

horizontal bedding layers.  

5.3 Joint Data collection and Geometrical Analysis for the Bowmanville Quarry 

In this study, the LiDAR scanning is used in order to obtain the geometrical characteristics of the 

joints in the Bowmanville quarry. The scanned area is shown in Figure 5-1. The scans obtained 

from different stations are aligned in order to create a single point-cloud (Figure 5-1 (a)). A 3D 

surface model is created using the generated point cloud in order to assess the joint geometrical 

characteristics.  

 

Figure 5-1 Aerial view of the Bowmanville quarry near Bowmanville, Ontario, Canada 

(image courtesy of Google). The red dashed rectangle indicates the approximate location 

where the LiDAR scanning is performed in order to virtually map the joints. (b) The 3D 

surface model of the scanned rock exposure. The blue dashed rectangle indicates the location 

of the examined master domain with the size 17.5 m x 17.5 m. 
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A rectangular domain with the size of 17.5 m x 17.5 m within the scanned rock exposure is 

selected to collect the joint network data required to construct the SRM samples. The trace length 

and orientation of the identified joints are extracted from the 3D surface model based on the mapped 

traces and joint surfaces. The mapped joint traces are shown in Figure 5-2 (a). The obtained 

orientation measurements are imported into DIPS (RocScience Inc, 2017) in order to identify the 

joint sets. Three major joint sets and one bedding structure are identified using stereneot analysis 

(Figure 5-2 (b)). The orientation of the joint sets are presented in Table 5-1. 

 

Figure 5-2 (a) The 3D surface model obtained from the LiDAR scanning of a 17.5 m x 17.5 m 

m rock exposure in the Bowmanville quarry. The yellow indicates bedding traces and the 

blue indicates the sub-horizontal joint traces. The purple and green indicates the joint traces 

of the two sub-vertical joint sets. (b) Stereonet analysis of joint orientations in DIPS software 

by RocScience (2013). The yellow, green and purple in the stereonet refer to the mean plane 

of Joint Set 1, Joint Set 2, and Joint Set 3, respectively. (c) Sampling windows within the 

master domain are highlighted with rectangles. 
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Table 5-1Discontinuity orientations of the examined Bowmanville quarry rock exposure. 

Structure Dip (°) Dip Direction (°) 

Joint set 1 83 329 

Joint set 2 81 216 

Bedding 12 357 

 

In total, twelve rectangular sub-domains with the height of 10 m and the height to width ratio 

of 2.5 within the master domain with the size of 17.5 m x 17.5 m are selected in order to extract the 

joint geometries required for generating the SRM samples (Figure 5-2 (c)). Six of the sub-domains 

are sampled with the major axis of the sampling windows being perpendicular to the bedding 

(Figure 5-2 (c), left). The orientation of these samples, which is perpendicular to the bedding 

direction, is referred here as Orientation 1. Similarly, six sub-domains are extracted with the major 

axis of the rectangular windows being parallel to the bedding (Figure 5-2 (c), right). These samples 

are referred to Orientation 2. A number of 2D rectangular samples of different lengths from 0.5 m 

to 10 m and the height to width ratio of 2.5 are extracted from each location.  

The results of geometrical analyses performed on the 2D rectangular samples are shown in 

Figure 5-3. In this study, the bedding planes are assumed to be unfractured. An REV size of 2 m is 

established for the rockmass based on the variability of the P21, assuming an acceptable CoV value 

of 30% for approximating the REV size. The measured values of the mean joint spacing and RQD 

are presented in Table 5-2. GSI ranges for the studied rockmass are also estimated based on the 

qualitative GSI reported by Cai et al. (2004) and Hoek et al. (2013) (see Figure 5-4). The estimated 

GSI values are presented in Table 5-2.  
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Figure 5-3 (a) Areal fracture intensity and (b) RQD measurements for the two sampling 

orientations. Orientation 1 is considered to be the mapping window major axis being 

perpendicular to the bedding planes and Orientation 2 is considered to be the mapping 

window axis being parallel to the bedding planes. (c) Joint spacing and (d) bedding spacing. 

 

Table 5-2 Results of GSI determination based on spacing and RQD measurements. 

 RQD (%) Joint spacing (m) Spacing-based GSI RQD-based GSI 

Orientation 1 95-100 0.30-0.40 50-65 67-77 

Orientation 2 95-100 0.40-1.00 60-70 67-77 

Overall 95-100 0.30-1.00 50-70 67-77 
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Figure 5-4 GSI estimation for the Bowmanville rockmass based on (a) qualitative GSI charts proposed by (a) Hoek et al. (2013), and (b) Cai 

et al. (2004). Note green ellipse represents the rockmass condition estimated based on the RQD measurements. The light-red and purple 

boxes represent the rockmass conditions according to the joint spacing measurements carried out perpendicular (Orientation 1) and parallel 

(Orientation 2) to the bedding direction, respectively.
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5.4 Model Calibration 

A calibration procedure, as discussed in Chapter 3, is followed to calibrate the micro-mechanical 

properties of the UDEC-Voronoi samples. In this study, in order to meet the computational power 

requirements to simulate large samples, an average edge length of 3 cm is selected for the Voronoi 

grains. The Voronoi grains are simulated as rigid bodies. Therefore, the deformation and fracture 

properties of the models are controlled by the mechanical properties of the grain contacts.  

To characterize the properties of Cobourg limestone, comprehensive laboratory test 

programs have been conducted on the intact sample of the Cobourg obtained from the quarry 

(e.g.  Ghazvinian et al. 2013; Day, 2016; Paraskevopoulou, 2016; Paraskevopoulou et al., 2017). 

Target properties of the Cobourg limestone for the calibration purposes are listed in Table 5-3. The 

calibrated contact properties of the intact model used in the SRM simulations are presented in Table 

5-4. The ratio of the primary friction angle (φc ) and secondary friction angle (φc,2nd) for the 

Cobourg limestone is assumed to be 3.3 (refer to Figure 3-8). This ratio is selected based on the 

results of the Punch-Through test on Rüdersdorf limestone (Backers, 2005). 

Table 5-3 Comparison between experimental and simulation result for the intact Cobourg 

limestone. 

 Experimental value Model result 

Density (ρi) (
kg

m3⁄ ) 2700𝑎 2700 

Young’s modulus (Ei) (GPa) 52𝑎 53 

Poisson’s ratio (νi) 0.19𝑎 0.20 

Crack initiation stress (CI) (MPa) 43.8𝑎 (47% of UCSi) 41 (46% of UCSi) 

Crack damage stress (CD) (MPa) 72.6𝑎 (78% of UCSi) 82 (90% UCSi) 

Uniaxial comp. strength UCSi (MPa) 93.3𝑎 90.1 

Tensile strength (Ti) (MPa) 6.75𝑎 6.10 

Cohesion (Ci) (MPa) 19𝑏 20 

Friction angle (φi) (°) 45𝑏 41 

a From Ghazvinian et al., (2013). 
b Failure envelope parameters are taken from Intera  (2007). 
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Table 5-4 Calibrated micro-mechanical properties for the intact Cobourg limestone. 

Tc, Tc, res 

(MPa) 

Cc, Cc,res 

(MPa) 

φc, φc, res 

(°) 

kn0,c 

(GPa/m) 

ksh,c/kn0,c 

(-) 

GIc 

( 
J

m2⁄ ) 

10, 0 35, 0 35, 15 1950 0.62 100 

 

The mechanical properties of the pre-existing joints, as listed in Table 5-5, are approximated 

from the laboratory data presented by Barton and Choubey (1977) and Bandis et al. (1983). The 

mechanical properties for the bedding are taken from the results of direct shear testing of bedding 

planes by Day (2016) (see Table 5-5). It should be noted that, although the bedding planes have 

been fractured at the site, in the numerical modelling it was assumed that the bedding planes in the 

SRM specimens are not initially fractured at the beginning of the compressive loading.  

Table 5-5 Strength and stiffness properties for the rockmass structures used in the 

simulations. 

Structure Jkn 

(GPa/m) 

Jks 

(GPa/m) 

Jφ, Jφres 

(degree) 

JT, JTres 

(degree) 

Jω 

(degree) 

JC, JCres 

(MPa) 

dω 

(mm) 

joints 10a 6a 31, 25b 0, 0b 5b 0, 0b 3b 

Bedding  20c 12c 42.8, 31.1c 0.66, 0.00d 22c 1.6, 0.9c 5c 

a 
Normal and shear stiffness values are approximated from data presented by Bandis et al. (1983). 

b
 Joint property values are approximated from data presented by Barton and Choubey (1977). 

c
 Measured by direct shear testing on the Cobourg limestone samples by Day (2016). 

d
Assumed to be equal to ¼ of the bedding cohesion (JC). 

Jω and dw denote the discontinuity dilation angle and critical displacement for dilation, 

respectively. 

 

The stress-strain curves recorded for the triaxial compression simulations on the intact model 

are plotted in Figure 5-5. Obtained strength properties of the model such as tensile strength, 

compressive peak strength, crack damage, and crack initiation thresholds demonstrate a very good 

agreement with those of the experimental data (Table 5-3). 
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Figure 5-5 Stress-strain curves for the intact limestone model in uniaxial and biaxial 

compressions. The values of micro-parameters assigned to numerically tested samples are 

listed in Table 5-4. 

5.5 Variability of Unconfined Strength of the Bowmanville Quarry Rockmass  

The mapped bedding structures are explicitly modelled in the SRM samples using the discrete joint 

interfaces. This allows for accounting the main source that leads to the anisotropic behavior of the 

layered rockmass and also accounting for its effect on the direction-dependent fracture response of 

the material. As the result, the anisotropy in strength and stiffness of the material due to the presence 

of the bedding structures can be captured. 

The fracture patterns for different UCS specimens are illustrated in Figures 5-6 and 5-7. In 

general, a fracture tends to take the path of least resistance, and therefore grows toward weaknesses 

such as bedding planes, and joints in the rockmass (Perras, 2014). The main mechanisms involved 

in failure of the rockmass are fracturing of the bedding structures due to the relative shear-

displacement of the two bedding surfaces with respect to each other, and subsequent propagation 

of the wing cracks initiated from the tips of the critically oriented joints in the direction of the 

maximum external load. In reality, the main reason for the fracturing of the bedding layers which 

occurs in relatively low deviatoric stress levels is due to the stiffness contrast between the bedding 

materials and its surrounding matrix.  
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Figure 5-6 Fracture patterns of the 8 m tall SRM specimens tested under unconfined 

compression condition (post-failure state). The uniaxial compression loads are applied 

perpendicular to the direction of bedding. The location number refers to the region in the 

studied geotechnical domain at which the joints geometrical data have been extracted and 

used to construct the SRM specimens (see Figure 5-4). Pink and light-brown indicate the 

bedding structures, and pre-existing joints, respectively. Black indicates the induced 

fractures. 
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Figure 5-7 Fracture patterns of the 7 m tall SRM specimens tested under unconfined 

compression condition (post-failure state). The uniaxial compression loads are applied 

parallel to the direction of bedding. Pink and light-brown indicate the bedding structures, 

and pre-existing joints, respectively. Black indicates the induced fractures. 

The fracture growth can be arrested and/or redirected from its orientation when the 

propagating fracture reaches the sub-horizontal structures such as bedding interfaces or incipient 
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fractures. Depending on the magnitude of the stress field induced at the tip of the arrested fracture, 

four different conditions may occur. The facture growth may: (1) be arrested at the point of contact 

between the fracture and bedding structure (Figure 5-8 (a)); (2) continue propagating along the 

boundaries of the arresting feature until it stops extending further (Figure 5-8 (b)); (3) continue 

propagating along the feature for a while until it passes over and starts growing in the direction of 

the maximum applied load (Figure 5-8 (c)); and/or (4) pass over the feature without deviating from 

its original path (Figure 5-8 (d)).  

 

Figure 5-8 Different conditions occur when a propagating fracture reaches a pre-existing 

structure. (a) It stops at the contact point; (b) it continues propagating along the arresting 

structure; (c) it passes over the structure after propagating for some distance along the 

structure; and (d) it passes over without deviating from its original path. Locations of the 

concerned propagating fractures are indicated by dotted ellipse.   

Figures 5-9 (a) and (b) show the peak strength of the UCSrm specimens when the models are 

loaded perpendicular (z-direction) and parallel (x-direction) to the orientation of bedding. As 

mentioned previously, the Coefficient of Variance (CoV), which is the ratio of the standard 

deviation to the mean value, is calculated from the strength and stiffness values obtained from 

numerical testing.  The CoV concept, which is a dimensionless representation of the variability in 

a specific quantity, is employed to estimate an REV size for the mechanical properties of the 

rockmass. Using this concept, it is also possible to investigate the range of variations in strength 
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and deformability of the rockmass samples that belong to the same geotechnical unit. In this study, 

an CoV value of less than 30% is assumed as an acceptable value to judge whether an REV size 

for a specific quantity is reached or not. 

 

Figure 5-9 The variability in the limestone rockmass properties obtained from the numerical 

modelling and empirical methods. (a) The estimated unconfined strength perpendicular to 

the direction of the bedding; (b) the estimated unconfined strength parallel to the direction 

of the bedding; (c) the estimated Young’s modulus perpendicular to the direction of the 

bedding; and (d) the estimated Young’s modulus perpendicular to the direction of the 

bedding. 
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When the samples are loaded perpendicular and parallel to the bedding, the UCSrm values 

decrease significantly up to the specimen size of 6 m. The large variations in the strength values 

obtained for the sample sizes of less than 6 m are attributed to the variations in the population, 

orientation, and persistence of the of joints present in different samples. For the 6 m high specimen, 

the CoV values for strength are less than the acceptable value of 30% when approximating the REV 

size. For the samples that are loaded in the x-direction, the values of rockmass modulus tend to 

converge to a mean value of 30.4 GPa at the estimated REV size of 3 m. However, when the 

samples are loaded in the z-direction, the estimated variability in the rockmass stiffness are below 

20% for all of the sample sizes. Therefore, an overall REV size of 6 m is approximated for the 

rockmass. As listed in Table 5-6, the variability of the UCSrm at the representative scale of 6 m is 

found to be approximately 28% for the studied geomechanical domain, and the variation in Erm at 

the REV size is approximated to be between 5% to 10%.  

As shown in Figure 5-9 (a), the range of variability in UCSrm estimated from the numerical 

simulations at the sample sizes of 7 m and 8 m are consistent with the range obtained from the GSI-

based Hoek-Brown criterion assuming a GSI range of 67 to 77 for the rockmass condition. Similar 

to the results presented in Chapter 4, the mean joint spacing and block volume-based GSI (50≤

GSI ≤ 70) result in a lower strength for the rockmass, however, the RQD-based GSI (considering 

GSI=67-77) yields a closer approximation to the unconfined strength resulted from the SRM 

simulations. In addition, the variability range in the unconfined strength estimated from the RQD-

based GSI is in good agreement with the estimated one by the numerical simulations. In the case 

where the samples were compressed parallel to the bedding direction, the GSI approach tends to 

suggest a lower variation range in the rockmass strength compared to the range obtained from the 

numerical simulations (Figure 5-9 (b)). In this case, the SRM results also suggest higher values for 

the strength of the concerned rock.  
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As shown in Figures 5-9 (c) and (d), the variation range of Young’s modulus obtained from 

both empirical and modelling approaches are reasonably in agreement with each other. However, 

in both x- and z- directions, the Hoek-Diederichs empirical equation (Hoek and Diederichs, 2006) 

predicts higher stiffness for this moderately jointed rockmass compared to the modelling results. 

These results are also consistent with the results demonstrated in Chapter 4.  

Table 5-6 Estimated REV sizes based on the scale- dependency of the rockmass parameters. 

Direction of loading  Property Mean Value REV Size (m) CoV (%) 

Perpendicular to the bedding  UCSrm (MPa) 22.3 6 28 

Erm (GPa) 30.4 3 26 

p21 (m/m2) 4.2 2 27 

Parallel to the bedding UCSrm (MPa) 32.5 6 29 

Erm  (GPa) 40.6 1 10 

p21 (m/m2) 3.9 1 30 

Minimum REV size − − 6 − 

Note the CoV of less than 30% is assumed to be the acceptable value for the existence of an REV 

size. 

 

5.6 Estimating the Confined Strength of the Rockmass  

The SRM approach can be employed as a possible means for developing a strength envelope that 

does not a priori rely on empirical Mohr-Coulomb or Hoek-Brown criteria (Ivars et al., 2011). Ivars 

et al. (2011), Bahrani et al. (2014), and Duran (2017) studied the strength of jointed rocks under 

various confining stresses using the particulate-based models of PFC (Itasca, 2008a, 2008b). Elmo 

and Stead (2010) investigated the strength of the jointed rock pillars using a hybrid FEM-DEM 

code. 

In this section, a series of uniaxial and triaxial tests are simulated on a 7 m tall SRM sample 

to investigate the effect of confinement on the peak strength of the jointed rockmass. The sample 
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represents the rockmass condition in Location 2, as shown in Figure 5-6. The stress-strain responses 

of the model under various confining stresses are presented in Figure 5-10. As expected, the 

strength of the sample increases with increasing the confinement level.  

For the sparsely and moderately jointed rockmasses, where the joints are not persistent 

enough to intersect one another and create individual blocks, the failure of the material can be 

mainly attributed to tensile fracturing of intact rock bridges initiating from the tips of pre-existing 

structures. The ability of these propagating fractures to grow further is highly dependent on the 

level of confinement acting normal to the surface of the fracture. Therefore, by increasing the 

external confining stress (σ3) on the rockmass, a higher ratio of applied principal stresses (σ1 / σ3) 

is required for a fracture to be able to initiate and grow through intact rock bridges. This dependency 

between the length of a propagating fracture and the applied confinement is the main reason for the 

increase in the strength of the jointed sample with increasing the confining stress, as exhibited in 

Figure 5-10.  

 

Figure 5-10 Stress-strain curves for the SRM specimens tested under unconfined and 

confined copression loads. 

Two non-linear failure envelopes, as illustrated in Figure 5-11, are fitted through the 

unconfined and confined strengths of the rockmass. The Hoek-Brown envelope with a GSI equal 
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to 75 (UCSi = 90.1 MPa and mi = 11) provides a reasonable fit to the strength data up to the 

confining stress of 5 MPa (σ3 ≈
UCSi

20
); however, it overestimates the strength at confining stresses 

greater than this stress level. At higher confining stresses, the fitted envelope clearly differs from 

the failure envelope suggested by the conventional Hoek-Brown parameters. This transition from 

a Hoek-Brown curve with an initial steep failure envelope to a shallower envelope indicates that 

the rapid rate of increase in the confined strength decreases as the confining stress becomes greater 

than 5 MPa. The components of the Hoek-Brown and Mohr-Coulomb failure criteria used to fit to 

strength values obtained from the numerical tests are listed in Table 5-7. The intercept of the second 

section of the envelope with the maximum principal stress (σ1), as illustrated with blue curve in 

Figure 5-11, corresponds to the crack initiation threshold (CI) of the intact limestone. In general, 

this stress level marks the long-term strength of the intact rock (Martin et al., 1999; Diederichs, 

2007). 

 

Figure 5-11 A bi-curvilinear failure envelope fitted to the strength values obtained from the 

SRM simulations. Note the green shaded area represents the approximate range of the 

confining stress (𝛔𝟑) that transition from first section of the failure envelope to the second 

section is expected to occur. CI refers to the crack initiation threshold of the intact Cobourg 

limestone. 
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Table 5-7 The calculated Hoek Brown and Mohr-Coulomb strength parameters used to fit 

the failure envelopes on the strength data obtained from numerical testing. 

Failure envelope   Properties   

 Hoek-Brown parameters Mohr-Coulomb parameters 

  mb (-) s (-) a (-)  crm (MPa) φrm (°) 

First section 

(0 ≤ σ3 ≤ 5 MPa) 

4.5 0.062 0.5 7.3 38.6 

Second section 

(σ3 ≥ 5 MPa) 

2.9 0.151 0.5 9.1 33.6 

 

The confinement-dependency of the rockmass modulus is demonstrated in Figure 5-12. 

According to the fitted curve, the stiffness increases in an exponential fashion as the confining 

stress increases. As shown in the figure, when the confining stress is greater than 10 MPa the values 

of the Young’s modulus are equal to approximately 87% of the unconfined modulus of the intact 

rock.   

 

Figure 5-12 Confinement-dependency of the Young’s modulus based on the SRM simulation 

results. 
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5.7 Degree of Jointing and its Effect on the Rockmass Mechanical Properties 

In this section, the impact of severity of jointing on the resultant unconfined strength of the 

rockmass is investigated, while the degree of jointing in the specimen is represented by the areal 

fracture intensity (P21). The concept of areal fracture intensity (P21) is used as a measure to describe 

the degree of jointing in a 2D sense. By utilizing this concept, Hamdi et al. (2015) studied the effect 

of the degree of micro-cracking on the unconfined strength of the Lac du Bonnet granite. It was 

shown that the strength of the specimens decreases in an exponential fashion with increasing the 

micro-crack intensity. 

In a similar fashion, the influence of joint intensity on the rockmass strength is examined in 

this section. Initially, the DFN generator scheme implemented into RS2 (RocScience Inc., 2015) is 

used to generate the geometries of joints. The generated models consist of a set of bedding 

structures extending in the horizontal direction and two sub-vertical joint sets cross cutting the 

bedding planes. In total 7 DFN models with the size of 7 m  x 2.8 m are constructed (Figure 5-13). 

The input parameters defining the geometrical characteristics of the bedding structures are the same 

for all samples. The values of the areal fracture intensity (P21) used in the DFN generation vary 

from 1 
m

m2 to 10 
m

m2. Once the DFN models are generated, the joint geometrical information is 

imported into the UDEC-Voronoi models in order to construct the SRM samples. The constructed 

SRM specimens are then submitted to numerical modelling of a uniaxial compression test 

simulation. The mechanical properties of the joints and grain contacts are the same as those of the 

Bowmanville rockmass models.  

Figure 5-13 shows the normalized unconfined strength (UCSrm/UCSi) of all simulated 

models as a function of joint intensity (P21). The best-fit curve to the data points is an exponential 

function in the form of: 

UCSrm

UCSi
= 0.5947e−0.498×P21         (5-1) 
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Figure 5-13 The UCS models crossed by a set of bedding structure and two sets of joint. The 

induced fractures due to the compressive loading are illustrated in black. Pink and light-

brown indicate the bedding structures, and pre-existing joints, respectively. Black indicates 

the induced fractures. P21 is the areal fracture intensity of the sample. 

At low intensity values, the joints within the rockmass are mainly non-persistent, as 

illustrated in Figure 5-13 (a), (b), (c), and (d). As a result, the lack of sufficient intersecting joints 

creates a significant number of rock bridges between the joint segments. These rock bridges prevent 

the joints from shearing until the rock bridges fail as a result of the stress-driven fracturing. As 

fracture intensity increases, however, joints are more likely to intersect one another. This favours 
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the shearing along the already existent planes of weakness, which also leads to the drastic decrease 

in the UCSrm. This shear-dominated mode of failure occurs for the samples shown in Figure 5-13 

(e), (f), and (g). 

 

Figure 5-14 The effect of areal fracture intensity P21, on the unconfined strength. 

5.8 Effect of Explicit Simulation of Joint Undulation on Overall Strength of the 

Rockmass 

It has been reported in the literature that the undulation of a single joint has a significant influence 

on its shear strength (e.g. Barton and Choubey, 1977; Grasselli, 2001; Sharifzadeh, 2005; Tatone, 

2014). To the author’s knowledge, however, the impact of joint undulation and waviness on the 

overall strength of a rockmass containing a number of joints has not been investigated. To study 

this behaviour, a series of the uniaxial compression tests are simulated when tested models consist 

of two types of joint geometries, i.e. linear joints and undulated joints. The models constructed 

based on the actual mapped joint geometries and their undulations are represented in Figure 5-15 

(a), and the samples illustrated in Figure 5-15 (b) have used a simplified approximation of the joint 

geometries considering that the joints are linear features. The estimated strength values, as 

presented in the figure, are very close to each other for both cases of the model with undulated 

joints and the model simulating joints as linear features.  
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The dominant mode of failure for this moderately jointed rockmass with a high degree of 

interlock is the brittle fracturing in the form of intra-block extensile micro-cracking. Therefore, the 

undulation of the pre-existing joints may be expected to not significantly change the overall 

strength. This can be attributed to the persistency of the pre-existing joints. It should be noted that 

the simulated strength values are obtained for the case of compression under unconfined conditions. 

As a result, this conclusion might not be valid when the rockmass failure occurs under confined 

condition. Therefore, to draw a general conclusion, it is also necessary to investigate how the 

overall confined strength of a non-blocky rockmass is affected by the undulations of the joints.  

 

Figure 5-15 Comparison between the unconfined strength and fracture patterns of the SRM 

samples with (a) non-linear joints and (b) equivalent linear joints. The arrows indicate the 

models that contain the equivalent linear joint geometries. 
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5.9 Discussion 

In this study, it has been shown that the geometrical characteristics of the pre-existing joints within 

a rockmass can induce the scale effect in rockmass behaviour. The variability in the rockmass 

properties was studied in a quantifiable manner by numerical testing of different SRM models 

sampled from 12 different locations within a geotechnical domain. The geometrical information of 

rockmass structures including pre-existing joints and bedding structures were obtained from 

LiDAR scanning of the Bowmanville quarry. The mapped geometrical data of the structures were 

used to generate the SRM models. 

In general, the variability in rockmass strength and deformability decreases with increasing 

scale, indicating a strong scale effect on the rockmass properties. Although the variability in the 

properties decrease with increasing the size of the rock sample, even at a representative scale there 

is a significant variation in values of the unconfined strength and Young’s modulus. This variability 

is mainly due to the variations in the geometrical characteristics of the structures in different regions 

within a specific geotechnical domain. 

The very low  UCSrm values found in Figure 5-9 (a) and (b) are due to the presence of joints 

that extend relatively throughout the model at a critical dip with respect to the direction of applied 

the load. The shear slip along these planes of weakness causes the samples to prematurely fail. For 

the non-persistent jointed samples, the intra-block fracturing of intact rock bridges is found to be 

the main cause of the failure.  Therefore, failure mode variation is the reason that a collection of 

small samples exhibits a wide variability in strength.  

The anisotropy in rockmass properties was also studied by subjecting the samples to 

compression in two different directions. For the sample size of 6 m, there is a 31% difference in 

the strength values estimated in the x- and z-directions (Figure 5-16 (a)). This anisotropic behavior 

is less significant for the rockmass modulus with an approximately 13% difference in the calculated 

mean stiffness values (Figure 5-16 (b)). The estimated anisotropy can be attributed to the existence 
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of two dominant sub-vertically oriented joint sets within the rockmass which are longer in length 

compared to the sub-horizontal joint set. The presence of the sub-vertical joints accommodate the 

failure of the samples when their orientations correspond to the direction of the external applied 

load.   

 

Figure 5-16 Comparison between the estimated values of (a) mean rockmass strength and (b) 

mean rockmass modulus for the SRM models in the directions perpendicular and parallel to 

the bedding. 

For a confining stress up to about 
UCSi

20
, the simulated confined strength of the rockmass 

matches very well with the strength values predicted by the conventional Hoek-Brown criterion. 

However, beyond this confinement, the criterion fails to determine the strength values obtained 

from numerical tests. As shown in Figure 5-11, the models exhibit lower strength values compared 

to the empirical estimation. The SRM strength values follow a shallower envelope when compared 
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to the steep initial slope of the strength envelope predicted by the Hoek-Brown criterion. As shown 

in Figure 5-11, the rate of increase in the rockmass strength decreases as the confining stress 

exceeds 5 MPa. 

The variability range in the rockmass parameters for different rockmasses are presented in 

Table 5-8. The variability in the rockmass parameters for the igneous and sedimentary rockmasses 

are taken from Aladejare and Wang (2017). The variation in the UCSrm and Erm values can be up 

to 30% and 26% based on the two cases of the Brockville rockmass and Bowmanville rockmass.  

Table 5-8 The range of variations for the rockmass parameters. 

Type of rockmass Igneous 

rockmass 

Sedimentary 

rockmass 

Cobourg 

rockmass 

Brockville 

rockmass 

CoV of UCSrm (%) − − 29 19 

CoV of Erm (%) − − 26 19 

GSI range 2.9a 21.5a 55-75 65-75 

CoV of RQD range (%) 17.5b 29.0b 2 5 

Mean joint spacing range − − 0.30-0.70 0.50-0.90 

CoV of P21 (%) − − 10 17 

a
 The values are the range of variations in the GSI. 

b
 The values are the CoV of the RQD. 

The data for the igneous and sedimentary rockmasses are taken from Aladejare and Wang 

(2017). 

The data for the Cobourg and Brockville rockmasses are based on the results of the current study. 

 

5.10 Concluding Remarks 

A proper knowledge of the range of variations in rockmass parameters can assist in anticipating the 

different rockmass behaviours in response to different applied loads. In this study, the numerical 

modelling using the SRM approach was employed in order to quantify the range of strength and 



184 

 

deformability of a sedimentary rockmass. The following can be concluded from the numerical 

simulations: 

• The rockmass RQD seems to be independent of the size of the logged borehole.  

• The model size with the height of 6 m can be considered as the REV size for the studied 

rockmass. This representative scale is approximated based on the variability in the 

geometrical and mechanical properties of the jointed rockmass with increasing the sample 

size. 

• It was found that the unconfined strength of the rockmass estimated from the Hoek-Brown 

criterion reasonably matches with the average UCSrm of the SRM models when the 

direction of loading is perpendicular to the direction of the bedding. Perpendicular to this 

direction, the numerical simulations give higher values for the unconfined strength 

compared to the empirical method’s estimations. Overall, the mean unconfined strength of 

the rockmass reaches about ¼ of the intact strength at the REV size. 

• Overall, the empirical Hoek-Diederichs equation tends to predict higher values for the 

rockmass modulus when the rockmass is loaded perpendicular to the bedding. 

Perpendicular to this direction, the predicted values for the rockmass modulus using both 

the empirical equation and numerical simulation are very close to each other. 

• The upper and lower strength limits approximated from the Hoek-Brown criterion 

reasonably capture the strength variability obtained from the modelling results in the 

directions parallel and perpendicular to the bedding. Similarly, the Hoek-Diederichs 

modulus estimations cover the range of variations in the rockmass modulus when the 

rockmass conditions varies between a GSI of 67 to 77. An approximately 29% variation in 

the UCSrm is predicted for the rockmass, and the variability for the rockmass modulus is 

between 5% to 10% at the approximated REV size. 
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• The rockmass models exhibit anisotropic behavior with having higher strength and 

deformability properties in the direction perpendicular to the direction of the material 

deposition.  

• It was found that the unconfined compressive strength estimated from the Hoek-Brown 

criterion is matched with the average unconfined strength of the SRM models. At relatively 

high confinement (σ3 ≈
UCSi

20
), however, the conventional Hoek-Brown failure criterion 

tends to overestimate the confined strength of the rockmass when compared to the strength 

values obtained from the simulations.   

• The strength envelope for such interlocked rockmass consist of a steep initial branch for 

relatively low confining conditions followed by a shallower branch indicating a higher 

apparent cohesion and a lower friction angle for the material at high confinement. This 

rockmass behavior reflects the fact that that at high confinement the rockmass friction 

mobilization continues at a lower rate compared to the low confining conditions. It was 

also found that the intercept of the second branch of failure envelope predicting the strength 

of material at relatively high confinement corresponds to the long-term strength 

(CI  threshold) of the intact Cobourg limestone.  

• For this highly interlocked rockmass with non-persistent structures, the sample strengths 

seem to be independent of whether the joints within models are represented as the linear 

features or as non-linear structures taking into account the undulation of a single joint. 

These similar behaviours are attributed to the nature of the tensile-dominant failure mode 

that occurs for such an interlocked rockmass with non-persistent joints. In general, the 

influence of undulation of the joints on the overall strength of the rockmass is expected to 

occur for the rockmasses containing a number of persistent joints where shearing along 

pre-existing joints controls the failure of the material.  
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Chapter 6 

Calibration of the Grain-Based Model for Realistic Simulation of the 

Excavation Damage Zone (EDZ) Development around Tunnels 

 

6.1 Introduction 

Placing radioactive waste in deep geological repositories (DGRs) that is surrounded by suitable 

rock formations is the preferred solution for long-term management of nuclear waste 

(Fairhurst,  2004). For design and safety assessment of the DGR, understanding and detailed 

evaluation of mechanisms controlling the long-term stability and integrity of the excavation is of 

paramount importance. Primary concern for the design of the repository include the potential 

creation of new fractures and the opening of existing fractures in surrounding rock that can enhance  

permeability and transport potential of the rockmass, which could encourage the migration of 

radionuclides from the repository to the near surface environment and biosphere (Hudson et al., 

2009).    

Design of DGRs must be able to predict the formation and evolution of the EDZ for a design 

life of one million years. This requires implementing verified numerical tools with an ability to 

simulate development of the EDZ around the underground excavations.   

In this chapter, the application of the 2D grain-based models for simulation of the damage 

zone development around a tunnel is investigated. The Niagara Tunnel Project in Canada is used 

as a case study to calibrate the 2D grain-based model to the observed excavation damage zone 

(EDZ). Two models are constructed. One model is calibrated to the long-term laboratory-strength 

of the rock, while the second model is calibrated to short-term strength of the rock. The simulated 

EDZ dimensions are compared with the damage development observed at the tunnel site. The 
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results of this study can be used for developing practical numerical tools to predict the formation 

of damage around underground excavations. 

6.2 Niagara Tunnel Project 

The Niagara Tunnel Project (NTP) is a 14.4 m diameter water diversion tunnel in the city of Niagara 

Falls, Ontario, Canada. The tunnel was excavated by a tunnel boring machine (TBM) through 11 

sedimentary formations in the Michigan and Appalachian basins of North America (Perras, 2014). 

Along the tunnel alignment, 4 different overbreak zones have been identified (Perras, 2014). In this 

chapter, a section of the tunnel that drives through the Queenston shale formation and is located 

140 m below the ground surface is considered for modelling purposes. In this formation, the tunnel 

alignment is perpendicular to the maximum horizontal stress which redundant intense damage at 

the crown and invert of the excavation. The gravitational forces and the existence of the maximum 

horizontal stress resulted in the creation of parallel slabs due to the stress fracturing at the crown of 

the tunnel. These slabs tend to deflect into the excavation due to the gravitational forces and stress 

fracturing. Within the Queenston formation, the measured depth of failure at the crown of the tunnel 

was typically in the range of 3 m to 4 m, while the maximum overbreak was recorded to be as deep 

as 6 m (Perras, 2014) (Figure 6-1). A comprehensive review of the observed overbreak along the 

tunnel alignment is reported by Perras et al. (2015). 

Perras et al. (2015) conducted a series of back analyses based on the measured in situ 

deformation at the tunnel site and concluded that the in situ stress ratio (K°) is defined as the ratio 

of maximum horizontal stress to vertical stress, at this elevation of the tunnel ranges between 2 to 

6, and a horizontal stress ratio is between 1 to 2.5. 
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Figure 6-1 Typical overbreak notch at the Niagara Tunnel Project (Perras, 2014). 

 

6.3 GBM Calibration for Excavation-Scale Application 

In order to calibrate the GBM model for tunnel-scale applications, two models of the Niagara 

Tunnel are generated. In the first model, the micro-parameters of the grain-based model are 

calibrated to the short-term strength properties of the laboratory scale Queenston shale, while in 

the second model, the properties of the model are calibrated to the long-term strength of the rock. 

Diederichs et al. (2004) demonstrated that the in situ strength of the brittle rockmass in an 

excavation scale can be estimated based on the long-term strength (crack initiation threshold) of 

the laboratory scale samples.  

The short-term confined strength of the Queenston shale is obtained from the Hoek-Brown 

failure criterion (Figure 6-2), while the DISL model (Diederichs, 2007) is used to estimate the in 

situ strength (long-term strength) of the shale (Figure 6-2). The DISL model requires crack 

initiation threshold (CI), short-term uniaxial strength of the intact rock (UCSi), and the tensile 

strength as input parameters. The mechanical properties of the Queenston shale used to determine 

the confined strength of the rock based on the Hoek-Brown criterion and DISL model are listed in 

Table 6-1.  
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Table 6-1 Mechanical properties of the intact Queenston shale. 

                  Properties                      Short-term properties Long-term properties 

ρi (
kg

m3⁄ ) 2700𝑎 2700𝑎 

Ei (GPa) 11𝑎 11𝑎 

νi (-) 0.25𝑎 0.25𝑎 

CI (MPa) 15.3𝑎 (34% of UCSi) − 

UCSi (MPa) 44.7𝑎 15.3𝑏 

Ti (MPa) 2.5𝑎 2.5 

Ci (MPa) 8.6𝑐 5.7𝑑 

φi (°) 44𝑐 16.6𝑑 

mi 11𝑎 11𝑎 

a Rock properties values from uniaxial compression and Brazilian testing  (Perras, 2014). 

b It is assumed that the long-term strength of the shale is equal to the crack initiation stress 

levels. 

c  Approximated using the Hoek-Brown criterion when mi = 11 and GSI=100. 

d These parameters are approximated from the DISL model (Diederichs, 2007). 

 

 

Figure 6-2 Short- and long-term strength envelopes for the Queenston shale. The short-term 

strength of the Queenston shale is estimated based on the Hoek-Brown failure criterion (Hoek 

and Brown, 1995), while the long-term strength is estimated using DISL model 

(Diederichs,  2007).  
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To model the anisotropic behviour of the shale, a series of horizontal joints with a spacing of 

30 cm are distributed throughout the models. As a result, the overall stiffness of the rockmass is a 

function of the stiffness of the joints and the stiffness of the intact rock beams forming between 

these joints. The value of the normal stiffness assigned to the joints is required to be scaled based 

on the spacing between joints (Sj) and Young’s modulus of the intact beams (Ei) in a way that 

equivalent overall stiffness of this combined system represents the Young’s modulus of the 

rockmass (Erm) (Damjanac et al., 2007; Perras, 2014). The Young’s modulus of the rockmass can 

be estimated using the empirical Hoek-Diederichs equation (Eq. 2.43). This equation yields 

Erm=8.1 GPa for the rockmass when GSI = 70, Ei = 11 GPa, with damage factor D = 0 are 

considered for the Queenston shale rockmass. Brady and Brown (2007) suggest that for  

a  rockmass containing a single set of parallel joints the equivalent Young’s modulus of the jointed 

medium (Erm) can be estimated using Eq. 6.1. Substituting the values of Erm, Ei, and Sj in Eq. 6.1 

yields 78 GPa/m for the normal stiffness of the joints (JKn).  

1

Erm
=

1

Ei
+

1

JKnSj
         (6.1)                                                                                                                        

An average DEM-Voronoi grain size of 10 cm is selected to generate the models. The 

deformability of each individual grain is controlled by the values of the Young’s modulus and 

Poisson’s ratio. The calibrated micro-properties of the models are presented in Table 6-2.  A Mohr-

Coulomb criterion with residual strength and tension cut-off controls the mechanical behavior of 

the joints. The same strength properties are assigned to the grain contacts and joints. Table 6-3 

presents the properties assigned to the joints.  
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Table 6-2 Mechanical and numerical parameters for the rock matrix of the calibrated 

models. 

Parameter Model_short-term Model_long-term 

ρgr (Kg/m3) 2700 2700 

Egr (GPa) 11 11 

νgr (-) 0.25 0.25 

kn0,c (GPa/m) 760 760 

ksh,c/kn0,c (-) 0.37 0.37 

Tc, Tc, res (MPa) 3.8, 0.0 3.0, 0.0 

Cc, Cc,res (MPa) 16, 0 7, 0 

φc, φc, res (°) 48, 15 18, 5 

GIc ( 
J

m2⁄ ) 100 100 

GIIc ( 
J

m2⁄ ) 200 200 

Model_short-term and Model_short-term denote the models calibrated to 

the short-term and long-term strength properties of Queenston 

shale,  respectively. 

φc/φc,2nd = 3.3 (assumed) 

 

 

Table 6-3 Mechanical properties of the joints. 

Joint properties Model_short-term  Model_long-term 

Jkn (GPa/m) 78𝑎 78𝑎 

Jks (GPa/m) 68 68 

Jφ, Jφres (degree) 48𝑏, 15𝑏 18𝑏, 5𝑏 

JT, JTres (degree) 3.8𝑏, 0.0𝑏 3.0𝑏, 0.0𝑏 

Jω (degree) 22 22 

JC, JCres (MPa) 16𝑏, 0𝑏 7𝑏, 0𝑏 

dω (mm) 3 3 

a 
Normal stiffness value are approximated from Eq. 6.1. 

b
Assumed to be equal to the values assigned to the grain contacts. 

Jω and dw denote the joint dilation angle and critical displacement for dilation, 

respectively. 
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Figure 6-3 (a) and (b) show the behaviour of the model under biaxial loading conditions. The 

fracture patterns obtained from UCS sample are illustrated in Figure 6-3 (c). As shown, the failure 

of the sample is attributed to the shearing of the joints and accumulation of the damage in the 

direction sub-parallel to the applied loading axis. 

 

 

Figure 6-3 (a) Deviatoric stress-axial strain curves for the models calibrated to the in situ 

strength of the Queenston shale under various confining stresses and (b) associated 

volumetric strain – axial strain curves. (c) Fracture patterns of the UCS test. 

 

Table 6-4 compares the macroscopic properties of the calibrated GBM models with the 

experimental values of the shale reported by Perras (2014). 
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Table 6-4 Comparison between the mechanical laboratory properties of the Queenston 

shale and the macroscopic properties of the GBM models. 

 Experimental value Model result 

                  

Properties                      

Short-term  

properties 

Long-term 

properties 

Short-term 

properties 

Long-term 

properties 

ρi (
kg

m3⁄ ) 2700𝑎 2700 2700 2700 

Erm (GPa) 8.1𝑏 8.1 7.8 7.8 

νrm (-) 0.25 0.25 0.21 0.21 

CI (MPa) 15.3𝑎  − − − 

UCSi (MPa) 44.7𝑎 15.3𝑑 43.6 14.5 

Ci (MPa) 8.6𝑐 5.7𝑒 9.1 5.15 

φi (°) 44𝑐 16.6𝑒 44.5 20 
a Rock properties values from uniaxial compression and Brazilian testing  (Perras, 2014). 

b Estimated using the Hoek-Diederichs empirical equation considering Ei=11 and GSI=70.  

c  Approximated using the Hoek-Brown criterion when mi = 11 and GSI=100. 

d It is assumed that the long-term strength of the shale is equal to the crack initiation stress 

levels.  

e These parameters are approximated from the DISL model (Diederichs, 2007). 

 

6.4 Numerical Modelling of the Breakout Formation at Niagara Tunnel Project 

The Niagara Tunnel Project has been constructed in the laminated Queenston shale rockmass. 

In the laminated sedimentary rocks, the failure mechanism of rockmass is closely controlled by the 

anisotropic behavior of the material. The anisotropic response of the rockmass adjacent to the 

excavation is mainly due to the material layering which causes the fracturing process of the rock to 

be dictated by the material fabric and bedding planes (Lisjak et al., 2014).  

The main mechanisms involved in development of failure in horizontally laminated ground 

when subjected to an anisotropic stress field with the maximum principal stress parallel to the 

bedding direction are: (1) initiation and progression of newly fractures, in the roof of the opening, 

sub-parallel to the direction of rockmass lamination and direction of maximum principal stress; (2) 

shearing along the bedding planes forms beams of intact material; and (3) deflection of the beam 

and occurrence of tensile cracking in the middle of the beam  (Diederichs, 1999; Perras, 2014). 
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In this section, the grain-based models are used to simulate the progression of damage around 

the Niagara Tunnel project. To model the anisotropic behavior of the shale, a series of horizontal 

joints with a spacing of 30 cm are distributed throughout the models. The laminated structures 

separate the rockmass into a series of rock slabs (rock beams). These joint structures are able to 

yield due to shearing and tensile fracturing and create detached rock beams that can deflect into the 

excavation.  

To simulate the formation of the EDZ around the tunnel, two GBM models with an average 

grain size of 10 cm are constructed (Figure 6-4). One model is calibrated to the short-term strength 

properties of the laboratory Queenston shale sample, while the second model is calibrated to the in 

situ (long-term) strength of the rock. 

 

Figure 6-4 Geometry of the Niagara Tunnel models. (a) A 70 m x 70 m discrete element model 

consists of joint interfaces and Voronoi blocks. (b) Close-up view of a rectangular domain 

discretized into the Voronoi grains. An average grain size of 10 cm is selected to generate the 

models.  
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It is assumed that the vertical in situ stress (σv) is equal to the overburden weight. As a result, 

assuming that average density of the overburden material is 2700 
kg

m3⁄ , the vertical stress at the 

level of the tunnel (140 below ground surface) is approximately 3.65 MPa. The in situ horizontal 

stress (σh) in the analysis is assumed to be a factor of 3 times the in situ vertical stress. The 

numerical modelling for stability analysis is performed in two steps; firstly, the in situ stresses are 

initialized in the model to reach the deformed state of the material due to the applied in situ stresses. 

In the next step, after initializing the in situ stresses and executing a number of computational steps 

to reach the equilibrium state, the tunnel excavation is simulated by gradually softening the stiffness 

of the material inside the tunnel. The gradual softening of the core material prevents the numerical 

instability that can occur as a result of the sudden removal of the material. In this way, a quasi-

static condition is maintained as the model evolves from one equilibrium state to another (Lisjak et 

al., 2014; Radakovic-Guzina et al., 2015).  

As shown in Figure 6-5, the model with long-term strength properties reasonably captured 

the geometry of the overbreak at the crown of the tunnel. The simulated depth of the overbreak 

(~4  m) at the crown of the tunnel is consistent with the measured depth of the failure at the tunnel 

site. However, the model with short-term strength properties, as shown in Figure 6-5 (b), produced 

an incorrect breakout shape and a smaller depth of spall breakout in the roof of the excavation.  
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Figure 6-5 Simulated excavation damage for the Niagara Tunnel when the micro-properties 

of the model are calibrated to the long-term (in situ) strength of the Queenston shale. The 

EIZ, EDZ, and HDZ refer to the excavation influence zone, the excavation damage zone, and 

highly damage zone, respectively. Note that the dashed lines with green colour demonstrates 

the typical overbreak profile observed at the tunnel site. 
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Figure 6-6 Simulated excavation damage for the Niagara Tunnel when the micro-properties 

of the model are calibrated to the short-term strength of the Queenston shale. Failed contacts 

are shown with black lines. 

Mechanisms leading to failure of the horizontally layered rockmasses are comprehensively 

characterized based on field observations (Perras, 2014) and results of numerical modelling 

(Lisjak  et al., 2014; Perras et al., 2015). As shown in Figure 6-5, formation of the V-notch at the 
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crown of the tunnel is attributed to different mechanisms. Initially, the orientation of the high 

horizontal stress with respect to the bedding direction causes shearing and fracturing of material 

along bedding structures. The slippage and fracturing of the bedding structures creates beams of 

intact rock which substantially deflect into the excavation. The deflection of the beam and reduction 

of confining stress in the side walls cause nucleation of extensile fracturing in the direction 

perpendicular to the layering. Finally, spalling in the side walls and further beam deflection is 

responsible for the formation of the V-shaped notch at the crown (Figure 6-5). The yielding of the 

rockmass and the corresponding development of the notch stops when the notch geometry provides 

sufficient confinement to stabilize the process zone formed at the notch tip.  

6.5 Conclusion 

As mentioned in Chapter 4, Potyondy and Cundall (2004) used the PFC2D model (Itasca, 2008a) 

to simulate the brittle spalling notch development around the Mine-by Experiment. The results of 

numerical analysis showed that the calibrated micro-properties of the grain-based model should be 

adjusted by application of a strength reduction factor of 0.6 to the calibrated properties of the 

laboratory-scale model in order to successfully simulate the EDZ development around the tunnel 

to a similar extent observed in situ. Similarly, Azocar (2017) showed that 3DEC model failed to 

capture a realistic extend and depth of failure around tunnels when the rockmass properties were 

calibrated to short-term laboratory strength of the LdB granite. However, a realistic shape and 

extent of the damage zone were achieved by lowering of the contact cohesion, while keeping other 

parameters constant (Azocar, 2017). 

In addition, the numerical results, presented in this chapter and also Chapter 3, demonstrate 

that the grain-based model should be calibrated to long-term strength (in situ) of rock for the tunnel-

scale applications. 
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Chapter 7 

Conclusions and Future Work 

Design of modern structures built within or on hard rockmasses has become more challenging as 

the rock-related construction such as open pit and underground mining are increasingly getting 

larger and excavating deeper. As such, the stresses as well as the ensuing stress paths become higher 

and more complex in nature. Given the fact that such deep excavations are under complex in situ 

conditions, the development and application of advanced numerical models are essential in order 

to adequately predict the short- and long-term response of the rockmass to perturbations caused by 

engineered alterations.  

In this thesis, the 2D discrete element UDEC-Voronoi code have been successfully applied 

to simulate the brittle fracture processes in low-porosity rocks. The final outcome of this research 

has implications for design and safety assessment of a deep geological repository and understanding 

the character of the excavation damage zone (EDZ) around underground openings. 

The following sub-sections provide a brief summary of the important findings in this thesis. 

7.1 Implementation of A Cohesive Crack Model into UDEC Code To Simulate 

Realistic Micro-Cracking Mechanisms 

A cohesive crack constitutive model was implemented into the UDEC code to control the behaviour 

of the grain-grain bonds under compression, tension and shear loads. Implementation of the crack 

model in the grain-based simulator aims to enhance the capability of the UDEC-Voronoi scheme 

to simulate more realistic micro-cracking mechanisms, which are similar to the micro-cracking 

mechanisms observed in physical laboratory experiments (Chapter 3). 

This cohesive model can be regarded as a combination of those proposed by Mujinza (2004), 

Kazerani et al. (2012) and Tatone (2014), while a bi-linear shear failure envelope is added to 

represent the shear strength of the contact during shearing. According to the cohesive model, 



200 

 

contacts may break in tension (Mode I), shear (Mode II), or a mixed mode I-II depending on the 

local stress and relative contact wall displacements. Non-linear branches of the stress-displacement 

curves, as illustrated in Figure 3-6, define the behaviour of the contact before breakage, followed 

by the post-peak branch representing the softening of the material due to damage accumulation and 

the resultant energy dissipation. The non-linear pre-yield branch is intended to represent the decay 

of stiffness in the pre-failure state due to the progression of damage in the contact interface. 

7.2 Grain-based Model Calibration 

Generally, application of grain-based models to any problem requires calibrating the micro-

properties of the model. In Chapter 3, a step-by-step procedure to calibrate the components of the 

UDEC-Voronoi model was discussed. The calibration process involves running a series of 

Brazilian, UCS, and drained/undrained biaxial simulations to find a set of input parameters that 

yields correct hydro-mechanical response of the tested rock. 

It has been demonstrated that several features of brittle rock behaviour, including elasticity, 

fracturing, damage accumulation producing material anisotropy, dilation, post-peak softening, and 

strength increase with confinement can be simultaneously reproduced by employing a calibrated 

grain-based DEM technique. This has been achieved by defining relatively simple constitutive 

models and assigning few parameters to the grains and contacts. 

In Chapter 3, the fluid pressure increase as a result of material deformation was correctly 

simulated in a quantitative sense when the hydraulic parameters of the model were calibrated. A 

very good agreement has been found between the predicted values of permeability during biaxial 

compression and those measured in the laboratory. Numerical results demonstrated that interaction 

of multiple cracks and creation of localized macro-fractures increases the permeability of the 

material significantly. Spontaneous formation of these fluid channels which occurs at crack damage 

stress (CD) and the resultant fluid flow increase are qualitatively and quantitatively similar to the 

permeability evolution mechanism seen in real low-porosity rocks. This ability is especially 
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important when dealing with simulating the hydraulic conductivity increase in the EDZinner and 

creation of macro-corridors for migration of particles dissolved in fluid. 

The numerical simulations demonstrate the capability of discrete element-Voronoi models to 

mimic the pre- and post-failure response of brittle materials. The calibrated model very accurately 

predicted, in a quantitative sense, the macroscopic properties of real granite such as elastic 

properties, damage thresholds (crack initiation and interaction stresses), peak strength (tensile and 

compression strengths), and the triaxial strength envelope (friction angle and cohesion). 

7.3 Drained Strength of the Intact Rock 

In Chapter 3, the capability of the grain-based discrete element method models to reproduce the 

mechanical impacts of fluid-pore pressure on the weakening of the fracture strength was examined. 

The numerical experimentations showed that it is Terzaghi’s effective stress law (σ3
′ =  σ3 – P) 

that governs peak strength (σy) stress levels of the porous rock under a drained loading condition. 

It has been shown that Terzaghi’s effective stress law also holds its validity in predicting the crack 

initiation (CI) and crack damage (CD) thresholds of the hard low-permeable rocks. 

7.4 Scale-Dependency and Equivalent Continuum Properties of Jointed Rockmass 

As hard rock engineering moves from continuum to more discontinuum approaches for 

modelling, the design engineer must make decisions regarding the degree of complexity to simulate 

for a given application, balancing the level of structural detail within the rockmass model with 

computational cost and result accuracy. It is important to consider that the model does not need to 

include all the existent fractures and that representative properties for a given rock mass volume 

can be defined by including only the major structural entities. In this thesis, the scale-dependency 

associated with the mechanical properties of two jointed rockmasses was investigated utilizing a 

Synthetic Rockmass (SRM) approach with a view to characterizing such ground to aid in the design 

of geotechnical works. In terms of the process, the concept of the Representative Elementary 
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Volume (REV) was used to determine the equivalent continuum properties of the rockmass in order 

to justify the applicability of the far-field behaviour of such ground, employing a continuum-based 

numerical analysis. 

In chapters 4 and 5, the SRM approach was employed to estimate the Young’s modulus and 

strength of two highly interlocked rockmasses at a representative scale. The influence of scale on 

the rockmass deformability and strength was successfully characterized by generating SRM 

samples of different sizes and subjecting them to uniaxial compression. By upscaling the rockmass 

parameters it was possible to quantify the equivalent continuum properties.  

The response of the Synthetic Rock Masses during simulations of UCS, biaxial, and Brazilian 

indirect tensile tests provided significant insight into the stages of brittle failure, which involved 

joint slip, growth and coalescence of new cracks. It has been observed that the failure of the massive 

and moderately jointed rockmasses can be attributed to the stress-driven fracturing of the rock intact 

bridges combined with block separation, rotation and/or shear slip depending on the level of 

confinement (Chapter 4). 

7.5 Effect of Confinement on Rockmass Modulus 

In continuum-based models (e.g. finite element models), it is the deformability and strength of the 

jointed rock that controls the material behaviour. In these type of numerical codes, the values of 

rockmass deformability and strength under different loading conditions (i.e. various confinement 

and loading/unloading cycles) are defined via constitutive models. It is well-documented (e.g. 

Hutchinson and Diederichs, 1996; Martin, 1997; Ming and Jing, 2004; Arzúa et al., 2014) that the 

values of these two parameters for a given jointed rock are highly dependent on the magnitude of 

the confining stress acting on the rock. Therefore, the confinement-dependency of such parameters 

needs to be accounted for in the implementation of the constitutive model. 

In Chapter 4, numerical simulations were carried out to study the effect of confining stress 

on the rockmass properties. It was shown that, the Young’s modulus of the rockmass is strongly 
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confinement-dependent. The rockmass modulus increased with increasing confinement and 

reached an asymptotic value at confining stresses greater than 10 MPa. For the confining stresses 

greater than 10 MPa, the rockmass modulus was about 90 % of the unconfined Young’s modulus 

of the intact rock. The results of numerical simulations presented in Chapter 4 were used to develop 

a semi-empirical equation for estimation of the confined strength of moderately jointed rockmasses. 

This equation can be used in situations where the normal joint stiffness, areal fracture intensity, and 

unconfined modulus of the rockmass are known. The unconfined Young’s modulus of the jointed 

rockmass can be estimated using currently available empirical equations or by back-analysis from 

the rockmass behaviour. This hyperbolic equation can also be implemented into the continuum-

based numerical codes in order to define the confinement-dependent elastic behaviour of materials. 

It should be noted that this equation was developed based on numerical results obtained for only 

two different rockmasses. Therefore, it is necessary to test the validity of this equation to a wide 

range of case studies with various joint intensity and joint condition.  

7.6 Application of Grain-Based Model for Simulating the EDZ Development 

URL Case Study 

In Chapter 3, the calibrated model for the Lac du Bonnet granite was applied to simulate the 

formation of the Excavation Damage Zone (EDZ) around an excavation scale numerical simulation 

of a drift in Canada’s Underground Research Laboratory (URL). The pore pressure evolution due 

to the re-distribution of the in situ stresses and accompanied material fracturing was compared to 

the pore pressure that was measured at the tunnel site. 

Effects of explicit simulation of pre-existing discontinuities on damage development around 

tunnels 

In Chapter 4, the calibrated SRM model was applied to model the damage development 

around the deep tunnel when the presence of the pre-exciting joints is included in the model. The 

modelling result showed that the failure process is facilitated by the presence of the preferentially 



204 

 

oriented joints around the excavation. These structural features act as stress risers so the stress 

concentrated at the tips of the joints is able to initiate and promote spalling in areas around the 

tunnel where the known stress should not yet initiate failure. This is one of the reasons why the 

brittle failure process in massive rocks occurs at stress levels much lower than what the Hoek-

Brown and Mohr-Coulomb criteria would predict. 

Niagara Tunnel Project Case Study 

The failure mechanism in an anisotropic laminated sedimentary rockmass around an excavation 

was studied in Chapter 6. It has been shown that three failure mechanisms are responsible for 

formation of a V-notch at the crown of the simulated tunnel. These mechanisms include (1) slippage 

and fracturing along the bedding structures; (2) deflection of the created rock beams into the 

excavation; and (3) creation of the notch as a result of extensile brittle fracturing in the middle of 

the beams and side walls due to the destressing and self-weight of the rock slabs. In addition, it was 

demonstrated that in order to simulate a realistic EDZ development around deep tunnels, the micro-

parameters of the grain-based model are required to be calibrated to long-term strength of 

laboratory-scale rocks. 

Finally, the SRM modelling of the response of the rockmass demonstrated the robustness of 

the method in predicting the shape and depth of failure zones around excavations. The direct use 

of the SRM technique is recommended for the analysis and design of geotechnical projects. 

However, the computational efficiency of the model in terms of practical solution time for 

excavation scale problems remains a limiting factor. 

7.7 Key Findings 

• In general, the Hoek-Diederichs rockmass modulus equation tends to overestimate the 

Young’s modulus of the highly interlocked jointed rockmasses when compared to the 

stiffness values obtained from synthesized rockmass. 
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• The results of RQD measurements on the “virtual” borehole of various sizes indicate that 

the RQD value measured from rock core is not strongly dependent on the size of the logged 

borehole.  

• Under unconfined condition, the Hoek-Brown failure criterion seems to offer a realistic 

value of the rockmass strength under an unconfined condition. This conclusion is made by 

comparing the values of the unconfined strength of rockmass obtained from the empirical 

approach and SRM models, and assuming that the calibrated model is able to produce 

correct results for the strength of the material. 

• Compared to the mean joint spacing, the RQD can provide better estimates for the GSI of 

slightly to moderately jointed rockmasses. Hence, it is recommended to use the RQD-based 

quantified GSI chart reported by Hoek et al. (2013) to determine the GSI range for practical 

purposes. 

• The SRM approach can be used as a predictive tool for the engineering design of the 

underground excavations in sparsely to moderately jointed rockmasses. 

• It has been demonstrated that the calibrated grain-based model was able to accurately 

produce the depth and shape of the brittle spalling failure that occur around the excavation 

when the models were calibrated to the long-term strength of the granite.  

7.8 Recommendations for Future Work 

• Experimental investigation on validity of Terzaghi’s effective stress law for the crack 

initiation (CI) and crack interaction (CD) thresholds of intact rock ;  

The numerical results presented in this thesis demonstrated that similar to peak strength, 

the crack initiation and crack damage of the brittle rocks are governed by the Terzaghi’s 

effective stress law. This preliminary results obtained from numerical modelling can be 

further validated by conducting a series of laboratory tests under a drained loading 

condition.  
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• Investigating the validity of Terzaghi’s effective stress law for the confined peak strength 

of  jointed rockmass using discontinuum modelling; 

The validity of the effective stress law can be tested using the SRM modelling.  

• Implementation of a constitutive model in UDEC code to simulate the effect of time-

dependent sub-critical crack growth on dissipation of pore-fluid pressure;  

The time-dependent fracturing behavior of rock is important for long-term stability 

considerations in many geotechnical projects. A fracture mechanics-based constitutive 

model can be implemented into the grain-based models in order to control the degradation 

of cohesive strength of grain contacts. 

• Three-dimensional modelling of fracturing behaviour of jointed rockmass and its 

associated hydro-mechanical coupling processes; 

             Rock fracture process is a three-dimensional phenomenon. As a result, the three-

dimensional analysis allows for a more realistic simulation of the hydro-mechanical 

interactions between stress-flow-damage that involve in the brittle failure of the materials. 

• Characterization of the hydraulic properties of damaged rocks within each sub-zone of the 

EDZs; 

The construction of the DGR usually generates a zone of fractured rock in the immediate 

vicinity of the excavation. This region of damaged rock comprising the induced fractures 

of various scales, can provide preferential pathways for the transport of radionuclides away 

from the storage space. Understanding and characterization of hydraulic properties of each 

sub-zone of the EDZ with different level of induced damage are critical for safety 

assessment of DGR performance. 
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7.9 Contributions 

The scientific contributions developed as part of this thesis are represented in Chapter 3 through 

6. All contributions made as part of this research are summarized below. 

7.9.1 Thesis-Related Publications 

7.9.1.1 Journal Articles Submitted to Refereed Journals 

1. Farahmand, K., Vazaios, I., Diederichs, M.S., and Vlachopoulos, N. Investigating the 

Scale-Dependency of the Geometrical and the Mechanical Properties of a Sparsely 

Fractured Rock Using a Synthetic Rock Mass (SRM) Approach. Computers and 

Geotechnics. COGE-D-17-00651. Submitted 31 July 2017.  

 

2. Vazaios, I., Farahmand, K., Vlachopoulos, N. and Diederichs, M.S. The Effects of 

Confinement on Rockmass Modulus: A Synthetic Rockmass Modelling (SRM) study. 

Journal of Rock Mechanics and Geotechnical Engineering. JRMGE_2017_167. 31 June 

2017. 

7.9.1.2 Article in Preparation 

3. Farahmand, K. and Diederichs, M.S. Discrete Modelling of the Fracture Growth in the 

Excavation Damage Zone (EDZ) Around Tunnels Considering the Effects of Hydro-

Mechanical Coupling Processes. (to be submitted in International Journal of Rock 

Mechanics and Mining Sciences). 

 

4. Farahmand, K., Diederichs, M.S., Madonna, C., and Perras, M. Damage progression 

around underground openings excavated in horizontally layered sedimentary formations. 

In Preparation  

 

5. Farahmand, K., Vazaios, I., Diederichs, M.S., and Vlachopoulos, N. Investigating 

Variability of the Mechanical Properties of Fractured Rockmass: A case study from 

Bowmanville Quarry rockmass in Canada. In Preperation 

 

7.9.1.3 Refereed Conference Papers 

6. Farahmand, K., and Diederichs M.S. (2016). Hydro-Mechanical Effects of Pore Pressure 

on Deformability and Fracture Strength of Rock: A numerical modeling study. In 

Proceedings of the 50th US Rock Mechanics Symposium, Houston, USA. 13 pages. 

 

7. Vazaios, I., Farahmand, K., Vlachopoulos, N., and Diederichs, M.S. (2016). A Study of 

the Geometrical and the Mechanical Scale-Dependency of Fractured Rockmasses Using a 

Micro/Meso-Mechanical Approach. In Proceedings of the Canadian Geotechnical 

Conference: GEOVANCOUVER, Vancouver, Canada, 2016. 9 pages. 
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8. Farahmand, K., and Diederichs M.S. (2015). A Calibrated Synthetic Rock Mass (SRM) 

Model for Simulating Crack Growth in Granitic Rock Considering Grain Scale 

Heterogeneity of Polycrystalline Rock. In Proceedings of the 49th US Rock Mechanics 

Symposium, San Francisco, USA. 14 pages. 

 

9. Farahmand, K., and Diederichs, M.S. (2015). Implementation of a Cohesive Crack Model 

in Grain-based DEM technique for Simulating Fracture in Quasi-Brittle Geomaterial. In: 

Proceedings of the Canadian Geotechnical Conference: GEOQUEBEC, Quebec City, 

Canada, September, 2015. 8 pages. 

  

10. Farahmand, K., Vazaios, I, Diederichs, M.S., and Vlachopoulos, N. (2015). Generation 

of a Synthetic Rock Mass (SRM) Model for Simulation of Strength of Crystalline Rock 

using a Hybrid DFN-DEM Approach. In Proceedings of the EUROCK 2015, Salzburg, 

Austria. 7 pages. 

 

11. Farahmand, K., and Diederichs M.S. (2015). Modelling Hydraulic Conductivity of 

Granite During Rock Fracture Considering Micro-scale Heterogeneity of Material Fabric. 

Poster presentation in EUROCK 2015, Salzburg, Austria. 9 pages. 

 

12. Farahmand, K., and Diederichs M.S. (2014). Modeling of Stress-Induced Permeability 

Change with Progressive Damage in Intact Rock Using a Micro-Mechanical Approach. In 

Proceedings of the 48th US Rock Mechanics Symposium, Minneapolis, USA. 8 pages. 

7.9.1.4 Posters Produced from research Activities 

13. Vazaios, I., Farahmand, K., Day, J.J., Vlachopoulos, N., Hutchinson, J., and Diederichs, 

M. 2015. Synthetic Rock Mass – SRM: Advanced Modelling at Different Scales. Poster 

presented at the NWMO 13th Annual Geoscience Seminar, Blue Mountains, Canada.  

 

14. 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. 

 

15. 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.  
 

 

16. Perras, M., Walton, G., Paraskevopoulou, C., Farahmand, K., Diederichs, M.S., and Lam, 

T. (2013). Advanced Rockmass Behaviour & Verification. Poster presented at the NWMO 

11th Annual Geoscience Seminar, Blue Mountains, Canada.  
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7.9.1.5 Invited Presentation 

17. Farahmand, K. and Diederichs, M.S. (2016). A Cohesive Grain-Based Model To 

Simulate Coupled Hydro-Mechanical Behaviour of Brittle Rocks During Fracturing. 

Presented in the Advance Synthetic Rock Mass (SRM) Modelling workshop for Nuclear 

Waste Management Organization (NWMO) at Queens University, June 9-10 2016. 

 

7.9.2 Additional Publications 

7.9.2.1 Refereed Conference Papers 

18. Farahmand, K., Ferdosi, B., Nateghi, R., Abbasi, J., and Sharifzadeh, M. (2016). 

Comparison Between Hydraulic and Hydro-Mechanical Analyses for Estimating Flow 

Rate in Rock Masses Case Study Upper Gotvand Dam Foundation – Iran. In: Proceedings 

of the Canadian Geotechnical Conference: GEOVANCOUVER, Vancouver, 2016. 8 

pages. 

 

19. Farahmand, K., Baghbanan, A., Shahryar, K. and Diederichs M.S. (2015). Effect of 

Fracture Dilation Angle on Stress-Dependent Permeability Tensor of Fractured Rock. In: 

Proceedings of the 49th US Rock Mechanics Symposium, San Francisco, USA. 15 pages. 

 

20. Shams, G., Javadi, M., Sharifzadeh, M. and Farahmand, K. (2011). Modeling of Water 

Flow into Underground Excavations in Fractured Rock Masses Using Irregular Cellular 

Automata. First Asian and 9th Iranian Tunneling Symposium, Tehran, Iran, Nov. 2011.  

7.9.2.2 Referred Extended Abstract and Presentation (no paper)  

21. Farahmand, K., Baghbanan, A., Shahryar, K. and Diederichs M.S. (2013). Effects of 

Mechanical Properties and Stress on the Existence of Permeability Tensor in Fractured 

Rock Mass. 4th Canadian Young Geotechnical Engineers and Geoscientists Conference, 

Mont Tremblant, Canada, October, 2013. 
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Appendix A                                                                                                   

Developed FISH codes    

Importing DFN joint geometries generated in RS2 software into UDEC 

def get_size 

 array size_arr(1) 

 dummy=open('voronoi.txt',0,1) 

 dummy2=read(size_arr,1) 

 dummy3=close 

 jnt_num=parse(size_arr(1),4) 

 jnt_num=int(jnt_num) 

 size=16*jnt_num+1 

end 

get_size 

 

def create_arr 

  array cracks(size) 

 dummy=open('voronoi.txt',0,1) 

 dummy2=read(cracks,size) 

 dummy3=close 

end 

 

create_arr  

 

def imp_vor 

  loop n(1,jnt_num) 

    cnt=16*(n-1)+3 

    x00=float(parse(cracks(cnt),2)) 

    y00=float(parse(cracks(cnt+1),2)) 

    x11=float(parse(cracks(cnt+2),2)) 

    y11=float(parse(cracks(cnt+3),2)) 

    command 
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      crack x00 y00 x11 y11 id 50 

    end_command    

  end_loop 

end 

imp_vor 

 

;An example of joint geometries exported from RS2 software.   

; 'voronoi.txt' file 

num joint segments: 9612 

      joint segment 0 start: 

        x1: 0.0599185495865734       ;start point of joint number 1 (x-coordinate) 

        y1: -0.0332888083729325      ;start point of joint number 1  (y-coordinate) 

        x2: 0.06                                   ;end point  of joint number 1 (x-coordinate) 

        y2: -0.0332886236174581      ;end point  of joint number 1 (y-coordinate) 

        end pt index start: 

          num: 2 

          0: -1 

          1: 0 

        end pt index end: 

        end open flags start: 

          num: 2 

          0: no 

          1: no 

        end open flags end: 

      joint segment 0 end: 

      joint segment 1 start: 

        x1: 0.0599708043648966 

        y1: 0.0560648459080688 

        x2: 0.06 

        y2: 0.0560615618232842 

        end pt index start: 

          num: 2 
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          0: -1 

          1: 0 

        end pt index end: 

        end open flags start: 

          num: 2 

          0: no 

          1: no 

        end open flags end: 

      joint segment 1 end: 

      joint segment 2 start: 

        x1: 0.0599730336816 

        y1: 0.0547196954021342 

        x2: 0.06 

        y2: 0.054727146692685 

        end pt index start: 

          num: 2 

          0: -1 

          1: 0 

        end pt index end: 

        end open flags start: 

          num: 2 

          0: no 

          1: no 

        end open flags end: 

      joint segment 2 end: 

      joint segment 3 start: 

        x1: 0.0596306257904321 

        y1: -0.045077289815279 

        x2: 0.06 

        y2: -0.0450967296990363 

        end pt index start: 

          num: 2 
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          0: -1 

          1: 0 

        end pt index end: 

        end open flags start: 

          num: 2 

          0: no 

          1: no 

        end open flags end: 

      joint segment 9611 end: 
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Assigning material properties to the Voronoi grains and contacts based on mineral 

composition of the Lac du Bonnet granite 

 

; Fish for assigning elastic properties to the Voronoi grains based on mineral composition of the 

Lac du Bonnet granite 

 

change cons=1 range 0.0 0.060 -0.075 0.075 

 

property mat=1 density 2560 bulk 73.33333e9 shear 37.8125e9 ID3  ;Material property for K-     

Feldspar, 40%, Grain size=3mm 

property mat=2 density 2560 bulk 73.33333e9 shear 37.8125e9 ID3 

property mat=3 density 2560 bulk 73.33333e9 shear 37.8125e9 ID3 

property mat=4 density 2560 bulk 73.33333e9 shear 37.8125e9 ID3 

 

property mat=5 density 2630 bulk 61.18056e9 shear 34.96032e9 ID4  ;Material property for 

Plagioclase-Feldspar, 20%, Grain size=3.5mm 

property mat=6 density 2630 bulk 61.18056e9 shear 34.96032e9 ID4 

 

property mat=10 density 2650 bulk 37.5e9 shear 43.75e9       ID5  ;Material property for Quartz 

30%, Grain size=1.5mm 

property mat=8 density 2650 bulk 37.5e9 shear 43.75e9         ID5 

property mat=9 density 2650 bulk 37.5e9 shear 43.75e9         ID5 

property mat=11 density 2650 bulk 37.5e9 shear 43.75e9       ID5 

 

property mat=7 density 3050 bulk 40.2381e9 shear 12.42647e9  ID6 ;Material property for 

Biotite and Chlorite 10%, Grain size=0.75mm 

 

Def ndisbl 

 

bi = block_head 

 

counter = 0 

 

   loop while bi # 0  
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      _counter = _counter + 1 

     

      if _counter = 11 

          _counter = 1 

      endif 

 

      b_mat(bi) = _counter 

     

      bi = b_next (bi) 

   

    endloop 

 

end 

 

ndisbl 
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;Fish for assigning Voronoi grain-grain contact properties based on mineral composition of the 

Lac du Bonnet granite 

change jcons=5  range 0 0.060 -0.0745 0.0745 

 

;Table for defining the stress-dependent normal stiffness of the contacts (XY format where X is 

the normal displacement in m and Y is normal stress in Pa) 

Table 1 (0.0, 0.0) 

  (-8.0e-9,1.73e6) 

(-1.6e-8, 3.52e6) 

  (-2.40e-8,5.37e6)  

(-3.2e-8, 7.28e6) 

  (-4.80e-8,   11.3e6) 

  (-6.40e-8,15.6e6) 

  (-8.0e-8, 20.3e6) 

  (-1.12e-7, 30.7e6) 

  (-1.44e-7, 43.1e6) 

  (-2.0e-7, 71.0e6) 

  (-2.40e-7, 98.3e6)  

  (-2.80e-7, 136e6) 

(-2.96e-7, 155e6) 

  (-3.68e-7, 297e6) 

 (-4.0e-7,4.26e8) 

  (-4.16e-7, 527e6)  

 

;Ten different contact types 

 

property jmat 1  jcoh 112.0e6 jfric 63.0 jten 30.0e6 nstable 1 jks

 1.49E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 2  jcoh 110.0e6 jfric 62.0 jten 28.0e6 nstable 1 jks

 1.36E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 
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property jmat 3  jcoh 78.0e6 jfric 54.0 jten 23.2e6  nstable 1 jks

 1.76E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 4  jcoh 62.0e6 jfric 49.0 jten 16.4e6 nstable 1 jks

 1.49E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 5  jcoh 114.0e6 jfric 64.0 jten 32.0e6 nstable 1 jks

 1.62E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 6  jcoh 82.0e6 jfric 50.0 jten 23.2e6 nstable 1 jks

 1.49E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 7  jcoh 56.0e6 jfric 46.0 jten 17.4e6 nstable 1 jks

 1.49E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 8  jcoh 132.0e6 jfric 66.0 jten 30.0e6 nstable 1 jks

 1.82E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 9  jcoh 59.0e6 jfric 52.0 jten 18.4e6 nstable 1 jks

 1.49E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

property jmat 10 jcoh 90.0e6 jfric 56.0 jten 20.3e6 nstable 1 jks

 0.85E+14 jrcoh 0 jrfric 5 jrten 0 jperm 100 azero

 2.00E-07 ares 0.5E-07 

 

Def intds 

 

bi = block_head 

 

ci = contact_head 

 

   loop while ci # 0 

 

     _iji = c_b1 (ci) 

     _ijj = c_b2 (ci) 

  

     bi = _iji 
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     _l0l0 = b_mat (bi) ;imem (bi + $KMAT)  

 

if _l0l0 = 2 

    _l0l0 =1 

endif 

 

if _l0l0 = 3 

    _l0l0 =1 

endif 

 

if _l0l0 = 4 

    _l0l0 =1 

endif 

 

if _l0l0 = 5 

    _l0l0 =2 

endif 

 

if _l0l0 = 6 

    _l0l0 =2 

endif 

 

if _l0l0 = 7 

    _l0l0 =4 

endif 

 

if _l0l0 = 8 

    _l0l0 =3 

endif 

 

if _l0l0 = 9 
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    _l0l0 =3 

endif 

 

if _l0l0 = 10 

    _l0l0 =3 

endif 

 

if _l0l0 = 11 

    _l0l0 =3 

endif 

 

     bi = _ijj 

 

     _jojo = b_mat (bi)  ;imem (bi + $KMAT) ; ; 

 

if _jojo = 2 

    _jojo =1 

endif 

 

if _jojo = 3 

    _jojo =1 

endif 

 

if _jojo = 4 

    _jojo =1 

endif 

 

if _jojo = 5 

    _jojo =2 

endif 

 

if _jojo = 6 
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    _jojo =2 

endif 

 

if _jojo = 7 

    _jojo =4 

endif 

 

if _jojo = 8 

    _jojo =3 

endif 

 

if _jojo = 9 

 _jojo =3 

endif 

 

if _jojo = 10 

    _jojo =3 

endif 

 

if _jojo = 11 

    _jojo =3 

endif 

 

 

     if _l0l0 = 1   ; Interface # 1 

      if _jojo = 1 

 

        c_mat (ci) = 1 

 

      endif 

     endif 
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     if _l0l0 = 1 ; Interface # 2 

      if _jojo = 2 

 

        c_mat (ci) = 2 

 

      endif 

     endif 

 

     if _l0l0 = 2 ; Interface # 2 

      if _jojo = 1 

 

        c_mat (ci) = 2 

 

      endif 

     endif 

 

     if _l0l0 = 1  ; Interface # 3 

      if _jojo = 3 

 

        c_mat (ci) = 3 

 

      endif 

     endif 

 

   if _l0l0 = 3  ; Interface # 3 

      if _jojo = 1 

 

        c_mat (ci) = 3 

 

      endif 

     endif 
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     if _l0l0 = 1  ; Interface # 4 

      if _jojo = 4 

 

        c_mat (ci) = 4 

 

      endif 

     endif 

 

if _l0l0 = 4  ; Interface # 4 

      if _jojo = 1 

 

        c_mat (ci) = 4 

 

      endif 

     endif 

 

     if _l0l0 = 2  ; Interface # 5 

      if _jojo = 2 

 

        c_mat (ci) = 5 

 

      endif 

     endif 

 

     if _l0l0 = 2  ; Interface # 6 

      if _jojo = 3 

 

        c_mat (ci) = 6 

 

      endif 

     endif 
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if _l0l0 = 3  ; Interface # 6 

      if _jojo = 2 

 

        c_mat (ci) = 6 

 

      endif 

     endif 

 

     if _l0l0 = 2  ; Interface # 7 

      if _jojo = 4 

 

        c_mat (ci) = 7 

 

      endif 

     endif 

 

if _l0l0 = 4  ; Interface # 7 

      if _jojo = 2 

 

        c_mat (ci) = 7 

 

      endif 

     endif 

 

     if _l0l0 = 3  ; Interface # 8 

      if _jojo = 3 

 

        c_mat (ci) = 8 

 

      endif 

     endif 
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     if _l0l0 = 3  ; Interface # 9 

      if _jojo = 4 

 

        c_mat (ci) = 9 

 

      endif 

     endif 

 

if _l0l0 = 4  ; Interface # 9 

      if _jojo = 3 

 

        c_mat (ci) = 9 

 

      endif 

     endif 

 

     if _l0l0 = 4  ; Interface # 10 

      if _jojo = 4 

 

        c_mat (ci) = 10 

 

      endif 

     endif 

 

   ci = c_next (ci) 

   

 endloop 

 

end 

 

intds 

 



245 

 

 

Fish for counting accumulative number of induced tensile and shear cracks in the GBM 

model 

 

def count_cracks  

                              

        cpnt=fc_arg(0) 

        normal_force=c_nforce(cpnt) 

        _UUP=1.0 

        cnt_total=cnt_total+1 

 

;---calculating orientation of the cracked contacts 

cx_ = c_nx(cpnt) 

   

cy_ = c_ny(cpnt) 

   

xx = c_x(cpnt) 

   

yy = c_y(cpnt) 

   

typ_ = c_type(cpnt) 

 

_CRL = c_length (cpnt) 

 

if cx_ = 0.0 

 

cx_ = 1e-8 

 

endif 

   

  

rat = cy_/cx_ 
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ang_ = atan(rat)*180.0/3.14159 

 

if ang_ < 0.0 

ang_ = ang_ + 180.0 

endif 

 

if ang_ > 90.0 

ang_ = 180.0 -ang_ 

endif 

;------------------ 

if normal_force>0.0 

cnt_shear=cnt_shear+1 

 

_CAFGSH = _CAFGSH + _CRL   ; Totall length of cracked Voronoi joints 

failed in shear 

_CAFGSHF= _CAFGSH/ TO_L    ; Damge variable for shear  

 

array scracks(1) 

 

filename = 'shearcracks.txt' 

 

status = open (filename, 1, 0) 

 

scracks(1) =  string(cpnt) + ',' + string(cpnt) + ',' + string (cpnt)+ ',' + 

string(cpnt)+ ',' + string(cpnt) 

status = write(scracks,1) 

 

status=close 

if  ang_ <= 10 

if  ang_ >= 0 

 

Cnt_SHEARorientation10 = Cnt_SHEARorientation10 + 1 
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endif 

endif 

 

if  ang_ <= 20 

if  ang_ >= 10 

 

Cnt_SHEARorientation20 = Cnt_SHEARorientation20 + 1 

 

endif 

endif 

 

if  ang_ <= 30 

if  ang_ >= 20 

 

Cnt_SHEARorientation30 = Cnt_SHEARorientation30 + 1 

 

endif 

endif 

 

if  ang_ <= 40 

if  ang_ >= 30 

 

Cnt_SHEARorientation40 = Cnt_SHEARorientation40 + 1 

 

endif 

endif 

 

if  ang_ <= 50 

if  ang_ >= 40 

 

Cnt_SHEARorientation50 = Cnt_SHEARorientation50 + 1 
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endif 

endif 

 

if  ang_ <= 60 

if  ang_ >= 50 

 

Cnt_SHEARorientation60 = Cnt_SHEARorientation60 + 1 

 

endif 

endif 

 

if  ang_ <= 70 

if  ang_ >= 60 

 

Cnt_SHEARorientation70 = Cnt_SHEARorientation70 + 1 

 

endif 

endif 

 

if  ang_ <= 80 

if  ang_ >= 70 

 

Cnt_SHEARorientation80 = Cnt_SHEARorientation80 + 1 

 

endif 

endif 

 

if  ang_ <= 90 

if  ang_ >= 80 

 

Cnt_SHEARorientation90 = Cnt_SHEARorientation90 + 1 
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endif 

endif 

 

c_extra(cpnt) =1e30 

 

endif 

 

if normal_force<0.0 

cnt_tens=cnt_tens+1 

 

_TotalD = _CAFGSH + _CAFGT  ; Totall length of cracked Voronoi joints 

failed in Tension 

_TotalDF = _TotalD /TO_L    ; Damge variable for shear  

 

array tcracks(1) 

;_IIIop = cpnt 

;cpnt= contact_head 

filename = 'Tensilecracks.txt' 

 

status = open (filename, 1, 0) 

 

tcracks(1) =  string(cpnt)+ ',' + string(cpnt)+ ',' + string(cpnt)+ ',' + string(cpnt)+  

',' + string(cpnt);;;string(xx);;; 

status = write(tcracks,1) 

 

status=close 

 

 

if  ang_ <= 10 

if  ang_ >= 0 

 

Cnt_TENSorientation10 = Cnt_TENSorientation10 + 1 
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endif 

endif 

 

if  ang_ <= 20 

if  ang_ >= 10 

 

Cnt_TENSorientation20 = Cnt_TENSorientation20 + 1 

 

endif 

endif 

 

if  ang_ <= 30 

if  ang_ >= 20 

 

Cnt_TENSorientation30 = Cnt_TENSorientation30 + 1 

 

endif 

endif 

 

if  ang_ <= 40 

if  ang_ >= 30 

 

Cnt_TENSorientation40 = Cnt_TENSorientation40 + 1 

 

endif 

endif 

 

if  ang_ <= 50 

if  ang_ >= 40 

 

Cnt_TENSorientation50 = Cnt_TENSorientation50 + 1 
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endif 

endif 

 

if  ang_ <= 60 

if  ang_ >= 50 

 

Cnt_TENSorientation60 = Cnt_TENSorientation60 + 1 

 

endif 

endif 

 

if  ang_ <= 70 

if  ang_ >= 60 

 

Cnt_TENSorientation70 = Cnt_TENSorientation70 + 1 

 

endif 

endif 

 

if  ang_ <= 80 

if  ang_ >= 70 

 

Cnt_TENSorientation80 = Cnt_TENSorientation80 + 1 

 

endif 

endif 

 

if  ang_ <= 90 

if  ang_ >= 80 

 

Cnt_TENSorientation90 = Cnt_TENSorientation90 + 1 
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endif 

endif 

 

endif 

 

; Calculating the percentage of intragrunular and transgranular cracking in the GBM model 

;B_B = 0 ;Biotite/Biotite interface 

;F_F = 0 ;Feldspar/Feldspar interface 

;Q_Q = 0 ;Quartz/Quartz interface 

;B_O = 0 ;Biotite/Others interface 

;F_Q = 0 ;Feldspar/Quartz interface 

 

intf_ = c_mat (cpnt) 

 

if intf_ = 2                   ; Interface # 1, 2, 5 Feldspar-Feldspar------Assigned # 1 

intf_ = 1 

F_F = F_F + 1 

else 

if intf_ = 5 

intf_ = 1 

F_F = F_F + 1 

endif 

endif 

 

if intf_ = 6                  ; Interface # 3, 6 Feldspar-Quartz------Assigned # 3 

intf_ = 3 

F_Q = F_Q + 1 

endif 

 

 

if intf_ = 7                    ; Interface # 4, 7, 9 Biotite-Others------Assigned # 4 
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intf_ = 4 

B_O = B_O + 1 

else 

 

 

if intf_ = 9 

intf_ = 4 

 

B_O = B_O + 1 

endif 

endif 

 

Transgranular = F_F + Q_Q + B_B 

Intergranular = B_O + F_Q 

 

end 

     

count_cracks 


