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Abstract 

An Increasing need for mining and constructing underground facilities at a 

greater depth and under high in-situ stresses have introduced new challenges in the 

form of brittle rock fracture. Brittle fracture is a complex mechanism comprising different 

stages of failure including initiation, propagation and coalescence. Brittle fracture studies 

in rock can be undertaken at a wide range of scales from the micro scale i.e. 

microcrack/grain scale in laboratory samples through the meso scale (underground 

excavations) to the macro scale such as in-situ engineered/natural rock slopes or block 

cave mines. At all these scales the rock/rock mass is subjected to “damage” which 

influences the engineering performance. Improved understanding of brittle damage at 

various scales requires development of damage intensity measures to quantify brittle 

fracture for both pre-existing and stress-induced fractures and the use of advanced 

numerical modelling approach.  

In this study, a state-of-the-art numerical modelling approach based on the 

combined finite/discrete element method (FDEM) is integrated with discrete fracture 

network engineering, DFNE, in order to evaluate brittle damage at varied scales. The 

influence of micro-heterogeneity is studied at the laboratory scale by incorporating a 

micro discrete fracture network (µDFN). A wide range of laboratory testing including 

Brazilian, uniaxial, biaxial and triaxial compression tests are modeled to investigated the 

complete 3D fracture process. At the meso scale, mechanisms leading to strain bursting 

and spalling damage around underground openings are studied focusing on the 

influence of pre-existing cracks in a massive rock mass. Finally at the macro scale, a 

finite/discrete element modelling approach coupled with a discrete fracture network 

(FDEM-DFN) is utilized to analyze the hanging wall surface subsidence associated with 

sub-level caving. A suite of model data interpretation methods including time-

displacement hanging wall deformation characterization, numerical inverse velocity 

analysis and virtual hanging wall inclinometers is adopted to improve our understanding 

of the extent and mechanism of hanging wall failure with mine advance. 

Key words: Brittle fracture, numerical modelling, combined finite/discrete 

element method (FDEM), Discrete fracture network (DFN), sub level caving, subsidence 
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Chapter 1.   
 
Introduction 

1.1. Statement of the Problem 

Failure in rock is a function of in-situ stress magnitudes and the characteristics of 

the rock mass, i.e., the intact rock strength and discontinuity network. At low in-situ 

stress magnitudes, the failure process is mainly governed by discontinuity shear strength 

and geometrical characteristics of discontinuities such as fracture orientation, continuity 

and distribution. At high in-situ stresses however, the failure process is dominated by 

stress-induced fractures generally referred to as brittle failure (Martin et al., 1999). Brittle 

fracture characterization has been a subject of considerable research in recent years 

mainly due to the increasing requirement for mining and construction of underground 

facilities at greater depth. 

Brittle fracture studies in rock have been undertaken at a wide range of scales 

from the micro scale, e.g. microcrack/grain scale in laboratory samples, through the 

meso scale, i.e. underground excavations, to the macro scale, such as in-situ 

engineered/natural rock slopes or block cave. The strain measurement or acoustic 

emission monitoring (AE) during laboratory uniaxial compression indicates several 

stages of crack development including: crack closure, crack initiation, crack damage and 

peak strength. In all these brittle failure stages, fracturing processes are an inherent part 

of the material behaviour. The principal failure mechanism observed around deep 

underground excavations at low-confinement is a type of brittle fracturing in the form of 

spalling and slabbing. Step-path or intact rock bridge failure is a dominant mode of 

failure at large scales in massive brittle rocks. At all these scales the rock/rock mass is 

subjected to “damage” which influences the engineering performance. 
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Complete characterization of brittle damage at various scales requires 

development of damage intensity measures to quantify brittle fracture for both pre-

existing and stress-induced fractures and a comprehensive suite of model data 

interpretation techniques. A principal focus of this research is to develop a unified 

approach to the characterization of brittle damage at various scales. A major component 

in the research is the application of advanced numerical modelling coupled with the 

rapidly developing field of Discrete Fracture Network Engineering, DFNE. 

1.2. Research Objectives 

The primary objectives of the thesis research are: 

• To further our understanding of brittle damage mechanisms from the micro-to-
macro scale 

• To explore new methodologies for characterizing brittle fracture at the 
laboratory and field scales 

To accomplish these objectives it is necessary to: 

• Improve the manner in which brittle fracture is simulated and interpreted in 
geomechanical models 

• Further develop the use of Discrete Fracture Network in damage quantification 
at varied scales  

• Develop a suite of innovative data processing and interpretation methods for 
numerical modelling of brittle damage 

1.3. Thesis Structures 

This thesis consists of nine chapters. Chapter 1 presents the research objectives, 

motivations and thesis structure. Chapter 2 provides a brief introduction to brittle 

damage and the use of different numerical modelling techniques with particular 

emphasis on brittle fracturing characterization at various scales.  

Chapter 3, 4 and 5 provide results of micro scale damage characterization 

associated with laboratory samples. Chapter 3, published in the journal of Computer and 

Geotechnics, reviews results of a combined finite-discrete element approach (FDEM) to 
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simulation of the complete 3D fracture process during conventional laboratory testing 

including Brazilian indirect tension, uniaxial and triaxial compression. Two-dimensional 

(D21) and three-dimensional (D32) damage intensity parameters are introduced and 

utilized to characterize stressed-induced damage in the brittle fracture models. Chapter 

4, published in the journal of Rock Mechanics and Geotechnical Engineering, studies the 

influence of stress-induced (mechanically-induced) microcracks on strength response 

and the fracture pattern of rock samples during laboratory testing. An innovative 

approach is introduced to create micro discrete fracture network (µDFN) models based 

on the data obtained from thin section image analysis. The importance of microcrack 

heterogeneity in reproducing bi-linear or S-shape strength envelope is discussed 

extensively. Chapter 5 addresses micro scale damage characterization related to brittle 

mechanisms leading to spalling failure. Laboratory biaxial compression tests carried out 

by Bétournay et al. (2004) on a norite sample obtained from the Copper Cliff South Mine 

in Sudbury, Canada are simulated numerically in this thesis using the 3D FDEM 

approach to study the influence of the intermediate principal stress and heterogeneity on 

mechanisms of spalling damage. Chapter 6 reviews application of various numerical 

approaches to meso scale damage characterization associated with the spalling failure 

around underground openings. This chapter also studies the importance of meso-

heterogeneity on the mechanism leading to the spalling failure in massive Lac du Bonnet 

granite of the Mine-by tunnel using an integrated hybrid finite/discrete element-discrete 

fracture network (FDEM-DFN) approach. Finally, Chapter 7 and 8 present the results of 

macro scale damage characterization associated with hanging wall surface subsidence 

due to sub-level caving. Chapter 7 reviews the influence of block size (discontinuity 

spacing) and block strength on the hanging wall failure mechanism and surface 

subsidence associated with sub-level cave mining. Firstly, the effect of block size on the 

behaviour of a jointed rock mass is investigated at the meso scale using the combined 

finite/discrete element method (FDEM). The influence of block size and block strength 

on the hanging wall surface subsidence is then studied using both continuum (FEM) and 

discontinuum (DEM) methods by developing a series of models based on a proposed mij 

matrix with components i reflecting the variation in the discontinuity spacing and j the 

block strength. Finally, the application of the UDEC-Trigon approach to modelling brittle 

fracturing associated with sub-level caving is discussed. The results of an integrated 

finite/discrete element method-discrete fracture network approach (FDEM-DFN) used to 
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analyze hanging wall surface subsidence associated with the LKAB Kiruna sub-level 

cave mine in Sweden is presented in Chapter 8. A variety of innovative approaches 

including (i) time-displacement hanging wall deformation characterization, (ii) sub-level 

cave inverse numerical velocity analysis and (iii) virtual inclinometer monitoring have 

been used to validate/calibrate the FDEM-DFN models and improve our understanding 

of the extent and mechanism of hanging wall failure with mining depth. Chapter 9 

provides a summary of the entire thesis, together with recommendations for further work. 

A summary of aspects addressed in each of the main thesis chapters is presented in 

Figure  1.1. 

 

Figure  1.1. Summary of the research addressed in each chapter 
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Chapter 2.  
 
Literature Review 

Introduction 

The understanding of brittle fracture and its relationship to strength response and 

deformational characteristics is a fundamental part of any study in rock mechanics. 

Under excessive load, rock will deform and existing or new fractures will propagate 

through the intact rock matrix, forming new surfaces. The initiation, propagation and 

coalescence of stress-induced damage is a necessary component to all brittle failure 

process. Hence, it is essential to develop a method to properly characterize the brittle 

damage in rocks at various scales. 

2.1. Theory of Fracture Mechanics 

The vast majority of research carried out on fracture mechanics originates from 

the work of Griffith (1921). Griffith assumed that brittle materials (e.g., glass, metals, 

rocks) contain very small cracks of various dimensions and orientations. Based on 

Griffith theory, crack propagation at the tip of pre-existing cracks would occur when the 

strain energy release rate becomes greater than the solid state surface tension. Griffith 

criterion can be derived from two different approaches: i) Energy-based approach and ii) 

stress-based approach. In the first approach, it is assumed that energy W applied by 

loading is balanced by the elastic strain energy We stored in the material and the surface 

energy Ws in the free faces of the pre-existing crack (Bieniawski, 1967). If the stress 

acting upon the crack increases (dW), it may be balanced by either an increase in strain 

energy (dWe), an increase in crack surface energy (dWs) or a combination of the two. If 

dWe increases to balance the increase in dW, then dWs is equal to zero, therefore the 

crack does not extend. Crack extension will only occur if the surface energy (dWs) 
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increases to balance the external loading (dWs 0). Griffith (1921, 1925) postulated that 

the presence of small cracks or flaws in the material causes large tensile stress 

concentration at the tip of pre-existing cracks when the material is stressed even under 

purely compressive regime. Assuming cracks with flat and elliptical shape, Griffith 

determined the relationship between the applied stress field and the tensile stress at the 

crack tip that can cause the crack growth. The original Griffith theory was only valid to 

open cracks and makes no provision for the effects of crack closure, commonly 

observed in compressive stress conditions. Various modification to original Griffith 

criterion have been undertaken to account for crack closure occurring under 

compressive stress regimes (McClintock and Walsh, 1963; Cook, 1965; Irwin and 

Chona, 1987). 

Linear Elastic Fracture Mechanics (LEFM) has evolved from Griffith theory based 

on the assumption that fracture is initiated when the maximum tensile stress 

concentration, acting on the crack tips, reaches the tensile strength of the material. 

Based on the relative fracture surface movement, three primary modes of fracture can 

be expected (Figure  1.1): 

• Mode I: tensile opening: the two walls of the crack are displaced away from 
each other perpendicular to the axis of the crack. 

• Mode II: in-plane shear: the two walls of the crack slide against one another in 
a direction parallel to the axis of the crack. 

• Mode III: out-of-plane shear: the two walls of the crack slide against one 
another in a direction perpendicular to the axis of the crack. 

 

Figure  2.1. Three modes of loading configuration at crack tips. Mode I: tensile 
opening, Mode II: in-plane shear and Mode III: out-of-plane shear 

Mode I Mode II Mode III
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Irwin (1957) proposed the stress intensity factor, K, for three primary modes of 

fracture that governs the crack tip stress and displacement field. Crack initiation will 

occur when the stress intensity factor K reaches the critical value Kc. As suggested by 

ISRM, the critical fracture toughness can be obtained by various laboratory testing 

methods including Chevron Bend, Short Rod and Semi-Circular Bend Specimens 

(Kuruppu et al., 2013). 

2.2. Brittle Fracture Characterization during Laboratory 
Testing 

The fracturing process in brittle rocks during laboratory testing can be broken 

down into four main stages, the four characteristic stress levels include: i) crack closure, 

ii) crack initiation, iii) crack damage and iv) peak strength (Eberhardt, 1998). These 

stress levels can be identified either by direct visual observation techniques i.e., 

Scanning Electron Microscopy (SEM) (Tapponnier and Brace, 1976; Fonseka et al., 

1985) or using a number of non-destructive testing techniques (NDT) including strain 

measurement and acoustic emission monitoring (Martin, 1993; Eberhardt, 1998; 

Eberhardt et al., 1999; Martin et al., 2001; Diederichs et al., 2004). Figure  2.2 shows a 

typical stress-strain curve and the calculated crack volumetric strain together with AE 

monitoring data obtained from a triaxial compression test. 

The first stage of the brittle fracture process is the crack closure characterized by 

closure of pre-existing cracks orientated at an angle other than zero to the applied 

loading direction (Bieniawski, 1967). The stress-strain behaviour of the rock during this 

stage is non-linear, exhibiting an increase in axial stiffness (i.e. Young’s modulus) 

(Eberhardt, 1998). The crack closure stage is followed by linear elastic deformation in 

which the elastic constants of the rock i.e., Young’s modulus and Poisson’s ratio are 

calculated. 

Crack initiation represents the stress level where microfracturing begins and is 

identified as the point where the lateral and volumetric strain curves depart from linearity. 

Crack growth in this stage is stable implying that crack extension is a function of the 

loading and can be controlled accordingly (Bieniawski, 1967). In AE monitoring, crack 
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heterogeneity and microcrack heterogeneity. Mineral heterogeneity is due to the 

existence of different mineral grains with different properties bonded together with 

varying contact stiffness. Geometrical heterogeneity is associated with different grain 

shapes and grain sizes and microcrack heterogeneity is due to the presence of 

microcracks and pores within intact rocks. Micromechanical observations made during 

compression loading (Gerogiannopoulos, 1979; Hoek, 1983; Chernis, 1984; Martin and 

Chandler, 1994; Eberhardt, 1998; Lim and Martin, 2010; Nicksiar and Martin, 2014) have 

indicated that fracture initiation and fracture growth in brittle rock are largely influenced 

by the presence of micro-heterogeneity. The main role of heterogeneity is to act as a 

stress concentrating mechanism that can produce local stress concentrations causing 

local failures which eventually may result in ultimate failure (Dyskin, 1999). 

Heterogeneity at the meso scale (tens of meters) is primarily due to structural fabrics 

such as joints or fractures in rock matrix. Spalling and rock bursting are two primary 

failure mechanisms around underground openings in massive brittle rocks under highly-

stressed environments. It is concluded that pre-existing flaws at the boundary of 

underground opening play a major role in the formation of spalling damage. 

Experimental observations (Fairhurst and Cook, 1966; Horii and Nemat-Nasser, 1985; 

Lee and Haimson, 1993) suggest that brittle fracturing in the form of spalling and rock-

bursting at the periphery of excavations is a compressive failure caused by tensile 

fractures propagating from the tip of pre-existing cracks (wing cracks) sub-parallel to the 

unconfined surface. Finally, at the macro scale (engineering-scale, hundreds of meters), 

rock heterogeneity is generally characterized by the existence of weak features such as 

faults, bedding planes, schistosity, foliation and large persistent joint sets. Existence of 

large geological structures e.g., faults plays a major role on the extent of surface 

subsidence in cave mining which may cause the cave angle to steepen or flatten 

depending on their dip (Hoek, 1974; Laubscher, 2000). The degree of influence of each 

type of heterogeneity on the behaviour of brittle rocks is dependent upon the scale of the 

project under study. While, the laboratory strength of brittle rocks is highly influenced by 

the existence of microcracks, such influence may be less important as the scale 

considered increases. Therefore, a full understanding of size/scale effects relies upon a 

quantified characterization of the influence of heterogeneity at various scales. 
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Figure  2.3. Various scales of heterogeneity commonly observed in rocks, a) 
Micro scale heterogeneity associated with existence of microcracks, 
b) Mesoscale heterogeneity due to presence of rock fabrics, c) 
Macro scale heterogeneity associated with discontinuity sets 

2.4. Numerical Modelling Techniques for the Simulation of 
Brittle Fracturing 

The behaviour of a rock mass as a natural material is very complex due to its 

Discontinuous, Inhomogeneous, Anisotropic and Non-Elastic (DIANE) characteristics 

(Hudson and Harrison, 1997). To properly capture the behaviour of a rock mass in 

computational methods, it is necessary to include the following characteristics into the 

model (Jing, 2003): 

• The presence of natural fractures (the rock mass is discontinuous); 

• Variations in properties at different locations (the rock heterogeneity); 

• Variations in properties in different directions (the rock anisotropy), 

• Variations of properties at different scales (the rock scale-dependency), 

• Initial state of stress and proper choice of constitutive laws 

From a computational perspective, numerical methods can be divided into three 

main categories: 

• Continuum approaches: Finite Element Method (FEM), Finite Difference 
Method (FDM) and Boundary Element Method (BEM) 

Rock fabrics Discontinuity setsMicrocracks

50 mm

Micro‐scale

a) b) c)

Meso‐scale Macro‐scale

Increasing scale

5 m 1 km

Underground
Opening
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• Discontinuum approaches: Discrete Element Method (DEM), Discontinuous 
Deformation Analysis (DDA) 

• Hybrid methods: Finite/Discrete Element Method (FDEM), Boundary/Discrete 
Element Method (BDEM), Numerical Manifold Method (NMM) that combines 
the FEM and DDA 

The decision between using continuum, discontinuum and hybrid methods for a 

particular rock mechanics problem is based on (i) potential failure mechanisms i.e., 

sliding along joints, opening of joints, block rotation and movement, intact rock 

fracturing/fragmentation processes, etc. (ii) joint spacing and frequency (iii) scale of 

jointing with respect to the size of project. It is recommended that the use of continuum 

approaches should be limited only to heavily jointed rock mass and intact/massive rocks 

where a continuum assumption is valid. Numerical modelling based on discontinuum or 

hybrid methods must be used when individual discontinuities affect the rock mass 

behaviour or when simulation of intact rock fracturing is required. The application of 

different numerical approaches in modelling brittle fracture is briefly introduced in the 

following sections. The intention is not to provide a comprehensive account of the 

numerical methods, but instead, to present a review of recent published literature with an 

emphasis on modelling brittle fracture at various scales. 

2.4.1. Continuum Approach 

The fundamental assumption in the continuum method is that the deformation of 

a material subjected to applied external loads must be continuous. All neighbouring 

material points in the problem domain remain in the same neighbourhood throughout the 

deformation or transport process, thus rotation and detachment of the mesh is not 

allowed. The most commonly used continuum approaches in rock engineering include 

the: finite difference method (FDM), finite element method (FEM) and boundary element 

method (BEM). 

The finite difference method is the oldest of the continuum methods (Jing, 2003). 

In the FDM, the solution of the system of equations is obtained after assigning the 

necessary initial and boundary conditions. A direct approximation of the partial 

differential equations (PDEs) is obtained by replacing partial derivatives with differences 
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at regular or irregular grids imposed over problem domains, and therefore transferring 

the original PDEs into a system of algebraic equations in terms of unknowns at grid 

points. FLAC (Itasca, 2009) is the most common FDM numerical code used in simulating 

the behaviour of rocks and soils. Materials are represented by elements and zones and 

each element behaves according to the assigned linear or non-linear constitutive law in 

response to applied forces. In addition to the various built-in elastic (isotropic, 

transversely isotropic) and plastic (Mohr-Coulomb, strain-hardening/softening, 

ubiquitous-joint) constitutive criterion in the code, FLAC also allows users to develop 

their own constitutive model. The presence of faults, joints or frictional boundaries can 

also be simulated in FLAC through using of an “interface model”. 

In the finite element method (FEM), the problem domain is sub-divided into a 

finite number of sub-domains (elements) whose behavior is governed by prescribed 

constitutive models. A domain in the FEM approach is generally discretized into a 

triangular, quadrilateral or tetrahedral sub-domain (mesh). The FEM approach is very 

powerful in handling material heterogeneity and anisotropy, non-linearity and complex 

boundary conditions and constitutive models (Jing and Hudson, 2002). Three steps 

required to complete an FEM analysis include: (a) domain discretization, (b) local 

approximation and (c) assemblage and solution for the global matrix equation (Jing, 

2003). Perhaps the most commonly used commercial code in rock engineering that is 

based on the FEM is Phase2 (Rocscience Inc., 2010) which is able to simulate multi-

stage analysis and offers a wide range of support options including shotcrete, steel sets 

and rock bolts. Slope stability analysis is generally performed in the FEM using the shear 

strength reduction (SSR) method. A wide array of constitutive models including Mohr-

Coulomb, Generalized Hoek-Brown and Cam-Clay can be used in this method. 

Unlike the FEM and FDM, in Boundary Element Method (BEM) only the 

boundary of the problem geometry is discretized and the interior of the rock mass is 

represented mathematically as an infinite continuum, reducing the problem dimensions 

by one and greatly simplifying the input parameters (Jing, 2003). The solution in the 

BEM is calculated from the information on the boundary, which is obtained by solution of 

a boundary integral equation, instead of direct solution of the PDEs. With regard to the 

varying approaches for calculating boundary stress conditions and displacements, the 
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BEM can be divided into three groups: (i) direct methods (Cruse and Rizzo, 1968), (ii) 

indirect (fictitious stress) methods (Crouch, 1976) and (iii) Displacement Discontinuity 

Methods (DDM) (Crouch and Starfiel, 1984). The BEM direct method explicitly describes 

unknown stresses and/or displacements and solves them directly from the specific 

boundary conditions. In the indirect (fictitious stress) method, stress conditions on the 

boundaries are solved first and separate relations are applied to find boundary 

displacements. The DDM has been widely used to simulate discontinuities and fracturing 

processes in fracture mechanics. The principal concepts of the BEM approach have 

been adopted in various commercial numerical codes including Examine2D/3D 

(Rocscience Inc., 2009), FRACOD (FRACOM Ltd., 2005), NFOLD (Golder Associates, 

2007). The Boundary Element Methods model far-field boundary conditions correctly, 

minimizing discretization error through the domain and are best suited to linear material 

behaviour and homogeneous material properties (Brady and Brown, 2004). Table  2.1 

summarizes applicability, advantages and disadvantages of continuum methods in 

solving rock mechanics problems. 

The application of continuum numerical approaches in simulating brittle fracturing 

at various scales has been described by many researchers (Tang, 1997; Martin et al., 

1999; Hajiabdolmajid et al., 2002; Diederichs, 2007; Tang and Tang, 2011). Table  2.2 

summarizes some recent numerical studies on brittle damage characterization at various 

scales using continuum approaches. 

Two extensive in-situ experiments which have contributed significantly to the field 

of brittle failure are the AECL’s Mine-by Experiment, Canada (Read, 1994) and SKB’s 

Äspö Pillar Stability Experiment, Sweden (Andersson and Martin, 2009). Early studies by 

Martin et al. (1999) on the AECL’s Mine-by Tunnel indicate that the depth of brittle failure 

around a tunnel can be estimated by using a strength envelope based solely on 

cohesion, which in terms of the Hoek-Brown parameters implies 0. Hajiabdolmajid 

et al. (2002) showed that conventional constitutive models such as elastic-brittle-plastic 

or elastic-perfectly-plastic failed to properly capture the depth and shape of spalling 

around underground openings. This is because the conventional constitutive models i.e., 

Mohr-Coulomb and Hoek-Brown assume that the strength parameters cohesion and 

friction angle are mobilized simultaneously. It is concluded that in brittle rocks under low 
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confinement, the friction angle is only mobilized when a significant cohesive component 

is lost. Hajiabdolmajid and Kaiser (2003) proposed the cohesion weakening friction 

strengthening (CWFS) constitutive model which considers that the strength components: 

cohesion and friction angle are mobilized independently as a function of plastic strain 

(damage). Using the CWFS model adopted in FLAC, Hajiabdolmajid et al. (2002) were 

able to capture the depth and shape of spalling damage induced around AECL’s Mine-

by test tunnel (Figure  2.4). 

Table  2.1. A summary of basic concept, advantages and disadvantages of 
continuum methods for rock mechanics problems 

Continuum methods  

Finite difference 
method (FDM) 

Basic concept To replace the partial derivatives equations (PDEs) with differences defined over 
certain spatial intervals. The solution obtained after imposing necessary initial and 
boundary conditions 

 
Advantages Oldest numerical method to obtain approximate solutions to PDEs. Applicable in 

wide range of fields including fluid dynamics, heat transfer and solid mechanics 

 

Disadvantages Limitations associated with conventional FDEM with regular grid systems in handling 
complex boundary condition, material heterogeneity and fractures. Explicit 
representation of fractures is not allowed due to continuum nature of method. Large 
displacement and element detachment is not allowed 

Finite element 
method (FEM) 

Basic concept The problem domain is discretized into sub-domains (elements) generally in 
trianglular, quadrilateral and tetrahedral. Local approximation and assemblage and 
solution of global matrix equation is achieved after mesh discretization. 

 
Advantages Widely used in numerical tool in engineering because of its flexibility in handling 

material heterogeneity, non-linearity and boundary conditions. 

 

Disadvantages Modelling is limited to small displacement and large displacement cannot be 
modelled. Global stiffness matrix cannot be created when many fractures are 
incorporated. Block rotation, complete detachment and fracture opening cannot be 
treated because of the continuum assumption in FEM 

Boundary 
element method 

Basic concept In the BEM, only the boundary of the solution domains is discretized. The solution of 
domain is separately calculated from the information on the boundary, which is 
obtained by solution of a boundary integral equation, instead of direct solution of the 
PDEs. 

 
Advantages Best suited for simulating infinite large domains. Powerful tool in analysing 

homogeneous and linear elastic bodies. 
 Disadvantages Not efficient in dealing with material heterogeneity and non-linearity 

It has been shown that a bi-linear or S-shape criterion (Figure  2.5) is required to 

properly capture the entire failure envelope in brittle rocks from low confinement through 

spalling failure to high confinement shear failure (Kaiser and Kim, 2008). Diederichs 

(2007) showed that the complete bi-linear yield envelope can be obtained through an 

initial yield function “peak”, corresponding to crack initiation and a subsequent “residual” 

threshold reflecting the transition to shear or limit of spalling. 
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Table  2.2. Recent numerical studies on brittle damage characterization at various scales using continuum approaches 
 Author(s) 

Numerical 
approach 

Code Type of analysis Remarks 
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(Tang and 
Kaiser, 1998) 

Finite Element 
Method (FEM) 

RFPA 2D 
Simulation of damage initiation and propagation in 

compression test  

Study on the influence of heterogeneity 
and weak zones on the seismic energy 

release  

(Zhu and Tang, 
2006) 

Finite Element 
Method (FEM) 

RFPA 2D 
Study on the failure process of a heterogeneous 

Brazilian disk subjected to static and dynamic 
loading 

Influence of heterogeneity on stress 
distribution and strength response  

(Yan, 2008) 
Boundary Element 

Method (BEM) 
FRACOD 2D 

Simulation of step-path fracture propagation in 
laboratory samples 

Fracture patterns obtained were in good 
agreement with experiments. Main 

limitation was inability to model plasticity. 

(Tang and Tang, 
2011) 

Finite Element 
Method (FEM) 

RFPA 2D 
Simulation of damage initiation and propagation in 

compression test   

Monitoring AE event rates seems to be a 
good way of identifying the initiation and 
propagation of cracks and fractures in 

rocks. 
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 (Martin et al., 
1999) 

Boundary Element 
Method (BEM) 

Examine 2D 
Spalling damage prediction around underground 

excavation 
Modified Hoek-Brown criterion with m=0 

and s=0.11  

(Hajiabdolmajid 
et al., 2002) 

Finite Difference 
Method (FDM) 

FLAC 2D 
Reproducing depth and shape of spalling around 

the URL tunnel 
Cohesion Weakening and Friction 

Strengthening (CWFS)  

(Diederichs, 
2007) 

Finite Element 
Method (FEM) 

Phase2 Spalling depth predication in massive brittle rocks 
Bi-linear failure envelope and Damage 

Initiation Spalling Limit (DISL) 
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 (Tang and Tang, 
2011) 

Finite Element 
Method (FEM) 

RFPA 2D 
Influence of discontinuity characteristics on the 

behavior of rock slope  
Importance of discontinuity orientation on 

the failure development 
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Figure  2.4. Prediction of the excavation damage zone (EDZ) around AECL’s 
Mine-by test tunnel, (a) FLAC numerical results using CWFS 
approach (Hajiabdolmajid et al., 2002), (b) Photograph of AECL test 
tunnel (Diederichs, 2007) 

Diederichs (2007) proposed guidelines to estimate peak and residual values 

based upon the Hoek-Brown criterion that can readily be implemented in continuum 

modelling. Using a Damage Initiation Spalling Limit (DISL) criterion, Diederichs (2007) 

was able to reproduce the shape and depth of spalling around the URL mine-by tunnel in 

the FEM code Phase2. 

Due to their fundamental assumptions, the conventional continuum methods 

cannot normally simulate brittle fracture propagation. Various attempts have been made 

in recent years to incorporate the basics of fracture mechanics into continuum methods 

i.e., RFPA (Zhu and Tang, 2006) and FRANC2D (Cornell fracture group, 2007)  

Using a BEM-based code FRACOD 2D, Yan (2008) simulated step-path fracture 

coalescence of laboratory samples with pre-defined cracks and compared the numerical 

results with physical tests (Bobet and Einstein, 1998). Yan (2008) concluded that 

fracture patterns obtained from numerical modelling were in good agreement with 

experimental results, the main limitation however, was the inability to model a plastic 

rock medium. 
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Figure  2.5. Schematic illustration of the S-shape failure envelope for brittle 
rocks (modified after Diederichs, 2003) 

The RFPA code (Zhu and Tang, 2006) combines the principles of the finite 

element method (FEM) and elastic fracture mechanics in order to simulate fracturing 

processes in heterogeneous brittle rocks. In this approach, the model domain is 

assumed to be composed of many mesoscopic elements whose material properties are 

different from one to another and determined according to a Weibull distribution (Weibull, 

1951). This numerical approach has been applied at both the laboratory scale and to 

field scale engineering problems to study the failure process of heterogeneous rocks and 

their acoustic emission (AE) characteristics as well as the stability analysis of tunnels 

and rock slopes (Tang, 1997; Tang and Kaiser, 1998; Wang et al., 2009; Tang and 

Tang, 2011). Figure  2.6 shows an example of circular tunnel simulated using the 

continuum FEM code RFPA, illustrating the ability of this method to explicitly simulate 

the brittle fracturing process. 
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Figure  2.6. Development of excavation damage zone (EDZ) around a circular 
tunnel simulated in the FEM code RFPA (modified after Wang et al., 
2009) 

2.4.2. Discontinuum Approach 

The existence of discontinuities in a rock mass limits the applicability of 

continuum-based methods in properly capturing sliding/opening of discontinuities and 

the large displacements commonly observed in rock failure. Various discontinuum 

approaches have consequently been developed in the past to overcome these 

limitations including (i) the Discontinuous Deformation Analysis (DDA) (Shi and 

Goodman, 1988) and (ii) the Distinct Element Method (DEM); of these numerical 

methods the DEM approach has been the most widely used in rock mechanics. The 

Distinct Element Method (DEM) was proposed by Cundall (1971) as a numerical means 

to study rock mechanics problems. In the DEM approach, discontinuities are modelled 

explicitly and the rock mass is represented as a system of blocks or particles bonded 

together with discontinuities. The main advantage of the discontinuum approach 
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compared to the continuum method is the ability to model large displacements and block 

movements. The main concepts underlying the DEM approach have been adopted in 

various numerical tools that are commonly used in rock mechanics analysis including 

UDEC/3DEC (Itasca, 2010), PFC 2D/3D (Itasca, 2007) and YADE (Šmilauer et al., 

2010). In UDEC and 3DEC intact rocks are represented as polygonal/triangular or 

tetrahedral blocks whereas PFC 2D/3D and YADE use circular or spherical particles. 

The application of discontinuum numerical approaches in simulating brittle 

fracturing has been described by numerous researchers. Table  2.3 lists recent numerical 

studies on brittle damage characterization from the micro to macro scale using 

discontinuum approaches.  

Lan et al. (2010) utilized a grain-based modelling approach in UDEC (GBM-

UDEC) to generate deformable polygonal structures and studied the effect of mineral 

and geometrical heterogeneity at the laboratory scale. They concluded that micro-

heterogeneity plays an important role in controlling brittle fracturing process both at the 

micro and macro scale. The crack initiation was found to be highly influenced by micro-

heterogeneity. 

Kazerani and Zhao (2010) used both polygonal mesh (Voronoi) and triangular 

mesh (Delaunay) block assemblies to match experimental results of triaxial and Brazilian 

tests on rock specimens. Figure  2.7 presents the results of a uniaxial compression test 

simulated using the UDEC Voronoi approach and the observed failure in the laboratory. 
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Table  2.3. Recent numerical studies on brittle damage characterization at various scales using discontinuum methods 
 Author(s) Numerical method Code Type of analysis Remarks 
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(Lan et al., 2010) Distinct Element 
Method (DEM) 

UDEC Study on the influence of micro-heterogeneity in 
laboratory scale samples 

The crack-initiation stress was found to be 
controlled primarily by the micro scale 
geometric heterogeneity 

(Kazerani and 
Zhao, 2010) 

Distinct Element 
Method (DEM) 

UDEC Voronoi and Delaunay assemblies used in order to 
match experimental results from triaxial and Brazilian 
tests of rock specimens 

Proposed a calibration process to obtain 
micro-mechanical properties to match 
macro-mechanical properties 

(Asadi and 
Rasouli, 2011) 

Distinct Element 
Method (DEM) 

PFC2D Simulation of shear box tests to model the shear 
behavior of rough rock fractures 

Showed the directional dependency of 
discontinuity shear strength 

(Gao, 2013) Distinct Element 
Method (DEM) 

UDEC Study on the influence of grain shapes on the 
mechanical response and fracture patterns in UCS/TCS 

Proposed the UDEC-Trigon approach 
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(Shin et al., 
2007) 

Distinct Element 
Method (DEM) 

UDEC Predicting the  depth of the Excavation Damaged Zone 
(EDZ) 

Importance of geometrical heterogeneity on 
spalling damage 

(Mas Ivars et al., 
2011) 

Distinct Element 
Method (DEM) 

PFC3D To study scale effects in jointed 
rock masses 

Evaluate Representative Elementary 
Volume (REV) 

(Lan et al., 2013) Distinct Element 
Method (DEM) 

UDEC Damage induced by a coupled thermo-mechanical 
loading around underground opening 

Application of the grain-based model to the 
progressive failure process. 

(Gao, 2013) Distinct Element 
Method (DEM) 

UDEC Roof shear failure in coal mine roadways Application of UDEC-Trigon method to 
capture roof shear failure processes. 

(Zhang, 2014) Distinct Element 
Method (DEM) 

PFC3D Modelling hard rock jointed pillars using an SRM 
approach 

Study on the influence of discontinuity 
characteristics, pillar width and confinement 

M
ac

ro
 s

ca
le

 
(L

ar
ge

 o
pe

n 
pi

t-c
av

in
g 

sc
al

e)
 

 

(Cavieres et al., 
2003) 

Distinct Element 
Method (DEM) 

3DEC To study the evolution of fracturing at El Teniente cave 
mine 

Concluded that contours of total strain were  
a good indicator of the observed damage  

(Villegas and 
Nordlund, 2008a) 

Distinct Element 
Method (DEM) 

PFC2D Extent of hanging wall surface subsidence in sub-level 
caving 

Successfully reproduced the surface 
subsidence at the Kiruna sub-level caving. 

(Lorig et al., 
2010) 

Distinct Element 
Method (DEM) 

Slope 
Model 

Stability of a rock slope with discontinuous joint sets Importance of intact rock bridge failure 

(Alzo’ubi et al., 
2010) 

Distinct Element 
Method (DEM) 

UDEC Study on rock slopes with inclined discontinuity sets Influence of tensile strength on the bucking 
failure 

(Havaej et al., 
2013) 

Distinct Element 
Method (DEM) 

Slope 
Model 

Open pit slope and landslide study Reproduction of observed slope failure 
mechanism 
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Figure  2.7.  Example of UDEC Voronoi used for modelling brittle fracturing, 
laboratory results (left) and UDEC prediction (right) (Kazerani and 
Zhao, 2010) 

Using Particle Flow Code, PFC 2D, Asadi and Rasouli (2011) simulated the 

shear box test to study the influence of shearing direction on the strength of a rough rock 

fracture. Their results showed that the ultimate shear strength of a rock fracture is highly 

dependent on surface roughness and the direction of shearing. 

More recently, Gao (2013) proposed an innovative numerical approach to 

simulate brittle fracture in laboratory sample using the UDEC-Trigon method. Gao (2013) 

evaluated the ability of the proposed Trigon logic by simulating a series of uniaxial and 

triaxial compression and Brazilian test and concluded that, in comparison with the 

conventional Voronoi model, the Trigon logic is less mesh-sensitive and predicts both a 

more realistic friction angle and fracture pattern. 

At the meso scale, using Grain-Based-Model approach in UDEC, Shin et al. 

(2007) successfully reproduced the depth and shape of spalling around Mine-by tunnel 

and showed the importance of geometrical and grain heterogeneity in reproducing the 

spalling damage. Lan et al. (2013) applied the UDEC-Voronoi approach to investigate 

damage processes in a rock pillar due to thermal and mechanical stresses. Gao (2013) 
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applied the UDEC-Trigon logic to simulate progressive caving of strata above a longwall 

coal mining panel and showed the application of this method to guide the design of mine 

layout and required rock support. 

In PFC 2D/3D (Itasca, 2007), an intact rock is modelled as an assembly of 

circular/spherical particles bonded together through contacts. Shear or tension cracks 

can be formed when the induced stresses exceed the specified contact strength. 

Discontinuities are introduced using a Smooth Joint Model (SJM) (Pierce et al., 2007), in 

which a discontinuity is represented as a smooth interface regardless of the local particle 

contact orientations along the interface. The PFC code is shown to be a suitable 

numerical tool for simulating rock behaviour at the grain-scale (Diederichs, 1999; Cho et 

al., 2007; Damjanac et al., 2007). Using PFC 3D and incorporating a Discrete Fracture 

Network (DFN), Zhang (2014) studied the effect of joint set characteristics (orientation 

and persistence) on the strength response and fracture development of hard rock pillars. 

The application of DEM to large scale modelling of brittle fracturing has been 

demonstrated by Alzo’ubi et al. (2010) who studied the influence of tensile strength on 

the bucking failure of rock slopes with an inclined discontinuity sets in UDEC and 

compared the modelled rupture surface with experimental observations (Figure  2.8). 

 

Figure  2.8. Comparison of the rupture surface between (a) simulated slope in 
UDEC model and (b) experimental centrifuge model (Alzo’ubi et al., 
2010) 
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Application of the bonded particle method (BPM) using PFC 3D is often limited to 

small-to-medium scale problem, mainly due to extremely large run-times. Cundall (2011) 

proposed a faster alternative to BPM using the “lattice scheme model” that has been 

implemented into the recent Itasca code Slope Model. In the lattice scheme approach, 

the finite-sized particles are replaced by point masses, and the contacts between 

particles are replaced by breakable springs. High efficiency can be achieved because 

the interaction geometry can be pre-computed, eliminating the extensive contact 

detection required in the BPM. Lorig et al. (2010) applied the lattice scheme approach 

using the Slope Model code to study the development of intact rock bridge failure in a 

slope with discontinuous joint sets (Figure  2.9). More recently, Havaej et al. (2015) 

explored the potential role of brittle rock fracture in the 1963 Vajont landslide using the 

lattice scheme approach.  

 

Figure  2.9. Simulation of a large slope with pre-existing discontinuities in the 
Slope Model code, showing the development of rock bridge failure. 
(a) Initial geometry (b) Post failure geometry (Lorig et al., 2010) 

2.4.3. Hybrid Methods 

In many cases, the failure is a combination of sliding along pre-existing 

discontinuities and intact rock bridge failure (intact rock fracturing). Failure in these 

cases can be best viewed as a transition from a continuum to a discontinuum domain as 

a result of failure, fracture or fragmentation. One example of combined continuum-

discontinuum method that can model intact rock fracturing and fragmentation is the 

combined finite/discrete element method (FDEM). The FDEM method combines aspects 

(a) Pre-existing discontinuity Intact rock bridge failure(b)
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of both continuum (FEM) and discontinuum (DEM) method along with fracture 

mechanics principles to model intact rock behaviour, interactions along pre-existing 

discontinuities as well as the initiation and development of new fractures. The finite-

element-based analysis of continua is merged with discrete-element-based transient 

dynamics, contact detection and contact interaction solutions (Munjiza, 2004). The use 

of fracture mechanics principles allows the realistic modelling of stress-induced brittle 

fracturing and a full consideration of failure kinematics (Elmo et al., 2012). The algorithm 

is such that if the failure criterion within the intact rock (initially represented as a FEM 

domain) is met, then a crack is initiated (Cai and Kaiser, 2004), and the model evolves 

into a DEM. In this approach the strength properties can be assigned to both pre-existing 

discontinuities and newly-generated fractures. The combined finite/discrete element 

method can be applied to a variety of engineering problems where failure, fracture, 

fragmentation and collapse or any other types of extensive damage is expected 

(Munjiza, 2004). Applicability of combined finite/discrete element method to brittle 

fracture modelling has been demonstrated both at the small and large scale by many 

researchers. Recent numerical studies on brittle damage characterization at various 

scales using hybrid finite/discrete element method are listed in Table  2.4. 

Cai and Kaiser (2004) used a hybrid FDEM approach to simulate the fracture 

process in 2D Brazilian tests for both isotropic and anisotropic rock samples containing 

planes of weakness. Mahabadi et al. (2009) studied the influence of both layering and 

loading rate on the behaviour of 2D Brazilian rock samples using the FDEM code, Y-

GUI. 

Yan (2008) simulated the step-path fracture coalescence of laboratory samples 

with pre-defined cracks and compared the numerical results with physical test carried 

out by Bobet and Einstein (1998) and concluded that fracture patterns obtained from 

numerical modelling were in good agreement with experimental results. Cai (2008) 

studied the influence of the intermediate principal stress on the fracture development of 

a brittle rock by developing a series of 3D triaxial compression simulations using the 

FDEM code ELFEN and showed the importance of intermediate principal stress on the 

mechanisms leading to spalling failure. 
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Table  2.4. Recent numerical studies on brittle damage characterization at various scales using hybrid methods 
 Author(s) Numerical method Code Type of analysis Remarks 

M
ic

ro
 s

ca
le

 
(L

ab
or

at
or

y 
sc

al
e)

 

(Cai and 
Kaiser, 2004) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Fracture development of an anisotropic 
sample in Brazilian test  

Effect of anisotropy and plane of weakness 
on fracture pattern and strength response  

(Elmo, 2006) Finite/Discrete Element 
Method (FDEM) 

ELFEN2D UCS/TCS laboratory testing  Comprehensive parametric study on 
numerical input parameters 

(Yan, 2008) Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Simulation of laboratory step-path brittle 
fracture 

Fracture coalescence patterns constrained 
through comparison with physical model  

(Cai, 2008) Finite/Discrete Element 
Method (FDEM) 

ELFEN3D The influence of the intermediate principal 
stress on rock fracturing 

Showed the importance of heterogeneity on 
stress anisotropy  

(Mahabadi, 
2012) 

Finite/Discrete Element 
Method (FDEM) 

Y-GUI The influence of mineral and geometrical 
heterogeneity on the Brazilian test 

Importance of considering mineral size and 
composition in replicating laboratory results 

M
es

o 
sc

al
e 

(T
un

ne
l/ 

Be
nc

h 
sc

al
e)

 (Klerck et al., 
2003) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Simulation of borehole breakout Properly captured the evolution of conjugate 
shear zones from the borehole wall 

(Stefanizzi, 
2007) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Simulation of instability around underground 
opening 

Emphasized the role of extension strain on 
depth of EDZ  

(Elmo and 
Stead, 2010) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Modelling of jointed mine pillars Discussed the influence of discontinuity 
orientation on pillar’s failure mode  

(Lisjak et al., 
2015) 

Finite/Discrete Element 
Method (FDEM) 

Y-GUI Prediction of the depth of the EDZ for the 
Opalinus Clay formation at the Mont Terri 

Discussed the importance of bedding plane 
slippage and extensional fracturing 

M
ac

ro
 s

ca
le

 
(L

ar
ge

 o
pe

n 
pi

t-c
av

in
g 

sc
al

e)
 

 

(Eberhardt et 
al., 2004) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Analysis of initiation and progressive failure 
in natural rock slopes 

Showed the internal deformation and 
damage due to strength degradation 

(Stead et al., 
2006) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Characterization of complex rock slope 
deformation and failure 

Able to simulate all three stages of failure 
including initiation, transition and deposition  

(Vyazmensky 
et al., 2010) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Block cave-large open pit interaction Successfully reproduce extent of 
open pit wall failure at Palabora mine 

(Woo, 2011) Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Calibration of block cave models with InSAR 
monitoring data  

Close fit was achieved between the 
predictive numerical model and InSAR data 

(Elmo et al., 
2012) 

Finite/Discrete Element 
Method (FDEM) 

ELFEN2D Influence of large scale geological structures 
on surface subsidence in block caving 

Orientation and extent of failure are highly-
influenced by characteristics of structures 
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Figure  2.12. Application of the FDEM method in modelling of block caving, (a) a 
3D DFN model, (b) 2D fracture traces on the sampling plane and (c) 
failure of pit slope walls due to block caving (Vyazmensky et al., 
2010) 

2.5. Summary 

Failure in brittle rocks follows three main stages of brittle fracturing process: 

crack initiation, propagation and coalescence. With recent advances in numerical 

methods and developments in discontinuum and hybrid methods, it is now possible to 

simulate discrete fracturing process in more detail. In the following chapters, the brittle 

failure at various scales from the micro scale through the meso scale to the macro scale 

is characterized using various numerical techniques. New approaches in quantifying pre-

existing and stress-induced damage are also introduced and their application discussed. 
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Chapter 3.  
 
Damage Characterization during Laboratory Strength 
Testing: A 3D Finite-Discrete Element Approach1 

Abstract 

A combined finite-discrete element approach is used to simulate the complete 3D 

fracture process during conventional laboratory testing, including Brazilian indirect 

tension and uniaxial and triaxial compression. A typical granite rock type (based on the 

Lac du Bonnet granite) was simulated to investigate the fracture pattern and mechanical 

strength of brittle rock in the laboratory. Damage intensity parameters (  and ) are 

introduced and utilized to characterize the induced damage in the models. These 

parameters provide an improved representation of the cumulative associated damage 

and facilitate a quantitative characterization of crack intensity during testing. The 

numerical simulations included both 3D and 2D models, and show that there is a good 

agreement between the strength response derived from simulations both in 3D and 2D 

and the considered rock material. A good correlation also exists between the fracture 

pattern in 3D and the equivalent 2D models. The influence of confinement on the triaxial 

strength and the associated damage in compression is investigated. While axial splitting 

is the dominant failure mode at low confinement, finite-discrete element simulations 

show that a shear failure mode tends to dominate as the confinement increases. The 

dependency of dilation upon the confining pressure is also demonstrated, the dilation 

angle decreasing with increased confinement. 

 
1 Published as:  

Hamdi, P., Stead, D., Elmo, D., 2014. Damage characterization during laboratory strength testing: 
A 3D-finite-discrete element approach. Comput. Geotech. 60, 33–46. 
doi:10.1016/j.compgeo.2014.03.011 
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3.1. Introduction 

Brittle rock failure in the laboratory has been studied by numerous researchers 

(Hoek, 1968; Martin and Chandler; 1994; Eberhardt, 1998; Diederichs, 1999). Strain 

measurement or acoustic emission monitoring (AE) during laboratory uniaxial 

compression indicates several stages of crack development including, crack closure, 

crack initiation, crack damage and peak strength. In all these brittle failure stages, 

fracturing processes are an integral part of the behaviour. Several discontinuum 

methods have been proposed in recent decades to address the issues related to 

fracturing processes in brittle rock materials; these include the distinct element method 

(DEM) (Cundall and Strack, 1979), discontinuous deformation analysis (DDA) (Shi and 

Goodman, 1988) and hybrid methods (Munjiza et al., 1995; Owen et al., 2004; Munjiza, 

2004). Under increasing stress, intact rock often experiences a transition from a 

complete continuum to a fractured discontinuum domain. Fracturing processes are 

therefore better captured by the use of a numerical tool that is able to reproduce this 

transition from a continuum to a discontinuum state. An example of a numerical tool that 

allows for such a continuum-discontinuum transformation is the finite-discrete element 

method, FDEM. 

Elmo and Stead (2010) used an integrated finite/discrete element-discrete 

fracture network approach to study the failure mechanism of fractured rock pillars. The 

mechanical behaviour of anisotropic rocks in the laboratory has been recently studied 

with the combined FDEM method by Cai and Kaiser (2004) using ELFEN 2D (Rockfield, 

2012) and by (Mahabadi et al., 2012a) using Y-GUI. The results clearly showed the 

influence of anisotropy and planes of weakness on both mechanical response and 

fracture pattern/damage. The application of the combined FDEM method to large scale 

problems such as block cave mining was illustrated by Vyazmensky et al. (2010); their 

results highlighting the importance of rock mass tensile strength and the percentage of 

intact rock bridges on both cave response and open pit stability. Using a discrete 

fracture network, DFN, of data obtained through field joint mapping, and integrating this 

into a 3D particle flow code (PFC3D) (Itasca, 2007), Esmaieli et al. (2010) studied the 

mechanical behaviour of rock masses and determined the representative elementary 

volume (REV) size. In an attempt to quantify damage induced in the PFC models, 
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Diederichs et al. (2004) introduced a crack density parameter, , and investigated the 

influence of pre-existing cracks on the levels of crack density obtained during laboratory 

compression tests. 

Despite the rapid development in computational power and our ability to simulate 

large-scale problems with complex geometries, many numerical analyses in rock 

engineering are still carried out in two dimensions (2D). As an example, most of the work 

to date using a combined FDEM method to characterize damage processes in brittle 

rocks has been undertaken using 2D analysis. In more general terms, and independent 

of the method used, the decision to use 2D as opposed to 3D is primarily determined by 

the challenges presented in the construction of large scale three dimensional (3D) 

models, the problems associated with long computing times and high memory cost and 

the interpretation of large 3D data files. However, improved understanding of simulated 

stress paths and damage development necessitates consideration of full 3D simulations. 

This paper focuses on the simulation of conventional laboratory testing, including 

3D Brazilian and compression testing. The objective is to investigate the suitability of 

FDEM analysis to reproduce both damage and fracture development and the strength 

response typical of brittle rock samples. The damage induced in the simulated rock 

specimens is quantified using a damage intensity parameter derived from intensity 

parameters commonly used in discrete fracture network (DFN) engineering. The 

influence of confining pressure on mechanical behaviour and fracture development is 

demonstrated and highlights the importance of dilatancy in rock engineering applications 

and the dependency of the calculated dilation on the applied confining pressure. 

3.2. Principles of the Combined FDEM Method 

The combined FDEM method has been used successfully to simulate the 

fracture process and failure mechanism of rock under both static and dynamic loading. A 

unique feature of this method is the ability to simulate the transition from a continuum to 

a discontinuum state by explicitly simulating fracturing and fragmentation processes. The 

suitability of the combined FDEM method for simulating laboratory testing has been 

investigated by many researchers (Klerck, 2000; Cai and Kaiser, 2004; Mahabadi et al., 
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2009; Elmo and Stead, 2010; Cai, 2013). Cai and Kaiser (2004) used a hybrid FDEM 

approach to simulate the fracture process in 2D Brazilian tests for both isotropic samples 

and anisotropic rock containing planes of weakness. Mahabadi et al. (2009) studied the 

influence of both layering and loading rate on the behaviour of 2D Brazilian rock samples 

using the FDEM code, Y-Geo. The hybrid FDEM code ELFEN (Rockfield, 2012) has 

been increasingly used as a numerical tool to simulate the fracture processes during 

laboratory tests. This code is capable of simulating fracture initiation, propagation and 

coalescence as the rock is subjected to increasing strain. If the failure criterion within the 

intact rock (initially represented as a FEM domain) is met, then a crack is initiated (Cai 

and Kaiser, 2004), and the model evolves into a DEM. Unlike most numerical codes 

where fractures can only propagate around the boundary of meshed elements, the 

ELFEN code allows new fractures to cut across the existing meshed elements. The 

insertion of discrete cracks within the ELFEN models can be either as a) intra-element 

fracturing or b) inter-element fracturing, Figure  3.1. Utilizing an intra-element fracturing 

scheme along with small mesh size, single small fractures can be realistically inserted 

and the appropriate fracture stress path followed leading to a more realistic fracture 

pattern. Klerck (2000) carried out 2D numerical simulations of unconfined compression 

strength, UCS, and triaxial tests and borehole breakouts illustrating the suitability of the 

FDEM method for simulating both load-displacement response and the observed 

evolution of discrete fracturing. The following sections describe some important features 

implemented in ELFEN pertaining to the current study, as well as the constitutive models 

used to simulate the behaviour of rocks under conventional laboratory testing conditions. 

 

Figure  3.1. ELFEN crack insertion procedure showing: a) the actual failure 
direction defined by weighted-average configuration, b) intra-
element fracturing, c) inter-element fracturing. (after Klerck et al., 
2003) 

(a) Actual failure direction (c) Inter-element fracturing(b) Intra-element fracturing



 

33 

3.2.1. The Mohr Coulomb with Rotating Crack Constitutive Law 

The ELFEN formulation assumes that the generation of new fractures for models 

of quasi-brittle materials is associated with extensional deformation, therefore a material 

subject to increasing compressive loading will eventually exhibit extension in the 

direction orthogonal to the loading direction, and thus cracks will propagate parallel to 

the loading direction (Klerck, 2000). This form of fracturing, known as tensile cracking or 

Mode I type of failure is the primary failure mechanism under low confining stresses 

(Lajtai, 1998; Diederichs, 2007). There is consensus that the failure mechanism of brittle 

rocks is dominated by formation of extensile cracks (Mode I) as the stresses exceed the 

tensile strength of the materials (Eberhardt, 1998; Diederichs, 2007). Sahouryeh (1997) 

argued that the typical shear band formation observed in compression test under 

confined conditions is, in fact, a secondary process occurring after the interaction and 

coalescence of extension cracks. The same author stated that extension microcracking 

remains an important primary process for shear propagation at high confinement but is 

limited to the sub-grain scale.  

The Mohr-Coulomb with rotating crack constitutive model (Rockfield, 2012) is 

used here to simulate fracturing processes at the laboratory scale. This constitutive 

model requires five material parameters: cohesion (c), friction angle (φ), dilation ( ), 

tensile strength ( ) and fracture energy ( ). As quasi-brittle fracturing processes in 

ELFEN are extensional, any realization of fractures corresponds to failure of an element 

in tension (Mode I type of failure) and therefore the coupling of Mohr-Coulomb with a 

rotating crack constitutive criterion in ELFEN provides a realistic representation of both 

shear and tensile fracturing.  

The Mohr-Coulomb failure criterion equations in principal stress space describe 

the conditions for which an isotropic material will fail. The criterion can be written as a 

function of (1) major  and minor  principal stresses, or (2) normal stress  and 

shear stress  on the failure plane (Jaeger and Cook, 1979). Although recent 

developments have considered the influence of the intermediate principal stress, the 

conventional Mohr-Coulomb failure criterion assumes that the intermediate principal 

stress  has no effect on the failure plane and it therefore is usually neglected. 
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The Mohr-Coulomb criterion written in terms of the normal stress and shear 

stress is: 

tan  (1)

where  is the cohesion and  the friction angle. In terms of principal stresses the 

criterion is: 

sin 2 cos  (2)

Considering principal stresses the yield surface is a hexagonal pyramid, 

Figure  3.2a. The conical nature of the yield surface reflects the influence of pressure on 

the yield stress. The Mohr-Coulomb criterion often overestimates the tensile strength of 

rocks. To account for tensile failure, Paul (1961) introduced the concept of a tension cut-

off and modified Mohr-Coulomb criterion to require three material constants. Eq. (2) is 

valid when: 

∗ (3)

With the Mohr-Coulomb criterion modified as 

	 	 ∗ (4)

where  is the uniaxial compressive strength,  is a constant defined by  

and  is the tensile strength of the rock material. The representation of the Mohr-

Coulomb with tension cut-off criterion is shown in Figure  3.2b.  

As discussed, extensional failure can be considered the dominant factor in the 

brittle failure of rock. Figure  3.3 illustrates the formation of cracks during a confined 

compression test and clearly shows the extensional inelastic strain in the direction of 

dilation. There is an explicit coupling between the extensional inelastic strain associated 

with the dilation response of compressive failure and the tensile strength in the dilation 

direction. 
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Figure  3.2. a) Conventional Mohr-Coulomb criterion b) Mohr-Coulomb criterion 
with tension cut-off (modified after Labuz and Zang, 2012) 

 

Figure  3.3. a) Compressive loading with confining stress b) compressive failure 
due to lateral extensional inelastic strain causing failure and dilation 
(after Klerck et al., 2003) 

In a compressive loading environment, increments of extensional strain in the 

direction of the minimum principal stress  can be associated with tensile strength 

degradation (damage) in the same direction (Rockfield, 2012), giving: 

 where  (5)

Where  and  are the tensile strength and extensional inelastic strain, 

respectively in the direction of the minor principal stress. For the linear softening of the 

tensile strength the Eq. (5) becomes (Rockfield, 2012), 
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Conventional Mohr-Coulomb Criterion Mohr-Coulomb Criterion with Tension Cut-off
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 (6)

Where  is initial tensile strength and  is the linear softening modulus given by, 

2
 (7)

Where  is the total element length scale (average dimension) and  is the 

fracture energy. 

Once the yield surface represented by Mohr-Coulomb is satisfied at the element 

level, the tensile strength according to Eq. (6) is updated.  

The Rankine rotating crack constitutive model is used for modelling the failure in 

a tensile environment. For mode I dominated behaviour, the initial failure as shown in 

Figure  3.4 is defined by a tension failure surface as follows (Rockfield, 2012): 

0 (8)

Where  represents maximum principal stress invariants and  is the tensile 

strength of the material. This equation implies that the initial failure surface is relevant 

when one of the principal stresses exceeds the tensile strength of rock material. Post 

initial yield, the rotating crack formulation represents the anisotropic damage evolution 

by degrading the elastic modulus in the direction of the major principal stress invariant 

and is formulated as: 

 where 1  (9)

Where  is damage parameter and the subscript  is the local coordinate 

system associated with the principal stresses.  and  are the elastic initial 

(undamaged) and damaged Young’s modulus, respectively. Damage evolution for the 

linear strain softening associated with micro-fracturing is given by: 

1
 (10)

where  is a function of the total strain defined by (Cai, 2013): 
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 For  1 0 

(11) For   0 1 

 For  ∞ 1 

where  is the tangential softening modulus as presented in Figure  3.4. The 

damage parameter is dependent on the fracture energy  which is defined as: 

 (12)

Integrating over a localisation band width  for a constant slope softening model 

gives 

2
 (13)

Where, in the finite element context the local control length  where  is 

the area of the element. Note that the relationship between fracture toughness in mode I 

( ) and fracture energy can be defined as: 

 (14)

 

Figure  3.4. Yield surface and softening curve for the rotating crack model 
(modified after Rockfield, 2012) 
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3.3. Discrete Fracture Network Method 

The Discrete Fracture Network (DFN) method is being increasingly used in rock 

engineering as a tool to statistically describe the rock mass fracture system by building a 

series of discrete fracture objects based upon field observations of fracture properties 

including size, orientation and intensity. Dershowitz and Herda (1992) introduced a 

system of fracture intensity parameters that provide a convenient framework to move 

between differing scales and dimensions; this has become known as the  system. 

These fracture intensity measures have become an accepted quantifier of the degree of 

fracturing within a rock sample/rock mass. The system is based on the designation  

“persistence” followed by the subscripts designating the dimension of sampling region 

and feature, respectively. For instance, implies the ratio of the total length of fracture 

traces to the sampling area. The concept of fracture intensity in one, two and three 

dimensions is graphically illustrated in Figure  3.5. Further details on the formulation of 

discrete fracture networks can be found in (Dershowitz and Herda, 1992). 

 

Figure  3.5. Concept of fracture intensity in one, two and three dimensions  

Many researchers have attempted to quantify rock damage in geomechanical 

models by introducing different parameters. Diederichs et al. (2004) introduced the crack 

density  to quantify damage in PFC laboratory testing models. Using fracture intensity 

parameters including  and/or , it is possible to quantify both pre-existing and new 

cracks within the rock/rock mass for both small and large scale applications. We use the 

Fracture Area

A3

A1

A2

A4

A5

A6

A7

A8

Sampling Volume

Sampling Volume
P32 = Total Fracture Area

V
Ai=

Sampling Area
P21 = Total Fracture Traces

A
Li=

Length of Scanline
P10 = Number of Traces

L
N

=

Scanline (L)

Fracture Trace

Sampling Area (A)

L10
L2

L1

L4 L6

L5

L7

L8

L12

L9

L3

L11



 

39 

concept of fracture intensity to characterize the damage generated during the numerical 

simulations. A new damage intensity designation “ ” is proposed to account for damage 

quantification. For 2D simulations, the term  is used to characterize the damage 

induced during simulation, as the ratio of total crack (damage) length to the sample area. 

For 3D models, the term , is introduced as the ratio of total crack (damage) area to 

the sample volume. Tuckey et al. (2012) utilized the concept of fracture intensity to 

characterize discontinuity persistence and intact rock bridges using modified window 

mapping and remote sensing techniques. Gao (2013) used the  parameter to 

characterize brittle fracture above coal mine roadways. Zhang (2014) has developed this 

parameter for 3D models using PFC3D to characterize damage intensity  in rock 

pillars. 

3.4. Model Simulation 

Most of the studies carried out to date to characterize damage using combined 

FDEM methods are limited to 2D simulations, therefore a need remains to characterize 

fracture patterns (damage) and stress paths in true 3D. In this study, 3D laboratory tests, 

including Brazilian (indirect tension), uniaxial and triaxial compression tests are 

simulated using the FDEM code ELFEN (Rockfield, 2012). The geometry of the Brazilian 

test is according to ASTM standards (ASTM D3967, 2008), for the 3D model comprising 

a 100 mm diameter, 20 mm thick rock disc. The cylindrical UCS specimen model is 50 

mm in diameter with a ratio of height to diameter of 2 ( : 2) to satisfy the ASTM 

requirements (ASTM D7012, 2010). For comparison purposes, equivalent 2D Brazilian 

and compression tests are also simulated. The 3D and 2D model geometries with the 

mesh discretization are illustrated in Figure  3.6. The models are homogeneous and the 

loading is applied to the upper steel platen with a constant velocity of 0.5	 ⁄ . As the 

experimental loading rate is typically lower than that used in the numerical models, a 

sensitivity analysis was undertaken to confirm that the selected numerical loading rate 

had negligible influence on the simulation results. Both the reaction force and the vertical 

displacement of the platen were recorded for the Brazilian and compression tests. 

Additionally, a series of history points are located in the middle of the specimen (UCS 

simulations) to record horizontal (radial) displacement. The 3D and 2D specimens were 
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discretized with tetrahedral and triangular elements respectively using a fine mesh with 

average edge length of 0.7 mm. This required 2,410,712 and 32,389 unstructured 

elements for the 3D and 2D Brazilian disc models, respectively and 3,036,412 and 

23,924 unstructured elements for the 3D and 2D UCS/TCS simulations, Figure  3.6. The 

use of such a fine mesh discretization minimises the effects of mesh dependency 

providing a more realistic fracture-damage pattern. 

 

Figure  3.6. 3D and 2D FDEM model geometry and mesh discretization for 
simulated laboratory Brazilian and compression tests using the 
combined FDEM code ELFEN 

The material properties for the intact rock and the newly generated cracks are 

listed in Table  3.1. The engineering material properties of a typical granite (based on Lac 

du Bonnet granite) were obtained from the published literature (Martin, 1997; 

Hajiabdolmajid et al., 2002). As new cracks are generated in the model, a friction angle 

and cohesion are assigned to them as new discrete elements with a Mohr-Coulomb 

failure criterion; in addition they are given normal and tangential penalty values 

(equivalent to normal and shear stiffness). This procedure allows the deformation 

processes to be treated rigorously using a DEM based formulation, while progressive 

fracturing of the surrounding continuum problem is simulated (Cai, 2013). In general, the 

calculation scheme in the FDEM approach is such that if the failure criterion within the 
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intact rock (represented by the FEM formulation) is met, then a crack (represented by 

the DEM formulation) is initiated (Cai, 2013). An important feature of ELFEN is that an 

explicit fracture is introduced when all the fracture energy is consumed. Consequently, 

depending on fracture energy, the stages of yielding (initiation of softening) and 

fracturing (explicit generation of the discrete crack) do not occur simultaneously (Cai, 

2013). Models with higher fracture energy require more deformation before visible 

cracks are simulated. When an element yields, it will enter the post-peak softening 

stage, accompanied by an increase in damage and a decrease in the localized band 

tensile strength. In this study, fracture energy is estimated based upon the empirical 

relation presented by Zhang (2002), in which the mode I fracture toughness is related to 

the tensile strength by 6.88  and fracture energy is then calculated as ⁄ . 

Table  3.1. Properties of intact rock and newly-generated fractures used in this 
study  

Properties of the Intact Rock Value 
Young’s modulus,   60 
Poisson’s ratio,  0.25 
Density,  ⁄  2400 
Cohesion,   34 
Friction angle, ° 54 
Dilation, ° 10 
Tensile strength,   6.50 
Fracture energy,  ⁄  0.015 
Properties of newly-generated fractures  
Normal contact penalty, Pn, /  50 
Tangential contact penalty, Pt, /  5 
Coefficient of friction angle,  0.5 
Cohesion,   0 

Since a relatively small time step is generally needed for a dynamic explicit 

approach, and considering also that contact detection must be executed at each time 

step, the hybrid FDEM method can be computationally intensive (Cai, 2013). For 3D 

models, a mass scaling approach is used to reduce the computation time. This is a 

method of artificially increasing mass in order to increase the time step in an explicit 

analysis. It can be used to increase the time step, and hence reduce the runtime, for 

quasi-static projects where dynamic effects are negligible. However caution must be 

exercised when using mass scaling as a large change in mass can affect the quasi-static 

character of the solution. Hence, it is important to rigorously monitor the global elastic 
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and kinetic energy in the analysis. In general, the kinetic energy should be less than or 

equal to 5% of elastic energy in order for the solution to be treated as quasi static 

(Rockfield, 2012). This approach is rigorously adhered to in the current study and both 

elastic and kinetic energy are continuously monitored throughout the simulations.  

3.5. Numerical Results 

3.5.1. Simulation of Brazilian Testing 

Brazilian test simulations have been undertaken using ELFEN 3D, and the 

results presented as both axial stress vs. displacement and damage intensity D  plots, 

Figure  3.7. The results show the model undergoes elastic deformation, and 

subsequently the peak strength reached corresponding to the formation of coalesced 

macro cracks in the Brazilian disc. Although no explicit fracturing is observed in the 

model before the peak strength, according to the fracture simulation framework 

implemented in the ELFEN code, onset of element softening has been equated with the 

formation of micro cracking. Progressive fracturing occurs in the model as the load 

increases, resulting in gradual strength reduction as shown by the axial stress-

displacement plot. Damage intensity D  increases substantially at the peak and grows 

steadily after peak strength, when with failure of rock bridges the sample splits into two 

halves. The simulated initiation, propagation and coalescence of fractures in the 3D 

Brazilian disc for selected stress levels are illustrated in Figure  3.8. The letters in the 

figure correspond to the strength levels presented in Figure  3.7. As expected, fractures 

initiate from the centre of the disc parallel to the loading direction when the induced 

tensile stress exceeds the tensile strength of the material. This is in agreement with the 

theoretical and experimental data reported by many researchers e.g., (Mellor and 

Hawkes, 1971; Li and Wong, 2012) for homogeneous material. As the disc is further 

loaded, fractures propagate towards both platens to complete the fracture coalescence 

stage. Further fractures are generated near the platens and are generally shear in 

nature due to the interaction of the rigid steel platens and the rock specimen. It is 

apparent that the residual strength does not reach zero in Figure  3.7 as the simulation is 
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terminated at point f after approximately 0.2 mm of vertical displacement (the residual 

load would eventually reach zero if the model were to be run longer). 

 

Figure  3.7. Axial stress vs. vertical displacement for the 3D Brazilian test and 
associated cumulative volumetric damage, D32 as a function of 
vertical displacement 

 

Figure  3.8. Fracture pattern at selected simulation time intervals during a 3D 
Brazilian test. The letters correspond to the points a to f on the axial 
stress vs. displacement curve in Figure  3.7. 
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Figure  3.9 shows plots of load and kinetic energy as a function of vertical 

displacement during the entire fracturing process in the 3D Brazilian disc. Initially, as the 

specimen is loaded, kinetic energy begins to increase in the rock sample. This stage 

corresponds to a non-linear behaviour phase in the load-displacement plot, Figure  3.9. 

The kinetic energy remains constant and load-displacement plot exhibits a linear trend 

up to the peak strength level when there is a substantial increase in kinetic energy. This 

marked change implies that a significant amount of energy is released in the formation of 

the macro cracks in the model. The post peak region is accompanied by continued 

formation of macro cracks in the rock sample with the breakage of rock bridges resulting 

in fluctuations in kinetic energy, Figure  3.9. Each peak in the kinetic energy curve 

appears to correlate with rock bridge breakage and the coalescence of isolated cracks to 

form larger fractures. Similar behaviour has been observed in the modelling of rock 

bridge failure in large open pit slopes by Havaej et al. (2013).  

 

Figure  3.9. Axial stress vs. vertical displacement for the simulated 3D Brazilian 
test and associated kinetic energy release 
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similar trend to that previously shown for the 3D simulation is observed. Fracturing 

becomes apparent in the model when the peak strength is reached. The fracture 

patterns at different simulation time intervals for the 2D Brazilian test are presented in 

Figure  3.11. The letters  to  indicate the corresponding points on the stress vs. 

displacement curve in Figure  3.10. As noted in the 3D model (Figure  3.8), fracturing in 

the 2D simulation also initiates from the centre of the Brazilian disc and propagates 

towards the platens during a primary fracturing stage. As the load is further increased, 

secondary fractures parallel to the primary cracks are generated and eventually tertiary 

cracks form near both platens leading to complete rupture of the Brazilian disc.  

 

Figure  3.10. Axial stress vs. vertical displacement for the simulated 2D Brazilian 
test and associated cumulative areal damage, D21 
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propagation in 2D compared to the more complex and restricted kinematics in 3D (where 

crack growth must also occur out-of-plane). This phenomenon is clearly shown in 

Figure  3.11, where the tertiary fractures are able to propagate more easily in the 2D 

model. 

 

Figure  3.11. Fracture pattern (damage) at different simulation time intervals 
during 2D Brazilian test. The letters indicate the corresponding 
points a to f on the load vs. displacement curve in Figure  3.10 

 

Figure  3.12. Comparison between damage intensity value, D21, for 2D and 3D 
Brazilian disc models 
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We have also compared the simulated stress distributions obtained from the 2D 

and 3D Brazilian models, Figure  3.13, where the principal stresses are normalized by 

/  and plotted against the vertical diameter of the disc. It can be seen that the 

horizontal stress  and the vertical stress  in the 3D model agree well with those 

recorded in the 2D simulations; both simulation results are in agreement with the input 

tensile strength. The maximum tensile stress occurs in the centre of the disc, which 

concurs with the theoretical assumptions proposed by (Hondros, 1959). According to the 

Griffith criterion, the centre of Brazilian disc is the point of crack initiation at which the 

conditions for tensile failure are first met. Due to the homogeneity of the sample, it is to 

be expected that a uniform stress distribution would develop across the sample in both 

directions (e.g., Tang and Hudson, 2010), and the numerical results support this.  

 

Figure  3.13. Comparison stress distributions in the horizontal and vertical 
direction along the loading diameter for the 3D and 2D Brazilian 
ELFEN simulations. 
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strength is approximately 210 MPa, (attained when the vertical displacement is 

approximately 0.18 mm). Wawersik and Fairhurst (1970) classified the post peak 

behaviour of rocks under uniaxial condition into two classes: “class I” and “class II”. 

According to Figure  3.14, the post peak behaviour obtained from our simulation may be 

classified as class I behaviour, implying that the fracture propagation is stable in the 

sense that work must be done on the specimen for incremental decrease in load-

carrying ability. There is a substantial reduction in loading-carrying capacity of the rock 

sample and the post peak behaviour is brittle. Simulated crack initiation is first observed 

in the sample before the peak strength is reached. Fractures generated before peak 

strength are mostly in the vicinity of the platens and are induced by the contrast in 

contact properties between the rock and the steel platens. However, the cumulative area 

of pre-peak induced fractures is very small compare to the value at peak strength level 

and not is visible in Figure  3.14. Fracture patterns (damage) at different simulation time 

intervals during the 3D uniaxial compression test are captured and illustrated in 

Figure  3.15. The letters in the figure correspond with the points a to d on the axial stress-

strain curve as presented in Figure  3.14. More cracks are generated immediately the 

peak strength is reached and increase in the post-peak stage; in general, the induced 

cracks are predominantly parallel to the maximum principal stress. 

 

Figure  3.14. Axial stress-strain curve for the 3D uniaxial compression test and 
associated cumulative volumetric damage intensity, D32 as a 
function of axial strain 
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Figure  3.15. Fracture patterns (damage) at different simulation time intervals 
during a 3D uniaxial compression test. The letters correspond to 
points a to d on the axial stress-strain curve in Figure  3.14 

For comparison, Figure  3.16 shows the axial stress,σ , as a function of the axial 

strain, ε  obtained from the 2D FDEM UCS simulation. Due to lack of confinement, the 

post peak behaviour, similar to the 3D model, is brittle in nature. The elastic region is 

observed before the maximum strength is reached at approximately 200 MPa. The 

fracture pattern obtained from the 2D UCS model, along with the vertical stress contours 

are shown in Figure  3.17. The initiation of first cracking occurs at ε 0.31% and is 

followed by the nucleation of cracks mostly in the vertical direction. Further fractures 

primarily in the direction of principal stress are formed as the load increases. 
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Figure  3.16. Plot of axial stress, σ1, versus axial strain, ε1 , for simulated FDEM 2D 
UCS test with associated areal damage intensity, D21. 

 

Figure  3.17. Fracture development (damage) during 2D ELFEN simulation of a 
uniaxial compression test. Letters correspond with stress levels in 
Figure  3.16. 
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uniaxial compressive strength is not an input in ELFEN, thus, the UCS is estimated from 

the input cohesion and friction angle according to the Mohr-Coulomb criterion, Table  3.1. 

This gives a value of approximately 209 MPa for the uniaxial compressive strength. 

Considering the data presented in Table  3.2, it is clear that, the 3D simulations in 

general provide a higher strength compared to the equivalent 2D models. These 

differences are interpreted to originate from increased degree of interlocking between 

the elements in the 3D simulations. Elements in three-dimensional models are more 

complex and interlocked in accordance with block theory resulting in higher strength 

levels. 3D simulation of the Brazilian test slightly overestimates the assumed tensile 

strength input while the equivalent 2D model result is similar to input strength. The 2D 

UCS simulation slightly underestimates the calculated Mohr-Coulomb uniaxial 

compressive strength while the 3D model value is very close to the input strength. 

Table  3.2. Summary of strength results obtained from 3D and 2D simulations 
of Brazilian and uniaxial compression tests. Percentage in the 
parenthesis shows the difference between the simulated and the 
input values.  

Model Input value (MPa) 3D model (MPa) 2D model (MPa) 
Brazilian test 6.50 7.70 (+18%) 6.48 (-0.3%) 

Uniaxial compression test 209 207 (-0.9%) 195 (-7%) 

3.7. Influence of Confinement on the Mechanical Response 
and Fracture Pattern 

The influence of confining pressure on the behaviour of brittle rock in a triaxial 

compression test is illustrated in Figure  3.18 which shows the axial stress, , as a 

function of axial strain, , at different confinement levels for simulated 2D uniaxial and 

triaxial compression tests. A number of important features in agreement with the 

published literature are observed: 

1. the strength of the rock specimen increases with increasing confining 
pressure, 

2. the simulated tests exhibit more ductile behaviour as confining 
pressure increases. This transition from typical brittle to more ductile 
behaviour is clearly observed from this figure. However, further 
confining pressure is needed for the behaviour to become fully ductile 
where the post peak reduction in strength disappears completely. 
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3. the linear region in which elastic properties such as Young’s modulus 
and Poisson’s ratio are obtained are essentially unchanged as the 
confining pressure increases. This corresponds well with the 
experimental results reported by Wawersik and Fairhurst (1970) on 
the Tennessee Marble and other published experimental data. 

At low confinement, brittle behaviour is accompanied with volumetric dilation and 

a significant strength drop. With increase in confining pressure, brittle failure 

characterized by axial splitting in this homogeneous rock gradually transforms into shear 

failure characterized by the formation of localized shear bands. Confinement in the 

simulation results leads to both reduced strain localization and dilation. Figure  3.18 also 

illustrates the post peak strength reduction as a function of confinement. The difference 

between the peak and residual value (peak strength at 1.25%) is used to calculate 

strength reduction in the post peak region. The simulated strength reduction is seen to 

reduce with increased confining pressure showing a clear transition from brittle to ductile 

post peak behaviour. 

 

Figure  3.18. Simulated major principal stress σ1 vs. axial strain ε1 with increasing 
confining pressure in ELFEN; a clear transition from brittle to ductile 
behaviour with increased confinement is observed. b) Simulated 
post peak strength reduction as a function of confinement. 
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simulated ELFEN compression tests with increasing confining pressure are presented 

Figure  3.19. The transition from an axial splitting failure mode to the formation of a 

localized shear band with increasing confinement is clearly observed. To improve our 

quantitative understanding of the orientation of newly developed fractures in 

compression tests undertaken at different confining pressure, the simulated fracture 

orientations and associated frequency are presented in Figure  3.20. The direction of the 

newly generated fractures is measured with respect to the horizontal. In simulated 

uniaxial compression, the majority of fractures are oriented parallel to the direction of the 

applied load with 60% in the vertical direction. As the value of confining pressure 

increases, the longitudinal fractures tend to be supressed in the favour of a well-defined 

shear band. This is clearly observed from Figure  3.20 where the relative frequency of 

fractures oriented in a vertical direction (90°) decreases from 60% to as low as 20% with 

an increase in confinement from 0 to 30 MPa. This change in fracture pattern (damage) 

agrees well with the results of uniaxial and triaxial compression tests on brittle rocks 

reported by Diederichs (2007) where shear failure becomes the primary mode of failure 

as confinement increases. 

 

Figure  3.19. Fracture development in compression tests simulated in ELFEN 2D 
for varying confining pressure values. The distribution of the 
fracture orientation is shown in Figure  3.20 
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Figure  3.20. Fracture orientation distribution for simulated ELFEN 2D 
compression tests as a function of confining pressure. The 
orientation is measured with respect to horizontal 

The relationship between the confining pressure and the areal damage intensity, 

, from the simulated ELFEN 2D models is presented in Figure  3.21. As discussed 

before, the areal damage intensity, , is the ratio of total fracture length to the 

sampling area which in this study is the rectangular rock sample surface. As expected 

the simulated damage intensity decreases with increasing confining pressure; the 

induced damage being approximately 60% less for an increase in confinement from 0 to 

30 MPa. clearly showing the influence of confinement on the intensity of induced 

damage. 

Similarly, Figure  3.22 illustrates the simulated ELFEN 3D failure patterns in three 

compression tests under different confinement levels. As for the equivalent 2D ELFEN 

models, there is a clear transition from axial splitting with sub-vertical induced fractures 

to more shear failure with inclined cracks in 3D models as confining pressure is 

increased. 
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Figure  3.21. Areal Damage intensity, D21, as a function of confining pressure in 
the simulated ELFEN 2D confined compression test 

 

Figure  3.22. Fracture patterns in simulated 3D compression tests for increasing 
values of confining pressure.  
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Figure  3.23. Simulated volumetric damage intensity, D32, as a function of 
confining pressure in the simulated ELFEN 3D confined 
compression test 
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the data obtained from a large number of triaxial tests on multi-scale coal samples, 

Medhurst (1996) concluded that dilation decreases with increasing confining pressure, 

and attributed this decrease to the transition from an axial splitting mode to a shearing 

failure mode. As discussed by Yuan and Harrison (2004), it is more convenient to use 

plots of volumetric strain versus axial strain for quantifying the magnitude of dilatancy 

exhibited by rock under specific confining pressures. A simplified plot of volumetric strain 

against axial strain which has been obtained from laboratory tests encompasses two 

distinct regions, elastic contraction and brittle dilatancy. To numerically investigate the 

influence of confinement on dilation angle, a series of 2D triaxial simulations were 

performed in ELFEN with different confining pressures and in which deformation values 

were carefully recorded throughout the entire simulation. Figure  3.24a shows the plot of 

axial strain,	 , vs. volumetric strain,  obtained from numerical modelling in order to 

characterize the changes in dilation with varying confining stress. For comparison 

purposes, Figure  3.24b shows an idealized bilinear pressure-sensitive dilatancy model 

as proposed by Yuan and Harrison (2004). The onset of dilatancy is defined as the point 

in which the volumetric strain against axial strain plot departs from linear elastic 

contraction. This figure clearly shows the influence of confinement on dilation reduction. 

Some of the main characteristics from Figure  3.24 are: 

1. regardless of the magnitude of confining pressure, there is always 
an initial phase of linear contraction. 

2. as the confining pressure increases the onset of dilatancy is 
delayed, and hence more elastic contraction is experienced, and 

3. the rate of dilatancy is affected by confining pressure, the higher 
confining pressure, the lower the degree of dilatancy. 

The role of confining pressure on dilation can be attributed to the fact that as 

confinement increases, both the propagation of micro cracks and the opening of voids 

within the rocks are supressed and therefore the dilation reduced (Yuan and Harrison, 

2004). According to our ELFEN simulation results, the onset of dilation is coincident with 

the peak strength of the rock sample differing from experimental results reported in 

literature where the dilation occurs before peak strength is reached at approximately 70-

80% of the maximum strength. A key point explaining this difference is the absence of 

model heterogeneity in our numerical simulations. Due to homogeneity of the simulated 

rock samples and the lack of heterogeneity and/or the presence of pre-existing micro 
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cracks, the volumetric reversal and subsequently the dilation is coincident with the peak 

strength. This observation was also reported by Cai (2008), who concluded that for 

cracks to be observed before the peak strength is reached, material heterogeneity must 

be considered. Further complexity including geometrical and/or rock material property 

heterogeneity is required to more realistically capture in our 2D/3D FDEM models the 

onset of dilatancy and volumetric reversal in the stress-strain plot. 

 

Figure  3.24. The plot of axial strain, εa , against volumetric strain, εv for the 
simulated triaxial test with different confinement values. a) 
Numerical results obtained from 2D ELFEN simulations, b) An 
idealised bilinear pressure-sensitive dilatancy model (after Yuan and 
Harrison, 2004) 

3.9. Summary and Conclusions 

This study presents the first comprehensive three-dimensional FDEM modelling 

of laboratory strength testing using combined Brazilian, uniaxial and triaxial tests. A new 

discrete fracture network engineering approach to the characterization of brittle fracture 

damage in conventional laboratory tests is described and can be used at a wide range of 

scales. The damage intensity parameters  (areal) and  (volumetric) are introduced 

to characterize damage in two-dimensional and three-dimensional models, respectively. 

A coupled Mohr-Coulomb with rotating crack is considered a useful constitutive model to 

capture the formation of both shear and tensile fractures in the FDEM simulation. To 
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better capture fracture patterns and damage development; intra-element fracturing with 

fracturing through existing elements and the use of a fine mesh are important.  

There is a good agreement between the final fracture patterns and damage 

obtained during 2D and 3D simulations of the Brazilian test. In both models fracture is 

first initiated at the centre of the disc and propagates towards the platens. This agrees 

well with the published experimental results on homogeneous, intact rock samples. The 

comparison between the strength response of two simulations indicates that the FDEM 

numerical modelling is able to reproduce the input values. Both vertical and horizontal 

stress distributions in the 2D and 3D models along the loading diameter were compared 

confirming the agreement of the FDEM numerical results and previous theoretical 

approaches. 

The uniaxial compression test was simulated in two and three dimensions and 

the results clearly show that axial splitting is the dominant mode of failure under zero 

confinement. The simulated stress-strain response for both simulations under zero 

confinement exhibits brittle post peak behaviour. A summary of strength responses 

provided in Table  3.2 shows that the obtained values from the numerical FDEM 

simulations are in agreement with the input values showing the suitability of this 

approach to realistically model brittle fracture during laboratory testing. 

The effect of confinement on the fracture pattern, strength response and dilation 

angle was also studied using 2D triaxial compression test models. The simulated failure 

envelope clearly shows the influence of confining pressure on the post peak behaviour 

of the rock sample. A transition from brittle behaviour to ductile behaviour was clearly 

observed as the confining pressure increased. The final fracture pattern was also 

observed to be affected by varying confinement. Axial splitting failure was observed at 

low confinement changing to shear dominated behaviour in the form of localized shear 

banding with increased confinement. The confinement level was also seen to affect 

dilation which decreases with increasing confinement. In addition to the magnitude of 

dilation, the onset of dilation is also delayed as the confining stresses increase. Such 

observations correspond well with the published experimental results. 
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The 3D hybrid FDEM approach is shown to be very suitable for the modelling of 

brittle fracture during conventional laboratory testing. The extension of this work to 

incorporate 3D material or geometrical heterogeneity offers the capability of improved 

simulation of rock failure. The coupled use of damage characterization parameters and 

3D brittle fracture modelling is an essential step in realistically modelling brittle rock 

fracture from the laboratory to site scale. 
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Chapter 4.  
 
Characterizing the Influence of Stress-Induced 
Microcracks on the Laboratory Strength and Fracture 
Development in Brittle Rocks using a Finite/Discrete 
Element Method-Micro Discrete Fracture Network 
FDEM-µDFN Approach 2 

Abstract 

Heterogeneity is an inherent component of rock and may be present in different 

forms including mineral heterogeneity, geometrical heterogeneity, weak grain 

boundaries and micro-defects. Microcracks are usually present in crystalline rocks in two 

forms: natural and stress-induced; the amount of stress-induced microcracking 

increasing with depth and in-situ stress. Laboratory results indicate that the physical 

properties of rocks such as strength, deformability, P-wave velocity and permeability are 

influenced by increase in microcrack intensity. In this study, the finite-discrete element 

method (FDEM) approach is used to model microcrack-heterogeneity by introducing into 

a model sample sets of microcracks using the proposed “micro discrete fracture 

network” (µDFN) approach. The characteristics of the microcracks required to create 

µDFN models are obtained through image analyses of thin sections of Lac du Bonnet 

granite. A suite of laboratory tests including uniaxial, triaxial compression and Brazilian 

are simulated and the results compared against laboratory data. The FDEM-µDFN 

models indicate that micro-heterogeneity has a profound influence on both the 

 
2 Published as:  

Hamdi, P., Stead, D., Elmo, D., 2015. Characterizing the influence of stress-induced microcracks 
on the laboratory strength and fracture development in brittle rocks using a Finite/Discrete 
Element Method-Micro Discrete Fracture Network FDEM-µDFN approach, Journal of Rock 
Mechanics and Geotechnical Engineering  
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mechanical behaviour and resultant fracture pattern. An increase in the microcrack 

population leads to a reduction in the strength of the sample and changes the character 

of the rock strength envelope. Spalling and axial splitting dominate the failure mode at 

low confinement while shear failure is the dominant failure mode at higher confinement. 

Numerical results from simulated compression tests show that microcracking reduces 

the cohesive component of strength alone, the frictional strength component being 

unaffected. Results from simulated Brazilian tests show that the tensile strength is 

influenced by the presence of microcracks, with a reduction in tensile strength as 

microcrack intensity increases. The importance of microcrack heterogeneity in 

reproducing a bi-linear or S-shape failure envelope and their effects on the mechanisms 

leading to spalling damage near an underground opening are also discussed. 

4.1. Introduction 

Heterogeneity is an inherent component of rock and has a major influence on 

both the overall rock strength and the stress-induced fracture pattern at both the small 

and large scale. Material heterogeneity is evident at varied scales from the micro scale 

e.g., grain scale heterogeneity to the large scale i.e., faults of several hundred meters 

length within a rock mass. The microscopic behaviour of rock is governed by several 

parameters including the variation in grain size, shape and mineral composition as well 

as the presence of micro-defects i.e., microcracks (Lan et al., 2010). For example, it has 

been reported that the compressive strength of a fine-grained granite (with an average 

grain size of 1 mm) can be nearly 10-20% greater than medium-grained granite (4 mm) 

(Martin and Stimpson, 1994). 

Stress-induced damage is a well-known phenomenon for samples extracted from 

deep boreholes, the intensity of microcracking increasing with depth. As more stress-

induced microcracks are produced in the sample core disking may result (Figure  4.1). 

Martin and Stimpson (1994) concluded that stress-induced damage begins to affect the 

laboratory properties of Lac du Bonnet granite when the maximum in-situ stress exceeds 

about 10% of the unconfined compression strength. Lim and Martin (2010) also 

demonstrate that core disking initiates when the ratio of maximum principal stress to the 

tensile strength is around 6.5. Laboratory testing of samples taken at depths ranging 
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from near-surface to 1000 m at the URL experiment in Pinawa, Manitoba showed that 

the physical properties of rocks such as strength, deformability, P-wave velocity and 

permeability are all influenced by an increase in microcrack intensity (Martin and 

Stimpson, 1994). 

 

Figure  4.1. Relationship between stress-induced microcracking and depth. The 
stress-strain plots illustrate the change in behaviour as microcrack 
intensity increases. (after Martin and Stimpson, 1994) 

Although the importance of micro-structures i.e., microcracks on the mechanical 

behaviour of rock samples has been long recognized, relatively little research has been 

carried out to quantify the effect of micro-structures on brittle rock types such as granite 

(Martin and Stimpson, 1994). It has been shown that several stages of brittle fracturing 

process including crack closure, crack initiation, crack damage and peak strength are 

influenced by the presence of microcracks (Chernis, 1984; Martin and Stimpson, 1994; 

Diederichs, 2007). In this study, the effects of stress-induced microcracks on the 

mechanical behaviour and fracture pattern of Lac du Bonnet granite are investigated 

numerically using a combined finite/discrete element code (FDEM), ELFEN (Rockfield, 
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Some Damage

More Damage
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2012). The data from image analysis of thin sections illustrated by Lim and Martin (2010) 

are used to establish a micro discrete fracture network (µDFN) model which is then 

incorporated into the geomechanical model. The influence of microcracks is investigated 

by simulating a series of conventional laboratory tests including uniaxial, triaxial 

compression and Brazilian incorporating varied microcrack intensity, reflecting the 

increase in stress-induced microcracks with depth. Numerical results are compared with 

URL laboratory data presented in literature (Martin and Stimpson, 1994; Eberhardt, 

1998). Finally, the importance of microcracking on fracture mechanisms leading to 

spalling damage near an underground opening is briefly discussed. 

4.2. The Influence of Microcrack Heterogeneity on the 
Brittle Fracture Process 

Microcracks in crystalline rocks are formed when the localized stress 

concentrations exceed the local rock strength and can be classified into two groups: i) 

natural microcracks, which are produced by natural processes including pressure or 

temperature over geological time or ii) stress-induced (mechanically-induced) 

microcracks associated with changes in stresses and stress concentrations during the 

coring process or excavation (Nur and Simmons, 1970). According to Nadan and 

Engelder (2009), natural microcracks can be classified into three types: (1) healed 

microcracks often associated with fluid inclusion planes that formed during isobaric 

cooling, (2) filled microcracks containing foreign minerals and 3) open microcracks 

produced during the isothermal decompression process and tectonic activities. Stress-

induced microcracks due to the drilling process are common in rock cores taken from 

depth. Research has shown that drilling of a borehole results in stress concentrations 

and redistribution of initial stresses; when the magnitude of stress concentrations exceed 

the stress required to initiate a microcrack, a stress-induced microcrack may nucleate 

(Obert and Stephenson, 1965; Stacey, 1982; Lim and Martin, 2010). There is a general 

correlation between the mean in-situ stress and the microcrack intensity (Carlson and 

Wang, 1986). Chernis (1984) examined microcrack intensity in Lac du Bonnet granite 

with respect to depth and concluded that the density of stress-induced microcracking in 
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Several experimental studies have been conducted in the past to analyze modes 

of crack initiation and coalescence in laboratory samples containing one or several 

artificial flaws (Bobet and Einstein, 1998; Wong and Einstein, 2006; Wong and Einstein, 

2007). Bobet and Einstein (1998) performed a series of laboratory uniaxial and biaxial 

compression tests to study the influence of confining pressure on the fracture 

coalescence of rock samples containing two pre-existing flaws. Bobet and Einstein 

(1998) suggested three principal modes of crack coalescence: the shear mode (S), the 

tensile (wing) mode (W) and the mixed shear/tensile mode (M) and concluded that 

formation of each crack coalescence is influenced by the flaw location, confining 

pressure, friction angle and heterogeneity. Several researchers have also attempted to 

simulate the crack coalescence in rock samples containing pre-existing flaws using 

different numerical approaches. Using a finite element code RFPA, Tang et al., (2001) 

studied the final fracture pattern in a rock sample with three pre-existing flaws and 

concluded that crack coalescence follows a “weakest coalescence path” which is 

controlled by the geometrical location of crack with respect to each other. Yan (2008) 

simulated the crack coalescence of a rock sample with two pre-existing fractures using 

several numerical approaches: continuum method using Phase2 (Rocscience Inc., 

2010), discontinuum method UDEC (Itasca, 2010) and the hybrid method ELFEN 

(Rockfield, 2012) and compared the results from these simulations. 

Regardless of the origin of the microcracks, the main role of microcrack 

heterogeneity is to act as stress concentrating mechanism that can produce local stress 

concentrations causing local failures which may ultimately result in failure (Dyskin, 

1999). Another role of microcracks in the fracturing process, noted by Dyskin (1999), is 

to promote stress fluctuations which can induce high local tensile stresses, and initiate 

local fracture even if the magnitude of external load is less than the material strength. 

Figure  4.3 illustrates an example of a simulated uniaxial compression test with pre-

existing cracks using the hybrid FDEM code ELFEN, clearly showing the influence of 

pre-existing microcracks on the resulting stress fields. Due to microcrack heterogeneity, 

the tensile stress is concentered at the tips of microcracks. Wing cracks are formed as a 

result of tensile stress concentration when the local stresses exceed the local strength. 

By increasing the applied stress, additional wing cracks are formed and coalesce to 
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create a larger crack (macrocrack) which eventually results in the ultimate failure of the 

sample. 

 

Figure  4.3. Uniaxial compression test of a sample with pre-existing microcracks 
simulated in ELFEN. (i) Stress concentration around tips of pre-
existing microcracks, (ii) Wing cracks formation and (iii) 
Coalescence of wing cracks as the sample is further stressed. Red 
colour denotes tensile regime 

4.3. Micro Discrete Fracture Network (µDFN) 

The Discrete Fracture Network (DFN) method is being increasingly used to 

realistically consider the influence of discontinuity geometries within in-situ rock masses 

encountered in rock engineering projects. The general approach adopted in the DFN 

method is to treat fractures as discrete features whose properties e.g., locations, sizes, 

orientations etc. are defined by random variables with inferred probability distributions 

(Xu and Dowd, 2010). Dershowitz and Herda (1992) proposed a method of fracture 

intensity measures in one (linear), two (areal) and three (volume) dimensions that allow 

the quantification of fracture frequency. The fracture intensity measures proposed by 

Dershowitz and Herda (1992) have proved to be a useful quantifier for characterizing 

Time interval 1 Time interval 2 Time interval 3

Stress concentration Wing crack

(i) Stress concentration at the
tips of cracks

(ii) Formation of wing cracks (iii) Coalescence of wing cracks

Pre‐existing cracks
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fractures and significantly improves discrete fracture analysis and modeling for 

mechanical applications. Fracture intensity measures are classified based upon the 

dimension of the sampling region and the dimension of the feature. In this study, the 

(areal) fracture intensity P21, which is the ratio of the sum of total fracture traces to the 

sampling area is used to quantify the microcrack intensity (Figure  4.4). 

The first stage in the process of creating DFN models at large scale is to collect 

discontinuity data using conventional discontinuity mapping techniques such as 

scanlines or window mapping of outcrops or remote sensing methods such as 

photogrammetry or laser scanning. A new class of discrete fracture network is proposed 

here, referred to as “micro discrete fracture network” (µDFN), to differentiate the 

stochastic nature of micro scale cracks from large scale discontinuities. At micro scale 

(laboratory scale), data collected from image analysis of thin sections are used to build 

appropriate micro discrete fracture network (µDFN) models. Input parameters then 

include microcrack size, microcrack orientation and intensity. 

 

Figure  4.4. Concept of areal fracture intensity, P21, adopted in the FDEM 
modelling 

In this study, a DFN generator developed by Mayer et al. (2014) is used which by 

considering the geomechanical model mesh generation requirements allows seamless 

integration between the DFN and geomechanical simulation. An enhancement to the 
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general Baecher disk model algorithm (Baecher et al., 1978) is implemented in the 

proposed algorithm with three added constraints including (a) a minimum 

overlapping/separation distance to prevent the development of unnecessarily small 

elements which would slow down overall numerical simulation run-times (b) intersection 

distance to ensure that the intersection points between generated microcracks are 

spaced at a distance greater than the specified overlap/separation distance and (3) 

intersection angle to ensure generated microcracks intersect at angles greater than the 

minimum internal angle used in the unstructured mesh generation. These three 

enhancements avoid the development of unacceptable microcrack configurations which 

cannot be incorporated into the numerical codes using standard meshing algorithms and 

free the user from the need to manually modify the generated µDFN models prior to 

incorporation within numerical models. More details on the modified DFN algorithm and 

its application in different numerical codes can be found in (Mayer et al., 2014; Mayer, 

2015). 

4.4. Lac du Bonnet Granite 

Considerable research has been done on Lac du Bonnet granite as part of 

AECL’s Underground Research Laboratory (URL) experiment in Manitoba, Canada. 

Extensive laboratory testing has been carried out by numerous researchers (Chernis, 

1984; Martin and Stimpson, 1994; Eberhardt, 1998; Eberhardt et al., 1998; Lim et al., 

2012) focusing on the effect of microcrack intensity on the physical properties of 

samples that were taken from different depths, ranging from the ground surface to 1000 

m. Chernis (1984) examined several Lac du Bonnet granite samples obtained from 

different depths to study the characteristics of stress-induced and natural microcracks. 

Martin and Stimpson (1994) found that the laboratory P-wave velocity of Lac du Bonnet 

granite samples decreases continuously from ground surface to 1000 m depth. They 

attributed this continuous velocity reduction to an increase in microcrack density as the 

magnitude of in-situ stress increases with depth. Recent laboratory research by Lim et 

al. (2012) indicated that the volume of stress-induced microcracks increases linearly with 

sampling depth. The main characteristics of induced-microcracks in Lac du Bonnet 

granite including microcrack origin, microcrack orientation, microcrack length and 
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intensity were identified by Lim et al. (2012) by analysing several thin sections obtained 

from different depths. Grain size distribution plots from image analysis showed that the 

average grain size was 1.0 mm. The primary types of microcracks were classified as: (1) 

grain boundary microcracks, (2) intragranular microcracks and (3) transgranular 

microcracks. Overall, it was observed that the density of all types of microcracks 

increases with depth. Lim et al. (2012) concluded that the microcrack length was very 

similar for each microcrack type regardless of the magnitude of stress-induced damage 

in the sample. The average length was reported to be 0.2-0.4 mm for intragranular 

microcracks and 1.0-2.0 mm for transgranular microcracks. The orientation of natural 

and stress-induced microcracks depends on the stress history and the current state of 

in-situ stress. Lim et al. (2012) compiled the results of microcrack orientation from each 

thin section and presented the data as rosette plots, Figure  4.5. They concluded that 

while the intragranular microcracks are fairly uniformly distributed, transgranular 

microcracks tend to be aligned perpendicular to the core axis with a very shallow dipping 

(sub-horizontal) orientation. Figure  4.5 presents the distribution of length and orientation 

of the transgranular and intragranular microcracks obtained from the 420-Level URL Lac 

du Bonnet granite. This data is used to create the µDFN models for importing into the 

FDEM models. 

 

Figure  4.5. Distribution of length and orientation for intragranular and 
transgranular microcracks in Lac du Bonnet granite obtained from 
Level 420 m of the URL. (Source Lim et al., 2012) 
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4.5. Modelling Methodology 

In this study, the influence of microcrack heterogeneity on the behavior of brittle 

rock is investigated using the combined finite/discrete element code (FDEM) ELFEN 

(Rockfield, 2012). This code can readily simulate the complete brittle fracture processes 

including crack initiation, propagation and coalescence. Due to the hybrid nature of the 

code the transition from a continuum to a discontinuum state as the rock is loaded can 

be seamlessly modeled. The algorithm is such that if the failure criterion within the intact 

rock (initially represented as a finite element (FE) domain) is met, then a crack is 

initiated (Cai and Kaiser, 2004), and the model evolves into a discrete element 

geometry. 

Applicability of the combined finite/discrete element method to brittle fracture 

modelling has been demonstrated both at small and large scales by many researchers. 

Klerck (2000) carried out a series of 2D uniaxial/triaxial compression and borehole 

breakout tests and illustrated the suitability of the FDEM method for simulating both 

load-displacement response and the observed evolution of discrete fracturing. The 

mechanical behaviour of anisotropic laboratory rock samples has been recently studied 

with the combined FDEM method by Cai and Kaiser (2004) and by Lisjak et al. (2012) 

using Y-GUI code (Mahabadi et al., 2012a). Elmo and Stead (2010) used this method 

along with discrete fracture network to study the failure mechanism of fractured rock 

pillars. The application of the combined FDEM method to large scale problems such as 

block cave mining was illustrated by Vyazmensky et al. (2010). 

Here, two-dimensional uniaxial and triaxial compression tests are simulated on 

samples with a height of 100 mm and width of 50 mm. A 50 mm radius circular disc is 

modeled for the Brazilian test. Micro discrete fracture network (µDFN) models are 

incorporated into the intact rock medium to study the effect of micro-heterogeneity. 

Several µDFN models with increasing values of intensity (P21) are created to simulate an 

increased degree of sample disturbance with depth. The material properties of Lac du 

Bonnet granite obtained from the published literature (Hajiabdolmajid et al., 2002), 

Table  4.1, are assumed. In this study, fracture energy (  is estimated based upon the 

empirical relation presented by Zhang (2002), in which the mode I fracture toughness is 
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related to the tensile strength by 6.88  and fracture energy is then calculated as 

⁄ . Mechanical properties assigned to the micro-DFNs are also presented in 

Table  4.2. Zero tensile strength and cohesion are assumed for all microcracks and a 

friction angle of 26°. 

Table  4.1. The assumed intact rock properties of Lac du Bonnet granite 
(Hajiabdolmajid et al., 2002) 

Properties of the intact rock Value 

Young’s modulus,   60 

Poisson’s ratio,  0.25 

Density,  ⁄  2400 

Cohesion,   34 

Friction angle, ° 54 

Tensile strength,   6.5 

Fracture energy,  ⁄  0.015 

Table  4.2. Assumed properties of pre-existing and newly generated 
microcracks considered in this study. 

Properties of existing and newly-generated microcracks Value 

Normal contact penalty, Pn, /  50 

Tangential contact penalty, Pt, /  5 

Friction angle, ° 26 

Cohesion,   0 

Tensile strength,   0 

Loading is simulated by a constant velocity of 0.5	mm s⁄  applied on the upper 

platen and the reaction and displacement of the platen continuously monitored. A 

sensitivity analysis has been carried out to ensure that the assumed loading rate has no 

significant effect on the simulation results. Triangular elements with an average size of 1 

mm; corresponding to the average grain size observed from image analysis, was 

selected for this study. This results in approximately 35,000 unstructured elements for 

the UCS/TCS simulations and 55,000 elements for the Brazilian test. To capture a more 

realistic fracture pattern, an intra-element fracturing scheme is used, allowing new 

fractures to cut across the existing meshed elements (Figure  4.6). 
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Figure  4.6. Crack insertion procedure in ELFEN showing: (a) the actual failure 
direction defined by a weighted-average configuration, (b) intra-
element fracturing, (c) inter-element fracturing (Klerck et al., 2003) 

The geometrical properties of the microcracks used to create the µDFN models 

are listed in Table  4.3. Two sets of µDFNs are assumed one representing the 

intragranular and the other the transgranular microcracks. The spatial location of the 

microcracks is modeled assuming an homogeneous (Poisson) algorithm. Since DFN 

models are based on stochastic distribution, each creation of a model will result in a 

different realization. In this study, three realizations for each data set are generated. The 

intensity of microcracks is measured by the microcrack intensity  and the distribution 

of orientations identified using the crack rosette plot (Figure  4.7). The conventional 

method to determine the microcrack intensity parameter at the laboratory sample scale 

is to consider the whole sample area as the sampling area. This approach is appropriate 

for uniaxial and triaxial compression tests in which the whole sample is loaded. In the 

Brazilian test however, only a narrow region along the sample diameter is significantly 

influenced by loading, hence the characteristics of microcracks in this area determines 

the overall behaviour of the test. Two methods of identifying the microcrack intensity are 

proposed which are referred to as: (i) distributed microcrack intensity and (ii) focused 

microcrack intensity. In determination of distributed microcrack intensity the whole area 

of sample is considered while for focused microcrack intensity only the particular sample 

area influenced by loading is considered. Since the testing configuration is taken into 

account in the determination of sampling area in the “focused” microcrack intensity 

approach, a better understanding of influence of microcracks can be achieved. In this 

study, the “distributed microcrack intensity” parameter is considered for UCS/TCS 

simulations and “focused microcrack intensity” for Brazilian tests. The concept of 

focused microcrack intensity is discussed in more detail in section  4.7.1. 

(a) Actual failure direction (c) Inter-element fracturing(b) Intra-element fracturing
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Figure  4.7. An example of simulated sample with microcracks, (a) Two-
dimensional UCS/TCS sample with microcracks, (b) Corresponding 
rosette plot showing the frequency of generated microcracks with 
respect to horizontal 

Table  4.3. Characteristics of microcracks used in this study 

Type 
Length (mm) Orientation (º) 

Mean 
Standard 
deviation 

Mean 
Standard 
deviation 

µDFN set 1 (Intragranular) 0.5 0.1 90 30 

µDFN set 2 (Transgranular) 0.8 0.2 0 30 

4.6. Modelling of Uniaxial and Triaxial Compression Tests 

A series of uniaxial/triaxial tests with varied microcrack intensity are modeled to 

account for an increase in stress-induced microcracks with depth. Figure  4.8 shows the 

simulated models and their associated microcrack rosette plots. As mentioned 

previously, three µDFN realizations are created for each data set. A wide range of 

triaxial compression tests from low (2 MPa) to high (50 MPa) confinement is simulated 

for each model to investigate the influence of confining pressure on the behaviour of the 

rock sample. 
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Figure  4.8. Modelled UCS/TCS Samples with varied microcrack intensity. Three 
realizations are generated for each microcrack intensity. The 
diagrams show the associated rosette plot for each model. 
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4.6.1. Influence of Microcrack Intensity on the Uniaxial 
Compression Test 

The influence of sample size on rock strength has been widely discussed in the 

geotechnical literature and it is generally accepted that there is a significant strength 

reduction with increasing sample size. Hoek and Brown (1980) suggested an empirical 

relationship .  that relates the uniaxial compressive strength 	  of a 

rock specimen with a diameter  mm to the uniaxial compressive strength 	  of a 50 

mm diameter sample. Hoek and Brown (1980) concluded that the strength reduction is 

attributed to the greater opportunity for failure through and around grains and pre-

existing microcracks. As the sample size increases more defects can be included in the 

test sample contributing to a strength reduction. This relationship also suggests that 

when a sufficiently large number of defects are included in the sample, the strength may 

reach a constant value. This corresponds to the representative elementary volume 

(REV) which by definition is the minimum sample size at which the test results become 

independent of size. 

Complete simulated stress-strain curves for an intact rock sample and samples 

with microcrack intensity of 0.063	 ⁄  and 0.21	 ⁄  are 

presented in Figure  4.9. The plots show that the modelled peak strength of the rock 

sample decreases with increase in microcrack intensity. Wawersik and Fairhurst (1970) 

classified the post peak behaviour of rocks under uniaxial conditions into two classes: 

“class I” and “class II”. According to Figure  4.9, the post peak behaviour for all model 

simulations can be classified as class I, implying that fracture propagation is stable such 

that work must be done on the specimen for an incremental decrease in load-carrying 

ability. All three models exhibit a brittle post-peak behaviour. Figure  4.10 shows the 

fracture evolution at selected stress levels for the models presented in Figure  4.9 

indicating stages of crack initiation, propagation and coalescence with increasing load. 

Due to lack of confining pressure, fractures parallel to the direction of major principal 

stress (vertical in this case) are formed. More details concerning the influence of 

microcracks on the simulated fracture pattern is presented in section  4.6.4.  
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Figure  4.9. Stress-strain curves for simulated sample rock with P21=0, 0.063 and 
0.21. The letters a-e, correspond to the fracture evolution presented 
in Figure  4.10 

Figure  4.11 shows the uniaxial strength of all simulated models as a function of 

microcrack intensity, P , indicating a substantial reduction in strength with an increase in 

microcrack intensity. The unconfined strength decreases from approximately 190 MPa to 

as low as 100 MPa with an increase in microcrack intensity from 0 (mm/mm2) to 0.2 

(mm/mm2). This agrees well with the laboratory results of the URL experiment in which 

the uniaxial compressive strength of samples obtained from the 420-Level was roughly 

30% less than that from surface. The graph also suggests that the strength reduction 

continues up to a certain P  and then levels off. The best-fit curve to the data points, as 

shown in Eq. (1), is an exponential decay function agreeing with the experimental 

observations proposed by Hoek and Brown (1980). The results clearly show the 

importance of microcrack heterogeneity particularly at zero confinement which is often 

the case at the boundary of unsupported underground excavations. 
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Figure  4.10. Fracture evolution in the simulated uniaxial compression test on 
intact rock and samples with microcrack intensities of P21=0, 0.063 
and 0.21 (mm/mm2). Letters a-e correspond to the different stress 
levels indicated in Figure  4.9 

Martin and Stimpson (1994) compiled the results of laboratory uniaxial 

compression tests as a function of depth (Figure  4.12) and concluded that despite some 

scatter in the strength response; the unconfined compressive strength of Lac du Bonnet 

granite decreases steadily with depth. In the same plot, the results of the FDEM-μDFN 

numerical simulations for the uniaxial compression tests are superimposed to show the 

relationship between the UCS and fracture intensity. Although no direct correlation can 

be found between depth and microcrack intensity, a reasonable agreement between the 

experimental observations and the numerical results can be observed from this figure. 

(a) (b) (c) (d) (e)

In
ta
ct
 r
o
ck

 P
2
1
=0
.0
6
3

(m
m
/m

m
2
)

P
2
1
=0
.2
1

(m
m
/m

m
2
)



 

79 

 

Figure  4.11. The influence of increasing microcrack intensity on the uniaxial 
compressive strength 

 

Figure  4.12. Comparison between the uniaxial compressive strength obtained 
from the URL laboratory testing and numerical simulations. The 
laboratory results are plotted against depth and numerical results as 
a function of the microcrack intensity, P21. 
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4.6.2. Influence of Microcrack Intensity on the Triaxial 
Compression Test 

The simulated UCS/TCS results are compiled and the strength envelopes in 

terms of major and minor principal stress illustrated in Figure  4.13. It is clear from this 

figure that the strength reduces as microcrack intensity,  increases. The unconfined 

compressive strength of the most disturbed sample with 0.2 is approximately 50% 

less than the unconfined strength of the intact rock, showing the importance of 

microcrack heterogeneity at zero confinement. The strength difference between samples 

with microcracks and the intact rock sample decreases with increase in confining 

pressure (Figure  4.14). The strength difference between samples with 0.20 and 

intact rock decreases to only 10% at a confining pressure of 50 MPa. This is due to the 

fact that at high confinement, the influence of pre-existing microcracks is suppressed 

and cracks cannot propagate easily. Lower stress concentrations are produced at the 

tips of pre-existing microcracks as confinement increases, contributing to an increase in 

the strength. 

 

Figure  4.13. The results of UCS/TCS tests carried out using ELFEN on samples 
with various microcrack intensity. This figure clearly shows the 
effect of pre-existing cracks on the strength of the rock samples 
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Recent studies (Martin, 1997; Hajiabdolmajid and Kaiser, 2003; Diederichs, 

2007) have shown that contrary to the fundamental Mohr-Coulomb criterion assumption 

that the cohesive and frictional components of strength are mobilized simultaneously, in 

brittle failure, the frictional strength is only mobilized after a significant amount of the 

rock’s cohesive strength is lost. Kaiser et al. (2001) conclude that a bi-linear or S-shape 

criterion is required to properly describe the entire failure envelope from low confinement 

splitting/spalling to high confinement shear failure. The preliminary results show the role 

of microcrack heterogeneity in reproducing a bi-linear strength envelope. While samples 

without microcracks exhibit a linear failure envelope, the strength envelope tends to 

increasingly become bi-linear as more microcracks are incorporated into the sample. 

This can be clearly observed in the sample with a microcrack intensity P21=0.20 as the 

strength curve has a bi-linear trend. 

 

Figure  4.14. The percentage of strength reduction for each data set compared to 
the strength of intact rock at the same confinement level. Note that 
the strength differences decrease with increased confining pressure 
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4.6.3. Estimation of Cohesion and Friction Angle 

Uniaxial and triaxial results for all simulated models together with URL 420-Level 

laboratory data were analysed using the Hoek-Brown failure criterion (Hoek and Brown, 

1980). The Hoek-Brown criterion is expressed in terms of  and  as Eq. (2): 

 (2)

Where  and  are the major and minor principal stresses at failure, 

respectively,  is the uniaxial compressive strength of the intact rock material and ,  

and  are empirical constants.  

Hoek-Brown parameters for the simulated models and the URL laboratory data 

are listed in Table  4.4 and the resulting strength envelopes presented in Figure  4.15. As 

shown in Figure  4.15, the failure envelope of the URL 420-Level laboratory tests falls 

between the modelled strength envelope for sample with 0.063 and 0.12 

indicating the possible magnitude of microcrack intensity at the 420-level. 

Laboratory uniaxial and triaxial strength results; conducted by Martin and 

Stimpson (1994), from samples taken at different depths revealed that the stress-

induced microcracks only reduce the cohesional component of the strength ; the friction 

angle being essentially unaffected by microcracking. This phenomenon has also been 

reported for other rock types e.g. marble (Gerogiannopoulos, 1979; Hoek, 1983). 

Table  4.4. Hoek-Brown parameters for the simulated models and the URL 
laboratory data 

    	  

Simulated intact rock 28.56 1 0.5 179.22 
Simulated sample with 0.063	 ⁄  31.078 1 0.5 157.94 

URL 420-Level* 31.01 1 0.5 149.6 
Simulated sample with 0.12	 ⁄   33.24 1 0.5 133.65 
Simulated sample with 0.20	 ⁄  46.70 1 0.5 94.19 

					*laboratory	results	 Martin	and	Stimpson,	1994      
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Figure  4.15. The σ1 vs. σ3 strength envelope obtained from laboratory testing of 
the URL experiment at the 420 Level and from numerical modelling 
assuming varied microcrack intensity 

To investigate if such behaviour can also be reproduced numerically, the 

equivalent Mohr-Coulomb parameters; cohesion and friction angle; from the non-linear 

Hoek-Brown failure criterion for each simulated sample are determined and the results 

presented in Figure  4.16. This analysis is carried out using the RocData (Rocscience 

Inc., 2007) program. As described by Hoek et al. (2002) the equivalent Mohr-Coulomb 

parameters are obtained by fitting an average linear relationship to the Hoek-Brown 

strength curve for a range of minor principal stress value defined by , 

where  is the tensile strength and  is the upper limit of confining stress over 

which the relationship between Hoek-Brown and Mohr-Coulomb criteria is considered. 

The numerical results show that the presence of increased microcracking reduces the 

cohesional component of strength, the frictional component remaining essentially 

unaffected. The cohesion of the sample with P21=0.20 (mm/mm2) is roughly 26 MPa 

which is approximately 25% less than that of the intact rock. In contrast, for the same 

samples the frictional component remained constant at 51°. 
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Figure  4.16. Cohesion and friction angle of simulated numerical models and the 
URL 420-Level laboratory results. The graph shows a reduction in 
cohesion as microcrack intensity increases. Note the friction angle 
is essentially unaffected. 

4.6.4. Influence of Microcrack Intensity on the Fracture 
Development in Laboratory Compression 

It is a well-recognized that heterogeneity plays an important role in the formation 

of local tensile stress concentrations. Crack growth (crack initiation and propagation), as 

noted by Dyskin (1998), depends significantly on the material heterogeneity which 

results in stress concentrations where local stresses generate tension and initiate 

localized failure and crack growth. The fracture process in heterogeneous materials 

under compression comprises three stages: (1) the accumulation of wing cracks formed 

under compression at tips of pre-existing defects/cracks (2) formation of larger cracks 

also termed “mesocracks” and (3) development of unstable macrocracks which 

eventually lead to failure of the sample (Figure  4.17). The final failure mode observed at 

the end of a compression test is a product of the accumulation of microcracks that 

coalesce to form a macro failure surface. 
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The failure mode of heterogeneous rocks under compressive loads can be 

divided into three main types: axial splitting, shear (oblique) failure and spalling. Axial 

splitting is when the rock sample breaks into a number of columns parallel to the 

direction of compression. Shear/oblique failure occurs when one or two inclined 

macrocracks split the sample into two and finally spalling is where small rock pieces 

eject from the surface of specimens making the sample thinner and eventually leading to 

ultimate failure. Axial splitting and spalling are two common modes of brittle rock failure 

at low confinement in highly stressed environments. Axial splitting is a common failure 

mode in the laboratory unconfined compression tests on brittle rocks. Spalling damage is 

often observed near excavation boundaries in unsupported tunnels where the 

confinement is low. These two modes of failure, however, are suppressed by increased 

confining pressures as reported experimentally by Paterson and Wong (2005). As 

suggested by Martin (1997), spalling is the development of visible extension fractures 

under compressive loading, the direction of spalling fractures or axial splitting normally 

being parallel to the direction of the maximum principal stress. Formation of a particular 

type of failure is controlled by the loading conditions as well as the material 

microstructure (Paul, 1968). 

 

Figure  4.17. Three stages in the fracturing process in brittle rocks subject to 
compression (modified after Dyskin, 1998) 

 

Stage 1: Wing crack accumulation
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86 

Selected plots of the final fracture patterns obtained from the ELFEN simulations 

as a function of confinement and microcrack intensity are shown in Figure  4.18, 

indicating that at unconfined or low confinement, the fracture pattern is dominated by 

axial splitting or spalling failure. Formation of axial splitting or spalling failure in the 

model depends upon the intensity of microcracks within the rock sample. Axial splitting is 

evident for the intact rock sample under unconfined conditions. As microcrack intensity 

in the sample increases (the population of microcracks increases), wing cracks are 

formed at the tips of existing microcracks particularly near the surface of the sample 

where confinement is low. This progressive crack formation eventually causes failure in 

the form of spalling. As the confinement increases for the intact rock sample, longitudinal 

fractures tend to be suppressed in favour of a well-defined shear band. Similar 

behaviour can also be observed for heterogeneous samples with increasing 

confinement. In both cases, the formation of a primary and secondary shear band is 

apparent under confined conditions. A transition from an axial splitting or spalling to 

localized shear band with increasing confinement is clearly observed in Figure  4.19 

which shows the direction of stress-induced fractures with respect to horizontal. The 

relative frequency of fractures oriented in a vertical direction for simulated intact samples 

decreases from 60% to as low as 20% with an increase in confinement from 0 MPa to 25 

MPa. Such a change in response corresponds well with the experimental results of 

uniaxial and triaxial compression tests on brittle rocks reported by Diederichs (2007), in 

which shear failure becomes the primary mode of failure with increasing confinement. 

4.7. Influence of Microcrack Intensity on the Brazilian Test 

The Brazilian test was developed to overcome the difficulties associated with 

sample preparation and performing a direct tension test. The Brazilian test consists of 

compressing a circular rock disc diametrically to failure. The compression load induces 

tensile stresses normal to the vertical loading diameter. The maximum tensile stress 

obtained is taken as the indirect tensile strength of the rock. 

Hondros (1959) proposed a set of relationships to determine the complete stress 

distribution within a Brazilian disc. These equations showed that the maximum tensile 
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stress occurs under the loading diameter and the indirect tensile strength can then be 

calculated by the following formula Eq. (3): 

 (3)

Where  is the failure load	 ,  and  are the radius and thickness  of the 

rock disc, respectively. 

According to the Griffith criterion, the centre of Brazilian disc is the point of crack 

initiation at which the conditions for tensile failure are first met. Heterogeneity is found to 

play an important role in the overall behaviour of rock disc during Brazilian testing. 

Numerically, the influence of heterogeneity on Brazilian testing can be studied 

considering various types of heterogeneity including: (i) geometrical heterogeneity 

associated with different grain sizes (ii) mineral heterogeneity due to different grain 

mineralogy, (iii) heterogeneity associated with anisotropy and planes of weakness and 

(iv) microcrack heterogeneity due to existence of natural/stress-induced microcracks. 

 

Figure  4.18. Final fracture patterns as a function of increasing confining 
pressure, σ3. for a) Intact rock sample, b) Rock sample containing 
microcracks with microcrack intensity value P21=0.20 (mm/mm2). 
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Figure  4.19. Orientation of stress-induced fractures with respect to horizontal for a) Intact rock and b) sample with 
P21=0.20 (mm/mm2) for different confining pressures. 
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Several numerical studies have been conducted in recent years focusing on the 

effect of heterogeneity on the strength and fracture development in Brazilian tests. The 

influence of layering due to weakness planes on the response of a Brazilian disc was 

studied by Cai and Kaiser (2004) and Mahabadi et al. (2009). It was shown that rock 

anisotropy affects the fracture initiation and propagation, and hence the overall tensile 

strength of the rock. Orientation of weakness planes with respect to the loading direction 

appears to determine the shape and direction of the fracture pattern. Using Y-GUI code, 

Mahabadi et al. (2012b) investigated the influence of mineral and geometrical 

heterogeneity on the Brazilian test considering the actual size and mineral properties of 

the Brazilian disc and showed the importance of mineral size and composition in 

replicating laboratory results. The influence of pre-existing cracks on the response of 

Brazilian tests has been investigated both experimentally by Awaji and Sato (1978), 

Atkinson et al. (1982), Shetty et al. (1987) and Malan et al. (1994) and numerically by 

Tang et al. (2001) and Cai, (2013). Most of these studies focused on the influence of one 

or more pre-existing fractures often in the centre of a Brazilian disc. The main objectives 

of these tests were often to determine the Mode I and Mode II fracture toughness. In 

practice however, rocks contain abundant microcracks which can have both different 

sizes and orientations, affecting both fracture development and the strength response. A 

full understanding of laboratory behaviour therefore depends on recognizing the 

influence of these microcracks. In this section, the influence of stress-induced 

microcracks on the behaviour of Brazilian discs is investigated using the finite/discrete 

element method FDEM code ELFEN. Data from image analysis of thin sections are used 

to establish the µDFN models. The influence of microcracks on the Brazilian test results 

is studied by simulating a series of numerical models with varying microcrack intensity. 

4.7.1. Overall and Focused Microcrack Intensity 

Unlike uniaxial/triaxial compression tests in which the whole sample is loaded, in 

the Brazilian test only a narrow region along the loaded diameter is influenced by loading 

and hence the rock condition in this area determines the overall tensile strength and 

fracture pattern. The conventional method to determine the microcrack intensity 

parameter in small laboratory scale samples is to consider the whole sample area which 
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in the case of Brazilian test is the area of the circular disc. The microcrack intensity 

parameter calculated in this approach is referred here to as the distributed microcrack 

intensity. A focused microcrack intensity parameter is suggested in which both test and 

loading configurations are taken into account in the determination of the sampling area. 

The concept of distributed and focused microcrack intensity is illustrated in Figure  4.20. 

The distributed microcrack intensity used in uniaxial/triaxial tests is found to be 

inappropriate in characterizing microcrack intensity for a Brazilian test. To improve our 

understanding of the effect of microcracking in a Brazilian test we need to consider the 

characteristics of microcracking under the loading diameter. A series of Brazilian tests 

containing varying degrees of microcracking are modelled with only the area under the 

loading axis considered in determining the microcrack intensity. The simulated models 

and the associated focused microcrack intensity values are presented in Figure  4.21. 

 

Figure  4.20. Two methods of characterizing microcrack intensity in Brazilian test. 
Concepts of distributed microcrack intensity and focused 
microcrack intensity used in this study 

4.7.2. Influence of Microcrack Intensity on Fracture Development in 
the Brazilian Test 

In the Brazilian test, failure is usually through an extension fracture along the 

loaded diameter induced by tensile stresses acting normal to the loading direction. In 

addition to primary extensional fractures, subsidiary fractures forming wedges near the 

contacts with the platens have also been observed experimentally (Malan et al., 1994). 

Tests carried out by Jaeger and Cook (1979) indicate that the failure in the Brazilian 

Sampling area
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tests initiates from the centre of the disc and propagates towards the platens to form the 

primary failure and the wedges are only formed after the complete progression of 

primary fractures. 

Figure  4.22 shows the final fracture pattern of the models presented in 

Figure  4.21. The results indicate that the fracture pattern is affected by the microcrack 

intensity. In all models, failure initiates at the centre of the disc and propagates toward 

the platens. The final fracture pattern deviates from the vertical direction along the 

loading axis with change in assumed microcrack intensity. It is noted that secondary and 

tertiary fractures are also observed in most of models. 

 

Figure  4.21. Simulated Brazilian discs with varying microcrack intensity. The 
area under the loading diameter is used in determining the focused 
microcrack intensity, P21 (mm/mm2) 
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Figure  4.22. Fracture pattern for the twelve simulated models shown in 
Figure  4.21  

4.7.3. Influence of Microcrack Intensity on the Indirect Tensile 
Strength Response 

The URL Laboratory direct tension tests showed that the tensile strength of the 

Lac du Bonnet granite is influenced considerably by stress-induced microcracks, with 

samples from the 420 Level reported to have a tensile strength approximately 42% less 

than samples taken from the 240 Level (Martin and Stimpson, 1994). It should also be 

noted that in addition to the microcrack intensity, , additional characteristics such as 

connectivity of the microcracks, orientation and rock bridges also contribute to the 

ultimate strength of the Brazilian test. In this study, the focus is only on the effect of 

microcrack intensity on the overall tensile strength of the rock sample. 
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The tensile strength obtained from numerical simulations, Figure  4.23, illustrates 

that the indirect tensile strength decreases with an increase in microcrack intensity. The 

simulated indirect tensile strength decreases from 6.5 MPa to around 5.75 MPa with an 

increase in microcrack intensity from 0.1 (mm/mm2) to 0.6 (mm/mm2). The dispersion in 

the results clearly demonstrates the influence of microcrack location on the strength 

response and the need for multiple realizations of µDFN models.  

 

Figure  4.23. Tensile strength as a function of focused microcrack intensity for 
models presented in Figure  4.21 

4.8. Importance of Microcrack Heterogeneity on Brittle 
Failure at Low Confinement 

Spalling damage is the accumulation of extensile cracks (Mode I) occurring in the 

absence of confining pressure and is a common failure mode at the boundary of 

underground excavations in brittle rock under high stress. Acoustic emission monitoring 

during laboratory UCS testing on brittle rock has revealed that crack initiation starts to 

occur at a stress level between 30%-50% of the unconfined compressive strength 

(UCS). It has also been found that spalling damage initiates adjacent to the tunnel 
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boundary when the maximum induced-stress ( 3  exceeds the crack 

initiation stress level determined in the laboratory (Martin et al., 1999). Diederichs (2007) 

describes a number of mechanisms acting together to create this strength reduction 

under low confinement conditions in the vicinity of an excavation including (i) existence 

of pre-existing crack damage, (ii) stress rotation and damage, (iii) crack propagation and 

crack interaction and (iv) internal stress heterogeneity. The influence of pre-existing 

defects i.e., microcracks and macrocracks are acknowledged in most of these 

mechanisms and it is shown that the pre-existing cracks near the surface of an opening 

play an important role in the creation of tensile (splitting) fractures propagating sub-

parallel to the free surface in the form of spalling damage (Germanovich and Dyskin, 

2000). The propagation of wing cracks at the tip of pre-existing cracks is highly sensitive 

to the confinement (Dyskin, 1999; Diederichs, 2007). The stress state that results in 

spalling damage is in the region of low confinement where the laboratory rock strength is 

typically defined by tensile strength and uniaxial compressive strength, (Figure  4.24), it is 

therefore important to recognize parameters affecting the UCS and tensile strength of 

brittle rocks to allow improved understanding of spalling damage mechanisms. 

 

Figure  4.24. Conventional laboratory testing used to establish the failure 
envelope. The shaded area is the stress state near underground 
excavation 
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The FDEM-µDFN numerical results clearly show the importance of microcrack 

intensity on the strength response of brittle rocks such as Lac du Bonnet granite 

particularly in the low confinement and tensile stress region. The presence of micro-

defects results in (i) a reduction in the rock strength, (ii) a change in the fracture pattern 

and (iii) a transition to bi-linear strength envelope. Figure  4.25 illustrates the complete 

strength envelope obtained from numerical modelling of an intact rock and a sample with 

a microcrack intensity of P21=0.20. The strength reduction and a change in failure mode 

is evident in the unconfined and tensile environment; consequently, a complete 

understanding of spalling damage should  consider the influence of micro-defects, 

particularly microcracks. 

 

Figure  4.25. Complete strength envelope for intact and fractured rock samples 
based on FDEM- µDFN numerical simulations.  

4.9. Summary and Conclusions 

Stress-induced damage is commonly observed in samples extracted from deep 

boreholes and it has been observed that the microcrack intensity increases with depth. 
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In this study, the influence of stress-induced microcrack on the failure of Lac du Bonnet 

granite samples is investigated using the combined finite/discrete element method 

FDEM code ELFEN (Rockfield, 2012). A series of conventional laboratory tests including 

uniaxial, triaxial compression and Brazilian with varying microcrack intensity were 

simulated. Data collected from image analysis of thin sections including microcrack size, 

orientation and intensity by Lim et al. (2012) were used to build appropriate µDFN 

models which were then incorporated into geomechanical models. A series of uniaxial 

and triaxial compression test with different confinement were simulated to derive the 

complete strength envelope. Two approaches for calculating the microcrack intensity are 

proposed (i) distributed microcrack intensity and (ii) focused microcrack intensity. The 

focused microcrack intensity, in which the loading configuration is taken into account in 

the determination of the sampling area, is used for Brazilian test. 

Results of UCS/TCS simulations show that the strength of the models decreases 

with an increase in microcrack intensity, . The simulated unconfined compressive 

strength decreases from approximately 190 MPa to as low as 100 MPa with an increase 

in microcrack intensity from 0 to 0.2 (mm/mm2). This significant reduction at low 

confinement decreases with increase in confining pressure. An approximate 50% 

strength reduction between intact rock and a model with 0.20 reduces to only 10% 

with an increase in confining pressure from 0 to 50 MPa. In addition to strength, the 

microcrack intensity also changes the failure mode of the samples. At unconfined or low 

confinement the fracture pattern is dominated by axial splitting or spalling. Formation of 

axial splitting or spalling failure in the model depends upon the intensity of microcracks 

within the rock sample. Axial splitting is evident for intact rock samples under unconfined 

compression conditions. As the microcrack intensity increases, spalling damage 

becomes the dominant failure mode. For both intact rock samples and rock samples with 

pre-existing cracks increasing confinement results in the suppression of longitudinal 

fractures in favour of a well-defined shear band. The numerical results from compression 

tests emphasize the role of microcracking in reproducing a bi-linear strength envelope, 

showing a transition from a linear to bi-linear strength envelope with increase in 

microcrack intensity. The numerical results also show that microcracking reduces only 

the cohesive component of strength with the frictional component remaining essentially 

unaffected, agreeing closely with laboratory observations. For the Brazilian test, a 



 

97 

focused microcrack intensity approach was used to determine the microcrack intensity. 

FDEM-µDFN Brazilian simulations show that an increase in microcrack intensity from 0.1 

to 0.6 reduces the overall tensile strength by 15%. 

Finally, the implications of microcrack intensity on the mechanisms leading to 

spalling damage near an underground opening were briefly introduced. Since the 

propagation of wing cracks at the tip of pre-existing cracks is highly sensitive to the 

confinement and the stress state that results in spalling damage is under low 

confinement, it is important to recognize the parameters affecting the UCS and tensile 

strength of brittle rocks. The FDEM-µDFN results show the significance of micro-defects 

on the strength reduction and spalling damage in Lac du Bonnet granite and emphasise 

that a better understanding of spalling failure depends upon fully considering the 

influence of microcracks. 
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Chapter 5.  
 
Experimental and Numerical Investigation into the 
Failure Mechanism of Biaxially Loaded Brittle Rock 3 

Abstract 

Spalling and rock bursting has long been recognized as a primary failure 

mechanism at the periphery of underground openings in brittle rocks under high in-situ 

stress. The stress state adjacent to the boundary of underground excavations is often 

biaxial where 0, 0 and 0. Laboratory testing that represents such stress 

conditions involves biaxial compression which is characterized by the presence of a free 

surface and a secondary loading orthogonal to the principal loading direction. In this 

study laboratory results of biaxial compression tests conducted on norite rock from the 

published literature are simulated in 3D using the combined finite/discrete element 

method (FDEM). Good agreement is observed between the FDEM modelling and the 

published laboratory test data. In general, the peak strength increases as the 

intermediate principal stress is increased. The effect of the intermediate principal stress 

is highly significant at low  values and gradually decreases with an increase in . The 

model results illustrate that the majority of the stress-induced cracks are tensile and 

oriented parallel to the major principal stress leading to the formation of thin rock slabs 

parallel to the unconfined surfaces. Both published experimental and numerical results 

show that the depth of spalling increases with higher intermediate principal stress. This 

research shows that material heterogeneity is a key component in the formation of 

spalling damage at low confinement. Two important effects of material heterogeneity 

 
3 To be submitted as:  

Hamdi, P., Stead, D., Elmo, D., Mitri, H., 2015. Experimental and Numerical investigation into the 
Failure Mechanism of Biaxially Loaded Brittle Rock 
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stress fluctuation and stress concentration are numerically investigated using the FDEM 

approach. 

5.1. Introduction 

Rock bursting and spalling are common phenomena in civil and mining 

underground tunnels particularly in brittle rocks under high in-situ stress regimes. Rock 

bursting can be classified into different types including strain bursts, fault-slip bursts and 

mine pillar bursts (Ortlepp and Stacey, 1994). Strain bursting is characterized as a 

violent rupture of a rock wall volume under high stress (Diederichs, 2007). The quantity 

of energy released depends on parameters such as the magnitude of in-situ stress, 

structure and type of the rock and excavation method. Spalling is characterized by 

development of visible extension fractures under compressive loading that can be either 

violent or non-violent (Diederichs, 2007). High induced tangential stress acting at the 

periphery of underground openings, where the confining pressure is very low, results in 

spalling and rock bursting failure. This type of brittle damage leads to the formation of 

the closely-spaced slabs around a tunnel wall oriented parallel to the major principal 

stress (tangential) direction (Figure  5.1). The spacing of the stress-induced fractures is 

dependent on in-situ stress, the strength of the rock and the material heterogeneity (Cai, 

2008). The ground beyond the spalling zone is typically self-stabilized after failure 

occurs. 

A complete stress state is defined by three mutually perpendicular principal 

stress components including  major ,  intermediate and  minor principal stresses. 

Two common laboratory tests carried out in order to define the mechanical properties of 

rocks in compression are the uniaxial and triaxial compression tests. In the uniaxial 

compression test the major principal stress is increased gradually to failure while the 

other applied stress components are zero ( 0). The conventional or 

axisymmetric triaxial test consists of testing a cylindrical specimen with equal non-zero 

confining pressure ( 0). 
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Figure  5.1. (a) Formation of closely-spaced rock slabs at the periphery of tunnel 
walls under high in-situ stress (Diederichs, 2007), (b) A rock block 
obtained from the URL Mine-by tunnel (Level 420 m) (Cai, 2008), 
showing formation of closely-spaced rock slabs and the direction of 
the principal stresses  

On the boundary of an underground excavation, the stress state is often biaxial 

where 0, 0 and 0 (Figure  5.2). At the laboratory scale, biaxial loading is 

characterized by the presence of a free surface and a secondary loading orthogonal to 

the direction of principal loading and is often performed on cubic samples. 

Understanding the failure mechanism of brittle rocks around underground openings in 

high stress environments at laboratory scales, requires testing of samples in biaxial 

compression. 

 

Figure  5.2. Stress state around a tunnel boundary, showing a biaxial 
compression condition 
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This paper investigates the influence of the intermediate principal stress on brittle 

rock fracturing and strength near excavation boundaries. The results of laboratory biaxial 

compression testing on a norite rock, a rock type associated with the extraction of nickel 

in Sudbury, Canada, are first presented. The cubic rock specimens are then simulated 

using the 3D combined finite/discrete element method (FDEM) code, ELFEN, and the 

numerical results evaluated against published laboratory testing data. The influence of 

the intermediate principal stress on a mechanism leading to spalling damage was 

previously investigated experimentally by Bétournay et al. (2004). In this paper, a series 

of biaxial compression tests at different confining pressures are presented and 

compared with the experimental observations. The importance of material heterogeneity 

in the formation of spalling damage at the periphery of underground openings is 

numerically investigated by simulating laboratory tests on heterogeneous samples. 

5.2. Experimental Setup 

This section reviews the experimental research carried out at CANMET Material 

Technology Laboratory by Bétournay et al. (2004) involving biaxial compression tests on 

norite rock samples. These tests were carried out on cubic samples (10 10 10	 ) 

prepared from saw-cutting of a large block (80 80 60	 ) obtained from INCO’s 

South Mine, Sudbury, Ontario. It is reported that the mine has been subjected to rock 

bursting (Mitri and Be´tournay, 2006). Initial sample selection was made by rejecting all 

samples with discontinuities. The above authors describe biaxial loading on the cubic 

samples achieved using two independent loading systems. Lateral loading (σ ) used a 

horizontal self-reaction steel frame with a maximum loading capacity of 200-ton. Loading 

in the vertical direction  was applied using a servo-controlled loading system. 

Bétournay et al. (2004) utilised two different loading rates to investigate the influence of 

load rate: a slow loading rate of 0.75 ⁄  which is in the range recommended by the 

ISRM and a faster rate at 2.25 ⁄ . Only the results of the slow loading rate 0.75 

⁄  are presented in this study, more details can be found in (Bétournay et al., 2004). 

They carried out a total of 15 biaxial tests (three at each confining pressure) with five 

different confining pressures: 0 MPa (uniaxial), 50 MPa, 100 MPa, 150 MPa and 170 

MPa. No strain measurements were recorded during their experimental testing. The 
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laboratory peak strength and the post-failure photographs were documented at the end 

of each their tests. 

5.3. Modeling Simulation 

In this study, a numerical tool based on the combined finite/discrete element 

method (FDEM) is used to model the biaxial compression test. The combined 2D/3D 

FDEM code, ELFEN (Rockfield, 2012) combines continuum mechanics principles with 

DEM algorithms to simulate multiple interacting deformable bodies (Munjiza, 2004) and 

explicitly simulates fracturing processes including crack initiation, crack propagation and 

crack coalescence. In this method if the failure criterion within the intact rock, initially 

represented as a FEM domain, is met, then a crack is inserted (Cai and Kaiser, 2004), 

and the model evolves into a DEM. Fractures are inserted along a failure plane, which is 

defined in terms of a weighted average algorithm (Klerck, 2000) and can be either as a) 

intra-element fracturing or b) inter-element fracturing, (Figure  5.3). The constitutive 

Mohr-Coulomb with rotating crack model provides a realistic representation of both 

shear and tensile fracturing and is generally used in brittle fracture modelling using the 

code ELFEN. This constitutive model requires five material input parameters: cohesion 

(c), friction angle (φ), dilation ( ), tensile strength ( ) and fracture energy ( ). Discrete 

contacts i.e., pre-existing discontinuities and newly-generated fractures follow a Mohr-

Coulomb criterion. Normal and tangential penalty parameters are used to evaluate the 

normal and tangential contact forces. These two parameters control the magnitude of 

allowed penetration and sliding displacement in the modelling. The value for the normal 

penalty is usually assumed in the range of 0.5 2.0 , where  is the Young’s 

modulus, with a tangential penalty of about 0.1 of the normal penalty (Rockfield, 2012). 

Cohesion and friction can also be assigned to both pre-existing and newly-generated 

fractures.  
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Figure  5.3. ELFEN crack insertion procedure showing: a) the actual failure 
direction defined by a weighted-average configuration, b) intra-
element fracturing, c) inter-element fracturing (Klerck et al., 2003) 

Similarly, 10 10 10	  cubic samples are simulated in the 3D FDEM code 

ELFEN to numerically evaluate the failure mechanism of the biaxially-loaded norite 

samples. The 3D FDEM model is discretized into tetrahedral elements with an average 

side length of 3 mm. The lateral confining pressure is achieved using a constant 

pressure (face loading). The intermediate principal stress applied during the 

experimental testing by Bétournay et al. (2004) was relatively high; the highest 

confinement being approximately equal to the uniaxial compressive strength (UCS) of 

the rock sample. To avoid formation of unrealistic fractures in the initial stages of the 

simulation, the lateral pressure is applied gradually from zero to the prescribed level and 

then kept constant. The vertical loading (major principal stress) is simulated using a 

constant velocity of 0.5 ⁄  acting on the top platen. The prescribed loading rate was 

obtained by performing a series of sensitivity analyses to ensure that the effect of 

loading was negligible. The stress-strain plots were determined by monitoring the 

reaction and displacement of the upper platen. To better understand the stress 

distribution in the simulated samples, a total of 25 history points were placed at the mid-

height of the sample to continuously monitor the local stresses and displacements 

(Figure  5.4). The material properties for the intact norite rock and the newly generated 

fractures are listed in Table  5.1. The engineering material properties of a typical norite 

rock are considered and the fracture energy ( ) is estimated based upon the empirical 

relation presented by Zhang (2002), in which the mode I fracture toughness is related to 

the tensile strength by 6.88  and fracture energy is then calculated as ⁄ . 

(a) Actual failure direction (c) Inter-element fracturing(b) Intra-element fracturing
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Figure  5.4. Simulated cubic sample used in biaxial compression test and the 
location of the 25 history points at sample mid-height 

Table  5.1. Input parameters used in the 3D FDEM simulations of a biaxial 
compression test 

Properties of the intact rock Value 

Young’s modulus, E (GPa)  60 

Poisson’s ratio, ν 0.25 

Density, ρ 3/Kg m  2400 

Cohesion, c (MPa) 34 

Friction angle,    54 

Dilation,  10 
Tensile strength, t  (MPa) 7 

Fracture energy, 
fG   /N mm  0.015 

Properties of newly-generated fractures  

Normal contact penalty, Pn  /GPa m  50 
Tangential contact penalty, Pt  /GPa m  5 

Coefficient of friction angle, 
f  0.5 

Cohesion, 
fc  (MPa) 0 
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5.4. Experimental and Numerical Results 

5.4.1. Strength Envelope 

The influence of the intermediate principal stress on rock strength as well as the 

fracture pattern has been extensively studied both experimentally and theoretically in the 

past (Handin et al., 1967; Mogi, 1981, 1967; Weibull, 1951). Mogi (1967) studied the 

effect of the intermediate principal stress on failure of different rock types i.e., granite, 

limestone and dolomite and concluded that, in general, failure strength increases with  

and this effect is much more pronounced for brittle rocks than for ductile materials. 

Brown (1974) compiled results of various laboratory biaxial compression tests 

undertaken up to that date and plotted them in  space and showed that the 

strength envelope converges towards the  line as the ratio of ⁄  increases. 

The results obtained from laboratory testing performed by Bétournay et al. (2004) 

and from the 3D FDEM numerical simulations are listed in Table  5.2 and plotted in 

Figure  5.5. The strength envelopes are plotted in a non-dimensional form in the  

plane. The failure strength ( ) at each intermediate principal stress level is normalized 

by the uniaxial compressive strength (UCS). It should be noted that the data is plotted 

above the line of , however, they could equally be plotted on the other side due to 

mirror image symmetry. There is a good agreement between the experimental test 

results and the numerical simulations. Best fit curves for both experimental and 

numerical results conform to a quadratic polynomial regression. The peak strength 

increases as the intermediate principal stress is increased. Due to lateral confinement, 

the failure strength in biaxial compression is significantly higher than in the uniaxial 

compression test. The average biaxial-to-uniaxial strength ratio for the applied 

confinements ranges from 1.8 (with 50 MPa of confinement) to 2.1 (with 170 MPa). The 

effect of the intermediate principal stress,  is large at low  values and gradually 

decreases with an increase in , resulting in a concave downward curve in the  

plot. The “strengthening” effect of the intermediate principal stress tends to disappear 

above a certain level of stress ratio ⁄ . This ratio here is found to be when the 

intermediate principal stress reaches the UCS of the rock ( ⁄ 1). 
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Table  5.2. Results of laboratory experiments (Bétournay et al., 2004) and 
numerical simulations of the biaxial compression tests on norite 
rock samples 

Number of 
tests/simulations 

Lateral 
confinement, σ  

(MPa) 

Laboratory results Numerical results 
Peak 

strength, σ  
(MPa) 

Average peak 
strength 
(MPa) 

σ
σ∗  Peak strength, σ  

(MPa) 
σ

σ  

3 0 183.5-220 189.5 (σ∗) 1 195 (σ ) 1 
3 51.9-52.3 291.8-316.4 307 1.62 330 1.69 
3 100.5-101.9 357.4-381.5 371 1.96 385 1.97 
3 149.6-152.6 369-421.3 394 2.08 390 2.0 
3 165.1-170.4 367.9-446.9 409.3 2.16 420 2.15 

 

Figure  5.5. The strength envelope normalized to the UCS obtained from the 3D 
FDEM numerical simulations together with the experimental data 
from Bétournay et al. (2004) 

5.4.2. Stress Distribution in the Biaxial Compression Test 

Measurement of load distribution in coal pillars at various loading stages has 

shown that failure initiates at the pillar boundary and migrates towards the center as 

loading increases (Wagner, 1980). It was also shown that the central position of the pillar 

had not reached its full load-bearing capacity at the time of the overall failure. This non-
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uniform load distribution is attributed to different local confinement and degree of 

damage in rock pillars. Similar behaviour was also observed numerically by Zhang 

(2014) using the 3D particle flow code, PFC3D (Itasca, 2007)to simulate loading of 

fractured hard rock pillars. Zhang (2014) concluded that as loading proceeds in the post-

peak stage, the axial stresses re-distribute from the failed zones to remaining areas that 

are still stable which results in axial stress reduction in previously failed zones. 

As mentioned earlier, 25 history points were placed at the mid-height of the 

samples to continuously monitor the induced-stresses. This allows an improved 

understanding of the influence of the intermediate principal stress on the stress 

distribution both at the surface and inside the simulated biaxial compression test. 

Figure  5.6 shows the results of vertical stress distribution at two different stress levels: a) 

70% of the peak and b) at the peak strength, for the simulated biaxial sample with 

150	 . For improved visualization, results are presented both as 3D bar and 3D 

surface plots. Our results show that from the initial stage to approximately 70% of the 

peak strength, the load is distributed uniformly through the simulated rock sample. This 

stress level is approximately 190 MPa which is equal to the laboratory uniaxial 

compressive strength (UCS) of the simulated rock. As the axial loading increases and 

exceeds the uniaxial strength of the sample, the unconfined surfaces ( 0) cannot 

sustain any further load and thus the excess load is transferred towards (a) the core of 

the sample and (b) the confined surfaces ( ). The influence of the intermediate principal 

stress can be clearly observed by comparing the load distribution of the confined and 

unconfined surfaces at peak strength. Due to local confinement, the load-bearing 

potential for the two confined surfaces is approximately twice that of the unconfined 

surfaces. As loading further increases, the failure eventually occurs in the form of 

“buckling” of the unconfined surfaces. 
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Figure  5.6. Vertical stress distribution at a) 70% of peak strength and b) at the 
peak strength for simulated biaxial test with a confining pressure of 
σ2=150 MPa 

5.4.3. Failure Mechanism and Depth of Spalling 

According to Mitri and Be´tournay (2006), the experimental test results indicate 

that all samples ultimately failed violently in a brittle manner. Figure  5.7 shows post-

failure laboratory photographs of the biaxial samples taken by the above authors with the 

top and side views for the three different confining pressure: 50 MPa, 150 MPa and 170 

MPa. The direction of the intermediate principal stress is also indicated. Spalling 

damage can be observed in all the laboratory tested samples. Spalling slabs develop in 
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a plane parallel to the plane of the unconfined surfaces ( 0 . This type of failure is a 

common failure mode in brittle rocks in high stress environments where densely spaced 

“onion-skin” fractures or slabs are formed. Test data by Bétournay et al. (2004) shows 

that very little spalling occurred under uniaxial conditions and spalling progressively 

increased with biaxial confinement, extending through a large portion of sample volume 

at the highest confinement level. The thickness of spalled slabs was found to decrease 

with confinement, down to the granular size, at higher confinements, while the depth and 

curvature of spalling increased with confinement (Bétournay et al., 2004).  

 

Figure  5.7. Top and side views of fracture development in the biaxial 
compression tests at three different confining pressures: 50 MPa, 
150 MPa and 170 MPa. Direction of intermediate principal stress is 
indicated (Bétournay et al., 2004). 
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Selected axial stress-strain curves for the simulated 3D FDEM biaxial 

compression tests are presented in Figure  5.8. The axial stress and axial strain are 

calculated from monitoring of the reaction and vertical displacements of the top platen. 

Similar to the laboratory observations, all the simulated samples failed in a brittle 

manner. The peak strength increases with increase in biaxial confining pressure. The 

stress-strain curves appeared to depart from linearity at about 50%-70% of peak 

strength. This is coincident with the crack damage stress level commonly observed in 

laboratory testing of brittle rocks, which illustrates the “onset of unstable crack growth” 

(Bieniawski, 1967; Martin and Chandler, 1994). In the 3D FDEM approach, this stage is 

represented by the onset of softening or energy release of individual crack elements. 

 

Figure  5.8. Axial stress-strain curve of the 3D FDEM simulated biaxial 
compression tests. Letters correspond to the stress levels 
associated with the fracture development shown in Figure  5.9  

Figure  5.9 shows the fracture development at different stress levels for the 

simulated biaxial test with 150	 . Four selected stress levels: 70% of peak 

strength, at the peak and two post-peak, are shown in Figure  5.8. Fracture development 

inside the sample is also represented by inserting a sampling plane into the middle of 
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the specimen. Crack initiation (microcracking) in the form of softening of individual 

elements starts before the peak strength is reached. However, the first macrocracks 

appear only when the peak strength is reached and progressively develop post-peak. 

Due to the intrinsic geometrical heterogeneity associated with the non-uniform, 

unstructured mesh, the fracture pattern is not symmetrical. Development of spalling 

damage inside the sample is clearly observed in the 2D cross-sections. The longitudinal 

cracks shown are tensile fractures (Mode I) that propagate parallel to the direction of 

major principal stress, . The fracturing initiates from the free surfaces (unconfined 

surfaces) and progresses towards the centre of the sample. The directions of the stress-

induced fractures at different stress levels for the biaxial model with 150	  were 

calculated and the results summarized in Figure  5.10. The orientations of the fractures 

are measured from the horizontal and plotted against the relative frequency for the 

stress levels b-d shown in Figure  5.8. The results clearly illustrate that the majority of the 

stress-induced cracks are oriented parallel to the major principal stress (  in  

plane, showing their tensile origin. The relative frequency of the longitudinal fractures 

(vertical) continues to increase after the peak strength is reached. 

 

Figure  5.9. Fracture development at different stress levels (shown in 
Figure  5.8)for the simulated 3D FDEM biaxial model with 150 MPa 
confinement. First row presents the 3D fracturing and second row 
shows 2D cross sections A-A for: (a) 196 MPa (pre-peak), (b) 390 
MPa (peak), (c) 300 MPa (post-peak) and (d) 200 MPa (post-peak) 
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Figure  5.10. Fracture orientation distribution at different stress levels for the 3D 
FDEM simulated biaxial model with 150 MPa confinement. (a) 390 
MPa (peak), (b) 300 MPa (post-peak) and (c) 200 MPa (post-peak). 
The fracture orientation is measured with respect to horizontal 

Spalling damage involves the development of extensional splitting/cracking in the 

major principal stress direction. It has been shown that extension fractures can occur 

even under compressive loading (Griggs and Handin, 1960; Jaeger, 1963). Stacey 

(1981) developed an empirical criterion based on extension strain for predicting the 

extent of fracturing in brittle rocks at low confinement and concluded that the depth of 

brittle fracturing around underground openings is directly related to the extent of 

extension strain. Figure  5.11 shows the contours of extensional strain for different 

intermediate principal stress values obtained from the simulated biaxial compression 

tests. The numerical results show that the depth of extensional strain and hence the 

potential for buckling increases in biaxially loaded samples as the confining pressure 

increases. The development of hour-glassing failure with increased confinement is very 

similar to the brittle fracturing observed in hard rock pillars (Elmo and Stead, 2010) and 

spalling damage around underground openings (Diederichs et al., 2010). This also 

agrees with the observed experimental results of Bétournay et al. (2004) who concluded 

that the depth and curvature of spalled area increases with confinement.  

5.5. Importance of Heterogeneity in the Simulation of 
Spalling Damage 

It is well-known that extensile crack initiation, due to various internal 

heterogeneities and strain discontinuities in hard rock materials, even under 

compression, is the primary form of brittle damage (Griffith, 1925; Tapponnier and 

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

Fracture orientation

Fr
eq
u
en
cy

(%
)

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

Fracture orientation

Fr
eq
u
en
cy

(%
)

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

Fracture orientation

Fr
eq
u
en
cy

(%
)

Fracture
orientation(a) (b) (c)



 

113 

Brace, 1976; Diederichs, 1999). Development of extensional strains (Mode I) under low 

confinement results in the formation of spalling damage around underground 

excavations at depth. 

 

Figure  5.11. Contour of extensional strain for three simulated 3D FDEM biaxial 
compression tests with confinement of 0 MPa, 50 MPa and 170 MPa 
showing an increase in depth of extensional strain (spalling) with 
biaxial confinement 

Experimental observations suggest that under compressive loading, brittle 

fracturing in the form of spalling and rock-bursting at the periphery of excavations is 

caused by tensile (axial splitting) fractures propagating sub-parallel to the unconfined 

surface i.e., parallel to direction of major principal stress (Fairhurst and Cook, 1966; Horii 

and Nemat-Nasser, 1985; Lee and Haimson, 1993). Fairhurst and Cook (1966) 

explained the spalling phenomenon as the extension of Griffith flaws in a compressive 

stress field. Their experimental results showed that cracking initiates at the tip of pre-

existing flaws and continues to develop parallel to the free face, forming a series of 

closely-spaced slabs with failure eventually occurring by buckling of these thin slabs. 

Germanovich and Dyskin (2000) explained the mechanism of spalling damage around 

underground excavations based on the growth of 3D pre-existing micro-fractures and 

noted the importance of pre-existing cracks and intermediate principal stress in the 

formation of the thin rock slabs. Figure  5.12 shows the conceptual mechanism of 

spalling near the surface of an opening. Failure is initiated at the tip of pre-existing 

fractures when the stress concentration reaches a certain magnitude. Tensile wing 

cracks propagate towards the direction of maximum principal stress. Initially, fractures 
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grow in a stable manner and when crack length reaches a critical value, crack growth 

becomes unstable, eventually leading to buckling failure. This process repeats itself until 

the magnitude of confinement becomes sufficient to prevent further crack growth. 

 

Figure  5.12. Conceptual model showing mechanism of spalling damage around a 
free surface: (a) initial geometry, (b) crack initiation, (c) unstable 
crack growth, (d) bucking failure (modified after Germanovich and 
Dyskin, 2000) 

A common component in all previous studies associated with the mechanism of 

spalling is the presence of heterogeneity. Heterogeneity in various forms including 

mineral-heterogeneity or microcrack heterogeneity is found to play important roles in the 

mechanism leading to spalling damage at low confinement. From numerical perspective, 

it appears that reproduction of shape of spalling is only possible when heterogeneity is 

considered. The FDEM-µDFN simulations of UCS/TCS, Hamdi et al. (2014), clearly 

show the importance of microcrack heterogeneity in reproducing the spalling damage at 

the laboratory scale. Cai (2008) concluded that three main contributing factors in spalling 

damage are high maximum and intermediate principal stresses, low confinement and the 

presence of heterogeneity. Two important effects of heterogeneity which contribute to 

spalling damage around underground openings at low confinement include (a) stress 

fluctuation and (b) stress concentration; these are numerically investigated in the 

following sections. 

Underground
Opening

Pre‐existing crack
Wing crack (a) (b) (c) (d)
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5.5.1. Stress Fluctuations 

An important role of heterogeneity in brittle fracture is to create stress 

fluctuations. As noted by Dyskin (1999), heterogeneity induces fluctuations in stress 

which are essentially random in nature unless the pre-existing cracks have a defined 

pattern. The stress fluctuations can induce high local tensile and compressive stresses, 

and initiate local fracturing even if the magnitude of external load is less than the 

material strength. To investigate the influence of heterogeneity on stress distribution, a 

series of Brazilian discs with different levels of heterogeneity are modelled using the 

FDEM code ELFEN. The 2D circular disc is 100 mm in diameter and the loading is 

applied as a constant velocity. Mineral heterogeneity is reproduced in heterogeneous 

model disc by assigning randomly distributed tensile strength following a uniform 

distribution. The mean and upper limit in the statistical distributions are kept constant in 

all the simulated models while the lower limit is changed. Five simulations are modelled 

with the heterogeneity increasing from model I to model V. Model I is essentially 

homogeneous and model V is the most heterogeneous. Figure  5.13 shows the initial 

geometry and final fracture pattern for the five simulated Brazilian models. In the 

homogeneous disc, primary fracturing is essentially vertically-oriented, initiating from the 

centre of the disc and propagating towards both platens. As heterogeneity increases, the 

primary fracturing deviates from the vertical direction. In heterogeneous samples, 

depending on the spatial location of weak grains, fractures tend to break the weaker 

elements resulting in different fracture patterns compared to the homogenous sample. In 

addition to the fracture pattern, mineral heterogeneity also affects the strength response. 

The tensile strength of the most heterogeneous sample (Model V) is found to be 25 % 

less than the homogeneous sample (Figure  5.14). 
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Figure  5.13. Effect of increasing heterogeneity on fracture development in the 
simulated Brazilian discs 

 

Figure  5.14. Influence of mineral-heterogeneity on the tensile strength of the 
simulated Brazilian discs 

The mineral heterogeneity alters the stress distribution and causes stress 

fluctuations. The effect of heterogeneity in producing stress fluctuations is illustrated in 

Figure  5.15. This figure shows a comparison of the stress distribution in the horizontal 

( ) and vertical ( ) directions along the loading axis for the simulated homogeneous 

(Model I) and the heterogeneous (Model V) Brazilian discs. The stress distribution in the 

homogeneous disc is completely uniform along the loaded diameter. In the 

heterogeneous disc however, the stress fluctuates due to the mineral heterogeneity. 
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These stress fluctuations in the heterogeneous sample will result in the formation of high 

local tensile and compressive stresses, leading to local and eventually overall failure. 

 

Figure  5.15. Stress distribution in both the horizontal and vertical directions 
along the vertical diameter of homogeneous and heterogeneous 
Brazilian discs simulated in the FDEM code ELFEN. Stress 
fluctuations due to heterogeneity in the specimen are clearly shown 

5.5.2. Stress Concentration 

Another important role of heterogeneity i.e., microcrack heterogeneity is to act as 

a stress concentrating mechanism that can produce local stress concentrations causing 

local failures which will eventually result in ultimate failure (Dyskin, 1999). The stress 

concentrations can induce high local compressive or tensile stresses, and initiate local 

fracturing even if the magnitude of external load is less than the material strength. Stress 

concentrations are confinement-dependent phenomenon, confinement inhibiting 

formation of high stress concentrations. Diederichs (2007) studied the effect of 

confinement on the extension of wing cracks at the tip of pre-existing cracks and showed 

the high sensitivity of crack propagation to the level of confinement. The importance of 

microcrack heterogeneity is magnified in low confinement environments such as at the 
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periphery of underground excavations. Hoek (1968) showed how even small tensile 

stresses acting normal to the crack tips, induced by stress concentration, cause fracture 

propagation. 

To study the influence of heterogeneity i.e., pre-existing cracks on stress 

concentration, two Brazilian discs are simulated, one without a pre-existing flaw and the 

other containing a pre-existing fracture in the disc centre (Figure  5.16). The diameter of 

the Brazilian disc is 100 mm and the pre-existing crack is 15 mm long and orientated at 

45°. The Brazilian disc is loaded to failure using a constant velocity applied on the steel 

platen. Final fracture patterns for the two simulated Brazilian discs are presented in 

Figure  5.16. The results clearly show the influence of pre-existing crack on the final 

fracture pattern. For the Brazilian disc without a pre-existing crack, fracturing initiates 

parallel to loading direction when the peak strength is reached. For the Brazilian disc 

with an inclined pre-existing crack in the centre, new cracks are generated at the tips of 

the pre-existing crack and propagate towards both platens. Wing cracks are formed as a 

result of stress concentration (Figure  5.16c). The stress concentrations and fluctuations 

induced by the presence of various types of heterogeneity in brittle rocks together with 

high stress environment and lack of confining pressure eventually results in the 

formation of spalling damage around an underground opening. 

 

Figure  5.16. Simulated fracture development in Brazilian models, a) without a 
pre-existing crack, b) with a pre-existing crack in the centre and c) 
stress concentration at the tips of the pre-existing crack 
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5.6. Summary and Conclusions 

Spalling or rock bursting is a primary failure mechanism at the periphery of 

underground openings in brittle rocks where the stress state is often biaxial, i.e., 0, 

0 and 0. A laboratory test that satisfies such a stress state is the biaxial 

compression test which is characterized by the presence of a free surface and a 

secondary loading orthogonal to the principal loading direction. In this paper, the results 

of previously conducted laboratory biaxial compression tests on a norite rock by 

Bétournay et al. (2004) are simulated numerically using the combined finite/discrete 

element method (FDEM). A good agreement is observed between numerical results and 

their experimental test data. Numerical results show that the peak strength increases as 

the intermediate principal stress is increased. The average biaxial-to-uniaxial strength 

ratio for the applied confining stress values ranges from 1.8 (with 50 MPa of 

confinement) to 2.1 (with 170 MPa). The effect of the intermediate principal stress,  is 

found to be highly significant at low  values and gradually decreases with increase in 

, resulting in a concave downward curve in  plot. The stress distribution plots 

obtained from numerical simulations show that from initial stage to a stress level 

approximately equal to the UCS of the rock, the load is distributed uniformly across the 

sample. Once the applied stress exceeds the UCS of the sample, the load is transferred 

to the core and the confined surfaces. Similar to published experimental test data, the 

3D FDEM numerical results show that the spalling damage develops as the confinement 

increases. Numerical results also show that the depth of extensional strain increases 

with confinement. The importance of heterogeneity under low confinement conditions on 

the failure mechanisms leading to spalling and rock bursting are discussed. Two 

important effects of heterogeneity including: stress fluctuations and stress 

concentrations are numerically investigated. Numerical results of Brazilian simulations 

illustrate how mineral and microcrack heterogeneity alter the stress regime, causing 

local failure even when the applied stress is significantly less than the overall strength. 
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Chapter 6.  
 
A Review of the Application of Numerical Modelling 
in the Prediction of Depth of Spalling Damage around 
Underground Openings4 

Abstract 

Spalling and rock bursting are two common modes of failure in underground civil 

and mining excavations under high in-situ stress regimes. Depth of spalling failure 

around underground openings is stress-driven and proportional to the size of the tunnel. 

Various modelling approaches based on continuum, discontinuum and hybrid methods 

have been proposed in recent years to predict the depth of spalling around underground 

openings. This paper initially reviews results of numerical approaches based on 

continuum and discontinuum methods in reproducing the spalling damage around the 

URL Mine-by tunnel. The importance of micro-heterogeneity on the mechanism leading 

to the spalling failure in massive Lac du Bonnet granite around the Mine-by tunnel is 

studied using an integrated hybrid finite/discrete element-discrete fracture network 

(FDEM-DFN) approach. The FDEM-DFN numerical results showed that the presence of 

micro-heterogeneity plays an important role in the in-situ strength reduction of the 

massive Lac du Bonnet granite, leading to spalling failure at a stress level around 50-

60% of the laboratory uniaxial compressive strength (UCS). The shape and depth of 

spalling failure obtained from the FDEM-DFN approach agrees well with in-situ 

observations. 

 
 
4 To be submitted as a conference paper:  

Hamdi, P., Stead, D., Elmo, D. 2015. A Review of the Application of Numerical Modelling in the 
Prediction of Depth of Spalling Damage around Underground Openings 
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6.1. Introduction 

Failure of underground openings in hard brittle rocks is a function of the in-situ 

stress magnitudes and the characteristics of the rock mass i.e., the intact rock strength 

and the fracture network. Failure at low in-situ stress magnitudes is controlled by 

continuity and distribution of the natural fractures in the rock mass matrix (Martin et al., 

1999). As the magnitudes of the in-situ stress increase, the failure process is dominated 

by new stress-induced fractures growing parallel to the excavation boundary. Rock 

bursting and spalling are two common failure modes in underground civil and mining 

excavations under high in-situ stress regimes. Spalling damage is described as the 

development of visible extension fractures (Mode I) under compressive loading that can 

be either violent or non-violent (Diederichs, 2007). High induced tangential stress acting 

at the periphery of underground openings, where the confining pressure is very low, 

results in spalling and rock bursting failure. This type of brittle damage leads to the 

formation of the closely-spaced slabs around a tunnel wall oriented parallel to the major 

principal stress (tangential) direction. 

Various attempts have been made in the past to predict the depth of spalling 

around underground openings; these can be categorized into two main groups: i.e., 

empirical relations and numerical approaches. The purpose of this study is threefold: (i) 

to review recent empirical and numerical techniques used to predict the spalling depth 

around underground openings, (ii) to present the application of the combined 

finite/discrete element method in modelling spalling failure and (iii) to illustrate the 

importance of micro-heterogeneity in the mechanisms leading to the spalling failure at 

low confinement. Recent developments in modelling methods based on continuum and 

discontinuum methods to predict the depth of spalling damage around underground 

openings are first presented. The influence of micro-heterogeneity on the brittle failure 

process in the form of spalling and slabbing in massive Lac du Bonnet granite 

associated with the URL Mine-by tunnel is then investigated numerically using an 

integrated finite/discrete element method-discrete fracture network (FDEM-DFN). 
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6.2. The Mine-by Tunnel Experiment 

Between 1989 and 1995 the Atomic Energy of Canada Limited (AECL’s) carried 

out a Mine-by Experiment at the Underground Research Laboratory (URL) in Pinawa, 

Manitoba, Canada to study the processes involved in excavation-induced damage 

development and progressive failure around an underground opening subjected to high 

differential stresses. The in-situ underground experiment involved the excavation of a 

3.5-m-diameter circular test tunnel in massive Lac du Bonnet granite using a non-

explosive hydraulic rock-splitting technique (Read, 2004). Various in-situ monitoring 

techniques including: extensometers, convergence arrays, triaxial strain cells and 

acoustic emission/microseismic (AE/MS) monitoring system were installed prior to 

excavation of the test tunnel to monitor the excavation-induced response of the rock 

mass. The in-situ stresses near the tunnel were determined accurately and the following 

magnitudes were obtained: 60 3	 , 45 4	 , 11 2	  (Martin 

et al., 1999). The tunnel was excavated sub-parallel to the intermediate principal stress 

direction. The Mine-by test tunnel was carried out in massive, sparsely fractured Lac du 

Bonnet granite with generally no large fractures (Martin, 1997). An extensive laboratory 

testing program was undertaken to determine the strength properties of the intact Lac du 

Bonnet granite sample and the results summarized in Table  6.1. 

Table  6.1. Properties of Lac du Bonnet granite associated with excavation of 
the URL Mine-by tunnel (Hajiabdolmajid et al., 2002) 

Parameter Value 
Young’s modulus,  GPa  60 
Poisson’s ratio, ϑ 0.2 
Uniaxial compressive strength MPa  224 
Tensile strength,  MPa  10 
Cohesion,  MPa  25 
Friction angle, φ° 48 

A multiple-stage process of progressive spalling damage which results in the 

formation of V-shaped notches was observed in both the roof and floor of the URL Mine-

by tunnel (Figure  6.1). The maximum spalling depth around the tunnel was reported to 

be around 55 cm and the tunnel remained stable beyond the spalled zone. The results 

from the Mine-by tunnel experiments demonstrated that spalling damage starts when the 

maximum tangential stress reaches 0.56 of the laboratory uniaxial compressive strength, 
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UCS (Martin et al., 1999). Read (2004) compiled all the field observations obtained while 

excavating various tunnel shape in Lac du Bonnet granite at the URL and concluded that 

regardless of the tunnel shape, the spalling strength ranged from 0.5-0.6 of the 

laboratory uniaxial compressive strength, UCS. Experience obtained from the URL Mine-

by tunnel and other case studies show that the stress level at which the spalling damage 

initiates around a tunnel is in better agreement with the laboratory crack initiation (CI) 

stress level than the peak strength. Therefore, determining the crack initiation (CI) stress 

magnitudes was found to serve as a lower bound estimate for spalling strength (Martin, 

2014). 

 

Figure  6.1. The URL Mine-by tunnel showing a) final shape and depth of 
spalling in the crown and invert of tunnel (Diederichs, 2007), b) 
cross section through the notch in the tunnel invert and c) close-up 
view of the notch tip illustrating the formation of thin slabs (Read, 
2004) 

6.3. Crack Initiation in Laboratory Tests 

The fracturing process in brittle rocks during laboratory testing can be divided 

into four main stages and characteristic stress levels: i) crack closure, ii) crack initiation, 

iii) crack damage and iv) peak strength (Eberhardt, 1998). These stress levels can be 

identified in the laboratory either by direct visual observation techniques i.e., Scanning 
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6.4. Spalling Depth Prediction using Empirical Relations 

The failure zone that forms around an underground opening is a function of the 

geometry of the opening, the in-situ stresses and the strength of the rock mass. Based 

on field observation of a number of case histories, Martin et al. (1999) proposed an 

empirical equation, Eq. (1), to estimate the depth of spalling damage occurring around 

an underground opening: 

0.49 0.1 1.25  (1)

Where  and  are depth of spalling failure and tunnel radius, respectively,  

is the maximum boundary stress (in the case of circular tunnel: 3 ) and 

UCS is the laboratory uniaxial compressive strength. It is concluded that the brittle failure 

in the form of spalling is likely to occur if  on the tunnel boundary exceeds the 

laboratory crack initiation (CI) stress level. Figure  6.3 shows the plot of the original 

database complied by Martin et al. (1999) in addition to recent case histories which 

relate the depth of spalling to the in-situ stress and rock strength magnitudes. Martin et 

al. (1999) showed that the depth of spalling is stress-driven and proportional to the size 

of the tunnel, implying that for the same stress conditions, the larger tunnel size the 

larger depth of spalling. 

6.5. Spalling Depth Prediction using Continuum Methods 

Initial modelling attempts were carried out using continuum approaches with a 

conventional plasticity theory. Using a continuum finite difference code, FLAC (Itasca, 

2009), Hajiabdolmajid et al. (2002) investigated the application of continuum modelling 

to predicting the shape and depth of spalling damage around the URL Mine-By tunnel. 

Hajiabdolmajid et al. (2002) showed that the conventional constitutive laws based on 

elastic perfectly-plastic or elastic brittle-plastic failed to correctly capture the shape and 

depth of spalling (Figure  6.4). This was mainly attributed to the fact that the fundamental 

assumption in the conventional Mohr-Coulomb and Hoek-Brown criterion is that the 

strength components: cohesion and friction angle are mobilized simultaneously. 
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Figure  6.3. The depth of spalling as a function of the maximum boundary stress 
(σmax) normalized to the laboratory uniaxial compressive strength 
(UCS) (after Martin et al., 1999) 

Martin and Chandler (1994) indicated that the strength parameters: friction angle 

and cohesion are not mobilized simultaneously and frictional component of strength is 

only mobilized when significant cohesion is lost. This was a fundamental assumption for 

the brittle Hoek-Brown constitutive model proposed by Martin et al. (1999), which 

modifies the conventional Hoek-Brown criterion to capture the cohesion loss as: 

 (2)

In the proposed approach the Hoek-Brown frictional constant, , is set to zero to 

reflect that the frictional strength component has not been mobilized and the stress-

induced brittle failure is dominated by cohesion loss caused by the growth of extensile 

cracks around the excavation boundary. 
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Figure  6.4. Comparison between depth of spalling observed in the Mine-by Test 
Tunnel and the prediction using an elastic perfectly-plastic and 
elastic brittle-plastic models with continuum FDM code FLAC 
(modified after Hajiabdolmajid et al., 2002) 

The fundamental concept of cohesion weakening friction strengthening (CWFS) 

was later adopted by Hajiabdolmajid et al. (2002) to simulate spalling damage around 

the Mine-by tunnel. The CWFS criterion considers that the strength components: 

cohesion and friction angle are mobilized independently as a function of plastic strain 

(damage). In the CWFS model the plastic strain limits at which the cohesive component 

of strength reaches a residual value and frictional component reaches a peak value, are 

two material properties that depend primarily on heterogeneity and grain size 

characteristics. Using this approach in the continuum FDEM code FLAC (Itasca, 2009), 

Hajiabdolmajid et al. (2002) successfully captured both the depth and shape of spalling 

damage around the Mine-by tunnel (Figure  6.5). 
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Figure  6.5. Depth of spalling prediction around the Mine-by tunnel using FLAC2d 
and the CWFS criterion (after Hajiabdolmajid et al., 2002) 

Today, the most widely used failure criterion for rock masses is the empirical 

Generalized Hoek-Brown (Hoek et al., 2002), expressed as: 

 (3)

Where ,  and  are the Hoek-Brown constants. Implementation of CWFS into 

the Generalized Hoek-Brown criterion was suggested by Diederichs et al. (2010), 

through a cohesive-strength dominated “peak” envelope corresponding to crack initiation 

(CI) and a subsequent friction dominated “residual” limit reflecting the transition to shear 

failure. Diederichs et al. (2010) proposed several formulae for deriving the peak and 

residual Hoek-Brown parameters for modelling spalling damage as shown in Table  6.2. 

These equations result in a bi-linear or S-shape failure envelope (Figure  6.6), also 

referred to as the damage initiation spalling limit (DISL), which can be incorporated in 

continuum modeling codes such as Phase2 (Rocscience Inc., 2010). 



 

129 

Table  6.2. Suggested Generalized Hoek-Brown parameters for modelling 
spalling damage around underground openings proposed by 
Diederichs et al. (2010) 

` a s m 

Peak cohesive limit 0.25  s(
| |

 

Residual frictional limit 0.75 0.0001 7 to 10 

 

Figure  6.6. The Generalized Hoek-Brown and Mohr-Coulomb failure criteria 
used for simulating the CWFS model in Phase 2 (after Diederichs, 
2007) 

6.6. Spalling Depth Prediction using Discontinuum 
Methods 

As discussed previously, a modified constitutive criterion is required in continuum 

approaches for modelling spalling damage. While the cohesion weakening friction 
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strengthening (CWFS) failure criterion used in continuum approaches are very powerful, 

the primary difficulty in using this approach is estimation of the plastic strain limits at 

which the cohesional component reaches its residual value and the frictional component 

is fully mobilized. As discussed by Martin (2014), a continuum modelling approach is 

clearly an approximation to the discrete fracturing process associated with spalling 

damage. 

Cundall (2001) provided a general overview on the application of discontinuum 

modelling in rock mechanics and showed how discontinuum modelling based on the 

discrete element methods (DEM) can be used to simulate rock fracturing processes. 

Two fundamental DEM algorithms have been developed for simulating brittle failure: one 

uses balls/spheres to represent discrete bodies and is implemented in the Particle Flow 

Code (PFC) (Itasca, 2007); the other considers polygons i.e., Voronoi or Trigon 

(UDEC/3DEC). The major advantage of the discrete element method is that the complex 

empirical constitutive criterion is replaced with simple particle contact logic (Martin, 

2014). When the tensile or shear strength is exceeded, contacts between particles break 

and the progressive failure process continues with breaking of each contact, leading to a 

redistribution of stress and eventually an ultimate rupture surface. 

It has been shown that micro scale heterogeneity is key to the formation of 

spalling failure in good quality rocks such as the Lac du Bonnet granite associated with 

the URL Mine-by tunnel. To consider micro-heterogeneity in massive brittle rocks, Lan et 

al. (2010) introduced the concept of grain-based model (GBM) in the discrete element 

method (DEM). This methodology involves producing randomly sized polygonal or 

triangular blocks bonded together through contacts to account for micro-heterogeneity 

and also allowing simulation of fracturing through intact rocks. Using the GBM approach 

in UDEC, Shin et al. (2007) successfully reproduced the depth and shape of spalling 

around the Mine-by tunnel and showed the importance of geometrical and grain 

heterogeneity in reproducing spalling damage (Figure  6.7). 
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Figure  6.7. Results of the UDEC-GBM to modelling spalling damage around the 
Mine-by tunnel, a) the UDEC-GBM geometry and b) the simulated 
location and extent of spalling damage (after Shin et al., 2007) 

6.7. Spalling Depth Prediction using Hybrid Methods 

The combined finite/discrete element method (FDEM) has been used 

successfully to simulate the fracture process and failure mechanism of rocks under both 

static and dynamic loading. The suitability of the combined FDEM method for simulating 

brittle fracturing has been investigated by many researchers (Klerck, 2000; Cai and 

Kaiser, 2004; Mahabadi et al., 2009; Elmo and Stead, 2010; Cai, 2013). An important 

feature of this method is the ability to simulate the transition from a continuum to a 

discontinuum state by explicitly simulating the fracturing and fragmentation processes. 

The hybrid FDEM code ELFEN (Rockfield, 2012) has been increasingly used as a 

numerical tool to simulate the brittle fracture processes. The FDEM method is capable of 

simulating fracture initiation, propagation and coalescence as the rock is subjected to 

increasing strain. If the failure criterion within the intact rock (initially represented as a 

FEM domain) is met, then a crack is initiated (Cai and Kaiser, 2004), and the model 

evolves into a DEM. Unlike most numerical codes where fractures can only propagate 

around the boundary of meshed elements, the ELFEN code allows new fractures to cut 

across the existing meshed elements. The insertion of discrete cracks within the ELFEN 
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models can be either as a) intra-element fracturing or b) inter-element fracturing 

(Figure  6.8). Utilizing an intra-element fracturing scheme along with small mesh size, 

single small fractures can be realistically inserted and the appropriate fracture stress 

path followed leading to a more realistic fracture pattern. 

 

Figure  6.8. ELFEN crack insertion procedure showing: a) the actual failure 
direction defined by weighted-average configuration, b) intra-
element fracturing, c) inter-element fracturing. (Klerck et al., 2003) 

6.7.1. Influence of Micro-Heterogeneity in Reproducing Spalling 
Damage 

It is well-recognized that extensile crack initiation, due to various internal 

heterogeneities and strain discontinuities in hard rock materials, even under 

compression, is the primary form of brittle damage (Griffith, 1925; Tapponnier and 

Brace, 1976; Diederichs, 1999). Development of extensional strains (Mode I) under low 

confinement results in the formation of spalling damage around underground 

excavations at depth. Experimental observations suggest that brittle fracturing in the 

form of spalling and rock-bursting at the periphery of excavations is a compressive-

induced failure caused by tensile (axial splitting) fractures propagating sub-parallel to the 

unconfined surface i.e., parallel to direction of major principal stress (Fairhurst and Cook, 

1966; Horii and Nemat-Nasser, 1985; Lee and Haimson, 1993). Fairhurst and Cook 

(1966) explained the spalling phenomenon as the extension of Griffith flaws in a 

compressive stress field. Their experimental results showed that cracking initiates at the 

tip of pre-existing flaws and continues to develop parallel to the free face, forming a 

series of closely-spaced slabs with failure eventually occurring by buckling of these thin 

slabs. Germanovich and Dyskin (2000) explained the mechanism of spalling damage 

(a) Actual failure direction (c) Inter-element fracturing(b) Intra-element fracturing
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around underground excavations based on the growth of 3D pre-existing micro-fractures 

and noted the importance of pre-existing cracks and the intermediate principal stress in 

the formation of thin rock slabs. Figure  6.9 shows the conceptual mechanism of spalling 

near the surface of an opening. Failure is initiated at the tip of pre-existing fractures 

when the stress concentration reaches a certain magnitude. Tensile wing cracks 

propagate towards the direction of maximum principal stress. Initially, fractures grow in a 

stable manner and when crack length reaches a critical value, crack growth becomes 

unstable, eventually leading to buckling failure. This process repeats itself until the 

magnitude of confinement becomes sufficient to prevent further crack growth. 

 

Figure  6.9. Conceptual model showing mechanism of spalling damage around a 
free surface: (a) initial geometry, (b) crack initiation, (c) unstable 
crack growth, (d) bucking failure (after Germanovich and Dyskin, 
2000) 

Cai (2008) concluded that three main contributing factors in spalling damage are 

high maximum and intermediate principal stresses, low confinement and the presence of 

heterogeneity. Heterogeneity in various forms including mineral heterogeneity or 

microcrack heterogeneity is found to play important roles in the mechanism leading to 

spalling damage at low confinement. From a numerical perspective, it appears that 

reproduction of the shape of spalling is only possible when heterogeneity is considered. 

The FDEM-µDFN simulations of UCS/TCS by Hamdi et al. (2014) clearly show the 

importance of microcrack heterogeneity in reproducing the spalling damage at the 

laboratory scale. 

Underground
Opening

Pre‐existing crack
Wing crack (a) (b) (c) (d)
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6.7.2. Modeling Methodology 

An integrated finite/discrete element method-discrete fracture network (FDEM-

DFN) technique is used in this section to explore the influence of pre-existing cracks on 

the brittle fracture mechanism leading to spalling damage around the URL Mine-by 

tunnel. The model geometry simulated in the finite/discrete element (FDEM) code 

ELFEN consists of the 3.5 m diameter, circular tunnel placed at the centre of a 50 m × 

50 m square domain (Figure  6.10). A mesh refinement zone with an average element 

size of 5 cm was adopted around the excavation boundary to better capture the 

fracturing pattern in the excavation damage zone (EDZ). The refinement zone has been 

extended radially 3 m from the tunnel walls and then graded towards the external 

boundaries, where the element size is equal to 1 m. Constant stresses with the 

magnitudes of: 60	 , 45	 , 11	  was used in the simulation to 

account for the in-situ stress field and the mechanical properties listed in Table  6.1 are 

assigned to the intact rock domain. 

The Discrete Fracture Network (DFN) method is being increasingly used to 

realistically consider the influence of discontinuity geometries within in-situ rock masses. 

The general approach adopted in the DFN method is to treat fractures as discrete 

features whose properties e.g., locations, size, orientation etc. are defined by random 

variables with inferred probability distributions (Xu and Dowd, 2010). A number of 

isolated randomly-oriented fractures are introduced in the FDEM model using the 

discrete fracture network (DFN) algorithm to account for the existence of micro scale 

heterogeneity in the massive Lac du Bonnet granite associated with the excavation of 

the URL Mine-By tunnel. These isolated fractures have an average length of 10 cm 

which are randomly orientated around the excavation boundary. The spatial location of 

the fractures is modeled assuming a homogeneous (Poisson) algorithm. The resulting 

model of the URL Mine-by tunnel simulated in FDEM-DFN is shown in Figure  6.10. The 

pre-existing fractures are assumed to be tensile in nature with no cohesion and tensile 

strength and the friction angle is set to 25°. 
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Figure  6.10. Geometry and boundary conditions of the FDEM-DFN model of the 
URL Mine-by tunnel. The distribution of fractures around the tunnel 
boundary is also shown 

Figure  6.11 shows the contours of major and minor principal stress at a time step 

before and after the formation of first visible excavation-induced cracks at the roof and 

invert of the simulated Mine-by tunnel. The first excavation-induced fractures occur when 

the stress level reaches approximately 105 MPa. This agrees well with the results of 

back-analysis at the URL Mine-by tunnel which show that the induced stress at the point 

of failure on the tunnel wall was only about 50-60% of the laboratory uniaxial 

compressive strength corresponding to the laboratory crack initiation (CI) stress level 

(Martin, 1993). Diederichs (2007) describes a number of mechanisms acting together to 

create this strength reduction under low confinement conditions in the vicinity of an 

excavation including (i) existence of pre-existing crack damage, (ii) stress rotation and 

damage, (iii) crack propagation and crack interaction and (iv) internal stress 

heterogeneity. The main role of pre-existing cracks is to act as a stress concentrating 

mechanism that can produce local stress concentrations causing local failures which 

eventually result in ultimate failure (Dyskin, 1999). 

50 m
Pre-existing

fractures
Lac du Bonnet

granite

1.7
5 m

3

5
0

 m



1



 

136 

 

Figure  6.11. Contours of a) major principal stress and b) minor principal stress, 
at two consecutive numerical time intervals before and after 
formation of first visible cracks on the roof and invert of the Mine-by 
tunnel 

Figure  6.12 shows the results of the location and the extent of the spalling 

damage around the URL Mine-by tunnel obtained from the numerical simulation using 

the FDEM-DFN approach. The predicted shape and depth of spalling damage are in 

excellent agreement with the measured failed zone in-situ. The V-shaped notch failure 

observed in the field can clearly be seen from the contours of plastic strain. Results 

show that a series of stress-induced tensile fractures are formed parallel to the major 

principal stress, leading to the formation of thin rock slabs parallel to the unconfined 

surfaces. Cai (2008) suggested that the spacing of the stress-induced fractures is 

dependent on in-situ stress and the strength of the rock as well as the material 

heterogeneity (Cai, 2008). As expected, cracking initiates at the tip of critical pre-existing 
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fractures when the stress concentration exceeds the local strength and continues to 

develop parallel to the free face, forming a series of closely-spaced slabs with failure 

eventually occurring by buckling of these thin slabs. While the formation of slabbing can 

be clearly observed from the numerical results, their thickness may not reflect actual 

field observation as shown in Figure  6.1. This is mainly attributed to the inherent mesh 

dependency in any mesh-based numerical modelling technique. It is suggested that a 

much finer mesh (in the order of mm) would allow for improved simulation of the spalling 

thickness in the FDEM-DFN approach. However, simulations with such a refined mesh 

are currently impractical with the available computer power. 

 

Figure  6.12. Results of the location and extent of the spalling damage around the 
URL Mine-by tunnel obtained from the hybrid FDEM-DFN simulation 
in ELFEN 

Read (2004) noted that spalling damage is a self-stabilizing process and the 

development of the V-shaped notch ceases when the notch geometry provides sufficient 

confinement to stabilize the process zone at the notch tip. Our results agree with this 

statement as they show the arrest of the slabbing process after a new, more stable 

geometry is reached. An important feature in the hybrid FDEM method is that the 

cohesion loss (weakening) process is achieved explicitly in the model through insertion 
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of discrete fractures, removing the need to modify the constitutive model as done in the 

CWFS model in continuum codes in order to properly capture the spalling damage. 

6.8. Summary and Conclusions 

Brittle failures in the form of rock bursting and spalling are common phenomena 

in underground civil and mining excavations under high in-situ stress regimes. It is 

shown that the depth of spalling failure around underground openings is stress-driven 

such that for a similar tunnel size, the larger the stress magnitude, the greater the depth 

of spalling. Various techniques have been proposed in recent years to predict the depth 

of spalling around underground openings which can be categorized into two main 

groups: i) empirical relations and ii) numerical approaches. Modelling progressive brittle 

failure to predict the spalling depth still remains a significant challenge. It is shown that 

conventional constitutive laws based on elastic perfectly-plastic or elastic brittle-plastic 

failed to properly capture the shape and depth of spalling. The well documented AECL’s 

Mine-by tunnel provided an ideal case study to evaluate various modelling approaches 

in simulating the shape and depth of spalling around underground openings. This study 

initially reviewed the application of continuum and discontinuum methods in reproducing 

spalling shape and depth around the Mine-by tunnel. A new approach based on an 

integrated finite/discrete element method-discrete fracture network (FDEM-DFN) is 

proposed to evaluate the importance of micro-heterogeneity in the mechanisms leading 

to spalling damage around the URL Mine-by tunnel. A summary of depth of spalling 

damage prediction around the Mine-by tunnel obtained from various numerical 

approaches is presented in Figure  6.13, including: (a) continuum approaches using the 

CWFS approach in FLAC and DISL in Phase2, (b) discontinuum approach using the 

GBM method in UDEC and (c) the combined FDEM approach using ELFEN. 
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Figure  6.13. Simulation of spalling damage around the Mine-by tunnel using 
different numerical approaches, (a) photograph of the URL Mine-by 
tunnel (Diederichs, 2007), (b) FLAC model using CWFS approach 
(Hajiabdolmajid et al., 2002), (c) Phase2 model using DISL approach, 
(d) UDEC results using grain-based model (GBM) (Shin et al., 2007) 
and (e) the hybrid FDEM ELFEN results 
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In the continuum approaches the main focus involves modification of constitutive 

criteria since the conventional constitutive models fail to properly address the behavior of 

brittle failure. In discontinuum and hybrid methods however, the importance of 

heterogeneity is acknowledged by incorporating micro-heterogeneity i.e., grain-

heterogeneity and microcrack heterogeneity in the modelling simulations. Both 

discontinuum and hybrid methods have shown promising results in capturing the depth 

of spalling failure around underground openings. Numerical results based on the FDEM-

DFN approach show the importance of micro-heterogeneity on the mechanisms leading 

to spalling damage at low confinement. The spalling stress was found to be around 105 

MPa, agreeing well with the in-situ observations. The FDEM-DFN results properly 

capture the rock slabbing as well as the depth and shape of spalling damage around the 

Mine-by tunnel. The main advantage of the discontinuum and hybrid methods when 

compared to a conventional continuum approach is that the damage and its evolution 

are explicitly represented in the model by broken bonds or fractured elements, removing 

the need to specify empirical relations to define damage or to quantify its effect on 

material behaviour. Hybrid FDEM results show that the cohesion loss (weakening) 

process is achieved explicitly in the model through insertion of discrete fractures rather 

than changing material properties. 
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Chapter 7.  
 
Numerical Analysis of Hanging Wall Failure in Sub-
Level Caving: The Influence of Discontinuity Spacing 
and Block Strength 5 

Abstract 

 Block size and block strength are two key parameters influencing the behaviour 

of hanging wall surface subsidence in sub-level caving. This paper reviews the influence 

of block size (discontinuity spacing) and block strength on the hanging wall failure 

mechanism and surface subsidence associated with sub-level cave mining. Firstly, the 

effect of block size on the behaviour of a jointed rock mass is studied at the meso scale 

using the combined finite/discrete element method (FDEM) by modelling a series of 

triaxial compression tests with varied discontinuity spacing. The parametric study on the 

influence of block size and block strength on the behaviour of the hanging wall in sub-

level caving is carried out using both continuum and discontinuum approaches and 

specifically the finite element method (FEM) Phase2 and the distinct element method 

(DEM) UDEC. The conceptual studies are performed by developing models from a 

proposed matrix with “ ” components, where  reflects the variation in the discontinuity 

spacing and  the block strength. Modelling results show that the extent of failure is 

highly influenced by the variations of block size and strength. The extent of 

discontinuous and continuous subsidence zones are found to increase as the block 

strength and block size decreases. The results indicate four distinct types of failure 

mechanisms with variation in block size and block strength: (i) translational shearing 

 
5 To be submitted as:  

Hamdi, P., Stead, D., Elmo, D., 2015. Numerical Analysis of Hanging Wall Failure in Sub-Level 
Caving: The Influence of Discontinuity Spacing and Block Strength 
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failure in strong rock with widely-spaced discontinuities, (ii) block rotation/toppling in 

strong rock with closely-spaced discontinuities, (iii) stepped failure in weak rock with 

widely-spaced discontinuities and (iv) circular failure or flexural toppling in weak rock 

with closely-spaced discontinuities. Finally, the application of the UDEC-Trigon approach 

to modelling brittle fracturing associated with sub-level caving is also presented. Results 

using the UDEC-Trigon approach show the importance of brittle fracturing and intact 

rock fragmentation on the hanging wall failure mechanism. 

7.1. Introduction 

Sub-level caving is a cost-efficient mining method that enables a high degree of 

mechanization and automation (Stöckel et al., 2012). Extracting an orebody by the sub-

level caving method induces large deformations on the hanging wall and more limited 

damage in the footwall. As mining increases in depth, a larger area on the surface of the 

hanging wall is affected. Various parameters influence the mining-induced hanging wall 

surface subsidence including: depth of active mining, geometry and dip of the orebody, 

the mechanical properties of the host rock, and the characteristics of pre-existing 

discontinuities and structures (Villegas et al., 2011). In general, there are two types of 

sub-level caving induced-deformation zones: discontinuous and continuous (Figure  7.1). 

The discontinuous deformation zone is characterized by the formation of visible cracks 

on the ground surface and large horizontal and vertical deformations. Surface 

disturbance such as tension cracks, topographic steps and chimney caves are evident in 

this zone (Villegas et al., 2011). The continuous deformation zone is described by 

uniform settlement and lowering of the ground with often no visible cracks observed. 

Other commonly used parameters in cave mining practice to describe the extent of 

subsidence are the break angle and limit angle. By definition, the break angle is the 

angle measured from horizontal of a line drawn from the active mining level to the 

outermost visible crack in the field. The limit angle is the angle from the active mining 

level to the extent of continuous deformation zone (Figure  7.1). 

A major uncertainty in the numerical modeling of large-scale problems is due to 

limitations in the characterization of discontinuity conditions including spacing, and 

orientation and in the strength of the intact blocks. Although considerable research has 
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been conducted on the study of hanging wall surface subsidence due to sub-level caving 

and the importance of block size and block strength has been recognised, a quantitative 

evaluation of the influence of block size and strength has not been well constrained 

(Villegas et al., 2011). 

 

Figure  7.1. Surface subsidence induced by sub level caving mining and 
associated terminologies (modified after Villegas et al., 2011) 

This study focuses on the influence of block size and block strength on the extent 

and mechanism of hanging wall surface subsidence due to sub-level caving and 

highlights the importance of these parameters on: the discontinuous and continuous 

deformation zones, break angle and the time-displacement behaviour of the hanging 

wall. The influence of block size on the behaviour of meso scale samples is first studied 

using the combined finite/discrete element method (FDEM). A series of conceptual sub-

level cave models with varying block size and block strength are then developed using 

both continuum and discontinuum modelling methods. Finally, a new discontinuum 

approach to modelling the brittle fracturing process in sub-level caving using UDEC-

Trigon is proposed and its potential application discussed. 
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7.2. Effect of Block Size on the Shear Behaviour of Jointed 
Rocks 

The physical properties of rock masses are dependent on the scale considered. 

Scale dependency exists in determining the strength and deformability of intact rocks, 

individual discontinuity and rock masses. Laboratory results on a range of intact rocks 

have illustrated that the uniaxial compressive strength decreases as sample size 

increases. Hoek and Brown (1980) suggested an empirical relationship .  

that relates the uniaxial compressive strength 	  of an intact rock specimen with a 

diameter  mm to the uniaxial compressive strength 	  of a 50 mm diameter sample. 

Hoek and Brown (1980) concluded that above a certain sample volume, the 

compressive strength becomes independent of size and reaches a constant value. The 

smallest volume in which the properties become independent of size is referred to as the 

representative elementary volume (REV). 

In addition to intact rock, the mechanical properties of discontinuities are also 

affected by sample size. As the size of the tested area increases, the peak shear 

strength and the shear stiffness decrease, the rock tending to behave in a ductile 

manner.  

The effect of block size on the behaviour of jointed rock masses has been 

extensively investigated in the past both experimentally and numerically (Bhasin and 

Høeg, 1997; Shen and Barton, 1997), illustrating that the size of individual blocks 

controls both the shear strength of rock mass and its deformational characteristics. Shen 

and Barton (1997) studied the effect of joint spacing on the size and shape of the 

disturbed zone around a tunnel using the discontinuum numerical code UDEC (Itasca, 

2010) and concluded that the characteristics of excavation damage zone (EDZ) are 

influenced by the joint spacing (Figure  7.2). A shear zone, for instance, can extend a 

considerable distance from the tunnel boundary as the size of blocks decreases. 
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Figure  7.3. Five simulated FDEM biaxial models used to study the influence of 
block size on the behaviour of a jointed rock mass 

The following characteristics are observed as the block size is decreased: 

• The deformation modulus (secant modulus) decreases. At a similar axial 
stress , the axial strain in model 1 (larger block size) is smaller than in 
Model 5 (Figure  7.4). It appears that the deformation modulus decreases with 
the increasing number of discontinuities. 

• The ratio of lateral to axial strain or Poisson’s ratio decreases as the block size 
is reduced. The larger-size block assemblies (Model 1) deform primarily 
through translational shear, resulting in a rapid increase in the Poisson’s ratio 
in the jointed rock mass. 

• The axial stress-strain plot shows that the smaller-size block assemblies 
(Model 5) exhibit a slightly higher strength than the larger blocks (Model 1). 
This agrees well with the results of physical models carried out by Barton and 
Bandis (1982). This increase in strength is due to a higher degree of 
interlocking and a different failure mechanism in the models with smaller 
blocks. 

• Finally, the failure mechanism changes as the block size is varied (Figure  7.5). 
For models with large blocks, the failure mode is dominated by translational 
shearing along a number of primary continuous joints. As the block size 
decreases, failure is dominated by the rotation of individual blocks eventually 
resulting in the formation of a “kink-band”. These numerical results are very 
similar to the results of physical models reported by Barton and Bandis (1982) 
in which block rotation and formation of a kink-band becomes the primary 
mode of failure for the jointed rock mass with small rock blocks. 

The numerical simulations clearly indicate the influence of block size on the 

physical characteristics of jointed rock masses as well as the potential failure 
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Figure  7.5. The effect of block size on the simulated deformational behaviour of 
a jointed rock mass. First row shows the final fracture pattern of the 
sample. The second row illustrates the contours and vectors of 
displacement 

Conventional numerical modelling approaches can be subdivided into three main 

categories: 

• continuum methods e.g., finite element method (FEM), finite difference 
method (FDM) 

• discontinuum methods e.g., distinct element method (DEM), discontinuous 
deformation analysis (DDA) 

• combined methods e.g., finite/discrete element method (FDEM) 

A structural model at a large scale e.g., sub-level caving or slopes/open pits is 

typically developed considering two scales including: (i) major structures e.g., faults or 

folds and (ii) rock fabric such as joint sets. The primary differentiation is associated with 

the continuity of features and the resultant impact on the overall behaviour. Major 

structures are likely to be continuous (both along strike and down dip) and are often 
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relatively widely spaced. Hence, they are expected to influence the overall (large scale) 

behaviour of the hanging wall in a sub-level cave mine. On the other hand, the rock 

fabric has typically limited continuity but is generally closely-spaced, and therefore 

becomes a major consideration when studying the model at a local/small scale. From a 

numerical perspective, in order to simulate large scale failure mechanisms, 

discontinuities are typically treated in two ways: implicitly and explicitly. Small scale 

structures (rock fabric) with limited persistence; where their effects on the large scale 

failure mechanism can be negligible are normally treated implicitly using a rock mass 

classification system, most commonly the Geological Strength Index (GSI). A common 

approach is to assign the equivalent strength properties obtained from the Hoek-Brown 

criterion to these blocks. In contrast, major structures whose effects can be key to the 

overall failure mechanism are modeled explicitly generally using discrete fracture 

networks (DFNs). 

7.4. Modelling Methodology 

The influence of block size (joint spacing) and block strength on the behaviour of 

hanging wall subsidence in a sub-level caving is analysed by carrying out a series of 

numerical simulations using both continuum and discontinuum methods. The continuum 

modelling is undertaken using the finite element method Phase2 code (Rocscience Inc., 

2010). In this approach, the analysis of a jointed rock mass is generally conducted 

through the “interface elements” method (Bfer, 1985; Goodman et al., 1968; Ghaboussi 

et al., 1973). Discontinuum modelling is performed using the Universal Distinct Element 

Code (UDEC) (Itasca, 2010). In UDEC, discontinuities are modelled explicitly and the 

rock mass is represented as a system of blocks or particles bonded together with 

discontinuities. The discontinuum code UDEC allows block rotations and can simulate 

large displacements and complete detachment of discrete blocks. 

Figure  7.6 illustrates the proposed approach used to study the influence of block 

size (joint spacing) and block strength on the hanging wall surface subsidence 

associated with sub-level caving. The effect of block size is investigated by developing 

models with different discontinuity spacing and the influence of block strength is studied 



 

150 

through downgrading of the strength of the intact rock using the GSI parameter due to 

the assumed presence of small scale structures. 

 

Figure  7.6. The proposed approach to evaluate the influence of block size and 
block strength on the overall behaviour of hanging wall during sub-
level caving. 

The various model simulations are undertaken using a matrix approach with “ ” 

components, where  reflects the variation in the discontinuity spacing and  the block 

strength. In total, twelve model combinations are considered as illustrated in Figure  7.7. 

The discontinuity spacing reflects the presence of large scale geological structures that 

are explicitly modelled in the simulations. Three discontinuity spacing are considered in 

this study: 100	 , 50	  and 25	 . The influence of block strength is studied by varying 

the rock strength within the blocks based on the Geological Strength Index ( ). Four 

(Large scale) (Small scale)
Major structures

Block size Block strength

Rock fabrics

100 m

25 m
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classes of rock mass strength are considered, the strongest class has a UCS of 210 

MPa and the weakest class has a UCS of 46 MPa. The resulting rock mass properties 

assumed in this study are presented in Table  7.1. The Mohr-Coulomb parameters, 

friction angle and cohesion value, are derived from the Hoek-Brown criterion. Here, 

discontinuity shear strength follows an elastic-brittle plastic Mohr-Coulomb criterion. This 

requires the following input parameters: joint normal stiffness , joint shear stiffness , 

joint friction angle, joint cohesion and joint tensile strength. The cohesion and tensile 

strength of the discontinuities are considered to be zero, with a joint friction angle φ of 

25º. The joint normal stiffness 100	 ⁄  and joint shear stiffness of 

10	 ⁄  are assumed. Plane-strain conditions are simulated in this 2D analysis and 

the initial in-situ stress is based on a horizontal to vertical ratio 1.2. Two main 

discontinuity sets are assumed, one fully persistent set dipping parallel to the orebody at 

60° and one set of cross-joints dipping perpendicular to the orebody.  

 

Figure  7.7. Matrix created to study the influence of block strength and block 
size (joint spacing) on hanging wall surface subsidence associated 
with sub-level caving. For example, m23 represents a model with 50 
m spacing and UCS of 70 MPa. 

Figure  7.8 shows the resulting model geometries with three different joint spacing 

values JS=100 m, 50 m and 25 m. The boundary conditions specified are: fixed in both 

horizontal and vertical directions on the sides and fixed in the vertical direction at the 

base. A series of history points are placed in the hanging wall to continuously monitor 

the displacement throughout the entire calculation process. 
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Table  7.1. The modelling input parameters assumed in this study 

Parameter Unit 
Value 

Hanging wall 
Orebody Footwall 

GSI 100 GSI 80 GSI 60 GSI 40 
Young’s modulus, E GPa 50 44 26 8 70 85 

Poisson’s ratio - 0.25 0.25 0.25 0.25 0.25 0.25 
Density Kg m-3 2900 2900 2900 2900 2900 2900 

Friction angle (º) 54 47.2 41.2 35.5 54 57 
Cohesion MPa 32 21.5 15.8 12 32 35 

Tensile strength MPa 7 1.86 0.42 0.10 10 8 
UCS MPa 210 110 70 46 210 240 

 

Figure  7.8. Model geometries in Phase2 assuming with three different joint 
spacing in the strength-spacing matrix shown in Figure  7.7  

The orebody is extracted sequentially from surface to the mining level 1250 m, 

each excavation layer having a thickness of 50 m. As large displacements can be 

explicitly modelled in discontinuum approach there is no need to artificially simulate the 

caved material. In the continuum method however, to avoid the formation of unrealistic 

voids due to extraction, the excavated orebody is typically replaced with a low stiffness 

rock mass which essentially can sustain no load as conceptually illustrated in Figure  7.9. 

The influence of block size and block strength are investigated by analysing the extent of 

the deformation zones, the break angle, the time-displacement behaviour of the hanging 

wall and failure mechanism. 

m1j : Spacing 100 m 250 m
m2j : Spacing 50 m

m3j : Spacing 25 m
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Figure  7.9. Conceptual model showing the proposed method of simulating sub-
level caving using the continuum code Phase2 

7.5. Modelling Results using a Continuum Approach 

7.5.1. Simulated Break Angle 

During draw the caved materials above the undercut level move vertically 

downward. The extent and magnitude of these displacements are dependent upon the 

strength and deformability of the rock mass as well as the production rate. Two types of 

mine-induced deformation zone are recognized in the hanging wall, discontinuous and 

continuous; the areal extent of these surface deformation zones increases with mine 

advance. By definition, the discontinuous deformation zone is limited to the outermost 

visible crack observed on the surface. The formation of the first crack at the surface 

depends upon many parameters including the rock mass strength and deformational 

characteristics. For example, at the Kiruna sub-level cave mine in Sweden the first 

visible cracks are reported to be formed when vertical displacement reaches 

approximately 40-60 cm. This amount of displacement generally corresponds to the 

inflection point or the critical vertical displacement (CVD) obtained from the observed 

field time-displacement plot. Figure  7.10 shows the surface profile for models m11, m21 

and m31 with discontinuity spacing of 100 m, 50 m and 25 m, respectively when the 

excavation had reached a mining level of 1250 m. The surface profile shows that, for 

similar block strength, the extent of surface subsidence increased as the discontinuity 

spacing decreased. A limit of 60 cm of vertical displacement is assumed herein to define 

the extent of the surface discontinuous deformation zone. For determination of the 



 

154 

surface continuous deformation zone a limit of 5 cm of vertical displacement is 

considered. The extent of the surface discontinuous and continuous deformation zones 

for the three models m11, m21 and m31 after extraction of the last layer at the mining level 

1250 m is summarized in Figure  7.10. The extent of the discontinuous deformation zone 

for similar block strengths (210 MPa) increases from 985 m to 1280 m as the 

discontinuity spacing decreases from 100 m to 25 m. Such an increase is also observed 

in the extent of continuous deformation zone, which shows an increase of approximately 

20% as the assumed discontinuity spacing is reduced from 100 m to 25 m. 

The break angle is commonly used in sub-level caving practice to estimate the 

extent of failure in the field. By definition, the break angle is defined as the angle from 

the active mining level to the outermost observed fracture on the surface. Break angles 

in sub-level caving depend upon various parameters such as the rock strength, dip of 

the orebody, geological structure and rate of ore extraction. 

Various analytical and empirical approaches have been proposed to predict the 

break angle as a function of rock strength, geological structure and mining depth. 

Stephansson et al. (1978) showed that the break angle at Kiruna for example is 

independent of the mining depth and remains constant at 60°. Other predictions 

(Herdocia, 1991; Lupo, 1996) showed that the break angle decreases (the influenced-

area increases) with depth. Hoek (1974) proposed a limit equilibrium analysis for 

predicting the break angle and failure mechanism of progressive hanging wall failure. In 

this analysis, it is assumed that at each mining level, a new tension crack and shear 

failure is formed at a critical location determined by the rock mass strength and the 

induced stresses. 
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Figure  7.10. Surface profiles of the three simulated Phase2 models after 
extraction of mining level 1250 m, (b) extent of deformation zones 
for Phase2 models with assumed discontinuity spacings of 100 m, 
50 m and 25 m. 

The break angles calculated for all twelve models from the proposed matrix after 

extracting the last layer at mining level 1250 m are presented in Figure  7.11. In general, 

the break angle values decrease as the block size (joint spacing) and block strength 

decrease. For the proposed matrix, the break angle at mining level 1250 m ranges from 

37° for the weakest rock mass with 25 m of spacing to 51° for the strongest rock mass 

with 100 m of spacing. 
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Figure  7.11. Phase2 Simulated break angle as a function of block size and block 
strength 

7.5.2. Time-Displacement Behaviour of the Hanging Wall with Mine 
Advance 

It has been shown that deformation of the hanging wall in sub-level caving is very 

similar to the time-displacement movement of rock slopes and open pits and comprises 

three distinct phases: regressive, progressive and steady state (Figure  7.12). The 

regressive phase is an elastic response of the rock to changes in stresses due to 

excavation. No defined failure surface is expected to be observed in this phase 

(Broadbent and Zavodni, 1982). Initial response is followed by a progressive phase, 

identified by an accelerating displacement in the time-displacement plot with observation 

of more tensile and shear cracks at the ground surface. The inflection point, also 

referred to as the “onset of failure”, is the point at which the behaviour changes from a 

regressive to a steady state. The corresponding vertical displacement at this point is 
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known as the critical vertical displacement (CVD). This parameter can be used to define 

the extent of failure in sub-level caving. Studies by Villegas et al. (2011) indicated that 

the failure surface observed on the ground is coincident with the contour of the critical 

vertical displacement. As the mine advances to depth and more orebody is excavated, a 

creep or “steady state” displacement phase is observed in which the hanging wall moves 

at a constant velocity, eventually resulting in the collapse and failure of the rock. The 

time-displacement behaviour of the hanging wall in sub-level caving is a function of 

various parameters including: the mechanical properties of the rock mass, the structural 

geology and discontinuity sets, the shape and orientation of orebody, the depth of active 

mining, the excavation rate, the effects of external forces such as groundwater, seismic 

activity and in-situ stress (Zavodni, 2000). Major discontinuities are believed to have a 

substantial influence on this time-displacement behaviour. Zavodni (2000) argued that 

for structurally-controlled rock slopes, the progressive phase takes place probably when 

discontinuity strength is reduced substantially and reaches its residual value. 

 

Figure  7.12. Terminology used for hanging wall time-displacement behaviour in 
the sub-level caving 

Figure  7.13 presents the results of vertical displacement as a function of mining 

level for all twelve simulated Phase2 models recorded for a monitoring point located in 

the hanging wall at approximately 800 m away from the orebody. Three time-

displacement phases: regressive, progressive and steady state can be identified in all 
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the simulated models. The following characteristics are observed from the displacement-

mining level plot (Figure  7.13): 

• For a constant assumed block size (discontinuity spacing), the magnitude of 
the vertical displacement increases as the strength of rock decreases, 

• For a constant assumed rock strength, the magnitude of the vertical 
displacement increases with decrease in block size (discontinuity spacing), 

• Reductions in block size and/or block strength result in the occurrence of the 
CVD at a shallower mining level. For instance, for a constant rock mass 
strength, the CVD occurs at the mining level approximately 1000 m for the 
model with discontinuity spacing of 100 m, whereas for 25 m spacing the CVD 
occurs at a mining level 850 m. 

Identification of the value of the CVD and its corresponding mining level from 

the time-displacement plot is not a trivial procedure as the inflection point may not 

always be apparent. Here, a moving average regression technique is used to 

determine the value of critical vertical displacement (CVD). The slope at each point is 

calculated over a user-defined regression interval and recorded and the process 

repeated for successive points. The corresponding vertical displacement at which the 

trend of the slope changes substantially is identified as the point of CVD. The 

resulting UCS-spacing-CVD surface (shown in Figure  7.14) clearly shows the 

influence of both major structures and block strength on the CVD. The value of CVD 

increases as the block strength or block size is reduced. The CVD values are in the 

range of 0.15 m to 0.8 m, depending on the block size and strength. It appears that 

the magnitude of critical vertical displacement which generally corresponds to the 

formation of first visible cracks at the ground surface depends on the rock mass 

brittleness. Brittle rocks tolerate less internal deformations prior to the formation of 

the first visible cracks. In strong brittle rock e.g. model m11 from the matrix, the critical 

vertical displacement occurs after 0.15 m of deformation. In weak ductile rocks e.g. 

m34 however, this change of behaviour did not occur until after 0.5 to 0.6 m of 

surface deformations. 
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Figure  7.13. Results of vertical displacement against mining level for the 
simulated Phase2 models. The first, second and third rows are plots 
associated with model with 100 m, 50 m and 25 m discontinuity 
spacing, respectively.  

7.6. Modelling Results using a Discontinuum Approach 

Due to the continuum nature of the FEM, large displacements cannot be 

simulated in Phase2. To understand the potential failure mechanism of hanging wall with 

variations in block size and block strength, selected models from the proposed matrix 

were run using the discontinuum code UDEC. Figure  7.15 shows the extent of the 

discontinuous and continuous deformation zones for models m11 and m21 with 100 m and 

50 m of discontinuity spacing, respectively. Figure  7.15 also illustrates the resultant 

displacement vectors when the excavation reaches a mining level of 1250 m. 
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Figure  7.14. 3D surface showing simulated critical vertical displacement (CVD) 
as a function of UCS and discontinuity spacing from Phase2 models 

As with the Phase2 continuum results, the extent of deformation zones in the 

UDEC models increases as the block size (discontinuity spacing) decreases. The extent 

of the discontinuous zone is approximately 1020 m and 1310 for UDEC models with 100 

m and 50 m discontinuity spacing, respectively, agreeing well with the results of 

continuum modelling. The results also show that varying the discontinuity spacing in the 

UDEC models changes the failure mode, as clearly observed from the magnitude of 

displacement vectors. The maximum block movement recorded for the UDEC model 

with a 100 m discontinuity spacing is an order of magnitude higher than the model with 

50 m spacing. 
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Figure  7.15. Results of UDEC simulations showing the extent of the large and 
small displacements developed for models m11 and m21 with 
discontinuity spacing of 100 m and 50 m, respectively (a) large 
displacements in the order of meters, (b) small displacements in 
centimetre scale, (c) displacement vectors 

The UDEC results show that the hanging wall failure mechanism changes with 

the variation in block size and block strength. Figure  7.16 shows the state of the yielded 

discontinuities for models m11 and m21 from the proposed matrix. As can be seen, the 

primary failure mechanism in the model with discontinuity spacing of 100 m is dominated 

by translational shearing along the cross-joints. Shear failure along discontinuities 

occurs when the induced stresses exceed the shear strength of the discontinuities. With 

block size decrease, rotational and tensile failures tend to dominate. This can be clearly 

seen where individual blocks move forward and rotate as a result of excavation. The 

UDEC results agree very well with the results of physical models by Barton and Bandis 

(1982), showing that the failure mechanism changes from translational shearing to block 

rotational mode as the assumed block size decreases. 
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Figure  7.16. Results of UDEC modelling showing change in failure mechanism 
from translational shearing failure to block rotational mode by 
variation in discontinuity spacing from 100 m to 50 m 

7.7. Hanging wall Failure Mechanisms Associated with Sub-
Level Caving 

The failure mechanism of the hanging wall in sub-level cave mining resembles a 

high rock slope failure and may include planar failure, wedge failure, circular failure, 

toppling failure or composite modes involving a combination of two or more of the above 

mechanisms. Occurrence of each failure mechanism is a function of various parameters 

including: mechanical properties of the intact rock and discontinuities as well as the 

geometrical characteristics of the discontinuities such as orientation, spacing and 

persistence. Four potential hanging wall failure mechanisms, shown in Figure  7.17, are 

recognised based on the model results from the strength-spacing matrix: 

In the case of strong, competent rock with widely-spaced discontinuity sets, i.e., 

m11 in the proposed matrix, the failure is dominated by shearing along discontinuities 

and sliding of individual blocks. Intact rock bridge failure is unlikely to occur due to a 

large strength contrast between intact rock and the discontinuities. As block size 
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decreases, the failure mechanism is dominated by block rotation and in the case, with 

dominant discontinuity sets parallel to the orebody, block toppling becomes the primary 

mode of failure. Block toppling is the consequence of more widely spaced steep joints, 

combined with flatter, often roughly orthogonal cross-joints, which divide a stronger rock 

mass into blocks of finite height. Progressive block toppling along discontinuities parallel 

to the orebody occurs as mining advances and the cross-joints provide release surfaces 

for block rotations. 

As block strength decreases, the failure mechanism becomes a combination of 

shearing along discontinuities as well as intact rock bridge failure. In this case the failure 

mode can be classified as a “stepped failure” process, implying that failures can also 

develop in the intact rock. In the case of weak rock strength with closely-spaced 

discontinuity, failure mode in the form of circular or rotational failure is expected to occur. 

Considering the characteristics of discontinuity sets in this study, flexural toppling is the 

primary mode of failure for models with weak rock and closely-spaced discontinuity sets 

(m34 . Flexural toppling typically occurs where there is one dominant, relatively closely 

spaced set of steeply dipping discontinuities, dividing a relatively weak rock mass into 

slender columns (plates). The rock columns rotate out and move forward with bending 

facilitated by the low strength of the rock and by slip between the steep interfaces and 

the rock columns. 

7.8. Potential Application of the UDEC-Trigon Approach to 
Brittle Fracture Modelling 

Ore extraction with sub-level caving involves large displacements and 

fragmentation of intact rock blocks. The main limitation of most DEMs is that fractures 

can only occur by sliding along continuous joints and the direction of the sliding mass is 

predefined and must follow the direction of discontinuities. In UDEC, pre-existing 

discontinuities must be persistent between two blocks and intact rock fracturing is not 

allowed. This limitation can be removed by introducing a Voronoi or Trigon tessellation. 

UDEC Voronoi or Trigon has been applied to various rock mechanics problems at varied 

scales. 
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Figure  7.17. Hanging wall failure mechanism associated with sub-level caving as 
a function of varied block size and block strength 

At the laboratory scale, Nicksiar and Martin (2014) used Grain-Based Modelling 

(GBM) and the UDEC-Voronoi method to investigate the factors affecting the onset of 

crack initiation. The application of UDEC with a triangular mesh at small scales has also 

been investigated by (Kazerani et al., 2012; Gao, 2013). Lan et al. (2013) applied 

UDEC-Voronoi approach to meso scale problems to investigate the damage process in 

a rock pillar due to thermal and mechanical stresses. Gao (2013) applied UDEC-Trigon 

logic to simulate progressive caving of strata above a longwall coal mining panel and 

showed the application of this method to guide the design of mine layout and required 

rock support. At the macro scale, Alzo’ubi et al. (2010) used a UDEC-Voronoi framework 

to study the influence of tensile strength on toppling failure of high rock slopes in brittle 

rocks. This methodology involves producing randomly sized polygonal or triangular 

blocks bonded together through contacts to allow simulation of fracturing through intact 

rock. Figure  7.18 shows the integration of the Trigon mesh into a sub-level cave 

modelling. Pre-existing discontinuities including fractures, bedding planes, faults are first 

incorporated in the model and the triangular mesh then superimposed. Each Trigon 
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mesh boundary is considered as a potential path for intact rock bridge failure. Contact 

properties similar to intact rock, with high strength, are typically assigned to the 

triangular contacts to differentiate them from pre-existing discontinuities. 

 

Figure  7.18. Flowchart showing the integration process of the trigon mesh into a 
UDEC model. (a) base geometry, (b) integration of pre-existing 
discontinuity sets, (c) superimposing trigonal mesh, (d) close-up 
view, showing the individual component of UDEC-Trigon approach. 

Figure  7.19 shows the preliminary results of the UCEC-Trigon approach to model 

the hanging wall surface subsidence in sub-level caving. The failure development in the 

hanging wall at three different mining levels is shown and indicates that brittle fracturing 

and intact rock fragmentation is an important part of the hanging wall failure. Similar to in 

the conventional UDEC approach, the failure initiates by shearing along discontinuities. 

The block movements along persistent discontinuities are followed at a later stage by 

fracturing of intact rock. It is apparent that, most of intact rock fracturing occurs after 

sliding of intact rock blocks along the pre-existing discontinuities. Although the results of 

UDEC-Trigon approach to modelling brittle fracturing are very promising, currently this 

technique requires a complex calibration processes and excessive run times. The first 

step in any UDEC analyses is the calibration of the micro-mechanical numerical 

parameters with measured macro-mechanical properties. It is often challenging to 
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calibrate the Trigonal or Voronoi contacts to intact rock properties. The calibration 

process may also be mesh-dependent: both in terms of the size and geometry of mesh. 

Changing the geometrical characteristics of the mesh requires a new set of calibrated 

properties. The other major challenge is the excessive run-times and high demand on 

resources. The UDEC-Trigon model presented here was run on a desktop PC with 3.4 

GHz CPU and 16 GB RAM. The entire run-time to reach the final excavation level at 

1250 m was about 20 days. Future research with reduced run-times, possibly 

incorporating parallel processing, is required to allow for more comprehensive 

parametric studies. 

 

Figure  7.19. Simulation of hanging wall failure due to sub-level caving using a 
UDEC-Trigon approach, showing shearing along discontinuities and 
intact rock bridge failure.  

7.9. Summary and Conclusions 

The extent of surface subsidence in sub-level caving is highly influenced by the 

block strength as well as discontinuity characteristics such as persistence and 

orientation. This paper provides a conceptual study investigating the influence of block 

size and block strength using both continuum and discontinuum methods. The 
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continuum modelling is performed using the finite element method (FEM) code Phase2 

and the discontinuum modelling using the distinct element method UDEC coupled with a 

discontinuity network (DN). The conceptual study is undertaken by developing a matrix 

with “ ” components, where  reflects the variation in block size (discontinuity spacing) 

and  the block strength. The variation in block strength is achieved by changing the 

Geological Strength Index (GSI), while the influence of block size was studied by 

developing models with varying assumed discontinuity spacing of 100 m, 50 m and 25 

m. 

Results of biaxial samples with different discontinuity spacing simulated in the 

combined finite/discrete element method (FDEM) indicate that the mechanical and 

deformational characteristics of a jointed rock mass are highly influenced by block size. 

Numerical results showed that a jointed rock mass with small blocks shows a lower 

deformational modulus and Poisson’s ratio than a rock mass with large blocks. The 

results also show that the failure mechanism changes as the block size is varied. 

Translational shearing was found to be the dominant failure mode for a jointed rock 

mass with large blocks. As the block size decreases, the rotation of individual blocks 

dominates the failure mode eventually resulting in the formation of a “kink-band”. 

Results of continuum conceptual sub-level caving modelling show that the 

surface discontinuous and continuous deformation zones as well as the calculated break 

angles are all affected by a variation in the assumed block strength and discontinuity 

spacing. The results indicate that the simulated break angle reduces as the block 

strength or the discontinuity spacing decreases. For the proposed matrix, the calculated 

break angle varies from 51° to 37° as the block strength and discontinuity spacing 

decreases. Three phases of: regressive, progressive and steady state are observed 

from the time-displacement plot of hanging wall. The inflection point in hanging wall time-

displacement plots, also referred to as critical vertical displacement (CVD), appears to 

occur at a shallower mining depth with a higher assumed value for the block strength 

and as the discontinuity spacing decreases. 

Results of the discontinuum approach show that four possible failure 

mechanisms from the proposed matrix are expected: (i) translational shearing failure in 
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strong rock with widely-spaced discontinuities, (ii) block rotation/toppling in strong rock 

with closely-spaced discontinuities, (iii) stepped failure in weak rock with widely-spaced 

discontinuities and (iv) circular or flexural toppling in weak rock with closely-spaced 

discontinuities. 

The application of the UDEC-Trigon approach in modelling brittle fracturing is 

also demonstrated. The proposed approach involves producing randomly sized 

polygonal or triangular blocks bonded together through contacts to allow simulation of 

fracturing through intact rock. UDEC-Trigon results show that similar to conventional 

UDEC models, shearing along pre-existing discontinuities is the primary failure mode 

and the brittle fracturing takes place at a later stage. It is shown that even though the 

results of the UDEC-Trigon approach are very promising, due to excessive run-times 

and challenging calibration processes, the application is currently restricted to a limited 

number of runs. It is believed that parallel processing and multi-threading techniques are 

a critical requirement if a more comprehensive parametric UDEC Voronoi-Trigon 

analysis is to be undertaken. 
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Chapter 8.  
 
Use of an Integrated Finite/Discrete Element Method-
Discrete Fracture Network Approach (FDEM-DFN) to 
Characterize Surface Subsidence Associated with 
Sub-Level Caving 6 

Abstract 

The LKAB Kiruna sub-level cave mine, located in Kiruna, Sweden, is one of the 

most well studied sub-level cave mines. Due to proximity of the city to the hanging wall, 

the mine has developed a comprehensive surface deformation monitoring program 

which is perhaps unparalleled in the mining industry. This surface monitoring scheme 

provides an excellent data source with which to constrain numerical modelling. In this 

study, a finite/discrete element modelling approach coupled with a discrete fracture 

network (FDEM-DFN) is utilized to analyze the Kiruna hanging wall surface subsidence 

with an emphasis on investigating the influence of discontinuity persistence and spacing. 

The FDEM-DFN data interpretation uses a variety of novel approaches including time-

displacement hanging wall deformation characterization, numerical inverse velocity 

analysis and virtual hanging wall inclinometer simulation to improve our understanding of 

the extent and mechanism of hanging wall failure with mine advance. The simulated 

displacements correspond closely with the actual field data, illustrating the ability of the 

proposed approach to reproduce sub-level cave behavior. Three distinct time-

displacement phases namely: regressive, progressive and steady state are observed in 

the FDEM-DFN models. The paper also reviews the potential application of the inverse 

 
6 To be submitted as:  

Hamdi, P., Stead, D., Elmo, D. Töyrä, J., 2015. Use of an Integrated Finite/Discrete Element 
Method-Discrete Fracture Network Approach (FDEM-DFN) to Characterize Surface Subsidence 
Associated with Sub-Level Caving, Journal of Rock Mechanics and Rock Engineering 
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velocity method and virtual inclinometers in characterizing sub-surface brittle failure 

associated with sub-level caving. 

8.1. Introduction 

Sub-level caving is a cost-efficient mining method that enables a high degree of 

mechanization and automation (Stöckel et al., 2012). Mining using this method induces a 

large area of deformation on the hanging wall with a more limited area of damage on the 

footwall. Various parameters influence the observed hanging wall surface subsidence 

including depth of active mining, geometry and dip of the orebody, the mechanical 

properties of the intact rock and characteristics of pre-existing discontinuities and 

geological structures. In general, mining using the sub-level caving method induces two 

types of ground surface deformation zones: (i) discontinuous and (ii) continuous. These 

two surface deformation zones can be recognized as (Villegas et al., 2011): 

• A discontinuous deformation zone characterized by formation of visible cracks 
on the ground surface and large horizontal and vertical deformations. Surface 
disturbances such as tension cracks, topographic steps and chimney caves 
are normally observed in this zone. The disturbance is more extensive in the 
hanging wall, although the footwall is also affected by the mining activity. 

• A continuous deformation zone characterized by uniform settlement and 
lowering of the ground surface which can only be detected by periodic 
monitoring with in general no visible surface cracks. 

Characterization of the extent of these deformation zones is important both for 

the continuity and safety of the mine operation as well as the environmental impact 

assessment. The extent of the discontinuous and continuous deformation zones is 

generally characterized, as shown in Figure  8.1, by two parameters: the break angle and 

the limit angle. The break angle is defined as the angle measured from horizontal of a 

line drawn from the active mining level to the outermost visible crack on the ground 

surface and the limit angle is the angle to the extent of continuous deformation zone. 

The Kiruna mine is a sub-level cave mine located west of Kiruna city in northern 

Sweden. Due to proximity of the city to the hanging wall, the mine has developed an 

intensive surface deformation monitoring program which is perhaps without parallel in 

the mining industry. This surface monitoring campaign provides an excellent data source 
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with which to constrain/calibrate our numerical analyses of the hanging wall subsidence. 

In this study, the combined finite/discrete element method (FDEM) code ELFEN 

(Rockfield, 2012) is employed to simulate the hanging wall surface subsidence observed 

at the Kiruna mine. Discrete fracture network (DFN) models created based on the 

borehole data and the discontinuity mapping are integrated into the FDEM 

geomechanical modelling. A series of numerical analyses with an emphasis on the 

influence of discontinuity persistence and spacing are undertaken and the results 

calibrated with the surface deformation monitoring instrumentation implemented at the 

Kiruna mine. 

 

Figure  8.1. Surface subsidence induced by sub-level caving (modified after 
Villegas et al., 2011) 

8.2. Empirical and Analytical Approaches used to Analyse 
Hanging Wall Surface Subsidence  

Different empirical and analytical methods have been used to predict the 

magnitude of the break angle and characterize the failure mechanism involved in block 

and sub-level cave mining. Probably the most commonly used empirical method for 

estimating block caving parameters in cave mining is Laubscher’s method. Laubscher 
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(2000) proposed a design chart that relates the predicted cave angle to the MRMR 

(Mining Rock Mass Rating), density of the caved material, height of the caved rock and 

mine geometry. Analytical solutions commonly based on the limit equilibrium method 

have also been developed to predict the surface subsidence associated with caving. 

Hoek (1974) proposed a limit equilibrium analysis for predicting the sequence of 

progressive hanging wall failure. In this method the failure mechanism, which is a 

combination of tension cracking and shear failure, is controlled by the strength of rock 

mass, geological structures and in-situ stress conditions. Herdocia (1991) and Lupo 

(1996) have also proposed modified analytical solutions based on Hoek’s method 

incorporating additional parameters such as surface traction and different mining 

geometries. While these approaches have been successfully applied in various case 

studies (Herdocia, 1991; Lupo, 1996), analytical and empirical approaches are often 

limited by the requirement for important assumptions including rock homogeneity and 

isotropy. Heslop and Laubscher (1981) indicated that geological structures are one of 

the main controlling factors in hanging wall failure. In complex mine environments where 

simplistic assumptions are no longer appropriate numerical methods have been 

increasingly adopted. 

8.3. Numerical Modelling of Caving Mechanisms 

Recent developments in numerical techniques have demonstrated significant 

potential for furthering our understanding of the mechanisms/processes involved in rock 

engineering problems. From a computational perspective, numerical modelling of sub-

level caving can be classified into three categories: (i) continuum approaches such as 

the finite element method (FEM) and finite difference method (FDM), (ii) discontinuum 

approaches such as the distinct element method (DEM) and discontinuous deformation 

analysis (DDA) and (iii) combined/hybrid methods such as the finite/discrete element 

method (FDEM). In continuum approaches the rock mass, which is an assemblage of 

intact rock and discontinuities, is modelled implicitly using rock mass classification or 

empirical methods by downgrading the strength of intact rock due to the presence of 

discontinuities. In discontinuum and hybrid numerical methods however, discontinuities 

are represented explicitly providing a more realistic representation of the rock mass. 
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The application of continuum numerical modelling in analysing hanging wall 

surface subsidence has been the subject of extensive research. Sainsbury et al. (2008) 

examined the influence of rock mass strength anisotropy and discontinuity orientations 

on caving response using the ubiquitous jointed rock mass (UJRM) technique in 

FLAC3D and concluded that variations in the discontinuity orientations have a significant 

effect on cave shape and the rate of cave propagation. Villegas and Nordlund (2008b) 

proposed a novel approach to model the sequence of sub-level cave mining using the 

FEM code Phase2 which artificially considers both the air gap and caved material. 

Villegas and Nordlund (2008b) concluded that their proposed approach was able to 

represent the general behaviour of the observed rock mass. 

The main limitation of continuum approaches in analysing hanging wall surface 

subsidence is that continuum analysis does not allow the detachment of individual 

blocks and hence, large block displacements cannot be modelled and the true 

kinematics of failure are not followed. Considering that sub-level cave mining comprises 

large movements, a more appropriate approach to model the caving behaviour is to use 

a numerical approach that is able to model large displacements. Discontinuum and 

combined FDEM methods are able to simulate both block translational and rotational 

movements and large displacements. These methods have been successfully used to 

model surface subsidence associated with cave mining. Villegas and Nordlund (2008a) 

used the particle flow code PFC2D to reproduce surface subsidence at the Kiruna sub-

level cave mine in Sweden. Using an FDEM-DFN approach, Vyazmensky et al. (2010) 

carried out a series of conceptual models to investigate the influence of intact rock 

bridges and discontinuity orientation on the break angle and cave propagation in block 

caving and concluded that discontinuity orientation and persistence play an important 

role on the extent of the caved-induced failure surface. 

Stead et al. (2006) indicated the importance of developing kinematic release, 

internal distortion, dilation and fracturing to realistically simulate progressive failure in 

rock engineering. One major advantage of the combined FDEM method is an ability to 

simulate the transition from a continuum to a discontinuum state by explicitly simulating 

fracturing and fragmentation processes. In this approach, intact rock blocks can both 

fracture and fragment in addition to being deformed. This is particularly important in sub-
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level caving since the failure process involves intensive fragmentation. Two approaches 

can be used in the combined finite/discrete element method (FDEM) to represent the 

rock mass:  

• an implicit approach or equivalent continuum method 

• an explicit approach incorporating a discrete fracture network (DFN) 

In the implicit or equivalent continuum approach the rock mass is represented as 

a continuum medium with reduced intact rock properties to account for the presence of 

discontinuities. The equivalent continuum properties can be established in the model 

using conventional rock mass classification systems such as the Rock Mass Rating, 

RMR (Bieniawski, 1989) Geological Strength Index, GSI (Hoek et al., 2002) or using a 

more advanced technique incorporating a synthetic rock mass (SRM) approach. 

The synthetic rock mass approach (Figure  8.2) is being increasingly used to 

analyse large scale problems. The SRM approach, first proposed by Pierce et al. (2007), 

uses a bonded particle model (BPM) in PFC3D (Potyondy and Cundall, 2004) 

incorporating a discrete fracture network (DFN). The SRM method is based on the 

generation of a three-dimensional synthetic rock mass sample that simulates the rock 

mass as an assembly of bonded spheres (intact rock) with a discrete fracture network 

(DFN). The main objective of an SRM model is to construct an “equivalent continuum 

material” for large-scale analysis that can reproduce the combined strength of the intact 

rock and joint fabric in a jointed rock mass. Required input parameters include the intact 

rock properties, discontinuity properties and the discrete fracture network (DFN); the 

simulated output data allow the derivation of equivalent rock mass properties at varying 

scales of interest. The equivalent rock mass properties are then used as input 

parameters in continuum approaches to analyse large scale problems. Although the 

SRM approach was initially proposed to construct the equivalent continuum properties 

for large-scale analysis, with advances in computational power, it has also been 

increasingly applied to analyse large scale problems such as high rock slopes and open 

pits (Cundall, 2008). 
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Figure  8.2. (a) Three-dimensional DFN model, (b) the corresponding three-
dimensional synthetic rock mass sample, and (c) the basic 
components of a synthetic rock mass model (Mas Ivars et al., 2011) 

In the second approach the fractures are modelled explicitly and the rock mass is 

represented as an assembly of discontinuities in an intact rock medium. The intact rock 

properties can be established based on laboratory testing data and the characteristics of 

discontinuities determined from field mapping/borehole logging data and created 

stochastically using a discrete fracture network (DFN). The DFN primary input 

parameters are fracture orientation, fracture length, fracture intensity; the spatial 

locations of the fractures are generally based on a homogeneous (Poisson) algorithm. 

Figure  8.3 illustrates a flowchart of the coupling of a DFN model with a large scale 

geomechanical model. In two-dimensional modelling, 2D fracture traces, intersecting the 

sampling plane, are imported into a 2D geomechanical model. The second approach, in 

which discontinuities are explicitly incorporated for large scale analysis, is used here to 

investigate the influence of discontinuity persistence and spacing on the extent of 

hanging wall surface subsidence at the Kiruna sub-level mine. 
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Figure  8.3. Flowchart illustrating the incorporation of a DFN model within a 
FDEM geomechanical model, (a) Required DFN input parameters: 
fracture orientation, fracture frequency and persistence, (b) a 3D 
DFN model, (c) 2D fracture traces intersecting the sampling plane 
and (d) incorporation of 2D fracture traces into a FDEM sub-level 
caving model 

8.4. Monitoring of Surface Subsidence at the Kiruna Mine 

The LKAB Kiruna iron ore mine is located near the city of Kiruna approximately 

180 km north of Arctic Circle, in northern Sweden. The ore was initially extracted by 

open pit mining operation before transition to underground mining during the 1950’s and 

today the entire orebody is mined using sublevel caving (Villegas et al., 2011). Due to 

proximity of the city to the hanging wall, the mine has developed an intensive surface 

displacement monitoring program. Various techniques have been used in the mine to 

monitor the induced deformation including: (a) surface deformation measurement using 

total stations and GPS (since 2003) (b) extensometers, (c) surface crack mapping, (d) 

satellite-based remote sensing using Interferometric synthetic aperture radar (InSAR) 

and (e) microseismic monitoring. 

Surface deformation monitoring of selected GPS stations at the Kiruna mine is 

carried out quarterly with all stations monitored on an annual basis. As of September 
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2011, there were 333 GPS stations installed in the hanging wall (Figure  8.4) (LKAB 

internal report, 2009). In addition to continuous ground deformation monitoring using 

GPS, surface crack mapping is also conducted each year and involves documenting of 

all visible cracks on the ground surface. Such an intensive monitoring campaign 

provides a unique opportunity to constrain/calibrate numerical modelling of the sub-level 

cave mining against field observations and to investigate the influence of different 

parameters on the mechanism of hanging wall surface subsidence. 

 

Figure  8.4. Map of the hanging wall at Kiruna mine. Each white dot marked on 
the map denotes a GPS survey station (LKAB internal report, 2009, 
with permission) 

8.5. Geological and Geotechnical Background 

The Kiruna orebody is approximately 4 km long, 80-100 m wide, striking nearly 

north-south and dipping approximately 60° toward east. The orebody consists mainly of 

fine-grained magnetite, with a varying content of fine-grained apatite. The footwall 

comprises trachyte, internally referred to as syenite porphyry, whereas the hanging wall 
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consists of rhyolite, internally called quartz porphyry (LKAB internal report, 2009). An 

extensive on-going laboratory testing program has been undertaken in order to 

determine the intact rock strength and deformability. In general, the rock quality for all 

the units is reported to be strong and brittle. The intact rock properties obtained from 

laboratory testing, used in this study, are listed Table  8.1. 

Magnor and Mattsson (2000) compiled all the mapped joints (over 11,000 joints), 

obtained from ground surface and tunnel walls, and plotted on a stereographic projection 

as shown in Figure  8.5. Three main joint sets have been observed, two striking nearly 

north-south one dipping toward east (parallel to the orebody) and the other toward west 

(perpendicular to the orebody). The third major joint set strikes roughly east-west. All 

three joint sets are relatively steeply dipping with dip angles ranging between 60°-75° 

Several boreholes have been drilled at various locations in the hanging and footwalls to 

characterize the rock mass conditions of all the rock units. Cotesta (2011) compiled the 

RQD values obtained from the core logging of 1098 holes (see Figure  8.6) and 

concluded that the RQD generally increases (fracture frequency decreases) with depth. 

Figure  8.6 shows that beyond a depth approximately 100-150 m the value of RQD 

reaches 100%, indicating a very good rock mass. 

The state of initial stresses at the Kiruna mine was determined based on 

compilation and interpretation of all conducted stress measurements using the over-

coring technique performed by Sandström (2003) who proposed the following equations, 

Eq. (1-3), for the three principal stresses: 

0.037  (1)

0.029  (2)

0.028  (3)

where: : is the major principal stress in MPa orientated horizontally in an east-

west direction (perpendicular to the strike of orebody), : is the intermediate principal 

stress oriented in a vertical direction, : is the minor principal stress oriented in a north-

south direction (parallel to the strike of orebody) and : is the overburden depth below 

the ground surface (m). The ratios of horizontal stresses to the vertical stress for east-

west and north-south directions are 1.28 and 0.97, respectively. 
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Figure  8.5. Stereographic projection from all mapped joints by the LKAB mine : 
a) Pole plot on lower hemisphere showing all joints b) Interpreted 
major joint sets (Magnor and Mattsson, 2000; LKAB internal report, 
2009, with permission) 

 

Figure  8.6. RQD values obtained from core logging of 1098 boreholes in the 
Kiruna mine showing an increase in RQD with depth (Cotesta, 2011; 
LKAB internal report, 2009, with permission) 

8.6. Modelling Methodology  

The mining level at the Kiruna mine was at Level 964 m in 2012 and is planned 

to reach level 1250 m by the year 2023. In this study, the hybrid FDEM code ELFEN 

(Rockfield, 2012) is used to simulate the extent of hanging wall surface subsidence at 
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the Kiruna mine with mine advance to level 1250 m and with an emphasis on the 

influence of discontinuity persistence and spacing on the extent of the deformation 

zones. Figure  8.7 shows a 3D conceptual model and plan view of the Kiruna mine; also 

shown are the mine local coordinates and the locations of the installed GPS survey 

stations. 

In the 2D ELFEN analysis, cross section Y-2950 (shown in Figure  8.7) is 

simulated, corresponding to the GPS “T-line” of field survey stations. Figure  8.8 shows 

the base geometry of the simulated model and the location of the survey stations. A 

series of history points are placed in the ELFEN models at the location of the survey 

stations to continuously monitor displacement, velocity and stress. In addition to surface 

monitoring, the simulated history points also monitor displacement at 20 m depth 

intervals from the ground surface to a depth of 250 m. These “virtual inclinometers” were 

devised to provide a better understanding of sub-surface cave-induced displacements. 

The calibration and validation of the simulated models are carried out by comparing the 

results of model history point H2 (located in the hanging wall) with the equivalent field 

survey station, T5. 

 

Figure  8.7. (a) 3D model of Kiruna mine, (b) plan view of the mine showing the 
local coordinates and the location of survey stations (LKAB internal 
report, 2009, with permission) 

X5600 X7200

N

A A

X8800

Y0400

Y2800

Railway

H
an
gi
n
gw

al
l

T

C B
F
L
M

H
N

S

D

Kiruna
City

Pit

K
iir
u
n
av
aa
ra

M
in
e

Y5200



 

181 

 

Figure  8.8. Model geometry for cross section Y-2950 used in ELFEN 
simulations. Location of GPS stations installed in the field and the 
equivalent history points placed in the numerical model 

In the ELFEN model the orebody is extracted sequentially from the surface to 

mining level 1250 m, each excavation layer having a thickness of 50 m. The mechanical 

properties of the intact rock units and pre-existing discontinuities are listed in Table  8.1. 

Pre-existing discontinuities are assigned zero cohesion and tensile strength and a 

friction angle of 25°. The normal and tangential penalties used to evaluate the normal 

and tangential contact forces, respectively are based on the recommended values in 

(Rockfield, 2012), with a normal penalty of 0.1E and a tangential penalty of 0.01E, where 

 is the Young’s modulus of intact rock. 

Table  8.1. Properties of the intact rock of all units and discontinuity sets used 
in this study 

 Hanging wall Orebody Footwall 
 Rhyolite Magnetite Trachyte 

Young’s modulus, E (GPa) 50 70 85 
Poisson’s ratio, ν 0.25 0.25 0.25 

Cohesion, c (MPa) 32 33 35 
Friction angle, φ (º) 54 55 57 

Tensile strength,  (MPa) 7 8 8 
Fracture energy,  (N/m) 63 70 70 

‐200 m

4325m4725m5125m5525m5925m6325m6725m7125m7525m7925m

‐400 m

‐600 m

‐800 m

‐1000 m

‐1200 m

‐1400 m

‐1600 m

X

Z

H1H2

T5

H3H4H5H6H7H8

Hangingwall

Survey stations

Virtual inclinometer

Footwall

Pre-existing discontinuity and newly generated fracture Value 

Normal penalty, GPa/m 6 

Tangential penalty, GPa/m 0.6 

Friction angle, φ (º) 25 
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For the 2D ELFEN analysis, two north-south striking discontinuity sets are 

imported into the models, one dipping parallel to the orebody and the other dipping 

perpendicular to it. The influence of discontinuity persistence on the hanging wall 

behaviour of the Kiruna mine is studied by consideration of three models (as shown in 

Figure  8.9): 

• Model I: with two fully persistent discontinuity sets, one oriented parallel and 
the other perpendicular to the orebody with a constant spacing of 100 m. 

• Model II: with one fully persistent discontinuity set and one non-persistent 
discontinuity set. The dominant discontinuity set is parallel and the cross-joint 
set is perpendicular to the orebody. 

• Model III: with two non-persistent discontinuity sets. In this approach, 
discontinuities are specified a limited length and their locations modelled 
based on a homogeneous (Poisson) algorithm using a DFN generator 
developed by Mayer et al. (2014). The other discontinuity characteristics such 
as discontinuity orientation and spacing are unchanged for all three models. 

 

Figure  8.9. Three model geometries created in ELFEN 2D. a) model with two 
fully persistent discontinuity sets, b) model with one fully persistent 
and one non-persistent discontinuity set, c) model with two non-
persistent discontinuity sets 

The influence of discontinuity spacing is investigated by developing six models 

as shown in Figure  8.10. For this purpose, all DFN input parameters including 

a)

c)

Discontinuity sets

Model I: Two fully persistent discontinuity sets

Model III: Two non-persistent discontinuity sets

Model II: One fully persistent and
one non-persistent discontinuity sets

b)
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discontinuity orientation, discontinuity length and their distributions are kept the same 

except for the fracture intensity P21. Since the discontinuity length and its distribution is 

the same for all models, higher fracture intensity leads to a closer discontinuity spacing. 

The average discontinuity spacing ranges from 70 m for P21=0.018 to 20 m for 

P21=0.032. The numerical results are interpreted against field data using the following 

approaches: 

• “qualitative” and “quantitative” by comparing the extent of the crater and the 
discontinuous and continuous deformation zones, 

• the break angle, 

• the time-displacement behaviour of hanging wall, 

• the inverse numerical velocity method and 

• the potential application of virtual inclinometers. 

 

Figure  8.10. Six model geometries with different discontinuity spacing. 
Discontinuity spacing decreases as the fracture intensity, P21, 
increases. 

P21=0.018 (m/m2) P21=0.022 (m/m2)

P21=0.026 (m/m2) P21=0.028 (m/m2)

P21=0.030 (m/m2) P21=0.032 (m/m2)
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8.7. Influence of Discontinuity Persistence on Hanging Wall 
Surface Subsidence 

Figure  8.11 shows an aerial photograph of the Kiruna mine, illustrating the 

formation of the crater above the orebody and the approximate extent of the surface 

discontinuous and continuous deformation zones in the vicinity of the hanging wall. 

Figure  8.12 shows the development of fracturing and displacement in the hanging wall 

as a function of increasing depth from mining level 550 m to 1250 m. The three 

simulated models, clearly show the influence of discontinuity persistence on the extent of 

the deformation zones, the extent of the deformation zones increasing with increase in 

assumed discontinuity persistence. 

 

Figure  8.11. Aerial photograph of the Kiruna mine showing the formation of the 
crater above the mine and the approximate extent of discontinuous 
and continuous deformation zones (LKAB internal report, 2009, with 
permission) 
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Figure  8.12. Development of fracturing and vertical displacements in the hanging 
wall as a function of increasing depth from mining level 550 m to 
1250 m for a) Model I, b) Model II and c) Model III 
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The extent of the discontinuous and continuous deformation zones (shown in 

Figure  8.13) are quantified using the following criteria: 

• The discontinuous deformation zone is the distance from the orebody to the 
outermost visible fracture on the surface of the model. Examination of the 
model simulation results shows that the first crack is formed when the vertical 
displacement reaches a limit of approximately 20-40 cm, corresponding 
closely with field observations at the Kiruna mine. 

• The continuous deformation zone is assumed to correspond to a limit of 5 cm 
of vertical displacement on the surface. Typically, no visible cracks are 
observed on the surface and this extent can only be detected in the field by 
continuous monitoring of the ground surface. 

Figure  8.13 shows the extent of discontinuous and continuous deformation zones 

when excavation reaches mining level 1250 m; the extent of the simulated deformation 

zones decreases with an increase in intact rock bridge content from Model I to Model III. 

The extent of the discontinuous zone decreases from 1231 m to 878 m, and the 

continuous zone from 1910 m to 1428 m as the intact rock bridge content increases from 

Model I to Model III. As shown in this figure, the extent of the discontinuous and 

continuous deformation zones has decreased by approximately 28% and 25%, 

respectively from Model I to Model III. 

 

Figure  8.13. The simulated extent of the discontinuous and continuous 
deformation zones 
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8.7.1. FDEM-DFN Simulated Break Angles 

Various analytical and empirical approaches have been proposed to predict the 

break angle as a function of mining depth at the Kiruna mine. Stephansson et al. (1978) 

show that the break angle is independent of the mining depth and remains constant at 

60º. Other researchers (Herdocia, 1991; Lupo, 1996) have shown that the break angle 

decreases (the influenced-area increases) with depth. Villegas et al. (2011) reviewed 

break angle predictions proposed by various researchers and compared them with the 

current situation at the Kiruna mine and concluded that no particular trend in break angle 

can be derived as the mine advances. 

Figure  8.14 illustrates the procedure of determining the break angle from the 

FDEM models at each mining level considered in this study. The outermost visible crack 

is detected at each mining level and the associated break angle recorded. Figure  8.15 

shows the results of simulated break angles, determined for each FDEM model, together 

with the observed field data. The numerical results correspond well with the break 

angles measured from survey data. The scatter in both the numerical results and the 

field data are attributed to the variation in geological structures encountered as the mine 

advances to greater depths. Although the numerical results show a slight reduction in 

break angle with mining depth, it appears that the simulated break angles remain in the 

range 60º-70º, in agreement with earlier studies (Villegas et al., 2011). 

8.7.2. Time-Displacement Behaviour of Hanging Wall 

The rock mass around the sub-level cave orebody deforms with time in response 

to ore extraction. It has been shown that the time-displacement behaviour of hanging 

wall in sub-level caving is similar to large-scale open pit slopes with three distinct 

phases: regressive, progressive and steady state (Broadbent and Zavodni, 1982; 

Zavodni, 2000; Villegas et al., 2011). The regressive phase is the initial stage in the 

time-displacement plot and reflects an elastic response of the rock mass to mine 

excavation and changes in stresses. This initial deformation is expected to occur without 

the development of a defined failure surface (Zavodni, 2000). 
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Figure  8.14. Simulated break angles as a function of mining levels for the three 
FDEM models. 

 

Figure  8.15. Break angle at different mining levels for the FDEM numerical 
simulations and the field observation 
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The second stage in the time-displacement behaviour of the hanging wall is the 

progressive phase which is characterized by an accelerating displacement and the 

formation of tension cracks on the ground surface. The progressive phase corresponds 

to the inflection point in the time-displacement plot (Figure  8.16). The vertical 

displacement associated with the inflection point (the onset of failure) has been termed 

the critical vertical displacement, CVD (Villegas et al., 2011). As mining continues, a 

creep-like motion or steady state phase follows when the hanging wall moves at a 

constant velocity eventually leading to the collapse. 

Another approach being increasingly used in slope instability investigations to 

interpret monitoring data is to convert slope displacement measurements into rates or 

deformation velocities. Fukuzono (1985) developed a concept referred to as “inverse-

velocity” for predicting the potential slope failure time based on the results of large-scale 

physical models of rain-induced landslides. The fundamental assumption underpinning 

this method is that, in general, a slope failure is followed by increasing rates of 

displacements, strains or micro seismicity activity (Rose and Hungr, 2007). When the 

inverse of velocity is plotted against time, its value approaches zero as the slope velocity 

accelerated towards failure. Even though this method was first introduced more than two 

decades ago in the study of landslides, it is only now being applied to projects in the 

mining industry. Rose and Hungr (2007) applied this technique to two large open pit 

mines and concluded that the “inverse velocity” method can be successfully used to 

predict a potential slope failure several days prior to the failure. Dick et al. (2013) have 

since successfully used this method in the interpretation of failure using slope stability 

radar monitoring. Recently Havaej et al. (2013, 2014) used this method in the 

interpretation of open pit slope and landslide model simulation results to investigate 

slope failure mechanisms as opposed to failure prediction times. In this paper, we 

evaluate, for the first time, the application of this method in improving our understanding 

of sub-level caving subsidence mechanisms. For models I to III we have plotted the 

inverse numerical velocity and vertical displacement against cave mining level and 

simulation time and then investigated the potential application of the proposed method in 

characterising the hanging wall surface subsidence associated with sub-level caving. 
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Continuous surface deformation monitoring of the hanging wall at Kiruna mine 

using GPS techniques allows plotting of the time-displacement behaviour as the mine 

advances towards depth. Figure  8.16 shows the field based time-displacement plot for 

survey station T5 located at approximately Y2950 and X6650 (Figure  8.8). Three phases 

of time-displacement behaviour can be observed in this figure with the critical vertical 

displacement (CVD) located at around 0.5 m and occurring in 2003 at which time the 

mining level was at approximately 900 m. Figures 8.17-8.19 show plots of numerical 

time-displacement on one vertical axis and numerical inverse velocity plot on the other 

vertical axis as a function of both the FDEM model simulation time and mining level for 

history point H2 (corresponding to the survey station T5). In the simulated time-

displacement plot the three phases of regressive, progressive and steady state 

deformation are observed for all three models. As pointed out by Zavodni (2000), time-

displacement response to excavation is a function of the mechanical properties of the 

rock mass, the structural geology, the slope geometry and the excavation rate. The 

numerical results presented herein illustrate that the numerical time of occurrence and 

magnitude of CVD are influenced by variation in assumed discontinuity persistence. The 

critical vertical displacement (CVD) tends to occur at a shallower depth and with a higher 

magnitude as the discontinuity persistence increases. The inflection point in Model I 

(with two fully persistent discontinuity sets) occurs for an approximate mining level of 

870 m with a CVD value of about 50 cm. In model III (with two non-persistent 

discontinuity sets), the CVD is approximately 15 cm occurring at the mining level 1100 

m. The simulated CVD results are in good agreement with the observed field survey 

data both in terms of the average values and the mining levels at which the inflection 

points occur. Nevertheless, it should be noted that the time-displacement behaviour has 

a direct correlation with the production rate such that a reduction in mineral extraction 

reduces the displacement rate in time-displacement plot, therefore some differences are 

to be expected between numerical results and field data. 

Figures 8.17-8.19 also summarize the relationship between the inverse 

numerical velocity and mining level/simulation time for all three FDEM models. In the 

inverse numerical velocity plot, the regressive stage is characterized by continuous 

cycles of acceleration/deceleration. Each acceleration/deceleration cycle in the inverse 

velocity plot is suggested to correspond with intact rock bridge failure within the model. 
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The repetition of acceleration/deceleration cycles implies that the level of induced 

damage is not sufficient to trigger the ultimate failure. The process of damage 

accumulation continuities until the “onset of cave block failure” in which the behaviour 

changes from regressive to progressive. Beyond this point, the caved rock mass moves 

with a constant velocity, eventually leading to the ultimate collapse. A comparison 

between the simulated inverse velocity and simulated vertical displacement shows that 

the change of trend in inverse velocity coincides with the inflection point in the time 

displacement plot. One unique characteristic of the inverse velocity plot is that a change 

in trend can be clearly observed to precede the onset of failure, by a constant reduction 

in inverse velocity. By establishing a critical inverse velocity, one is able to predict the 

potential time of failure in the hanging wall for a specific location. 

 

Figure  8.16. Time-displacement plot from survey station T5 (Villegas et al., 2011) 

8.8. Influence of Discontinuity Spacing on Hanging Wall 
Surface Subsidence  

Using a series of numerical analyses on models with different fracture intensity 

we investigate the influence of spacing on hanging wall surface subsidence. For this 

purpose, six DFN models are developed in which the discontinuity characteristics 

required to create a DFN model including discontinuity length and orientation are 

assumed constant for each model with the exception of the fracture intensity, P21. In 

these models the discontinuity spacing decreases with increase in fracture intensity. The 

average discontinuity spacing ranges from 70 m for P21=0.018 (m/m2) to 20 m for 

P21=0.032 (m/m2).  
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Figure  8.17. Plots of inverse numerical velocity and vertical displacement as a 
function of simulation time and mining level for Model I, showing 
regressive-progressive phase, onset of failure and the CVD. 

 

Figure  8.18. Plots of inverse numerical velocity and vertical displacement as a 
function of simulation time and mining level for Model II, showing 
regressive-progressive phase, onset of failure and the CVD. 
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Figure  8.19. Plots of inverse numerical velocity and vertical displacement as a 
function of simulation time and mining level for Model III, showing 
regressive-progressive phase, onset of failure and the CVD 
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be in tension (adjacent to excavation) and is oriented parallel to the orebody. 
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Figure  8.22 illustrates the development of failure in the hanging wall for all 

simulated models when the excavation reaches mining level 1250 m. A summary of 

results after excavation mining level 1250 m is presented in Table  8.2. In general, the 

numerical results show that the extent of the discontinuous and continuous deformation 

zone increases with decrease in the assumed discontinuity spacing. The results also 

indicate the importance of the spatial location of fractures with respect to the mine 

excavation. This can be clearly observed in the model with P21=0.026 (m/m2) where the 

extent of the discontinuous deformation zone is slightly smaller than the models with a 

lower fracture intensity. This suggests that in the analysis of cave development, in 

addition to fracture intensity and spacing, other discontinuity characteristics such as 

spatial location and discontinuity connectivity are equally important.  

 

Figure  8.22. Extent of discontinuous deformation zone as a function of fracture 
intensity P21 for the six simulated models 
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Table  8.2. Calculated extent of deformation zones and break angles as a 
function of fracture intensity when the excavation reaches mining 
level 1250 m 

Model 
number 

Fracture Intensity 
P21 (m/m2) 

Average 
spacing (m) 

Extent of 
discontinuous 

zone (m) 

Extent of 
continuous zone 

(m) 

Break 
angle (°) 

1 0.018 70±5 912 1580 70 

2 0.022 55±5 917 1728 69 

3 0.026 45±5 882 1678 72 

4 0.028 30±5 925 1766 67 

5 0.030 25±5 932 1782 63 

6 0.032 20±5 962 1790 61 

Figure  8.23 shows the results of inverse numerical velocity and the time-

displacement behaviour of history point “H2” for models with fracture intensity of 

P21=0.026 (m/m2) and P21=0.030 (m/m2). The time displacement plots show that there is 

a slight increase in the value of critical vertical displacement, CVD (approximately 5 cm) 

as the discontinuity spacing decreases from approximately 30 m (model with P21=0.026 

m/m2) to 20 m (model with P21=0.030 m/m2). The average magnitude of critical vertical 

displacement (CVD) obtained from these analyses is approximately 20 cm, occurring at 

mining level 900 m. The preliminary results indicate that the amplitude of 

acceleration/deceleration cycles in the inverse velocity plot decreases with an increase 

in fracture intensity. As the fracture intensity increases in the model, the number of rock 

bridges that need to be broken to form the failure surface decreases. Thus, the cycles in 

inverse numerical velocity exhibit a low amplitude behaviour. In contrast, a decrease in 

the fracture intensity results in an increased level of rock bridge content and causes an 

inverse numerical velocity plot with higher amplitudes. This type of behaviour can be 

clearly noticed in Figure  8.19 for the model with a very sparse (100 m spacing) discrete 

fracture network. 

8.9. Simulated Failure Mechanism at Kiruna Hanging Wall 

The failure mechanism of the hanging wall in sub-level caving resembles a high 

rock slope failure and has been suggested to involve planar, wedge, circular, toppling or 

composite failure modes as a combination of two or more of the above mechanisms. 
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Figure  8.23. Plots of inverse numerical velocity and vertical displacement as a 
function of simulation time and mining level for models with 
P21=0.026 (m/m2) and P21=0.030 (m/m2) 
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Hoek (1974) proposed a conceptual model of the sequence of progressive 

hanging wall failure for a homogeneous rock. The proposed model assumed that as a 

mine develops at depth, a tension crack and shear failure surface form at a critical 

location which is a function of rock mass strength and the induced stresses. In reality 

however, for heterogeneous rock masses, the occurrence of each failure mechanism is 

a function of the mechanical properties of the intact rock and discontinuities in addition to 

their geometrical characteristics including orientation, persistence etc. In this section we 

focus on the influence of discontinuity persistence on the potential hanging wall failure 

mechanism. Three main failure mechanisms (shown in Figure  8.24) are observed in the 

FDEM-DFN model simulations: 

• Planar failure in Model I, incorporating two fully persistent discontinuity sets. is 
developed in the form of shearing along cross-joints (perpendicular to the 
orebody) When the induced stresses are sufficient to overcome the shear 
strength of discontinuities, slippage along cross-joints occurs, resulting in the 
formation of topographical steps at the ground surface. These steps are 
followed at a later stage in the model by the fracturing and fragmentation of 
intact rock blocks as the caved material moves downward, 

• Block toppling is the predominant failure mode in Model II incorporating a fully 
persistent discontinuity set and one cross-joint set. The failure in Model II is 
characterized by forward rotation and overturning of rock columns, separated 
by steeply dipping discontinuities. Again, the simulated failure mechanism is 
initiated by the overturning and rotation of blocks and continues by the 
crushing of intact blocks as the caved block moves downwards, 

• Step-path/intact rock bridge failure is the dominant failure mode in Model III 
incorporating two non-persistent discontinuity sets. This is a typical failure 
mechanism in high rock slopes. Progressive failure here involves the 
combination of shearing along pre-existing discontinuities and intact rock 
bridge failure. Failure generally initiates by shearing along existing 
discontinuities and once the induced stresses are sufficient to break the intact 
rock bridges, new fractures are formed, typically at the tip of pre-existing 
discontinuities. These isolated induced-fractures gradually coalesce with 
each other with increased connectivity eventually forming a step-path type of 
failure surface. 



 

199 

 

Figure  8.24. Simulated failure mechanism of the hanging wall as a function of 
discontinuity persistence a) Planar translation failure, b) Block 
toppling, c) Step-path translation with rock bridge failure 
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displacement of the hanging wall. These “virtual inclinometers” provide a better insight 

into the sub-surface displacement and its associated cave failure mechanisms. Virtual 

inclinometers can also provide valuable information related to small-scale and deep-

seated deformation occurring in the sub-surface. Here, the potential application of virtual 

inclinometers in numerical simulations is briefly introduced. Figure  8.25 presents the 

results of two virtual inclinometers for Model I incorporating two fully persistent 

discontinuity sets and shows the horizontal deformation with depth at the end of orebody 

extraction (mining level 1250 m). Results from virtual inclinometer I (located 

approximately 900 m away from the orebody) indicate that the entire length of 

inclinometer may have subsided into the caved/fractured rock mass as the displacement 

recorded is in the order of several meters. For the inclinometer II (1200 m away from the 

orebody) a sharp limit to the ground movement is identified at a depth of 75 m. At this 

depth, a transition from large displacements to small displacements occurs. The 

horizontal movements beyond this depth are significantly smaller than the movements at 

the shallower depth. This may indicate that the deformations beyond the transitional 

point are not significantly affected by the caving and is in an elastic condition. By placing 

a series of virtual inclinometers in numerical simulations and connecting the transition 

points of each inclinometer it may be possible to delineate a sub-surface, bounding the 

depth of the ground influenced by sub-level caving at specific mine depths. 

8.11. Summary and Conclusions 

Sub-level caving induces a large surface subsidence in the hanging wall. Due to 

proximity of the hanging wall to the city of Kiruna an intensive surface displacement 

monitoring program has been implemented at the Kiruna sub-level cave mine. 
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Figure  8.25. The results of “virtual inclinometers” for Model I with two fully 
persistent discontinuity sets 
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quantitative visual assessments, time-displacement behaviour of the hanging wall, 

inverse numerical velocity data processing and virtual inclinometers. The numerical 

results clearly demonstrate the capability of the FDEM-DFN approach in reproducing the 

deformation zones typically observed in sub-level cave mining and emphasize the 

importance of discontinuity persistence and spacing on the extent of cave induced 

deformation zones and the nature of the cave failure mechanism. The simulated extent 

of discontinuous and continuous deformation zones increases with increase in 

discontinuity persistence. The break angle derived from numerical simulations agrees 

well with the actual field data and ranges between 50º-80º, depending on the 

discontinuity characteristics. 

Three distinct time-displacement phases; regressive, progressive and steady 

state were observed in all the ELFEN models. The value of critical vertical displacement 

and the mining level at which this transition occurs are influenced by discontinuity 

persistence and spacing. The critical vertical displacement (CVD) is found to occur at a 

shallower mining depth with a higher magnitude with increase in assumed discontinuity 

persistence. A new approach towards interpretation of simulated sub-level monitoring 

data, using the “inverse numerical velocity” method is presented. The simulated cycles 

within the inverse numerical velocity plots denote acceleration/deceleration episodes 

within the regressive stage and are suggested to correspond to intact rock bridge failure 

events. The simulated damage accumulation continues until the onset of failure at which 

stage simulated model behaviour changes from regressive to progressive. Results show 

that the change in the trend of the simulated inverse velocity coincides with the inflection 

point in the time displacement plot. These initial results also suggest that the frequency 

of acceleration/deceleration cycles has an inverse relationship to the fracture intensity. 

The models with a lower fracture intensity (higher rock bridge content) exhibit a high-

frequency of simulated acceleration/deceleration inverse velocity cycles. 

Finally, three main failure mechanisms are observed in the numerical sub-level 

cave models with variation in discontinuity persistence. For the case incorporating two 

fully-persistent discontinuity sets the simulated failure mechanism involves 

predominantly planar failure manifested in the form of shearing along cross-joints. Block 

toppling becomes the dominant failure mode in the model with one fully persistent joint 
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set and one cross-joint set. Brittle fracture in the form of step-path/intact rock bridge 

failure dominates in models with two non-persistent discontinuities. Progressive failure in 

Model III involves the combination of shearing along pre-existing discontinuities and 

intact rock bridge failure. The application of “virtual inclinometers” in the characterization 

of sub-surface caving mechanisms in numerical modelling is briefly discussed. It is 

shown that the “virtual Inclinometers” placed within the models can capture the extent of 

small-scale and deep-seated cave-induced deformation occurring in the sub-surface.  

The results presented in this paper emphasize the potential use of FDEM-DFN 

numerical approaches in reproducing hanging wall surface subsidence associated with 

sub-level caving. One of the main challenges in modelling large scale problems using 

discontinuum or hybrid methods is the limitations in numerical modelling processing 

ability. Run times are in general, very long, therefore at the current time, limiting the 

number of models that can be achieved. In this study, all FDEM-DFN models were run 

on a desktop computer with an Intel Core i7, CPU 3.4GHz with 12 GB of RAM. The 

average computational time ranged from 8-12 days, depending on complexity of the 

model. Future research with reduced run times and incorporating parallel processing will 

allow a more comprehensive parametric study and further investigation of the 

importance of assumed DFN realisations on sub-level cave induced subsidence. 

Additional constraint of the brittle fracture FDEM-DFN models against microseismic data 

would also greatly improve our ability to characterize the sub-level caving failure 

mechanism and associated subsidence. 
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Chapter 9.  
 
Conclusions and Recommendations for Future Work 

9.1. Introduction 

This chapter presents the conclusions and contributions of the thesis and 

provides recommendations for future work. The chapter is divided into four main 

sections, the first section presents a summary of overall conclusions and the second 

section highlights the primary research contributions. The third section addresses some 

of the current challenges associated with numerical modelling and the discrete fracture 

network (DFN) approach, finally the last section provides recommendations for future 

work. 

9.2. Overall Conclusions 

This thesis presents a novel approach to the study of brittle damage at various 

scales. Brittle damage characterization from the micro to macro scale was achieved by 

utilizing an advanced numerical modelling approach coupled with the rapidly developing 

field of Discrete Fracture Network Engineering, DFNE. The advanced numerical 

modelling technique employed was based on the hybrid finite/discrete element method 

(FDEM) which is capable of simulating the transition from a continuum to discontinuum 

state by explicitly modelling stages of brittle fracture including crack initiation, 

propagation and coalescence, rock fracturing and fragmentation. In addition to the 

FDEM modelling, the application of other numerical approaches including the continuum 

method finite element method (FEM) and the discontinuum distinct element method 

(DEM) were examined. Damage characterization at various scales involved the 

development of two intensity measures which separately quantify the intensity of pre-



 

205 

existing fractures and stress-induced damage. The following main conclusions are made 

based on the numerical results, field observations and analyses undertaken: 

i: Damage characterization at the “micro scale” associated with laboratory 

testing:  

• The hybrid FDEM modelling approach is shown to be suitable for modelling 
brittle fracturing process at laboratory scales (Chapters 3, 4 and 5). 

• The hybrid FDEM results of laboratory simulations show that axial splitting and 
spalling are two primary modes of failure at zero confinement. Formation of 
axial splitting or spalling failure in the model depends upon the intensity of 
microcracks within the rock sample. Axial splitting is found to be the dominant 
failure mode for intact rock samples. Spalling damage dominates as the 
microcrack intensity in the sample increases (Chapters 3 and 4). 

• Regardless of the input microcrack intensity, shear failure dominates at high 
confinement (Chapters 3 and 4). 

• The experimental and numerical results indicate that stress-induced 
microcracks associated with drilling process significantly affect the strength 
response and fracture pattern in laboratory samples (Chapter 4). 

• A micro discrete fracture network (µDFN) for incorporation into geomechanical 
models can be created based on the data collected from thin section image 
analysis (Chapter 4). 

• The FDEM-µDFN results demonstrate the importance of microcrack 
heterogeneity on strength response in laboratory compression and tension 
tests. The results show the increased importance of heterogeneity at low 
confinement (Chapter 4). 

• Preliminary simulation results show the significant role of microcrack 
heterogeneity in reproducing a bi-linear or S-shape strength envelope 
(Chapter 4). 

• The FDEM-µDFN results imply that microcracking reduces only the cohesive 
component of strength with the frictional component remaining essentially 
unaffected, agreeing closely with laboratory observations (Chapter 4). 

• The focused microcrack intensity approach, in which loading configuration is 
taken into account in the determination of the sampling area, was found to be 
an effective method of characterizing microcrack intensity in the Brazilian test 
(Chapter 4). 

• A 3D FDEM modelling approach is found to be successful in reproducing the 
laboratory strength response and fracture pattern in a biaxially loaded sample 
(Chapter 5). 

• Experimental and numerical results for biaxial compression tests on norite 
rock samples illustrate the influence of the intermediate principal stress on 
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the failure mechanisms leading to spalling damage. It is found that the depth 
of spalling increases with increased confinement (Chapter 5). 

• It is concluded that the three main contributing factors in spalling damage 
around an underground excavation are: high maximum and intermediate 
principal stresses, low confinement and the presence of heterogeneity 
(Chapter 5). 

• Two main effects of heterogeneity at low confinement were observed i.e., 
stress fluctuations and stress concentration in mechanisms leading to 
spalling damage around underground openings (Chapter 5). 

ii) Damage characterization at the “meso scale” associated with spalling damage 

around underground openings: 

• Spalling depth prediction in continuum modelling requires a modification in 
conventional constitutive laws such as Mohr-Coulomb and Hoek Brown. The 
cohesion weakening and friction strengthening (CWFS) failure criterion is 
found appropriate in modelling brittle failure (Chapter 6). 

• The main advantage of the discontinuum and hybrid methods when compared 
to a conventional continuum approach is that the damage and its evolution 
are explicitly represented in the model by broken bonds or fractured elements 
(Chapter 6). 

• The modelling method based on the FDEM-DFN successfully reproduced 
depth and shape of spalling around the URL Mine-by tunnel (Chapter 6). 

• The hybrid FDEM-DFN results show that the cohesion loss (weakening) 
process is achieved explicitly in the model through insertion of discrete 
fractures (Chapter 6). 

• Whereas early efforts using continuum methods focused mainly on modifying 
the conventional constitutive models, modelling in discontinuum and hybrid 
methods has shown that the spalling damage around underground openings 
can be reproduced once heterogeneity in various forms i.e., geometrical, 
mineral and microcrack heterogeneity is incorporated (Chapter 6).. 

iii) Damage characterization at the “macro scale” associated with hanging wall 

surface subsidence in sub-level caving: 

• The results of 2D biaxial compression test simulations on samples with 
different block size show that the strength response and failure mechanism 
are affected by block size variation. The smaller-size block assemblies exhibit 
a slightly higher strength than the larger blocks. Translational shearing was 
found to be the dominant failure mode for a jointed rock mass with large 
blocks. As the block size decreases, the rotation of individual blocks 
dominates the failure mode eventually resulting in the formation of a kink-
band (Chapter 7). 
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• The influence of block size and block strength on the behaviour of hanging 
wall surface subsidence in sub-level caving is extensively studied using both 
continuum and discontinuum approaches and it is found that the critical 
vertical displacement (CVD) for a specific point tends to occur at a shallower 
mining depth and a higher magnitude with reduction in block size/strength 
(Chapter 7). 

• Four possible hanging wall failure mechanisms are recognised using the 
proposed matrix with mij components, where i reflects the variation in the 
discontinuity spacing and j the block strength. These are: 

o translational shearing for strong rock with widely-spaced discontinuity sets, 

o block rotations/block toppling for strong rock with closely-spaced 
discontinuity sets, 

o stepped failure for weak rock with widely-spaced discontinuity sets and 

o circular failure/flexural toppling for weak rock with closely-spaced 
discontinuity sets (Chapter 7). 

• The application of the UDEC-Trigon approach in modelling brittle fracturing 
associated with sub-level caving is presented for the first time to demonstrate 
the potential of this method in simulating intact rock bridge failure in a 
hanging wall due to sub-level caving (Chapter 7). 

• The research shows the successful application of the integrated finite/discrete 
element method-discrete fracture network (FDEM-DFN) approach in 
reproducing the deformation zones typically observed in sub-level cave 
mining (Chapter 8). 

• FDEM-DFN calibration/validation is undertaken by comparing the numerical 
results with the extensive surface monitoring data at the Kiruna sub-level 
cave mine, Sweden (Chapter 8). 

• Three distinct time-displacement phases; regressive, progressive and steady 
state are observed in all the simulated FDEM-DFN models, agreeing well with 
field observations. The simulated value of critical vertical displacement (CVD) 
and the mining level at which this transition occurs correspond closely with 
the field data (Chapter 8). 

• A new approach towards interpretation of sub-level deformation monitoring 
data, using an “inverse numerical velocity” method is presented. In the 
inverse numerical velocity plot, the regressive stage is characterized by 
continuous cycles of acceleration/deceleration. It is concluded that each 
acceleration/deceleration cycle corresponds to intact rock bridge failure within 
the model and the repetition of these cycles implies that the level of induced 
damage is not sufficient to trigger the ultimate failure (Chapter 8). 

• By comparison of the simulated inverse numerical velocity and the simulated 
vertical displacement, it is concluded that the change of trend in inverse 
numerical velocity coincides with the inflection point (CVD) in the time 
displacement plot (Chapter 8). 
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• The preliminary inverse numerical velocity results suggest that the frequency 
of acceleration/deceleration cycles has an inverse relationship to the fracture 
intensity. The models with a lower fracture intensity (higher rock bridge 
content) exhibit a high-frequency of simulated acceleration/deceleration 
inverse velocity cycles (Chapter 8). 

• The potential application of “virtual inclinometers” in the numerical modelling of 
sub-level caving and brittle fracture is demonstrated and the ability of this 
technique to capture the extent of small-scale and deep-seated deformation 
occurring in the sub-surface clearly shown (Chapter 8). 

9.3. Research Contributions 

The primary contributions of this thesis include: 

• Provides one of the first and most comprehensive studies of the 
characterisation of brittle damage at a wide range of scales using both 2D 
and 3D hybrid finite/discrete element methods (FDEM). The proposed 
approach allows identification of different stages of brittle fracturing at various 
scales in a quantitative manner.  

• Presents a comprehensive comparison of the fracture pattern and strength 
response of 2D and 3D FDEM simulations for a wide range of laboratory 
compression and tension tests. This provided opportunity to assess the 
advantages and limitations of modelling approaches in characterizing brittle 
damage. 

• Demonstrates the importance of the introduction of micro discrete fracture 
network (µDFN) within laboratory samples to study the influence of stress-
induced microcrack heterogeneity on laboratory uniaxial and triaxial 
compression and Brazilian tests. The current study shows the importance of 
considering the presence of microcracks in understanding brittle fracture 
mechanism at low confinement. The main application of the µDFN approach 
is in studying spalling and rock bursting around an underground opening and 
also in evaluating the integrity of wellbore and extent of wellbore breakout in 
petroleum industry  

• Provides a detailed calibration of 3D FDEM biaxial compression test 
simulations against an experimental test data to investigate the influence of 
intermediate principal stress on the mechanisms leading to spalling damage, 

• Documents results of combined continuum, discontinuum and hybrid methods 
to characterize the extent of hanging wall deformation zones in sub-level 
caving. This work allows a better understanding of advantages and limitations 
of each numerical approach in studying failure mechanism in sub-level caving 

• Presents the first use of the UDEC-Trigon approach in the brittle fracture 
modelling of hanging wall failure due to sub-level caving,  
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• Introduces a comprehensive an innovative suite of model data interpretation 
methods for the characterization of hanging wall subsidence including 
qualitative and quantitative visual assessments, time-displacement behaviour 
of the hanging wall, inverse velocity data processing and virtual 
inclinometers. This comprehensive data interpretation toolbox allows for a 
better understanding of both surface and subsurface processes involved in 
hanging wall deformation. 

• Presents the first application of an inverse numerical velocity method in 
characterizing the hanging wall surface subsidence due to sub-level caving. 
This provides an opportunity to study the failure mechanism of hanging wall 
over time and the potential for predicting the time of failure in hanging wall as 
a result of continuing sub-level caving 

9.4. Current Challenges 

This section addresses some of the current limitations and challenges associated 

with numerical modelling and the discrete fracture network (DFN) approach. 

9.4.1. Challenges in Selecting Appropriate Input Parameters for 
Numerical Modelling 

The amount of data required to build an accurate and reliable numerical model 

depends on the modelling approach considered i.e. continuum, discontinuum and hybrid 

methods. Increased model sophistication requires an increase in the number and 

complexity of input parameters. The challenges of obtaining appropriate input 

parameters for numerical modelling are growing with increasing sophistication of the 

numerical modelling. The issues related to numerical input parameters should be 

addressed long before the design phase during the data collection stage, since the data 

collection requirement during site investigation may be highly dependent on the type of 

analysis that could be used in the design stage. 

9.4.2. Challenges in Data Collection for Advanced Numerical 
Modelling 

Numerical analyses can be divided into three classes based on levels of 

sophistication (Stead et al., 2006): Level I, Level II and Level III, the degree of 

sophistication increasing from Level I to Level III. Data collection for a specific project 
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should match the complexity of the numerical tools to be used. Establishing an 

appropriate model in an advanced/sophisticated numerical tool (Level III) requires a 

more comprehensive field data collection. For instance, to be able to build an 

appropriate model in discontinuum and hybrid methods, in addition to orientation, 

discontinuity survey mapping should also include recording the geometric characteristics 

of discontinuities such as persistence, spacing, termination and intensity as well as 

discontinuity shear strength (roughness, infillings etc.). In mining engineering practice 

the majority of geomechanical data are collected during exploration phase and often 

engineers responsible for the data collection are no longer available at the design phase. 

Thus, it is surprising that at a later stage designers realize that critical input data are 

missing. Harrison and Hadjigeorgiou (2012) indicate that error of omission (specific 

properties not measured) is the main source of uncertainty particularly in advanced 

numerical modelling. The author believes that a “targeted data collection strategy” 

should be planned prior to launching a site investigation campaign that assures 

collection of all required field data for creating reliable and often sophisticated numerical 

models. This strategy would minimize the level of uncertainty associated with the extra 

necessary assumptions made in numerical modelling due to absence of sufficient site 

investigation and laboratory testing data. 

9.4.3. Challenges Associated with DFN Model Validation and 
Simplification 

A discrete fracture network (DFN) model is generated to be representative of the 

field conditions and must be both geologically realistic and computationally efficient. 

Challenges that are faced in discrete fracture network (DFNs) applications in rock 

engineering can be divided into two separate but connected areas (i) issues related to 

DFN validation and (ii) challenges associated with DFN simplification for numerical 

analysis (Lorig, 2014). A major source of difficulty in generating a reliable DFN model is 

the uncertainly related to the geometry of discontinuities. In spite of the 3D nature of 

discontinuities, often engineering discontinuity description is limited to 1D (borehole 

mapping, core logging) or 2D (tunnel wall or outcrop mapping). An important limitation in 

DFNE is the scale of sampling with respect to the scale of project. It is often the case, 

particularly at large-scale, that the sampling size is significantly smaller than the overall 
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size of project. Apart from the geometrical characteristics of discontinuities, issues 

related to fracture size and fracture properties are also a significant challenge in DFN 

model validation. Barton and Bandis (1982) showed the scale dependency of 

discontinuity properties and concluded that the peak shear strength and shear stiffness 

of discontinuities decrease as sample size increases. All these limitations give rise to 

difficulty in DFN model validation/calibration. In hydrogeology, this issue is resolved by 

calibrating the DFN model to groundwater flow and head measurements. However, it 

appears that currently there is no such calibration process for analysis of mechanical 

properties (Lorig, 2014). Therefore, a comprehensive and reliable numerical analysis 

should be carried out over multiple DFN model realizations to reduce the level of 

uncertainty (Mayer, 2015). 

Another important issue that needs to be addressed is DFN model simplification. 

The spatial location of fractures are generally defined by a Poisson algorithm in which 

fractures can fall in close proximity of each other, therefore fracture clustering can easily 

occur in a DFN model. The configuration of fractures in terms of their intersection, 

distance and termination with respect to each other can give rise to significant numerical 

difficulties including high computational runtimes, accuracy degradation and in some 

cases model termination (mesh cannot be created). With the current mesh generator 

software and computational capacities, DFN models must be often simplified prior to 

integration in numerical models. This DFN simplification or “clean-up process” should 

optimize the DFN model for numerical analysis while preserving its essential properties. 

Such clean-up process can be either performed manually after creation of a DFN model 

by deleting or replacing “problematic” fractures (Lorig, 2014) or before creation of a DFN 

model as proposed by Mayer et al. (2014) and used in this thesis. It should be noted that 

the algorithms proposed by Lorig (2014) and Mayer et al. (2014) are only an initial step 

toward addressing this issue and require further study. 

9.4.4. Challenges in Numerical Computational Limitations 

Despite significant advancements in computer power in recent years, excessive 

run times are still a major limitation in numerical modelling. As the level of sophistication 

increases in numerical modelling, from simplified continuum method to discontinuum and 
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hybrid methods, the run times to complete the analysis increase significantly. Most of 

numerical simulations undertaken as part of this research were performed using a core 

i7 PC with a 3.40 GHz processor and 12GB RAM memory. Some of the run-times at 

various scales presented in this thesis are shown in Figure  9.1: 

• Laboratory-scale samples simulated in ELFEN 3D presented in Chapter 3: 

o  Approximately 4-5 days 

• Laboratory-scale samples with µDFN simulated in ELFEN 2D presented in 
Chapter 4: 

o Approximately 2-3 days (variable dependent on intensity of µDFN)  

• 2D Sub-level caving simulations presented in Chapter 7 and 8: 

o Continuum code Phase2: 12-19 hours 

o Discontinuum code UDEC: 7-10 days (variable dependent on intensity of 
DFN) 

o Hybrid code ELFEN: 8-12 days (varies dependent on intensity of DFN) 

 

Figure  9.1. Some of the run-times at various scales presented in this thesis 
using different numerical approaches  
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Currently, the run-time issue significantly limits the ability for sensitivity analysis 

in discontinuum and hybrid methods. The time constraints are not only limited to run 

times but are also encountered in pre and post-processing stages i.e., a more complex 

model needs more time to build the model and for interpretation of the results. Uses of 

parallel processing techniques appear a critical step in order to overcome this limitation. 

Recent advancements with multi-threading techniques have already provided significant 

performance improvements. However, further research should be conducted in this area 

to allow for more comprehensive parametric studies. 

9.5. Recommendations for Future Work 

Despite significant improvements in brittle damage characterization at various 

scales using advanced numerical modelling techniques and discrete fracture network 

methods, there still remains the need for further research toward improved rock mass 

characterization. The following recommendations for future work are suggested: 

• Incorporation of µDFN models into 3D FDEM approach is essential to study 
the influence of microcrack heterogeneity on spalling/splitting failure 
mechanisms and the S-shape failure criterion, 

• Integration of geomechanical models with acoustic emission methods 
including 3D source location, pattern recognition, frequency and moment 
tensor in order to quantify and characterize damage in laboratory samples 
constrained against  3D FDEM models, 

• New methods of damage characterization using other non-destructive testing 
methods i.e., thermal imagery and scanning electron microscopy to 
characterize damage in laboratory testing are important topic for future 
research; these would allow improved constraint against numerical models., 

• The further use of the Damage Intensity (D21, D32) and the Rock Bridge (R21, 
R32) approaches in brittle fracture modelling and evaluation of the use of a 
connectivity index in the interpretation of model results for both small and 
large scale problems, 

• Further investigation of the influence of discontinuity characteristics such as 
discontinuity spacing, length and intensity on the behaviour of inverse 
numerical velocity plot is required, 

• Potential research when reduced run times and parallel processing is 
available will allow further investigation on of importance of DFN realisations 
on sub-level cave induced subsidence, 
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• Additional constraint of the brittle fracture FDEM-DFN models against 
microseismic data in cave mining will allow for improving the ability to 
characterize the cave failure mechanism and associated subsidence, 

• Further use of remote sensing monitoring techniques such as LiDAR or InSAR 
in cave mining allows for surveying large areas as opposed to local 
deformation data obtained from GPS or Total Station in the constraint of 
numerical models. 

Considering the recent advancements in the field of remote sensing, the future 

work should exploit the synergy between remote sensing techniques and advanced 

numerical modelling to improve the rock mass characterization.  
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