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Abstract 

Rock block strength is a significant factor controlling the rock mass behaviour 

and the rock-support interactions in fractured rock masses. Especially when the design 

relies on discontinuum analysis, the adopted block properties are a dominant driver 

influencing the results. A series of 2D UDEC grain-based models were performed on 

samples of different sizes and qualities to simulate the results of lab- and block-scale 

experiments. The effect of pre-existing defects was simulated either in a smeared sense 

by adjusting the grain micro-properties or by explicitly modelling micro-Discrete 

Fracture Networks (DFN) that were previously generated within FracMan. 

Relationships that link the rock block strength with its volume and in-situ heterogeneity 

were proposed for the estimation of scaled MohrïCoulomb and HoekïBrown 

parameters. The UCS of blocks was expressed as a function of scale, defect intensity, 

persistence and strength. The quantified scale/condition dependant reduction of block 

strength was then linked with a block-scale Geological Strength Index parameter 

named micro GSI (mGSI). Special focus was also given on the selection of appropriate 

constitutive relationships and discontinuum modelling techniques when simulating 

tunnel-scale problems. For continuum blocks in-between DFNs the traditional Hoekï

Brown approach does not capture realistic behaviours and the modified Damage-

Initiation and Spalling-Limit approach is needed to predict the expected damage near 

the excavation boundaries. When blocks are simulated as a packing of grain elements, 

considerably reduced damage, stress relaxation and deformation is predicted as the 

Voronoi skeleton creates a well-interlocked structure that clamps the pre-existing 

joints. The research highlights that the estimation of representative block properties is 

of equivalent importance with the selection of appropriate modelling approaches.  
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Chapter 1  

1. Introduction  

1.1. Problem Statement 

To ensure the temporary (short-term during construction) and permanent (long-

term during operation) stability state of engineering structures built on or within rock 

masses, it is necessary to: 

1. predict the anticipated rock mass behaviour and associated failure modes; 

2. define appropriate excavation methods (i.e. drill and blast versus 

mechanised excavation) and construction sequence stages (i.e. 

advancement lengths, timing of installations, etc.); and 

3. select suitable rock reinforcement and support measures.   

The prediction of the anticipated rock mass behaviour prior to the specification 

of excavation stages and ground support measures is the most important step towards 

the design of safe and economic underground and surface openings. Lack of capturing 

the behaviour of the rock mass around excavations could influence a series of design 

and performance aspects such as:      

¶ technical: rock reinforcement and support measures, excavation methods, 

construction sequences, excavation geometries and dimensions, etc.;  



2  Chapter 1: Introduction 

 

 

¶ commercial: programme, cost, profitability, bill of quantities, excavation / 

construction / production rates, contractual and risk allocation 

arrangements, construction contingencies, claims, etc.; and       

¶ health and safety: physical and mental health integrity, hazard 

identification and risk management plans, safety during construction and 

operation, safety of property and equipment, accidents, collapses, etc.  

Only when the anticipated rock mass behaviour has been properly characterised 

can become possible to ensure the safe and cost-effective construction of civil and 

mining related engineering projects (Kaiser, 2016). The realistic prediction of the rock 

mass behaviour and failure mechanisms is a two-fold problem which relies on the: 

1. estimation of representative rock mass properties, structural characteristics 

and spatial variability in different scales and orientations; and 

2. selection of appropriate empirical, analytical and numerical techniques.  

It is clear that if a rock mass is poorly characterised during the engineering 

geological interpretation phase and/or if inappropriate tools are adopted for assessing 

the stress-deformation response of the rock mass, meaningful understanding of the 

intrinsic stability and rock-support interactions are lost and hence the predicted rock 

mass behaviour could bear little or no relationship with reality (Bandis et al., 2011).  

Rock mass anisotropy and heterogeneity, scale effects, unforeseen ground 

conditions, limited ground investigation data, sampling bias and disturbance, time-

dependant phenomena and complex coupled thermo-hydro-mechanical-chemical 

processes, all pose great difficulties for estimating representative properties with 

reasonable confidence. Consequently, the estimation of rock, joint, and rock mass 

properties is regarded as a very challenging task that involves high levels of uncertainty 

and as such requires experience and careful appreciation of all the possible interrelated 

factors controlling the potential rock mass responses and failure modes. 
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Rock block strength and deformability are significant factors controlling the rock 

mass behaviour and the response of the rock support and/or rock reinforcement. The 

rock blocks (and/or rock bridges) delineated by persistent or non-persistent 

discontinuities can be influenced by scale effects and the presence of micro- and meso-

scale structural defects (Pierce et al., 2009). Such defects impact significantly the 

mechanical behaviour of blocks and it is therefore critical to account for their 

weakening effects (Jakubec et al., 2012). Understanding the rock block performance 

and their contribution to the overall rock mass behaviour is key for selecting 

appropriate design tools and thus to arrive at the most optimal excavation technique 

and support measures. Especially when the design relies on discontinuum analysis 

where rock blocks are modelled explicitly in between discontinuities, accurate rock 

block properties and appropriate constitutive relations are particularly important for 

capturing realistic rock mass behaviours and rock-support interactions.  

Despite significant advances in rock mechanics research, numerical modelling 

and design, the role of defects is not typically considered as the principal focus is the 

assessment and characterisation of large scale discontinuities. Current methodologies 

to scale and express the unconfined and confined properties of rock blocks according 

to their size and in-situ heterogeneity are either incomplete or not universally accepted.  

This research addresses this gap in knowledge by investigating the strength of 

rock blocks through a series of laboratory simulations at different scales and conditions. 

Grain-Based Models (GBMs) and Discrete Fracture Networks (DFNs) have been used 

within the Universal Distinct Element Code (UDEC) (Itasca, 2014) to assess the 

combined influence of scale and pre-existing defects. A numerical study is finally 

performed to investigate the impact of scaled rock block properties, constitutive 

relationships and discontinuum modelling techniques on the behaviour of underground 

openings excavated in massive to moderately jointed rock masses at depth.    
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1.2. Scale Effects in Rock Mechanics 

In rock engineering, the performance of rock masses is controlled by the 

condition and structural pattern of discontinuities and the mechanical properties of the 

rock blocks between the fracture networks. The mechanical properties that are 

important for design are influenced by the variability/heterogeneity of both the rock 

material and jointing network, the size of the problem under investigation and the 

dimension of the samples being tested (either in-situ or in the lab) (Cunha, 1990). 

Intact rock and discontinuity properties of standard small-scale specimens are 

routinely measured in laboratory environments following well established standards 

and procedures. As a result, a vast amount of published data is available in the literature 

and several expressions have been proposed to describe their constitutive behaviour. 

However, these parameters are not representative for the scale of the problem as the 

laboratory specimens are significantly smaller compared to the rock mass volume 

affected by the engineering structure (Bandis, 1990). There is a recognised problem 

associated with extrapolating the results of small-scale tests to the size of specific 

engineering concern (e.g. slopes, tunnels, foundations, etc.), due to scale effects arising 

from the different levels of micro/meso/macro structures involved with specimen size 

and/or the different degrees of geometrical irregularities with joint length.    

This challenge in assigning parameters for use in rock engineering design and 

numerical modelling is made more difficult by the limited availability of large-scale 

tests and the practical difficulties in attempting to investigate larger rock volumes and 

discontinuities. Large-scale testing poses major difficulties due to apparatus 

constraints, sampling limitations, safety hazards, the absence of suitable standards, the 

uncertainties in interpreting the results and the costly and time-consuming operation of 

these experiments (DuBois, 1981; Christianson et al., 2006).  
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Figure 1.1 illustrates that by increasing the specimen size in a discontinuum rock 

mass, then a progressive denser structural pattern is captured by the different samples 

(i.e. from intact rock to rock mass), leading eventually to different degrees of 

heterogeneity and behaviour when subjected to similar test conditions (Cunha, 1990). 

 

Figure 1.1. Physical-symbolic-statistical representation of scale effects (Cunha, 1990). 
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The property versus size diagram shown in Figure 1.1 presents in a simple way 

the concept of the Representative Elementary Volume (REV) and the influence of scale 

in a given property. The REV is essentially that critical size beyond which the scale 

effects become much less pronounced and the given property becomes independent of 

the specimen size and the density of micro- and/or macro-defects. That volume can 

vary between different rock mass qualities and/or lithologies and different properties 

could require different REV sizes to reach a minimum asymptotic trend (Cunha, 1990).  

The graph in Figure 1.2 shows that for different scales (Figure 1.3), a reference 

REV could be reached until new types of defects are introduced with increasing 

specimen dimensions (Aubertin et al., 2000). The intact rock strength decreases as 

specimen size increases due to grain boundaries inhomogeneities and the presence of 

micro/meso-scale defects. As specimen size approaches that of the unit block, the eect 

of scale practically disappears unless macro-scale joints participate in larger volumes 

where strength reduces further up to that of the rock mass REV.   

 

Figure 1.2. Schematic representation of scale eect on rock properties, where ůN is the 

nominal strength of sample with nominal size dN (Aubertin et al., 2000). 
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Figure 1.3. Schematic representation of samples at different scales (i.e. laboratory, rock 

block, and rock mass). As specimen size increases then new structural features 

participate in the progressive larger volumes, leading eventually to different strength 

reductions and REV sizes. The strength reduces due to intact rock-, rock block- and 

rock mass-scale heterogeneities at different scales (e.g. micro-, meso- and large-scale 

defects such as grain boundaries, veins and discontinuities).  
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The upscaling to rock mass properties has historically been treated using one or 

a combination of the following approaches: 

1. empirical relationships between lab-scale samples and representative sizes 

of blocks or discontinuities such as the HoekïBrown (Hoek and Brown, 

1980a) and the BartonïBandis (Barton and Bandis, 1982) failure criteria; 

2. rock mass classification systems such as the Rock Mass Rating (RMR) 

(Bieniawski, 1976) and Tunneling Quality Index (Q) (Barton et al., 1974); 

3. field observations, monitoring and back-analysis; and 

4. Synthetic Rock Mass (SRM) modelling techniques (Mas Ivars et al., 2011).  

The most well-known failure criterion to estimate the strength of a rock mass as 

a system was developed by Hoek and Brown (1980a; 1980b). The criterion, despite its 

major limitations, criticism and the lack of adequate experimental evidences, has been 

systematically used by the rock engineering community much beyond its initial scope 

and has been revised many times since 1980, most recently by Hoek and Brown (2018). 

In its current form, the criterion incorporates the Geological Strength Index (GSI) 

(Hoek, 1994; Hoek et al., 1995; Hoek and Marinos, 2000; Marinos and Hoek, 2001; 

Marinos and Carter, 2018) to downgrade the strength and deformation properties of the 

intact rock to that of the rock mass. In using the criterion, the rock mass is considered 

to be homogeneous and isotropic in all directions (at least three joints sets) and as a 

consequence it is not applicable to rock masses in which the behaviour is dominated 

by preferential structural weaknesses relative to the prescribed loading conditions or 

when individual rock blocks are more than about 1/10th of the excavation span (Hoek 

and Brown, 1997). Figure 1.4 presents the limits of applicability of the criterion and 

the transition from an intact rock specimen to a jointed rock mass. Apart from the 

geometrical requirements, the HoekïBrown (HB) criterion is also not applicable in 

massive to moderately hard jointed rock masses which are subjected to a state of 

relatively high stress conditions (Kaiser et al., 2011).     
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Figure 1.4. Geometrical limits for the applicability of the HoekïBrown criterion 

together with size effects in rock mass characterization (Hoek and Brown, 2018). 

From design and numerical modelling point of view, the equivalent continuum 

assumption means that the criterion can be applied only in a continuum numerical 

analysis (when applicable) or can only describe the homogeneous intact rock pieces of 

a discontinuum analysis. However, rocks are far much more complex than a continuum 

medium (both macroscopically and microscopically) and the individual rock blocks of 

a discontinuum analysis are rarely equivalent to the size of laboratory specimens. 

Excluding the limited cases where a rock mass can be represented as an equivalent 

continuum medium (c. 20% of cases) due to the high density or absence of fractures 

relative to the size of the excavation, it is obvious that the large-scale strength of rock 

blocks and discontinuities must be treated explicitly in order to evaluate the pragmatic 

strength and deformability of a rock mass as a system, and to capture the realistic and 
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essential nature of failure mechanisms (i.e. block detachment or breakage, slip or 

opening of discontinuities, etc.) and rock support interactions (Barton, 1998; Barla and 

Barla, 2000; Bandis et al., 2011). The explicit consideration of joints and rock blocks 

requires knowledge of their field-scale properties and as such a reasoned approach is 

needed to upscale their parameters from small sample to larger sizes.  

For discontinuities, the work of Barton, Bandis and colleagues in the 1970-90ôs, 

formed the basis to characterise the scale-dependent strength and deformability 

properties of rock joints (Barton, 1976; Bandis et al., 1981; Barton and Bandis, 1982; 

Bandis, 1990). Based on extensive scale-effect experiments and literature review, the 

authors developed the BartonïBandis  (BB) constitutive law (Barton and Bandis, 1982) 

that relates the non-linear shear strength and stiffness of joints to the applied stress 

conditions and also allows for the effects of scale on the strength and roughness of the 

joint walls. This is shown schematically in Figure 1.5 which presents the influence of 

scale on the three fundamental components (i.e. an asperity failure, a geometrical and 

a residual frictional resistance component) of discontinuity shear strength (Bandis et 

al., 1981). From Figure 1.5, as the joint length (or block size) increases, then larger 

shear displacements are required to mobilise the ultimate and peak strengths and a 

reduced asperity strength and dilation are obtained due to size effects. Considering the 

significant scale effects on the shear strength ï shear displacement of joints, then a 

scale effect on the shear stiffness is also expected. This is shown in Figure 1.6 which 

summarises shear stiffness data for different scales from the literature for a wide range 

of discontinuity types and normal stress conditions (Bandis et al., 1983). As can be 

seen, these data suggest both strong size and normal stress dependency. It is important 

to be mentioned that scale effects are more pronounced in unaltered rough (or irregular) 

undulating discontinuities while smooth and planar and/or clay infilled joints tend not 

to be influenced by size effects for their properties.  
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Figure 1.5. Influence of scale on the three components of shear strength of a rough 

discontinuity (Bandis et al., 1981).  

 

Figure 1.6. Experimental evidence for the scale and stress dependence of peak shear 

stiffness (Bandis et al., 1983). 
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For the intact rock, it is well known that the Unconfined Compressive Strength 

(UCS) and elastic modulus decrease with increasing sample size due to an increased 

heterogeneity as a function of scale and the greater probability of randomly or 

preferentially orientated defects to interact with each other and to create through-going 

failure paths into the larger rock volumes (Bieniawski, 1968; Hoek and Brown, 1997). 

Figure 1.7 illustrates a widely used graph for hard rocks that shows the influence of 

specimen size on the strength of the intact rock (Hoek and Brown, 1980b).  

 

Figure 1.7. Influence of sample size on intact rock strength (Hoek and Brown, 1980b). 

The inverse relationship between strength and size is more pronounced in 

materials associated with brittle behaviour and appears to disappear in comparatively 

ductile materials. Also, the size effect decreases or even vanishes in high confining 

pressure conditions as the influence of pre-existing defects is reduced / supressed 

(Habib and Vouille, 1966; Tsur-Lavie and Denekamp, 1982; Aubertin et al., 2000).  
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Although the scale-effect relationship between strength and specimen size has 

been validated through several laboratory and in-situ tests for a wide range of rock 

types (inter alia: Mogi, 1962; Bieniawski, 1968; Pratt et al., 1972; Medhurst and 

Brown, 1998), currently there are only limited approaches to predict the size/quality-

dependent unconfined Rock Block Strength (RBS) based on qualitative descriptions or 

quantitative measurements. Since most of the experiments investigating scaling effects 

were performed under unconfined compression conditions, the existing empirical, 

statistical and theoretical scale-effect relationships (inter alia: Weibull, 1951; Einstein 

et al., 1970; Hoek and Brown, 1980b; Carpinteri, 1994; Yoshinaka et al., 2008), are 

limited to the characterisation of the block UCS by simply fitting the observed strength 

reduction as a function of size. The only noticeable practical exception that explicitly 

account for rock block defects was proposed by Laubscher and Jakubec (2001) via the 

Mining Rock Mass Rating (MRMR) classification system which essentially introduced 

the concept of the RBS (Figure 1.8). The UCS of rock blocks can be estimated with the 

MRMR system following a series of adjustments considering the scale of the sample, 

the frequency of weakening micro/meso defects and their frictional properties.  

  

Figure 1.8. Scale concept used in the MRMR classification system due to the effect of 

weakening defects at different scales (Jakubec, 2013).  
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In confined conditions, it is again recognised that some form of strength 

reduction with specimen size and rock block condition exists. As shown in Figure 1.9, 

the strength of the unit rock block within a rock mass is expected to be in-between the 

strength of the intact rock (due to block-scale heterogeneities) and that of the rock mass 

(due to the absence of rock mass-scale heterogeneities) (Bahrani et al., 2018).   

 

Figure 1.9. Strength degradation from intact rock to rock block due to rock block-scale 

heterogeneities, and from rock block to rock mass due to rock mass-scale 

heterogeneities as a function of confinement (Bahrani et al., 2018). 

The most common tool for estimating the confined strength of defected rock 

blocks is the HB failure criterion by downgrading the GSI and/or the intact rock 

strength. However, in massive to moderately jointed rock masses at high stress 

environments, certain modifications are required in the HB parameters to capture the 

observed failures around excavations (Martin et al. 1999; Diederichs 2007). Another 

option for estimating the confined strength of rock blocks containing defects is the 

Strength Degradation Approach proposed by Bahrani and Kaiser (2017). 

The effects of size and/or block condition are more pronounced at low confining 

stresses (e.g. near excavation boundaries), where strength is highly variable and failure 

processes involve the generation of stress-induced tensile cracks along local material 

heterogeneities and defects such as veins and micro-cracks (Figure 1.10).  
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Figure 1.10. The variability of rock confined strength near excavation boundaries with 

a lowering of strength as the influence of defects increases (Kaiser et al., 2015).  

At high confining pressures (i.e. 

away from the excavation boundaries) 

the scale effect decreases or even 

vanishes due to the closure of pre-

existing defects and their difficulty to 

propagate under the influence of 

elevated stresses, leading eventually 

to mechanical homogeneity (Barton, 

1976; Baecher and Einstein, 1981). 

This was shown experimentally by 

Hoek and Bieniawski (1965) who 

found a strong dependency between 

the length of the stable propagated 

cracks and the applied confinement 

(Figure 1.11). 

Figure 1.11. Relationship between stable 

crack length and ratio of applied stresses 

(Hoek and Bieniawski, 1965).  
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1.3. Anticipated Rock Mass Behaviour 

Hoek et al. (1995) proposed the well-established tunnel instability and modes of 

failure matrix shown in Figure 1.12 to describe the types of rock mass behaviours 

commonly anticipated / encountered around underground openings.  

 

Figure 1.12. Tunnel instability and modes of failure around underground excavations 

(Hoek et al., 1995), modiýed by Martin et al. (1999) and Martin et al. (2001).  
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 From the matrix of Figure 1.12, the different instability mechanisms are 

categorised based on the interrelationship between three factors: 

1. the rock mass quality (i.e. blockiness and discontinuity surface condition), 

expressed as a function of the GSI; 

2. the UCS of the intact rock obtained from triaxial compressive testing 

according to Hoek and Brown (1988);   

3. the pre- or post-excavation stress conditions: 

a. the pre-excavation maximum in-situ stress magnitude at the level of 

the excavation (left-hand column of matrix in Figure 1.12); and/or 

b. the post-excavation maximum tangential stress on the boundary of a 

circular opening (right-hand column of matrix in Figure 1.12); 

Depending on the combination of these factors, rock masses around excavations 

can fail due to three general failure modes (Martin et al., 2003): 

1. structurally controlled gravity-driven failures of blocks in low in-situ stress 

environments or zones of low confinement (e.g. tunnel junctions);  

2. stress-induced brittle spalling and slabbing through intact material in highly 

stressed rock masses (typical in massive to moderate jointed rock masses);  

3. a combined stress-induced intact rock fracturing and structurally driven 

block movement along discontinuities at intermediate stress conditions.   

Each of these potential behaviours requires specific design tools, construction 

methods and support systems. Therefore, lack of understanding the anticipated rock 

mass behaviour could lead to inappropriate decisions and ineffective designs. From 

constructability point of view, when moving to the right of the matrix due to decreasing 

rock mass quality and then downwards due to increasing stress conditions, several 

problems are anticipated in the form of reduced stand-up times, slower excavation 

rates, face instability issues, increased convergence and thicker disturbance zones.  
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Although the structurally controlled failures are typically associated with shallow 

depths (i.e. low stress levels) and the stress-driven mechanisms are commonly observed 

at great depths, (i.e. high stress levels), in practise it has been proven that these failure 

modes can occur essentially at any depth (Martin et al., 2001). For example, in large 

caverns or in tunnel junctions at great depths, wedge-type failures could dominate the 

failure processes due to loss of confinement and the presence of unfavourably 

orientated joint sets. In contrast, the failure of rock masses at shallow depths which are 

subjected to relatively high locked-in tectonic stresses (e.g. Hawkesbury Sandstone in 

Sydney), could be driven by stress-induced fracturing rather than gravity driven blocks. 

Another factor that drives the mobilisation of different failure modes within the same 

stress and rock mass conditions is the shape and sequencing of the excavations as 

different excavation geometries will promote different stress paths. In the case of the 

combined stress-structure failure mode, brittle failure through extensional fracturing 

needs to occur first within the interlocked rock blocks or the massive rock mass in order 

to disrupt the continuity of the medium and as such as to create enough kinematic 

freedom for blocks to rotate and/or slip (Martin et al., 2001). A matrix of photographic 

representations for the various tunnel instability modes is given in Figure 1.13.          

In general, as the stress levels increase (either due to depth or subsequent 

construction stages), the pre-existing discontinuities become locked and the failure 

modes become more brittle. At moderate stress magnitudes, only localised stress 

damage is expected near the excavation boundary but in highly stressed rock masses 

the stress-induced fracturing involves thick disturbance zones around the whole 

excavation (Figure 1.12).  

This thesis focuses on the yellow highlighted behaviours of Figure 1.12 and more 

specifically to moderately hard jointed and blocky rock masses at moderate to high 

stress levels. In these conditions, stress-induced fracturing within the rock blocks is 

anticipated, combined with structural failures depending on the level of confinement.     
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Figure 1.13. Matrix of photographic representations for the various tunnel instability 

failure modes from relevant literature (Hoek et al., 1995; Kaiser et al., 2000; Hoek, 

2001; Hoek et al., 2008; Hoek and Brown, 2018). 
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As an attempt to assess the potential for stress-induced brittle failure, Martin et 

al. (1999) proposed the Damage Index (Ὀ) shown at the right axis in Figure 1.12, which 

is the ratio of the maximum tangential stress („ σ „  „  on the boundary of 

a circular opening to the laboratory UCS. Compared to only considering the pre-

excavation stress magnitudes, the „  is a better indicator for quantifying the impact 

of stresses on the anticipated stress-driven instabilities, as considers both the minor and 

major principal stresses and hence accounts for the stress anisotropy (Kaiser, 2016).  

However, considering that the strength of rock blocks is strongly influenced by 

scaling effects, the intensity of structural micro/meso-defects and the degree of 

weathering, Kaiser (2016) emphasized that it is essential to establish the rock block 

strength when using the behavioural matrix of Figure 1.12. Figure 1.14 presents an 

updated version of Figure 1.12 where the anticipated failure modes are expressed as a 

function of the block strength and the maximum tangential stresses around the 

excavation. Given that the rock block strength is one of the predominant factors 

controlling the behaviour of massive and moderately jointed rock masses (Kaiser et al., 

2015), the extent of the disturbed zone around an excavation (Shen and Barton, 1997) 

and the response of the structural elements used as support (Stavrou et al., 2015), it is 

clear that it needs to be characterised and estimated as accurately as possible.  

Also shown in Figure 1.14, are the limits of the GSI approach applicability. In 

the cases where tensile fracturing is expected within the rock blocks then the block 

strength dominates the behaviour (GSI not applicable), while when shear-dominated 

behaviour occurs then failure modes are driven by block sliding and rotation (GSI 

applicable) (Kaiser, 2016). When the conventional HB criterion is not applicable, the 

traditional HB parameters need modifications. Once the rock block strength under 

unconfined conditions has been defined, then the failure envelope in the principal stress 

space can be established following the Damage Initiation and Spalling Limit (DISL) 

approach proposed by Diederichs (2007) or the procedure described by Kaiser (2016).   
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Figure 1.14. Limits of applicability of GSI approach for rock mass strength 

characterisation in relation to the rock block strength (Kaiser, 2016).  

The failure envelopes in these modified versions follow an S- or tri-linear shape 

to account for the anticipated stress-induced fracturing near the excavation boundaries 

(Kaiser et al., 2000; Diederichs, 2007). The fundamental difference between the 

conventional HB (and the equivalent MohrïCoulomb) strength envelopes and the 

modified brittle models, is that the latter is not mobilising simultaneously the cohesive 

and frictional components of strength at low confinements, but allows for significant 

cohesion loss before activating the frictional strength (Martin, 1997; Carter et al. 2008).  



22  Chapter 1: Introduction 

 

 

At low confinements, the S-linear envelope strength drops to a lower bound field 

threshold called the Crack Initiation (CI) (typically approximately 35-55% of UCS), 

while at higher conýning stresses the envelope makes a transition up to the envelope 

deýned by the Crack Damage threshold (CD) (typically approximately 70-90% of 

UCS). The concept of the S- or tri-linear failure envelopes is shown in Figure 1.15 

together with the three anticipated rock mass responses (i.e. no damage, spalling failure 

and tensile-ravelling failure) commonly observed in massive to moderately jointed 

rock masses (Diederichs, 2003). This model is typically applicable to hard brittle rocks 

as other rock types such as weak and soft mudstones or siltstones will fail in shear or 

will exhibit a combined (transitional) behaviour (Perras et al., 2013).  

  

Figure 1.15. Schematic of DISL model for spalling rocks, showing four zones of 

distinct rock mass failure mechanisms: no damage, shear failure, spalling, and 

unravelling. ůc is the UCS of laboratory samples (Diederichs, 2003). Other rock types 

yield in shear or show a combined (transitional) behaviour (Perras et al., 2013). 
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1.4. Numerical Approach 

The numerical approaches typically adopted to simulate the behaviour of rock 

masses around underground excavations can generally be divided into three categories: 

i) continuum modelling; ii) discontinuum or discrete modelling; and iii) hybrid 

continuum/discrete modelling (Coggan et al., 2012). Coggan et al. (2012) provide a 

summary for the capabilities, advantages and limitations for each of these methods.  

In the continuum approach, the rock mass is represented as an equivalent 

continuum medium in which isotropic or anisotropic constitutive models are assigned 

based on the REV concept. In the discontinuum approach, geological structure is 

modelled explicitly, and the rock mass is represented as an assembly of deformable 

rock blocks which are separated by discontinuities. The hybrid continuum/discrete 

approach combines the continuum and discontinuum methods and allows fracturing 

through intact rock material following fracture mechanics criteria.   

The choice between continuum and discontinuum modelling depends on the 

anticipated failure mechanisms and the condition and geometry of the fracture network 

in relation to the size of the problem (i.e. tunnel or cavern span, shaft diameter, slope 

height) under investigation (Figure 1.16). Deere and Miller (1966) suggested that when 

the discontinuity spacing compared to the tunnel diameter has a ratio approximately 

between 1/5 and 1/100, then a rock mass can be treated as a discontinuum material. In 

cases of ratios outside these limits, then a rock mass can be classiýed as being a 

continuous medium, though it could behave in an anisotropic manner. Barton (1998) 

provided the schematic diagram shown in Figure 1.17 in which the selection of 

appropriate numerical method is based on a range of suggested Q-values (i.e. rock mass 

quality). According to Figure 1.17, for Q-values between 0.1 and 100 the discontinuum 

modelling will be more appropriate than the continuum modelling method.  
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Figure 1.16. The difference between discontinuous and continuous materials in a tunnel 

of similar size (revised by Palmstrom (1995) from Barton (1990). 

 

Figure 1.17. Schematic diagram suggesting the range of application of discontinuum 

modelling (UDEC and 3DEC) in relation to the Q-value (Barton, 1998).  
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By incorporating the scale of the excavation in relation to the degree of jointing 

and the most widely used rock mass classification systems (i.e. Q, RMR, GSI), Bandis 

et al. (2011) defined a broad range of rock mass types and specific rock mass conditions 

at which each numerical method is applicable (Figure 1.18). According to this work, 

the discontinuum and equivalent-continuum approaches are applicable to more than 

80% and less than 20% of rock masses respectively. 

 

Figure 1.18. Broad distinction of rock mass types in relation to classification and 

method of analysis (Bandis et al., 2011).  
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To distinguish between continuous and discontinuous rock masses, Palmstrom 

(1995) proposed a Continuity Factor (CF) which considers that the problem depends 

on the relative block size (i.e. tunnel diameter or span / block size). According to this 

concept, underground excavations of different sizes will behave differently when 

excavated in the same jointed rock mass (Figure 1.19). For a CF between 3 and 30 (i.e. 

discontinuous-blocky), the analysis should consider the explicit simulation of discrete 

blocks, while if CF is less than 6 (i.e. continuous-intact) or greater than 15 (i.e. 

continuous-bulky) then the overall behaviour should be described as a continuous 

material. The complex continuous-discontinuous overlapping ñgreyò zones of the CF 

imply that good engineering judgment is required in selecting appropriate methods of 

numerical analysis (Stille and Palmström, 2008).  

 

Figure 1.19. Three different underground excavations located in the same jointed rock 

mass. The CF vary signiýcantly with the tunnel size (Stille and Palmström, 2008). 
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Shin (2010) considered the nature and extent of the Excavation Disturbance 

Zones (EDZ) in hard rocks to define suitable techniques for modelling. Depending on 

the anticipated EDZ characteristics, their behaviour is classified as follows:  

¶ Class-I in massive rock under low in-situ stresses (ů1 ḗ ů3); 

¶ Class-II in fractured rock under low to medium in-situ stresses (ů1 > ů3);  

¶ Class-III in massive rock under relatively high stresses (ů1 >> ů3). 

Class-I EDZ is typically analysed using continuum models while Class-II and Class-

III EDZs require to capture the block/wedge movement/rotation along pre-existing 

discontinuities (block model) and/or the extensional damage leading to the generation 

and development of micro and macro-scale fractures (damage model). Figure 1.20 

illustrates the three EDZ zones, together with the different geological conditions and 

expected rock mass processes and responses (e.g. elastic versus non elastic 

deformation, deformation of pre-existing or newly generated cracks, etc.) (Shin, 2010).    

In general, it is well accepted across the rock engineering community that the 

discontinuum approach provides the most appropriate modelling technique for 

simulating the anisotropic and discontinuous nature of most rock mass conditions. In 

the early years of discontinuum analysis it was not feasible to incorporate all the as-

logged/mapped joint data and for computational reasons the modellers were selecting 

only a limited amount of ñcriticalò joints, typically those which were characterised as 

more prominent or more systematic. To allow for the weakening effect of the joints not 

included explicitly in the analysis, equivalent and reduced strength and stiffness 

parameters were assigned to the solid material (i.e. the ñeffectiveò block size) separated 

by the ñcriticalò joints.  Through significant advances in the numerical capabilities and 

computational power, it has become possible to explicitly represent the ñnaturalò 

distribution of blocks sizes and/or to use GBMs to capture the fragmentation of rock 

blocks at the mineral and/or micro-defect level (Fairhurst, 2017).  
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Figure 1.20. Definitions of the EDZ with the same shape and dimension in hard rock 

under different geological conditions (Shin, 2010).  
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Of particular importance in the field of discontinuum modelling is the  

development of the SRM modelling technique (Pierce et al., 2007). In a SRM model, 

pre-existing joints in the form of DFNs are embedded into a pseudo-continuum intact 

rock matrix as shown in Figure 1.21. The intact rock material is represented as an 

assembly of polygonal or spherical elements which are bonded together at their 

contacts. Depending on the imposed loads the bonds can break, thus allowing to 

simulate dynamically the fundamentals processes of intact rock fracturing and rock 

mass disintegration (i.e. crack initiation, propagation, interaction and coalescence) 

(Mas Ivars et al., 2011).  

 

Figure 1.21.  (a) 3D DFN, (b) the corresponding three-dimensional synthetic rock mass 

sample, and (c) synthetic rock mass basic components (Mas Ivars et al., 2011).  
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1.5. Thesis Structure 

The focus of this research was initially to quantify the unconfined and confined 

strengths of homogenous and heterogenous rock blocks, and subsequently to assess the 

impact of scaled rock block properties and modelling techniques on the behaviour of 

underground excavations. This thesis consists of five chapters, as outlined below.  

Chapter 2 presents a numerical study that was performed to develop a 

framework for estimating the conýned strength of rock blocks considering scale e ects 

and in-situ heterogeneity. Grain boundary models within UDEC were used to simulate 

a series of progressively larger in size and degrading in quality numerical specimens 

under unconfined and confined conditions. Accordingly, relationships that link the rock 

block strength with its volume and in-situ condition were developed for the preliminary 

estimation of scaled MohrïCoulomb and HoekïBrown parameters. 

Chapter 3 presents a numerical study that was performed to develop a practical 

tool for quantifying the unconfined strength of defected rock blocks. Various DFNs 

previously generated with FracMan were integrated into UDEC GBMs to assess the 

strength of defected rock blocks. Several UCS tests were simulated on samples of 

varying sizes and defect geometries/strengths and refined approaches were proposed 

for estimating the unconfined strength of rock blocks as a function of specimen size, 

defect intensity, persistence and strength.  

Chapter 4 presents a tunnel-scale numerical study that was performed to 

investigate the impact of block properties, constitutive relationships and modelling 

techniques on the behaviour of deep openings in moderately jointed rock masses.  

Chapter 5 presents a discussion of the publications included in Chapters 2, 3 and 

4 and describes the original contribution to knowledge in the field of engineering rock 

mechanics. This Chapter also identifies directions for future studies. 
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Abstract 

A numerical study was performed to develop a framework for estimating the 

conýned strength of rock blocks considering scale e ects and in-situ heterogeneity (i.e. 

intensity of structural microdefects and degree of weathering). Grain boundary models 

using the Voronoi tessellation scheme within UDEC have been used to simulate the 

results of small (lab) and large (ýeld) scale compression (unconýned and triaxial) and 

indirect tensile (Brazilian) tests on a series of progressively larger in size and degrading 

in quality numerical specimens. Accordingly, relationships that link rock block 

strength with its volume and in-situ condition were developed for the preliminary 

estimation of scaled MohrïCoulomb and HoekïBrown parameters. The results from 

the scaling analysis generally suggest that cohesion decreases with both increasing 

scale and degrading sample condition in a manner similar to the scale/condition 

dependant reduction of uniaxial compressive strength (UCS), while the friction angle 

shows only minor variation with no apparent trend. The measured peak conýned 

strength values were also ýtted to the Generalized HoekïBrown criterion and a new 

block-scale Geological Strength Index parameter is introduced named micro GSI 

(mGSI) which was also linked to the scale/condition dependant re-duction of UCS. By 

using the proposed linear and non-linear approaches, once the UCS reduction due to 

scaling e ects is known, the conýned strength of rock blocks could be then deýned and 

can be used to carry out preliminary rock engineering calculations and to run 

discontinuum numerical models in which rock blocks are simulated explicitly. 

Keywords: rock block, scale effect, heterogeneity, confined strength, UDEC Voronoi 
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2.1. Introduction  

In rock engineering the performance of a jointed rock mass and the interactions 

with rock reinforcement elements are controlled by the strength and structural pattern 

of discontinuities and the strength of rock blocks between the fracture networks. There 

is a recognised problem associated with upscaling the results of small-scale tests on 

both rock joints and rock blocks. This challenge in assigning parameters for use in rock 

engineering design and numerical modelling is made more difficult by the limited 

availability of large-scale tests and the practical difficulties in attempting to investigate 

the confined strength of larger rock block volumes. Therefore, this has historically been 

treated by using empirical relationships between lab scale samples and representative 

sizes of blocks or discontinuities, field observations and more recently by sophisticated 

synthetic rock mass modelling techniques (Mas Ivars et al., 2011). 

If we exclude the cases where a rock mass can be represented as an equivalent 

continuum medium (c. 20% of cases) due to the high density or absence of fractures 

relative to the size of the excavation, it is clear that rock blocks and joints must be 

treated explicitly and a reasoned attempt to upscale their strength from small sample to 

field scale is required (Bandis et al., 2011). 

While there are upscaling relationships for rock joints (e.g. Barton and Bandis, 

1982), the options available to scale the strength of rock blocks are more limited (see 

Bahrani and Kaiser, 2016). Generic relationships that correlate the confined strength 

of rock blocks according to their size and in-situ condition are not comprehensively 

available in the technical literature, due to challenges associated with performing large-

scale triaxial compression tests on large scale rock block volumes. For that reason, a 

series of small and large-scale micromechanical numerical simulations of standard tests 

(i.e. uniaxial/triaxial compression and indirect tensile strength) have been conducted 
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within UDEC to establish a methodology for estimating the confined strength of rock 

blocks based on their volume and in-situ condition (i.e. degree of heterogeneity and 

alteration). Accordingly, relationships that link rock block strength with its volume and 

in-situ condition were developed for the preliminary estimation of scaled Mohrï

Coulomb and HoekïBrown parameters for use in discontinuum numerical modelling 

and rock engineering design calculations.  

Given that the block scaling effects and the variable strength of defected and non-

defected rock blocks is one of the predominant factors controlling rock mass behaviour 

(Kaiser et al., 2015), the extent of the disturbed zone around an excavation (Shen and 

Barton, 1997) and the response of the structural elements used as support (Stavrou et 

al., 2015),  the overall aim of this paper is to contribute towards a more precise 

prediction of rock mass strength. 

2.2. Rock block scaling effects 

It has been proven experimentally that the uniaxial compressive strength (UCS) 

of intact rock decreases with increasing sample size (Cunha, 1990). This has been 

attributed to the increased heterogeneity in rock as a function of volume and the greater 

probability of microdefects to allow unstable crack propagation (Hoek and Brown, 

1997). This argument coincides with the statistical theory of Weibull (Weibull, 1951) 

which ascribes failure to the increased population of randomly distributed structural 

flaws. In contrast, some other researchers (Einstein et al., 1970) have linked the 

complex size-dependent strength reduction to the combined effect of increased volume 

and the elevated strain energy that is stored in larger samples. Finally, Carpinteri (1994) 

proposed that strength size effects are related to the geometrical multifractality of the 

fracture surfaces. Regardless of which model is accepted, the fact that larger rock 

blocks have observably smaller strengths than a smaller block in the same material has 
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been established, although some exceptions have also been reported (Darlington et al., 

2011). The inverse relationship between strength and size is more pronounced in 

materials associated with brittle behaviour and appears to disappear in comparatively 

ductile materials. Equally in higher confining pressure tests the block size effect 

decrease or even vanish (Tsur-Lavie and Denekamp, 1982; Aubertin et al., 2000). This 

is likely to be an effect of closure of defects that control strength at low confining 

pressures. 

The scale-effect relationship between strength and specimen size has been 

validated through laboratory and in-situ tests for a wide range of lithological formations 

and several empirical and theoretical expressions have been proposed in the past in 

order to quantify this relationship (inter alia: Mogi, 1962; Bieniawski, 1968a; Pratt et 

al., 1972; Medhurst and Brown, 1998). 

The majority of experiments investigating scaling effects were performed under 

unconfined compression conditions, therefore existing scale-effect relationships are 

limited to the prediction of the UCS. The most widely utilised size-effect relationship 

was proposed by Hoek and Brown (1980b), who compiled and analysed published 

laboratory test data and suggested a power law function as follows: 

„  „Ȣ  
Ὠ

υπ

Ȣ

 2.1 

where „Ȣ  is the UCS of a 50 mm diameter cylindrical sample and „  is the UCS of 

a specimen with a diameter Ὠ between 10 and 200 mm. 

The dataset used by Hoek and Brown (1980b) illustrates that the rock strength 

reduction due to scale effects is limited by an asymptotic constant value of 

approximately 0.8. However, these data represent homogeneous samples and in this 

respect, Equation 2.1 is likely to over-predict the strength of samples which contain 
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microdefects or influenced by weathering (Pierce et al., 2009; Martin et al., 2011). In 

addition, Equation 2.1 is applicable only for samples with diameter less than 200 mm 

and is only representative of medium to very strong rocks (UCS between 25-250 MPa). 

In the absence of an universal strength-size law that has the ability to incorporate 

the variability of the in-situ block conditions (e.g. lithology, intensity of structural 

microdefects and degree of weathering) over a wide range of unjointed specimen sizes 

and shapes, Yoshinaka et al. (2008) derived an expression that utilises an equivalent 

length, Ὠ ὠȾ , and an exponent, Ὧ σȾά, as follows: 

„

„Ȣ
 
Ὠ

Ὠ
 2.2 

where ά is a material constant and Ὠ  = 62.6 mm is the equivalent length of a 

specimen with a diameter of 50 mm and a ratio length to diameter equal to 2.5. 

This expression follows the general form of the Hoek and Brownôs equation but 

is using a variable exponent Ὧ and an equivalent length in order to capture the strength-

scale effects for a wide range of lithologies, conditions and specimen geometries. Based 

on data from both laboratory and in-situ experiments, it was suggested that the 

exponent Ὧ varies substantially with rock type, strength and material micro-structural 

heterogeneity and lies between 0.1-0.3 for homogeneous strong rocks with UCS 

between 25-250 MPa; between 0.3-0.9 for highly weathered and/or severely 

microflawed rocks and between 0.0-0.5 for weak rocks with a UCS between 0.5-25 

MPa (Figure 2.1). 

From the graph shown in Figure 2.1, an equivalent length ( 200-250 mm) can 

be reached beyond which the scale effects become much less pronounced and the 

strength becomes independent of the specimen size and the density of defects. That 

critical size, is commonly referred as Representative Elementary Volume (REV) and 
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is the minimum volume needed to evaluate the scale effects on intact rock strength 

(Cunha, 1990). The strength of a material with dimensions equal to the REV can have 

a minimum asymptotic value as low as about 20% of the strength measured at standard 

small-scale laboratory specimens. 

 

 Figure 2.1. Scale effect relations for intact rock UCS proposed by Yoshinaka et al. 

(2008) for sample dimensions 50 x 125 mm. The relation of Hoek and Brown (1980b) 

is also shown for comparison; after Pierce et al. (2009). 

2.3. Numerical modelling approach  

2.3.1. UDEC micro-mechanical damage model 

In order to develop a relationship between block size, rock in-situ conditions and 

strength, a numerical scaling approach was followed by using the Universal Distinct 

Element Code (UDEC) version 6.0 available from Itasca Consulting Group, Inc. 
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Typically, a rock block in UDEC is represented as a continuous deformable 

medium that indirectly mimics damage according to a chosen constitutive law. 

However, by using the Voronoi Tessellation Generator, a rock block can be represented 

as a packing of randomly-sized rigid or deformable polygonal sub-blocks which are 

bonded together at their contacts (Lin et al., 2007; Gao and Stead, 2014). The UDEC 

Voronoi model is often referred as UDEC Damage Model (DM) or Grain based Model 

(GBM) and represents a valuable numerical tool to build the micro-structure of rock 

and thus to investigate the fundamentals mechanisms of progressive damage (Shin et 

al., 2007; Lorig et al., 2009). Based on this capability, the UDEC-DM is classified as a 

direct modelling technique in which the randomly-sized cemented polygons are linked 

to the grain-interface or grain cementation properties of crystalline and sedimentary 

rocks (Potyondy and Cundall, 2004; Kazerani and Zhao, 2010). The major advantage 

of the GBM direct logic against the indirect continuum modelling approach is the 

explicit generation and propagation of both micro-fractures and macro-fractures and 

that relatively simple constitutive behaviour can closely resemble naturally occurring 

failure processes by avoiding the application of complex constitutive laws (Lan et al., 

2010). 

2.3.2. UDEC-DM mechanical behaviour 

In a UDEC-DM the rock material is treated as an assembly of glued structural 

units interacting at their boundaries (Kazerani and Zhao, 2010). These polygons can be 

assumed to represent mineral grains while their boundaries can be considered as flaws. 

Pre-existing cracks can also be incorporated either by the assignment of specific 

properties across the Voronoi grains or by the generation of micro-joints within the 

Voronoi skeleton (Lu et al., 2013; Gao and Stead, 2014). Because it is known that the 

size and size distribution of grains and flaws influence strength (Fredrich et al., 1990), 

it is critical that the model resolution is sufficient enough to replicate the material 
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behaviour and the anticipated failure mechanisms (Potyondy and Cundall, 2004; 

Christianson et al., 2006; Lin et al., 2007). The mechanical behaviour of a UDEC 

Voronoi model is therefore governed by the grain-cement micro-properties and the 

packing arrangement of the grains. The Voronoi micro-mechanical properties (see 

Table 2.1) refer to the deformability properties of the Voronoi sub-blocks together with 

the strength and stiffness parameters of the contacts that separate them. 

Table 2.1. UDEC Voronoi micro-properties 

Youngôs Modulus  Ὁ  
Voronoi block elastic properties 

Poissonôs Ratio  ὺ  

Normal Stiffness  Ὧ 
Voronoi contact elastic properties 

Shear Stiffness  Ὧ 

Cohesion*  ὧ  

Voronoi contact strength properties Friction Angle*  •  

Tensile Strength*  ὸ 

*both peak and residual properties 

The Voronoi sub-blocks are assumed to represent an equivalent elastic 

continuum which is sub-divided with triangular shaped finite difference zones. As a 

result, plastic deformation and slip or separations (i.e. damage) are confined only along 

the boundaries between the micro-blocks, which represent the location of potential 

failure paths (i.e. fractures). The Voronoi contact behaviour will obey a linearly elastic-

perfectly plastic model. The deformability of the contacts in the normal and shear 

directions is represented by normal (Ὧ) and shear (Ὧ) stiffnesses respectively. The 

shear strength of the Voronoi joints follows the MC plasticity criterion, by a 

combination of contact cohesion (ὧ ) and friction angle (• ), and the tensile yield is 

evaluated based on a limiting tensile strength (ὸ ). Once a force exceeds either in shear 

or in tension the strength of a contact, a displacement-softening procedure is followed 

and the shear/tensile strengths decrease to a residual value (Kazerani et al., 2011). 

Figure 2.2 illustrates the UDEC Voronoi assembly micro-properties and constitutive 

contact behaviour. 
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Figure 2.2. Structure, micro-mechanical properties and constitutive behaviour of 

UDEC-DM model. 

When a perturbation is induced by the application of a load, a series of 

mechanical interactions occur between the Voronoi sub-blocks which lead in the 

development and transmission of contact forces, the generation of complex 

heterogeneous stresses and eventually the motion and disturbance of the system. If the 

induced contact forces acting on and along between grain boundaries exceed their 

tensile or shear strength, the bond between the grains break and a compression-induced 

tensile or sliding crack is initiated (Lin et al., 2007). Redistribution of forces may then 

trigger stress localisations and adjacent joint breakage which, in turn, can induce 

microcrack propagation, interaction and the eventual generation of macroscopic failure 

bands (Potyondy and Cundall, 2004). In this way, the GBM model allows the realistic 

fracturing of the intact rock by following the widely accepted gradual failure processes 

and replicates realistically the fundamental role of micro-scale tensile or extensional 

damage in the development of macro-fractures (Lan et al., 2010). 
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2.4. Rock block scaling methodology  

2.4.1. General approach 

Several numerical investigations have been conducted to study the influence of 

scaling effects on defected and non-defected rock blocks (Christianson et al., 2006; 

Pierce et al., 2009; Lan et al., 2010; Zhang et al., 2011; Martin et al., 2011; Mas Ivars 

et al., 2011; Vallejos et al., 2013; Gao et al., 2014; Gao and Kang, 2016; Bahrani and 

Kaiser, 2016). A series of progressively larger micro-mechanical models were 

generated in UDEC and then, a series of simulated uniaxial, triaxial and indirect tensile 

(Brazilian) compression tests were conducted to replicate the results of small (lab) and 

large (field) scale testing and subsequently to determine the relationship between size, 

quality and strength mechanical properties (both equivalent MC and HB). 

The strength scaling analysis followed three steps: 

Step 1: Estimation of typical laboratory scale macro-mechanical properties to be 

used as target values for the calibration of laboratory scale UDEC-DMs. 

Step 2: Generation of standard laboratory size samples and simulation of standard 

laboratory scale tests. At this stage, the micro-mechanical properties of the GBM were 

calibrated via parametric analysis against the target macro-properties determined in the 

previous step.  

Step 3: Large size UDEC-DMs were created for the simulation of large-scale 

testing. The micro-properties of the large GBM were initially calibrated to match a set 

of target uniaxial and tensile strength properties that were obtained by scaling down 

the strength properties of the intact rock samples considering the relation proposed by 

Yoshinaka et al. (2008). Then, a series of large triaxial tests were performed to calculate 

the scaled MC and HB failure parameters. 
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2.4.2. Intact rock macro-mechanical properties 

Two unconfined compressive strength values; 25 and 200 MPa, were selected to 

characterise the strength of two laboratory scale samples. These two end members 

cover the range of rock materials found by Yoshinaka et al. (2008) and others to be 

severely influenced by strong strength-scaling effects. Their macro-strength failure 

envelopes were determined by fitting the HB failure surface over a limited range of 

confining pressures (i.e. 0 Ò „ Ò UCS/10). The generalised HB failure criterion (Hoek 

et al., 2002) is described by: 

 „ „   „ ά 
„

„
ί  2.3 

where „ and „ are the major and minor effective principal stresses at failure, „ is 

the UCS of the intact rock and ά and ί are material constants, where ί = 1 and ὥ = 

0.5 for intact rock. The failure envelopes were constructed by using the „ values of 

25 and 200 MPa and by assuming a HB constant ά  equal to 10 and 30 respectively. 

Equivalent MC angles of friction (•) and cohesive strengths (ὧ) were estimated 

by fitting a mean straight line to the non-linear curve defined by Equation 2.3. A secant 

envelope was defined by the peak strength „ and for confinements in the range  ὖ (0 

MPa) to  ὖ („ = UCS/10) via: 

ὔ  
„  ὖ „  ὖ

 ὖ  ὖ
 2.4 

while the friction angle (•) and cohesion (ὧ) were obtained using (Potyondy and 

Cundall, 2004): 
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The tensile strength „ was determined by using a relationship between the tension 

cutoff (defined by the ratio „ /ȿ„ȿ) and the HB parameter ά  as follows (Hoek and 

Martin, 2014): 

„

ȿ„ȿ
 ψȢφςπȢχά  2.7 

Finally, a Poissonôs ratio, ὺ, equal to 0.25 was assumed for both samples and the 

associated intact rock Youngôs modulus values, Ὁ, were derived based on the 

following empirical relationship (Hoek and Diederichs, 2006):  

Ὁ ὓὙ „  2.8 

where ὓὙ is the modulus ratio, assumed to be equal to 400. 

Table 2.2 lists the intact rock macro-mechanical properties of both samples No.1 

and No.2 (hereafter referred to as "weak" and "strong" samples) respectively. Although 

strength scale effects for samples with UCS less than 25 MPa have been generally 

found to be insignificant, the behaviour of the chosen samples can be extrapolated to 

lower strength categories only in the case were significant evidence of scale effects 

have been found for the rocks under consideration. 
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Table 2.2. Lab scale Intact Rock Macro-properties. 

Property Unit 
Sample 

No.1 "weak" No.2 "strong" 

UCS „  MPa 25 200 

Modulus Ratio ὓὙ - 400 400 

Youngôs Modulus Ὁ GPa 10 80 

Poissonôs ratio ὺ - 0.25 0.25 

HB Constants 

ά  - 10 30 

ί - 1 1 

ὥ - 0.5 0.5 

Secant Slope ὔ  - 5.1 11.0 

Cohesion ὧ MPa 5.5 30.2 

Friction Angle • o 42.4 56.4 

Tensile Strength „ MPa 1.6 6.8 

2.5. UDEC-DM intact rock calibration  

2.5.1. Micro -mechanical model description 

A rectangular 50 x 125 mm and a circular 50 mm in diameter samples (Figure 

2.3) were generated in UDEC to simulate laboratory scale compression (uniaxial and 

triaxial) and tension (Brazilian) experiments. The grain edge length and size 

distribution were chosen to ensure that the Voronoi block mosaic does not control the 

formation and accumulation of macro-fractures (Gao and Stead, 2014). The samples 

were discretised into a large number of random polygons with an average edge length 

equal to 3 mm to avoid geometry and grain size testing constraints (Brown, 1981). The 

Voronoi tessellation was developed with a relatively non-uniform grain size 

distribution to mimic the internal micro-structural heterogeneity that is typically 

observed in real rocks (Lan et al., 2010). 
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All model simulations include two steel platens at the top and bottom of the 

samples. A constant velocity was applied in the y-direction at the upper platen while 

the lower platen was fixed in both the x- and y-directions. An axial loading velocity of 

0.01 ms-1 (i.e. loading rate) was applied to the top platen in both the compression and 

tension tests. The loading rate was selected to ensure that the samples remain in a quasi-

static state (Kazerani and Zhao, 2010). In the case of the triaxial tests, stresses were 

applied isotropically to the lateral boundaries and static equilibrium was reached prior 

to axial loading. 

For all the simulated compression tests, the axial stress was continuously 

recorded by the sum of the reaction forces along the contact between the sample and 

the top loading platen. The axial and lateral strains were monitored at several locations 

across the middle one-third of the specimens (Figure 2.3) and then built-in FISH 

functions were used to calculate average strain values. 

For the tension tests, the axial stress was defined by considering sum of the 

reaction forces that generated along an artificial joint in the middle of the upper platen. 

The peak axial stress was measured indirectly via:  

„ 
ὖ

“ Ὑ ὸ
  2.9 

where Pmax is the maximum force recorded on the platen, R and t symbolise the radius 

and thickness of the disk specimen, where t=1 for a 2D analysis. 

In all models, when a force violates the strength of a contact segment (either in 

shear or tension), an internal plasticity flag is set to declare the irreversible plastic state 

of the contact, the cohesive and tensile strengths are eliminated to zero (instantaneous 

softening) and the friction angle is softened to a residual value. 
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Figure 2.3. Layout, boundary conditions and monitoring locations (i.e. UDEC history 

points) of the compression and indirect tensile strength tests. 

2.5.2. Calibration procedure 

The micro-parameters controlling the elasticity (i.e. Ὁ , ὺ , Ὧ and Ὧ) and 

strength (i.e. ὧ , •  and ὸ ) behaviour of the micro-block assembly were estimated 

following a multi-stage parametric analysis in which the model response was calibrated 

against the deformability (i.e. Ὁ ,ὺ) and strength (i.e. ὧ, • and „) macro-mechanical 
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properties shown in Table 2.2. The trial-and-error calibration process followed the 

procedures outlined by Christianson et al. (2006), Kazerani and Zhao (2010) and by 

Gao and Stead (2014). In summary, the following steps were followed: 

Calibration - Step 1: The macro-mechanical Youngôs Modulus (Ὁ) and Poissonôs 

ratio (ὺ) were calibrated by running a series of unconfined compression test 

simulations. The Young's Modulus and Poissonôs ratio of the grains were initially 

defined to be equal to the macro-properties of the intact rock (i.e. Ὁ  Ὁ  and ὺ

 ὺ ). The macro-Poissonôs ratio (ὺ) was then calibrated by varying the contact 

stiffness ratio ὯȾὯ. Once the contact stiffness ratio was set, both the normal stiffness 

(Ὧ) and block deformability (Ὁ ) were altered to fit the macro-Young's Modulus (Ὁ). 

In this process, the normal stiffness (Ὧ) of the contacts was set to a factor times the 

deformability of the block zones using the following expression (Itasca, 2014):  

Ὧ ὲ
ὑ τȾσ Ὃ

Ўὤ
 ȟρ ὲ ρπ  2.10 

where ὑ  and Ὃ  are the bulk and shear stiffnesses of the Voronoi blocks respectively, 

and Ўὤ  is the smallest width of the zone adjoining the contact in the normal 

direction. 

Calibration - Step 2: The material tensile strength („) was calibrated by running 

a series of Brazilian disk tests with varying contact micro-tensile strength (ὸ ).  

Calibration - Step 3: The material micro-cohesion (ὧ ) and -friction angle (• ) 

values were calibrated by running a series of triaxial compression tests with increasing 

confining pressures in the range 0 Ò „ Ò UCS/10. The macro-cohesion (ὧ) was 

calibrated by adjusting the Voronoi contact micro-cohesion and then the macro-friction 

angle was (•) calibrated by rescaling the Voronoi contact micro-friction angle. 
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The micro-properties produced by the described calibration process are listed in 

Table 2.3. By using the calibrated properties shown in Table 2.3, a perfect agreement 

was found to the macro-strength and -stiffness values shown in Table 2.2. 

Table 2.3. Calibrated UDEC Voronoi micro-properties. 

Property Unit 
Sample 

No.1 "weak" No.2 "strong" 

Voronoi Block Elastic Properties 

Youngôs Modulus Ὁ  GPa 7.0 58.0 

Poissonôs Ratio ὺ  - 0.25 0.25 

Bulk Modulus ὑ  GPa 4.7 38.7 

Shear Modulus Ὃ  GPa 2.8 23.2 

Voronoi Contact Elastic Properties 

Normal Stiffness Ὧ GPa/m 5500 46400 

Shear Stiffness Ὧ GPa/m 4125 32480 

Stiffness Ratio  ὯȾὯ - 0.75 0.70 

Voronoi Contact Strength Properties 

Cohesion ὧ  MPa 7.2 50.7 

Friction Angle •  o 44.0 52.0 

Tensile Strength ὸ MPa 2.3 7.5 

Residual Cohesion ὧ  MPa 0.0 0.0 

Residual Friction Angle •  o 15.0 15.0 

Residual Tensile Strength  ὸ  MPa 0.0 0.0 

 Figure 2.4 and Figure 2.5 provide the stress-strain response of the calibrated 

models and present the sample damage for different confinement pressures. The white 

voids within the numerical samples represent macro-fractures which were formed as a 

result of grain de-bonding and micro-crack coalescence.  

The UDEC grain-based models clearly capture the fundamental behaviours of 

rocks in compression tests and prove they are capable of replicating the expected 

significant rock strengthening as a function of confinement and the transition from 

brittle to ductile behaviour from low to high confining pressures. For both the 

unconfined and triaxial compression tests, the stress-strain response of the samples 

shows an initial linear elastic trend up to a peak stress value. The post-peak failure 

response of the specimens in uniaxial compression generally exhibits a rapid loss of 
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strength while the stress-strain curves of the confined specimens pass progressively 

from a strain-softening to a strain-hardening behaviour with higher ductility as 

confining pressure increases. At low or no confinement, the samples fails mainly due 

to axial splitting whereas at higher confining pressures a transition in the failure mode 

is observed and the models capture the development of typical macroscopic shear 

fractures and/or conjugate damage zones. 

 

 

Figure 2.4. Sample No.1: simulated compression tests showing the calibrated stress-

strain response and sample damage for different confining pressures.  

„ = 0 MPa „ = 0.5 MPa „ = 1.5 MPa „ = 2.5 MPa 
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Figure 2.5. Sample No.2: simulated compression tests showing the calibrated stress-

strain response and sample damage for different confining pressures. 

To examine the repeatability of the target values by using the calibrated micro-

parameters, four different Voronoi tessellations were generated for each model and all 

tests were repeated following identical procedures and boundary conditions. Figure 2.6 

show the results in a principal stress space (i.e. „ vs. „) and compare the peak stress 

values calculated from all the analyses with the empirical HB failure envelopes defined 

„ = 0 MPa „ = 5 MPa „ = 10 MPa „ = 20 MPa 



Chapter 2: Rock Block Confined Strength  59 

 

 

 

by Equation 2.3. Considering that the grain size distribution has been kept constant, it 

appears that numerical samples of similar ñheterogeneityò produce similar results and 

influenced by identical failure mechanisms (i.e. extensional microcracking due to 

tensile stress concentrations along the grain boundaries). The relationship between the 

GBM results and the HB envelope clearly indicates a very good fit and gives 

confidence that the UDEC-DM approach is the appropriate tool to simulate realistically 

large-scale uniaxial/triaxial compression and tensile tests for the needs of the scaling 

analysis presented in the following section.  

 

Figure 2.6. HB failure envelope and UDEC-DM lab-scale results for samples No.1 

(left) and No.2 (right), including the typical failure mechanisms observed during 

modelling.  

2.6. Scaling analysis  

The numerical modelling scaling analysis procedure included three distinct steps. 
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2.6.1. Scaling Analysis - Step 1 

Three progressively larger samples were chosen to be simulated in compression 

and indirect tension tests. These samples were 100 x 250 mm, 200 x 500 mm and 400 

x 1000 mm for the compression and 100 x 100 mm, 200 x 200 mm and 400 x 400 mm 

for the Brazilian disk tests. The mathematical function proposed by Yoshinaka et al. 

(2008) was adopted to predict their reduced UCS values under three different 

conditions (i.e. three different Ὧ exponents 0.1, 0.3 and 0.9 in Equation 2.2) based on 

increased likelihood of structural microdefect intensity and/or degree of weathering. 

Scaled tensile strength values were assumed to obey again on the Yoshinaka et al. 

(2008) function whereas the macro-stiffness values were assumed to be the same for 

all models because deformation modulus is relatively scale independent (Pratt et al., 

1972; Hudson et al., 1972; Jackson and Lau, 1990; Martin et al., 2011). The estimated 

scaled uniaxial and tensile strength properties were utilised as target values that were 

calibrated for step 2. Table 2.4 shows the target reduced uniaxial compressive and 

tensile strength values of the three progressively larger samples as a function of the 

exponent Ὧ and the equivalent sample length (Ὠ).  

Table 2.4. Target uniaxial compressive and tensile strength values used for the scaling 

analysis. 

 

 

Sample No.1 

 

Sample No.2 

Test 
width height volume Ὠ No of 

blocks 
Ὧ Ὧ 

mm mm mm3 mm 0.1 0.3 0.9 0.1 0.3 0.9 

U
n

ia
x
ia

l 

C
o

m
p
re

s
s
io

n 

50 125 2.5E05 62.6 761 

„  
MPa 

25.0 25.0 25.0 200.0 200.0 200.0 

100 250 2.0E06 125.2 2912 23.3 20.3 13.4 186.6 162.5 107.2 

200 500 1.6E07 250.4 11373 21.8 16.5 7.2 174.1 132.0 57.4 

400 1000 1.3E08 500.9 44971 20.3 13.4 3.8 162.5 107.2 30.8 

B
ra

z
ili

a
n 

50 50 4.9E04 36.6 256 

„ 
MPa 

1.6 1.6 1.6 6.8 6.8 6.8 

100 100 3.9E05 73.2 926 1.5 1.3 0.9 6.3 5.5 3.6 

200 200 3.1E06 146.5 3578 1.4 1.1 0.5 5.9 4.5 2.0 

400 400 2.5E07 292.9 14173 1.3 0.9 0.2 5.5 3.6 1.0 
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2.6.2. Scaling Analysis - Step 2 

Three progressively larger UDEC Voronoi samples were generated by keeping 

the same grain size distribution characteristics. Subsequently, several uniaxial 

compression and Brazilian test simulations were run for each sample size to calibrate 

the models. During the new calibration process, the initial calibrated Voronoi contact 

micro-strength properties (i.e. Table 2.3: ὧ , •  and ὸ  of models No.1 and No.2) 

were systematically downgraded to reach the target macro-strength values shown in 

Table 2.4 following a strength reduction approach.  

The different calibrated reduced properties represent indirectly the progressive 

elevated disturbance of the large samples, as inferred by the variability of the exponent 

Ὧ in Equation 2.2. In general, it is considered impractical to attempt modelling 

explicitly the effect of pre-existing micro-structural heterogeneities (e.g. pores, flaws, 

cavities, fissures, veins, micro-cracks) in UDEC as long as the overall mechanical 

response of the models is in agreement with the overall material behaviour of the 

disturbed samples. Figure 2.7 shows the calibrated stress-strain curves for the 

experimental simulations while Figure 2.8 shows examples of the failure geometries 

indicated in test simulations. Regardless of the size and the quality of the samples, it 

was shown that extensional fracturing dominates the failure process under unconfined 

conditions with the formation of macro-cracks parallel to the direction of loading. It 

should also be noted that for the models that were allowed to run for a sufficient large 

number of numerical cycles, shear localization was also observed, and a mixed axial 

splitting / shear banding type of failure was captured at the final stage of the analysis.   

As previously, in order to verify that the reduced micro-strength properties can 

reproduce the target macro-strength values, the tests were repeated under different 

Voronoi tessellations apart from the 400 x 1000 mm compression and 400 x 400 mm 

tension tests which proved to be excessively large and computationally demanding. It 
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should be noted that the k = 0.9 case of the 400 x 1000 mm size models was not 

calibrated as was regarded to give unrealistically low strength values that can be 

explained only by the presence of critical orientated macro-planes of weakness (Martin 

et al., 2011; Wasantha et al., 2015).    

 

Figure 2.7. Calibrated stress-strain response of all sample sizes for three different 

physical conditions (i.e. three different Ὧ exponents 0.1, 0.3 and 0.9 in Equation 2.2). 
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Figure 2.8. Examples of macroscopic axial fractures for different sample sizes and 

conditions during the uniaxial compression tests. 
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2.6.3. Scaling Analysis - Step 3 

Once, the micro-strength properties were calibrated to match the reduced target 

unconfined macro-strength values (see Table 2.4 and Figure 2.7), a series of large-scale 

triaxial tests were performed in the 3rd step to predict scaled linear (MC) and non-linear 

(HB) failure envelopes. These steps allowed a methodology for estimating scaled rock 

block failure properties based on their volume and in-situ condition to be established. 

The confining pressures used in these analyses were in the range of 0 Ò „ Ò UCS/10 

and identical with those used for the calibration of the lab-scale rock samples.  

The increase of sample size and disturbance reveals a strong size/condition effect 

to the predicted confined peak strengths values. A review of the data suggests that the 

rate of confined strength decrease reduces with increasing confinement and increases 

with sample disturbance and size. Similarly to the lab-scale samples, macro-fracturing 

tends to be almost parallel with the loading direction (i.e. axial-splitting) at low 

confining pressures, while as confinement increases the failure modes are dominated 

by the formation of macroscopic shear and conjugate zones. Hence, it is once again 

verified that under different confining pressures, the triggered failure mechanisms are 

independent from the scale of the sample.  

Figure 2.9 exhibits the predicted scaled relationship between the predicted 

macro-cohesion and friction angle values in respect to the specimen equivalent length 

(Ὠ). The scaling analysis results of both samples generally suggest that material 

macro-cohesion decreases with both increasing scale and degrading sample condition 

up to an asymptotic value while the macro-friction angle appears relatively insensitive. 

This behaviour is consistent with experimental findings given by IlôNitskaya (1969), 

Pratt (1974), Tani (2001) and Liu (2009). These findings suggest that all samples have 

experienced the weakening of their cohesional component prior to the mobilisation of 

the frictional strength and that their behaviour can be captured within a MohrïCoulomb 
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linear logic only by a cohesion-weakening-friction-strengthening constitutive model. 

A review of the scale/condition dependant reduction of UCS and material cohesion 

shown in Figure 2.1 and Figure 2.9 respectively, reveals a similarity in the non-linear 

decrease of these properties and therefore suggests that Equation 2.2 can be 

transformed as follows: 

ὧ

ὧȢ
 
Ὠ

Ὠ
 2.11 

where ὧȢ is the cohesion of a standard laboratory size sample and ὧ is the cohesion 

of specimens with equivalent length Ὠ.  

 

Figure 2.9. Predicted dimensionless relationships between material macro-cohesion 

and friction angle values with the specimen equivalent length. 
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Based on this observation, it means that once the UCS reduction due to scaling 

effects has been determined and the cohesion and friction angle of the lab-scale sample 

have been estimated, the block-scale cohesion can be predicted using Equation 2.11 

while the friction is suggested to remain unchanged or altered up to ±20% of the 

original value since exhibits no clear increasing or decreasing trends.  

To fit non-linear failure envelopes, all scaling analysis results were plotted in a 

principal stress space according to the numerical sample sizes (Figure 2.10). The 

recorded peak strength values for both the "weak" and "strong" samples display a clear 

pattern at each confining pressure and a consistent rock strengthening with increasing 

confinement, regardless of the specimenôs condition or size. These results again 

indicate that the friction angle of large samples remains relatively unchanged while the 

cohesion is influenced by marked scaling and quality effects.   

 

Figure 2.10. Measured peak strengths for samples No.1 "weak" and No.2 "strong" 

together with HB envelope fits for different physical conditions and sample sizes.  
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To derive scaled strength failure envelopes, a non-linear curve fitting process was 

followed using the Generalized HoekïBrown criterion and the Geological Strength 

Index (GSI) (Hoek, 1994; Hoek et al., 2002). In this process, the HB constant mi is 

systematically reduced with respect to the exponent Ὧ of the Yoshinaka et al. (2008) 

relationship, following the percentages shown in Figure 2.11. In essence, the GSI 

system is utilised as a rock block (instead of rock mass) scaling parameter to reduce 

the strength of the intact rock and establish a best-fit to the dataset. However, the 

derived GSI values could easily be linked with the internal condition (e.g. micro-

heterogeneity, weathering, etc.) of the large-scale block volumes and therefore the 

back-calculated GSI values can be regarded to have a real physical meaning to the rock 

block strength reduction. For this reason, to avoid confusion with terminology, a new 

block-scale GSI parameter is introduced, named micro Geological Strength Index 

(mGSI), which can be used to predict the in-situ peak confined strength of field-scale 

rock blocks. The mGSI replaces the traditional GSI parameter in the HB expressions 

and reflects the elevated rock block disturbance with increasing scale, intensity of 

structural microdefects and degree of weathering.  

Figure 2.11 shows the calibrated mGSI values against the reduced UCS of the 

large-scale samples, as were defined by using the function proposed by Yoshinaka et 

al. (2008), normalised by their unconfined intact rock strength. The characteristic lab-

scale UCS is advisable to be estimated from a sufficiently large number of experiments 

to capture strength variability as a result of localised features, damage during coring 

and to overcome sampling bias. The corresponding relationship to account for the 

strength loss as a function of block volume and/or quality can be described by a power-

law expression, and is given by: 

άὋὛὍ 100 (
Ȣ
)0.21 2.12 
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From Figure 2.11 (or Equation 2.12), once the reduced UCS of the field-scale 

blocks is known, a mGSI value between 100 and 65 could be found and the in-situ 

confined strength of the blocks could be then estimated using the Generalized HB 

strength criterion. In the absence of large-scale unconfined strength tests, the user needs 

to decide based on geological descriptions and engineering judgment how much to 

reduce the UCS value of the large-scale blocks or to use the Yoshinaka et al. (2008) 

scaling approach.  

 

Figure 2.11. Predicted relationship between mGSI and the UCS strength ratio ůc / ůc.o 

(above) and percentage adjustment to the HB mi value with respect to the k exponent 

of the Yoshinaka et al. (2008) relationship (below).  

Hence, by using the proposed linear and non-linear approaches given with 

Equation 2.11 (or Figure 2.9) and Equation 2.12 (or Figure 2.11) respectively, a unique 
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set of strength parameters that describe the in-situ strength of rock blocks could be 

defined, that can be used to carry out preliminary rock engineering calculations and 

especially to run discontinuum numerical models where rock block strength is an 

essential parameter of the analysis.  

2.7. Discussion   

This study examined the effect of size and heterogeneity on the confined strength 

of rock specimens. A series of compression and Brazilian tests were run in UDEC at 

progressively larger in size and degrading in quality grain-based models in order to 

develop a framework for estimating the confined strength of rock blocks considering 

scale effects and in-situ heterogeneity (i.e. intensity of micro- and meso-defects).  

The results reveal that macro-cohesion is strongly influenced by both size and 

condition effects while the macro-friction angle shows only minor variation with no 

apparent trend. A comparison between the predicted cohesion and the scaled UCS 

values clearly demonstrates a similarity between their behaviours and appears safe to 

conclude that there is an inter-dependency between them. To our view, this is linked 

with the concept of cohesion loss and the delayed friction mobilization. Similarly to 

the UCS, above a critical volume the cohesion of the rock blocks becomes size-

invariant and approaches a constant value. Consequently, knowledge of the 

scale/condition related UCS reduction can be used as a guide to define the variability 

of the material cohesion in larger block volumes while the friction angles in suggested 

to remain relatively unchanged. 

Analysis of the large-scale triaxial tests data shows that there is a systematic 

block strength reduction with increasing specimen volume and decreasing rock quality. 

The HB approach was adopted to estimate the reduced peak confined strength and a 

new mGSI parameter is proposed to be used in the HB expressions to fit non-linear 
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failure envelopes with a reasonable success. The predicted range of the mGSI (i.e. 100-

65) describes the in-situ block-scale condition of individual rock pieces but further 

research is required to rationalise the mGSI in terms of geological characterisations or 

other approaches. A simple non-linear curve was fitted to approximate the relationship 

between mGSI and the normalised UCS strength reduction. By using this relationship, 

the confined strength of blocks can be estimated provided that the UCS strength ratio 

ůc / ůc.o is known. Although appears tempting to reverse this expression (Equation 2.12 

or Figure 2.11) and back-estimate the strength reduction of the rock blocks based on 

known mGSI values, the development of a qualitative or quantitative approach similar 

to the known published GSI charts is not feasible at this stage and further research is 

required to establish a correlation between strength, mGSI, size and the internal in-situ 

condition of the rock blocks. Despite of these difficulties, it is to be expected that the 

increase in the intensity of structural microdefects and/or the degree of weathering (i.e. 

increase of exponent Ὧ in Equation 2.2) will cause a reduction in the mGSI values 

which in turn will reduce the confined strength of the blocks under consideration.  

When applying the mGSI, a rock block is assumed as an equivalent isotropic 

medium and is not affected by preferential anisotropy or planes of weakness. In the 

case of critically orientated structural features, a modified HB criterion such the one 

proposed by Saroglou and Tsiambaos (Saroglou and Tsiambaos, 2008) should be used 

and then a scaling analysis could be performed to examine the effect of rock anisotropy 

in larger rock blocks.  

2.8. Conclusions  

Rock block strength is a significant factor controlling rock mass behaviour (i.e. 

deformations, failure modes, etc.) and rock-support/reinforcement interactions. Hence, 

a high degree of accuracy and experience is required in the estimation of rock block 
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properties, especially when running discontinuum numerical models where rock 

masses are simulated as a system of rock blocks which are separated by persistent or 

non-persistent fracture networks.  

It is well known that the lab-scale unconfined compressive strength reduces with 

increasing sample size and that is influenced by material quality and the presence of 

flaws, cavities, fissures, veins, healed joints and micro-cracks. However, because of 

many uncertainties and the practical difficulties in performing large-scale triaxial 

compression tests, generic relationships that correlate the confined strength of rock 

blocks with their size and condition, even in a qualitative sense, are very difficult to be 

established and only few studies have investigated this subject (e.g. Medhurst and 

Brown, 1998). 

Sophisticated numerical modelling has allowed to overcome some of the 

practical limitations and is seen as the most effective tool for assessing the in-situ 

confined strength of rock blocks. Accordingly, a scaling analysis was performed in 

UDEC and based on our findings, relationships that link rock block strength with its 

volume and condition are proposed for the preliminary estimation of scaled Mohrï

Coulomb and HoekïBrown parameters.  

The proposed predictive approaches are by no means intended to replace large 

scale laboratory and in-situ testing programs but aims to provide the engineer and 

numerical analyst with a practical design tool for the preliminary estimation of 

size/condition related rock block strength parameters that can be used in rock 

mechanics numerical modelling and design. The proposed strength relationships 

overcome important practical difficulties and considered as very friendly tools to 

describe the inverse confined strength relationship as a function of scale and material 

quality. While limitations exist, the methodology outlined, and the results obtained are 

considered as a significant step towards the development of a rigorous approach for 
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estimating the confined strength of blocks and a basis for overcoming the challenge of 

assigning realistic parameters for blocks in discontinuum models which so far is a 

matter of speculation.   
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Abstract  

Micro-discrete fracture networks (ɛDFNs) have been integrated into grain-based 

models (GBMs) within the numerical software UDEC to assess rock block strength 

through a series of Unconfined Compressive Strength (UCS) tests of progressively 

larger in size numerical specimens. GBMs were generated by utilizing a Voronoi 

tessellation scheme to capture the crack evolution processes within the intact rock 

material, and ɛDFNs were separately created and embedded into the GBMs to simulate 

the effect of pre-existing defects. Various ɛDFNs realisations were generated 

stochastically within the software FracMan to assess the combined impact of defect 

intensity, persistence, strength and specimen size. The resulting synthetic rock block 

(SRB) models were used to assess the ñflawedò material strength at block scale through 

a rigorous sensitivity numerical analysis. The acquired results predict a progressive 

strength reduction with decreasing intact rock quality and certain trends are captured 

when rock block strength is expressed as a function of a newly proposed ñDefect 

Intensity Ĭ Persistenceò (DIP) factor. This allowed us to standardise the data along 

specific strength reduction envelopes and to propose generic relationships that cover a 

wide range of defect geometrical combinations, defect strengths and sample sizes. 

Accordingly, an attempt is undertaken to refine two existing empirical approaches that 

consider the effect of scale and micro-defects explicitly for predicting the UCS of rock 

blocks.  

Keywords: Rock block strength, scale effect, pre-existing defects, synthetic rock block, 

UDEC, FracMan 
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3.1. Introduction  

Understanding the strength and deformability of rock blocks and their 

contribution to the overall rock mass behaviour is key for the rock engineering design 

of underground and surface excavations in civil and mining engineering projects 

(Stavrou and Murphy, 2018). Rock blocks are volumes of macroscopically unjointed 

intact rock material that are delineated by persistent or non-persistent discontinuities. 

Their various shapes and sizes are determined by the spatial geometrical arrangement 

of the fracture network (i.e. intensity, persistence, spacing, termination, sequence of 

fracturing), which in turn depends on the rock type, the evolution of the stress regime, 

and the conditions under which these discontinuities were developed (Palmstrom, 

2005). 

Depending on the geological history, chemical processes and conditions (i.e. 

temperatures, pressures, stresses, tectonism) to which the rock material has been 

subjected, some rock blocks may have developed heterogeneities and/or preferential 

anisotropy while some other may be relatively homogeneous and isotropic. 

Heterogeneity is typically expressed by the presence of micro and meso-scale structural 

features (hereafter referred as ñdefectsò) and/or elevated degrees of weathering. On the 

other hand, defects in homogeneous rocks are very sparse or even absent.  

Rock block defects govern the physical, mechanical, dynamic, thermal and 

hydraulic properties of rock blocks and thus influence the overall behaviour of the rock 

mass. Depending on their geometrical (i.e. persistence, orientation and frequency) and 

mechanical characteristics (i.e. open, cement filled), such defects could significantly 

accelerate the rock failure processes and reduce the strength of the rock blocks 

(Laubscher and Jakubec, 2001). However, due to the practical challenges in evaluating 

the impact of these defects on the rock block and rock mass strength, the role of micro 
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and meso-scale defects (e.g. grain boundaries, cavities, fissures, veins and open or 

healed micro-cracks, etc.) is not typically considered in design, with the principal focus 

mainly being on the assessment of large scale structures (e.g. joints, bedding, faults, 

etc.). 

It is widely recognised that the Unconfined Compressive Strength (UCS) of 

intact rock decreases with increasing scale due to an increased inherent heterogeneity 

as a function of volume and the greater probability of randomly and/or critically 

orientated defects to create failure paths within larger rock volumes (Tsur-Lavie and 

Denekamp, 1982; Hoek and Brown, 1997). In confined conditions, it is again 

recognised that some form of strength reduction with specimen size exists. Previous 

work by Stavrou and Murphy (2018) examined the combined effect of size and 

heterogeneity on the confined strength of rock blocks. According to this work, provided 

that the UCS reduction due to scaling e ects is known, the conýned strength of rock 

blocks could be determined by using the linear and non-linear scaling relationships 

proposed by the authors. This is particularly important in discontinuum numerical 

modelling where rock blocks are simulated explicitly and represent an essential 

element of the analysis. Hence, it appears that knowledge of the scale/condition related 

UCS reduction of rock blocks is key to characterise accurately the behaviour of the 

rock mass and the rock -support interactions during excavation. 

In this study, a series of simulated laboratory tests are performed on samples of 

varying sizes and defect intensities to examine the combined influence of sample scale 

and pre-existing defects on the UCS of rock blocks. As part of the modelling process, 

Discrete Fracture Networks (DFNs) have been embedded into Grain-Based Models 

(GBMs) within the Universal Distinct Element Code (UDEC) (Itasca, 2014) to capture 

both the fracturing of the intact material and the effect of pre-existing defects. 

Following the initial calibration of a lab-scale intact (non-defected) rock sample, 

randomly distributed defects of increased frequency, persistence and strength are 
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integrated in a series of progressively larger in size samples to generate synthetic rock 

specimens. The results from these experiments are compared with previous studies and 

the predicted UCS values are analysed in terms of sample size, defect density, 

persistence and strength.   

3.2. Effect of Scale and Defects on UCS  

The inverse relationship between the UCS and specimen size has been validated 

through laboratory and in-situ test campaigns for a wide range of lithologies and rock 

conditions (Mogi, 1962; Bieniawski, 1968b; Pratt et al., 1972; Hoek and Brown, 

1980b) although some exceptions have also been reported in the literature (Pells, 2004). 

The scale beyond which strength becomes independent of the specimen size and/or the 

density of defects is known as the Representative Elementary Volume (REV) and is 

considered to be the minimum volume of rock needed to evaluate scale effects and to 

achieve repeatability of tests results (Cunha, 1990). 

To capture the variability of the in-situ rock block conditions (e.g. lithology, 

intensity of micro-defects and degree of weathering) for a wide range of rock block 

volumes, Yoshinaka et al. (2008) adopted Weibullôs statistical theory (Weibull, 1939; 

Weibull, 1951) and proposed a power law relationship that predicts the reduction of 

UCS with specimen size as follows: 

„

„Ȣ
 
Ὠ

Ὠ
 3.1 

where „ and „Ȣ are the UCS of large and lab-scale specimens respectively, Ὠ and 

Ὠ  are their equivalent lengths expressed as a function of their volume (i.e. Ὠ ὠȾ  

and Ὠ ὠ Ⱦ ) and the exponent Ὧ σȾά where ά is a material constant called the 

coefficient of uniformity.  
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The exponent Ὧ varies substantially with rock type, strength and material micro-

structural heterogeneity and lies between 0.1 ï 0.3 for homogeneous strong rocks with 

UCS between 25 ï 250 MPa; between 0.3 ï 0.9 for highly weathered and/or severely 

defected rocks and between 0.0 ï 0.5 for weak rocks with a UCS between 0.5 ï 25 MPa 

(Figure 3.1). Ideally, to define the exponent Ὧ, a series of large UCS tests are required 

to capture the variability of strength with size. Apart from the case studies summarised 

by Yoshinaka et al. (2008) to fit the exponent Ὧ, other examples include the works by 

Pierce et al. (2009), Smith and Habte (2011) and Vallejos et al. (2016).  

 

Figure 3.1. a) Scale effect relations for intact rock UCS proposed by Yoshinaka et al. 

(2008); b) The maximum and minimum Rock Block Strength (RBS) reductions from 

the relation of Laubscher and Jakubec (2001) are also shown for comparison; c) Target 

reduced UCS values for three progressively larger in size numerical samples are shown 

as green, orange and red symbols respectively; d) The sample height to width ratio is 

2.5; modified after Pierce et al. (2009).  
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Although several empirical, statistical and theoretical models have been proposed 

to describe the  scale effects on strength (inter alia: Weibull, 1951; Einstein et al., 1970; 

Hoek and Brown, 1980; Carpinteri, 1994), relatively little research has been carried out 

to develop a practical tool from which practitioners would be able to predict the 

size/quality-dependent Rock Block Strength (RBS) based on qualitative descriptions 

or quantitative measurements. The only noticeable exception that explicitly account for 

rock block defects was proposed by Laubscher and Jakubec (2001) via the Mining 

Rock Mass Rating (MRMR) classification system which essentially introduced the 

rock block strength concept (Figure 3.2).  

 

 

Figure 3.2. Rock block strength concept used in the MRMR classification system and 

strength adjustment factor; modified after Read and Stacey (2009).  
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The MRMR system expresses the RBS of homogenous rock blocks as a function 

of a size-corrected Intact Rock Strength (IRS) that is 80% of a corrected UCS obtained 

from laboratory scale samples (Figure 3.2). This RBS reduction was adopted from 

earlier work conducted by Hoek and Brown (1980b) who demonstrated that the UCS 

reduction due to scale effects in homogenous hard rocks is limited by an asymptotic 

constant value of approximately 0.8. For heterogeneous rock blocks, the MRMR 

system reduces the RBS up to 60% by applying a second adjustment that considers the 

frequency of defects and their frictional properties (i.e. infill hardness) (Figure 3.2). 

The maximum combined RBS reduction considering both the 80% size-effect factor 

and the 60% defect frequency/hardness adjustment is therefore 48% of the laboratory 

derived UCS.  

Both the relations of Yoshinaka et al. (2008) and Laubscher and Jakubec (2001) 

are plotted in Figure 3.1 for comparison. As can be observed, the RBS reductions 

derived from the Laubscher and Jakubec (2001) approach lie approximately between 

the asymptotes for Ὧ = 0.1 and 0.3 of the Yoshinaka et al. (2008) scaling relationship. 

For weathered and/or extensively defected rocks, Yoshinaka et al. (2008) proposed 

RBS reductions that can drop the lab UCS up to 80% and as such their relation offers 

more aggressive strength reductions than the approach proposed by Laubscher and 

Jakubec (2001). Although the comparison suggests that the Laubscher and Jakubec 

(2001) relation is likely to overpredict the strength of heavily defected rock blocks, 

Yoshinaka et al. (2008) do not provide any guidelines for selecting the exponent Ὧ in 

their expression. For that reason the Laubscher and Jakubec (2001) methodology 

remains the only attractive way to estimate the rock block strength based on field 

measurements (i.e. micro-fracture frequency and mineral infill strength).      

An alternative approach to quantify the effect of scale and defects on UCS was 

proposed by Pierce et al. (2009) who demonstrated how Synthetic Rock Mass (SRM) 

modelling techniques could be used to supplement existing empirical relationships, 
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such as those described by Laubscher and Jakubec (2001) and Yoshinaka et al. (2008). 

Their work employed a SRM scaling study to assess the impact of defect strength on 

RBS and related the exponent Ὧ of the Yoshinaka et al. (2008) relation to the strength 

of persistent veins. Their results were very promising and essentially, Pierce et al. 

(2009) opened the Pandora's box for further SRM studies so that the influence of defect 

strength, frequency and persistence could be quantified to assess RBS over a wide 

range of scales and conditions. Following Pierce et al. (2009) recommendations, in this 

study various ɛDFN geometries have been embedded into different GBM sizes, to 

better understand the strength reduction of rock blocks as a function of scale, defect 

geometry (i.e. intensity, persistence) and defect strength. Based on our numerical 

findings, guidelines for estimating the strength of defected rock blocks are proposed in 

an attempt to refine the existing empirical relationships.      

3.3. Simulation of Synthetic Rock Block Samples 

(SRB) 

A hybrid modelling approach was employed to create Synthetic Rock Block 

(SRB) samples to investigate the combined effect of size and pre-existing micro-

defects on the strength and deformability properties of rock blocks. A SRB model is 

created by coupling previously generated ɛDFN geometries within the GBM structure 

and as such it allows the simulation of pre-existing defects within the intact rock matrix. 

The major advantage of a SRB model is the capability of modelling the fundamental 

fracturing processes of intact rock (i.e. crack initiation, propagation and coalescence) 

without resorting to complicated constitutive behaviour. The logic is identical with the 

Synthetic Rock Mass (SRM) modelling approach (Pierce et al., 2007; Mas Ivars et al., 

2007) with the only difference being the scale of interest.  
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Figure 3.3.The different components of a Synthetic Rock Block (SRB) model in 

UDEC: intact Grain-Based Model (GBM) and micro Discrete Fracture Network 

(ɛDFN).  

Previous numerical investigations on simulated unconfined compression tests 

have demonstrated the importance of scale and pre-existing defects on the strength, and 

the resulting failure modes.  

Pierce et al. (2009) used the SRM modelling technique within the Particle Flow 

Code (PFC) to examine the effect of scale on the RBS of extensively defected quartzite 

from the Bingham Canyon Mine. With progressively increasing sample sizes and 

decreasing relative vein strengths, it was observed that RBS falls up to 40% of the mean 

laboratory UCS following a power-law trend similar in form to the relation proposed 

by Yoshinaka et al. (2008).  

Zhang et al. (2011) undertook a numerical study in PFC3D to investigate the 

dependence of specimen size on the UCS of the Yamaguchi marble. In this PFC 

modelling, it was shown that to capture realistic scale effects on the UCS, the size and 

number of random pre-existing micro-fractures needs to increase faster than the 

specimen size considering an exponential expression derived using the fractal theory.  
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Jakubec et al. (2012) used the SRM approach within PFC to better understand 

the influence of defects on rock mass strength at the Chuquicamata Mine in Chile. A 

series of simulated micro-defected samples were tested in unconfined compression and 

it was revealed that UCS reduces asymptotically as the defect shear strength decreases 

and the sample size increases. From the acquired results it was concluded that RBS lies 

approximately between 40% and 45% of the laboratory UCS values and corresponds 

well with the RBS estimates given by the Laubscher and Jakubec approach (Laubscher 

and Jakubec, 2001).   

Bahrani and Kaiser (2016) coupled GBMs with DFNs using PFC to investigate 

the inþuence of specimen size on the strength of non-defected and defected rocks. The 

UCS of the defected samples showed that it may decrease or increase with increasing 

specimen size depending on the orientation of defects.  

Although some other numerical studies did not include the scale effect in terms 

of specimen size, the influence of size was considered indirectly by simulating pre-

existing defects of different intensities within single laboratory or rock block scale 

samples.  

Damjanac et al. (2007) tested in UDEC and PFC large-size GBMs of the 

Lithophysal Tuff to supplement existing laboratory data and to investigate the 

variability of mechanical properties as a function of lithophysal porosity. Material 

heterogeneity was represented explicitly within the models in the form of lithophysal 

cavities and a strength-deformability decreasing effect was captured with increased 

porosity due to an increasing tendency for axial splitting.   

Lu (2014) developed GBMs in UDEC to investigate the effect of scale and defect 

intensity distribution on the UCS of flawed rocks. The obtained results demonstrated 

that for a constant micro-crack density and different flaw lengths the UCS decreases 

with increasing specimen size up to constant value. Furthermore, GBMs of randomly 
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distributed defects showed a strong correlation between UCS and defect intensity with 

the reduction of strength also depending on the defect persistence relative to the sample 

size.   

Hamdi et al. (2015) examined the effect of stress-induced micro-cracks on the 

strength of the Lac du Bonnet granite by using the combined finite-discrete element 

method (FDEM) within the ELFEN software package. Standard laboratory size 

samples of varying micro-crack intensities were tested under unconfined and confined 

compression, and indirect tension (Brazilian test). Their numerical results revealed the 

strength degradation due to the increase in micro-crack intensity, with its impact 

becoming less severe as confining stresses increase.  

Gao and Kang (2016) used the UDEC Trigon approach to investigate under 

confined and unconfined conditions the impact of pre-existing discontinuities on large 

scale coal samples. A significant reduction in the peak strength was observed as DFN 

intensity was increased. Their results also demonstrated that DFN intensity has little 

impact on the residual strength and that with increasing confinement, both the peak and 

residual strengths tend to increase but with the latter at a significantly higher increasing 

rate. 

From all the aforementioned numerical studies, it has been generally shown that 

UCS decreases as sample size and/or defect intensity increase, with other factors such 

as defect orientation, persistence and strength being equally important.  

3.4. UDEC Grain-Based Models (GBM) 

3.4.1. GBM Mechanical Behaviour 

In a UDEC GBM, a rock specimen is treated as a packing of randomly-sized 

deformable grains which are bonded together along their boundaries (Figure 3.4). The 
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mechanical behaviour of a GBM is controlled by the grain-to-grain interface micro-

properties and the geometrical arrangement of the Voronoi blocks (i.e. size and size 

distribution). The micro-mechanical properties refer to the deformability properties of 

the grains together with the strength and stiffness parameters of the contact interfaces 

that separate them. Once the contact strength is exceeded either in shear or in tension, 

the bond between the grains breaks and a compression-induced, tensile or sliding crack 

is initiated (Figure 3.4). During this process, the cohesive and tensile strengths are 

reduced to zero (instantaneous softening) and the friction angle decreases to a residual 

value. As a technique, the micro-mechanical modelling represents a valuable numerical 

tool to build the micro-structure of rocks and hence to study the mechanisms of crack 

generation, progressive fracture propagation and intact rock disaggregation (Gao et al., 

2014).  

 

Figure 3.4. Structure, micro-mechanical properties and constitutive behaviour of 

UDEC GBM model (Stavrou and Murphy, 2018).  
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3.4.2. Small-scale GBM Intact Rock Calibration 

A rectangular 50 × 125 mm sample and a circular 50 mm in diameter sample 

were initially generated to simulate laboratory scale compression (unconfined and 

confined) and indirect tension (Brazilian) experiments. The average edge length of the 

Voronoi blocks was specified equal to 5 mm and a relatively non-uniform grain size 

distribution was built to mimic the internal micro-structural heterogeneity of real rocks. 

Visual inspection of the samples suggests that the ratio largest grain size - specimen 

diameter is at least 10:1. This grain size was chosen to ensure the numerical efficiency 

of the larger numerical samples that would be used later in the scaling analysis. For all 

the simulated compression tests, a constant velocity of 0.005 m/s (i.e. loading rate) was 

applied in the y-direction at both the upper and lower platens of the sample, and a servo-

control function was used to control the progressive response of the samples during 

failure. Figure 3.5 illustrates the boundary conditions and the stress/strain monitoring 

locations (i.e. history points) used at the unconfined compression tests.  

A set of typical lab-scale macro-mechanical parameters were defined to be used 

as target values for the calibration of the lab-scale GBMs. The calibration process 

followed the procedures outlined by Kazerani and Zhao (2010) and by Gao and Stead 

(2014). For this study a baseline UCS of 50 MPa was selected to describe the lab-scale 

intact rock strength. Table 3.1 lists the target intact rock macro-mechanical and the 

calibrated micro-mechanical properties respectively, while Figure 3.6 illustrates the 

calibrated stress-strain response for the unconfined compression test and the associated 

sample damage. Initially the specimen behaves elastically and then, after the peak load 

has been reached, the specimen experiences a rapid loss of strength and fails due to 

axial splitting and accumulation / interaction of micro-tensile fracturing. 
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Figure 3.5. Layout, boundary conditions and monitoring locations (i.e. UDEC history 

points) of the unconfined compression tests.  
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Table 3.1. Target lab-scale macro-mechanical and calibrated micro-mechanical 

properties.  

Property  Unit Value 

Target macro-mechanical properties 

UCS „ MPa 50 

Modulus Ratio ὓὙ - 400 

Youngôs Modulus Ὁ GPa 20 

Poissonôs ratio ὺ - 0.25 

HB Constants 

ά  - 15 

ί - 1 

ὥ - 0.5 

Secant Slope ὔ  - 6.8 

Cohesion ὧ MPa 9.6 

Friction Angle • o 48.1 

Tensile Strength „ MPa 3.3 

Calibrated SRB micro-mechanical properties 

Grain Youngôs Modulus Ὁ  GPa 26.0 

Grain Poissonôs Ratio ὺ  - 0.25 

Contact Normal Stiffness Ὧ GPa/m 15600 

Contact Shear Stiffness Ὧ GPa/m 14040 

Contact Stiffness Ratio ὯȾὯ - 0.9 

Contact Cohesion ὧ  MPa 11.5 

Contact Friction Angle •  o 48.1 

Contact Tensile Strength ὸ  MPa 3.3 

Residual Cohesion ὧ  MPa 0.0 

Residual Friction Angle •  o 25 

Residual Tensile Strength ὸ  MPa 0.0 
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Figure 3.6. Simulated unconfined compression test showing the calibrated stress-strain 

response and sample damage. 

3.4.3. Large-scale GBM Intact Rock Calibration 

To investigate the effect of size, three progressively larger in size samples with 

diameters of 100, 200 and 400 mm and a height-to-width ratio of 2.5 were generated 

in UDEC. All models have a similar mean grain size (i.e. 5 mm) and size distribution 

as the lab scale specimens. Initially, the previously calibrated intact rock micro-

mechanical properties were adopted and a strength degradation approach was followed 

to re-calibrate the samples and to capture the expected size-dependant RBS reduction 

for homogenous and non-defected rocks suggested by Laubscher and Jakubec (2001) 

and Yoshinaka et al. (2008). The micro-strength properties of the 400 × 1000 mm 

sample were adjusted considering the Laubscher and Jakubec 80% size factor to derive 
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a target UCS value equal to 40 MPa (i.e. 80% of the baseline UCS of 50 MPa). Since 

this strength reduction coincides well with the least strength decrease proposed by the 

Yoshinaka et al. (2008) relation for large samples,  the 200 × 500 mm and 100 × 250 

mm samples were calibrated to follow the asymptote for an exponent Ὧ = 0.1. Table 

3.2 presents the calibrated micro-mechanical properties for the non-defected large 

samples.  

Figure 3.7 shows the target reduced UCS values together with the generated 

stress-strain responses and associated failure modes. Regardless of the size it is 

observed that all specimens fail under similar failure patterns, which is the initiation, 

propagation and coalescence of axial micro-tension cracks parallel to the loading 

direction followed by macroscopic fracture zones.  

 

Figure 3.7. Calibrated stress-strain curves and sample damage for the non-defected 

numerical samples (the damaged samples shown are not in scale).  
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Table 3.2. Calibrated micro-mechanical properties for the large-scale non-defected 

samples.      

 
Sample size (mm) 

Property Unit 50x125 100x250 200x500 400x1000 

Target UCS 

strength 
MPa 50.0 46.4 43.1 40.0 

Contact Cohesion MPa 11.5 11.3 10.7 9.4 

Contact Friction 

Angle 
o 48.1 47.5 46.2 42.4 

Contact Tensile 

Strength 
MPa 3.3 3.3 3.3 3.3 

3.5. Micro Discrete Fracture Networks (ɛDFN)  

Once the UCS of the homogenous samples was calibrated, a series of unconfined 

compression tests were run by integrating the ɛDFN geometries. DFN modelling has 

become a powerful tool over the years to realistically capture the influence of 

discontinuity geometry within fractured rocks for a wide variety of projects. Treated as 

discrete features, fractures and the overall joint geometry are simulated by using 

random variables of the joint geometrical features such as location, size and orientation. 

These random variables are usually assigned a probability distribution in order to 

determine their numerical value and generate the geometry (Xu and Dowd., 2010). The 

stochastic modelling of fracture network geometries and its implementation into 

geological and rock engineering projects has been studied by various researchers 

(Baecher, 1983; Dershowitz and Einstein, 1988; Davy et al., 2013; Vazaios et al., 2017, 

2018) mostly focusing on meso- and large-scale discontinuity features and their 

influence at a rock mass scale. In such cases, DFN models are generated based on 

discontinuity data collected in the field by either employing conventional mapping 
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techniques (e.g. scanlines, convex or circular mapping windows etc.) or remote sensing 

approaches (e.g. photogrammetry, laser scanning etc.) by using 3D geometrical models 

of the exposed rock mass. 

Although meso and large scale DFN geometries have been adopted in various 

studies to assess the jointed material mechanical properties at a rock mass scale, at a 

rock block scale those meso and large-scale rock mass structures are not valid to be 

used. Therefore, there is the requirement to differentiate the stochastic nature of 

micro/meso-scale defects from larger scale discontinuities (Hamdi et al., 2015). 

The micro Discrete Fracture Network geometries (herein called ɛDFN) (Hamdi 

et al., 2015) introduced in this study refer to the rock heterogeneity at very small scales 

which can include geometrical features like grain boundaries, fissures, veins and micro-

cracks. Micro-cracks present within a macroscopically ñintactò rock block can be 

ñhealedò and ñcementedò with a material weaker or stronger than the host rock, or can 

be open defects due to the geological history of the medium. This micro-structure can 

be identified during mapping or core logging if macroscopically visible, or in the 

laboratory by employing imaging techniques including the image analysis of thin 

sections (Lim et al., 2012), processing with CAD software (Turichshev and 

Hadjigeorgiou, 2017), X-Ray CT imaging (Nasseri et al., 2009) etc. (Figure 3.8). In 

this way, the micro-crack orientation and intensity (persistence and density) can be 

evaluated quantitively and serve as input parameters for the generation of the ɛDFN 

geometrical models. This approach can assist in considering site specific conditions 

and tie the numerical results to a specific rock mass, which is however, out of the scope 

of this study. 
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Figure 3.8. Defects at different sampling scales: SEM images of micro-crack 

distributions in thin sections of (a) Lac du Bonnet granite (Lim et al., 2012), and (b) 

Wombeyan marble (Rosengren and Jaeger., 1968). Traces of the micro-cracks were 

obtained from the image processing package provided in MATLAB for (c) Lac du 

Bonnet granite, and (d) Wombeyan marble (Vazaios et al., 2018); (e) veins infilled with 

quartz within sandstone core; (f) defects cemented by gypsum in the rock block scale 

(Jakubec, 2013).   

Regarding the determination of size and location of the simulated joints, it is 

common practice to use one of the intensity measures proposed by Dershowitz and 

Herda (1992) either in one dimension (linear ï P10), two dimensions (areal ï P21) or 

three dimensions (volumetric ï P32), since these measures allow for the quantification 

of fracture frequency and size. Based on the dimension of the sampling region and the 

dimension of the joint feature, these measures have been proven particularly useful in 

providing quantifiable means of joint geometry assessment, and in this study both the 

P10 (measured as the numbers of fractures per unit length of scan line or borehole core) 

and P21 (measured as the ratio of the sum of the fracture trace lengths to the sampling 

area) are used to determine the crack system geometry within the rock specimens. 
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