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Abstract 

With the recent development of high-end computation technology, it is feasible to use complex 

numerical modeling technique such as synthetic rock mass (SRM) modeling for the 

characterization of mechanical properties of rock mass. However, the SRM modeling approaches 

that have been used to date such as the ones based on bonded particle and bonded blocks cannot 

properly incorporate realistic discontinuity surface geometry (waviness and roughness) into the 

numerical model and discontinuities are often simplified as having planar surfaces. Models with 

simplified planar discontinuity surfaces do not represent the true geometry and physics of the 

natural discontinuities which raises the question on the reliability of the geotechnical parameters 

resulting from these models. It is widely known that the inherent surface roughness significantly 

influences the shear strength and stiffness of a non-planar discontinuity. The goal of this thesis is 

to develop numerical models that can incorporate these natural undulating discontinuities for the 

determination of reliable estimates of strength and deformation properties of jointed rock masses. 

Three-dimensional lattice-spring-based synthetic rock mass (LS-SRM) models are generated by 

incorporating both planar and non-planar discontinuities to simulate the mechanical behaviors of 

both laboratory-scale jointed rock and mine-scale jointed rock masses. A calibration methodology 

is established by means of extensive sensitivity analysis of lattice model parameters. Studies are 

also conducted to understand the crack evolution mechanism (initiation and propagation) in pre-

cracked marbles with both planar and non-planar cracks. Influences of joint properties (orientation, 

intensity, persistence, and roughness) on the strength and deformability of jointed rock under 

compression are also investigated. Influence of rock mass scale on the strength and deformation 

modulus is investigated to determine the representative elementary volume (REV) of the rock 

mass. Using the REV sized rock mass, the influence of discontinuity intensity and confining 
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pressure on the mechanical properties (strength & deformability) of jointed rock masses are also 

investigated. In addition, the influence of the pre-existing natural discontinuity of different 

configurations (waviness, intensity, size) and in-situ stress on slope stability and deformability of 

an open pit mine are investigated. 

Complex crack propagation mechanism is observed in the laboratory-scale pre-cracked rocks with 

non-planar cracks under compression. There is an increase in the strength and deformation 

modulus for the laboratory-scale jointed rock models with non-planar discontinuities, lower 

discontinuity intensity, and lower discontinuity persistence. Peak strength and deformation 

modulus of the rock mass decreases with the increase of discontinuity intensity. Peak strength of 

the rock mass increases with the increase of confining pressure. Slopes excavated in the rock mass 

with non-planar discontinuities are found to be more stable than the slopes excavated in the rock 

mass with planar discontinuities. Similarly, slopes excavated in the rock mass with larger 

discontinuity size and higher discontinuity intensity are less stable than the ones excavated in the 

rock mass with smaller discontinuity size and lower discontinuity intensity. It is also found that 

the slopes exhibited localized instabilities under the influence of high in-situ stress. 

The findings of this research aid in better characterization of the mechanical behavior of jointed 

rock mass and provide more reliable estimates of geotechnical design parameters. 

Keywords 

Jointed rock mass, lattice-spring-based synthetic rock mass (LS-SRM), discrete fracture network 

(DFN), non-planar discontinuities, discontinuity orientation, discontinuity roughness, 

discontinuity persistence, discontinuity intensity, crack propagation, slope stability. 

  



v 

 

Original contributions 

Major contributions of this thesis are summarized below. 

a) Developed calibration approaches for laboratory-scale intact rock (Chapter 3), laboratory-

scale jointed rock (Chapter 4), and field-scale rock mass (Chapter 6) based on the extensive 

parametric study of lattice model parameters to investigate the mechanical behaviors of 

rock mass. 

b) Enhanced the understanding of the cracking mechanism in non-planar and non-persistent 

cracks in laboratory-scale pre-cracked rocks under unconfined and confined compressions 

(Chapter 4). 

c) Improved the knowledge on the influence of discontinuity orientation and persistence on 

the mechanical response of laboratory-scale jointed rock under triaxial loading condition 

(Chapter 5). 

d) Enriched the understanding of the influence of joint waviness on the mechanical response 

of laboratory-scale jointed rock under both triaxial and true-triaxial loading conditions 

(Chapter 5). 

e) New insights are developed on the influence of the natural discontinuity intensity and 

waviness on the mechanical responses of both the laboratory-scale jointed rock (Chapter 

5) and large-scale rock mass (Chapter 7) under triaxial loading condition. 

f) Elevated the understanding of the scale effect on the strength and deformability of rock 

mass under unconfined compression (Chapter 7). 
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g) Proposed empirical relations for the estimation of strength and deformation modulus of 

laboratory-scale jointed rock (Chapter 5) and large-scale jointed rock mass (Chapter 7). 

h) Investigated the influence of different discontinuity configurations (waviness, size, 

intensity), and in-situ stress on slope deformation and stability (Chapter 6). 
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Chapter 1  

 Introduction 

1.1 Background 

The determination of the mechanical properties of rock mass is a major concern in geotechnical 

engineering design (Brown, 2008). It is impractical to perform direct loading tests of rock mass 

structures. Instead, empirical design approaches are commonly used in the stability assessment of 

geotechnical structures such as mine excavations, tunnels, pillars, open pit slopes, etc. (Mark, 

2016). These empirical design approaches may not be universally applicable in all geological 

settings because of the inherent heterogeneity and anisotropy of rock mass associated with 

discontinuities in the form of joints, bedding planes, faults, etc. (Brady & Brown, 2006). 

Numerical modeling approach provides an alternative to the empirical methods for the 

investigation of strength and deformation behaviors of jointed rock mass (Jing, 2003). A 

representative numerical model is the one that can explicitly incorporate most of the rock mass 

features in three dimensions. Rock discontinuities are often characterized with the natural 

undulating surface which can interlock the movement of the sliding blocks and in turn influence 

the strength and deformation behaviors of jointed rock mass. The reason is that with the application 

of external load, fracturing of the intact rock occurs simultaneously with the breaking of asperities 

and the deterioration of pre-existing discontinuities (Barton, 1973). Hence, it is imperative to 

investigate the influence of rough discontinuities on the strength and deformation of jointed rock 

mass. This requires realistic numerical models that can properly simulate the physics of the of the 

rock masses with rough discontinuities under natural loading condition. 
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The synthetic rock mass (SRM) modeling method is very robust in realistic representation of the 

rock masses because the discontinuities are explicitly represented as discrete fracture network 

(DFN) in the intact rock matrix. The DFN models are often used for the realistic representation of 

discontinuities in the rock mass (Jing & Stephansson, 2007; Lei et al., 2017). DFNs are often 

represented using discontinuities with planar surface geometry, but in nature discontinuities 

manifest as non-planar features which can be characterized using large-scale waviness and small-

scale roughness (Barton & Choubey, 1977). Due to interlocking, a rock mass containing 

discontinuities with large-scale waviness can have higher strength and deformation modulus. 

Study needs to be conducted to generate realistic rock mass models such as SRM using DFN with 

rough discontinuity surface to assess the stability of structures built in or on jointed rock masses. 

In addition, a full-span or ubiquitous wedge approach is often used to design rock support to 

stabilize wedges in the roof of underground openings (Diederichs et al., 2000; González-Palacio 

et al., 2005) and in the unstable rock slopes (Wyllie, 2017a). This worst-case scenario analysis 

often leads to conservative rock support design. A realistic geometrical representation of 

discontinuity surface would allow for more representative kinematic analysis that would aid in a 

reliable, safe, and economical geotechnical design. 

1.2 Motivation 

Mechanical properties (strength and stiffness) of rock discontinuities are strongly influenced by 

the roughness of the discontinuity surface. In blocky rock masses, intersecting discontinuities form 

wedges and these rock blocks are free to rotate, translate and deform. The displacement along the 

block interface depends on the physical (degree of weathering, water content) and mechanical 

properties (cohesion and friction) of the interface. Shear strength of rock masses depends on the 
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cohesion and frictional resistance of these interfaces. The frictional resistance of the block 

interface depends on the surface geometry and it increases with the increase of the degree of 

waviness. Thus, block interfaces with the non-planar surface may be significantly stronger and 

stiffer than the ones with the planar surface because of the interlocking of asperities along the 

block interface with the rough surface. Rock structures containing discontinuities with large-scale 

waviness could exhibit a higher strength, thus, reducing the support system requirements to 

stabilize these structures. For safe and economical geotechnical design, it is imminent to have a 

reliable estimate of the strength and deformational properties of jointed rock mass. 

The mechanical properties of a rock mass can be estimated using numerical models based on the 

SRM approach. Existing SRM models employ either bonded particle model (BPM) in particle flow 

code (PFC) or bonded block model (BBM) in universal distinct element code (UDEC or 3DEC). 

These modeling approaches often represent discontinuities as smooth or planar features only and 

the explicit representation of non-planar discontinuities in existing SRM models is very 

complicated. To the author’s knowledge, studies have not been conducted to investigate the 

mechanical behaviors of jointed rock mass by explicitly incorporating the large-scale roughness 

(waviness) of natural rock discontinuities. 

In this thesis, a lattice-spring-based synthetic rock mass (LS-SRM) modeling approach is used to 

investigate the strength and deformation behaviors of jointed rock mass. Itasca’s SRMTools is 

employed to perform numerical modeling because it can easily incorporate complex DFN model 

with non-planar discontinuities into the lattice spring model. Details on the SRMTools are 

provided in Section 2.5.3. Three-dimensional DFN model with non-planar discontinuities are 
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generated in MoFrac, a DFN software developed by MIRARCO Mining Innovation, and are 

imported into SRMTools for mechanical modeling. 

1.3 Objective 

The primary objective of the work presented in this thesis is to characterize the mechanical 

behavior of jointed rock and rock masses using the LS-SRM modeling approach. Some of the 

specific tasks that need to be addressed for the fulfillment of this primary objective are: 

a) Perform sensitivity analysis of lattice model parameters and develop a calibration 

methodology for LS-SRM modeling. 

b) Investigate the behavior of crack evolution (initiation and propagation) of a pre-cracked 

rock and the influence of pre-existing cracks on the mechanical properties (strength and 

deformability) of the pre-cracked rock. 

c) Study the influence of pre-existing joint set properties (orientation, intensity, roughness, 

and persistence) on the mechanical response of jointed rock under confined compression. 

d) Investigate the scale effect on the strength and deformability to determine the 

representative elementary volume (REV) of a jointed rock mass. 

e) Examine the influence of volumetric discontinuity intensity (P32) and confining pressure 

on the strength and deformability of jointed rock mass. 

f) Assess the influence of discontinuity waviness, intensity, and size on the slope stability and 

deformation of an open pit mine. 
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1.4 Thesis summary 

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

Graduate Studies at Laurentian University, Sudbury, Canada. Some of the results have been 

published in peer-reviewed conference proceedings and scientific journals. Other results have been 

submitted to journals for publication. The document consists of eight chapters and the main 

research topics are shown in Figure 1-1. 

  

Figure 1-1 Main research topics. 

Research problem, motivation, objective, and thesis content are summarized in Chapter 1. 

15 m × 15 m × 30 m

Chapter 4: Crack evolution (initiation and propagation) 

mechanism in pre-cracked rock with planar and non-planar 

cracks.

Chapter 5: Influence of different joint fabrics on strength and 
deformation modulus of jointed rock under compression.

Chapter 7: Influence of discontinuity intensity, confining 

pressure, and scale on strength and deformability of a 

jointed rock mass.

Influence of joint orientation

Slope with non-planar

discontinuities

Planar cracks Non-planar cracks

10 m × 10 m × 20 m

Slope with planar 

discontinuities

5 m × 5 m × 10 m

Influence of joint intensity

Influence of joint waviness

Influence of joint persistence

Chapter 2: Review of the state-of-the-art (Literature review).

Chapter 3: Parametric study, development of calibration 

methodology for intact rock.

Chapter 6: Influence of discontinuity waviness, size, and 

intensity on slope stability of an open pit mine.
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In Chapter 2, existing state-of-the-art related to this research are discussed. Rock mass failure 

modes are discussed with the focus on mine pillars and slopes. In addition, failure mechanisms are 

also examined in pre-cracked rocks using laboratory testing and numerical modeling. Utility of 

empirical and numerical modeling approaches for the estimation of mechanical properties 

(strength and deformation modulus) of jointed rock mass are discussed with a focus on the 

application of SRM and DFN modeling techniques. The LS-SRM modeling approach is introduced 

and a comprehensive review of existing SRM methods is conducted with the comparison of LS-

SRM with other DEM-based SRM approaches. DFN modeling methodology using MoFrac for the 

generation of DFN with non-planar discontinuities is also discussed. 

Because the lattice spring-based tool (SRMTools) used in this research is relatively new, a 

parametric study is conducted to understand the influence of lattice micro-parameters on the 

macroscopic properties of intact rock and a calibration methodology is developed in Chapter 3. 

SRMTools (Itasca, 2016b) comprises of two software modules (SRMLab and Slope Model) which 

is developed by Itasca Consulting Group, Inc. SRMLab is a software within SRMTools which 

allows for the mechanical modeling of SRM models to understand the mechanical behavior of 

both intact and jointed rock mass. SRM models generated in SRMLab software are validated by 

performing direct tension, unconfined compression, and triaxial compression simulations. 

Unconfined and confined compression simulations are performed on synthetic models of 

laboratory-scale pre-cracked marble to understand the crack evolution (initiation and coalescence) 

mechanism from non-persistent cracks with both planar and non-planar surface geometry in 

Chapter 4. In addition, the influences of crack length, crack angle, crack ligament angle, crack 
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ligament length, crack persistence, crack roughness, and the number of cracks on the mechanical 

response of pre-cracked marble under compression are also examined. 

In Chapter 5, unconfined and confined compression simulations are conducted to investigate the 

mechanical behavior of laboratory-scale jointed granite with persistent joints. Influence of joints 

with different orientation, intensity, persistence, and waviness on strength and deformability of 

jointed granite is investigated under triaxial loading conditions. In addition, the strength and 

deformability of jointed granite with both planar and non-planar joints are investigated under true-

triaxial loading condition. 

A slope stability case study is conducted for the south wall of Cadia Hill open pit mine in Chapter 

6. Stability and deformation behavior of the slope excavated in the rock mass with different 

discontinuity configuration (waviness, size, intensity) are investigated using Itasca’s Slope Model 

software. The capability of the Slope Model software in assessing the stability of slope with both 

planar and non-planar discontinuity is validated before performing any simulations. 

Influence of rock mass scale on strength and deformability is investigated to determine the REV 

of the rock mass in Chapter 7. Influence of P32 and confining pressure on mechanical properties 

of rock mass under compression are investigated using REV-sized rock mass samples. 

Based on the research results, conclusions are made, and future works are recommended in Chapter 

8. References are formatted as American Psychological Association 6th edition. 
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Chapter 2  

 Literature review 

2.1 Introduction 

This chapter provides a review of the state-of-the-art on the mechanical behavior of jointed rock 

mass and their implication on the geotechnical stability analysis of rock mass structures such as 

mine pillars and open pit mine slopes. The importance of combining numerical modeling methods 

such as discrete element method and DFN modeling techniques for the estimation of mechanical 

properties of jointed rock mass is highlighted. Other topics reviewed include: 

a) Characterization of jointed rock masses. 

b) Failure modes in jointed rock mass (mine pillar, slope) and pre-cracked rocks. 

c) Application of empirical and numerical modeling approaches in the estimation of 

mechanical properties of rock mass, assessment of slope stability, estimation of strength 

and deformability of mine pillars, etc. 

d) Application of BPM-based-SRM and BBM-based-SRM modeling approaches in the 

estimation of mechanical behaviors of jointed rock masses. 

e) Usefulness of the LS-SRM modeling approach for the investigation of mechanical 

properties of jointed rock masses. 

f) Generation of DFN with non-planar discontinuities in MoFrac. 
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2.2 Characterization of rock mass 

Rock mass is primarily composed of the intact rock with small-scale defects in the forms of flaws 

that are not visible to the naked eye and large-scale discontinuities that may or may not contain 

infillings. Based on the properties of intact rock and discontinuities, rock masses are characterized 

considering rock blocks, rock bridges, discontinuity orientation, discontinuity spacing, 

discontinuity persistence, number of discontinuity sets, discontinuity wall strength, discontinuity 

aperture, discontinuity infilling, etc. as shown in Figure 2-1. 

 

Figure 2-1 Characteristics of a jointed rock mass (Wyllie, 2017c). 
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Mechanical failure of any engineering system occurs at the weakest component or link when the 

external force applied to the system reaches the inherent strength. In the case of rock mass, these 

weak components are discontinuities in the form of joints, faults, bedding plane, veins, weak 

infillings, schistosity, etc. (Wyllie, 2017c). The discontinuity properties (orientation, spacing, 

intensity, persistence, roughness, infilling, water content, etc.) have a large influence on the 

strength and deformability of rock masses and these need to be accurately characterized by means 

of detailed field mapping. Discontinuities are also more vulnerable to weathering and corrosion 

because they are the pathway for groundwater and other corrosive fluids. Thus, it is very important 

to quantify the influences of discontinuities on the mechanical properties of jointed rock masses. 

 Discontinuity set 

The first step in the characterization of discontinuities is the classification of these into a number 

of sets based on the orientation distribution, and then identify the ones that are unfavorably oriented 

and critical for the stability of a rock mass structure such as a mine pillar or a slope. This 

information can be collected by means of surface and underground mapping. The discontinuity 

orientation is expressed in terms of dip (the maximum angle made by the discontinuity with the 

horizontal axis) and dip direction (the direction of the horizontal trace of the line of the dip, 

measured clockwise from North) (Wyllie, 2017d). Fisher distribution is generally used to quantify 

the dispersion of the mean orientation of a discontinuity set (Fisher, 1953). Spherical projections 

(stereonet) are generally used to represent the discontinuity orientation and are preferred over rose 

diagram because they can accurately plot the spatial distribution of orientation data, identify major 

discontinuity sets, and are more convenient for kinematic analysis. 



11 

 

In the next step, discontinuity properties such as spacing, persistence, roughness, aperture, and 

water content are characterized for each discontinuity set. These discontinuity properties can be 

used as input parameters to generate DFN models. 

 Discontinuity spacing and size 

Discontinuity spacing is the average perpendicular distance between the discontinuities within the 

same set and is related inversely to discontinuity density and frequency (Singhal & Gupta, 2010b); 

it controls the block size distribution of the jointed rock mass. Because the rock mass is opaque, 

the extent of the discontinuity inside the rock mass is not known; therefore, the size of a 

discontinuity is usually reported in terms of length rather than area. Distribution of discontinuity 

spacing and length are found to be either log-normal or negative exponential (Priest & Hudson, 

1976, 1981). 

 Discontinuity persistence and rock bridge 

Discontinuity persistence (K) is the measure of the extension (size) of a discontinuity into the rock 

and it significantly influences the strength and deformability of a jointed rock mass. In rock masses 

with non-persistent discontinuities, rock bridges provide additional strength and stiffness. Einstein 

et al. (1983) defined K as the ratio of total discontinuity area within a plane to the total area of the 

analyzed plane as, 

 
𝐾 =

∑ 𝐴𝑑

∑ 𝐴𝑑 + ∑ 𝐴𝑟𝑏
 

(2-1) 

where Ad and Arb are the areas of discontinuity and rock bridge on the plane, respectively. 
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True persistence of the discontinuity is difficult to be measured because of the following 

challenges (Singhal & Gupta, 2010b): 

a) It is difficult to measure the extent of the discontinuity inside the rock mass. 

b) Truncation (censoring) and orientation bias of the measured area or scanline cannot be 

avoided. 

The length of these discontinuities can be estimated using the scanline and circular window 

mapping techniques (Kulatilake & Wu, 1984; Zhang & Einstein, 1998; Mauldon et al., 2001) 

which can eliminate the bias (orientation and censoring) to some extent. 

The very existence of non-persistent discontinuities gives rise to the concept of rock bridge. In 

simple terms, rock bridge is the volume of intact rock separating discontinuities within the rock 

mass and is defined as the fraction of discontinuity surface area that is discontinuous (Eq. (2-1)) 

(Einstein et al., 1983). Elmo et al. (2018) argue that the characterization of rock bridges is rather 

complex and suggest that it should be based on the block forming potential. 

 Discontinuity intensity 

Discontinuity intensity or density is the non-directional intrinsic measure of the degree of jointing 

of rock mass which incorporates discontinuity frequency, persistence, and size (Rogers, 2015). 

Based on the dimension of the measured region and discontinuity size, Dershowitz (1984) 

classified discontinuity intensities into P10, P11, P20, P21, P22, P30, P32, and P33 (Figure 2-2). The 

first and second subscripts represent the dimension of the measurement region and discontinuity 

size attribute, respectively. For example, P10 is the number of discontinuities per unit length of a 

scan line or borehole and is also referred as linear intensity, P21 is the length of fractures per unit 
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area of the mapping window and is also referred as areal intensity, and P32 is the total area of 

discontinuities per unit rock mass volume and is also referred as volumetric intensity. P32 is 

reported to be the most reliable measure of fracture intensity because it does not have a directional 

bias (Dershowitz & Herda, 1992). In a similar manner, discontinuity intensity also needs to be 

estimated because of the biases related to discontinuity size and persistence. Some studies 

suggested approaches to estimate the discontinuity intensity from traces in boreholes (Zhang & 

Einstein, 2000) and cylindrical exposures (Wang, 2005) such as tunnel walls and outcrops on 

slopes. 
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Figure 2-2 Quantification of fracture parameters (Dershowitz & Herda, 1992; Elmo, 2006). 
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 Discontinuity waviness and roughness 

The roughness components of a non-planar discontinuity can be classified into the large-scale 

waviness and small-scale roughness (Barton & Choubey, 1977). Both the discontinuity waviness 

and the discontinuity roughness play an important role in influencing the shear response of 

discontinuities and in turn the mechanical response of a jointed rock mass. For example, for rough, 

unweathered, and unfilled discontinuities, their shear strength and stiffness are very high (Barton 

& Choubey, 1977), which significantly increase the strength and reduce the deformability of the 

jointed rock mass. Despite the limitations of two-dimensional and subjective analysis of joint 

traces, the joint roughness coefficient (JRC) index approach suggested by Barton & Choubey 

(1977) has been widely used in the characterization of discontinuity roughness. In Barton’s 

roughness scale, JRC increases from 0 to 20 with the increase of the degree of roughness.  

The friction angle of a rough discontinuity (φj) is the sum of the of the basic friction angle of the 

intact rock material and the roughness component (i) which is the angle made by interlocking 

asperities with the shearing surface (Patton, 1966): 

 𝜑𝑗 = 𝜑𝑏 + 𝑖 (2-2) 

where φb is the basic friction angle of the planar joint and i can be related to JRC as, 

 
𝑖 = 𝐽𝑅𝐶 ∙ 𝑙𝑜𝑔10 (

𝐽𝐶𝑆

𝜎𝑛
) 

(2-3) 

where JCS is the joint compressive strength and is equal to the compressive strength of the intact 

rock for an unweathered discontinuity, and σn is the effective normal stress acting on the 

discontinuity surface. 



15 

 

JRC is related to the discontinuity shear strength (τ) through (Barton, 1973), 

 
𝜏 = 𝜎𝑛 ∙ tan (𝜑𝑏 + 𝐽𝑅𝐶 ∙ 𝑙𝑜𝑔10 (

𝐽𝐶𝑆

𝜎𝑛
)) 

(2-4) 

Large-scale waviness is often correlated to JRC using an upscaling approach based on empirical 

relation (Bandis et al., 1981). However, the influence of discontinuity waviness on strength and 

deformability is not clear. Bandis et al. (1981) found that the shear strength of rough discontinuity 

decreased with the increases of discontinuity length; however, based on the experimental work of 

both the laboratory and field scale discontinuities, Tatone & Grasselli (2013) found that both 

roughness and shear strength increase with the increase of discontinuity length. These results 

warrant the need for a detailed investigation to study the influence of the discontinuity roughness 

and waviness at different scales on the mechanical response of jointed rock masses. 

2.3 Failure modes in jointed rock mass 

Failure of jointed rock mass may occur in three ways: structure-controlled (discontinuity) failure, 

stress-controlled (intact rock) failure, and both. The structure-controlled failure mode is generally 

observed in rock mass with discontinuities oriented in unfavorable orientations at low confining 

pressure mainly in unstable slopes and shallow underground openings. As the confining pressure 

increases with the increase of depth, the natural discontinuities are clamped, and the rock mass is 

more brittle leading to stress-controlled failure. Stress-controlled failure is mainly driven by the 

redistribution of stress when an excavation is made in highly stressed grounds (Figure 2-3). 
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Figure 2-3 Examples of tunnel instability and failure observed in the hard rock as a function of the 

rock mass rating and the ratio of in-situ stress to rock strength (k) (Hoek et al., 1995; Martin et al., 

1999; Kaiser et al., 2000).  

Therefore, the failure of underground excavations in hard rocks is a function of the ratio of the in-

situ stress to rock strength (k) and the mechanical properties of the rock mass (Kaiser et al., 2000). 
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At intermediate depths, stress induced failure zones are localized near the boundary of the 

excavation but at greater depth, extensive failure occurs which involves the entire perimeter of the 

excavation. 

 Pillar failure modes 

Failure modes in mine pillar can be categorized into five, (i) spalling of pillar walls into mine 

opening (Figure 2-4a), (ii) shear failure along a discrete plane (Figure 2-4b), (iii) internal axial 

pillar splitting due to pillar deformation along the weak interface on roof and floor (Figure 2-4c), 

(iv) shear failure along the transgressive discontinuities (Figure 2-4d), and (v) buckling failure on 

a pillar with joints along the vertical axis (Figure 2-4e), as reported by Brady & Brown (2006). 

Structure-controlled failure of a mine pillar may occur along the critically oriented large 

discontinuity (Figure 2-5a) or crack coalescence along two or more discontinuities (Figure 2-5b). 

(a) (b) (c) (d) (e) 

     

Figure 2-4 Different modes of failures of mine pillar: (a) spalling of pillar walls into mine opening, (b) 

shear failure along a discrete plane, (c) internal axial pillar splitting due to the movement of pillar along 

the weak interface on roof and floor, (d) shear failure along the transgressive discontinuities, and (e) 

buckling failure on a pillar with joints along the vertical axis (Brady & Brown, 2006). 
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(a) (b) 

  

Figure 2-5 (a) Pillar bisected by a large angular discontinuity; (b) crack coalescence along two angular 

discontinuities in a limestone pillar (Esterhuizen et al., 2011). 

 Rock slope failure modes 

Slope failure occurs along the surface when the shearing force is reaching the shear strength of the 

resisting surface. Four types of failure modes, wedge, planar, toppling, and circular (Wyllie, 

2017d) are generally observed in a jointed slope, and these are controlled by the orientation and 

intensity of discontinuity sets (Wyllie, 2017d). 

(a) (b) (c) (d) 

    

Figure 2-6 Types of slope failure (a) wedge failure; (b) plane failure (c) toppling failure (d) circular 

failure (Wyllie, 2017d). 

In wedge failure, sliding takes place along the line of intersection of two planar discontinuities; 

however, in-planar failure sliding occurs along the single discontinuity plane. For a wedge failure, 

contact is maintained on both planes and sliding occurs along the line of intersection between the 
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two planes. For both planar and wedge failure, the dip of the failure plane should be larger than 

the overall slope face angle. For a toppling failure to occur, the dip direction of the steeply dipping 

discontinuities must be within about 20° of the dip direction of the slope face. Circular failure 

occurs in slopes with heavily broken rocks (near zero cohesion). 

Depending on the scale of the problem analyzed and discontinuity persistence, slope failure modes 

can be complex where the failure mode is the combination of the ones mentioned earlier and the 

failure of intact rock bridges. In the moderately fractured slope, step-path failure mechanism 

(Camones et al., 2013; Sjoberg, 1992) is more frequent where the failure of intact rock bridges 

leads to the coalescence (Figure 2-7) and interconnection of the cracks developed on the tip of the 

non-persistent discontinuities and subsequently lead to the formation of failure surface. 

 

Figure 2-7 Step-path failure mechanism in a jointed slope with non-persistent discontinuities (Camones et 

al., 2013). 

Scholtès & Donzé (2012) investigated the crack propagation mechanism in jointed rock slopes to 

identify the critical failure surface using the DEM-DFN approach in Yade (Kozicki & Donzé, 

2008). Camones et al. (2013) used PFC3D to assess slope failure due to the step-path failure of a 

fractured rock masses with co-planar and non-co-planar fractures and concluded that the slope 

models with non-co-planar fractures had lower safety factors than the models with co-planar 
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fractures. They further argued that the 3D models permit the consideration of the persistence of 

discontinuities in all directions and allow for a realistic comparison of results from numerical 

modeling with the physical experiments Further, the large-scale discontinuity waviness causes 

interlocking between the rough surfaces which could add more complexity in the slope failure 

mode and stability. More studies need to be conducted to understand the failure mechanism caused 

by these complexities. 

 Failure modes in pre-cracked rocks 

Numerous laboratory and numerical studies have been carried out to investigate the failure modes 

of pre-cracked rocks. Four types of failure modes (splitting, shearing, rotational, and sliding) were 

observed during the laboratory testing of rock-like jointed material (Singh et al., 2002). 

(a) (b) (c) (d) 

    

Figure 2-8 Failure modes observed in rock-like jointed material: (a) splitting, (b) shearing, (c) 

rotational, and (d) sliding, after Singh et al. (2002). 

Many studies have been conducted to study crack evolution in pre-cracked natural rocks such as 

marble (Wang et al., 1987; Jiefan et al., 1990; Chen et al., 1995; Martinez, 1999; Li et al., 2005; 

Yang et al., 2008, 2009; Wong & Einstein, 2009a) and granite (Lee & Jeon, 2011; Martinez, 1999; 

Miller & Einstein, 2008; Wong & Einstein, 2009c). Because it is difficult to prepare natural rock 

specimens containing cracks, it is common to perform experimental investigation using pre-

cracked rock-like materials (Hoek & Bieniawski, 1965; Reyes & Einstein, 1991; Germanovich et 
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al., 1994; Bobet & Einstein, 1998; Wong & Chau, 1998; Wong et al., 2001; Sagong & Bobet, 

2002; Wong & Einstein, 2009c; Lee & Jeon, 2011; Zhang & Wong, 2012; Haeri et al., 2014; Cao 

et al., 2015; Xu et al., 2018; Zhou et al., 2018). The constraint of the experimental study is that the 

development of cracks is only visible on the outer surface of a specimen and the crack propagation 

inside the specimen can only be inferred from other indirect monitoring techniques such as 

acoustic emission monitoring. Wong & Einstein (2009b) investigated the crack development using 

the slices of the cracked specimen that was subjected to compressive load and they suggested using 

numerical modeling technique because of the difficulty to distinguish between the micro-cracks 

developed by loading and the ones induced during the slicing of the pre-loaded specimens. 

Crack initiation and propagation inside the rock can be predicted using 3D numerical models. 

Although some studies on crack progression have been conducted in 3D (Scholtès & Donzé, 2012; 

Camones et al., 2013; Wang et al., 2014; Lee et al., 2017), the majority of the numerical studies 

were performed in 2D (Scavia, 1995; Vásárhelyi & Bobet, 2000; Tang et al., 2001; Cai & Kaiser, 

2004; Lee & Jeon, 2011; Manouchehrian & Marji, 2012; Camones et al., 2013; Zhang & Wong, 

2013; Haeri et al., 2014; Manouchehrian et al., 2014; Wang et al., 2017). Many investigations were 

conducted to study the crack development; however, only a few selected studies pertaining to 3D 

numerical modeling are reviewed. 

Development of white patches are reported in the laboratory compression test conducted on 

Carrara marble specimens with both single (Wong & Einstein, 2009c) and stepped pair flaws 

(Wong & Einstein, 2009b). Length and width of these patches increased with the increase of the 

applied load. With further increase of loading, wing cracks initiated along the direction of the white 

patches, predominately in the vertical direction. The microscopic observations of the slices of the 
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samples with white patches and virgin samples suggested that the white patches were due to the 

intra-grain failure (Wong & Einstein, 2009b). Based on the coalescence behavior, nine types of 

cracks were identified with the failure mechanism of tensile (Figure 2-9), shear (Figure 2-10), and 

the combination of both. The experimental results also reported that a series of en-echelon cracks 

appeared on the rock bridge between the crack pair and concluded that the coalescence of the pre-

existing cracks resulted in the formation of the macroscopic cracks. Yin et al. (2014) identified 

four surface crack coalescence patterns using the digital speckle correlation method and attributed 

the evolution of the white patches in the cracked marble to the development of the petal cracks. 

 

Figure 2-9 Different types of crack coalescence in tensile mode observed in the experimental study of 

flawed Carrara marble (Wong & Einstein, 2009a). 

 

Figure 2-10 Different types of crack coalescence in shear mode observed in the experimental study of 

flawed Carrara marble (Wong & Einstein, 2009a). 
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In another study, crack evolution was investigated using 2 to 4 open cracks (Figure 2-11) in the 

two opposite corners of a specimen (Yang et al., 2009, 2008) as opposed to the center as in the 

studies conducted by Wong & Einstein (2009c, 2009a, 2009b). Crack length (2a) is the length of 

the crack along the inclination plane, ligament length (2b) is the distance between the internal tips 

of the two cracks, crack angle (α) is the angle made by the external tip of the crack with the vertical 

plane, and ligament angle (β) is the angle made by the imaginary line joining the internal tips of 

two cracks with the horizontal plane. Because of the locations of the cracks, crack initiation and 

propagation occur only at the internal tips of the flaws. The failure modes depend on the 

geometrical configuration of the flaws as shown in Figure 2-12. All studies concluded that the 

peak strength and the deformation modulus of the pre-cracked marble rock depend on 2a, 2b, α, β, 

and the number of cracks. 

                            (a)            (b) 

  

Figure 2-11 Illustration of crack geometry in the pre-cracked marble (a) Type B and (b) Type J, 

modified after Yang et al. (2009) where 2a = crack length, 2b = ligament length, α = crack angle, and β 

= ligament angle. 
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Figure 2-12 Failure modes of marble specimens with different crack configurations under uniaxial 

compression, after Yang et al. (2009). 

Lee & Jeon (2011) observed a decrease in the crack initiation stress (σci) with the increase of crack 

angle (α) when α ≥ 15° and σci was constant when α ≤ 15° during laboratory uniaxial compression 
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of a double-flawed granite. They argued that this was due to the shielding effect of the horizontal 

flaw against the vertical load. However, in the numerical simulation in PFC2D, they observed that 

σci increased until the value of α = 30° was reached and then decreased when 30° ≤ α ≤ 60°, which 

could be attributed to the parallel bond contact law and two-dimensional nature of the numerical 

models. 

Wang et al. (2014) investigated the fracturing process of the cylindrical specimen with two 

macroscopic cracks using RPFA3D (Tang & Tang, 2011); however, the modeling results were not 

comparable to the laboratory test results because of the mesh dependency and the uncertainty 

associated with the homogeneous index parameter. 

Sharafisafa & Nazem (2014) observed that UDEC was able to simulate all types of cracking 

mechanism in pre-cracked rock, such as the wing and secondary cracks, as well as the crack linkage 

between two adjacent flaws and their subsequent coalescence; however, results from extended 

finite element method (XFEM) could only represents tensile wing cracks without shear cracks. 

Lee et al. (2017) simulated the fracturing process of a pre-cracked sandstone with three flaws using 

parallelized peridynamic technique coupled with the finite element method and indicated that the 

crack coalescing behavior is influenced by newly created cracks. The peridynamic formulation 

uses integral-differential operators for the simulation of the fracturing process. 

2.4 Estimation of mechanical properties of jointed rock mass using 

empirical methods 

Reliable estimates of mechanical properties of jointed rock mass are required for the assessment 

of geotechnical stability of any engineering structures built in or on rock mass. The mechanical 

properties of small-scale jointed rocks can be determined in laboratory using unconfined and 
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confined compression tests (Ramamurthy, 2001; Arzua et al., 2014; Alejano et al., 2017). 

However, the determination of strength and deformability of rock mass is a major challenge in 

solving geotechnical problems both in the subsurface (e.g., pillar stability) and surface (e.g., slope 

stability) operations. Strength, deformability, and failure depend on the mechanical properties and 

spatial location of pre-existing discontinuities. The engineering properties of rock mass can be 

estimated using empirical and numerical (Section 2.5.2) methods. 

It is difficult to perform large-scale physical laboratory and in-situ tests to determine the 

mechanical properties of rock masses due to logistic and economic difficulties. Therefore, the 

mechanical properties of rock masses are often estimated using empirical methods. Strength and 

deformation modulus of rock masses are correlated to their corresponding intact rock properties 

and the indexes of rock mass classification systems such as Rock Quality Designation (RQD) 

(Deere et al., 1966), Rock Mass Rating (RMR) (Bieniawski, 1973), Modified Rock Mass Rating 

(MRMR) (Laubscher & Jakubec, 2001), Rock Mass Quality (Q) (Barton et al., 1974), Rock Mass 

Index (RMi) (Palmstrøm, 1996), Geological Strength Index (GSI) (Hoek, 1994), etc. Details on 

the empirical approach for the estimation of rock mass deformation modulus can be found in Zhang 

(2017). Empirical relations between rock mass deformation modulus and indexes of some rock 

mass classification systems and some other parameters such as intact rock modulus Ei and uniaxial 

compressive strength σc and joint properties are summarized in Table 2-1. The empirical relations 

are only applicable to isotropic and homogeneous rock masses. 

The peak strength of a rock mass can also be estimated from the empirical approach using both 

laboratory and field test data. Laboratory tests (unconfined/confined compression) are often 

performed on intact and jointed rocks and the test results are used in conjunction with the rock 
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mass classification indexes. Some empirical relations for the estimation of rock mass strength are 

shown in Table 2-2. 

Table 2-1 Empirical relations for the estimation of rock mass deformation modulus (Em) 

Equation Reference 

2𝑅𝑀𝑅 − 100 (GPa) Bieniawski (1978) 

√0.01𝜎𝑐10(𝐺𝑆𝐼−10)/40 (GPa) Hoek & Brown (1997) 

0.1 (
𝑅𝑀𝑅

10
)

3
 (GPa) Read et al. (1999) 

𝐸𝑖𝑒𝑥𝑝−0.00115𝑗𝑓 , 𝑗𝑓 = 𝑗𝑛/𝑟𝑛 (GPa) Ramamurthy (2001) 

5.6𝑅𝑀𝑖0.375 (GPa)   (0.1 < RMi < 1) 

7𝑅𝑀𝑖0.4 (GPa) (1 < RMi < 40) 

Palmström & Singh (2001) 

10(𝑄𝜎𝑐/100)1/3 (GPa)  Barton (2002) 

0.1423 [
𝐸𝑖(1+0.01𝑅𝑄𝐷)

𝑊𝐷
]

1.1747
 (GPa) Kayabasi et al. (2003) 

0.001 [
(

𝐸𝑖
𝜎𝑐

)(1+0.01𝑅𝑄𝐷)

𝑊𝐷
]

1.5528

  (GPa) Gokceoglu et al. (2003) 

𝐸𝑖𝑒𝑥𝑝(𝑅𝑀𝑅−100)/17.4)  (GPa) Ramamurthy (2004) 

𝐸𝑖10(0.0186𝑅𝑄𝐷−1.91) (GPa) Zhang & Einstein (2004) 

𝐸𝑖 (0.02 +
1−

𝐷

2

1+𝑒
(

60+15𝐷−𝐺𝑆𝐼
11

)
) (GPa) Hoek & Diederichs (2006) 

tan(ln(𝐺𝑆𝐼)) log (𝜎𝑐)(𝑅𝑄𝐷)1/3 (GPa) 

Beiki et al. (2010) 

tan(√1.56 + (ln(𝐺𝑆𝐼))2)(𝜎𝑐)1/3 (GPa) 

Ei – intact rock modulus (GPa), jf – joint factor, jn – joint frequency (number of joints per meter), n – 

coefficient of influence of joint inclination, r – coefficient for joint strength (frictional component), WD – 

degree of weathering of discontinuities, D – Hoek–Brown (H–B) disturbance factor for jointed rock mass, 

σc – intact rock UCS (uniaxial compressive strength) (MPa). 
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Table 2-2 Empirical relations for the estimation of rock mass strength (σm) 

Equation Reference 

𝜎𝑐𝑒𝑥𝑝
7.65(𝑅𝑀𝑅−100)

100  (MPa) Yudhbir et al. (1983) 

0.5𝑒𝑥𝑝0.06𝑅𝑀𝑅  (MPa) Trueman (1988); Zhang (2010) 

𝜎𝑐 (
𝐸𝑚

𝐸𝑖
)

𝑛𝑗
 (MPa) Mehrotra (1992) 

𝜎𝑐𝑒𝑥𝑝
7.65(𝑅𝑀𝑅−100)

24  (MPa) Kalamaras & Bieniawski (1993) 

0.7𝛾𝑄1/3  (MPa) Bhasin & Grimstad (1996) 

𝜎𝑐𝑒𝑥𝑝
7.65(𝑅𝑀𝑅−100)

20   (MPa) Sheorey (1997) 

7𝛾𝑄1/3 (MPa) Singh et al. (1997) 

𝜎𝑐
𝑅𝑀𝑅

600−5𝑅𝑀𝑅
 (MPa) Aydan & Dalgic (1998) 

𝜎𝑐𝑒𝑥𝑝−0.008𝑗𝑓 , 𝑗𝑓 = 𝑗𝑛/𝑟𝑛 (MPa) Ramamurthy (2001) 

5𝛾 (
𝑄𝜎𝑐

100
)

1/3
  (MPa) Barton (2002) 

𝜎𝑐𝑒𝑥𝑝

𝐺𝑆𝐼−100

9−3𝐷
[0.5+

1

6
(𝑒𝑥𝑝

−
𝐺𝑆𝐼
15 −𝑒𝑥𝑝

20
3 )]

 (MPa) 
Hoek et al. (2002) 

𝜎𝑐 (0.039 + 0.893𝑒𝑥𝑝
(−

𝑗𝑓

160.99
)
) (MPa) Jade & Sitharam (2003) 

𝜎𝑐𝑒𝑥𝑝
𝑅𝑀𝑅−100

25    (MPa) Ramamurthy (2004) 

𝜎𝑐100.013𝑅𝑄𝐷−1.34 (MPa) Zhang (2010) 

σc – intact rock strength (MPa), Em – rock mass modulus (GPa), Ei – intact rock modulus (GPa), nj – 

reduction factor related to joint configuration and failure mode, γ – rock mass density (t/m3). 
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Studies have been conducted to estimate the strength of mine pillar using the empirical approach 

based on case histories and back analysis. The published pillar formulas suggest that the pillar 

strength depends on three major parameters: pillar load, compressive strength of rock, and width 

to height ratio. A summary of existing empirical formulas for the estimation of hard rock pillar 

strength is shown in Table 2-3. 

Table 2-3 Strength formulas for hard rock pillars, after González-Nicieza et al. (2006) 

Pillar strength formula  
σc 

(MPa) 

No. of 

pillars 
Reference 

133
𝑊0.5

𝐻0.75 (MPa) 230 28 Hedley & Grant (1972) 

𝜎𝑐 (
𝑣𝑝

𝑣𝑠′
)

−0.118
(

𝑊𝑝

𝐻𝑝

𝑊𝑠′

𝐻𝑠′
)

0.833

 (MPa) - - Hardy & Agapito (1982) 

65
𝑊0.46

𝐻0.66  (MPa) 94 7 
Von Kimmelmann et al. 

(1984) 

35.4 (0.778 + 0.222
𝑊

𝐻
) (MPa) 100 14 Krauland & Soder (1987) 

0.42𝜎𝑐
𝑊

𝐻
 (MPa)  23 Potvin et al. (1989) 

74 (0.778 + 0.222
𝑊

𝐻
) (MPa) 240 9 Sjoberg et al. (1992) 

0.44𝜎𝑐(0.68 + 0.52𝑘) (MPa)  178 Lunder & Pakalnis (1997) 

0.27𝜎𝑐 (
1

𝐻𝑝
)

0.36

+ (
𝐻𝑝

250
+ 1) (

𝑊𝑝

𝐻𝑝
− 1) 

(MPa) 

 - Sheorey et al. (2000) 

W and H are width and height of pillar in meters, respectively; vp and vs are volumes of pillar and 

laboratory samples, respectively; k is a confinement-dependent empirical constant, and subscripts p and s’ 

refer to the parameters related to pillar and laboratory samples. 
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These empirical formulas have been derived from the case studies of mine pillars between 600 and 

1000 m depths with W/H ratios between 1.5 and 2. Thus the application of these formulas to pillar 

design in deeper grounds and with W/H > 2 could be misleading and conservative (Kaiser et al., 

2011). Moreover, reliance on a few failed pillar cases with a high dependence on site-specific rock 

type and lack of information on pillar deformation are some of the limitations of using the 

empirical approach in pillar design. 

The Hoek–Brown (H–B) failure criterion (Hoek & Brown, 2018) is widely used in the field of 

rock mechanics and rock engineering involving both experimental and numerical studies. For the 

estimation of rock mass strength, the H–B strength criterion is used in conjunction with the GSI 

value because it considers the influence of the intact rock strength, blockiness of rock mass, and 

joint conditions. The failure criterion can be summarized as, 

 
𝜎1 = 𝜎3 + 𝜎𝑐 (𝑚𝑏

𝜎3

𝜎𝑐
+ 𝑠)

𝑎

 
(2-5) 

 
𝑚𝑏 = 𝑚𝑖𝑒𝑥𝑝 (

𝐺𝑆𝐼 − 100

28 − 14𝐷
) 

(2-6) 

 
𝑠 = 𝑒𝑥𝑝 (

𝐺𝑆𝐼 − 100

9 − 3𝐷
) 

(2-7) 

 
𝑎 = 0.5 +

1

6
(𝑒−

𝐺𝑆𝐼
15 + 𝑒−

20
3 ) 

(2-8) 

where σ1 and σ3 are the major and minor principal stresses. Intact rock strength parameters (mi and 

σc) are derived by fitting triaxial test data to the H–B strength criterion. The value of mb is a reduced 

value of mi based on the GSI value and the degree of disturbance (D). GSI is the geological 

characterization of the blockiness of rock mass and the surface condition of discontinuities. Other 
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rock mass parameters s and a are also dependent on the magnitude of GSI and D as shown in Eqs. 

(2-7) and (2-8), respectively. 

Rock mass strength for the assessment of slope stability can be estimated by back analysis of failed 

or failing slope using the available information (geometrical, groundwater, external force, etc.) at 

the time of failure. The cohesion (c) and friction angle (φ) of the failed surface are computed by 

keeping the factor of safety at 1. These estimates can be used for future slope designs in the same 

or similar location. Alternatively, the strength of rock mass for slope design can be estimated using 

the empirical methods such as H–B and Mohr–Coulomb (M–C) criteria (Wyllie, 2017b). Shear 

strength of a jointed slope is expressed in terms of c and φ. The c and φ values that are equivalent 

to the H–B failure criterion can be determined using the following equations (Wyllie, 2017b): 

 
𝜑 = 𝑠𝑖𝑛−1 [

6𝑎 ∙ 𝑚𝑏(𝑠 + 𝑚𝑏 ∙ 𝜎3𝑛
′ )𝑎−1

2(1 + 𝑎)(2 + 𝑎) + 6𝑎 ∙ 𝑚𝑏(𝑠 + 𝑚𝑏 ∙ 𝜎3𝑛
′ )𝑎−1

] 
(2-9) 

 
𝑐 =

𝜎𝑐[(1 + 2𝑎)𝑠 + (1 − 𝑎)𝑚𝑏 ∙ 𝜎3𝑛
′ ](𝑠 + 𝑚𝑏 ∙ 𝜎3𝑛

′ )𝑎−1

(1 + 𝑎)(2 + 𝑎)√1 + (6𝑎 ∙ 𝑚𝑏(𝑠 + 𝑚𝑏 ∙ 𝜎3𝑛
′ )𝑎−1 ((1 + 𝑎)(2 + 𝑎))⁄

 
(2-10) 

where σ՛3n = σ՛3max/σc and σ՛3max is the upper limit of confining stress over which the relationship 

between the H–B and M–C criteria is considered and can be determined as: 

 𝜎3𝑚𝑎𝑥
′

𝜎𝑚
= 0.72 (

𝜎𝑚

𝜎0
)

−0.91

 
(2-11) 

where σm is rock mass strength and σ0 is the stress level on the sliding surface which is related to 

slope height (h) and unit weight of rock (γ) as, 

 𝜎0 = ℎ ∙ 𝛾 (2-12) 
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The M–C shear strength (τ), for given normal stress (σn), is calculated by substituting the values 

of c and φ from Eqs. (2-9) and (2-10) into Eq. (2-13): 

 𝜏 = 𝑐 + 𝜎𝑛 ∙ 𝑡𝑎𝑛 𝜑 (2-13) 

Similarly, σm is computed as: 

 

𝜎𝑚 =
2𝑐 ∙ 𝑐𝑜𝑠 𝜑

1 − 𝑠𝑖𝑛 𝜑
= 𝜎𝑐 ∙

(𝑚𝑏 + 4𝑠 − 𝑎(𝑚𝑏 − 8)) ∙ (
𝑚𝑏

4 + 𝑠)𝑎−1

2(1 + 𝑎)(2 + 𝑎)
 

(2-14) 

The main limitation of the H–B strength criterion is that the rock mass under consideration should 

be homogeneous and isotropic. Because of these assumptions, the criterion ignores the effect of 

stress concentration and localized failures around fractures before the peak strength is reached. 

The applicability of GSI is more effective for the rock mass with closely spaced and persistent 

discontinuities (i.e., 30 < GSI < 65). Thus, care should be taken when the failure criterion is applied 

in the cases where the stability is structurally controlled (Hoek & Marinos, 2007). The criterion is 

also not applicable for the rock mass with sparsely jointed to massive rock mass (i.e., 65 < GSI) 

with rough discontinuity surfaces and highly jointed rock mass (i.e., 30 > GSI) (Hoek & Brown, 

2018). Another important limitation of the H–B criterion is that it ignores the influence of 

intermediate principal stress (σ2). Several true triaxial compression test results clearly indicate that 

the peak strength (σ1) of rock increases with the increase of σ2 for a constant minor principal stress 

(σ3) up to a certain value of σ2 and then starts to decrease (Haimson, 2006; Mogi, 1967, 1971; 

Tiwari & Rao, 2004). 
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2.5 Analysis methods 

 Limit equilibrium method 

Traditionally, limit equilibrium methods have also been carried out to perform slope stability 

analyses. Limit equilibrium analysis is performed in the slopes with simple failure modes such as 

plane, wedge, circular, and toppling failure  (Wyllie, 2017a). The slope stability analysis is based 

on a factor of safety which is defined as the ratio of the resisting to displacing forces acting on the 

failed surface (Jennings, 1970). 

The main limitations of this method are that rock mass is assumed to be rigid, the shear strength is 

mobilized at the pre-defined failure surface, cannot include the effect of in-situ stresses, and are, 

therefore, incapable of computing displacements and/or deformation (Wyllie, 2017a). That is why 

numerical methods are the preferred method of slope stability analysis because they are capable of 

computing displacement/deformation and incorporate complex material models. Two main 

advantages of numerical methods over limit equilibrium methods for stability analysis are: (i) 

potential failure surface is automatically determined and the failure surface does not need to be 

pre-defined, and (ii) translational and rotational equilibrium is satisfied (Wyllie, 2017a). 

 Numerical methods 

Numerical methods are used to solve geotechnical problems such as stability assessments of open 

pit slopes (Sainsbury et al., 2016; Sainsbury et al., 2007) and pillars (Zhang, 2014) in underground 

mines. Numerical methods are often preferred to cumbersome laboratory and field tests because 

of the versatility and reproducibility of the simulation results for the estimation of mechanical 

properties of intact and jointed rocks. The numerical models are evolving to a more complex state 

that can incorporate many aspects of the rock mass such as realistic structural geometry, geology, 
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and groundwater data, thanks to the development in intelligent software and resources such as 

super-computers and cloud computing. Numerical methods used in geomechanics can be 

categorized into the continuum, discontinuum, and hybrid methods. A comprehensive review of 

these methods can be found in Jing (2003, 2007). 

 Continuum method 

Continuum-based methods simulate the mechanical behaviors of jointed rock mass by reducing 

the strength and deformation modulus of the intact rock. These approaches are suitable for 

modeling jointed rocks with a homogeneous distribution of discontinuities. Continuum methods 

used in geomechanics are Finite Element Method (FEM), Boundary Element Method (BEM), and 

Finite Difference Method (FDM) (Jing, 2003). The most common continuum approaches are FEM 

and FDM. The only difference between the two is the methodology by which the partial differential 

equations are solved. BEM has an advantage over the FEM and FDM methods in terms of 

computational expense because it does not require the full domain discretization of the model and 

only divides elements on the boundaries. Some of the examples of commercially available 

continuum modeling tools are FLAC and FLAC3D (FDM); RFPA2D, RFPA3D, RS2, RS3, Abaqus 

(FEM); Examine2D, Examine3D, Map3D (BEM). The main disadvantages of these methods are the 

inability or inefficiency to (i) explicitly represent the discontinuities, and (ii) handle crack 

propagation and the development of macroscopic discontinuity. Thus, fracture opening, sliding, 

and complete block detachment cannot be simulated. 

 Discontinuum method 

In discontinuum methods both intact rock and rock discontinuities can be represented discretely in 

such a way that allows realistic mechanical modeling of the jointed rock mass. These methods 
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allow explicit representations of pre-existing discontinuities on a bonded block or bonded particle 

assembly. One method is called the distinct element method (DEM) (Cundall, 1971) and the other 

is called discontinuous deformation analysis (DDA) (Shi, 1988). In a DEM, the contacts between 

blocks or particles are constantly updated with the change in stress and displacement. DEMs can 

simulate complex failure mechanisms such as fracture opening, sliding, and complete detachment 

of blocks in rock masses containing multiple intersecting discontinuities (Camones et al., 2013). 

DEM is preferred over other modeling approaches due to its capability to incorporate many 

discontinuities and handle them as distinct structures. Commonly used DEM codes are Itasca’s 

PFC and UDEC, and their respective three-dimensional versions PFC3D and 3DEC. 

PFC includes granular and bonded materials as well as interfaces that can be inserted into the 

bonded materials (Potyondy & Cundall, 2004). PFC materials consist of rigid bodies and contacts. 

The force–displacement relation of the bonded particle model follows Newton’s second law of 

motion and the constitutive law of the contacts. 

3DEC is a 3D numerical modeling code for advanced geotechnical analysis of discontinuous media 

such as jointed rock masses (Itasca, 2016a). A discontinuous material is represented as an assembly 

of discrete blocks (rigid or deformable) and the discontinuities are treated as the boundaries 

between the blocks. Large displacements along the discontinuities and rotation of blocks are 

allowed. The bonded block method (BBM) approach differs from particle-based methods in its 

ability to represent zero-porosity condition, as well as interlocked irregular block shapes that 

provide resistance to block rotation after contact breakage (Garza-Cruz et al., 2014; Turichshev & 

Hadjigeorgiou, 2017). 
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Discontinuities are represented as Discrete Fracture Network (DFN) in bonded block or bonded 

particle assemblies. In general, rock mass modeling is performed using BPM- or BBM-based SRM 

modeling approach, which will be discussed in detail in Section 2.5.4. The major limitations of 

BPM- and BBM-based discontinuum methods are the long computation time and difficulties to 

explicitly represent non-planar discontinuities. 

 Hybrid method 

Both continuum and discontinuum methods are used to model a large-scale rock mass in the hybrid 

method. Because the hybrid method is an integrated approach, it carries advantages and 

disadvantages of both the continuum and the discontinuum approaches. The FEM-DEM combined 

approach has been used to simulate progressive rock failure process (Pine et al., 2006) and assess 

the stability of a mine pillar (Elmo & Stead, 2010). The FEM-DEM combined approach has also 

been used to simulate tensile splitting in indirect tensile simulations incorporating heterogeneity 

(Cai & Kaiser, 2004; Mahabadi et al., 2010; Cai, 2013) and investigate directional rock fracturing 

under true-triaxial loadings (Cai, 2008). 

 Lattice spring method 

Another rock mass modeling approach is lattice spring method (LSM). The LSM discussed here 

is based on SRMTools, Itasca’s lattice code. The code was developed as part of the Large Open 

Pit (LOP) project administered by the Commonwealth Scientific and Industrial Research 

Organization (CSIRO) in Brisbane, Australia. Discontinuities in the LSM code are derived from a 

user-specified discrete fracture network (DFN). The LSM code is designed to simulate the 

deformation behaviors of rock masses, in which failure is a combination of slip or opening of joints 

and intact rock failure. The LSM in SRMTools is formulated for both mechanical and coupled 
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fluid-mechanical simulations; however, for the relevance of the intended study in this thesis, only 

the formulation of the mechanical model is discussed here. 

 Mechanical formulation 

In LSM, intact rock is represented as a random assembly of nodes that are connected to each other 

with massless springs in 3D space. The formulation of the lattice spring model in SRMTools is 

similar to the BPM model in PFC except that the particles are represented as concentrated point 

masses at the lattice nodes and contacts are represented by springs in both the normal and the shear 

directions. Node locations are derived from the centroids of a packed assembly of particles in the 

periodic-space mode in PFC. Displacement of a lattice node is computed using Newton’s second 

law of motion and a linear force–displacement relation is used for springs (Cundall, 2011). 

A simulation is carried out by solving the equations of motion (three for translations and three for 

rotations) for all nodes in the model using the explicit numerical method. Central difference 

equations for the translational degrees of freedom are, 

 𝑣𝑖
(𝑡+∆𝑡/2)

= 𝑣𝑖
(𝑡−∆𝑡/2)

+ ∑ 𝐹𝑖
(𝑡)

∆𝑡/𝑚 
(2-15) 

 𝑢𝑖
(𝑡+∆𝑡)

= 𝑢𝑖
(𝑡)

+ 𝑣𝑖
(𝑡+∆𝑡/2)

∆𝑡 (2-16) 

where vi(t) and ui(t) are the velocity and position of the components of nodes i (i = 1, 2, 3) at time 

t respectively, ∑Fi is the sum of all force-components acting on the node of mass (m), within time 

step (Δt) and it also includes local damping force. The angular velocities, ωi, of component i (i = 

1, 2, 3) at time t are calculated from the following central difference equations: 

 
𝜔𝑖

(𝑡+∆𝑡/2)
= 𝜔𝑖

(𝑡−∆𝑡/2)
+

∑ 𝑀𝑖
(𝑡)

𝐼
∆𝑡 

(2-17) 
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where ∑Mi is the sum of all moments-components acting on the node with the moment of inertia 

I. In quasi-static simulations, the only effect of spins (i.e., angular velocities) is to “dissipate” the 

unbalanced moments at nodes. The default calculation mode includes all six degrees of freedom 

(three translational and three rotational). However, an alternate mode, in which it is assumed that 

nodes have three translational degrees of freedom but no rotational degrees of freedom, is also 

available. 

After all the nodes are applied with Equations (2-15) and (2-16), then the following calculations 

are performed at time t for all unbroken springs, 

 𝑣𝑖
rel = 𝑣𝑖

A − 𝑣𝑖
B (2-18) 

 𝑣N = 𝑣𝑖
rel𝑛𝑖 (2-19) 

 𝑣𝑖
S = 𝑣𝑖

rel − 𝑣N𝑛𝑖 (2-20) 

where the superscript “rel” denotes “relative”, “A” and “B” denote the two particles connected by 

the spring, “N” denotes “normal”, “S” denotes shear, and ni is the unit normal vector. Then, the 

normal and shear forces are updated using, 

 𝐹N ← 𝐹N + 𝑣N𝑘N∆𝑡 (2-21) 

 𝐹𝑖
S ← 𝐹𝑖

S + 𝑣𝑖
S𝑘S∆𝑡 (2-22) 

where kN and kS are the spring’s normal and shear stiffnesses, respectively. New spring forces are 

then added to the sum of nodal forces as, 
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 𝐹𝑖
A ← ∑ 𝐹𝑖

A − 𝐹N𝑛𝑖 − 𝐹𝑖
S 

(2-23) 

 𝐹𝑖
B ← ∑ 𝐹𝑖

B + 𝐹N𝑛𝑖 + 𝐹𝑖
S 

(2-24) 

For the intact rock, the unit normal vector (ni) from node A to node B is computed as, 

 𝑛𝑖 = (𝑣𝑖
A − 𝑣𝑖

B)/|𝑣𝑖
A − 𝑣𝑖

B| (2-25) 

If a joint plane passes through the spring, then ni is the unit normal to the joint plane. 

During each iteration, the spring force remains zero (FN = 0) while the gap between the contacts 

is positive (d > 0) and is calculated as, 

 𝑑 ← 𝑑 + 𝑣𝑛∆𝑡 (2-26) 

For a spring that is part of a joint segment, when the normal force is compressional (FN < 0) the 

shear force is limited to the maximum frictional force as, 

 
If |𝐹𝑖

S| > 𝜇|𝐹𝑖
N| then 𝐹𝑖

S ← 𝐹𝑖
S 𝜇|𝐹N|

|𝐹𝑖
S|

𝑑 + 𝑣𝑛∆𝑡 
(2-27) 

where µ is the coefficient of friction of the joint. 

The calibrated normal strength (FNmax) and stiffness (kN) of the springs are computed as, 

 𝑘N = 𝛼𝑘𝐾𝑅𝑅 (2-28) 

 𝐹Nmax = 𝛼𝑡𝜎𝑡𝑅2 (2-29) 
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where KR is the bulk modulus, R is the resolution, σt is the rock mass’s tensile strength, αk and αt 

are the stiffness and strength calibration factors, respectively, which are built-in in the code and 

depend on the arrangement of the nodes. The effective Poisson’s ratio of the lattice model is a 

function of the ratio kS/kN; for kS/kN = 1, the Poisson’s ratio of the lattice model is zero. Spring 

normal force is positive in tension. After the normal force is calculated using Equation (2-21), it 

is tested for breakage. If force reaches the calibrated spring strength either in tension or in shear, 

the spring breaks, resulting in the formation of a micro-crack, i.e., if FN > FNmax, then FN = 0, Fi
S 

= 0, and a “fracture flag” is set. For lattice with flat joint contact model, kS/kN = 1 and the calibrated 

shear strength is determined using the built-in relation between the assigned UCS/σt and contact 

shear strength multiplier (see Section 2.5.3.2). 

 Contacts in LSM 

Contacts in SRMTools can be modeled as parallel bonds or flat-joint contacts. Lattice springs with 

parallel bond contacts have two major limitations: one is that the compressive to tensile strength 

ratio (σc/σt) is less than 4, which is uncharacteristic for rock; the other is that the maximum friction 

angle of intact rock is only around 30. The reason is that when a parallel bond breaks, the particles 

can roll relative to each other without resistance. To address these limitations, FJMs (Flat-Joint 

Models), which are similar to the “Flat-Joint” in PFC (Figure 2-13a), are developed. A FJM mimics 

the microstructure of angular, interlocked grains and it represents the contacts between rigid 

polygonal or polyhedral particles (Itasca, 2017). Using the FJM formulation, each spring is split 

into sub-springs which allows resistance against rotation by means of normal forces in the sub-

springs even after the springs are broken. As a result, this allows proper simulations of uniaxial 

compressive strengths (UCS, or σc) and σc/σt ratios of intact rock. Force–displacement relations of 

a FJM interface exhibit from a fully bonded state to a fully unbonded and frictional state after the 
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contact is broken (Potyondy, 2015). Sub-contacts are arranged around the circumference of the 

contact disk with a minimum of three sub-contacts (Figure 2-13b). 

(a) (b) 

  

Figure 2-13 Representation of flat joint contact in Itasca’s (a) PFC (Potyondy, 2017) (b) SRMTools, 

after Itasca (2017). 

The flat-joint’s peak friction angle is assigned to unbroken sub-contacts. When a sub-contact 

breaks, the flat-joint’s friction angle is mobilized, and the flat-joint’s residual friction angle is 

assigned to broken sub-contacts. The relative motion at each sub-contact is computed from the 

translational and rotational motions of the two nodes considering the vector directions from nodes 

to sub-contacts. The main spring and sub-springs are represented as resistors (Figure 2-13b). 

Resultant normal and shear forces are computed from the normal and shear displacements at the 

sub-contacts. When the forces attain the tensile and shear strength limits, breaking, sliding or 

opening may occur at each sub-contact. Sub-contact forces are then resolved into nodal forces and 

moments. 

 

 

 

 

Sub-contacts 
Sub-springs 

Node Main spring 

location 
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When the flat joint (FJ) contact model is used, the simulated tensile strength of the rock is the same 

as the input tensile strength. Contact shear strength of the spring is computed as the product of the 

tensile strength and a multiplier which is called “contact shear strength multiplier”. This multiplier 

has a positive linear relationship with the σc/σt ratio. This relation has been built into the lattice 

code (Figure 2-14) and the user-assigned UCS is translated automatically into a contact shear 

strength (Itasca, 2017). Thus, for models with higher input values of σc/σt, the resultant multiplier 

increases, which increases the contact’s shear strength and the resultant compressive strength. 

 

Figure 2-14 Relation between the contact shear strength multiplier and σc/σt for a flat joint contact (Itasca, 

2017). 

In SRMTools, pre-existing discontinuities can be incorporated as smooth joint (SJ) contacts into 

the lattice assembly (Figure 2-15a). The spatial orientation of the lattice springs through which a 

pre-existing discontinuity passes is the same as that of the discontinuity, and these springs are also 

called joint springs (Cundall, 2011). In addition, the SRMTools can represent realistic geometry 

of a natural undulating joint surface easily (Figure 2-15b). This is one of the reasons that the 

SRMTools is chosen for the thesis research. Mechanical response of a jointed rock mass is the 
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emergent behavior caused by the interaction of resultant force and displacement of joint springs 

and intact lattice springs. 

(a) (b) 

 

 

Figure 2-15 (a) A discontinuity plane cutting through a lattice spring assembly (Cundall, 2011); (b) a 

LS-SRM model in SRMTools with two non-planar joint sets (Bastola & Cai, 2018a).  

 Discrete Fracture Network 

A Discrete Fracture Network (DFN) is a computational model that explicitly represents the 

geometrical properties (orientation, size, position, shape, and aperture) of discontinuities. It is 

commonly applied in discontinuum numerical methods for solving advanced rock mechanics 

problems relating to rock mass discontinuities (Jing, 2003). DFN models explicitly represent faults 

and joints within the rock mass, which helps in the understanding of the failure mechanism such 

as sliding along a major structure and fracturing of intact rock bridges. DFNs are also used as a 

constituent part in synthetic rock mass (SRM) modeling to estimate rock mass strength and 

deformation properties, rock fragmentation distributions, kinematic block stability, and 

groundwater contaminant flow (Lorig et al., 2015).  
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DFN models can be categorized into three geological, stochastic, and geomechanical models based 

on the approaches for geometrical representation of discontinuities (Lei et al., 2017). DFNs 

generated from geologically mapped data can preserve the realism of the discontinuity geometry 

but the use of two-dimensional data from analog mapping, borehole logging, aerial photographs, 

lidar scanning, photogrammetry, seismic survey, etc., to solve three-dimensional problems is 

challenging. The stochastic DFN modeling approach is simple and efficient but the models are 

only as reliable as the input DFN parameters. Similarly, geomechanical DFN models depend on 

the accuracy of the rock mass properties and in-situ stress as well as the mechanical simulation 

model. Detailed discussion on DFN generation methodologies can be found in Jing & Stephansson 

(2007) and Lei et al. (2017). 

 Existing DFN software 

Several DFN software packages such as FRACMAN 7.5 (Golder, 2018), 3DEC & PFC3D (Itasca, 

2016a), DFNWORKS (Hyman et al., 2015), FracSim3D (Xu & Dowd, 2010), MP_FRAC (Erhel 

et al., 2009), DFNModeler (Jin & Pashin, 2007), GEOFRAC (Ivanova et al., 2014), NAPSAC 

(Porter et al., 1992), RESOBLOK (Merrien-Soukatchoff et al., 2012), Jointstats (JKMRC, 2000), 

3FLO (Billaux et al., 2006), SIMBLOC (Hamdi & du Mouza, 2005), MoFrac (Janeczek, 2015; 

Junkin et al., 2017), and ADFNE (Alghalandis, 2017) have been reported in the literature. Out of 

these tools, FracMan is the widely used commercial DFN modeling software. Most of these tools 

typically simplify the realistic undulating fracture surface into planar facets except for FracMan 

and MoFrac. In general, fractures generated by most of these tools are planar polygonal features 

with uniform spatial distribution using conventional Poisson’s or Beacher’s model (Dershowitz, 

1984). In nature, however, fracture position is not uniform, and fractures exhibit geological 

features such as clustering, intersection, and termination (truncation). In addition, fracture surfaces 
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are usually non-planar with natural waviness as opposed to planar surfaces. Improper 

representation of DFNs can have a large implication in the assessment of groundwater flow, stress 

distribution, and strength of fractured rock masses. 

Uncertainty in DFN modeling is unavoidable with the currently available DFN modeling tools. 

However, efforts should be made to minimize the variability using a deterministic-stochastic DFN 

modeling approach; for example, 2D trace data from the tunnel wall or slope could be constrained 

such that the mapped traces are always reproduced in the DFN model. 

MoFrac is a DFN software that can be used to generate 3D fracture networks in rock mass based 

on field mapping data. MoFrac, developed by MIRARCO – Mining Innovation in Canada, is based 

on the FXSIM3D code previously developed by Srivastava (2002). DFN models in MoFrac are 

guided by geological rules and constrained by field data (Janeczek, 2015). The resulting DFN 

honors the known field data from fracture mapping and generates stochastic fractures in the 

unknown area (area without mapped fracture information). Fracture data can be derived from the 

surface or underground mapping, remote sensing, core logging and/or borehole imaging. MoFrac 

DFN models can range from meter scale for underground tunnel and pillar studies, to kilometer 

scale for regional groundwater flow studies. 

 DFN generation in MoFrac 

A fracture is represented in MoFrac by an equilateral triangle grid mesh composed of vertices and 

faces (Janeczek, 2015). MoFrac can generate both deterministic and stochastic fractures. Fractures 

generated from the field mapped trace elements are deterministic fractures and fractures generated 

from pure statistical distribution are stochastics fractures. First, deterministic fracture elements are 

turned into deterministic fracture seeds which germinate into fractures. Based on the deterministic 
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trace length and aspect ratio (strike length to dip length ratio), all germinated deterministic fracture 

seeds are propagated in sequence (Janeczek, 2015). Larger fractures are prioritized to smaller ones 

and stochastic fractures are generated only after the completion of the deterministic ones. 

Stochastic fractures are germinated and propagated until the fracture intensity parameters for the 

region group are satisfied. The collection of these propagated fractures forms the DFN. 

Deterministic fractures can preserve their natural waviness and depend on the resolution of the 

triangles (Figure 2-16). 

 

Figure 2-16 Illustration of deterministic fracture generated in MoFrac (Janeczek, 2015). 

Input data required for DFN modeling in MoFrac include geological mapping information such as 

fracture traces on tunnel walls and surface outcrops, the size of experimental volume, the number 

of fracture groups, fracture orientation, size, shape, intensity, termination rules, and undulation or 

waviness. Geological mapping information is preserved during fracture propagation, and no 

fractures are propagated in the section of known unfractured rock. 

Fracture orientation is the mean plane that the fracture follows during propagation. It is described 

by two angles (Dip/Dip Dir., Dip/Strike, or Trend/Plunge) using the Fisher or Gaussian 

distribution. 
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The real size and shape of a fracture in 3D space is unknown. As a simplification, a fracture can 

be modeled as a circular, elliptical, square, and rectangular shape of an estimated area using a 

simple empirical equation. For example, the fracture area (Ad) can be estimated from the fracture 

trace length using the equivalent diameter (de) approach of a circular fracture (Singhal & Gupta, 

2010a) as, 

 𝐴𝑑 = (
𝜋

4
) (𝑑𝑒

2 + 𝜎𝑑) 
(2-30) 

where σd is the standard deviation of the mapped fracture length. 

P32 is reported to be the most reliable measure of fracture intensity (Dershowitz & Herda, 1992). 

Both P32 equivalent Cumulative Area Distribution (CAD) and P21 equivalent Cumulative Length 

Distribution (CLD) can be used as an input fracture intensity parameter in MoFrac (Janeczek, 

2015). CAD is estimated for each fracture group from a linear trend line (slope) which is derived 

from a log‒log plot (Figure 2-17) of P30 (number of fractures greater than area threshold per unit 

volume) and fracture area threshold as, 

 No. of fractures > Area threshold

Volume
vs. Area threshold 

(2-31) 
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Figure 2-17 Illustration of CADs in a log‒log plot for three fracture sets (Janeczek, 2015). 

The slope is defined with two coordinates with four parameters (Amin, (P30)1) and (Amax, (P30)2)). 

CAD characterizes both the number of fractures and fracture area distribution of each fracture 

group. The simulated number of fractures in a region group (nrg) depends on the slope of the CAD 

and the range of the area component of the slope and is computed as, 

 𝑛𝑟𝑔 = 𝑉𝑟 × [𝐶𝐴𝐷𝑟𝑔(𝐴𝑚𝑖𝑛) − 𝐶𝐴𝐷𝑟𝑔(𝐴𝑚𝑎𝑥)] (2-32) 

where Vr is the region volume, Amin and Amax are the minimum and maximum fracture areas 

respectively assigned to that fracture group. An inverse cumulative area distribution function 

(CAD-1) is used to generate fracture area using a sample area generating function (SA) as, 

 𝑆𝐴 = 𝐶𝐴𝐷−1(𝑛𝑚𝑖𝑛 − 𝑅𝑛 × (∆𝑛)) (2-33) 

 𝑛𝑚𝑖𝑛 = 𝐶𝐴𝐷(𝐴𝑚𝑖𝑛),   𝑛𝑚𝑎𝑥 = 𝐶𝐴𝐷(𝐴𝑚𝑎𝑥),   ∆𝑛 = 𝑛𝑚𝑖𝑛 − 𝑛𝑚𝑎𝑥 (2-34) 
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where ‘Δn’ is the actual number of fractures sampled for that area range, ‘Rn’ is the range of the 

random number generator [0.0, 1.0], and nmax and nmin are numbers of fractures above the 

maximum and minimum fracture area thresholds, respectively. Only CAD is discussed here for 

illustration; however, for calculations involving CLD, the area field can be replaced by length. 

Fracture undulation characterizes the natural waviness and surface roughness of fractures. Two 

fracture undulation schemes (stripe and slope deviation) are available in MoFrac. In the stripe 

undulation scheme, 2D mapped traces are extended to the third dimension preserving the original 

waviness. In the slope deviation scheme, a fracture can randomly deviate along the mean 

orientation plane. For the deterministic fracture, the deviation is limited to the maximum known 

height or amplitude of the 2D trace; however, for the stochastic fracture, the deviation from the 

mean orientation plane is governed by the user-defined parameter. Although both approaches 

generate non-planar fractures, neither of them is validated using numerical or field experiments. 

Robust characterization and quantification of natural fracture surface geometry parameter in 3D 

should be made using the field mapping data of discontinuity surface. 

Fracture truncation rules provide the probability for a fracture group in a region to terminate or to 

propagate to another fracture group or a region boundary. Fracture truncation relates to the 

connectivity of fractures and has more significance on the contaminant flow in hydrogeological 

modeling. 

 Synthetic Rock Mass Model 

The Synthetic Rock Mass (SRM) (Ivars et al., 2011; Pierce et al., 2007) modeling approach has 

been developed with the objective of a more realistic representation of the mechanical behavior of 

a fractured rock mass than conventional numerical models. It is also termed as the ‘virtual 
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laboratory’ (Ivars et al., 2007) that complements the empirical approach in the estimation of rock 

mass properties. The SRM approach simulates complete stress‒strain curves for synthetic rock 

masses with imbedded fracture network. A SRM model comprises of intact rock matrix with 

embedded fracture network. The intact rock matrix is usually represented in 3D by a DEM model 

and the discontinuities are represented with a DFN model. Three main components in the workflow 

of the SRM modeling approach (Figure 2-18) are data collection of intact rock and discontinuities, 

discrete fracture network (DFN) modeling, and geomechanical modeling of SRM models. 

 

Discontinuity mapping DFN model Intact rock model SRM model 

Figure 2-18 Workflow for model development using the SRM modeling approach. 

Some of the important considerations for SRM modeling as outlined by Elmo (2006) are: 

a) Collection and analysis of discontinuity data should be conducted diligently because the 

accuracy of the DFN model influences the realism of the SRM model. 

b) The scale of the representative elementary volume (REV) of the SRM model should be 

enough to emulate the problem domain. 

c) Reliability in the calibration of laboratory-scale SRM models can be maintained but care 

should be taken for the calibration of large-scale models. 
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The majority of the 3D SRM modeling has been performed using Itasca’s DEM codes (PFC3D, 

3DEC) (Pierce et al., 2007; Ivars et al., 2008; Ivars et al., 2011), Rockfield’s FEM-DEM code 

ELFEN (Rockfield, 2016), and open source DEM code YADE (Kozicki & Donzé, 2008, 2009). 

In current engineering practice, rock mass properties at a larger scale are determined by degrading 

the mechanical properties of laboratory-scale intact rock specimens using empirical formulas. 

However, in the SRM modeling approach, the rock mass properties depend on the model size and 

the properties of intact rock and discontinuities. Thus, it is not necessary to rely on empirical 

relations to estimate the rock mass properties at different scales. 

The most important aspect of SRM modeling is that the mechanical properties are not defined by 

the constitutive laws; instead, these are the cumulative outcome of the mechanical properties of 

the intact rock matrix and the fracture network. Several works had been performed using the SRM 

modeling approach in the past using planar discontinuities. In one study, the DFN model generated 

in FracMan (Golder, 2018) is imported into ELFEN to study the influence of the discontinuities 

on rock mass strength (Pine et al., 2006). For similar applications, SRM modeling has also been 

performed using PFC3D (Pierce et al., 2007; Esmaieli et al., 2010; Ivars et al., 2011; Zhang, 2014; 

Vallejos et al., 2016), 3DEC (Garza-Cruz et al., 2014; Turichshev & Hadjigeorgiou, 2017), and 

more recently SRMTools (Poulsen et al., 2015). 

 BPM-based SRM Model 

In BPM-based SRM modeling, intact rock and discontinuities are represented as bonded particles 

and smooth joint contact model (SJCM), respectively. BPMs simulate the movement and 

interaction of many finite-sized particles using Newton’s second law of motion (Potyondy & 

Cundall, 2004). Particles are rigid bodies with the finite mass that can move independently of one 
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another and can translate and rotate (Potyondy, 2017). Particles interact at the contacts by means 

of internal force and moment. Particle-interaction laws or contact laws update the internal force 

and moment because all the deformation occurs at the contacts. The three basic entities of the PFC 

model are ball, clumps, and wall. Clumps are aggregates of balls that act as a single entity and 

walls are surfaces that are used to apply velocity and boundary condition to the particle assembly. 

Contacts between the particles are assigned tensile and shear bond strengths. The contacts in BPM 

models are oriented in the direction of the line connecting the centers of the particles involved in 

the contacts. Material properties of a BPM are governed by the contact-model properties 

(Potyondy & Cundall, 2004). The contacts between the particles can be contact-bonded, parallel-

bonded or flat jointed contact (Potyondy, 2015). When the inter-particle forces and moments reach 

the bond strengths, the contacts break, and they behave as parallel bond contacts. Flat joint bonds 

have advantages over the regular parallel bonds because of their capability to simulate the realistic 

values of compressive to tensile strength ratio of rock (Potyondy, 2015). 

The complex interactions between the particles and contacts give rise to the overall macroscopic 

mechanical response of the BPM assembly. Extensive calibration of micro-parameters is required 

to achieve the target macroscopic mechanical properties of a jointed rock. Discontinuities are 

represented as a DFN which is discussed in detail in Section 2.5.4 and the tool uses the SJCM logic 

in which the contacts are oriented perpendicular to the discontinuity plane irrespective of the 

spatial location of the particles. Consequently, the particles can slide relative to each other along 

the discontinuity plane as if it was perfectly smooth. The components of a BPM-based SRM model 

are shown in Figure 2-19. 
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Figure 2-19 Components of a BPM-based SRM model, after Vallejos et al. (2016). 

The BPM-based SRM modeling approach has been used to characterize the mechanical properties 

of intact rock and jointed rock mass, anisotropy, and scale effects (Pierce et al., 2007; Ivars et al., 

2008; Ivars et al., 2011). The BPM-based SRM modeling approach has also been applied to 

reproduce the mechanical behavior of veined core samples under laboratory uniaxial compression 

tests (Vallejos et al., 2016), to estimate the geometrical and mechanical REV of a jointed rock 

mass in an underground mine (Esmaieli et al., 2010), and to evaluate the slope stability in a jointed 

rock mass (Lorig et al., 2015). 

Esmaieli et al. (2010) investigated the mechanical properties of rock mass samples of different size 

and concluded that the rock mass of dimensions 7 m × 7 m × 14 m is the mechanical REV of the 

rock mass based on numerous UCS simulation results. 

Bahrani (2015) investigated the influence of the roughness on the strength of the heavily jointed 

rock mass analogs without explicitly considering the real geometry of the discontinuity surface 

using the BPM-based SRM modeling approach in PFC2D. 

Vallejos et al. (2016) concluded that the BPM-based SRM approach reasonably reproduced the 

peak strength, elastic parameters, and failure mode of the veined core samples. Although being 
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one of the extensively used approaches, the BPM-based SRM modeling approach has the 

following limitations as outlined by Vallejos et al. (2016): 

a) The Poisson’s ratio of intact rock cannot be matched in models with brittle post-peak 

deformation behavior. 

b) Discontinuities are modeled as smooth discs without considering the details of the 

discontinuity surface waviness. 

c) Computation times of the numerical models increase exponentially with the increase of the 

number of particles. 

Zhang (2014) employed BPM-based SRM in PFC3D to investigate the mechanical properties and 

cracking mechanism of the hypothetical jointed pillar under compression and concluded that pillar 

strength and deformation modulus decrease with the increase of the discontinuity size and density; 

however, the parallel bond contacts were used to glue the particles which has the limitation of not 

being capable of matching the compressive to tensile strength ratio of rock in addition to the 

limitations outlined by Vallejos et al. (2016). 

The laboratory triaxial test results of both intact (Castro-Filgueira et al., 2016) and jointed (Castro-

Filgueira, 2019) Blanco Mera granite were simulated using the flat-joint contact model in PFC3D 

and concluded that both the elastic behavior and the strength levels derived from the models are 

very closely matched to the response of the laboratory samples; however, the post-peak 

deformational behavior of the jointed granite was not reasonably captured.  

The particle-based SRM approach based on an open-source tool YADE (Kozicki & Donzé, 2008, 

2009) has also been used to study the mechanical properties of jointed rock mass (Harthong et al., 
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2012) and analyze the slope stability in a fractured rock mass (Bonilla-Sierra et al., 2015b, 2015a; 

Scholtès & Donzé, 2012). 

Harthong et al. (2012) investigated the mechanical properties of jointed rock mass using the DFN-

DEM approach and concluded that the clustering of fractures has variable influence on the 

mechanical properties with the change in scale.  

Scholtès & Donzé (2012) identified the critical failure surface without any assumptions regarding 

its location and concluded that the extension of the failure surface across the rock bridges results 

from the complex interaction between deformation along existing discontinuities and fracture 

propagation in the intact rock. 

Camones et al. (2013) investigated the step-path failure mechanism in a jointed rock slope using 

the BPM-based SRM approach in PFC and concluded that the tensile crack coalescence is the 

result of the union of secondary cracks and the shear failure in intact rock portion of the rock slope 

occurs under the influence of high confining pressure. 

 BBM-based SRM Model 

In a BBM, rock mass is represented as an assembly of discrete polyhedral blocks which can either 

be rigid or deformable. These blocks are bordered with discontinuities and a contact is formed 

when two blocks come in contact. A force–displacement law dictates the deformations of contacts 

and sub-contacts. A contact breaks in tension once the limiting tensile strength is reached. In the 

elastic range, the contact behavior is governed by the normal and shear stiffness parameters. 

Dilatation properties may be assigned to the contact once it starts to slip. Similar to the BPM-based 

SRM, discontinuities can be represented as a DFN in the BBM-based SRM. Material properties of 

block assembly and DFNs are independent to each other. 
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Bidgoli & Jing (2014) investigated the anisotropy of strength and deformability of fractured rock 

mass using BBM-based SRM approach in UDEC and argued that the laboratory test results of 

intact rock materials can only be used to estimate elastic or elastoplastic behaviors of intact rock 

materials but these results cannot be used to estimate the mechanical properties of fractured rock 

system. 

Le Goc et al. (2014) investigated the influence of DFN of different configurations on the 

deformability of jointed rock mass in 3DEC and concluded that the elastic modulus depends on 

the cubic fracture size parameter. 

Turichshev & Hadjigeorgiou (2017) reproduced the key experimental behaviors of intact veined 

rock under compression and calibrated the mechanical properties (modulus, strength) of veined 

core granite using BBM-based SRM models in 3DEC. 

Recently, Wang & Cai (2018a) performed multiple scale modeling in 3DEC to investigate the 

stress distribution during tunnel excavation by dividing the tunnel zones into three, highly 

damaged zone (HDZ), excavation damaged zone (EDZ), and excavation disturbed zone (EdZ) and 

argued that the modeling approach captured the tunnel deformation behavior more accurately than 

the traditional equivalent continuum modeling approach. 

Based on the BBM-based SRM modeling analysis in 3DEC, Brideau et al. (2011) and Havaej et 

al. (2016) concluded that the slope stability is influenced by the slope topography, discontinuity 

friction angle, and discontinuity persistence. Kulatilake & Shu (2015) simulated the slope 

deformation of an open pit mine using the BBM-based SRM approach and indicated that the lateral 

stress ratio influences the model displacements. Using the BBM-based SRM models in 3DEC, 

Sainsbury et al. (2016) demonstrated that the intermediate discontinuity structures have a 
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significant influence on the stability of mine-scale slope. A typical BBM-based SRM model, 

generated using 3DEC, is shown in Figure 2-20. 

 

Figure 2-20 BBM-based SRM model of the intact veined specimen in 3DEC, after Turichshev & 

Hadjigeorgiou (2017). 

Some BBMs have also been used to perform SRM modeling without the consideration of DFN. 

Instead, these models consist of grains generated using the Voronoi tessellation algorithm 

(Ghazvinian et al., 2014; Li et al., 2016) and the trigon logic (Gao & Stead, 2014) and inter and 

intra-grain contacts (Wang & Cai, 2018b) that can fail in both tension and shear. Blocks generated 

by coupling the trigon logic offers advantages over the Voronoi algorithm by providing more 

freedoms for block rotation and sliding. 

Similar to the BPM models, the complex interactions between the bonded blocks dictate the overall 

macroscopic mechanical response of a BBM assembly and extensive calibration of micro-material 

parameters is required to achieve the target macroscopic response of a jointed rock. Like the BPM-

based SRM models, BBM-based SRM models also have the disadvantages of longer running time 

(longer than BPM models) and difficulties in explicitly representing DFN with non-planar 

discontinuities. 
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 LS-SRM Model 

The lattice-spring-based synthetic rock mass (LS-SRM) modeling approach is efficient in terms of 

computational time because it is formulated in small strain which does not require contact 

detection as in classical DEM modeling. Unlike other DEM modeling approaches, calibration of 

some micro parameters is not required in the lattice code because calibration factors are built-in 

and most of the desired macroscopic properties can be provided as model inputs. The basic 

principle of LS-SRM modeling is similar to the BPM- and BBM-based SRM modeling approach 

except that the intact rock matrix is represented as a lattice assembly and the discontinuity 

geometry can be either planar or non-planar. Calibration is easier for LS-SRM models because 

there are fewer lattice micro-parameters as shown in Table 2-4. Detailed calibration approaches 

for intact and jointed LS-SRM models are discussed in Chapters 3 & 4, respectively. 

Table 2-4 Lattice micro-parameters for intact rock and joints 

Intact lattice matrix Lattice joint set properties 

Emic (GPa) Joint tensile strength, σjt (MPa) 

σcmic (MPa) Joint friction angle, φj (°) 

(σt)mic (MPa) Joint cohesion, cj (MPa) 

Density, ρ (kg/m3) Joint dilation angle, δj (°) 

Porosity (%) Joint normal stiffness (GPa/m) 

φfjp (°) Joint shear stiffness (GPa/m) 

φfjr (°) Joint dip, θ (°) 

Radius multiplier Joint dip direction, λ (°) 

Emic – lattice elastic modulus, σcmic – lattice compressive strength, (σt)mic – lattice tensile strength, φfjp – 

peak friction angle of flat joint, φfjr – residual friction angle of flat joint. 
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Furthermore, the lattice code is efficient in handling discontinuities by avoiding the formation of 

very small blocks due to ill-conditioned meshing. Details on the lattice spring modeling approach 

can be found in Cundall (2011), Damjanac et al. (2016), and (Bastola & Cai, 2019). A comparison 

of LS-SRM and other DEM-based SRM modeling approaches are shown in Table 2-5. 

Table 2-5 Comparison of SRM modeling approaches 

Method Advantages Disadvantages 

BPM-based 

SRM 

Easy to simulate crack propagation and 

slip on discontinuities 

Can incorporate DFNs 

Can incorporate non-persistent 

discontinuity easily 

Cumbersome calibration approach 

Particles are rigid and it is difficult to 

incorporate non-planar discontinuities 

High computational cost 

BBM-based 

SRM 

Easy to simulate crack propagation and 

slip on discontinuities 

Can incorporate DFNs 

Blocks can be both rigid and deformable 

Cumbersome calibration approach 

Difficult to incorporate non-planar and 

non-persistent discontinuities 

High computational cost 

Lattice-spring-

based SRM  

Simple calibration of model parameters 

Easy to incorporate non-planar and non-

persistent discontinuities 

Computational time is 5 to 10 times less 

than BPM- and BBM-based SRM 

Particle detachment cannot be visualized 

Poisson’s ratio of intact rock is low for 

flat-joint contact model 

Model cross-section is rectangular in 

SRMTools 

The lattice-spring-based synthetic rock mass (LS-SRM) modeling approach has been used to study 

the brittle fracturing and stability assessment of rock slopes (Herrero, 2015; Cundall et al., 2016; 

Havaej & Stead, 2016) using the SRMTools-Slope Model software (Itasca, 2016b). Herrero (2015) 
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found that both the stability and the failure mode of the slopes are influenced by the in-situ stress 

in deep open pit mines. Havaej & Stead (2016) quantified the rock damage intensity due to brittle 

rock fracturing and highlighted the close relationships among kinematics, failure surface, and rock 

damage. Cundall et al. (2016) argued that the slope failure is the outcome of the brittle fracturing 

of the intact rock bridges and that the assumption of equivalent shear strength of the slope is not 

justified. Comparative studies on the results from LS-SRM using SRMTools and the H–B strength 

criterion suggest that joint persistence and joint intensity are critical for the estimation of rock 

mass strength (Poulsen et al., 2015). 

2.6 Remarks 

In this Chapter, a comprehensive review of the state-of-the-art pertaining to the rock mass failure 

modes, estimation of mechanical properties of rock mass using empirical and numerical modeling 

approaches are presented. Existing empirical formulas for the estimation of strength and 

deformability of rock mass and mine pillars are also reviewed. Failure mechanisms observed in 

both the laboratory-scale pre-cracked rocks and large-scale jointed rock masses such as slope and 

mine pillars are discussed. 

Numerical modeling method is often preferred in the characterization of mechanical properties of 

jointed rock mass and in the assessment of slope stability because of the difficulty in performing 

the large-scale testing of rock mass and the lack of universal applicability of empirical approaches. 

Based on an exhaustive analysis of the numerical modeling approaches, discontinuum numerical 

modeling approaches, especially the ones based on the SRM approach, are better suited for 

modeling the mechanical response of jointed rock mass because of their ability to explicitly 

represent pre-existing discontinuities. 
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Of all the SRM approaches, the LS-SRM modeling approach is chosen for the simulation of jointed 

rock mass because of its capability to represent non-planar discontinuities easily and relatively 

shorter computation time than other DEM-based SRM modeling approaches. The mechanical 

formulation and the application of the LS-SRM modeling approach in SRMTools are also 

discussed. Complex DFN models with realistic non-planar discontinuities can be generated using 

DFN software MoFrac and integrated to mechanical models to synthesize more robust SRM 

models in SRMTools for a better representation of jointed rock mass systems. General description 

and application of the DFN software, MoFrac is also provided. 

Because SRMTools is a relatively new software tool, an extensive sensitivity study of the lattice 

model parameters of intact marble is performed in Chapter 3. In Chapter 4, the influence of 

discontinuity surface geometry on the cracking mechanism and mechanical properties of pre-

cracked rocks is investigated using the LS-SRM modeling approach under unconfined and 

confined compressions, using eight different models with planar and non-planar crack 

configurations. The mechanical behavior of laboratory-scale jointed granite with different joint 

configurations (orientation, intensity, waviness, and persistence) are investigated under triaxial 

compression using the LS-SRM modeling approach in Chapter 5. In Chapter 6, slope stability of 

the Cadia Hill Open Pit mine is assessed using LS-SRM modeling approach in Slope Model. In 

Chapter 7 the mechanical response of the rock mass of different scale, discontinuity intensity are 

investigated under unconfined and confined compression. 
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Chapter 3  

 Calibration of LS-SRM models for intact rocks1 

In this Chapter, the mechanical behavior of intact Zhenping marble is studied using the LS-SRM 

modeling approach with Itasca’s SRMTools software. The investigated marble samples are from 

a copper mine in Zhenping City, located in Henan Province, China. This marble is chosen because 

the stress‒strain curves are highly affected by the confining pressure and the post-peak responses 

exhibit a typical brittle-to-ductile-to-plastic deformation behavior with the increase of confining 

pressure during laboratory triaxial tests. The average UCS and density of the rock are 70.1 MPa 

and 2700 kg/m3, respectively (Peng et al., 2017). The mechanical response of the rock is assessed 

using stress–strain relations under unconfined and confined compressions. Under unconfined 

loading condition, specimens exhibit a typical brittle failure behavior and the strength drops to 

zero immediately after the peak. Under confined loading condition and when the confinement is 

above 30 MPa, the stress–strain curves exhibit ductile behavior and at 40 MPa of confining 

pressure, the specimens exhibit a nearly perfect plastic deformation behavior. Because of the 

homogeneity of the rock, Young’s moduli (E) are similar under all confining pressures. Because 

SRMTools is a relatively new tool, a sensitivity analysis is conducted first in Section 3.2 to 

understand the influence of lattice micro-parameters on the macro-mechanical parameters and a 

calibration approach is outlined. Calibration of the mechanical properties of Zhenping marble is 

performed using the laboratory test results from Peng et al. (2017) (Section 3.3). The numerical 

 

 

1
 Originally published as ‘Bastola, S. and Cai, M. Simulation of stress–strain relations of Zhenping marble using 

lattice-spring-based synthetic rock mass models. In 52nd U.S. Rock Mechanics/Geomechanics Symposium. Seattle, 

USA: American Rock Mechanics Association; 2018. 
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modeling results are used to capture the macroscopic properties of Zhenping marble such as elastic 

modulus, crack initiation stress, crack damage stress, tensile strength, strength envelope, etc., and 

these are compared with the ones derived from laboratory test results. 

3.1 Model development 

Synthetic marble models, 100 mm × 50 mm × 50 mm in dimension (Figure 3-1), are generated. 

The model contains 38,784 lattice nodes that are connected to each other by 192,436 lattice springs.  

                                                       (a)                     (b) 

 

Figure 3-1 Synthetic intact rock model of Zhenping marble (a) and a longitudinal section at the center 

of the model (b) illustrating the connectivity of lattice springs; red cubes indicate force and 

displacement monitoring points. 

Specimens are loaded axially in the vertical displacement control mode (constant velocity). The 

optimum velocity of loading is established by performing a series of UCS simulations with 

different displacement rates as discussed in Section 3.2.1. Vertical and lateral confining forces are 

applied simultaneously during triaxial loading. Vertical force, vertical displacement, lateral 
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displacement, and the number of cracks are measured using the monitoring points shown in Figure 

3-1 in all numerical experiments. Axial stress is calculated based on the total reaction forces on 

the specimen which depends on the contact area between the lattice nodes (Itasca, 2016b). Contact 

areas between the lattices are directly influenced by the lattice resolution.  

3.2 Sensitivity study 

Numerical models are idealized replicas of physical models; hence, the results from a realistic 

numerical model should reasonably agree with the results from experimental studies conducted in 

laboratory or in-situ. Modeling parameters such as boundary condition, model resolution, and 

material properties all influence the outcome of a numerical simulation. Before the actual 

simulation of the mechanical behavior of Zhenping marble, a sensitivity analysis of LS-SRM 

model parameters is performed. In the sensitivity analysis, the studied model parameter is changed 

while keeping other parameters unchanged. The insight gained from the sensitivity study is useful 

for model calibration. 

 The sensitivity of loading rate, lattice resolution, and lattice structure 

The influences of loading rate, lattice resolution, and lattice shape on UCS and Young’s modulus 

(E) are studied first. The sensitivity analysis of loading rate is performed at loading velocities of 

0.001, 0.01, 0.03, and 0.05 m/s, using a resolution of 0.2 cm lattice size, which results in 25 lattices 

in the shortest dimension of the synthetic specimen. The lattice resolution is the ratio of the shortest 

dimension of the synthetic specimen to the lattice size (with the same unit) used in modeling. The 

sensitivity analysis of lattice size is performed using lattice sizes of 0.1, 0.2, 0.3, 0.4, and 0.5 cm 

at the loading rate of 0.01 m/s. Both Voronoi Lattice (VL) and spherical lattice (referred to as 

Regular Lattice (RL) in this thesis) are employed in the sensitivity analysis. Other lattice model 
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parameters are lattice compressive strength (σcmic) = 50 MPa, lattice tensile strength (σt)mic = 5.2 

MPa, lattice Young’s modulus Emic = 32 GPa, peak flat joint friction angle φfjp = 40°, and residual 

flat joint friction angle φfjr = 8°, which are unchanged in the sensitivity analyses. 

It is seen from Figure 3-2a that loading rate does not influence UCS and E significantly for both 

the RL and the VL models. UCS and E are slightly higher for the VL model. This is because the 

number of springs in VL models is 1.39 times more than the number of springs in RL models with 

the same lattice size and the VL model has a crystalline shape which offers more interlocking 

between the lattice springs than the spherical shaped RL models. 

The influence of lattice resolution and size on UCS and E is presented in Figure 3-2b&c. Both 

UCS and E increase with the increase of lattice resolution or the decrease of lattice size for the RL 

model. However, for the VL model, UCS increases with the increase of lattice resolution in the 

range of 5 to 25 but eventually decreases at higher resolutions. A logarithmic decay in E is 

observed with the increase of the lattice resolution for the VL model; however, E increases with 

the increase of lattice resolution for the RL model. Low UCS and E for the VL model at high 

resolutions could be attributed to the reduction of the relative size of the interlocking Voronoi 

structures 
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(a) (b) 

  

(c)  

 

 

Figure 3-2 Influence of loading rate (a), lattice resolution (b), and lattice size (c) on UCS and E. 

In both the RL and the VL models, an increase in lattice resolution or a decrease in loading rate 

increases the computation time significantly. Hence, an intelligent selection of suitable loading 

rate and lattice size should be made such that the modeling is feasible, and the results are not 

influenced by these parameters. Although the small loading rate does not affect the simulation 

results significantly, an optimized loading rate should be used to avoid shock loading during 

simulations for confining pressures greater than 10 MPa. From the sensitivity analysis, a lattice 
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resolution of 25 is used, which is above the recommended minimum resolution of 20 by Itasca, 

and the loading rate of 0.01 m/s is used in all simulations. The RL models are used in this study 

because the computation time is longer for the VL models. 

 The sensitivity of radius multiplier 

Radius multiplier (RM) is the ratio of the flat joint contact diameter to the particle diameter. For 

instance, a multiplier of 1.0 corresponds to the condition when the flat joint contact diameter is 

equal to the particle diameter (Itasca, 2017). The influence of RM on UCS, σt, and the angle of 

internal friction (φ) is studied for RM values of 0.1, 0.5, and 0.9 and the results are presented in 

Figure 3-3. A non-linear increase in UCS is observed with the increase of RM. However, σt and φ 

increase slightly with the increase of RM. A RM of 0.9 is used in all model simulations because 

RM = 1.0 is not recommended for triaxial simulation (Itasca, 2017). 

 

Figure 3-3 Influence of radius multiplier on UCS, σt, and φ. 

 The sensitivity of elastic modulus 
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32, 42, and 52 GPa, while keeping other parameters the same as those used in the sensitivity 

analysis in Section 3.2.1. Emac increases linearly with the increase of Emic and Emac is approximately 

0.97 times of Emic; however, Emic shows no significant influence on the UCS (Figure 3-4). 

 

Figure 3-4 Influence of Emic on Emac and UCS. 

 The sensitivity of friction angle of flat joints 

The flat joint contact model was adopted in this study because of its ability to simulate realistic 

values of σc/σt for rock. Each flat joint spring contact can be discretized into sub-springs with a 

minimum of three. When one sub-spring breaks, other sub-springs can remain intact. A flat joint 

contact has two parameters: peak (φfjp) and residual (φfjr) flat joint friction angles. These frictional 

properties only get mobilized after cracks are formed. The φfjp is assigned to intact flat jointed sub-

spring(s) and the φfjr is assigned to broken flat jointed sub-spring(s).  

Sensitivity analyses of both φfjp and φfjr on the compressive strength are conducted under 5, 10, 

and 15 MPa confining pressures. Sensitivity analyses of φfjp are conducted at 30°, 40°, and 50° 

while keeping φfjr at 0° and sensitivity analyses of φfjr are conducted at 5° and 10° while keeping 

φfjp at 40°. Both φfjp and φfjr have a positive influence on rock strength. The φfjp and φfjr have more 
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influence on the peak and post-peak strengths, respectively. The φ value also increases with the 

increase of φfjp (Figure 3-5a). At φfjr = 0°, φ is approximately 90% of φfjp for 30° ≤ φfjp ≤ 50°. The 

φfjr has a very small or no influence on φ (Figure 3-5b). The increase of φfjr results in higher post-

peak strengths and more ductile-plastic post peak deformation behavior. Strain-hardening occurs 

when the confining stress is greater than 10 MPa for flat joint contacts with φfjr = 10° and φfjp = 

40° as shown in Figure 3-6. 

(a) (b) 

  

Figure 3-5 Influence of (a) φfjp on σ1 and φ (b) φfjr on σ1. 
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Figure 3-6 Differential stress–axial strain plot of Zhenping marble with φfjr = 5° (solid line) and φfjr = 10° 

(dotted line) under different confining pressures. 

 The sensitivity of lattice compressive to tensile strength ratio 

Sensitivity analyses of the microscopic compressive to tensile strength ratio (σc/σt)mic on UCS and 

the macroscopic compressive to tensile strength ratio (σc/σt)mac are performed at microscopic 

tensile strengths (σt)mic of 1, 2.7, and 5 MPa while keeping other micro-parameters the same as 

those used in the sensitivity analysis presented in Section 3.2.1. As can be seen from Figure 3-7, 

both UCS and (σc/σt)mac increase with the increase of (σc/σt)mic. A positive linear relationship is 

observed between (σc/σt)mac and (σc/σt)mic because the simulated tensile strength (σt)mac using the 

flat joint model is always equal to (σt)mic. This simplifies the calibration process for achieving the 

desired ratio of (σc/σt)mac. A non-linear relationship is observed between the UCS and (σc/σt)mic. 
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Figure 3-7 Influence of (σc/σt)mic on UCS and (σc/σt)mac. 

3.3 Calibration of intact marble models 
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the simulation of the laboratory test results of Zhenping marble are shown in Table 3-1. The 

loading rate and lattice size used in all simulations are 0.01 m/s and 0.2 cm, respectively. 

Because the lattice code SRMTools has fewer micro parameters compared with other DEM codes, 

the calibration procedure using the lattice flat joint contact model is less complicated (Figure 3-8). 

The detailed calibration approach can also be found in Bastola & Cai (2018b). 

Table 3-1 Lattice parameters for the simulation of laboratory test results of Zhenping marble 

Lattice parameters Value 

Emic (GPa) 35 

σcmic (MPa) 50 

(σt)mic (MPa) 2.7 

Density, ρ (kg/m3) 2700 

Porosity (%) 2 

φfjp (°) 40 

φfjr (°) 0 

Radius multiplier 0.9 

Emic – lattice elastic modulus, σcmic – lattice compressive strength, (σt)mic – lattice tensile strength, φfjp – 

peak friction angle of flat joint, φfjr – residual friction angle of flat joint 
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Figure 3-8 Flowchart illustrating the procedure for calibrating the mechanical properties of intact rock for 

LS-SRM models with flat joint contacts. 

 Calibration of Young’s modulus 

The relation between Emic and Emac derived from the sensitivity analysis in Section 3.2.3 is used to 

calibrate the model to the desired value of Emac. The relation between Emic and Emac is established 

using the following steps: (i) three UCS simulations are performed at Emic = Etarget, Etarget+10, and 

Etarget−10, (ii) Emac is derived from the modeling results by calculating the tangent modulus at 50% 

of σmac from the axial stress–axial strain curve, (iii) a regression analysis is performed between 

Emic and Emac and the equation with the R2 value of at least 90% is chosen; (iv) Emic value is 

calculated from the equation generated in step (iii) by replacing Emac with Etarget. Using these steps, 

Young’s modulus of Zhenping marble is calibrated to Emac = 33.9 GPa using Emic = 35 GPa. 

Start

Calibration of Young’s modulus
Adjust Emic to achieve the desired value of E

End

Calibration of angle of internal friction
Adjust Φfjp to achieve the desired value of Φ 

Calibration of cohesion and UCS
Adjust σcmic to achieve the desired value of UCS and c

Calibration of post-peak deformation behavior
Adjust Φfjr to achieve the desired value of post-peak 

strength and deformation modulus
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 Calibration of tensile strength 

This is the simplest step of calibration because in the flat joint contact model the value of target 

tensile strength is always equal to (σt)mic. The tensile strength is calibrated to the laboratory tensile 

strength of 2.8 MPa. Failure occurs shortly after crack initiation and both the crack initiation (σci) 

and the crack damage (σcd) stresses are near the peak strength (Figure 3-9). 

 

Figure 3-9 Axial stress–axial strain and axial strain–number of cracks relations of Zhenping marble under 

direct tension. 

 Calibration of strength envelope 

To achieve the desired value of φ, the relation between φfjp and φ derived in Section 3.2.4 is used. 

At a zero φfjr, φfjp = 40° is required to reach a φ value of 31.7°. A non-zero φfjr as low as 1° causes 

strain-hardening in models that are under confining pressures greater or equal to 30 MPa. Thus, 

φfjr is adjusted within the range of 0° ≤ φfjr ≤ 10° for 0 ≤ σ3 ≤ 30 MPa for the calibration of strength 

envelope at φfjp = 40°. The calibrated c and φ values are 17.4 MPa and 37.5°, respectively. 
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 Calibration of UCS 

The cohesion of an intact material is controlled by (σc)mic. In addition, both φfjp and φfjr influence 

the macroscopic compressive strength (σc)mac. As a result, all three parameters need to be adjusted 

carefully to simulate the UCS. Calibration to the target UCS is carried out by keeping φfjp = 40°, 

which was achieved at the previous calibration stage in Section 3.3.3. Using the relation between 

(σc)mic and (σc)mac that was derived in the sensitivity study in Section 3.2.5, (σc)mic is adjusted to 

obtain the desired macroscopic value of UCS. UCS is calibrated to 78.3 MPa using (σc)mic = 50 

MPa and σt = 2.8 MPa. The crack initiation stress (σci) is reported at the point in the axial stress–

cumulative number of cracks plot, from which acoustic emission (AE) event count increases 

significantly for the first time. The crack damage stress (σcd) is reported at the point where the AE 

event count diverges from the first linear slope and increases rapidly. σci is around 35 MPa or 45% 

of σc, which is within the range 40 to 60% of σc observed for most hard rocks (Martin, 1993; Cai 

et al., 2004). The σcd is around 73 MPa, which is near the peak compressive strength. This value is 

higher than the range of 70 to 90% of σc because of the limitation of the tool and it explains why 

the volumetric strain reversal point occurs near the peak strength (Figure 3-10). The failure of the 

intact Zhenping marble is accompanied by typical axial splitting and shearing (Figure 3-11). 

  

Figure 3-10 Axial stress–axial strain, axial strain–number of cracks, axial strain–volumetric strain plots of 

Zhenping marble under unconfined compression. 

0.0 0.1 0.2
0

25

50

75 
cd


ci

1
 (

M
P

a
)

 1−1

 Cracks

 1−v

1 (%)

0

5E4

1E5

2E5

 N
u

m
b

e
r 

o
f 

c
ra

c
k
s

-0.8

-0.4

0.0

0.4

 v
 (

%
)



76 

 

 

Figure 3-11 Crack development in intact marble at failure (peak axial stress). 

 Calibration of post-peak deformation behavior 

Matching the post-peak deformation behavior is the final stage of calibration. This calibration 

stage can be optional if the focus is only on pre-peak deformation behavior and peak strength. 

Zhenping marble exhibits a high degree of plastic deformation near the peak and in the post-peak 

deformation stage with the increase of confining pressure. This phenomenon can be reproduced to 

some extent with the SRMTools. The post-peak deformation behavior is highly sensitive to φfjr 

with the increase of confining pressure as shown in Section 3.2.4. Lattice models exhibit very high 

post-peak strengths under high confinements even at φfjr = 0°. Adjustment of φfjr is made within 

the range of 0° ≤ φfjr ≤ 10° for 0 ≤ σ3 ≤ 30 MPa to achieve realistic post-peak stress–strain curves. 

To capture the post-peak strength of Zhenping marble, φfjr is gradually decreased with the increase 

of confinement. For instance, φfjr of 8° and 1° simulates realistic post-peak stress‒strain behaviors 

of intact Zhenping marble at 5 and 25 MPa confinements, respectively. 
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Input lattice parameters and resultant macro-mechanical parameters for the calibrated Zhenping 

marble model are shown in Table 3-1 and Table 3-2, respectively. Axial stress–axial strain curves 

from the laboratory triaxial test and numerical models are reasonably close to each other as shown 

in Figure 3-12a. The target values for each parameter are derived from the H–B and M–C strength 

envelope fits of the laboratory triaxial test results. The triaxial simulation results are also fitted to 

the H–B and M–C strength envelopes as shown in Figure 3-12b. H–B and M–C model parameters 

from both laboratory test and numerical modeling are very close (within 10%) to each other as 

shown in Table 3-2. The calibrated lattice parameters should yield the simulation results that are 

reasonably close (± 10%) to the calibration targets. 

Table 3-2 Comparison of mechanical properties of Zhenping marble from laboratory test (target) with 

numerical models 

Parameters Target value (lab test) Numerical modeling 

E (GPa) 31.7 33.9 

σc (MPa) 70.1 78.3 

σt (MPa) 2.7 2.8 

mi 9.8 7.9 

σci, σcd (MPa) 28-42, 49-63 35, 73 

c (MPa) 16.9 17.4 

φ (°) 36.9 37.5 

E – Elastic Modulus, σt – tensile strength, (σc, mi) – H–B strength parameters, σci – crack initiation stress, 

σcd – crack damage stress, c – cohesion, φ – angle of internal friction 
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(a) (b) 

  

Figure 3-12 (a) Deviatoric stress–axial strain curves from laboratory triaxial test (dashed line) and 

numerical modeling (solid line) of Zhenping marble; (b) triaxial simulation results (unfilled square) of 

Zhenping marble fitted to H–B (solid line) and M–C (dotted line) strength envelopes. Laboratory test 

results are shown as unfilled triangles for comparison. 

Compared with other hard rocks, marble exhibits a unique post-peak behavior, especially under 

high confining pressures. The post-peak curves of Zhenping marble exhibit a brittle to ductile 

transition with the increase of confinement. Close to perfect plastic deformation is evident when 

the confinement is above 30 MPa. The residual strength depends on φfjr which is the only frictional 

component that gets mobilized after all the flat jointed springs are broken. The magnitude of φfjr 

dictates the slopes of the post-peak stress–stain curves and the magnitude of the residual strength. 

An intelligent choice of φfjr should be made because the post-peak stress–stain curves change from 

brittle-ductile-plastic to a roughly bi-linear curve as φfjr increases. The sensitivity analysis 

conducted in Section 3.2.4 illustrates clearly that for a model with φfjp = 40° and φfjr = 10°, strain-

hardening is observed when the confining pressure is higher than 10 MPa (Figure 3-6). This is due 

to high interlocking caused by infinitely stiff lattice particles. Use of a very high lattice resolution 
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might solve some of the issues but the computation time would be very long. Hence, employing 

low φfjr values is a reasonable trade-off to reduce the influence of interlocking on post-peak 

behavior. In this study, φfjr as low as 0° is used to simulate the (σ1–σ3)–ε1 curve for the model 

under the confining pressure of 30 MPa. 

3.4 Remarks 

Because SRMTools is a relatively new software tool, an extensive sensitivity study is conducted 

to understand the influence of the lattice micro parameters on the macro-mechanical properties of 

intact rock in this Chapter. Using the results of the sensitivity analysis and the laboratory test 

results of Zhenping marble, a methodology is developed for the calibration of intact rock and the 

capability of SRMLab in the simulation of mechanical behavior of intact rock is validated. 

The sensitivity study suggests that the strength of intact rock is dependent on the lattice size when 

the spherical shaped lattice structure is used and the dependence on lattice size is low for Voronoi-

shaped lattice structure. Both strength (compressive and tensile) and angle of internal friction 

increases non-linearly with the increase of the radius multiplier. The intact rock’s deformation 

modulus increases linearly with the increase of the lattice deformation modulus. Similarly, the 

intact rock compressive to tensile strength ratio increases linearly with the increase of the lattice 

compressive to tensile strength ratio. The angle of internal friction of the intact rock increases 

linearly with the increase of peak friction angle of the flat joint and the post-peak deformation 

behavior is controlled by the residual friction angle of the flat joint. Based on the results of the 

sensitivity study, a methodology is developed for the calibration of intact rock which is used in 

subsequent chapters. 
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Chapter 4  

 Crack evolution and mechanical behavior of pre-cracked rock 

under compression2 

Pre-existing discontinuities occur in the forms of flaws, cracks, joints, bedding planes, shears, 

faults, etc. in rock masses. These discontinuities provide favorable conditions for crack 

propagation along intact rock bridges and significantly influence the mechanical properties of 

jointed rock masses. A detailed understanding of crack initiation, propagation, and coalescence in 

jointed rock can not only benefit in the characterization of rock mass but also aid in the 

geotechnical design of stable rock slopes, tunnels, and mine pillars in jointed rock masses. 

Previous experimental and numerical studies on pre-cracked rocks and rock-like materials 

demonstrate that there is a good correlation between the crack angle (α), ligament angle (β), crack 

length (2a), ligament length (2b) (Figure 2-11), and the number of cracks (n) to the mechanical 

properties of cracked rocks. However, these tests were performed on specimens with cracks having 

planar surfaces. In nature the crack surfaces in a rock mass have waviness. The crack evolution 

mechanism of a cracked rock with rough crack surfaces could be different compared with that of 

a cracked rock with planar crack surfaces and hence manifests different mechanical response under 

compression. Although the influence of joint roughness on the strength and deformability of joint 

has been investigated using laboratory direct shear tests, more attention is required to understand 

the influence of these non-planar cracks on crack evolution and mechanical properties of jointed 

 

 

2
 Originally published as: Bastola, S. and Cai, M. (2019) ‘Investigation of mechanical properties and crack 

propagation in pre-cracked marbles using lattice-spring-based synthetic rock mass (LS-SRM) modeling approach’, 

Computers and Geotechnics, 110, pp. 28–43 
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rocks and rock masses. The influence of persistent undulate crack on the progressive failure of a 

pre-cracked rock was investigated using contours of a stress concentration factor in FLAC3D (Guo 

& Qi, 2015); however, this continuum modeling approach does not explicitly capture real crack 

initiation and propagation. 

In this Chapter, crack initiation, propagation, and coalescence at or near the pre-existing open crack 

of a cracked marble are investigated under unconfined and confined compressions using the LS-

SRM modeling approach. LS-SRM models are built using SRMTools because it allows the explicit 

representation of pre-existing discontinuities (both planar and non-planar) and the crack evolution 

process under external loading. Details on lattice spring method and SRMTools can be found in 

Cundall (2011), Damjanac et al. (2016), and Bastola & Cai (2018b, 2019) (see Section 2.5.3). 

Models are calibrated by comparing the simulation results with the laboratory uniaxial 

compression test results reported in Yang et al. (2009) on pre-cracked marble with planar cracks. 

Then the calibrated model parameters are used to simulate unconfined and confined compression 

on the models with non-planar cracks of different configurations. In the following discussion, 

model development is described in Section 4.1. Calibrations of intact and pre-cracked marbles are 

performed in Sections 4.2 and 4.3, respectively. The modeling results are discussed in Sections 

4.4–4.6 and concluding remarks are presented in Section 4.7. 

4.1 Model development 

Eight pre-cracked LS-SRM models of marble are generated using the information reported in Yang 

et al. (2009). The synthetic marble models are 100 mm × 50 mm × 50 mm in dimension and contain 

38,784 lattice nodes that are connected to each other by 192,436 lattice springs. Non-persistent 

and planar cracks are introduced into the intact rock model to mimic the geometry of the cracked 
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rock specimens used in the laboratory test. The dimension and location of the cracks and 

nomenclature of the specimens are based on the information given in Yang et al. (2009). 

Schematics of Type B and Type J models are shown in Figure 2-11 to illustrate the crack geometry 

in the pre-cracked marble specimens, in which 2a is the crack length, 2b is the ligament length, α 

is the crack angle, and β is the ligament angle. Other model types are shown in Figure 4-1. 

Type B Type D Type E Type G Type I Type J Type K Type L 

        

Figure 4-1 LS-SRM models of pre-cracked marbles with different crack configurations of planar cracks 

based on the information from Yang et al. (2009). 

Table 4-1 Crack patterns in the pre-cracked marbles based on Yang et al. (2009) 

Model description α (°) β (°) 2a (mm) 2b (mm) N 

Type B 45 61 24 33 2 

Type D 45 70 24 48 2 

Type E 45 48 24 24 2 

Type G 45 34 16 33 2 

Type I 45 61 24 33 3 

Type J 45 61 24 33 4 

Type K 30 38 24 33 2 

Type L 60 75 24 33 2 

α – crack angle, β – ligament angle, 2a – crack length, 2b – ligament length, N – the number of cracks. 
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As shown in Figure 4-1 and Table 4-1, all the specimens have a crack length of 24 mm except for 

the Type G specimen, which has a crack length of 16 mm. All the specimens have a crack angle 

of 45° except for the Type K (30°) and Type L (60°) models, and all the specimens have two cracks 

except for Type I (three cracks) and Type J (four cracks). All the cracks shown in Figure 4-1 have 

planar surfaces. 

To investigate the influence of non-planar cracks on the mechanical properties and crack evolution, 

all the cracks in the cracked marble specimens shown in Figure 4-1 are substituted by non-planar 

cracks with a joint roughness coefficient (JRC) of 18 to 20 (Barton & Choubey, 1977) and the 

models are shown in Figure 4-2. Enlarged images of Model J with planar and non-planar cracks 

are illustrated in Figure 4-3. 

Type B Type D Type E Type G Type I Type J Type K Type L 

        

Figure 4-2 LS-SRM models of pre-cracked marbles with different non-planar crack configurations. 

The roughness of the non-planar surface corresponds to Barton’s JRC index of 18 to 20 (Figure 

4-4) and are generated using MoFrac (see Section 2.5.4.2). Using the 2D traces, 3D triangulated 

meshes are generated in MoFrac using the semi-deterministic approach. A 2D trace is extruded to 

the third dimension while keeping the same waviness of the 2D profile. Mechanical properties and 

spatial locations of cracks are specified when importing the cracks into the SRMTools during 

model development. Non-planar crack surfaces generated in MoFrac differ with each other for 

each realization. To ensure that the surface geometry of the non-planar crack does not change, 
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mesh simplification and rotation are performed using third-party software such as Paraview and 

MeshLab. The flow chart for the generation of a single non-planar crack is shown in Figure 4-5. 

(a) (b) 

  

Figure 4-3 Enlarged Model J with (a) planar and (b) non-planar cracks with 2a = 24 mm. 

 

Figure 4-4 Joint surface roughness profile used to generate non-planar crack surface corresponding to the 

JRC index of 18 to 20, modified after Barton & Choubey (1977) and Li & Huang (2015). 
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Figure 4-5 Procedure for generating a single non-planar crack surface. 

The models are loaded axially in the displacement control mode (constant velocity). The optimum 

velocity of loading is established by performing a series of unconfined compressive strength (UCS) 

simulations with different displacement loading rates. Vertical and lateral confining forces are 

applied simultaneously during initial loading in triaxial compression simulation. Once the 

confining pressure reaches the target value, it is kept constant and the vertical force is increased 

until the computation is terminated by the user. Vertical force, vertical displacement, lateral 

displacement, and the number of cracks is recorded for all numerical experiments. Test results 

reported in Yang et al. (2009) are used to calibrate the LS-SRM models under unconfined 

compression only. Then the calibrated model parameters are used to perform compression 

simulations on pre-cracked marbles with planar or non-planar cracks. Because the experimental 

· Generate non-planar crack surface in 
MoFrac using 2D digitized trace

· Export the files as .mfn and .vtk formats

· Open the .vtk file in Paraview
· Export the file as .ply format

MeshLab

· Open the .ply file in MeshLab
· Perform mesh manipulation (mesh 

decimation, rotation, etc.)
· Save the file as .ply format

· Replace the co-ordinates and face vertices of .mfn 
file generated in Step 2 with the ones of 
manipulated .ply file in step 4

· Save the file as .mfn file format

Step 1

Step 2

Step 3

Step 4

Step 5

Digitize 2D trace of JRC index 18-20

Non-planar crack generated in MoFrac
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studies used specimens with open cracks, the numerical simulations are also performed using 

through-going open cracks along the y-axis (Figure 4-1 and Figure 4-2). Through-going cracks 

whose ends are visible on the outer surface of the specimen are called open cracks and the ones 

that are enclosed inside the specimen and the crack ends cannot be seen from outside are called 

closed cracks. The fracture mechanisms for open and closed cracks are similar; the only difference 

is that the stresses at which cracking (i.e. crack initiation and coalescence) occurs are higher for 

rocks with closed cracks than for the ones with open cracks (Park, 2008). 

4.2 Calibration of intact marble 

Calibration of the model parameters of the intact marble is carried out using the approach proposed 

in Bastola & Cai (2018b) and Figure 3-8 by performing a series of UCS simulations and comparing 

the modeling results with the laboratory test results. Based on the laboratory test results reported 

in Yang et al. (2009), the intact rock model is calibrated to the UCS of 89.2 MPa (Figure 4-6) and 

the deformation modulus (E) of 35.9 GPa, which are close to the target laboratory UCS and E 

values of 83.5 MPa and 36.0 GPa, respectively. The axial stress–axial strain curves for intact 

marble under unconfined compression during laboratory test and numerical modeling do not 

coincide with each other because of the initial curvature due to the initial crack closure in 

laboratory specimens. The calibrated model parameters (Table 4-2) are used for the compression 

simulations of the intact and the cracked marbles under unconfined and confined loading 

conditions. The loading rate and the lattice size used in all simulations are 0.01 m/s and 0.2 cm, 

respectively. Spherical lattice structure with flat joint contact is used. 
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Figure 4-6 Axial stress–axial strain & axial strain–number of cracks plot for intact marble model under 

unconfined compression. Axial stress–axial strain plot for the laboratory test is shown as a dotted line. 

Table 4-2 Input lattice parameters for the simulation of laboratory test results of intact marble 

Model parameters Value 

Emic (GPa) 37 

σcmic (MPa) 64 

(σt)mic (MPa) 5.4 

ρ (kg/m3) 2700 

Porosity (%) 2 

φfjp (°) 35 

φfjr (°) 0 

Radius multiplier 0.9 

Emic – lattice elastic modulus, σcmic – lattice compressive strength, (σt)mic – lattice tensile strength, ρ – rock 

density, φfjp – peak friction angle of flat joint, φfjr – residual friction angle of flat joint 
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4.3 Sensitivity of joint stiffness & calibration of pre-cracked marble 

Mechanical properties of discontinuities such as joint friction angle and joint stiffness influence 

the mechanical properties of jointed rocks. In the calibration process, it is important to quantify 

the influence of joint properties on the macro-mechanical properties of cracked rocks. The 

calibration of cracked rock is performed using the calibration approach (Figure 4-7) developed for 

the jointed rock after the intact rock is calibrated using the procedure outlined in Section 3.3. 

 

Figure 4-7 Flowchart illustrating the procedure for calibrating the mechanical properties of jointed rock 

for LS-SRM models with flat joint contacts. 

To this end, uniaxial compression simulations are performed on the Types K and L specimens with 

two cracks of variable joint stiffness. These specimens are selected because they encompass all the 

range of crack angles (30°‒60°) investigated in the laboratory experiments. Sensitivity analyses 

are conducted at a joint shear stiffness (ksj) range of 10–100 GPa/m and a joint normal stiffness 

(knj) range of 100–1000 GPa/m. The crack friction angle (φj) is set to 30°. Because the cracks are 

filled with gypsum, crack tensile strength and crack cohesion are set to 1 MPa and 0.5 MPa, 

respectively. The crack dilation angle is set to zero. 

End

Start
Calibrated intact rock model

Calibration of jointed rock deformation modulus
Adjust joint ksj to achieve the desired value of Em

Calibration of jointed rock peak strength
Adjust joint knj to achieve the desired value of σ1
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(a) (b) 

  

Figure 4-8 Influence of knj/ksj on UCS and E for (a) Type K and (b) Type L cracked marble. 

The sensitivity study results suggest that the mechanical properties of the cracked models are 

highly influenced by the magnitude of joint stiffness if α  60°. E and UCS depend on the knj/ksj 

ratio for the Type L model (Figure 4-8b); however, E and UCS are independent of the knj/ksj ratio 

for the Type K model (Figure 4-8a). The reason is that with the decrease of α, the intact rock bridge 

between the internal tips of the cracks increases, increasing the influence of the intact rock and 

reducing the influence of the joint properties on the overall mechanical response of the cracked 

rocks. The values of knj and ksj that result in E and UCS values of the cracked models that are 

reasonably close to their experimental counterparts are adopted for the numerical modeling. Based 

on the results of this sensitivity analysis, knj and ksj values of 100 GPa/m and 10 GPa/m, 

respectively, are used for subsequent modeling in Sections 4.4, 4.5, and 4.6. 

4.4 Mechanical behavior of pre-cracked marble with planar cracks 

Uniaxial compression simulations are performed on the eight cracked marble models with non-

persistent planar cracks. Calibrated mechanical properties for pre-cracked marbles are adopted 
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based on the results of the detailed sensitivity study performed in Section 4.3. The simulation 

results, summarized in Table 4-3 along with the laboratory test results (target), suggest that the 

geometry of the cracks has a large influence on UCS or σc and E of the cracked marble. 

Table 4-3 Comparison of mechanical properties of intact and cracked marbles from laboratory test (target) 

in Yang et al. (2009) and numerical modeling 

Model 

Modeled value Target value 

σc (MPa) E (GPa) σc (MPa) E (GPa) 

Intact 89.2 35.9 83.5 36.0 

Type B 32.2 22.2 50.7 27.7 

Type D 30.0 22.0 31.3 22.5 

Type E 34.6 22.5 41.5 27.7 

Type G 61.2 32.1 66.7 35.5 

Type I 30.5 21.5 35.4 24.6 

Type J 27.9 20.3 16.8 14.1 

Type K 52.3 28.3 57.1 30.1 

Type L 19.8 18.2 15.2 15.9 

The UCS and E of the cracked marbles decrease with the increase of crack length (2a), crack angle 

(α), ligament angle (β), ligament length (2b), and the number of cracks. For instance, The Type G 

cracked marble has the shortest 2a among all the specimens and consequently, it has the highest 

σc (61.2 MPa) and E (32.1 GPa). Similarly, the Types I and J specimens have three and four cracks, 

respectively, and they have lower σc and E when compared with the specimens with two cracks. 
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This could be attributed to the localized failure due to the proximity of the cracks to the loading 

end of the specimens. The Type L cracked specimen, which has a α of 60°, has lower σc and E 

compared with other cracked specimens. The numerical values of σc decrease with the increase of 

the 2b and β. This is due to the reduction of the extent of the rock bridge along the direction of 

applied principal stress with the increase of 2b and β. Among the specimens with two cracks 

(Types B, D, and E) with equal crack lengths of 24 mm, the Type D specimen has the lowest σc 

and E because it has the highest values of β and 2b among the three specimens. The discrepancies 

between the laboratory test results (Yang et al., 2009) and the numerical simulation results (see 

Table 4-3) could be due to the inherent anisotropy and heterogeneity associated with the laboratory 

specimens, damage to the specimens during sample preparation, etc. 

Differential stress–axial strain relations and crack initiation, propagation, and coalescence under 

both unconfined and confined (10 MPa) compression conditions at five axial strains (ε0.25peak, 

ε0.5peak, ε0.75peak, εpeak, ε1.1peak) for all cracked specimens with planar cracks are shown in Figure 4-9. 

The stress–strain curves derived from the LS-SRM model simulation (shown as a solid line) of 

cracked marbles with planar cracks under unconfined compression are reasonably close to the ones 

obtained from the laboratory tests (shown as dotted line). 
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Figure 4-9 Illustration of crack propagations in cracked synthetic marbles with planar cracks of 

different configurations at different axial strains along the differential stress–axial strain plots under 

unconfined compression (left) and confined compression at 10 MPa (right). Laboratory test results of 

the cracked marble under unconfined compression are shown as a dotted line. 

For the pre-cracked specimens under the unconfined loading condition (3 = 0 MPa), five types 

(Types 1–5) of cracking mechanisms are observed (Figure 4-10). In terms of the types of cracking, 

Types 1–2 are tensile, Types 3–4 are shear, and Type 5 is the mix of tensile and shear. 

In Type 1 cracking, tensile wing cracks initiate simultaneously from the internal tips of the pre-

existing cracks along the orthogonal direction of the crack angle and then along the major principal 

stress direction and there is no crack coalescence (Figure 4-10a). Type 2 cracks develop during the 
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later stage of loading (mostly in the post-peak deformation stage); thus, they are not as clearly 

visible as Type 1 cracks. The relative size of the micro-cracks to that of the specimen also clouds 

the existence of Type 2 crack. For instance, the size of micro-cracks was reduced to 20% of their 

original size for clarity, and this could have also contributed to indistinctness of Type 2 cracks. In 

Type 2 cracking, anti-wing cracks grow from the tips of the pre-existing cracks along the direction 

of the major principal stress but they are in the opposite direction compared with the Type 1 cracks 

and there is no crack coalescence either (Figure 4-10b). In Type 3 cracking, shear cracks propagate 

towards each other and finally coalesce (Figure 4-10c). In Type 4 cracking, shear cracks initiate 

from the internal tips of the pre-existing cracks in the direction of their inclination (Figure 4-10d). 

Type 5 secondary cracks initiate randomly from the pre-existing cracks and they may be either 

tensile or shear (Figure 4-10e). Type 5 cracking occurs at the later stage of crack evolution (i.e. 

usually after Type 1–4 cracks occur). 

(a) (b) (c) (d) (e) 

     

Figure 4-10 Types of cracking pattern (shown as dots) observed in this study (a) Type 1 (b) Type 2 (c) 

Type 3 (d) Type 4 (e) Type 5. 
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The crack coalescence patterns of the cracked rocks under unconfined compression result from a 

combination of axial splitting and shear failure. Based on the observed cracking mechanisms, the 

crack initiation and coalescence processes for each type of cracked marble can be attributed to a 

combination of these types of cracking under uniaxial compression. For instance, the cracking 

patterns in Types B, D, E, and L models are the combination of Types 1–4 cracks. The cracking 

patterns in Types G and K models are dominated by Type 2 anti-wing cracking leading to axial 

splitting failure of the specimen. The cracking patterns of Types I and J models are characterized 

by the coalescence of Types 1–5 cracks. The observed crack coalescence mechanisms are in 

agreement with those observed in Wong & Einstein (2009a) and Yang et al. (2009) (see Figure 

2-9, Figure 2-10, and Figure 2-12). 

The crack evolutions of these cracked marbles are also recorded under confined compression 

condition at a confining pressure of 3 = 10 MPa (Figure 4-9). As expected, under the confined 

compression condition, the growth of tensile wing cracks is suppressed due to the confining 

pressure and the dominant failure mode is the coalescence of Type 3 and Type 4 shear cracks and 

Type 5 random secondary cracks. Some lateral tensile cracking is observed in Type L marble 

(Figure 4-9) on the opposite side of the pre-existing cracks under confinement. These lateral cracks 

initiate when the applied axial stress is around 50% of UCS and are oriented perpendicular to the 

major principal stress and parallel to the minimum principal stress. 

4.5 Mechanical behavior of pre-cracked marble with non-planar cracks 

Both unconfined and confined (σ3 = 10 MPa) compression simulations are performed on the eight 

cracked specimens with non-planar cracks to study the influence of non-planar cracks on crack 

propagation and mechanical properties of cracked rocks. All the model parameters are the same as 
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those of the models with planar cracks except that the planar cracks are replaced with the non-

planar ones (see Section 4.1). 

Lattice size could influence the strengths of both the cracked marble and the intact marble. A study 

conducted by Bastola & Cai (2018b) suggests that the lattice resolution influences the strength of 

intact Zhenping marble. Hence, a sensitivity of lattice size on peak strength is conducted for both 

the intact (Figure 4-11a) and the cracked marbles (Type B and Type J) with non-planar cracks 

(Figure 4-11b&c) for the lattice sizes of 4, 3, 2, 1, and 0.75 mm. The results show that the 

normalized peak strength (Figure 4-11e) decreases with the decrease of lattice size up to the lattice 

size of 1 mm and then increases slightly for the lattice size of 0.75 mm. Although there is some 

influence of the lattice resolution on the peak strength of the pre-cracked marble with non-planar 

cracks, the relative difference between the normalized peak strengths is small for the lattice sizes 

of 2 and 0.75 mm. This is illustrated with axial stress–axial strain curves and the lattice size 

sensitivity analysis plots (Figure 4-11a,b&c). The time required for the simulation of the cracked 

marble models are 0.5, 1, 12, 48, and 168 hours for the models with the lattice sizes of 4, 3, 2, 1, 

and 0.75 mm, respectively; The estimated time for the cracked marble model with a lattice size of 

0.5 mm is approximately 1 month (the run was aborted due to the extremely long runtime). The 

ideal model would be the one that can represent the rock to the microscopic scale; however, there 

is a significant computational expense associated with it. Thus, as a preliminary parametric study 

of the influence of non-planar cracks on the model response, the lattice size of 2 mm is adopted as 

a reasonable trade-off between the lattice resolution and computation time. 
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(e)  

 

 

Figure 4-11 (a) Axial stress–axial strain curves for intact marble with different lattice size; (b) Axial 

stress–axial strain curves for Type B marble with non-planar cracks and with different lattice size; (c) 

Axial stress–axial strain curves for Type J marble with non-planar cracks and with different lattice size; 

(d) Influence of lattice size on the peak strength of intact and cracked marbles with non-planar cracks; 

(e) Influence of lattice size on the normalized peak strength of cracked marbles with non-planar cracks. 

Differential stress–axial strain relations and crack evolutions at five axial strains (ε0.25peak, ε0.5peak, 

ε0.75peak, εpeak, ε1.1peak) are shown in Figure 4-12. The numerical modeling results show that the peak 

strengths and the deformation moduli of the cracked marbles with non-planar cracks are only 

slightly higher than the corresponding ones with planar cracks except for Type L marble. This is 

due to the low crack persistence (2a ≤ 24 mm relative to the 50 mm width of the specimens) used 

in the study. The influence of crack persistence on the mechanical response of the cracked marbles 

is investigated in Section 4.6. In the case of Type L marble with non-planar cracks, its peak strength 

under 10 MPa of confining pressure is about 43% higher than that for the model with planar cracks 

because of the high crack angle (α = 60°). 
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For the models with non-planar cracks, complex crack evolution is observed because of the 

localized stress concentration and damages on the wavy surfaces of the cracks. In addition to the 

failure modes observed in the cracked marbles with planar cracks (Figure 4-10), secondary cracks 

propagate from the wavy section of the pre-existing cracks in the models with non-planar cracks. 
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Figure 4-12 Illustration of crack propagations in cracked synthetic marble models with non-planar 

cracks of different configurations at different axial strains along with the differential stress–axial strain 

plots under unconfined compression (left) and confined compression at 10 MPa (right). 
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4.6 Influence of crack persistence on the mechanical behavior of pre-

cracked marble 

It is seen from the results presented in Sections 4.4 and 4.5 that the mechanical properties of the 

cracked marbles with a large number of cracks and large crack angles are highly influenced by the 

mechanical properties of the cracks. For the models with 24 mm long cracks, there is a small 

difference in the mechanical properties between the cracked specimens with planar and non-planar 

cracks because of the low persistence of the cracks. To investigate the influence of crack 

persistence and waviness on the mechanical response of the cracked marbles, 2a is increased to 36 

mm for the Type B and Type J models with both planar and non-planar cracks. The non-planar 

cracks are generated from the first 36 mm of Barton’s JRC profile with a JRC index of 18 to 20 

(Figure 4-4). The models with 36 mm long cracks are subjected to both unconfined (3 = 0 MPa) 

and confined (3 = 10 MPa) compressions. 

The modeling results suggest that both σc and E decrease with the increase of 2a. This is because 

as the 2a increases, the volume of the rock bridge between the cracks is reduced. Consequently, 

the force required to overcome the strength provided by the rock bridge is reduced for specimens 

with longer cracks. Because the stress–strain plot is highly nonlinear, E is determined by 

measuring the secant modulus in the stress–strain curve at 50% of σc. The σc and E of Type B and 

Type J cracked marbles with 36 mm long planar and non-planar cracks are shown in Table 4-4 and 

differential stress–axial strain relations are shown in Figure 4-13. For the Type B model with planar 

cracks, the σc and E decrease from 32.2 MPa and 22.2 GPa to 4.6 MPa and 9.3 GPa, respectively, 

when 2a is increased from 24 mm (Figure 4-9) to 36 mm (Figure 4-13a) under unconfined 

compression. The σc and E decrease from 27.9 MPa and 20.3 GPa to 4.4 MPa and 8.1 GPa, 

respectively, when 2a is increased from 24 mm (Figure 4-9) to 36 mm (Figure 4-13a) for the Type 



104 

 

J model with planar crack under unconfined compression. The σc and E also decrease for both 

Type B and Type J marble specimens with planar cracks when 2a is increased from 24 (Figure 

4-9) to 36 mm (Figure 4-13b) under confined compression at 3 = 10 MPa. 

Table 4-4 Summary of mechanical properties of Type B and Type J models with 36 mm long planar and 

non-planar cracks under compression 

Cracked model (2a = 36 mm) σc at σ3 = 0 MPa σc at σ3 = 10 MPa E (GPa) 

Type B planar 4.6 28.6 9.3 

Type B non-planar 7.0 53.3 14.3 

Type J planar 4.4 35.6 8.1 

Type J non-planar 6.6 52.7 11.5 

An increase in the σc and E is also observed for the pre-cracked marbles (Type B and Type J) with 

36 mm long cracks when the planar cracks are replaced with non-planar ones under unconfined 

compression (Figure 4-13). In models with non-planar cracks, the applied force must overcome 

the strength of intact rock asperities along the wavy surface in addition to the intact rock bridge 

between the cracks. For the Type B model with 36 mm crack length, the σc and E increase from 

4.6 MPa and 9.3 GPa to 7.0 MPa and 14.3 GPa, respectively, when the crack surface geometry is 

changed from planar to non-planar under unconfined compression (Figure 4-13a). Similarly, for 

Type J marble the σc and E increase from 4.4 MPa and 8.1 GPa to 6.6 MPa and 11.5 GPa, 

respectively, when the crack surface geometry is changed from planar to non-planar under 

unconfined compression. The σc and E also increase for both Type B and Type J marble specimens 

with 36 mm long cracks when the planar cracks are replaced with non-planar ones under confined 

compression at 3 = 10 MPa (Figure 4-13b). 
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(a) (b) 

  

Figure 4-13 Comparison of differential stress–axial strain plots for the Type B and Type J models with 

36 mm long planar and non-planar cracks under (a) unconfined compression (b) confined compression 

at σ3 = 10 MPa.  

Cracks initiate around the inner tips of the pre-existing cracks for the pre-cracked marbles with 36 

mm long planar cracks, in the similar manner as in the models with 24 mm long planar cracks. 

However, in the models with 36 mm long planar cracks, crack coalescence occurs shortly after the 

development of a few tensile wing cracks (Figure 4-14a); this causes a reduction in both the σc and 

E of the pre-cracked marbles. However, in the models with 36 mm long non-planar cracks, a 

complex cracking pattern is observed. In addition to the development of the tensile wing cracks 

and the coalescence of these cracks, additional cracks initiate from the wavy sections of the cracks 

(Figure 4-14b). This leads to the cracking of both the intact rock bridge between the cracks and 

the rock asperities along the wavy sections of cracks, which increases the strength and stiffness of 

the pre-cracked marble with non-planar cracks. This comparison is relative to specimens with 

planar cracks of the same crack length. In the Type J model with 36 mm long cracks, wing cracks 
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initiate between the cracks with the shortest rock bridge span that are closer to the middle of the 

specimen and then propagate towards the internal tips of other cracks with coalescence (Figure 

4-14c&d). The cracks in Type J marble whose internal tips are located away from the center of the 

specimens also exhibit tensile wing cracking mechanism. 

(a) (b) 

  

(c) (d) 

  

Figure 4-14 Illustration of crack propagation for pre-cracked marbles with 36 mm long cracks at 

different axial strains along with differential stress–axial strain plots under unconfined compression for 

(a) Type B with planar cracks, (b) Type B with non-planar cracks, (c) Type J with planar cracks, and 

(d) Type J with non-planar cracks. 
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4.7 Remarks 

In this Chapter, the influence of crack surface geometry on the cracking mechanism and 

mechanical properties of pre-cracked rocks has been investigated using the LS-SRM modeling 

approach under unconfined and confined compressions, using eight synthetic rock models with 

different planar and non-planar crack configurations. The mechanical properties and cracking 

patterns of pre-cracked rocks are highly dependent on the spatial location, persistence, waviness, 

and the number of pre-existing cracks. 

The numerical modeling results suggest that in the cracked rock models with planar cracks, 

initiation of tensile wing cracks from the internal crack tips is accompanied with the breakage of 

intact rock bridges between the cracks. However, in the cracked rock models with wavy or non-

planar cracks, slipping along the cracks is hindered by the asperities with the initiation of secondary 

cracks from the wavy section of the cracks along with the tensile wing-cracks from the internal 

crack tips. The failure mode is mixed tensile splitting and shearing failures in uniaxial 

compression. Under the confined condition, shear failure dominates because tensile damage is 

largely suppressed. 

As expected, compared with the intact marble, the cracked marbles have lower strength and smaller 

deformation modulus. Both the peak strength and the deformation modulus decrease with the 

increase of the crack angle, crack length, ligament angle, and the number of cracks. The strength 

and the stiffness of the cracked marble with non-planar crack are higher than the ones with planar 

cracks when the crack persistence is high, indicating that the influence of crack waviness on rock 

properties is high only when the crack persistency is large. The results from this numerical 
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investigation are reasonably consistent with the results of previous experimental studies (Yang et 

al., 2009, 2008) and numerical simulation (Wang et al., 2014). 
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Chapter 5  

 Influence of joint configuration on the mechanical response of 

jointed granite under compression3,4 

Many experimental studies have been conducted to investigate the strength and deformability of 

rock-like materials (Brown & Trollope, 1970; Einstein et al., 1969; Einstein & Hirschfeld, 1973; 

Fan et al., 2015; Kulatilake et al., 1997; Kulatilake et al., 2001; Prudencio & Van Sint Jan, 2007; 

Ramamurthy, 2001; Ramamurthy & Arora, 1994; Singh et al., 2002; Tiwari & Rao, 2004; Tiwari 

& Rao, 2006). These synthetic rock-like materials are not representative of strong natural rock in 

terms of mechanical properties and cracking mechanism. Very few studies have been conducted 

to investigate the strength and deformability of real jointed rock such as sandstone (Ramamurthy 

& Arora, 1994) and granite (Arzua et al., 2014; Alejano et al., 2017).  

Arzua et al. (2014) and Alejano et al. (2017) conducted extensive laboratory triaxial tests on both 

intact and jointed Blanco Mera granite samples and concluded that both the strength and 

deformation modulus of the jointed granite decrease with the increase of the number of joints. The 

laboratory triaxial test results of both intact (Castro-Filgueira et al., 2016) and jointed (Castro-

Filgueira, 2019) Blanco Mera granite were simulated using the flat-joint contact model in PFC3D; 

however, the post-peak deformational behavior of the jointed granite was not reasonably captured. 

In those studies, joints were idealized as planar features. However, in nature, rock joints are 

 

 

3
 Originally published as ‘Bastola, S. and Cai, M. Investigation of strength and deformation behaviors of intact and 

jointed granite using lattice-spring-based synthetic rock mass models. In 2nd International Discrete Fracture 

Network Engineering Symposium. Seattle, USA: American Rock Mechanics Association; 2018’. 

4
 The manuscript is accepted for publication in the Int. J. of Rock Mech.& Min. Sci. 
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characterized with some degree of roughness which could directly influence the mechanical 

behavior of jointed rocks. 

The influence of roughness or waviness on the strength and deformability of jointed rocks can be 

accounted for by increasing the effective joint friction angle without explicitly integrating the non-

planar joints in SRM models (Bahrani, 2015). While this approach is simple in terms of modeling, 

it is evident that the mechanical properties and crack evolution mechanism are also controlled by 

the surface geometry of pre-existing non-persistent cracks (Bastola & Cai, 2019; Chapter 4). 

Oversimplification may lead to inaccurate results. Thus, it is vital to include realistic geometry of 

the non-planar joints in SRM models. 

In this Chapter, the mechanical behaviors of intact and jointed Blanco Mera granite with fully 

persistent joints of different configurations are investigated using LS-SRM modeling approach 

under unconfined and confined compressions. Both the intact rock model and the jointed granite 

models with planar joints are calibrated (Section 5.2) using the laboratory triaxial test results 

reported by Alejano et al. (2017). The calibrated lattice model parameters are used to investigate 

the influences of joint intensity, waviness, orientation, and persistence on the mechanical 

properties of jointed granite under conventional triaxial loading (Section 5.3). In addition, the 

mechanical response of jointed granite with both planar and non-planar joints under true-triaxial 

loading are also investigated (Section 5.4). Itasca’s SRMTools is used for numerical modeling. 

5.1 Model development 

LS-SRM models are constructed based on the information reported in the laboratory triaxial test 

results of intact and jointed Blanco Mera granite (Alejano et al., 2017) because the database 

consists of a suite of results for intact, sparsely jointed (1+2), and moderately jointed (2+3) rock. 
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This rock is coarse-grained granite and all the jointed block pieces were derived from a 

homogeneous block of granite. The triaxial test was conducted with the confining pressure 

between 1 MPa and 12 MPa. Triaxial test results suggest that both the strength and deformation 

modulus decrease with the increase of the number of joints. Each synthetic rock model is 100 mm 

× 50 mm × 50 mm in dimension and contains 38,784 lattice nodes that are connected to each other 

by 192,436 lattice springs. Persistent joints are introduced into the intact rock model to mimic the 

geometry of the jointed rock specimens in the laboratory test. Numerical models with two types 

of joint configurations, (1+2) and (2+3) joint patterns, are constructed to emulate the dimension 

and location of the joints in the laboratory study (Alejano et al., 2017). 

In this Chapter, synthetic jointed models with (1+2) and (2+3) planar joint configurations are 

referred to as Model A (Figure 5-1a) and Model B (Figure 5-1b), respectively. In Model A, the 

mean dips are 23° for the sub-horizontal joints and 85° for the sub-vertical joints. In Model B, the 

mean dips of the sub-vertical and the sub-horizontal joints are 78° and 23°, respectively. The sub-

horizontal joint spacings in Models A and B are 4.0 cm and 2.5 cm, respectively. Model B has a 

joint spacing of 2.0 cm for the sub-vertical joints. The spacings of the vertical and horizontal joints 

in Model C (Figure 5-1c) are 1.0 and 2.0 cm, respectively. In Model D (Figure 5-1d), the spacings 

of the vertical and the horizontal joints are same as these in Model B, except that the model has an 

additional sub-horizontal joint set with a spacing of 2.5 cm. Model E (Figure 5-1e) and Model F 

(Figure 5-1f) are generated by replacing the planar joints in Models A and B with non-planar joints, 

respectively. The geometries of Model G (Figure 5-1g), Model H (Figure 5-1h), Model I (Figure 

5-1i), and Model J (Figure 5-1j) are the same as that of Model F except that the length of the non-

planar joints is reduced to generate jointed rock models of different persistence. Models G, H, I, 

and J have a persistence of 0.8, 0.7, 0.6, and 0.5, respectively. Similarly, Model K (Figure 5-1k), 
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Model L (Figure 5-1l), Model M (Figure 5-1m), and Model N (Figure 5-1n) have a persistence of 

0.8, 0.7, 0.6, and 0.5, respectively, except that the joints are planar. Additional eight models are 

created by varying the dip at 35°, 45°, 55°, 67° for the sub-horizontal joint set of Model B (Figure 

5-1o,p,q&r) and Model F (Figure 5-1s,t,u&v) while keeping the dip of the sub-vertical joint set 

the same at 78°. 

(a) (b) (c) (d) (e) (f) (g) 

       

(h) (i) (j) (k) (l) (m) (n) 

       

(o)             (p)                 (q)               (r)                 (s)                (t)                (u)               (v) 

 

Figure 5-1 Synthetic jointed rock models (a) Model A and (b) Model B, created based on the joint 

configuration in laboratory test (Alejano et al., 2017); additional models with different joint intensities: 

(c) Model C, (d) Model D; joint waviness & persistence: (e) Model E, (f) Model F, (g) Model G, (h) 

Model H, (i) Model I, (j) Model J; and joint persistence: (k) Model K, (l) Model L, (m) Model M, (n) 

Model N; and different orientations (o) Model B with joint set dip θ = 35°, (p) Model B with θ = 45°, 

(q) Model B with θ = 55°, (r) Model B with joint set dip (θ) = 67°, (s) Model F with θ = 35°, (t) Model 

F with θ = 55°, (u) Model F with θ = 55°, (v) Model F with θ = 67°. 
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The joint configuration matrix for all the jointed models are shown in Table 5-1. 

Table 5-1 Joint configuration matrix in LS-SRM models 

Model xh (cm) xv (cm) θh (°) θV (°) P32 (m
2/m3) JRC K 

A 4.0 - 23 85 41.8 0 1.0 

B 2.5 2.0 23 78 73.5 0 1.0 

C 2.0 1.0 23 78 104.8 0 1.0 

D 2.5 2.0 23 78 106.1 0 1.0 

E 4.0 - 23 85 41.8 18-20 1.0 

F 2.5 2.0 23 78 73.5 18-20 1.0 

G 2.5 2.0 23 78 58.8 18-20 0.8 

H 2.5 2.0 23 78 51.4 18-20 0.7 

I 2.5 2.0 23 78 44.1 18-20 0.6 

J 2.5 2.0 23 78 36.7 18-20 0.5 

K 2.5 2.0 23 78 58.8 0 0.8 

L 2.5 2.0 23 78 51.4 0 0.7 

M 2.5 2.0 23 78 44.1 0 0.6 

N 2.5 2.0 23 78 36.7 0 0.5 

O 2.5 2.0 35 78 73.5 0 1.0 

P 2.5 2.0 45 78 73.5 0 1.0 

Q 2.5 2.0 55 78 73.5 0 1.0 

R 2.5 2.0 67 78 73.5 0 1.0 

S 2.5 2.0 35 78 73.5 18-20 1.0 

T 2.5 2.0 45 78 73.5 18-20 1.0 

U 2.5 2.0 55 78 73.5 18-20 1.0 

V 2.5 2.0 67 78 73.5 18-20 1.0 

Note: xh – spacing of sub-horizontal joints, xv – spacing of sub-vertical joints, θh – dip of sub-horizontal 

joints, θv – dip of sub-vertical joints, P32 – volumetric joint intensity, JRC – joint roughness coefficient 

index, K – joint persistence 
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5.2 Model calibration 

The goal of the calibration process is to obtain a set of lattice parameters that can reproduce the 

macroscopic properties (σc and E) of both intact and jointed granite with planar joints. All LS-

SRM models (intact and jointed) have a lattice size and a flat joint radius multiplier of 0.2 cm and 

0.9, respectively, and are subjected to a loading rate of 0.01 m/s. The calibrated lattice parameters 

for both the intact and the jointed granite are derived using the methodology based on the extensive 

sensitivity studies conducted by Bastola & Cai (2018b, 2019) (see also Sections 3.3 & 4.3). 

 Calibration of intact granite 

The intact granite is calibrated using the procedure outlined for the LS-SRM models with flat joint 

contacts in Figure 3-8. Calibration of the intact Blanco Mera granite is performed by carrying out 

direct tension simulation (Figure 5-2a), unconfined compression simulation (Figure 5-2b), and 

confined compression simulations (Figure 5-2c), and comparing the simulation results with the 

laboratory test results (Alejano et al., 2017). 
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(c) (d) 

  

Figure 5-2 (a) Axial stress (σ1)–axial strain (ε1) and number of cracks – ε1 relations of intact Blanco 

Mera granite under direct tension; (b) σ1 – ε1, volumetric strain (εv) – ε1, and number of cracks – ε1 

relations of intact Blanco Mera granite under unconfined compression; (c) differential stress (σ1–σ3) – 

ε1 relations of synthetic intact Blanco Mera granite under confined compression; (d) strength envelope 

of synthetic intact Blanco Mera granite with Hoek–Brown (H–B) and Mohr–Coulomb (M–C) fit of 

triaxial simulation results; laboratory test results are shown as unfilled triangles. 

Note: σci – crack initiation stress, σcd – crack damage stress, (mi, σc) – H–B strength parameter, φ – the 

angle of internal friction, and c – cohesion. 

Because of the high non-linearity of the strength envelope, a bilinear strength envelope calibration 

approach is adopted for the intact rock where the first part of the strength envelope covers the 

confinement range up to 2 MPa and the second part covers the confinement range from 2 to 12 

MPa (Figure 5-2d). The lattice model parameters of the calibrated macro-mechanical model are 

shown in Table 5-2. Calibration targets (laboratory test results) and model results are shown in 

Table 5-3. 
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Table 5-2 Input lattice parameters used to calibrate the intact Blanco Mera granite 

Model parameters 0 ≤ σ3 ≤ 2 MPa 2 < σ3 ≤ 12 MPa 

Emic (GPa) 57.0 57.0 

σcmic (MPa) 50.0 80.0 

(σt)mic (MPa) 6.1 6.1 

ρ (kg/m3) 2650.0 2650.0 

Porosity (%) 0.3 0.3 

φfjp (°) 62.0 55.0 

φfjr (°) 0 0 

Emic – lattice elastic modulus, σcmic – lattice compressive strength, (σt)mic – lattice tensile strength, ρ – rock 

density, φfjp – peak friction angle of flat joint, φfjr – residual friction angle of flat joint 

Table 5-3 Summary of calibration targets and modeled values for intact Blanco Mera granite 

Parameters Target value Modeled value 

E (GPa) 37.0 37.4 

UCS (MPa) 120.0 126.0 

σt (MPa) 6.1 6.0 

σci (MPa) 50.0-75.0 75.0 

σcd (MPa) 85.0-110.0 110.0 

c (MPa) 14.0 16.3 

φ (°) 62.0 60.0 

E – elastic modulus, UCS – uniaxial compressive strength, σt – tensile strength, σci – crack initiation 

stress, σcd – crack damage stress, c – cohesion, φ – the angle of internal friction 
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 Calibration of jointed granite 

The goal of calibration is to capture the peak confined compressive strength (σ1) and the 

deformation modulus (Em) of the jointed Blanco Mera granite. For all jointed models, the joint 

friction angle (φj) is kept constant at 30° based on the values reported in the literature for the basic 

friction angle of granite (Barton & Choubey, 1977; Barton, 1973). Joint cohesion (cj), joint tensile 

strength (σtj), and joint dilation (δj) are all set to zero because all the joints were saw cut and were 

persistent with planar surfaces. The procedure for calibrating the mechanical properties of jointed 

rock for LS-SRM models with flat joint contacts is shown in Figure 4-7. 

The strength and deformation modulus of a jointed rock depend on joint frictional resistance and 

joint stiffness. For the numerical modeling of jointed rock, the calibrated intact rock properties are 

used in conjunction with the calibrated joint properties. Joint properties are derived from the 

sensitivity analysis of joint stiffness parameters (knj, ksj) on the strength and deformation modulus 

of Model A. The joint stiffness values that reproduce the strength and deformation modulus of 

both Models A and B are the calibrated joint properties and are used in all subsequent numerical 

modeling. In the calibration process, ksj is adjusted to achieve the desired value of Em; then, knj is 

adjusted to achieve the desired peak strength. Based on the result of the sensitivity analysis, knj = 

3000 GPa/m is used in all jointed rock models because the influence of knj on the strength and 

deformation modulus is small for knj > 3000 GPa/m (Figure 5-3). Joint shear stiffness (ksj) is 

adjusted to accommodate the influence of confining pressure on Em. The joint properties used in 

the numerical modeling of the jointed granite are shown in Table 5-4. 
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(a) (b) 

  

Figure 5-3 (a) Deviatoric stress–axial strain relation for Model A with different joint stiffness under 1 

MPa of confining pressure; (b) sensitivity analysis of joint knj/ksj on E and σ1 (unit of knj and ksj is in 

GPa/m) for Model A under 1 MPa of confining pressure. 

Table 5-4 Joint properties used in jointed granite models 

Joint parameter Value 

knj (GPa/m) 3000 

ksj (GPa/m) 27𝜎3 + 37, for 1 ≤ σ3 ≤ 10 MPa 

φj (°) 30 

σtj (MPa) 0 

cj (MPa) 0 

δj (°) 0 

knj – joint normal stiffness, ksj – joint shear stiffness, φj – joint friction angle, σtj – joint tensile strength, cj 

– joint cohesion, δj – joint dilation 

A series of triaxial simulations are performed using Models A and B with planar persistent joints 

under 1.0, 2.0, 4.0, 6.0, 10.0, and 12.0 MPa confining pressures. Model parameters used in both 
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show degradation in both strength and deformation modulus with the increase of the number of 

joints, which is in agreement with the laboratory test results (Alejano et al., 2017). The differential 

stress (σ1–σ3)–axial strain (ε1) relations from the numerical models of the intact and jointed granite 

under 4 and 10 MPa confining pressures show a very close resemblance to the laboratory test 

results (Figure 5-4). However, the post-peak strength from the numerical models is higher than the 

ones reported in the laboratory tests under high confinements (σ3 ≥ 10 MPa). 

(a) (b) 

  

Figure 5-4 Comparison of (σ1–σ3)–ε1 plots for intact and jointed Blanco Mera granite from numerical 

models with laboratory test results under triaxial compression at (a) 4 MPa and (b) 10 MPa confining 

pressures. 

The peak strengths and deformation moduli of both jointed rocks (Models A and B) decrease with 

the increase of the degree of jointing. The Hoek–Brown (H‒B) (σc and mb) and Mohr–Coulomb 

(M–C) (c and φ) strength parameters derived from the triaxial simulation results for both Models 

A and B are reasonably close to the parameters determined for the laboratory test results as shown 

in Table 5-5 and Figure 5-5. For the jointed granite Models A and B, deformation modulus (Em) 

increase with the increase of σ3 and plateaus when σ3 ≥ 10 MPa, which is consistent with the 
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laboratory observation (Alejano et al., 2017). Similar results were also reported in studies on 

granulated Wombeyan marble (Rosengren & Jaeger, 1968) and damaged Lau du Bonnet granite 

(Martin & Stimpson, 1994). 

Table 5-5 Comparison of the target and achieved macro-mechanical parameters for jointed Blanco Mera 

granite from numerical modeling 

Parameters 

Target value Model value 

Model A Model B Model A Model B 

σc (MPa) 55.5 42.1 92.7 31.0 

mb 50.0 45.9 36.0 46.5 

c (MPa) 8.1 6.8 12.4 6.8 

φ (°) 57.3 54.2 59.1 54.1 

 

(a) (b) 

 

 

Figure 5-5 (a) Comparison of strength envelopes for intact and jointed Blanco Mera granite from 

numerical models and laboratory test. The numerical modeling results are fitted to the H–B and M–C 

strength envelopes. (b) Comparison of Em‒σ3 plot for intact, Model A, and Model B from numerical 

modeling and laboratory test. 
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In laboratory triaxial test, the failure of the (2+3) jointed granite was accompanied with irregular 

cracking of the rock blocks, crushing of the block corners, and sliding along the pre-existing joints 

(Alejano et al., 2017). Macroscopic failure surface identified on the (2+3) jointed specimen in the 

laboratory (Figure 5-6a) triaxial test (Alejano et al., 2017) under 10 MPa of confinement is 

reasonably close to the failure pattern observed in numerical Model B (Figure 5-6b). The vertical 

displacement contour shown in Figure 5-6c presents a clear picture of cracking related movements 

of the rock. 

(a) (b) (c) 

    

Figure 5-6 (a) Macrocracks observed in laboratory triaxial compression test of (2+3) jointed granite 

specimen (Alejano et al., 2017); (b) microcracks observed in triaxial compression simulation of Model 

B; (c) vertical displacement (in m) contour of Model B, under 10 MPa confinement. 

5.3 Influence of joint configuration on the mechanical response of 

jointed granite under conventional triaxial loading 

Rock joints have a large influence on the strength and deformation properties of the jointed rock 

as shown in Figure 5-5. In this section, further numerical simulations are performed to study the 
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influence of joints with different configurations (intensity, waviness, orientation, and persistence) 

on the mechanical properties of jointed rocks under conventional triaxial loading condition. All 

the models have the same intact rock and joint properties. The calibrated intact rock properties for 

2 < σ3 ≤ 12 MPa in Table 5-2 are used for the intact rock. This was done to ensure that all the 

jointed rock models have the same intact rock properties. For joints, knj = 3000 GPa/m, ksj = 300 

GPa/m, and all other joint properties are the same as those listed in Table 5-4. Triaxial compression 

simulations are conducted on these jointed rock models at different confining pressures. 

 Influence of joint intensity 

Joint intensity, which is measured by joint spacing or frequency, is another important parameter 

that influences rock mass deformation behavior. In this section, the influence of joint density on 

the strength and deformability of jointed rocks is investigated using Models A, B, C, and D as 

shown in Figure 5-1. To quantify the joint intensity, the volumetric joint intensity (P32) is computed 

for all four models. P32 is the total surface area of the joints per unit volume of a jointed rock. The 

P32 values for Models A, B, C, and D are 41.8 m-1, 73.5 m-1, 104.8 m-1, and 106.1 m-1, respectively. 

The triaxial simulation results show that both the peak strength (Figure 5-7a & Figure 5-8a) and 

the normalized deformation modulus (Em/Ei) (Figure 5-7b & Figure 5-8b) decrease with the 

increase of P32. However, the peak strength is stagnant for models with P32 ≥ 73.5 m-1. 
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(a) 
(b) 

  

Figure 5-7 Comparison of (a) strength envelopes of jointed rock models with different P32 (strength 

envelope of the intact rock is shown for comparison); (b) normalized deformation modulus (Em/Ei)–σ3 

plot for jointed rock models with different P32. 

 

(a) (b) 

  

Figure 5-8 Influence of P32 on (a) σ1 and (b) Em for σ3 ≤ 12 MPa. 
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𝜎1 = 7.1𝜎3 −

409.7

ln(𝑃32)
+ 172        (MPa) 

for 𝑃32 ≤ 105 m−1, 𝜎3 ≤ 12 MPa, and 𝑅2 = 0.75 

(5-1) 

Similarly, a bi-variate relation between Em, σ3, and P32 is established as, 

 𝐸𝑚 = 5.5 ln(𝜎3) − 0.23𝑃32 + 26        (GPa) 

  for 𝑃32 ≤ 105 m−1, 𝜎3 ≤ 12 MPa, and 𝑅2 = 0.72 

(5-2) 

 Influence of joint waviness 

In most geotechnical investigations and numerical modeling, a joint is often idealized as a planar 

surface. However, rock joint surfaces are wavy and undulating in their natural states. If joints are 

smooth and planar, blocks can slide easily under small external forces. Joint surface asperities 

cause interlocking of blocks, resulting in a high load-bearing capacity of the jointed rock mass, 

which may reduce the demand on rock support. Thus, it is important to quantify the stiffness and 

strength of rock masses with non-planar joints. 

Lattice resolution has some influence on the strength and deformation modulus of both intact rock 

(Section 3.2.1) and pre-cracked rock with non-planar discontinuities (Section 4.5). Non-planar 

discontinuities in the jointed rock model are represented as triangles. The size of these triangles 

controls the degree of representation of joint roughness and it might have some influence on the 

strength and deformability of the jointed rock with non-planar joints. Therefore, a sensitivity 

analysis is conducted to investigate the influence of joint triangle area on strength and deformation 

modulus of Type F jointed granite. Joints with three different areas, 50, 10, 5 mm2, are generated 

in MoFrac using the joint trace with JRC of 18–20 from Barton’s joint roughness profiles. Three 
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Type F jointed rock models are constructed using these joints and the calibrated intact rock model. 

These jointed rock models are subjected to triaxial loading at 1 MPa confining pressure. 

The sensitivity study shows that the deformation modulus of Model F increases with the increase 

of the joint resolution i.e. with the decrease in the triangle size, however, significant influence is 

not observed in the magnitude of peak strength as shown in Figure 5-9. 

(a) (b) 

  

Figure 5-9 Sensitivity of joint resolution on (a) deviatoric stress–axial strain relation and (b) strength 

and deformation modulus under 1 MPa of confining pressure; TA is the area of the triangles that 

comprise the non-planar joint surface. 

To investigate the influence of joint waviness on the strength and deformation behaviors of jointed 

rock, two models (Models A, B) with planar joints and two models (Models E, F) with very rough 

joints (Figure 5-1) are subjected to triaxial compression under 1, 6, 10, 12 MPa confining 

pressures. Models A and E have larger joint spacing than Models B and F. 

The triaxial compression simulation results show that when the joint spacing is smaller, the 

strength of the jointed rock model with non-planar joints (Model F) is higher than that of the model 
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by the interlocking of the asperities of the non-planar joints as illustrated in Figure 5-13 (see the 

strength difference between Models B and F). As a result, any contribution of interlocking can 

increase the strength of jointed rock significantly. 

(a) (b) 

 

 

Figure 5-10 (a) Comparison of strength envelopes of jointed rock models with planar and non-planar 

joints; (b) comparison of Em/Ei–σ3 relations for jointed rock models with planar and non-planar joints. 
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reduction of the Em/Ei ratio is observed for Model A; however, the reduction is only 28% for Model 

E. Similarly, the Em/Ei ratio is reduced by 57% for Model B and the reduction is only 45% for 

Model F. 

 Influence of joint orientation 

One of the most important characteristics of joints is their orientations relative to each other or 

other geological structures in underground excavations or slopes. Joints are often classified based 

on their orientations because geological processes usually generate one or more clusters of nearly 

parallel joints in a rock mass (Priest, 1993). A model with a single plane of weakness yields a U-

shaped strength–orientation curve when the angle of inclination of the joint is varied from 0° to 

90°. A similar exercise is conducted in this section by varying the dip of the sub-horizontal joint 

set (θh) at 35°, 45°, 55°, 67° for models B & F (see Figure 5-1o-v). These models are subjected to 

triaxial compression under 1, 6, 10, 12 MPa confining pressures. 

The triaxial simulation results are summarized in Figure 5-11, showing that both the strength and 

the deformation modulus are controlled by the orientation of the sub-horizontal joint set. A U-

shaped surface between the peak strength, confining stress, and the joint set dip (θ) can be seen in 

Figure 5-11a. The peak strength decreases progressively with the increase of θ, with the lowest 

strength occurring at around 55° and then the strength increases with the further increase of θ. For 

this modeling case, failure occurs mostly by sliding of the sub-vertical joint set. This is roughly in 

agreement with the observations by some researchers (Priest, 1993) showing that shear failure 

along the plane of weakness occurs when the joint dip is about 60°. The deformation modulus is 

the lowest for models with joint dips smaller than 45°. For σ3 > 1 MPa, the deformation modulus 

increases with the increase of joint dip when the joint dip is greater than 45° (Figure 5-11b). This 
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increase in the deformation modulus is due to the increase of stiffness caused by the alteration in 

the block kinematics and interlocking of the sliding blocks owing to the variation of the joint dip. 

As the joint dip increases the joint surface that is previously kinematically unstable becomes stable, 

resulting in a stiffer model response. 

(a) (b) 

 
 

Figure 5-11 Influence of joint set dip (θ) on (a) peak strength and (b) normalized deformation modulus 

(Em/Ei) under different confining pressures. 
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(5-3) 
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influenced by σ3 when the failure occurs purely by sliding of joint. The Em/Ei ratio does not change 

with the increase of σ3 for 35° ≤ θ ≤ 55°. In the model with θ = 67°, Em/Ei increases with the 

increase of σ3 because failure occurs both by joint deformation and intact rock breakage thus 

increasing the overall stiffness as the confining pressure increases. It is interesting to note that the 

value of Em/Ei for the model with θ = 67° is equal to the value of Em/Ei for the model with θ = 35° 

under 1 MPa confinement. This is because the total area of joints increases significantly for the 

model with θ = 67°, which in turn increases the joint intensity and decreases the model stiffness 

under low confinement. The study conducted on the influence of joint intensity on the strength and 

elastic modulus also suggests that the model stiffness decreases with the increase of joint intensity 

(see Section 5.3.1). 

A comparison of the (σ1–σ3)–ε1 plots in Figure 5-12 shows that Model B displays an elasto-

perfectly plastic deformation behavior, but Model F exhibits a mix of brittle-ductile-plastic and 

strain-softening deformation behavior. The strength of the jointed models with different joint dips 

increases when the planar joints are replaced with non-planar ones; however, Em does not change 

significantly with such a change of the joint waviness. This is due to the additional strength 

provided by the intact rock asperities along the rough joint surface in Model F. The strength of 

Model B is purely governed by frictional sliding as no micro-cracks are developed during the 

failure process (Figure 5-13). 
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(a) (b) 

  

(c) (d) 

  

Figure 5-12 Comparison of (σ1–σ3)–ε1 plots of Model B (dotted line) and Model F (solid line) with 

different joint dips: (a) θ = 35°, (b) θ = 45°, (c) θ = 55°, (d) θ = 67° under triaxial compression. 
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Figure 5-13 Illustration of crack propagation at different deformation stages along the (σ1–σ3)–ε1 plots of 

Model B (dotted line) and Model F (solid line) with θ = 35° under 1 MPa confinement. 
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respectively, with 1.0 meaning that the joint is fully persistent. Similarly, Models F, G, H, I, and J 

have K of 1.0, 0.8, 0.7, 0.6, and 0.5, respectively. The roughness of the non-planar joints 

correspond to the JRC range of 18–20 (Barton & Choubey, 1977) and the non-planar joints are 

generated using MoFrac. 

The triaxial compression simulation results show that both σ1 and Em/Ei of the jointed rock decrease 

with the increase of K. For the jointed rock models with planar joints and K  0.8, there is no 

significant decrease in σ1 (Figure 5-14a). There is no significant influence of confining stress (σ3) 

on Em/Ei of the jointed rock with planar joints except the case with persistent joints (K = 1) as 

shown in Figure 5-14b. For the jointed rock models with equal K values, σ1 (Figure 5-15a) and 

Em/Ei (Figure 5-15b) of the jointed rock models with non-planar joints are higher than the ones 

with planar joints. 

(a) (b) 

  

Figure 5-14 (a) Comparison of strength envelopes of jointed rock models with planar joints and 

different K; (b) (Em/Ei)–σ3 plots for jointed rock models with planar joints and different K. 
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(a) (b) 

  

Figure 5-15 (a) Comparison of strength envelopes of jointed rock models with non-planar joints and 

different K; (b) Em/Ei–σ3 plots for jointed rock models with non-planar joints and different K. 

(a) (b) 

  

Figure 5-16 Percentage changes in (a) σ1 and (b) Em when the planar joints are replaced with non-planar 

joints for jointed rock models with different joint persistence. 
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highest for the models with K = 0.8 and σ3 = 1 MPa. The percentage increase of σ1 decreases with 

the increase of σ3; however, the percentage increase of Em with the increase of σ3 is relatively small. 

The influence of joint persistence on the strength of jointed rocks with planar joints is quantified 

by deriving a bi-variate relation between σ1, σ3, and K as, 

 𝜎1 = 42.26 − 59.47 ln K + 8.76σ3    (MPa) 

for 0.5 ≤ K ≤ 1.0, σ3 ≤ 15 MPa, and R2 = 0.98 

(5-4) 

Similarly, the influence of joint persistence on the deformability of the jointed rocks with planar 

joints is quantified by deriving a bi-variate relation between Em and σ3, K as, 

 𝐸𝑚 = 0.34 ln(𝜎3) − 28.7𝐾 + 44     (GPa) 

for 0.5 ≤ K ≤ 1.0, σ3 ≤ 15 MPa, and R2 = 0.98 

(5-5) 

5.4 Mechanical response of jointed granite under true-triaxial loading 

A rock mass in the field is under a true triaxial (σ1 > σ2 > σ3) loading state. For convenience, 

conventional triaxial compression tests are usually conducted to investigate the mechanical 

behaviors of intact and jointed rocks. During a conventional triaxial compression test, the 

intermediate and the minor principal stresses are equal (σ1 > σ2 = σ3). Studies have found that the 

intermediate principal stress (σ2) has a large influence on the strength and deformability of intact 

rocks (Cai, 2008; Haimson, 2006; Mogi, 1967). Although some true triaxial tests were conducted 

on weak synthetic jointed rocks (Kulatilake et al., 2019; Tiwari & Rao, 2004), the influence of σ2 

on the strength and deformability of jointed hard rocks has not been studied experimentally. 

In this section, the mechanical response of the jointed Blanco Mera granite is investigated 

numerically under the true triaxial loading condition. True triaxial compression simulations are 



135 

 

conducted on the same LS-SRM models (Models B and F, Figure 5-17) on which the conventional 

triaxial compression simulations were conducted except that the intact rock properties are used for 

the models with 2 < σ3 ≤ 12 MPa as specified in Table 5-2; joint properties specified in Table 5-4 

are used except that knj = 3000 GPa/m and ksj = 300 GPa/m are used. Because the confinement 

range of interest in most civil and mining underground construction is between 0 and 15 MPa, the 

maximum σ2 is limited to 15 MPa in the numerical simulation. The models are simulated under 

the confinement ranges of 2 ≤ σ2 ≤ 15 MPa and 2 ≤ σ3 ≤ 10 MPa, respectively. True triaxial 

compression simulations are conducted on the intact rock model, jointed rock Models B and F by 

varying σ2 and σ3 along x- and y-axis directions, respectively (Figure 5-17). 

(a) (b) (c) (d) 

    

Figure 5-17 Illustration of true triaxial stress states: (a) Model B with σ2 oriented perpendicular to the 

dip direction of the sub-vertical joint set; (b) Model B with σ2 oriented parallel to the dip direction of 

the sub-vertical joint set; (c) Model F with σ2 oriented perpendicular to the dip direction of the sub-

vertical joint set; (d) Model F with σ2 oriented parallel to the dip direction of the sub-vertical joint set. 

The modeling results are presented in Figure 5-18, showing that the peak strengths (σ1) of both the 

intact and the jointed granite (Figure 5-18) are affected by σ2. At a constant σ3, σ1 increases with 

the increase of σ2. As expected, the true triaxial strength of intact granite is higher than the true 

triaxial strength of jointed granite. 
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(a) (b) (c) 

 
  

(d) (e)  

  

 

Figure 5-18 Strength envelopes under true triaxial loading condition: (a) intact rock model; (b) Model 

B with σ2 along y-axis (see Figure 5-17 for the orientation of the coordinate system); (c) Model B with 

σ2 along x-axis; (d) Model F with σ2 along y-axis; (e) Model F with σ2 along x-axis; strength envelope 

for conventional triaxial loading condition (σ2 = σ3) is shown as dashed lines. 

For the jointed granite, σ1 is influenced by the orientation of σ2 relative to the joint sets. For 

instance, the rate of increase of σ1 with the increase of σ2 is higher for Model B (Figure 5-18b) and 
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low for Model B (Figure 5-18c) and Model F (Figure 5-18e) when the dip direction of the sub-

vertical joint set is orientated perpendicular to the direction of σ2. Compared with Model B (Figure 

5-18b&c), the peak strengths of Model F (Figure 5-18d&e) are higher. 

(a) (b) (c) (d) 

    

Figure 5-19 (a) Em/Ei–σ2 plot for Model B with σ2 along y-axis; (b) Em/Ei–σ2 plot for Model B with σ2 

along x-axis; (c) Em/Ei–σ2 plot for Model F with σ2 along y-axis; (d) Em/Ei–σ2 plot for Model F with σ2 

along x-axis; Em/Ei–σ2 plots for σ2 = σ3 are shown as dashed lines. 

Em/Ei remains constant for the intact rock model under the range of confining pressures used in 

this study. However, the Em/Ei values of the jointed rocks (Models B and F) are influenced by both 

the magnitude and orientation of σ2. The rate of increase of Em/Ei with the increase of σ2 is higher 

for Model B (Figure 5-19a) and Model F (Figure 5-19c) when the dip direction of the sub-vertical 

joint set (Figure 5-17b&d) is parallel to the direction of σ2. On the other hand, the rate of increase 

of Em/Ei with the increase of σ2 is low for Model B (Figure 5-19b) and Model F (Figure 5-19d) 

when the dip direction of the sub-vertical joint set (Figure 5-17a&c) is perpendicular to the 

direction of σ2. As expected, the value of Em/Ei of Model F is higher than that of Model B. 
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The cracking mechanism is also influenced by the relative orientation of σ2 with the dip direction 

of the sub-vertical joint set for both Models B and F. For the case where σ2 is orientated 

perpendicular to the dip direction of the sub-vertical joint set, cracking is localized along the 

direction of σ2; however, for the case where σ2 is oriented parallel to the dip direction of the sub-

vertical joint set, cracking is more uniform along all directions. Two examples are shown in Figure 

5-20 to illustrate the cracking patterns at different deformation stages in Model F at σ2 = 15 MPa 

and σ3 = 2 MPa. The strength is higher for Model F with the orientation of σ2 parallel to the dip 

direction of the sub-vertical joint set (Figure 5-20b).  

(a) (b) 

  

Figure 5-20 Illustration of crack propagation along the axial stress–axial strain curve for Model F under 

true triaxial loading condition at σ2 = 15 MPa and σ3 = 2 MPa: (a) σ2 is oriented perpendicular to the 

dip direction of the sub-vertical joint set; (b) σ2 is oriented parallel to the dip direction of the vertical 

joint set. 

This is because that for the case that σ2 is perpendicular to the dip direction of the sub-vertical joint 

set, the pre-existing sub-vertical joints dilate rather than close, which reduces the strength and 
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stiffness of the jointed rock. However, for the case that σ2 is orientated parallel to the dip direction 

of the sub-vertical joint set, the pre-existing sub-vertical joints close, which increases the strength 

and stiffness of the jointed rock. This is more evident in the post-peak deformation stage. 

5.5 Remarks 

In this Chapter, the mechanical behavior of laboratory-scale jointed granite is investigated using 

the LS-SRM modeling approach. Intact and jointed granite models with planar joints are calibrated 

using laboratory triaxial test results. The lattice model parameters of the calibrated jointed rock 

model are used to investigate the mechanical response of jointed granite with different joint 

configurations (intensity, waviness, orientation, and persistence) under confined compression. The 

numerical modeling results suggest that the strength and deformability of the jointed rocks are 

highly depended on the orientation, intensity, waviness, and persistence of the joints. 

As anticipated, the strength and deformation modulus of jointed granites are lower than those of 

the intact granite. Jointed granites exhibit a U-shaped strength curve with the increase of joint dip 

from 35 to 67 and the deformation modulus increases non-linearly with the increase of joint dip. 

Similarly, both the strength and deformation modulus decrease with the increase of joint intensity 

and persistence. The results of the numerical investigation are reasonably consistent with the 

laboratory test results (Arzua et al., 2014; Alejano et al., 2017). 

In addition, the influences of joint waviness and the intermediate principal stress on the strength 

and deformability of jointed granite are studied. It is found that the strength and deformation 

modulus of the jointed rocks with non-planar joints are higher than the ones with planar joints. For 

both the intact and the jointed rock under true triaxial compression, it is shown that the strength 

and deformation modulus increase with the increase of the intermediate principal stress. 
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Furthermore, the cracking behavior and the degree of enhancement of strength and deformation 

modulus of jointed rocks depends on the relative orientation of the intermediate principal stress 

with the dip-direction of the dominant joint set, which influences the stiffening effect of the jointed 

rock due to joint clamping. 

The numerical modeling investigations up to this Chapter focused on the mechanical behavior of 

laboratory scale intact and jointed rock. The next two chapters focus on the mechanical behavior 

of rock mass under compression and the influence of rock mass with different discontinuity 

properties on slope stability. 
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Chapter 6  

 Slope Stability of Cadia Open Pit Mine – A Case Study5 

Slope stability is an important geotechnical issue in surface mining operation because slope failure 

can result in production halt, loss of mining machineries, and human casualties. Reliable slope 

design in civil and mining projects can not only improve safety but also avoid unexpected 

construction cost overrun due to slope failure. In the assessment of slope stability, the most 

important factors that need to be considered are the geometry of the slope and the mechanical 

properties of the jointed rock mass (intact rock and discontinuities). Structural discontinuities 

control the stability of a slope because these are the weakest component of the rock mass. 

Logically, the slope becomes increasingly unstable with the increase of unfavorably oriented 

discontinuities. Hence, it is vital to have a reliable estimate of the mechanical properties of intact 

rock and discontinuities to increase the reliability of rock slope engineering design. Mechanical 

properties of rock and discontinuities can be estimated by experimental and empirical methods and 

mechanical properties of jointed rock masses can be estimated using analytical, empirical, and 

numerical methods (Cai, 2010; Cai et al., 2007; Cai et al., 2004; Hoek & Brown, 2018). These 

mechanical properties can be used in slope design. 

Slope design can be conducted using methods such as limit equilibrium method, empirical design 

method, numerical modeling method, physical model testing, and probabilistic-based design 

method (Sjoberg, 1996). Out of these design methods, the numerical modeling approach is the 

most popular in recent years. Among the numerical modeling methods, the discontinuum method 

 

 

5
 The manuscript is submitted with minor revision to the Journal of Rock Mechanics and Geotechnical Engineering. 
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is better suited than the continuum method to simulate slope stability problems because the 

continuum method cannot simulate crack development, large deformation, and rotation of pre-

existing discontinuities. Discrete element methods (DEM) such as the bonded particle method 

(BPM) and the bonded block method (BBM) are widely used. Synthetic rock mass (SRM) 

modeling methods based on BPM (Section 2.5.5.1), BBM (Section 2.5.5.2), and most recently 

lattice spring model (Section 2.5.5.3) have been traditionally used for the stability assessment 

because they can explicitly represent the pre-existing discontinuities and crack evolution from 

these discontinuities. 

In all the previous studies, discontinuities are simplified into planar surfaces for convenience, 

which is clearly not the case in natural geological settings. There is a large influence of non-planar 

crack geometry on the cracking mechanism and mechanical properties (strength and deformability) 

of laboratory-scale pre-cracked rocks (Bastola & Cai, 2019). The influence of non-planar 

discontinuities on the strength and deformation behavior has been demonstrated from the LS-SRM 

modeling results in previous Chapters 4 and 5. Hence, it is hypothesized in this Chapter that the 

large-scale discontinuity waviness can have a large influence on slope stability and deformability. 

In this Chapter, the south wall slope failure at Cadia Hill open pit mine in Australia is simulated 

using the LS-SRM modeling approach in the Slope Model. LS-SRM models are built using Slope 

Model because it allows explicit representation of pre-existing discontinuities (both planar and 

non-planar). The influence of the discontinuity of different configurations (intensity, size, 

waviness) and in-situ stress on the deformability and stability of the open pit slope are investigated. 

The utility of Slope Model software is verified by comparing the model results of a hypothetical 

rock slope experiencing planar failure with the analytical solution (Section 6.1). An overview of 
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the mine site and the previous studies conducted on the open pit stability assessment is summarized 

in Section 6.2. Discrete fracture network (DFN) and the slope model for the slope are developed, 

and the mechanical properties of intact and jointed rocks are calibrated in Section 6.3. Using the 

calibrated slope model parameters, the influences of different discontinuity configurations and in-

situ stresses on the stability of the slope are investigated in Section 6.4. The concluding remarks 

of the modeling results are presented in Section 6.5. 

6.1 Validation of Slope Model 

Extensive verification and validation of the Slope Model software had been conducted by Itasca, 

which demonstrated the capability of this software to perform slope stability assessment. The code 

was validated by comparing the numerical modeling results with analytical solutions, experimental 

results, and alternative numerical solutions (Varun & Damjanac, 2012; Cundall et al., 2016). Since 

the initial publication of the validation report (Varun & Damjanac, 2012), the software has been 

extensively updated.  

In this section, a slope stability problem of a planar failure is simulated to validate the tool. In this 

revalidation exercise, the factor of safety is computed for the slope with a cohesionless persistent 

planar discontinuity and the modeling result is compared with the analytical solution. 

The safety factor can be computed using the analytical solution as the ratio of resisting forces 

(friction) to the driving forces (gravity) acting parallel along the direction of sliding and can be 

written as (Wyllie, 2017b), 

 
𝐹𝑆 =

tan 𝜑𝑗

tan 𝜃
+

2𝑐

𝛾𝐻 sin2(𝛼) [cot(𝛼) − cot(𝛽)]
 

(6-1) 
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where φj, θ, and c are friction angle, dip angle, and cohesion, respectively of the sliding 

discontinuity surface. For a cohesionless and dry discontinuity surface where the failure occurs 

purely under the influence of gravity, the relation can be reduced to, 

 
𝐹𝑆 =

tan 𝜑𝑗

tan 𝜃
 

(6-2) 

In the generated model, height, width, and the angle of inclination of the slope are 150 m, 100 m, 

and 75°, respectively (Figure 6-1). The dip angle is kept constant at 30° for both slopes with planar 

discontinuity (Figure 6-1a) and non-planar discontinuity (Figure 6-1b). The planar discontinuity is 

generated using the joint-set builder in Slope Model and the non-planar discontinuity is generated 

in MoFrac (see Section 2.5.4.2). 

(a) (b) 

  

Figure 6-1 Schematics for the planar failure analysis of a slope with a single (a) planar and (b) non-

planar discontinuity. 

Stability of the slope is assessed by reducing the φj values in the order of 30.5°, 30.0°, 29.5°, 29.0°, 

and so on until the slope fails. The sliding occurs only under the influence of gravity. Velocity 

history is recorded with time to evaluate the failure of the slope. In the case of the stable slope, 
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velocity converges to zero; however, in the case of the unstable slope, velocity increases 

progressively with time. Based on Eq.(6-2), FS = 1 for a cohesionless, dry, and planar discontinuity 

with φj = θ. Hence, the slope should be stable when both θ < (φj = 30.0°) for a cohesionless, dry, 

and planar discontinuity. Slope modeling result suggests that the slope with planar discontinuity 

is stable when φj  30° (Figure 6-2a & Figure 6-3a) and unstable when φj < 30°; for example, when 

φj ≤ 29.5°, the slope with the planar discontinuity is unstable (Figure 6-2a & Figure 6-3b).  

In addition, although no analytical solution is available, the stability of the slope with the non-

planar discontinuity is assessed by reducing φj values in the order of 30.5°, 30.0°, 29.5°, 29.0°, and 

so on until the slope fails. The slope with a non-planar discontinuity is stable for φj  16.5° (Figure 

6-2b & Figure 6-3c) because in this case the additional resisting force is provided due to 

interlocking on the asperities. The slope with a non-planar discontinuity is found to be unstable for 

φj ≤ 16° (Figure 6-2b & Figure 6-3d). 

(a) (b) 

  

Figure 6-2 Velocity–time plot in x-direction for stable and unstable slope with (a) planar and (b) non-

planar discontinuity. 

0 1 2 3
0.0

0.1

0.2

 
j
 = 30.5

 
j
 = 30.0

 
j
 = 29.5

V
e
lo

c
it

y
 (

m
/s

)

Time (s)
0 1 2 3

0.0

0.1

0.2

 
j
 = 30.5

 
j
 = 16.5

 
j
 = 16.0

V
e

lo
c

it
y

 (
m

/s
)

Time (s)



146 

 

(a) (b) 

  

(c) (d) 

  

Figure 6-3 Factors of safety for the slope with planar discontinuity with (a) φj = 30° and (b) φj = 29.5°, 

and the one with non-planar discontinuity with (c) φj = 16.5° and (d) φj = 16°. 

To ensure the capability of SRMTools to properly simulate the mechanical behavior of non-planar 

discontinuity, four direct shear simulations are conducted in SRMLab under the normal stress of 

0.1, 0.5, 1, and 2 MPa using the lattice size of 100 cm on rock mass models of dimensions 150 m 

× 150 m × 15 m with the same non-planar discontinuity employed in the Slope Model validation. 

All the lattice material properties are same as the ones used in the planar failure validation using 
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Slope Model except that the joint friction angle is kept at 30° for all four simulations. Sensitivity 

analysis exercise performed in Section 6.3.4 suggest that the lattice size of 150 cm is sufficient to 

simulate the cracking mechanism on the wall of the rough discontinuity. 

Direct shear simulation results show that the peak shear strength (Figure 6-4a) of the non-planar 

discontinuity increase with the increase of the confining normal stress as suggested by Patton 

(1966). In addition, peak joint friction angle (φp) (Figure 6-4b), and dilation angle (δj) (Figure 6-4c) 

also decrease with the increase of the confining normal stress. This is because that at low confining 

normal stress (σn ≤ 1 MPa), shear strength is attributed to the dilation of the joints and riding of 

the asperities and at high confining normal stress (σn ≥ 1 MPa), shear strength is attributed to the 

shearing off of the asperities and joint closure. Similar behavior was also observed by (Barton & 

Choubey, 1977; Barton, 1973) during laboratory shear tests of very rough fractures. 

(a) (b) (c) 

   

Figure 6-4 Influence of normal stress on the (a) peak shear strength (b) peak friction angle, and (c) 

dilation angle on the non-planar discontinuity. 
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6.2 A brief overview of Cadia Hill open pit 

Cadia Hill Open Pit gold mine is operated by Cadia Valley Operations, a subsidiary of Newcrest 

Mining Limited (Sainsbury et al., 2007). The mine is located within a complex geological setting 

near Orange in New South Wales, Australia, approximately 250 km west of Sydney. Mining of 

the pit began in 1997. The pit width is about 1500 m and the final pit depth as per the design in 

2005 is 580 to 720 m deep. The designed inter-ramp slope angle is 35°–65° depending on the 

strength of rock mass (Figure 6-5). 

 

Figure 6-5 Cross-section of Cadia Hill open pit south slope (Franz, 2009). 

  

Figure 6-6 Failure location on the south wall of Cadia Hill open pit mine (Sainsbury et al., 2007). 
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In 2006, the mine experienced a multi-bench failure in the center of the south wall from 535–625 

m RL levels (Domain 18) while mining at 505 m RL level (Figure 6-6). The rock mass at the failed 

location was composed of Monzonite. The failure mechanism involved was a combination of both 

the geological structure and rock mass failures. A large shear structure that was sub-parallel to the 

pit face at an orientation of 56°/004° formed a basal sliding failure plane (Figure 6-6). The failed 

structure does not form a daylighting wedge; hence, the failure cannot be back analyzed using the 

traditional limit equilibrium or the simple continuum models (Sainsbury et al., 2007). The 

conceptual model for the slope failure mechanism is shown in Figure 6-7, showing a combined 

failure of sliding along the shear structure and tensile and shear failures of the rock mass (Franz, 

2009; D. Sainsbury et al., 2007). The prevalent lithology of the south wall is monzonite Volcanics 

and Silurian sediments associated with faulting. The rock mass at the south wall is characterized 

by moderate-to-high RQD values and high intact rock strength (120–160 MPa) (Sainsbury et al., 

2007). Based on the drillhole and bench face mapping data, geological strength index (GSI) values 

for the rock mass at Domain 18 and the BE-Fault zone are 60–70 and 40–50, respectively. The 

structural geology of the south wall is complex because of four deformation episodes that have 

resulted in curvilinear discontinuity structures. 
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Figure 6-7 Conceptual model of the failure mechanism on the south wall of Cadia Hill open pit mine 

(Sainsbury et al., 2007). 

Sainsbury et al. (2007) simulated the failure of the south wall using 3DEC. Although the model 

predicted slope displacements agreed, to some extent, with the field measured data, the model did 

not explicitly represent the discontinuities and the mechanical properties of the rock were 

downgraded using the GSI approach. Franz (2009) conducted a parametric study using various 

conceptual slope models of Cadia Hill open pit using both continuum and discontinuum modeling 

approaches and indicated that the slope stability is influenced more by discontinuity continuity 

(persistence) than by discontinuity spacing (intensity). Neither of these studies modeled 

discontinuities as non-planar features. 

6.3 Model development and calibration 

In this study, the Slope Model software is used to simulate the main failure of the south wall at 

Cadia Hill open pit mine. Discontinuities are represented as a DFN, which is generated using 

MoFrac that can represent both planar and non-planar discontinuities. First, the intact rock model 

is created, and the lattice micro-parameters are adjusted to match the reduced macro-mechanical 
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properties for the intact rock (Section 6.3.1). Then the DFN model (Section 6.3.2) that is 

representative of the discontinuity structures in Domain 18 is generated in MoFrac and is 

incorporated into the intact rock model to generate the LS-SRM models (Section 6.3.3). 

 

Figure 6-8 Calibration approach for upscaling the mechanical properties of laboratory-scale specimens to 

the ones that are equivalent for the massive rock mass, where E – Young’s modulus of intact rock, σc – 

compressive strength of intact rock, c – cohesion of intact rock, φ – angle of internal friction of intact 

rock, knj – joint normal stiffness, ksj – joint shear stiffness, σm – compressive strength of rock mass, and Em 

– rock mass deformation modulus. 

The calibration methodology previously established for the laboratory-scale jointed rock models 

(Bastola & Cai, 2019) is adjusted for the calibration of mechanical properties of large-scale rock 

mass models (Figure 6-8). The target mechanical properties of rock mass for the calibration of the 

LS-SRM model are derived from Sainsbury et al. (2007). The slope is excavated in the calibrated 

Start

Calibration of mechanical properties of laboratory scale intact rock
Adjust lattice micro-parameters to achieve the desired value of E, σc, c, and Φ 

for laboratory scale intact rock

Upscale macro-mechanical parameter of calibrated laboratory scale 
intact rock to massive intact rock

Reduce the σc value of laboratory scale intact rock by 80% as suggested by Cai 
and Kaiser (2014) and recalibrate the lattice parameters for massive intact rock 

with larger lattice size

Calibration of mechanical properties of rock mass
Use the recalibrated lattice parameters for massive intact rock and adjust 

discontinuity knj and ksj to achieve the desired value of σm and Em for rock mass

End
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LS-SRM model using Slope Model and the result is validated using the field displacement data 

(Section 6.3.4). 

 Intact rock model 

The intact rock model is generated with a dimension of 5 m × 5 m × 10 m. The intact rock model 

is calibrated to two sets of lattice parameters, one for the intact monzonite, and the other for the 

slightly weaker rock within the BE-Fault zone. The size of the intact rock model that is to be 

calibrated is significantly larger than the size of conventional laboratory specimens. Cai & Kaiser 

(2014) suggested that the value of the peak in-situ strength of the massive intact rock should be 

about 80% of compressive strength (σc) that is measured in the laboratory-scale specimens. Thus, 

the calibration targets of σc for both the intact Monzonite and the BE-Fault material are reduced to 

80% of their respective laboratory σc. Voronoi-shaped lattice is used because the lattice resolution 

of Voronoi-shaped lattice does not exhibit scale effect on σc and E for massive intact and jointed 

rocks (see Section 6.3.3). For initial model calibration, a lattice size of 18.75 cm is used, which 

results in about 26 lattices in the shortest dimension (5 m) of the synthetic specimen. A loading 

rate of 0.02 m/s is used along with the flat-joint contact model in the simulations. 

Calibration of the massive intact rocks is performed by carrying out unconfined and confined 

compression simulations (σ3 ≤ 6 MPa) and comparing the simulation results with the scale-

adjusted laboratory test results. The confinement limit of 6 MPa is sufficient because the in-situ 

stress in the pit is roughly in the range of 0 to 6 MPa. σc of the laboratory-scale intact Monzonite 

and the weaker BE-Fault material are (120–160) MPa and (80–120) MPa, respectively, as reported 

by Sainsbury et al. (2007) and Franz (2009). The uniaxial compressive strengths of the intact 

Monzonite and the weaker intact BE-Fault material are calibrated to σc of 116.5 and 85.3 MPa, 
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respectively (Figure 6-9a). Elastic moduli (E) of the intact Monzonite and the weaker BE-Fault 

material are calibrated to 63.1 and 43.6 GPa, respectively. Similarly, based on the triaxial 

compression test data of the intact Monzonite and the weaker BE-Fault material, c and φ values 

are calibrated to 19.4 MPa and 51.9° and 16.6 MPa and 46.5°, respectively for the two materials 

(Figure 6-9b). The calibrated lattice model parameters for both rocks are shown in Table 6-1. 

(a) (b) 

  

Figure 6-9 (a) Axial stress–axial strain relation for intact monzonite (solid line) and BE-Fault material 

(dotted line) under unconfined compression. (b) Strength envelopes for intact monzonite (solid line) 

and BE-Fault material (dotted line) under triaxial compression. 
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Table 6-1 Input lattice parameters used for the calibration of mechanical property of intact rock 

Model parameters Intact Monzonite BE-Fault material 

Emic (GPa) 65 45 

σcmic (MPa) 55 45 

(σt)mic (MPa) 5 4 

ρ (kg/m3) 2700 2700 

Porosity (%) 2 2 

φfjp (°) 50 45 

φfjr (°) 0 0 

Radius multiplier 0.9 0.9 

 DFN model 

The dimension of the DFN model generated in this study is 250 m × 200 m × 150 m. DFNs are 

generated using MoFrac because it can generate realistic non-planar discontinuities. To ensure that 

the spatial locations of all the discontinuities in the DFN with planar and non-planar discontinuities 

are the same, the DFN with non-planar discontinuities is exported to the Fracman file format (.fab) 

in MoFrac to generate planar discontinuities. Joint parameters such as joint orientation, intensity, 

size, and waviness factor are used to generate DFNs. The joint parameters for the DFN model 

generation are adapted from Sainsbury et al. (2007) and (Franz, 2009; Wilson, 2003). 

Discontinuities are stochastically represented as discontinuity sets based on orientation 

distribution. The discontinuity orientation data from (Franz, 2009; Wilson, 2003) were plotted in 

DIPS (Rocscience, 2016) and six discontinuity sets were identified (Figure 6-10). The dominant 
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joint set is south dipping with an average dip of 68. All discontinuity sets are assigned a Fisher 

distribution value of kf = 700 to reduce the dispersion of orientation distribution. 

 

Figure 6-10 Stereonet for all six fracture groups. 

The fracture intensity parameter, cumulative area distribution (CAD), is derived from the 

discontinuity length data (Franz, 2009; Wilson, 2003). In order to convert length into area, a 

discontinuity is assumed to have a length ratio of 2 along the strike and the dip direction. The 

number of discontinuities per volume (P30) is extracted for each discontinuity set by weighting the 

discontinuity sets for the number and size of discontinuities within the experimental volume. Non-

planar discontinuities are generated using the slope deviation parameter (SD) which allows the 

random deviation of the discontinuity along the orientation plane. The DFN parameters used to 

generate the base case DFN model are shown in Table 6-2. 
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Table 6-2 DFN parameters for the discontinuities at the south wall of Cadia Hill open pit mine 

Set 

# 

Dip 

(°) 

Dip dir. 

(°) 
kf 

A1 

(m2) 

A2 

(m2) 

(P30)1 

(1/m3) 

(P30)2 

(1/m3) 
SD 

Amin 

(m2) 

Amax 

(m2) 

A 68 184 700 0.78 7854 0.627 6.27×10-7 0.5 50 10,000 

B 72 11 700 0.78 7854 0.076 7.6×10-8 0.5 50 10,000 

C 84 346 700 0.78 7854 0.091 9.1×10-8 0.5 50 10,000 

D 55 30 700 0.78 7854 0.144 1.44×10-7 0.5 50 10,000 

E 31 7 700 0.78 7854 0.144 1.44×10-7 0.5 50 10,000 

F 20 170 700 0.78 7854 0.100 1×10-7 0.5 50 10,000 

Note: kf – Fisher constant, SD – Slope deviation parameter. 

The DFN model with non-planar discontinuities generated using the field measured discontinuity 

parameters of the Cadia Hill south wall is referred to as base case DFN. The waviness of the non-

planar discontinuities corresponds to the slope deviation of 0.5; slope deviation is the waviness 

parameter in MoFrac which allows the discontinuity to deviate along the mean orientation plane. 

The range of this parameter is 0-1.0. The mean value of 0.5 is estimated by back analyzing through 

trial and error. The close resemblance of the input and the output CAD parameters for all six 

discontinuity sets in Figure 6-11 validates the generated base case DFN model. The base case DFN 

model has a P32 value of 0.4 m-1. 
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Figure 6-11 Comparison of input and output cumulative area distributions (CAD) for base case DFN. 

In addition to the base case DFN model (Figure 6-12a), DFN models with smaller discontinuity 

size (Figure 6-12b) and higher discontinuity intensity (Figure 6-12c) are also generated. The DFN 

with smaller discontinuities is generated by reducing the value of Amax in Table 6-2 to 100 m2 while 

keeping all the other parameters the same. The DFN with a higher discontinuity intensity (P32 = 

0.72 m-1) is generated by changing the values of A1, A2, and Amax in Table 6-2 to 1, 10,000, and 

20,000 m2 respectively while keeping all the other DFN parameters the same. The generated DFNs 

are also exported to the .fab file format to produce DFNs with planar discontinuities in the same 

spatial locations. It is noted that the DFNs generated in this study are purely stochastic and each 

realization is different from another. Hence, it is recommended to constrain the DFN to known 

spatial locations of the field mapped discontinuity trace data, if available. 
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(a) (b) (c) 

   

Figure 6-12 DFN models with non-planar discontinuities: (a) base case, (b) reduced discontinuity size, 

(c) increased discontinuity intensity. 

 Jointed rock mass model 

The dimension of the pit slope model is 250 m × 200 m × 150 m, which is the same as the DFN 

model. Jointed rock mass models are generated by integrating the DFN models (Section 6.3.2) 

with the calibrated intact rock model (Section 6.3.1). Six jointed rock mass models are generated 

using DFNs with different discontinuity intensities, size, and waviness. The stability and 

deformability of the slope excavated in these rock mass models are assessed using Slope Model in 

Sections 6.3.4 and 6.4. 

The generated base case SRM model is validated by performing UCS simulations on the 

representative elementary volume (REV) samples and comparing the corresponding strength and 

deformation modulus to the ones back-calculated from the empirical relations (Sainsbury et al., 

2007). A study on the scale-effect of the mechanical properties of rock mass suggests that the rock 

mass sample size of 10 m × 10 m × 20 m is the REV size of the rock mass. The base case jointed 

rock mass model with non-planar discontinuities is calibrated to the peak compressive strength 

(σm) and the deformation modulus (Em) of 3.2 MPa and 8.1 GPa, respectively using a joint friction 

angle of φj = 30°, joint normal stiffness knj = 1 GPa/m, and joint shear stiffness ksj = 0.1 GPa/m, as 
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these reported by other researchers (Franz, 2009; Sainsbury et al., 2007). All other joint parameters 

such as tensile strength, cohesion, and dilation angle are set to zero. 

 Jointed Slope Model 

The lattice model parameters of the validated SRM model are used in the slope stability assessment 

in Sections 6.3.4 and 6.4. As mentioned above, the calibrated lattice parameters for the intact rock 

are for Voronoi-shaped lattices with a lattice size of 18.75 cm and a model dimension of 5 m × 5 

m × 10 m. The large-scale slope model with the dimension of 250 m × 200 m × 150 m cannot be 

simulated using this small lattice size with the currently available PCs to the author. To resolve 

this issue, the lattice size needs to be upscaled. To justify the use of the upscaled lattice size, a 

sensitivity study of Voronoi shaped lattice structure on strength and deformation modulus of rock 

mass is conducted. A sensitivity study on the laboratory-scale intact Zhenping marble shows that 

there is a small influence of lattice resolution on σc and E (Bastola & Cai, 2018b). A similar 

sensitivity study is conducted here to investigate the influence of lattice resolution of Voronoi-

shaped lattice on strength and deformation modulus of both massive intact rock and rock mass that 

have a dimension of 40 m × 40 m × 80 m, which is 64 times the size of the rock mass REV. 

The results of the sensitivity study shown in Figure 6-13 suggest that the Voronoi-shaped lattice 

does not have a large influence on the normalized strength and deformation modulus of both the 

massive intact rock and the large-scale rock mass (dimension 40 m × 40 m × 80 m). The strength 

and the deformation modulus of the large-scale rock mass are normalized using the corresponding 

intact rock values for the lattice size range of 80–200 cm. However, the post-peak deformation 

modulus increases with the increase of lattice size, suggesting that the brittleness of the intact rock 

decreases with the decrease of lattice size. 
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(a) (b) 

  

Figure 6-13 (a) Influence of lattice size (LS) on normalized σc and normalized E, (b) axial stress–axial 

strain plot for massive intact rock and rock mass of dimensions 40 m × 40 m × 80 m using Voronoi 

shaped lattice structure. 

The base case SRM model, which includes a large-scale release structure, is used for the calibration 

and validation of the base case slope model. The release structure forms the basal sliding surface 

of the slope failure (Sainsbury et al., 2007). Lattice model parameters of the calibrated jointed rock 

mass model (Section 6.3.3) are used for the calibration of the base case slope model except that 

the lattice size is 150 cm. 

Five direct shear test simulations are conducted under the normal stress of 0.5 MPa using the lattice 

size of 250, 200, 150, 100, and 50 cm on rock mass models of dimensions 150 m × 150 m × 15 m 

with non-planar discontinuity to determine the practical lattice resolution that is sufficient to 

correctly represent the mechanics of sliding and cracking on the walls of wavy rough fractures but 

is computationally possible for the large-scale slope model. Direct shear test simulation results 

(Figure 6-14) show that the lattice resolution corresponding to the lattice size of 150 cm is 
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sufficient to simulate the cracking mechanism on the wall of the rough discontinuity. With further 

increase of the lattice size beyond 150 cm, there is an increase of the peak shear strength even 

though the amount of increase is small with the increase of lattice size. Figure 6-15 shows the 

micro-crack development along the wavy section of the non-planar discontinuity. 

(a) (b) 

  

Figure 6-14 (a) Influence of lattice resolution on peak shear strength and (b) shear stress–shear 

displacement plots of a non-planar discontinuity under a constant normal stress of 0.5 MPa. 

Based on the results of sensitivity analysis of compression (Figure 6-13) and direct shear test 

simulations (Figure 6-14 & Figure 6-15), Voronoi-shaped lattice structures with lattice size of 150 

cm is used in slope model. Although direct stress measurements were not conducted at the Cadia 

Hill Open Pit site, in-situ stresses were adopted from the stress measurements at Ridgeway 

underground mine, which is situated within the same thrust fault system approximately 3 km away 

from the open pit (Li et al., 2003). The bottom of the open pit is under the influence of confining 
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stresses to the order of σz = 4.05 MPa, σx = 6.90 MPa, σy = 5.06 MPa such that the ratio of the 

maximum horizontal to the vertical in-situ stress (k0 = σx/σz) is 1.7 and the top of the open pit is 

free of any confining pressure (Figure 6-16a). 

(a) (b) 

  

(c) (d) 

  

Figure 6-15 Shear stress–shear displacement and shear displacement–normal displacement curves 

illustrating the development of micro-cracks along the wavy section of the non-planar discontinuity 

during direct shear under the normal stress of 0.5 MPa and lattice size of (a) 200 cm; (b) 150 cm; (c) 

100 cm; and (d) 50 cm. 
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The bottom boundary of the slope model is fixed, the top surface is free, and roller boundary 

conditions are applied to the surfaces perpendicular to the x and y-axes. Failure occurs purely 

under the influence of gravity and the in-situ stress as a result of excavation. 

The slope models are simulated in 25 steps. In the first step, initial equilibrium is established under 

the influence of in-situ stress and gravitational force without any excavation. Displacements 

incurred during the first step are reset to zero and induced microcracks are healed. Then, 

excavations are made by removing the blocks of 5 m height in sequence to simulate the mining 

activity in 24 stages as shown in Figure 6-16. After excavating 5 m height of rock mass in each 

mining stage, the model is saved and excavated for another 5 m until the final depth is reached. 

(a) (b) 

  

Figure 6-16 Slope model for Cadia Hill open pit illustrating 24 excavation stages (a) with non-planar 

discontinuities (b) without discontinuities. The BE-Fault zone and displacement monitoring points are 

shown as sub-horizontal planes and cubes, respectively. 

Both vertical and horizontal displacements are recorded using 18 monitoring points shown as 

cubes in Figure 6-16b. The numbers of microcracks formed during each stage are also recorded. 

The bands of the weaker rocks within the BE-Fault zone are shown as sub-horizontal planes with 
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a dip of 20° and are located at the lower section of the pit (Figure 6-16). The large-scale release 

structure with a dip of 56° and a joint friction angle of 20° is also defined which forms the basal 

sliding surface of the slope failure (Figure 6-16b). The extent of the release structure is about 90 

m along the vertical direction of the slope which is the approximate vertical extent of slope failure. 

The slope model with the base case DFN, the release structure, and non-planar discontinuities is 

used for model validation. The model is calibrated using the displacements recorded along x, y, 

and z directions at the south wall of the open pit. Displacements recorded in the field on the 

monitoring prism are compared with the displacements recorded in the slope model during 

excavation at the same location. Excavation stages 20 to 24 are located in the region of weaker 

rock mass pertaining to the BE Fault zone. The increase in slope movement has also been reported 

to be coincident to rainfall and blasting events (Sainsbury et al., 2007). Therefore, the blasting and 

rainfall during the excavation of the weak rock mass could have had a combined influence on the 

sudden changes in X and Z displacements at the later excavation stages. It is seen from Figure 6-17 

that the slope model displacements agree reasonably well with field monitoring data and the 

displacement contours of the simulated slope model are concentrated at or near the location of the 

release structure (Figure 6-18). Compared with Z-displacement, the higher magnitude of X-

displacement is attributed to the higher horizontal in-situ stress in the X direction which 

corresponds to the respective displacement contours. In addition, the displacement contours of the 

slope model show a very good correlation with the vertical extent of failure of 90 m as observed 

in the field. This leads to a calibrated slope model. The SRM model for rock slope simulation can 

represent slope failure more realistically because the failure is the result of crack propagation and 

coalescence associated with the pre-existing discontinuities (Figure 6-19) along the release 

structure as investigated by Sainsbury et al. (2007). Cracking is predominant on the edges of the 
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excavations (benches) and at the location of the weaker band of rock mass within the BE-Fault 

zone. The lattice parameters of the calibrated slope model are used in models in Sections 6.4.1–

6.4.4. 

 

Figure 6-17 Comparison of displacements recorded on the monitoring prisms (dotted line) in the field and 

in the slope model with non-planar discontinuities (solid line) during excavation. The time of excavation 

corresponding to the pit depth (RL) are also shown. 

(a) (b) 

  

Figure 6-18 Displacements contours along (a) vertical Z direction and (b) horizontal X direction in the 

base case slope model. Displacement unit is in m. 
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Figure 6-19 Cross-section along NS plane at the center of the slope model illustrating rock failure (cluster 

of black discs) induced by the propagation and coalescence of cracks (discs) along pre-existing non-

planar discontinuities. 

6.4 Influence of different parameters on slope stability 

Slope deformation and failure depend on many factors such as lithology, slope and discontinuity 

geometry, geomechanical properties of intact rock and discontinuities, hydrogeology, in-situ stress 

and dynamic loadings (Kulatilake & Shu, 2015b). In this section, using the lattice model 

parameters of the validated slope model, the influence of discontinuity waviness (Section 6.4.1), 

discontinuity intensity (Section 6.4.2), discontinuity size (Section 6.4.3), and in-situ stress state 

(Section 6.4.4) on slope displacements and factor of safety are investigated. The factor of safety is 

computed using the strength reduction method. The release structure is not included in the models 

in Sections 6.4.2 & 6.4.3 because the relative size of the release structure is too small in comparison 

with the size of the discontinuities in DFN with a higher P32 of 0.72 m-1 while the relative size of 

the release structure is significantly larger than the size of the discontinuities in DFN with a lower 

P32 of 0.1 m-1. 
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 Influence of discontinuity waviness 

It has been demonstrated that non-planar crack surface has a large influence on the mechanical 

properties and crack evolution of the laboratory-scale cracked marble under compression (Bastola 

& Cai, 2019). In this section, parameters of the calibrated large-scale slope model with the release 

structure are used in conjunction with the jointed rock mass models generated in Section 6.3.3 to 

investigate the influence of discontinuity waviness on slope stability, except that the slope model 

with planar discontinuities is assigned a higher friction angle of 45° (= 30° + 15°). This 15° 

increment in the basic friction angle would account for the additional frictional component 

contributed by the large-scale discontinuity waviness and small-scale roughness (Cai et al., 2004).  

 

Figure 6-20 Comparison of displacements recorded in the slope models with planar discontinuities (dotted 

lines) and non-planar (solid lines) discontinuities. 

Displacements and contours of factor of safety after each excavation stage are compared between 

the jointed slope models with planar and non-planar discontinuities. The modeling results shown 

in Figure 6-20 suggest that the magnitude of displacements along the x, y, z directions in the slope 

 X
dis

 (Non-planar discontinuities)

 Y
dis

 (Non-planar discontinuities)

 Z
dis

 (Non-planar discontinuities)

 X
dis

 (Planar discontinuities)

 Y
dis

 (Planar discontinuities)

 Z
dis

 (Planar discontinuities)

0 5 10 15 20 25

-0.50

-0.25

0.00

0.25

0.50

0.75

D
is

p
la

c
e

m
e

n
t 

(m
)

Excavation stages

Monitoring

 Point



168 

 

model with planar discontinuities (dotted lines) are higher than the slope model with non-planar 

discontinuities (solid lines). In addition, the contours of factor of safety suggest that the slope 

model with planar discontinuities comprises of bigger unstable zones than the slope model with 

non-planar discontinuities (Figure 6-21). Cross-sectional analysis along the NS plane at the center 

of the slope suggest that the slope model with planar discontinuities constitutes unstable zones 

deep into the slope than the slope with non-planar discontinuities (Figure 6-22). This is because 

the slope excavated in the SRM model with non-planar discontinuities is relatively stiffer than the 

one with planar discontinuities because of block interlockings along the wavy surfaces. As a result, 

fewer cracks are observed on the slope with non-planar discontinuities (Figure 6-19) than the one 

with planar discontinuities (Figure 6-23). 

(a) (b) 

  

Figure 6-21 Contours of safety factor for the slope excavated in base case SRM model with (a) planar 

discontinuities and (b) non-planar discontinuities. 
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(a) (b) 

  

Figure 6-22 Cross-sections along NS plane at the center of the slope model illustrating contours of 

factor of safety for the slope excavated in base case SRM model with (a) planar discontinuities and (b) 

non-planar discontinuities. 

 

Figure 6-23 Cross-section along NS plane at the center of the slope model illustrating rock failure (cluster 

of black discs) induced by the propagation and coalescence of cracks (discs) along the pre-existing planar 

discontinuities. 

The results show that the displacements recorded in the slope model with the non-planar 

discontinuities are closer to the field measured displacements than the ones recorded in the slope 

model with planar discontinuities. This suggests that the adjusted discontinuity friction angle value 

to account for the roughness component is not enough to simulate the physics of the slope with 

non-planar discontinuities using the slope model with planar discontinuities. Therefore, it is 
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recommended to employ the realistic geometry of the discontinuities to solve the geomechanical 

problems in rock masses with wavy discontinuities. 

 Influence of discontinuity intensity 

Strength and deformation modulus of rock mass decrease with the increase of the number of 

discontinuities. Hence, there is a very high likelihood that a slope excavated in a rock mass with a 

higher discontinuity intensity (P32) would exhibit larger slope deformation. To investigate the 

influence of P32 on slope displacements and the factor of safety, the DFN in the base case slope 

model with a P32 value of 0.4 m-1 is replaced with a DFN model that has a P32 value of 0.72 m-1. 

 

Figure 6-24 Comparison of displacements recorded on slope models with non-planar discontinuities and 

different P32 values. 

The modeling results presented in Figure 6-24 show that the displacements along the x, y, z 

directions in the slope model excavated in the SRM model with P32 = 0.72 m-1 (solid lines) are 

higher than the ones with P32 = 0.4 m-1 (dotted lines). The slopes excavated in the jointed rock 

mass with both planar and non-planar discontinuities and a higher P32 are highly unstable. The 
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contours of factor of safety suggest that the slope models excavated in the SRM models with P32 

= 0.72 m-1 (Figure 6-25) comprises of larger unstable zones than the models with P32 = 0.4 m-1 

(Figure 6-21), for both planar and non-planar discontinuities. This is because that the slopes 

excavated in the SRM models with P32 = 0.72 m-1 are heavily jointed with large discontinuities, 

which decrease the strength and stiffness of the rock mass. 

(a) (b) 

  

Figure 6-25 Contours of factor of safety for slopes excavated in SRM models with P32 = 0.72 m-1: (a) 

planar discontinuities, (b) non-planar discontinuities. 

 Influence of discontinuity size 

The strength and deformation modulus of rock mass decreases with the increase of the 

discontinuity size relative to the scale of the slope. To investigate the influence of maximum 

discontinuity area (Amax) on the slope displacements and the factor of safety, the DFN in the base 

case slope model (with Amax = 10,000 m2) is replaced with a DFN that has Amax = 100 m2.  

The modeling results presented in Figure 6-26 suggest that the displacements along the x, y, z 

directions in the slope excavated in the SRM model with Amax = 100 m2 (solid lines) are smaller 
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than the ones for the slope excavated in the base case SRM model with Amax = 10,000 m2 (dotted 

lines). The slope excavated in the SRM model with Amax = 100 m2 is very stable. The contours of 

factor of safety suggest that slope excavated in the base case SRM model comprises of larger 

unstable zones (Figure 6-21) but the slope excavated in the SRM model with Amax = 100 m2 (Figure 

6-27) has no unstable zone. This is because that the SRM model with Amax = 100 m2 comprises of 

massive rock blocks formed by non-persistent discontinuities which increase the strength and 

stiffness of the rock mass. The slopes excavated in the jointed rock mass with both planar and non-

planar discontinuities for Amax = 100 m2 are stable (Figure 6-27). 

 

Figure 6-26 Comparison of displacements recorded in slope models excavated in SRM models with non-

planar discontinuities and different discontinuity sizes. 
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(a) (b) 

  

Figure 6-27 Contours of factor of safety for the slope models excavated in the base case SRM model 

with Amax = 100 m2: (a) planar discontinuities, (b) non-planar discontinuities. 

 Influence of in-situ stress 

With the increase of the pit depth, the local in-situ stress state changes due to the change in regional 

geology and tectonics. High horizontal stresses tend to promote the extension of pre-existing 

discontinuities and coalescence of these, resulting in macroscopic failure plane. To investigate the 

influence of the in-situ stress on slope displacements and factor of safety for models with planar 

and non-planar discontinuities, the magnitude of in-situ stress state in the slope models with both 

planar and non-planar discontinuities in Section 6.4.1 are altered such that slope models with 

maximum horizontal to vertical stress ratio (k0) of 0.85 and 2.55 are simulated, in addition to the 

base case slope model with k0 of 1.7. 

The modeling results suggest that the magnitude of displacements along x, y, z directions in slope 

model excavated in the SRM models with both planar discontinuities (Figure 6-28a) and non- 

planar discontinuities (Figure 6-28b) increase with the increase of k0 as shown in Figure 6-28. As 
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witnessed in Section 6.4.1, the displacements on the slope models with planar discontinuities are 

higher than on the slope models with non-planar discontinuities. This is because of the higher rate 

of extension of the pre-existing discontinuities due to the increase of induced microcracks leading 

to the localized instability of the pit benches (Figure 6-19, Figure 6-23, Figure 6-29 & Figure 6-30). 

The rate of increase of extensile cracks with the increase of ‘k0’ is larger for the slope model with 

planar discontinuities. 

(a) (b) 

  

Figure 6-28 Comparison of displacements recorded on the slope models with (a) planar discontinuities 

and (b) non-planar discontinuities under the influence of different horizontal stresses, where k0 is the 

ratio of maximum horizontal to vertical in-situ stress. 
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(a) (b) 

  

Figure 6-29 Crack development in the slope models with planar discontinuities under the influence of 

(a) k0 = 0.85, (b) k0 = 2.55. 

(a) (b) 

  

Figure 6-30 Crack development in the slope models with non-planar discontinuities under the influence 

of (a) k0 = 0.85, (b) k0 = 2.55. 
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The instability is also illustrated by the contours of safety factor and cross-sections. The slope 

models with both planar discontinuities (Figure 6-31 & Figure 6-21a) and non-planar 

discontinuities (Figure 6-33 & Figure 6-21b) with higher horizontal stresses comprises of larger 

unstable zones. The cross-sectional plots along the NS plane at the center of the slope suggest that 

the slope model with higher horizontal stresses constitutes unstable zones deep into the slope 

(Figure 6-22, Figure 6-32 & Figure 6-34). The observations are in line with the ones made by 

Herrero (2015) in the slope model excavated in a hypothetical rock mass with planar 

discontinuities under the influence of different magnitude of horizontal stresses. As expected, the 

extent of unstable zone is larger and deeper for the slope model with planar discontinuities. 

(a) (b) 

  

Figure 6-31 Contours of safety factor for the slope models with planar discontinuities under the 

influence of (a) k0 = 0.85, (b) k0 = 2.55. 
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(a) (b) 

  

Figure 6-32 Cross-sections along NS plane at the center of the slope models with planar discontinuities 

under the influence of (a) k0 = 0.85, (b) k0 = 2.55. 

(a) (b) 

 
 

Figure 6-33 Contours of safety factor for the slope models with non-planar discontinuities under the 

influence of (a) K0 = 0.85, (b) K0 = 2.55. 
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(a) (b) 

  

Figure 6-34 Cross-section along NS plane at the center of the base case slope model under the 

influence of (a) K0 = 0.85, (b) K0 = 2.55, where K0 is the ratio of maximum horizontal to vertical in-situ 

stress. 

6.5 Remarks 

In this Chapter, slope deformation and failure on the south wall of Cadia Hill open pit mine are 

successfully simulated using the LS-SRM modeling approach in Slope Model. First, the capability 

of Slope Model to assess the stability of a slope with both planar and non-planar discontinuity 

surfaces is validated. A planar sliding problem is simulated in the Slope Model software to validate 

the capability of the tool to analyze the stability of slope with both planar and non-planar 

cohesionless and persistent discontinuities. The results from the validation exercise suggest that 

the factor of safety computed from the analytical solution of the cohesionless and persistent planar 

discontinuity is the same as the one from the Slope Model software. In addition, the factor of safety 

is found to be higher for the slope with the non-planar discontinuity than the slope with the planar 

one. This verification exercise invigorates the confidence of the numerical modeling performed 

using the Slope Model code. 
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Slope failure and larger displacements are localized around the release structure. The failure 

behavior and the displacements of the South Wall of the Cadia Hill open pit are captured by 

representing the realistic geometrical and mechanical properties of rock mass and discontinuities. 

Slope stability and displacements are highly dependent on the discontinuity characteristics such as 

waviness, intensity, size, and the magnitude of in-situ stress. 

The slope model excavated in the rock mass with planar discontinuities is more deformable and 

less stable than the slope model excavated in the rock mass with non-planar discontinuities. In 

addition, the deformability and instability increase for the slopes excavated in the rock mass with 

higher discontinuity intensity and larger discontinuity sizes. At greater pit depth with higher in-

situ stress, both the slope models with planar and non-planar discontinuities experience localized 

failures due to very high stress concentrations and the slope model with planar discontinuities is 

more deformable and less stable than the slope model with non-planar discontinuities. 

LS-SRM models used in this study have opened new avenues for slope stability assessment using 

realistic non-planar discontinuities. Moreover, these models are computationally more efficient 

than other DEM tools; they can also consider interesting and non-planar discontinuities in slope 

stability analysis. Due to limited computer resource, the dimensions of the analyzed slope models 

in this study are intermediate. The model dimensions can be extended to full pit scale using more 

powerful computing services such as a supercomputer and cloud computing. 
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Chapter 7  

 Mechanical behavior of a large-scale rock mass6 

In this Chapter, the mechanical behaviors of jointed rock masses are investigated using the rock 

mass samples derived from the calibrated base case SRM model in Section 6.3.3. It is not feasible 

to perform the compression tests on very large-scale rock mass. Therefore, a scale-effect study is 

conducted to determine the REV of the large-scale jointed rock mass in Section 7.1. Using the 

REV sized rock mass samples, the influence of volumetric discontinuity intensity, P32 (Section 

7.2) and confining pressure (Section 7.3) on the mechanical properties of jointed rock masses are 

investigated. 

7.1 Scale effect on the mechanical properties of rock mass 

It is widely accepted that the mechanical properties of rock mass changes with the change in scale. 

Lajtai (1974) indicated that small rock blocks should have strengths higher than the larger ones 

because the maximum allowable discontinuity size is limited by the dimensions of the rock 

specimen. Other investigators (Ivars et al., 2008; Esmaieli et al., 2010; Ivars et al., 2011) found 

that the strength and deformation modulus of the rock mass decrease with the increase of scale to 

some threshold volume beyond which these properties are assumed to be constant. This threshold 

volume beyond which the geometrical and mechanical properties of the jointed rock mass does 

not change significantly is termed as the mechanical REV of the rock mass. 

 

 

6
 Manuscript under preparation for submission to the Journal of Rock Mechanics and Rock Engineering 
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In this sub-section, a study is conducted to investigate the influence of rock mass size on the 

mechanical properties of the jointed rock mass located in Cadia Open pit slope (Section 6.3.3) and 

to determine the mechanical REV. In the first step, it is important to determine largest scale up to 

which the investigations are performed. Due to the limitation of computational capability, the 

dimension of the largest model that can be practically simulated is 15 m × 15 m × 30 m, which 

corresponds to 1.2 million nodes and 9.0 million springs with the lattice size of 18.75 cm. 

Therefore, the study of scale-effect is performed for models with dimensions 5 m × 5 m × 10 m, 

10 m ×10 m × 20 m, and 15 m × 15 m × 30 m. To generate the DFN model of these dimensions, 

DFN models with these dimensions are sampled from the base case DFN model generated in 

Section 6.3.2. To ensure that all the models have similar joint intensity, only DFNs with P32 value 

of 0.39 are chosen for all SRM models. SRM models (Figure 7-1) are generated by importing these 

DFNs into the intact rock models that were calibrated in Section 6.3.1 and are subjected to 

unconfined compression. 
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Figure 7-1 LS-SRM samples of different scales with non-planar discontinuities. 

The number of DFN samples that can be extracted from the parent DFN model depends on the 

size of the parent DFN sample. P32 is calculated for each sample and are plotted against the sample 

volume. P32 analysis indicates that the variance (σ2
P32) of P32 decreases with the increase of sample 

volume and vice-versa. The volume beyond which there is no significant change in P32 is selected 

as the geometrical REV for this large-scale DFN. Based on the P32 analysis, the representative 

DFN model for the rock mass is the one with the dimension of 10 m × 10 m × 20 m (Figure 7-2) 

because most of the P32 data falls within 95% confidence interval (μP32 ± 2σP32), where μP32 and 

σP32 are mean and standard deviation of P32, respectively. 
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Figure 7-2 Log–log plot of the variance of P32 with the volume of DFN samples. 

Five monitoring points are installed on the top of the model to record the vertical displacement 

(see Figure 7-1). Similarly, six monitoring points are installed on each lateral faces of the model 

(i.e. a total of 24 history points) to record the horizontal displacements in the x and y directions 

(Figure 7-1). The applied force is recorded on the top of the model and the number of cracks is 

also recorded. All the model parameters such as lattice size, loading rate, and material properties 

for both intact rock and DFN are kept the same for all models as in Section 6.3.3. 

The modeling results presented in Figure 7-3 suggest that the normalized values of peak strength 

(σ1/σc), pre-peak deformation modulus (Em/Ei), and post-peak deformation modulus (Empp/Ei) of 

the jointed rock mass decrease with the increase of rock mass volume for both the models with 

planar and non-planar discontinuities under unconfined compression (Figure 7-3a,b&c). The axial 

stress–axial strain plots suggest that the post-peak deformation behavior of jointed rock masses 

transforms from brittle to strain softening and ductile-plastic (Figure 7-3d,e&f) with the increase 
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of rock mass scale for both models with planar and non-planar discontinuities under unconfined 

compression. 

In general, the jointed rock mass models with non-planar discontinuities have higher values of 

σ1/σc, Em/Ei, and Empp/Ei (Figure 7-3) than the ones with planar discontinuities; however, the 

relative difference between them is reduced with the increase of rock mass volume. This behavior 

is also illustrated using axial stress–axial strain plots (Figure 7-3d,e&f). 
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(e) (f) 

  

Figure 7-3 Influences of rock mass scale on (a) σ1/σc, (b) Em/Ei, (c) Empp/Ei for rock mass models with 

planar (unfilled square) and non-planar (unfilled triangle) discontinuities (shown on a log–log plot) 

under unconfined compression. (d) Axial stress–axial strain plots for three rock mass models with 

planar discontinuities (dashed line) and three rock mass models with non-planar discontinuities (solid 

line) of 5 m × 5 m × 10 m dimensions (e) Axial stress–axial strain plots for three rock mass models 

with planar discontinuities (dotted line) and three rock mass models with non-planar discontinuities 

(dash dot line) of 10 m × 10 m × 20 m dimensions (e) Axial stress–axial strain plots for three rock mass 

models with planar discontinuities (dashed line) and three rock mass models with non-planar 

discontinuities (solid line) of 15 m × 15 m × 30 m dimensions, under unconfined compression. 

The anisotropy is more pronounced in the smaller rock mass samples and it decreases with the 

increase of the rock mass scale. The σ1/σc, Em/Ei, and Empp/Ei begin to converge for the model with 

dimensions 10 m × 10 m × 20 m. Thus, the rock mass sample with dimensions 10 m × 10 m × 20 

m is the mechanical REV for the rock mass and this sample size is used to investigate the influence 

of discontinuity intensity (Section 7.2) and confining pressure (Section 7.3) on the mechanical 

responses under compression. 
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7.2 Influence of P32 on the mechanical properties of rock mass 

It is demonstrated in Section 5.3.1 that the strength and deformation modulus of the laboratory-

scale jointed granite decrease with the increase of P32. In this section, the influence of P32 on the 

strength and deformation modulus of a large-scale rock mass is investigated. LS-SRM models with 

a of dimension 10 m × 10 m × 20 m with both planar and non-planar discontinuities are constructed 

using the DFN samples, extracted in Section 7.1, of varying P32 = 0.23 m-1, 0.39 m-1, and 0.53 m-

1. These SRM models are loaded under unconfined compression. The same lattice input parameters 

as the ones used in Section 7.1 are used. 

The modeling results suggest that the σ1/σc (Figure 7-4a), Em/Ei (Figure 7-4b), and Empp/Ei (Figure 

7-4c) ratios of the jointed rock mass decrease with the increase of P32 for both the models with 

planar and non-planar discontinuities. This is because that the volume of the intact rock is reduced 

progressively with the increase of P32 and the rock mass strength and deformation modulus also 

decrease. The jointed rock mass models with non-planar discontinuities have higher values of 

σ1/σc, Em/Ei, and Empp/Ei than the ones with planar discontinuities; however, the relative difference 

between models with planar and non-planar discontinuities reduces with the increase of P32. This 

behavior is also illustrated using the axial stress–axial strain plots (Figure 7-4d,e&f). 
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(e) (f) 

  

Figure 7-4 Influences of P32 on (a) σ1/σc, (b) Em/Ei, and (c) Empp/Ei of rock mass with a dimension of 10 

m × 10 m × 20 m with planar (unfilled square) and non-planar (unfilled triangle) discontinuities under 

unconfined compression. (d) Axial stress–axial strain plots for three rock mass models with planar 

discontinuities (dashed line) and three rock mass models with non-planar discontinuities (solid line) of 

P32 = 0.23 m-1 (e) Axial stress–axial strain plots for three rock mass models with planar discontinuities 

(dotted line) and three rock mass models with non-planar discontinuities (dashed dot line) of P32 = 0.39 

m-1 (e) Axial stress–axial strain plots for three rock mass models with planar discontinuities (dashed 

line) and three rock mass models with non-planar discontinuities (solid line) of P32 = 0.53 m-1, under 

unconfined compression. 

The influences of P32 on σ1/σc, Em/Ei, and Empp/Ei are quantified by performing regression analysis 

and the following relations are derived, 
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These relations can be used to estimate the rock mass strength and deformation modulus. It is not 

practical to measure the P32 parameter directly from the field and it needs to be inferred from the 

P21 and P10 parameters as these can be measured directly on the field. To this end, 177 P21 values 

are extracted from 59 planar slices (Figure 7-5a) on three DFNs generated in Section 6.3.2 and 

these are used to derive a power law relation between P21 and P32 (Figure 7-5b) as, 

𝑃32 = 0.9579 ∙ 𝑃21
0.9789       R2 = 0.96 (7-4) 

Similarly, 180 P10 values are extracted from sixty scanlines along all six planes on the three DFNs 

generated in Section 6.3.2 and these are used to derive a power law relation between P10 and P32 

(Figure 7-5c) as, 

𝑃32 = 1.3823 ∙ 𝑃10
0.8821       R2 = 0.83 (7-5) 

The Eqs. (7-4) & (7-5) can be used to convert the field measured P21 and P10 values into P32. The 

P32 values can then be used to estimate the values of σ1/σc, Em/Ei, and Empp/Ei using Eqs. (7-1), 

(7-2), and (7-3), respectively. 
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(a) 

 

(b) (c) 

  

Figure 7-5 (a) Multiple planes through which the DFN is sliced; (b) regression analysis of P32 and P21 

with a power law fit; (c) regression analysis of P32–P10 with a power law fit. 
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7.3 Effect of confinement on the peak strength of rock mass 

In a moderately jointed rock mass with non-persistent discontinuities, failure normally occurs due 

to the coalescence of cracks propagating from pre-existing discontinuities and the failure of intact 

rock bridges. The crack initiation and propagation are hindered by the confining pressure 

attributing to the increase of the strength of the jointed rock as shown in Section 4. Large-scale 

rock masses could also show similar behavior under confined compression. Results from various 

laboratory and numerical studies on the laboratory-scale jointed rock (Alejano et al., 2017), rock 

mass analogs (Bahrani, 2015), and synthetic rock mass models (Farahmand, 2018) have 

demonstrated that there is a clear influence of confining pressure on the peak strength. However, 

these investigations were either limited to 2D models (Bahrani, 2015; Farahmand, 2018) or did 

not incorporate realistic non-planar discontinuities in the synthetic rock mass models (Poulsen et 

al., 2015; Zhang, 2014). 

In this section, the influence of confining pressure on the peak strength of rock mass is investigated 

using three rock mass models with a dimension of 10 m × 10 m × 20 m and containing non-planar 

discontinuities with P32 values of 0.23, 0.39, and 0.53 m-1. The rock mass models are subjected to 

triaxial loading under confining pressures of 0, 1, 2, 4, and 6 MPa. Same lattice input parameters 

as the ones used in Section 7.1 are used. 

As expected, the normalized strength (σ1/σc) of the jointed rock mass increases (Figure 7-6a) with 

the increase of σ3 but decreases with the increase of P32. With the increase of σ3, the growth of the 

tensile cracks is suppressed because by increasing σ3, a higher ratio of applied principal stresses 

(σ1/σ3) is required for the initiation and propagation of cracks through the intact rock bridges. This 

behavior is also illustrated using differential stress–axial strain plots in Figure 7-6b,c&d. The 
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stress–strain curves of these highly jointed rock masses exhibit a non-linear pre-peak deformation 

behavior and a ductile–plastic post-peak deformation behavior under confinement σ3 = 6, 4, 2, and 

1 MPa for P32 values of 0.23, 0.39, and 0.53 m -1, respectively. 

The influence of P32 and σ3 on σ1/σc is quantified by performing a bi-variate regression analysis 

and the following relation is derived, 

𝜎1/𝜎𝑐 = (0.064𝜎3 + 0.97𝑒𝑥𝑝−7.38𝑃32 + 0.002)     (MPa) 

for 0 ≤ 𝑃32 ≤ 0.53, 𝜎3 ≤ 6 MPa, and R2 = 0.99 

(7-6) 
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(c) (d) 

  

Figure 7-6 (a) Comparison of σ1/σc–σ3 plot for jointed rock masses with different P32 under triaxial 

compression; differential stress–axial strain plots for rock mass models with (b) P32 = 0.23 m-1, (c) P32 

= 0.39 m-1, and (d) P32 = 0.53 m-1 under triaxial compression. 

Due to the unavailability of the triaxial test data, it is not possible to directly validate Eq. (7-6) for 

the estimation of peak strength of large-scale rock mass. The reliability of the equation can be 

enhanced by verifying its utility using the additional experimental test data in the future as they 

become available. 
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pre-peak and post-peak deformation moduli of the rock mass decrease with the increase of the rock 

mass scale under unconfined compression. The results from the unconfined compression 

simulations on the REV sized rock mass samples indicate that peak strength and deformation 

modulus of the rock mass decrease with the increase of P32. In addition, both the strength and 

deformation modulus of the rock mass with non-planar discontinuities are higher than of the ones 

with planar discontinuities; however, the relative difference diminishes with the increase of 

discontinuity intensity. The peak strength of the REV sized jointed rock mass increases with the 

increase of the confining pressure. The stress–strain curves of these highly jointed rock masses 

exhibit a very high degree of nonlinearity in pre-peak deformation stage and a ductile–plastic post-

peak deformation behavior even under a low confinement. The empirical relation is derived for 

the estimation of rock mass strength under confined compression. The modeling approach has the 

potential to simulate deformation responses of underground excavations. 
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Chapter 8  

 Conclusions and future research 

The main objective of this PhD research is to study the mechanical behaviors of both laboratory-

scale and large-scale jointed rock masses with planar and non-planar discontinuities under 

compression using the LS-SRM modeling approach. An emphasis is placed on understanding the 

influence of realistic non-planar discontinuities on the mechanical response of laboratory-scale 

jointed rock, large-scale rock mass, and slope stability. State-of-the-art of the existing literatures 

are fully reviewed in Chapter 2 and Itasca’s SRMTools software is used for model simulations. 

The results of the investigative study in Chapters (3, 4, 5, and 7) strengthen the understanding of 

the mechanical response of jointed rock mass. Stability and deformability of slopes excavated in 

rock mass with different degree of jointing are investigated in Chapter 6. The main conclusions 

from the thesis work are presented in Section 8.1 and potential future research works are 

recommended in Section 8.2. 

8.1 Conclusions 

Because SRMTools is a relatively new software tool, an extensive sensitivity study of the lattice 

model parameters are performed in Chapters 3 and the following conclusions are made: 

a) The strength of intact rock depends on the lattice size when the spherical-shaped lattice 

structure is used and the dependence on lattice size is low for the Voronoi-shaped lattice 

structure. 

b) The compressive and tensile strengths and angle of the internal friction of intact rock 

increase non-linearly with the increase of the radius multiplier. 
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c) The intact rock’s deformation modulus increases linearly with the increase of the lattice 

deformation modulus. Similarly, the intact rock’s compressive to tensile strength ratio 

increases linearly with the increase of the lattice’s compressive to tensile strength ratio. 

d) The angle of internal friction of intact rock increases linearly with the increase of the peak 

friction angle of the flat joint and the post-peak deformation behavior is controlled by the 

residual friction angle of the flat joint. 

Using the results of the sensitivity analysis and the laboratory test results of Zhenping marble, a 

methodology is developed for the calibration of LS-SRM model parameters of intact rock. 

In Chapter 4, the influence of discontinuity surface geometry on the cracking mechanism and 

mechanical properties of pre-cracked rocks has been investigated using the LS-SRM modeling 

approach under unconfined and confined compressions, using eight different models with planar 

and non-planar crack configurations. Using the results of the sensitivity analysis of the joint 

stiffness on the strength and deformability of the pre-cracked marble, a methodology is developed 

for the calibration of jointed rock. The following conclusions are made based on the numerical 

modeling results: 

a) The mechanical response and the cracking patterns of pre-cracked rocks are highly 

dependent on the spatial location, persistence, waviness, and the number of cracks. 

b) In the cracked rock models with planar cracks, initiation of tensile wing cracks from the 

internal crack tips is accompanied with the breakage of intact rock bridges between the 

cracks; in the cracked rock models with wavy or non-planar cracks, slipping along the 
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cracks is hindered by the asperities with the initiation of secondary cracks from the wavy 

section of the cracks along with the tensile wing-cracks from the internal crack tips. 

c) Five types of failure are identified, and the failure mode is mixed tensile splitting and 

shearing failures under unconfined compression. Under the confined compression 

condition, shear failure dominates because tensile damage is largely suppressed. 

d) As expected, compared with the intact marble, the cracked marbles have lower strength 

and deformation modulus. Both the peak strength and the deformation modulus decrease 

with the increase of the crack angle, crack length, ligament angle, and the number of cracks. 

The strength and the stiffness of the cracked marble with non-planar cracks are higher than 

the ones with planar cracks when the crack persistence is high, indicating that the influence 

of crack waviness on rock properties is high only when the crack persistency is large. 

e) The model results are reasonably consistent with the results of previous experimental 

studies (Yang et al., 2009, 2008) and numerical modelings (Wang et al., 2014). 

The mechanical behaviors of laboratory-scale jointed granite with different joint configurations 

(orientation, intensity, waviness, and persistence) are investigated under triaxial compression 

using the LS-SRM modeling approach in Chapter 5 and the following conclusions are made: 

a) The strength and deformability of the jointed granites are lower than those of the intact 

granite and are highly depended on the orientation, intensity, waviness, and persistence of 

the joints. 
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b) The jointed granites exhibit a U-shaped strength curve with the increase of joint dip from 

35 to 67 and the deformation modulus increases non-linearly with the increase of joint 

dip. 

c) Both the strength and deformation modulus decrease with the increase of joint intensity 

and joint persistence. 

d) The strength and deformation modulus of the jointed rocks with non-planar joints are 

higher than the ones with planar joints because of the additional resistance provided by the 

asperities along the rough joints. 

e) For both the intact and the jointed rock under true triaxial compression, the strength and 

deformation modulus increase with the increase of the intermediate principal stress. 

Furthermore, the degree of strength enhancement due to the intermediate principal stress 

depends on the relative orientation of the intermediate principal stress to the orientation of 

the dominant joint set, which influences the stiffening effect of the jointed rock due to joint 

clamping. 

f) The results of the numerical investigation of intact and jointed granite are reasonably 

consistent with the laboratory test results (Arzua et al., 2014; Alejano et al., 2017). 

In Chapter 6, a planar sliding problem is simulated first in Slope Model to validate the capability 

of the tool to analyze the stability of slopes with both planar and non-planar cohesionless and 

persistent discontinuities. The results from the validation exercise suggest that the factor of safety 

computed from the analytical solution of the cohesionless and persistent planar discontinuities is 

the same as the one form the Slope Model software. In addition, the factor of safety is found to be 
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higher for slopes with non-planar discontinuities than for slopes with planar ones. Next, the slope 

stability of the Cadia Hill Open Pit mine is assessed using the LS-SRM modeling approach in 

Slope Model and the model is calibrated using failure information of the South wall and the field 

measured displacements. A parametric study is conducted using the calibrated model to investigate 

the influence of different discontinuity configurations (waviness, intensity, size) and in-situ stress 

on the displacement and stability of the slope and the following conclusions are made: 

a) The displacements decrease and the slope is relatively stable when the surface of the 

discontinuities is changed from planar to non-planar ones for moderately jointed rock 

masses. 

b) The displacements increase and the slope is increasingly unstable with the increase of 

discontinuity size and intensity. 

c) At greater pit depth with higher in-situ stress, both the slope models with planar and non-

planar discontinuities experience localized failures due to very high stress concentrations 

and the slope model with planar discontinuities is more deformable and less stable than the 

slope model with non-planar discontinuities. 

The mechanical responses of jointed rock masses are influenced by the scale, discontinuity 

intensity, and confining pressure as investigated in Chapter 7 and the following conclusions are 

made: 

a) The results of the scale-effect study suggest that the rock mass with the dimension of 10 m 

×10 m × 20 m is the REV of the rock mass and both the strength and deformation modulus 

of the rock mass decreases with the increase of the rock mass scale under compression. 
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b) The strength and deformation modulus of the rock mass decrease with the increase of P32. 

c) The strength and deformation modulus of the rock mass with non-planar discontinuities 

are higher than of the ones with planar discontinuities; however, the relative difference 

diminishes with the increase of the discontinuity intensity. 

d) The strength of the rock mass increases with the increase of confining pressure. An 

empirical relation is derived for the estimation of rock mass strength under confined 

compression. 

The results from this thesis have provided new avenues in the characterization of the mechanical 

properties of jointed rock masses and the stability assessment of jointed slopes with realistic non-

planar discontinuities. 

8.2 Recommendations for future research 

The LS-SRM modeling approach used in this research is a relatively new method. Although very 

interesting conclusions are drawn, the developed models are not flawless, and improvements can 

be made. Some recommendations for future research and development are: 

a) Some of the limitations of the software (SRMTools) can be improved in future versions. 

For example, (i) Poisson’s ratio of the intact rock is very low for the LS-SRM models with 

flat joint contacts; (ii) confining pressures along with the axial load are applied 

simultaneously, unlike the laboratory test procedure during triaxial and direct shear test 

simulations; (iii) cross-section of the synthetic rock sample is square in SRMLab, and (iv) 

the flexibility of modeling using powerful cloud computing would allow to solve large-

scale geotechnical problems. 
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b) More robust characterization of the degree of waviness during the generation of DFNs 

with non-planar discontinuities in MoFrac could provide a more reliable estimate of 

geomechanical parameters for rock mass with realistic discontinuity structures. 

c) The current research approach should be extended to achieve a reliable estimate of support 

system requirements for engineering structures built in and on jointed rock mass with 

realistic discontinuities. 

d) The LS-SRM modeling approach should be applied to solving geotechnical problems 

relating to underground mine pillars, caverns for fuel storage and nuclear waste disposal, 

tunnel design, dam foundation design, etc. 
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