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Abstract 

During the last decade significant advances have been made in geomechanical modelling 
and remote sensing data acquisition techniques. These developments have allowed for 
improved rock slope stability analysis through consideration of the role of brittle fracture, 
kinematics and spatial variability in discontinuities within numerical models. This thesis 
investigates the role of several key parameters including damage, failure surface geometry 
and kinematics in rock slope failure using both conceptual slope geometries and natural 
and engineered rock slopes. 

Investigation of bi-planar and ploughing failure mechanisms in footwall slopes using the 
hybrid FDEM code, ELFEN, highlights the role of both brittle fracture in the development of 
secondary release surfaces and rock mass dilation in facilitating the slope failure. The bi-
planar models show development of a highly damaged transition zone between the active 
and passive blocks. This failure mechanism is also observed in pseudo-two- dimensional 
bi-planar simulations using Slope Model. Three-dimensional simulation of non-daylighting 
wedges using Slope Model shows that this type of wedge, although apparently 
kinematically stable may in practice fail through stress concentration at the slope toe 
leading to failure of rock bridges, toe-breakout and slope collapse. 

Long-range terrestrial photogrammetry was conducted of the north-east slope of the 
Delabole Quarry, Cornwall, UK. The photogrammetry model was used to characterize rock 
discontinuities and to develop a realistic 3D geometry for subsequent distinct element 
analysis using 3DEC. The effect of selected input parameters (discontinuity friction angle, 
spacing and persistence) on the stability of the quarry slope was investigated using a 
deterministic approach. A stochastic approach using discrete fracture networks (DFN) was 
also employed to investigate the role of discontinuity uncertainty and spatial variability on 
the failure mechanism of the quarry slope. The deterministic and stochastic 3DEC-DFN 
models highlighted the role of kinematics and spatial variability of discontinuity 
characteristics on the slope failure mechanism, size and shape of the failed blocks. Lattice 
spring 3D simulations (using Slope Model) of the 1963 Vajont Slide, a catastrophic 
landslide that resulted in the loss of 1910 lives, clearly emphasized the role of brittle 
fracture, kinematics, block size and raised groundwater level on the failure mechanism. 
The Slope Model simulations conducted represent the first 3D brittle fracture simulation of 
the landslide considering the effect of groundwater on the failure. 

Innovative data post processing techniques are introduced throughout the thesis and used 
to gain a better understanding of the failure mechanisms of the modeled rock slopes. 
Damage extent parameters (ellipse of damage in 2D and ellipsoid of damage in 3D) are 
introduced and used to characterize the extent of the damaged zone within the numerical 
simulations. Inverse numerical velocity is also adopted within this dissertation to determine 
the numerical onset-of-failure and to better understand the regressive and progressive 
failure stages within the model simulations. 
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Chapter 1.  
 
Introduction 

1.1. Statement of the problem 

With the recent developments in data acquisition techniques, slope monitoring and 

numerical simulation our understanding of the behaviour of rock slopes (natural and open pit) has 

improved significantly over the last decade. Notwithstanding, challenges still remain in the 

application of these methods, and rock slope failures still impose significant economic, social and 

environmental threats to society. 

The influence of brittle rock damage, failure surface geometry, kinematics, dilation and 

intact rock bridges on the failure of rock slopes remains poorly understood. This dissertation 

addresses the importance of these parameters on the failure mechanisms of high rock slopes 

(natural and engineered). Several sophisticated numerical modelling approaches are utilized to 

investigate the effect of these parameters on slope failure and their inter-relationships. Terrestrial 

photogrammetry is used to construct realistic slope geometries and to develop discrete fracture 

networks which are subsequently integrated within the numerical simulations.  

1.2. Research objectives 

The principal objectives of this thesis are: 

• To further our understanding of brittle fracture mechanisms in large open pit and 

natural rock slopes by conducting 2D and 3D numerical modelling; 

• To examine the inter-relationship between failure kinematics, failure surface 

geometry and rock slope damage on rock slope instability; 
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• To investigate the influence of groundwater and brittle fracture in the development 

of the 1963 Vajont landslide, Italy; 

• To develop improved pre-processing methods to allow the use of photogrammetry 

data in the 3D brittle fracture modelling of rock slopes; 

• To develop post processing techniques to allow improved interpretation of brittle 

fracture mechanisms from the results of geomechanical codes. 

1.3. Thesis structure 

This thesis consists of seven chapters (Figure 1.1). This chapter (chapter 1) presents the 

research problem, objectives and the structure of the thesis. 

Chapter 2 presents literature reviews on brittle fracture in rock engineering, with a focus 

on its role in the failure of high rock slopes. Some of the fundamental aspects of fracture 

mechanics and brittle failure mechanisms are reviewed. A special emphasis is given to the failure 

of intact rock bridges, step-path and internal deformation and dilation in the failure of rock slopes. 

Chapter 3 investigates bi-planar and ploughing failure mechanisms in the failure of footwall 

slopes. Three different approaches (continuum-based frictional plasticity theory, distinct-element 

modelling and hybrid FDEM modelling) are employed to investigate the development of the inter 

block shear and toe breakout surfaces. Special emphasis is given to the role of damage and 

dilation in providing release surfaces leading to slope collapse. The importance of selected 

parameters (e.g. bedding thickness to slope height ratio and slope angle) on the final slope failure 

mechanism is investigated through a series of parametric analyses. 

Chapter 4 studies the role of brittle fracture within large open pit slopes using conceptual 

slope geometries. The inter-relationship between failure kinematics, failure surface geometry and 

rock slope damage leading to the failure of rock slopes is investigated using Slope Model, a three-

dimensional brittle fracture code. New damage quantification methods (the ellipse and ellipsoid 

of damage) are introduced and used to compare damage intensity and extent within the models. 

Inverse numerical velocity is employed as a tool to determine the numerical onset-of-failure. 
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Chapter 5 presents the application of long-range digital terrestrial photogrammetry in 

discontinuity characterization within the Delabole Quarry pit, Cornwall, UK. The point cloud 

derived from the photogrammetry model is used to construct a realistic 3D slope geometry for 

subsequent distinct element modelling using 3DEC. Statistical parameters that describe the 

fracture system within the quarry are determined and validated to develop multiple DFN 

realizations. An inverse numerical velocity method is used for the first time as a numerical model 

post processing tool to better understand the role of kinematics on the failure mechanisms of the 

quarry slope. 

In Chapter 6, the 3D brittle fracture code, Slope Model is used to explore the role of brittle 

fracture and groundwater in the failure of the 1963 Vajont Slide. The role of kinematics and block 

size is investigated through increasing the number of inter-block discontinuities within the model. 

A series of numerical simulations are conducted to study the influence of increasing groundwater 

level on the failure mechanism. A damage extent parameter, the ellipsoid of damage is proposed 

to quantify geometrical characteristics within damaged zones in the numerical model. Numerical 

onset-of-failure is proposed and used as a tool to determine the failure time within the model. 

Chapter 7 presents a summary of the thesis and provides recommendations for future 

research. 

 

Figure 1.1. Structure of the thesis 
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Chapter 2.  
 
Literature review 

2.1. Introduction 

Rock fractures occur over a wide range of geological scales from plate tectonics (hundreds 

of kilometers) to micro-cracks in hard rocks (less than a millimeter) (Gudmundsson 2011). The 

significant influence of brittle fracture on the stability of underground and surface rock structures 

has been emphasized by many researchers. Martin (1993) investigated the instability of tunnels 

excavated in massive Lac du Bonnet granite at the Underground Research Laboratory (URL), 

Manitoba, Canada. Using laboratory testing, microseismic monitoring and numerical analysis, he 

highlighted the influence of brittle fracture on the instabilities observed near the tunnel face. 

Diederichs (1999) studied the influence of tensile damage and abutment relaxation on the stability 

of sparsely jointed, brittle rock masses in highly stressed underground structures demonstrating 

that tensile fracturing controls the stability of such structures. Eberhardt et al. (2004b) studied the 

complex failure mechanism of the 1991 Randa rockslide in the Swiss Alps and highlighted the 

role of brittle fracture and progressive degradation of strength with time on failure. Elmo et al. 

(2011) assessed stability of the Diavik Mine A154 pit, a strong, moderately fractured granite rock 

mass using limit equilibrium, continuum and discontinuum numerical simulation. Their modelling 

results highlighted the role of brittle fracture and progressive failure along existing discontinuities 

and intact rock bridges in the failure of strong and fractured rock slopes. 

This chapter provides a review of advances in characterization of brittle fracture in rock 

slopes and the numerical codes that are capable of simulating brittle fracture. 

2.2. Brittle fracture in rock engineering 

The development of a rupture surface in intact rock material initiates with stress 

concentration at the tips of pre-existing micro-cracks or along the grain boundaries in crystalline 

rocks. The process of crack propagation from small, pre-existing defects was first evaluated by 

Griffith (1921). He initially studied the influence of tensile loading on growth of pre-existing flaws 

in glass rods but later (Griffith 1924) expanded his theory to describe this phenomenon under 
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uniaxial and biaxial compressive stress loading. Griffith recognized that for fracturing of a brittle 

media, the inter-atomic cohesive strength must be exceeded and the energy required to form two 

distinct surfaces through the solid must be available. Based on his hypothesis, the intense stress 

concentration at the tips of pre-existing flaws can exceed the cohesive-strength value of the 

material. He demonstrated that, once a certain stress level is reached, the supply of energy 

necessary to produce a rupture surface would become available. Irwin (1957) described stress 

distribution around the crack tip and introduced the concept of the stress intensity factor (K). When 

this factor reaches a critical value, Kc, crack propagation initiates.  

Different loading configurations at the crack tips lead to different modes of cracking. 

Assuming a flat sharp crack with zero width, depending on the relative orientation of the applied 

load and crack surface, three different fracturing modes are identified (Figure 2.1) (Broek 1982):  

• Mode I or tensile : The crack tip is subjected to a tensile stress normal to the crack plane 

causing displacement at the crack front perpendicular to the crack plane. 

• Mode II or in-plane shear : the crack is subjected to an in-plane shear stress and the 

crack faces slide relative to each other. 

Mode III or anti-plane shear : the crack tip is subjected to an anti-plane shear stress. The 

crack faces move relative to each other so that the displacements of the crack surfaces are in the 

crack plane but parallel to the crack front. 

Bieniawski (1967a; b) investigated brittle failure mechanisms under uniaxial, biaxial and 

triaxial stress regimes in hard rocks. His studies on norite and quartzite samples show that cracks 

propagate due to the displacement of the pre-existing crack faces. Stacey (1981) investigated the 

process of fracturing of hard rock using a simple extension strain criterion. His approach is most 

appropriate for brittle rock under low confining stress and is therefore suitable for predicting the 

extent of fracturing around tunnels (underground applications) and slope face (surface 

applications). Based on Stacey’s proposed criterion, rock fracture occurs in indirect tension when 

the tensile strain exceeds a critical limiting value (εc) (Figure 2.2) dependent on the properties of 

the rock. He presented the critical magnitudes of extension strain (εc) for various rock types 

obtained from laboratory tests. Lajtai et al. (1987) investigated the effect of water on the 

deformation, fracture and strength of the Lac du Bonnet granite using a variety of laboratory tests. 

Their results show that the rock samples that are in direct contact with water show a reduction in 
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their uniaxial compressive strength (UCS) and fracture toughness by about 5%. They also 

conducted creep tests on the rock samples to study the effect of water on the long-term strength 

of the material. Their test results suggest that a greater reduction in the strength of the sample is 

obtained when the rock sample undergoes a low stress level for a long period of time. Lajtai et al. 

(1987) also stated that the most important effect of water is in lowering the crack initiation stress 

(the stress at which the new tensile cracks are formed). As it can be seen in Figure 2.3 there is 

about a 30 MPa drop (36%) in the crack initiation stress when the testing environment is changed 

from dry to wet. Martin and Chandler (1994) investigated the effect of accumulated damage on 

the crack-initiation stress (σci) and crack-damage stress (the stress at which unstable fractures 

are formed, σcd) through numerous uniaxial and triaxial tests (Figure 2.4). Their results indicate 

that while σci is independent of the damage accumulated in the sample, σcd is strongly dependent 

on the amount of accumulated damage. When the unconfined stress exceeds σcd of the intact 

rock, its cohesive strength is gradually lost and frictional strength is mobilized. They stated that 

the unconfined strength of a brittle material reduces when damaged and this reduction in the 

strength is a function of the accumulated damage. Eberhardt et al. (1998) performed 20 uniaxial 

tests on the Lac du Bonnet granite and used acoustic emission (AE) to identify micro-fracturing 

within the material. The results of their study highlight the influence of brittle fracture in the 

progressive degradation of the rock mass strength. Eberhardt et al. (1999) also studied the effect 

of grain size on the strength of intact rock through laboratory testing of three rock samples with 

similar mineralogical composition but with different grain sizes. The results of their study suggest 

that rock strength decreases with an increase in grain size. This is due to the increased length of 

the planes of weakness (inter-granular boundaries) as the grain size increases. Their results also 

show that grain size has little influence on the crack initiation stress threshold (σci). Diederichs 

(2003) investigated the role of tensile damage on excavation response of hard rock masses 

through reviewing testing data, discrete element simulations and fracture mechanics. He 

highlighted the role of tensile damage in spalling and macroscopic shear rupture and stated that 

microscopic shear becomes dominant only at very high confinements or very slow loading rates. 

He also emphasized the significant importance of intact rock bridges in providing short-term 

support for underground excavation and proposed a multiphase failure envelope (Figure 2.5) for 

brittle rock to explain different failure mechanisms (e.g. spalling, unravelling and shear failure). 

This failure envelope which is known as the S-shaped failure envelope, consists of four zones: 

1. No damage zone:  below the damage threshold 
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• The rock is not damaged or disturbed. 

2. Distributed damage/acoustic emission zone:  above the damage threshold with high 

confining stress. 

• Micro-cracking (in shear) and acoustic emission is observed which may lead to a 

macro-scale shear failure (if enough damage is accumulated). 

3. Spalling failure zone:  above the damage threshold with low confining stress 

• Individual cracks can propagate and cause macroscopic axial splitting or spalling 

normal to the minor principal stress. 

4. Unravelling/tensile failure zone: 

• Macroscopic failure surface is developed as the result of direct tensile stress. 

Damjanac and Fairhurst (2010) investigated the response of brittle rock to long-term 

compression loading in crystalline rocks. Their study showed that a stress threshold (a deviatoric 

stress level that can be sustained indefinitely) exists for crystalline rocks. They showed that this 

stress threshold is of the order of 40% of the unconfined compressive strength of the rock. Nicksiar 

and Martin (2013) highlighted the influence of grain size distribution, and heterogeneities on the 

onset of cracking of crystalline rocks using UDEC (Itasca 2012) with Voronoi tessellation.  

 

Figure 2.1. Three fundamental loading configuration s and corresponding fracturing 
modes 

Mode I: 

Tensile

Mode II: 

In-plane shear

Mode III: 

Anti plane shear
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Figure 2.2. Schematic illustration of rock fracturi ng when the extensional strain exceeds 
a critical value (figure developed based on Stacey 1981) 

 

Figure 2.3. The influence of water on the crack ini tiation stress during uniaxial 
compression tests on the Lac du Bonnet granite (Laj tai et al. 1987) 
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Figure 2.4. Stress-strain diagram from a UCS test c onducted on the Lac du Bonnet 
granite showing crack-initiation ( σci), crack-damage ( σcd) and peak strength 
(Martin and Chandler 1994) 

 

Figure 2.5. Conceptual illustration of the S-shaped  failure envelope for brittle failure 
(Diederichs 2003) 
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2.3. The influence of brittle fracture on the failu re of rock slopes 

Stability analysis approaches for high rock slopes (natural or engineered) should consider 

brittle fracture due to the high stress concentrations that may exist and lead to development of 

stress-induced intact rock fracture (Hajiabdolmajid and Kaiser 2002). These stress-induced 

fractures may provide kinematic freedom for a previously stable block and result in slope failure. 

Through detailed evaluation of two major landslides (the 1965 Hope Slide in British Columbia, 

Canada and the Randa rockslides in Switzerland) Brideau et al. (2009) illustrated the importance 

of brittle intact rock fracture and pre-existing rock mass damage in development of failure 

surfaces, lateral and rear-release mechanisms. Bachmann et al. (2009) used a combined physical 

modelling-numerical simulation approach to analyse the development of deep seated 

gravitational slope deformations. The results of their physical model show fracturing at various 

parts of the model including near the slope crest and in the middle of the model. Paronuzzi and 

Bolla (2015) conducted a comprehensive geological study on the 1963 Vajont Slide and 

highlighted the role of fracturing and intact rock disintegration in the catastrophic failure. 

The fundamentals of brittle fracture can be applied to characterise the failure mechanisms 

that could occur at different locations within a rock slope. Using the S-shaped failure envelope, 

Tuckey (2012) presented a conceptual diagram to locate the possible failure mechanisms based 

on the confinement level within the rock slope (Figure 2.6). At the slope crest, tensile stress may 

induce tension cracks (zone 4 of the S-shaped curve). Where there is a higher degree of 

compressive stress and confinement, development of shear induced fractures is possible (zone 

2 of the S-shaped curve). Finally at the toe of the slope, where the compressive stress is high but 

confining stress is low (zone 3 of the S-shaped curve), brittle spalling or rock bursting may occur. 
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Figure 2.6. Conceptual illustration of different fa ilure mechanisms occurring throughout 
a large open pit slope (Tuckey 2012) 

The process of crack propagation in high rock slopes involves degradation of rock bridges, 

destruction of asperities and roughness along potential failure surfaces, and the development of 

step-path failure surfaces (Stead and Eberhardt 2013). Figure 2.7 is a conceptual illustration of 

possible rock slope failure mechanisms which, depending on the failure path, can be divided in 

two generic groups: fully structure-controlled and partially structure-controlled. 

1. Fully structure-controlled:  failure is fully controlled by the geological structures 

(Figure 2.7a and b). In these cases, a complete kinematic freedom is provided by the pre-

existing discontinuities. Although there are records of large scale rock slope failures with little 

internal deformation for kinematic release (e.g. the 1806 Goldau slide and the 1881 Elm slide 

in Swiss Alps, Eberhardt et al. 2004b), fully structure-controlled slope failures are often 

relatively small scale.  

2. Partially structure-controlled:  failure occurs through a combination of different 

mechanisms such as sliding on the pre-existing structures and shear and tensile cracking of 

the rock mass. In these cases, development of the stress-induced fractures is required for the 

failure as the rock mass is not kinematically free to move out of the slope (Figure 2.7c-j). This 
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type of failure often occurs at larger scales where high stress levels may cause the 

development of secondary, stress induced damage zones. This failure mechanism can be 

divided into several subgroups (e.g. in-plane rock bridge failure, out of-plane rock bridge 

failure and internal rock mass shear and dilation), which are defined in more detail following. 

 

Figure 2.7. Fully structure-controlled and partiall y structure-controlled failures in rock 
slopes (Hajiabdolmajid and Kaiser 2002). 

2.3.1. In-plane rock bridge failure 

This type of rock failure involves development of shear and tensile fractures within the 

“patches” of intact rock bridge located on a potential failure surface (Figure 2.8). Stead and 

Eberhardt (2013) associated these patches of intact rock bridge to the presence of proto-joints 

sedimentary structures on bedding surfaces, or undulations due to tectonic activity. Elmo et al. 

(2011) highlighted the influence of in-plane rock bridges on the stability of a bi-planar failure 

surface geometry at Diavik Diamond Mine, Northwest Territories, Canada (Figure 2.9). Havaej et 

al. (2012) simulated the failure mechanism of a 3D pentahedral wedge to investigate the 

importance of rock bridges on the stability of the slope (Appendix A). In their analysis, explicit 

representation of interspersed rock bridges was chosen through random distribution of intact rock 

material on the wedge basal surface (Figure 2.10). They assumed different percentages of rock 

bridges on the basal surface. Their results showed that for the assumed pentahedral geometry 

only 2% rock bridge contents is required to stabilize an unstable rock slope wedge. Tuckey (2012) 

provided estimates of intact rock bridge content from publications on natural and open pit slopes 

reporting a range of rock bridge content percentages of 0.2% to 45%. 
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Figure 2.8. In-plane rock bridge failure (Einstein et al. 1983)  

 

Figure 2.9. Simulation of the influence of in-plane  rock bridges on a bi-planar failure 
(Elmo et al. 2011) 
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Figure 2.10. a) Geometry of a pentahedral wedge wit h 1% intact rock bridges on the basal 
surface (dashed circles show the patches of rock br idge). b) Failure of the 
intact rock bridges (black dots within the dashed c ircles) (Havaej et al. 
2012, see Appendix A) 

2.3.2. Out-of-plane rock bridge failure 

Interaction between pre-existing discontinuities may lead to the failure of intact rock 

bridges between discontinuities (out-of-plane rock bridges, Figure 2.11) and may lead to the 

formation of a step path failure surface. Figure 2.12 shows a step-path failure in a coastal cliff in 

Australia which is formed by a combination of joint dilation of sub-vertical joints and failure of intact 

rock bridges located between the sub-horizontal, pre-existing discontinuities. Jennings (1970) 

studied the failure mechanisms of step-path joints and highlighted the importance of joint 

continuity in shear failure of a jointed rock slope. He argued that the stability of slopes largely 

depends on the degree of mobilization of intact rock strength and introduced coefficients of 

continuity and discontinuity to incorporate the intact rock strength into a limit equilibrium approach. 

McMahon (1979) developed the first probabilistic step-path simulation code, STEPSIM, as part of 

the pit slope design study for Bougainvillle Copper’s Panguna mine in Papua New Guinea. 

Einstein et al. (1983) developed a method to include the spatial variability of discontinuity 

persistence in rock slope stability analysis. They used a probabilistic persistence model, 

SLOPESIM, to generate multiple realizations of joint length and spacing using Monte Carlo 

simulation. Eberhardt et al. (2004b) studied the step-path failure of the 1991 Randa rockslide 

using continuum, discontinuum and hybrid codes. Their results show the detrimental influence of 

brittle fracture on development of an eventual stepped failure surface. Baczynski (2009) 

introduced the concept of a “unit-block” to simulate the statistical “occurrence” or “absence” of a 

particular geological defect feature along a candidate step-path through the slope within the code 
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STEPSIM4. Using an iterative scheme through a large number of potential failure paths, the code 

determines the most critical failure path. Mahabadi et al. (2012) used a combined finite-discrete 

element method (FDEM) to investigate the stability of a blocky cliff with an undercut. Their model 

shows development of a step-path failure surface due to shearing and opening along the bedding 

planes and stress concentration around the pre-existing discontinuities, leading to failure of intact 

rock bridges. Scholtès and Donzé (2015) used YADE (Kozicki and Donzé 2008), an open source 

code based on the discrete element method (DEM), to study step-path failure mechanism in 

jointed rock masses. Their result illustrates the capability of the code to simulate the propagation 

of micro-cracks from the tips of pre-existing discontinuity planes leading to formation of step-path 

failure surfaces. 

 

Figure 2.11. Out-of-plane rock bridge failure (Eins tein et al. 1983) 
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Figure 2.12. Step-path failure mechanism in a coast al cliff at Diamond Bay, about 4km 
north of Bondi Beach, Sydney, Australia (photograph  courtesy of Zack 
Tuckey, 2014) 

Out-of-plane rock bridge failures can also be important components of flexural toppling 

and toe break-out failures as they often involve the development of brittle fractures between the 

pre-existing discontinuities (flexural toppling), pre-existing discontinuities and slope surface (toe 

break-out). Havaej et al. (2013) simulated the failure of out-of-plane rock bridges in flexural 

toppling and showed that the failure of intact rock bridges occurs along the shortest path between 

adjacent discontinuity tips (see Appendix 2). Figure 2.13a shows the simplified model geometry 

which includes a set of continuous bedding planes forming the toppling discontinuities and a 

secondary non-persistent discontinuity set to simulate failure mechanism of out-of-plane rock 

bridges. Figure 2.13b shows the failure of intact rock bridges leading to slope collapse. Figure 2.14 

shows a cross section of a toe break-out model simulated by Havaej et al. (2012) (Appendix 1). 

The figure illustrates the development of out-of-plane fractures at the toe of a pentahedral wedge 

resulting in slope failure. 
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Figure 2.13. Cross section of a flexural toppling m odel showing a) model geometry 
including toppling discontinuities and a fracture n etwork facilitating basal 
release b) cracking of out-of-plane rock bridges th rough the shortest 
distance between the tips of discontinuities (Appen dix B) 

 

Figure 2.14. Slope damage and toe break-out prior t o last excavation stage (Appendix A) 
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2.3.3. Internal rock mass shear and dilation 

The failure surfaces of large sliding masses are often not planar but formed by rough and 

undulating discontinuities. Sliding of the failing block thus requires a high degree of internal 

shearing and distortion in order to be able to move on the failure surface. Researchers have 

investigated the influence of internal dilation on the failure of large rockslides. The concept of the 

Prandtl Prism (Prandtl 1923) which is broadly applied in foundation design was applied to the 

analysis of The 1963 Vajont Slide by Mencl (1966). He suggested that since the sliding surface 

of the Vajont Slide is curved and irregular; the centre of the failed rock mass is a “transition zone” 

between the active and passive blocks of the slide. This zone is characterized by high stress 

concentration leading to development of secondary systems of shear surfaces which are 

necessary for any large displacements of the rock mass (Kvapil and Clews 1979). Martin and 

Kaiser (1984) investigated the Revelstoke hydroelectric project, British Columbia and illustrated 

that internal shears and dilation were required for the failure to occur. They also studied the effect 

of internal shear on the factor of safety and how anchors can prevent internal shearing thereby 

improving rock slope stability. Hajiabdolmajid and Kaiser (2002) stated that development of 

internal shear surfaces is required to achieve kinematic freedom for slope failure to occur. 

Eberhardt et al. (2002) investigated the progressive failure of the Randa rockslide and highlighted 

the role of strength degradation of the sliding mass through internal deformation, brittle-ductile 

yielding and strain-softening. They emphasized that the role of internal distortion in the failure 

mechanisms of large rock slope failures varies based on the complexity of the sliding surfaces 

and geological structures (Figure 2.15). Zones of high shear stress, leading to internal shears, 

occur mostly at locations where the sliding surface direction changes. Figure 2.16 shows a large 

rockslide which occurred near Hell’s Mouth on the northern Cornwall coast, UK. Large-scale 

tension cracks were observed prior to the failure at the crest of the slope. The failure occurred 

through progressive deformation of the sliding mass as the result of continuous displacement of 

the cliff on a rough and stepped sliding surface (John Coggan 2014, personal communication). 
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Figure 2.15. Large rock slope failure mechanisms as  controlled by progressive shear 
surface development, internal deformation and damag e (Eberhardt et al. 
2004a) 
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Figure 2.16. A large coastal failure near Hell’s Mo uth on the northern Cornwall coast, UK  

2.4. Numerical methods in rock slope stability anal ysis 

With the continuous improvement in computational capabilities, numerical codes are 

becoming more widely used in rock engineering applications. A comprehensive review of the 

different numerical methods can be found in Jing and Hudson (2002) and Jing (2003). Numerical 

methods can be divided into three generic groups (Jing and Hudson 2002):  

• Continuum methods: Finite Element Method (FEM), Boundary Element Method (BEM) 

and Finite Difference Method (FDM) 

• Discontinuum methods: Discrete Element Method (DEM) and Discontinuous Deformation 

Analysis (DDA) 

• Hybrid continuum/discontinuum methods 
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The choice of continuum, discontinuum or hybrid methods depends on many problem-

specific factors such as problem scale, discontinuity systems and the role of brittle fracture (Jing 

and Hudson 2002). Within the continuum methods, material deformation is always continuous, 

and rotation and detachment of the material are not allowed. Therefore this approach is most 

suited to simulation of rock engineering problems with only a few fractures and if fracture opening 

and complete block detachment are not significant factors (Jing and Hudson 2002). Examples of 

numerical codes based on continuum methods include Phase2 (Rocscience 2014a) and FLAC 

(Itasca 2011). 

Discontinuum methods allow for explicit consideration of a large number of discontinuities, 

large displacements and block rotation/detachment. These advantages make the discontinuum 

approach a suitable tool for simulating the behaviour of moderately fractured rock masses (Jing 

and Hudson 2002). Examples of numerical codes based on discontinuum methods include UDEC 

(Itasca 2012), 3DEC (Itasca 2014a), PFC (Itasca 2010a) and Slope Model (Itasca 2010b).  

UDEC with Voronoi tessellation has been used by several authors to model brittle fracture 

through the progressive breakage of Voronoi block contacts (e.g. Alzo’ubi 2009; Kazerani and 

Zhao 2010; Tuckey 2012; Gao 2013). In this method randomly sized polygonal blocks are bonded 

together through contacts with assigned tensile and shear resistance. Once the shear or tensile 

strength of a contact is exceeded due to the applied load, the contact breaks and forces are 

redistributed causing the potential breakage of adjacent contacts (Kazerani and Zhao 2010). 

The three-dimensional distinct element code, 3DEC, has been used by numerous 

researchers (e.g. Corkum and Martin 2004; Yan 2008; Brideau and Stead 2010; Firpo et al. 2011; 

Fekete and Diederichs 2013; Wolter 2014; Spreafico et al. 2015) to study the influence of varied 

parameters such as 3D discontinuity orientation, kinematics and release surfaces on the stability 

of rock slopes. Kalenchuk et al. (2011) used 3DEC to investigate the influence of sliding surface 

geometry and shear zone thickness on the stability of the Downie Slide, a slow-moving landslide 

located in British Columbia, Canada. Wolter et al. (2013a) used the code to investigate the 

influence of block kinematics on the stability of the Vajont Slide. Their results emphasized the role 

of block geometry and kinematic freedom on the failure mechanism. 3DEC allows for 

development of a stochastic discrete fracture network (DFN) and inclusion within the model in 

order to investigate the stability of rock masses considering the variability of discontinuity 

characteristics (i.e. dip, dip direction, length and etc.). Salvini et al. (2014) used a UDEC-DFN 

approach to model the stability of a marble buttress in the Carrara marble quarries in Italy. 
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The Particle Flow Code, PFC (Itasca 2010a) employs assemblies of circular/spherical 

particles bonded together through contacts. When the shear or tensile strength of a contact is 

exceeded a crack forms. Examples of the application of the PFC2D/3D code in brittle fracture 

modelling include Hazzard et al. (2000) Potyondy and Cundall (2004) and Zhang and Stead 

(2014). The recently developed 3D brittle fracture code Slope Model (Itasca 2010b) replaces the 

balls and contacts of PFC 3D by quasi-random assembly of point masses and springs forming a 

lattice scheme (Itasca 2010b). Once the shear or tensile strength of a spring is exceeded a 

fracture replaces the broken spring (Figure 2.17). The program incorporates a discrete fracture 

network (DFN) model consisting of multiple disk-shaped joints superimposed on the lattice springs 

(Itasca 2010b). The code uses an explicit solution scheme suitable for simulation of highly non-

linear behaviour such as fracture, slip and opening/closing of joints (Cundall and Damjanac 2009). 

Slope Model is a small strain code and coordinates are not updated as a result of displacements. 

The law of motion is applied to the point masses to determine translational and rotational 

components of displacement (Itasca 2010b): 
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Where ∑�� is the sum of all moment-components � acting on the node with moment of inertia �. 

Slope Model has been successfully used to simulate the failure of high open pit slopes 

(e.g. Cundall and Damjanac 2009; Havaej et al. 2012; Tuckey 2012; Vivas 2014) and natural 

slopes (e.g. Havaej et al. 2013, Appendix 2). Figure 2.18a shows a Slope Model simulation of a 

high open pit slope containing two discontinuous joint sets which form in-plane and out-of-plane 

rock bridges within the model. Green and black dots in Figure 2.18b are stress induced fractures 
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bridging across gaps in the joints, allowing a deep-seated failure (Itasca 2010b). Vivas (2014) 

used Slope Model to investigate the influence of intact rock bridges and a groundwater surface 

on the potential failure mechanism of a bi-planar failure mode based on the Diavik A418 pit 

geometry. Her results highlighted the inter-relation between intact rock bridge failure, pore water 

pressure and failure surface geometry.  

 

Figure 2.17. The lattice model consisting of nodes and springs (modified after Cundall 
2011) 
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Figure 2.18. Failure of intact rock bridges located  between two discontinuity sets; black 
dots represent fractured lattices (Lorig et al. 201 0) 

ELFEN (Rockfield 2009) is a hybrid FDEM numerical modelling code that allows for the 

simulation of crack growth, accumulation and coalescence, thus enabling the simulation of 

progressive failure of high rock slopes (Elmo 2006). The code uses a finite element mesh to model 

the intact joint bonded blocks and discrete elements to model the joint behaviour (Elmo 2006). In 

ELFEN new fractures can develop between the boundaries of meshed elements or through the 

existing meshed elements (Figure 2.19). The code has been successfully applied to simulate 

brittle fracture from the small scale (e.g. UCS simulation) to large scale (high rock slopes). Cai 

and Kaiser (2004) used ELFEN 2D to simulate brittle fracture during a Brazilian test. Hamdi et al. 

(2014) used ELFEN to simulate the 3D fracture process during Brazilian, uniaxial and biaxial 

compression tests as well as 2D subsidence associated with sub level caving. Previous research 

using ELFEN in rock slope stability analysis has demonstrated the ability of the code to model 

progressive rock mass damage and step-path failure. Eberhardt et al. (2004a) used ELFEN to 

simulate the 1991 Randa rockslide. Their model successfully reproduces the extent of the failure 

and highlights the role of fracture initiation and propagation in the formation of the final failure 

surface (Figure 2.20). Vyazmensky et al. (2010) demonstrated the ability of ELFEN to model the 

interaction between large open pit slopes and block caving at the Palabora mine, South Africa. 
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Figure 2.19. a) Weighted-average nodal failure dire ction; b) Intra-element fracturing; c) 
Inter-element fracturing (Klerck et al. 2004) 

 

Figure 2.20. ELFEN model of the 1991 Randa rockslid e showing progressive 
development of the failure surface (Eberhardt et al . 2004a)
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*Characterization of bi-planar and ploughing failur e 
mechanisms in footwall slopes using numerical 
modelling 

Mohsen Havaej a, Doug Stead a, Erik Eberhardt b, Brendan R. Fisher b,c 

a Simon Fraser University, Burnaby, British Columbia, Canada 

b University of British Columbia, Vancouver, British Columbia, Canada  

c Fisher & Strickler Rock Engineering, Radford, Virginia, USA 

3.1. Abstract 

Footwall slopes refer to unbenched rock slopes in which the slope face is parallel to a set 

of persistent discontinuities (e.g. bedding planes, foliation, faults, etc.). These are commonly 

encountered in weak, thinly bedded, orthogonally jointed, sedimentary rock sequences. Common 

failure mechanisms include bi-planar failures where shallow dipping crosscutting structures 

daylight near the slope toe, enabling sliding to occur along steep dipping bedding planes. In the 

absence of crosscutting structures, failure occurs through deformation and rock mass yielding 

involving the formation of inter block shear and toe breakout surfaces. Because of the complexity 

of the toe breakout mechanism, evaluation methods are not well understood. An improved 

understanding of the failure mechanism, the role of adverse discontinuities, and characterization 

of the discontinuity, intact rock and rock mass strength properties are key for a successful footwall 

stability analysis. This chapter investigates the development of the inter block shear and toe 

breakout surfaces with three approaches: i) continuum-based frictional plasticity theory; ii) 

discontinuum-based distinct-element modelling with Voronoi tessellation



 

27 

using the commercial software UDEC; and iii) hybrid continuum/discontinuum finite-/discrete-

element brittle fracture modelling using the commercial software ELFEN. Numerical simulation 

using ELFEN and UDEC demonstrated a good agreement with frictional plasticity theory. 

Ploughing failure of footwall slopes is also evaluated, specifically the influence of cross-cutting 

discontinuity dip angle relative to the slope face. The effects of different geometrical parameters 

(e.g., slope angle and depth/height ratio) on bi-planar and ploughing failure are assessed using a 

sensitivity analysis approach. A “Damage Intensity” parameter is introduced and used to quantify 

damage in the numerical simulations using ELFEN. 

Keywords: Footwall slope; bi-planar failure; ploughing failure; FDEM; DEM; brittle 

fracture; slope damage 

3.2. Introduction 

In the surface mining of metallurgical coal, where the strata have undergone tectonic 

folding, slopes are often excavated parallel to the strata dip in synclinal and anticlinal structures 

forming extensive, high and unbenched footwall slopes (Stead and Eberhardt 1997). Footwall 

slopes, also referred to as dip slopes, are encountered in other mine and engineered slopes (e.g., 

road cuts) where instability is structurally controlled, typically by a joint set, fault or weak zone 

parallel or sub-parallel to the slope (Konietzky 2004; Fisher 2009; Alejano et al. 2011). These 

authors classify the most commonly encountered footwall failure mechanisms into fully and 

partially joint-controlled (or rock mass-controlled in the case of the latter) and describe limit 

equilibrium and numerical approaches for obtaining the factor of safety of bi-planar and ploughing 

failures. In fully joint-controlled failure mechanisms, stability is primarily governed by the strength 

of the discontinuities. In the absence of fully persistent discontinuities enabling kinematic release, 

a more complex failure can occur through sliding along the major geological discontinuities, step-

path failure and shearing through intact rock (i.e., rock mass failure). 

Hawley et al. (1986) studied the failure modes in western Canadian surface mines and 

developed limit equilibrium analysis techniques for different modes of failure. Stead and Eberhardt 

(1997) also reviewed the different failure modes in surface coal mine footwall slopes, discussing 

the key factors that affect their stability. Based on the analysis of footwall slopes at the Quintette 

Coal Mine in northern British Columbia and Westfield Opencast Coal Mine in the UK, they 
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introduced a numerical approach to analyse different footwall failure modes using continuum 

(finite difference) and discontinuum (distinct element) methods. Fisher and Eberhardt (2007) 

carried out similar distinct-element modelling together with limit equilibrium analyses to provide 

practical recommendations for the stability evaluation of footwall slopes. Tannant and LeBreton 

(2007) surveyed a steep footwall slope at Grande Cache coal mine using terrestrial 

photogrammetry before and after its failure to investigate slope deformation and ultimate failure 

mechanisms. They conducted simple force equilibrium analyses to back-analyse the shear 

strength properties of the slip surface. 

Based on these earlier studies, it is clear that the stability of footwall slopes is mainly 

controlled by the shear strength of the dominant, slope parallel discontinuities upon which sliding 

may occur. However, because these discontinuities are parallel to the slope and do not ‘daylight’ 

in the slope face, they are not considered in a simple planar/wedge kinematic evaluation such as 

that provided by Hoek and Bray (1981). Nevertheless, failure may still develop depending on the 

orientation of other cross-cutting discontinuities and rock mass shear strength, and involve bi-

planar, buckling, ploughing and step-path failure modes (Stead and Eberhardt 1997). Thus, to 

study the stability of high footwall slopes, it is necessary to consider the interaction between 

existing discontinuities (e.g. bedding planes and cross-cutting joints), intact rock bridges and 

rock mass strength. Development in sophisticated numerical codes and increasing computing 

power has made it possible to consider the complex interaction between intact rock, 

discontinuities, in situ stress, groundwater, dynamic loads, etc. In this study, analytical and 

advanced numerical modelling approaches are used to investigate the role of brittle fracturing 

in the development of bi-planar and ploughing failure modes in footwall slopes. 

3.3. Bi-planar failure of footwall slopes 

Bi-planar failure occurs when a rock mass slides sub-parallel or along persistent 

discontinuities, such as a bedding plane or fault, with kinematic release enabled through shearing 

along a secondary shallow dipping discontinuity dipping out of the slope face (Figure 3.1). A 

review of the geotechnical literature suggests that bi-planar footwall slope failures are most 

prevalent in weaker, bedded sedimentary rock sequences (e.g., flysch). Footwall slopes are often 

associated with anticlines, synclines, and homoclines. Although less common, footwall slopes 

may also form where faults, shears, or lithologic boundaries occur parallel to an excavated slope. 
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A good example is that presented by Behrens da Franca (1997). He completed a detailed back 

analysis of a mine slope that was excavated exposing a soft hematite layer with a deposit of 

itabirite located approximately 30m behind and parallel to the slope face. At the contact of the 

hematite and itabirite, there was a thin layer of soft itabirite or leached iron formation which acted 

as the slope parallel sliding surface causing failure. Bi-planar failures have been reported for 

natural slopes (e.g. Chen 1992; Eberhardt et al. 2005). These can develop due to weathering of 

weaker shale beds or other factors that contribute to progressive failure. 

 

Figure 3.1. Bi-planar failure of footwall slopes 

3.3.1. Different modes of bi-planar failure 

Stead and Eberhardt (1997) illustrated variations of bi-planar failure mechanism based on 

a survey of UK footwall failures and a review of the relevant literature: 

• Sliding on bedding planes and a basal surface with active/passive zones 

The most common mode of bi-planar failure forms when a low angle daylighting thrust 

plane or cross-cutting joint forms a basal release surface (Stead and Eberhardt 1997). This type 

of failure involves an active-passive wedge failure mechanism. Figure 3.2 schematically shows a 

bi-planar failure and location of the active and passive blocks, separated by a Prandtl wedge 

transition zone. Kvapil and Clews (1979) describe this transition zone as being characterized by 

severe fracturing and secondary shearing of the rock mass as the forces are transmitted from the 

active to passive block. This may be observed as large transverse displacements (or inter block 

shearing) and bulging of the rock mass within the transition zone. In contrast, very little rock mass 

Slope parallel sliding surface

Toe breakout

Inter block shear surface
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deformation occurs in the active zone. The majority of the deformation is concentrated along the 

slope-parallel sliding surface that serves as the release surface in the upper part of the slope. 

Likewise, there is minimal disturbance of the rock mass within the passive zone, although more 

than in the active zone. Clearly the rock mass strength within the Prandtl wedge and at the slope 

toe has an important influence on the amount of movement and ultimately the stability of the rock 

slope. The strength along the rupture surface in the upper slope is also important as it controls 

the amount of driving force transmitted to the Prandtl wedge and passive zone below. Stead and 

Eberhardt (1997) highlighted the work undertaken by Brawner et al. (1971) in which they 

recognized and proposed methods of analysis for bi-planar failures involving bedding and low 

angle basal surfaces. They derived stability charts for estimating the allowable footwall slope 

height as a function of geometrical characteristics of the slope; e.g., bedding angle, bedding 

thickness, cross-cutting joint orientation, and bedding/joint friction angle. 

• Persistent basal surface and inter block shear surface  

The simplest toe breakout and inter block shearing mechanism involves sliding along the 

slope parallel sliding surface with a persistent joint dipping out of the slope and a joint (or other 

persistent discontinuity) dipping steeply into the slope separating the active/passive wedges and 

providing kinematic release of the slope (Nathanail 1996). The slope and structural geology model 

required for this type of failure is shown in Figure 3.1 where it could be envisioned that the inter 

block shear and toe breakout surfaces both consist of through-going discontinuities. This model 

illustrates that in addition to the basal shear surface, inter block shear is required for slope release. 

• Step-path failures 

A step-path (or rock mass) failure occurs where toe break out and/or inter block shear 

develops through the combined sliding along non-persistent joints and failure of intact rock 

bridges. Jennings (1970) presented a detailed limit equilibrium model for estimating the stability 

of a slope where step-path failure may occur. The model effectively uses a weighted average of 

the shear strength of the joints and the shear strength (or tensile strength) of the intact rock 

through which the sliding surface develops. More recently, the Hoek-Brown failure criterion 

presents a means to weight the combined influence of intact rock and non-persistent joint strength 

as an equivalent continuum rock mass strength (Hoek and Brown 1997; Hoek et al. 2002; 

Carvalho et al. 2007). Giani (1992) provides a detailed account of a footwall slope back analysis 

where the toe breakout was modelled using the Hoek-Brown failure criterion. It should be noted, 
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though, that the treatment of the step-path problem as an equivalent continuum neglects the 

important kinematic and directional controls that exist where the discontinuities are of moderate 

persistence. In such cases, the equivalent continuum approach may only apply to the rock mass 

strength of the rock bridges to account for smaller-scale discontinuities that serve to weaken the 

rock bridge.  

• Buckling model 

A footwall buckling failure is characterized by bending and sliding (flexural slip) of the 

outermost layers above the toe of the slope as a toe breakout surface or inter block shear 

develops. Buckling prior to kinematic release in layered sedimentary rock has been reported along 

the Yalong River, China (Wang et al. 1992), Yangtze River, China (Li et al. 1992) and within 

several coal mines in Canada and the UK (e.g., Scoble 1981; Cruden and Masoumzadeh 1987; 

Stead and Eberhardt 1997). Jin et al. (1992) and Li et al. (1992) both provide details of a friction 

model analysis of these bi-planar slope failures which occurred over a 50-month period. The 

model was constructed to represent bedded strata in which bedding was inclined at an angle 

greater than the residual friction angle. They observed progressive failure of the model slope with 

the first indications of failure being buckling of the outermost layers. The deformations advanced 

further behind the slope face followed by bi-planar shearing across bedding. This model suggests 

that one of the first indications of bi-planar slope failure may be bulging at the slope toe. 
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Figure 3.2. Location of the Prandtl wedge in a bi-p lanar footwall failure (modified after 
Stead and Eberhardt 1997) 

3.3.2. Treatment of toe breakout using a frictional  plasticity approach 

Limit Equilibrium represents the most common method for estimating the stability of 

footwall slopes where bi-planar failure is considered. Brawner et al. (1971) and Stimpson and 

Robinson (1982) provide methods where the toe breakout surface is varied while the inter block 

shear is assumed sub-normal to the slope face. This failure mechanism is the same as shown in 

Figure 3.1 with the inter block shear surface assumed sub-normal to bedding. No consideration 

is given to the strength of the inter block shear. Hawley et al. (1986) provide similar solutions 

where the inter block shear is sub-normal to the slope face and shear strength parameters are 

assigned to the inter block shear. Clearly the assumptions used to generate these solutions apply 

to very specific geological conditions.  

Where there are no clear planes of weakness forming either the toe breakout surface or 

inter block shear (or both), brittle fracturing must occur through the rock mass. Limit equilibrium 

methods adopt a holistic approach, which require generalizing assumptions with regards to the 

nature of the rupture surface and failure kinematics. To counter these deficiencies, frictional 

plasticity theory was examined to develop a better mechanistic understanding regarding the 

development of toe release and inter block shear surfaces.  
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Quick scoping calculations immediately suggest that the location of the inter block shear 

may be described by plasticity theory where expected failures are relatively shallow and the major 

principal stress (σ1) is parallel to the slope face. These calculations are based on the Mohr-

Coulomb failure hypothesis relating localization and the shear failure surface that develops at an 

angle (Ѳ) to the plane of the major principal stress (σ1) as a function of the friction angle of the 

material (ϕ) (Equation 3.1). The practical importance of this is that because σ1 within footwall 

slopes is oriented parallel to the slope face, and therefore bedding, it becomes possible to 

calculate the orientation Ѳ of the shear failure surface at the toe along which toe breakout should 

develop. The angle Ѳ also describes the orientation of the inter block shear that develops to 

accommodate slippage between the active and passive blocks and facilitate sliding along the toe 

breakout surface (Equation 3.2).  

θ=45-φ/2  Equation 3.1 

ψ=α+φ/2-45  Equation 3.2 

β=90+θ  Equation 3.3 

Where ψ is the toe breakout angle and α is the slope angle, both measured from horizontal, and 

β is the angle between the inter block shear and the toe breakout surface (Figure 3.3). The 

relationship above is unaffected by the presence of orthogonal cross-jointing as the orientation of 

σ1 (i.e., parallel to slope/bedding and perpendicular to the cross joints) means that no shear 

stresses develop along the cross-joints; the normal stress acting on the cross joints is equal to 

σ1.  

Figure 3.4 and Figure 3.5 show examples of bi-planar rock slope failures where the toe 

breakout surface and inter block shear correspond to those predicted by frictional plasticity theory. 

The sedimentary rock mass in Figure 3.4 is orthogonally jointed and a tension crack can be seen 

as forming behind the inter block shear normal to the slope coincident discontinuity. The 

orthogonal joint opened in tension as the inter block shear initiated and propagated through the 

rock. The slope in Figure 3.5 involving metamorphic rock similarly shows the inter block shear 

developing through the rock mass as a rock mass failure. 
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Figure 3.3. Parameters used in the frictional plast icity approach  

 

Figure 3.4. Bi-planar failure in sedimentary rock 
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Figure 3.5. Bi-planar failure in metamorphic rock 

3.4. Numerical modelling of bi-planar failure of fo otwall slopes 

In the absence of inter block shear and toe break-out surfaces coinciding with fully 

persistent discontinuities, bi-planar failure of footwall slopes must occur through failure of intact 

rock bridges and rock mass shear providing kinematic release. Thus, numerical simulation of this 

type of failure requires use of a code that allows for fracture initiation and propagation. The two 

dimensional hybrid finite-/discrete element (FDEM) code ELFEN (Rockfield 2009) was used in 

this study to investigate the formation of inter block shear surfaces, active-passive transition 

zones, and toe breakout. The code has been verified against several rock engineering case 

studies (e.g., Vyazmensky et al. 2010 and Elmo and Stead 2010). Stead et al. (2006) suggest 

three levels of sophistication in slope stability problems in which hybrid numerical analyses fall in 

the third level of complexity. FDEM codes such as ELFEN have the capability of modelling fracture 

propagation and fragmentation of a jointed and bedded rock mass based on fracture mechanics 

principles (Stead et al. 2006). ELFEN uses a finite element mesh to model the intact joint bounded 

blocks and discrete elements to model joint and fracture contacts and their behaviour (Stead et 

al. 2006). 
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A new approach is suggested to quantitatively evaluate progressive failure in a footwall 

slope. A damage intensity parameter D21 is proposed equal to the ratio of the total length of 

generated cracks to the sampling area, Equation 3.4 (Gao 2013; Hamdi et al. 2013). Gao (2013) 

used D21 to characterize damage in simulation of roof failure in underground coal mines. At the 

laboratory scale, Gao (2013) and Hamdi et al. (2013) utilized D21 to quantify damage in 2D/3D 

numerical simulation of unconfined compression and Brazilian tests. In this chapter, the 

progressive failure of the bi-planar and ploughing models will be quantified using D21. The total 

area of the footwall slab in the models is considered as the sampling area for damage 

quantification in Equation 3.4. A shear strength reduction technique is utilized to compute the 

safety factor of each model and compare with the calculated damage. 

D21 (m-1) = total damage length (m) / sampling area (m2) Equation 3.4 

Numerical simulations in this chapter are conducted using the footwall slope geometries 

published in Alejano et al. (2011). The analysis is conducted for a 50 m high slope dipping 50ᵒ, 

formed by 3 m spaced bedding planes dipping parallel to the slope face (Figure 3.6). The strata 

are crosscut by a toe joint dipping 30ᵒ out of the slope. The lateral boundaries are fixed with zero 

displacement constraints in the horizontal direction and the bottom boundary is fixed in both 

horizontal and vertical directions. The intact rock and discontinuity properties used, presented in 

Table 3.1 and Table 3.2, were selected from the literature (Alejano et al. 2011; Stead and 

Eberhardt 1997) as being representative of moderately strong sedimentary rocks. 

 

Figure 3.6. Assumed geometry for FDEM modelling of bi-planar failure 
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Table 3.1. Intact rock strength parameters 

Property Value 

UCS (MPa) 30 

Young's modulus (GPa) 15 

Poisson's Ratio 0.25 

Density (kg/m3) 2500 

Friction angle (ᵒ) 45 

Tensile strength (MPa) 2 

Cohesion (MPa) 5 

Table 3.2. Discontinuity strength parameters 

Discontinuity Kn (GPa/m) Ks (GPa/m) Friction angle (ᵒ) Cohesion (MPa) 

Crosscutting joint 10 1 40 0 

Beddings plane 10 1 30 0 

Figure 3.7 illustrates an ELFEN simulation showing the development of brittle fracturing 

within the footwall slope providing kinematic release and subsequent slope failure. Development 

of orthogonal tensile fractures in the lower half of the slab is evident at stage 2 which is caused 

by sliding and bending of the slab as it moves on the cross-cutting toe joint with a calculated 

damage intensity, D21, value of 1.1 (m-1). The modelling results show development of an inter 

block shear surface and a transition zone between the active and passive blocks at stage 3 with 

an increase in damage intensity to 2.7 (m-1) (Figure 3.8). Similar results have also been obtained 

in recent lattice spring Slope Model (Itasca 2010) simulations of a bi-planar slope geometry by 

Tuckey (2012). Damage intensity vs. simulation time is illustrated in Figure 3.9 showing a 

continuous increase in D21 up to the point that kinematic release is fully provided. 
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Figure 3.7. ELFEN simulation of a 50 m high footwal l slope with a bi-planar (active-
passive) failure surface showing stages of fracture  development leading to 
slope failure 
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Figure 3.8. Location of the transition zone (betwee n the two fracture surfaces), delimiting 
the active and passive block, D 21 =2.8 

 

Figure 3.9. Damage intensity, D 21, vs. ELFEN simulation time 

3.4.1. Application of frictional plasticity theory 

As previously stated, the assumed geometry in this chapter is based on Alejano et al. 

(2011) who used frictional plasticity theory originally suggested by Fisher and Eberhardt (2007) 
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to calculate toe breakout in footwall slope modelling using UDEC (Itasca 2012). Figure 3.10 shows 

their simulated toe breakout angle and the angle between the toe breakout surface and the inter 

block shear surface. In their modelling, ψ is 14ᵒ and β is 116ᵒ. Using Equations 3.1, 3.2 and 3.3, 

calculated values for ψ and β are 13ᵒ and 118ᵒ respectively, providing good agreement between 

the two approaches. A similar approach has been used in this chapter. Since in the current 

numerical model a predefined toe joint is assumed, the toe breakout angle is not evaluated. As 

illustrated in Figure 3.11, the results of ELFEN modelling are in a good agreement with the UDEC 

results presented by Alejano et al. (2011). Since the friction angle used in the ELFEN modelling 

is 45ᵒ, Equation 3.3 returns a value of 113ᵒ for the angle between the toe breakout and internal 

shear surfaces. This compares to 128ᵒ produced by the ELFEN model (Figure 3.11). 

The UDEC studies previously discussed (Stead and Eberhardt 1997; Fisher and 

Eberhardt 2007; Alejano et al. 2011) were carried out using a conventional approach in which 

footwall failure was modelled as the movement of slabs along slope parallel and cross-cutting 

discontinuities. Failure of the joint-bounded blocks was limited to elasto-plastic yield and large 

deformations, with no capability to simulate brittle fracture and fragmentation. Addition of a 

Voronoi tessellation generator to UDEC enables the user to create a network of polygons within 

the joint-bounded rock blocks that can be used to simulate failure of intact rock bridges through 

tensile/shear failure of contacts between the Voronoi blocks. Recent applications of UDEC 

Voronoi in rock mechanics have been described by several authors (e.g., Yan 2008; Alzo’ubi 

2009; Kazerani and Zhao 2010). At the laboratory scale, Alzo’ubi et al. (2007) used UDEC Voronoi 

to simulate experiments conducted by Lajtai (1969) involving direct shear testing of joints. At the 

slope scale, the same authors re-analysed a planar failure with a discontinuous rupture surface 

previously investigated by Stead and Eberhardt (1997). They successfully used UDEC Voronoi 

to simulate the internal fracturing required for rock bridge failure and rupture surface development.  

UDEC Voronoi is used in this research for simulating the bi-planar slope failure scenario 

previously analysed using ELFEN and frictional plasticity theory. In the footwall slope, where more 

fracturing and instability is expected, smaller Voronoi block sizes (0.5 m) are used. In the rest of 

the model, a Voronoi block size of 4 m is assumed. The Voronoi blocks themselves are assumed 

to be deformable. The input parameters for the UDEC model are the same as the parameters 

used in the ELFEN models (Table 3.1 and Table 3.2). Properties of the Voronoi contacts were 

selected based on calibrated UDEC Voronoi simulations of sandstone in a coal mine (Gao 2013) 

and are presented in Table 3.3. 
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The results are presented in Figure 3.12, and show tensile fracturing of the intact rock slab 

forming the inter block shear surface allowing kinematic release. The UDEC Voronoi simulation 

shows failure of the model through formation of active and passive blocks with a highly fractured 

transition zone between (Figure 3.12). The modelling results also show formation of the inter block 

shear surface as previously obtained in the ELFEN simulation and analysis using frictional 

plasticity theory. 

 

Figure 3.10. UDEC model of a partially joint-contro lled, bi-planar failure, with passive 
block translation (modified after Alejano et al., 2 011)  

Inter block shear surface

Toe breakout
ψ=14˚
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2 m
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Figure 3.11. The angle between the toe joint and in ter block shear surface 

Table 3.3. Properties of Voronoi blocks in UDEC mod el 

Contact properties Values 

Normal stiffness of contacts, kn (GPa/m) 8.4 

Shear stiffness of contacts, ks (GPa/m) 3.4 

Contact cohesion, ccont (MPa) 6.5 

Contact friction angle, ϕcont (ᵒ) 18 

Contact tensile strength, σt
cont (MPa) 3 

 

Figure 3.12. UDEC Voronoi simulation of bi-planar f ailure shown in Figure 3.6, 
demonstrating development of inter block shear surf ace and highly 
fracture transition zone. 
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3.4.2. Controls on bi-planar failure of footwall sl opes 

The importance of geometrical characteristics and the orientation of discontinuities on 

footwall slope failure were further investigated using ELFEN with a focus on the effect of both the 

toe joint dip angle and the bedding thickness to slope height ratio (D/H) on bi-planar failure. The 

model studied in the previous section is used for the parametric analysis and is referred to here 

as the “base model”. To evaluate the stability of the slope a FDEM Strength Reduction Factor 

(SRF) for each model is calculated. History points are located at the slope crest where simulated 

displacements are recorded. The damage intensity, D21 is also determined for each numerical 

simulation as a measure of progressive brittle damage in the model. 

Toe release joint dip angle 

The base model, with 50ᵒ dipping bedding planes, includes a toe joint with a 30ᵒ dip to 

enable toe release. Keeping all other parameters constant, the toe joint inclination was decreased 

to 25ᵒ and 20ᵒ. Horizontal displacement of the slope crest is recorded to monitor footwall stability. 

Decreasing the dip from 30ᵒ to 25ᵒ does not change the overall stability of the model as the 

measured SRF values for both models are less than one (Table 3.4). Simulated displacements of 

the slope crest show an initial acceleration followed by a decrease in the rate of movements after 

20 cm of slip for the model with a 25ᵒ toe joint (Figure 3.13). Damage intensity is slightly decreased 

suggesting that a certain degree of damage is required for failure to initiate (Table 3.4). When the 

dip of the daylighting toe joint is further reduced to 20ᵒ, the intensity of slope damage changes as 

does the stability of the slope (Table 3.4). Minor fracturing occurs in the middle of the slab and 

perpendicular to it (Figure 3.14). However, displacements reach equilibrium after only a few 

centimeters of initial movement (Figure 3.13). The simulation results indicate that the increasing 

stability observed in the history plots is due to the decreased angle of the toe joint. 

Table 3.4. The influence of toe release joint dip o n bi-planar failure of footwall slopes 

Model Basal surface dip (ᵒ) SRF D21 (m-1) 

Base model 30 0.8 2.8 

model 1 25 0.85 2.6 

model 2 20 1 0.4 



 

44 

 

Figure 3.13. Horizontal displacement vs. calculatio n time at the slope crest 

 

Figure 3.14. Limited slope damage as a result of th e decreased toe joint dip (20 ᵒ) 
resulting in a stable footwall slope 

Bedding thickness to slope height (D/H) ratio 

The effect of slope height on bi-planar failure of footwall slopes has been investigated in 

the literature (Hawley et al. 1986; Stead and Eberhardt 1997; Stead et al. 2006; Fisher 2009). An 

increase in slope height serves to increase the driving forces imposed on the passive block, which 

enhances the potential for plastic deformation and shear at the slope toe. In the case of convex 

slopes, an increase in slope height causes increased tensile fracturing in the most curved portions 

of the slope leading to buckling failure. From a structural geology perspective, increased slope 
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height increases the probability of an adverse structure daylighting in the slope face (Stead and 

Eberhardt 1997). Based on a survey of published literature on surface coal mines, Stead and 

Eberhardt (1997) note that slabs in footwall slopes generally range in thickness from 0.3 m to 10 

m and stability increases with increase in bedding thickness. Fisher (2009) provided a review of 

footwall failure case histories in natural and engineered rock slopes (mostly within sedimentary 

lithologies) in which he reported the depths of failure to slope height ratios (D/H) for each case 

and suggested that the depth of failure is generally less than one third of the slope height. He also 

reported the trigger of failure for each case history including increase in water pressure, long-term 

creep, buckling at the toe, seismic acceleration and weathering. The sensitivity of the footwall 

models to the D/H ratio is hence investigated by gradually increasing the D/H ratio and observing 

the effect on the failure mechanism. The damage Intensity (D21) is almost the same for all the 

models with a SRF less than one (Table 3.5). The results show that stability of the footwall slope 

decreases with decreasing D/H ratio (Figure 3.15). For the unstable models, the failure 

mechanism is similar to the base model with sliding on the daylighting toe joint and bending of 

the slab causing fracturing perpendicular to the bedding. 

Table 3.5. The effect of D/H ratio on bi-planar fai lure of footwall slopes 

Model D/H SRF D21 (m-1) 

Base model 0.06 0.8 2.8 

Model 1 0.07 0.85 2.6 

Model 2 0.08 0.88 2.6 

Model 3 0.09 0.95 2.7 

Model 4 0.1 1 1 

Model 5 0.12 1.03 0 

Model 6 0.13 1.1 0 
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Figure 3.15. Plot showing SRF values vs. D/H for di fferent D 21 ratios 

3.5. Ploughing failure mechanism 

Ploughing failure, although not common, is a type of footwall slope failure which occurs 

when a sub-vertical discontinuity intersects steep bedding planes at the slope face (Figure 3.16). 

Ploughing occurs when an active slab sliding along the slope parallel bedding planes transfers 

driving forces to the passive slabs through the secondary steeply dipping discontinuity causing 

rotation of the passive slab out of the slope (Figure 3.16) (Hawley et al. 1986). This type of failure 

is unlikely to occur at the slope toe because the lower block is locked into place by the confinement 

created by the pit floor and overburden (Stead and Eberhardt 1997).  

A limit equilibrium approach for analysing ploughing is presented by Hawley et al. (1986). 

Using a simple geometry, they proposed an equation to calculate the maximum allowable slope 

height and suggested that the limit equilibrium results are particularly sensitive to the length of 

the toe block (passive slab). They recommended that a number of potential toe block geometries 

be assessed to determine the critical length of the toe block and hence, the critical slope height. 

Alejano et al. (2011) proposed a limit equilibrium approach to calculate the factor of safety 

considering both sliding and rotation of the passive block. They also applied a shear strength 

reduction (SSR) technique in UDEC to constrain the results of limit equilibrium analysis. 

D
21

=2.8  (1/m)

2.6

2.6

2.7

1

0

0



 

47 

 

Figure 3.16. Ploughing failure of footwall slopes 

3.5.1. Ploughing analysis 

A FDEM analysis using ELFEN with SSR was performed for a 50 m slope dipping at 60ᵒ, 

formed by 1 m thick slope parallel bedding planes (Figure 3.17). The slab is crosscut by a toe 

joint dipping normal to bedding and a secondary joint with the same properties that dips vertically 

forming a 30ᵒ angle with the bedding plane. The same boundary conditions and input properties 

(Table 3.1 and Table 3.2) were used as for the bi-planar failure analysis. Similarly D21 is utilized 

for damage quantification and the SRF determined as a measure of model stability. 

Figure 3.18 illustrates four stages of brittle fracture development within the slab. Failure 

starts with the active slab sliding on the bedding plane causing it to plough under the passive slab 

which in turn induces fracturing at the interface between the active and passive slabs. Here the 

damage intensity, D21, is seen to increase significantly. As the active slab continues to plough 

under and lift the passive slab, the bending that develops generates tensile fractures in the middle 

of the slab which leads to complete failure of the footwall slope. The toe joint provides kinematic 

release allowing rotation of the passive slab. In the absence of a toe release joint, failure may still 

occur through intact rock bridge failure at the slab toe due to rotation and stress-induced fracturing 

of the passive slab. Figure 3.19 illustrates this, showing several stages of fracture development 

and ploughing failure. Stage 1 illustrates the base model geometry without inclusion of a toe 

release joint. At stage 2, tensile fracturing due to lifting of the slab results in the generation of a 

toe release perpendicular to the bedding. This fracture acts like the included toe release joint in 

Active slab

Passive slab
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Figure 3.18 and provides kinematic release for rotation of the passive slab. The rest of the failure 

process is similar to the previous model with ploughing of the slab at stage 4 causing another 

fracture to develop perpendicular to the slab and leading to complete slope failure at stage 6. 

Thus, if there are sufficient driving forces to allow lifting up of the passive slab, ploughing failure 

can occur without a toe release joint through bending and tensile fracturing of the passive slab. 

Alejano et al. (2011) referred to this type of failure as a “partially joint controlled ploughing failure”. 

It should be noted that D21 is larger for this model compared to the model with the toe joint 

inclusion confirming that a larger degree of damage is required to allow for kinematic release and 

slope failure. This is further investigated through a separate ELFEN simulation, (with identical 

geometry, input parameters and calculation time) but this time not allowing fracturing within the 

model. After about 5 cm of initial displacement, displacements cease and the model reaches 

equilibrium (Figure 3.20). Therefore, without the capability for brittle fracture, this model predicts 

a stable slope where in contrast the simulation with internal fracturing of the slab clearly shows 

failure. 

To investigate the sensitivity of the ploughing failure mechanism to the dip of the 

secondary discontinuity, its dip angle was decreased in 5ᵒ intervals. i.e., the angle between the 

secondary discontinuity and bedding planes is increased by 5ᵒ in each model (Figure 3.21). 

Numerical modelling using ELFEN is conducted with and without the basal joint and the results 

are summarized in Table 3.6. When the dip of the secondary discontinuity is less than 80ᵒ (i.e., 

sub-vertical to bedding) the inclination of the joint relative to the friction angle and normal forces 

transmitted across the joint does not promote ploughing failure. The same results are obtained 

for the models without the toe joint. Hence it can be concluded that for ploughing to develop, a 

sub-vertical discontinuity is required at an angle that allows the driving forces of the active slab to 

overcome the frictional resistance and plough under the passive slab. 
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Figure 3.17. Assumed geometry for FDEM + SSR simula tion of ploughing failure 
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Figure 3.18. ELFEN simulation of a 50 m high footwa ll slope showing four stages of 
fracture development leading to ploughing failure o f the slope (with basal 
joint inclusion) 
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Figure 3.19. ELFEN simulation of a 56 m high footwa ll slope showing six stages of 
fracture development leading to ploughing failure o f the slope (without the 
inclusion of a basal joint) 
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Figure 3.20. Horizontal displacement vs. calculatio n time at the slope crest; results are 
obtained from simulation of partially joint control led ploughing failure 
when fracturing is not allowed within the model 

 

Figure 3.21. Inset illustrating change in secondary  discontinuity dip to evaluate the effect 
on the ploughing slope failure mechanism 
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Table 3.6. Influence of the secondary discontinuity  on ploughing failure 

Model Secondary discontinuity dip (ᵒ) 
-angle between bedding planes and secondary 
discontinuity 

SRF/D21 

(with basal 
joint) 

SRF/D21 

(without basal 
joint) 

Base 
model 

90-30 0.75/4.2 0.8/6.1 

Model 1 85-35 0.9/2.2 0.9/5.6 

Model 2 80-40 1.13/0 1.15/0 

3.5.2. Controls on ploughing failure of footwall sl opes 

Ploughing failure in footwall slopes is strongly influenced by the engineering geology, 

geomechanical properties and geometry of the slope, for example slope dip and D/H ratio 

(Dawson et al. 1993; Stead and Eberhardt 1997; Alejano et al. 2011). The latter were investigated 

with respect to the sensitivity of the model results with regards to ploughing failure. 

Slope dip 

Slope dip has a direct effect on the balance between the driving and resisting forces in 

footwall slopes. The ELFEN analysis was conducted for the two cases previously examined: with 

and without the toe release joint. A summary of the simulation results including D21 and SRF is 

presented in Table 3.7. The model with the toe release joint is unstable (SRF=0.95) with a 

significantly lower degree of slope damage (D21=0.9) when the slope angle is decreased to 55ᵒ. 

The slope becomes stable with no damage with a reduction in slope angle to 50ᵒ. The simulation 

results are somewhat different for the models without a toe joint. In this case the model is stable 

at a 55ᵒ slope angle (SRF=1) with no slope damage (D21=0) emphasizing that in the absence of 

a toe joint, ploughing failure can only occur when enough driving forces are transferred to the 

passive slab to provide kinematic release through intact rock failure (as noted in the base model 

without a toe joint). 

Table 3.7. The effect of slope dip on ploughing fai lure of footwall slopes 

Model Slope dip (ᵒ) SRF /D21 (with basal joint) SRF/D21 (without basal joint) 

Base model 60 0.75/4.2 0.8/6.1 

Model 1 55 0.95/0.9 1/0 

Model 2 50 1.15/0 1.15/0 
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D/H ratio 

Dawson et al. (1993) suggested that in general, ploughing failure in Canadian mountain 

coal mines is limited to slabs less than 5 m thick. At this stage of the study given the inherent 

instability present in the base model, the D/H ratio was increased to evaluate its effect on slope 

damage and the ploughing failure mechanism. Increasing D/H to 0.025 causes a significant 

increase in SRF, 0.98 (Table 3.8). A significant reduction in slope damage is also observed 

(D21=0.4) which is limited to the interface between the active and passive slabs. In model 2 

displacements in order of 10 cm at the slope crest were simulated accompanied by minor 

fracturing at the interface between the active and passive slabs. However, displacements 

decreased and reached equilibrium with calculation time. Model 3 did not develop intact rock 

fractures and was stable with negligible displacement (Table 3.8). 

Table 3.8. Results summary of the effect of D/H rat io on ploughing failure of footwall 
slopes  

Model D/H SRF D21 

Base model 0.02 0.75 4.2 

Model 1 0.025 0.98 0.4 

Model 2 0.03 1.05 0.4 

Model 3 0.04 1.08 0 

3.6. Conclusions 

The failure mechanism associated with bi-planar failure of footwall slopes where the toe 

breakout surface is not facilitated by a persistent discontinuity dipping out of the slope is complex. 

In such cases, the failure mechanism involves sliding along a slope parallel discontinuity and the 

development of a toe breakout surface facilitated by inter block shear. Without the existence of 

these three surfaces, bi-planar sliding cannot occur. Within orthogonally-jointed sedimentary rock, 

toe breakout involves sliding along joints, failure of intact rock, and intense deformation of the 

slope to allow kinematic release. Footwall slope failures are common in weak, orthogonally jointed 

sedimentary rock. Since footwall slopes are bedded, the major principal stress may be assumed 

parallel to the slope face. Frictional plasticity theory is therefore a practical means to estimate the 

location and inclination of the inter block shear and toe breakout surface. Plasticity theory is 

successfully applied in this chapter to explain bi-planar failure where persistent cross-cutting 

structures are not present to form a toe breakout and/or inter block shear surface. 
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Numerical simulations using a hybrid finite-/discrete-element brittle fracture approach 

(ELFEN) and distinct-element brittle fracture approach (UDEC Voronoi) were conducted to assess 

failure mechanisms associated with bi-planar failure. These models represent the first combined 

use of brittle fracture modelling, SSR and damage intensity measurement using FDEM 

techniques. Formation of an inter block shear surface in numerical modelling results 

demonstrated a good agreement with the prediction from plasticity theory. ELFEN and UDEC 

Voronoi were able to realistically simulate the interaction between existing discontinuities and 

intact rock bridges allowing kinematic release and failure. The results provide insights into the bi-

planar footwall failure mechanism as a function of fracture initiation and propagation driven by the 

active-passive blocks in the slope. It is interesting to note that the modelled slope is stable when 

fracturing is not considered but fails when internal fracturing is allowed within the model. Similarly, 

ELFEN was used to simulate ploughing failure of footwall slopes with respect to the influence of 

toe release and secondary joints/fractures required for ploughing failure to develop.  

Lastly, parametric analyses using ELFEN were conducted for both bi-planar and ploughing 

failure to evaluate the effect of geometrical parameters (slope angle and D/H ratio) on both bi-

planar and ploughing failure mechanisms. In all the numerical models, D21 (a ‘damage intensity’ 

parameter), which is defined as the total length of damage to the sampling area is used along 

with SSR to quantitatively evaluate rock damage. The results are used to establish a better 

understanding of the importance of each parameter which can aid in future footwall slope design. 

It is suggested that the new combined FDEM and SSR/D21 methodology proposed in this chapter 

could have significant future application in rock slope analysis in both mining and civil applications. 
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Chapter 4.  
 
*Investigating the role of kinematics, failure surfa ce 
geometry and damage in the failure of rock slopes 

Mohsen Havaej, Doug Stead 

Simon Fraser University, Burnaby, British Columbia, Canada 

4.1. Abstract 

Recent developments in numerical codes provide an important tool for simulation of failure 

of slopes that appear kinematically stable. This chapter investigates the inter-relation between 

kinematics, failure surface geometry and damage leading to the failure of high rock slopes using 

a three-dimensional lattice spring code. Two new methods are introduced to quantify damage in 

the numerical simulations. In the first method, an “ellipsoid of damage” is defined to encompass 

newly created cracks within a given model. Geometrical characteristics of the ellipsoid including 

volume, length and orientation of its axes allow quantification of damage within the model. In the 

second method, damage is quantified using “damage intensity” parameters, D21 and D32. In this 

method damage is defined as the ratio of total length/area of the newly created cracks within the 

model to the sampling area/volume. These two approaches together help to quantitatively 

describe the intensity and extent of damage development within the models. The numerical 

simulation results highlighted the close connection between kinematics, failure surface geometry 

and damage in the failure of high rock slopes. 

Keywords: rock slope stability; failure surface geometry; kinematics; damage; Slope 

Model; numerical modelling 
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4.2. Brittle fracture in rock slopes 

As large open pit slopes increase in depth, with feasibility studies now underway for slopes 

over 1.4 km, it is becoming increasingly necessary to investigate non-conventional rock slope 

failure mechanisms. In massive brittle rock slopes, both natural and engineered (e.g. open pit 

mines), potential failure surfaces are often assumed to be comprised of intersecting fully 

persistent features providing complete kinematic release for the failure to occur (Eberhardt et al. 

2004c). However, this is not the case for most slopes and where a certain percentage of rock 

bridges are present along the discontinuity, which increases the stability; ignoring their existence 

may lead to conservative slope design. 

Many authors have demonstrated the importance of intact rock bridges on the stability of 

slopes (Frayssines and Hantz 2006; Moffitt et al. 2007; Karami et al. 2007; Grøneng et al. 2009; 

Paronuzzi and Serafini 2009; Elmo et al. 2011; Sturzenegger and Stead 2012). Tuckey et al. 

(2012a) state that the range of rock bridge percentages observed or assumed in modelling has 

varied between 0.2% and 45% in the published literature. Martin (1978) and Elmo et al. (2009) 

have shown that for slopes greater than 300m high in moderately hard rock, less than 10% rock 

bridges generally provides sufficient resistance along a prospective failure surface. Diederichs 

(2003) reported that even when intact rock bridges occupy only a very small percentage of the 

discontinuity coplanar area, they may provide internal self-supporting load carrying capacity 

equivalent to artificial slope reinforcement systems (i.e. bolts or cables). Tuckey et al. (2012b) 

divided the theoretical models for incorporating intact rock bridges into two categories: (1) models 

that consider “in-plane” rock bridges, and (2) models that incorporate non-coplanar or “out-of-

plane” rock bridges (Figure 4.1). In-plane rock bridges are represented by “patches” of intact rock 

along a theoretical fully-persistent discontinuity plane or failure surface (Tuckey et al. 2012a; 

Figure 4.1a). Havaej et al. (2012) studied the influence of in-plane rock bridges on stability of 

pentahedral wedges. In their results, 2% rock bridges was sufficient to stabilize the unstable 

pentahedral wedge. Out-of-plane rock bridges on the other hand can be described as the intact 

rock that separates non-coplanar discontinuity tips within a volume of rock mass (Tuckey et al. 

2012b; Figure 4.1b). Identification of this type of rock bridges, however, can become very 

uncertain with increase in number of fractures. The assumption of through-going fully persistent 

discontinuities is often the result of the difficulty in obtaining persistence measurements and 

limitations of current numerical modelling codes, which usually assume fully persistent 
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discontinuities (Brideau et al. 2009). Although this assumption is usually appropriate for bench 

scale stability analysis, it becomes increasingly inappropriate as the scale of slope failure 

increases. High stress concentrations can potentially influence the strength of the rock mass 

through fracture initiation, propagation and coalescence. This generation of new fractures has 

been observed over a wide variety of scales ranging from shearing of joint roughness to 

development of failure surfaces and toe breakout (Yan 2008). As a result, it is necessary to 

investigate non-conventional rock slope failure mechanisms for large scale slope problems 

(Havaej et al. 2014a). This includes the consideration of complex failure mechanisms, whereby 

failure involves several failure modes including sliding along the major geological discontinuities, 

step-path failure and circular or quasi-circular failure paths through the intact rock. Stead et al. 

(2004) emphasized the need for incorporating the principles of fracture mechanics and the roles 

of damage, energy, fatigue and time dependent failure into rock slope analysis. To study the 

stability of high rock slopes, it is therefore necessary to consider the interaction between existing 

discontinuities and intact rock, while allowing for potential brittle rock failure. Limit equilibrium 

solutions consider an apparent cohesion in Mohr-Coulomb theory to account for intact rock 

bridges along the shear surface, and an apparent friction angle to account for the fact that some 

inclinations of potential failure have much lower strengths than others (e.g. Jennings 1970). These 

solutions have been combined with probabilistic Monte Carlo methods to identify critical step 

paths (Baczynski 2008); however, they cannot represent the complex way in which localized 

failure propagates by fracture of rock bridges; nor do they account for scale effects. 

Brideau et al. (2009) summarized the various types of damage in rock slopes and the 

processes that may cause them; they highlight the influence of tectonic damage in both providing 

three-dimensional kinematic release and reducing the rock mass strength. Stead and Wolter 

(2015) provided a detailed review of the importance of structural geology in rock slope stability 

including the roles of rock mass damage and step path failure. Stead and Eberhardt (2013) 

provided a comprehensive discussion on damage in rock slopes and discussed different factors 

(e.g. slope topography, failure surface geometry and lithological variations) that control rock slope 

damage. They highlighted the importance of the relation between failure kinematics and slope 

damage required for failure of natural and engineered rock. Agliardi et al. (2013) used an 

integrated remote sensing and continuum modelling to investigate the relation between structure 

and damage at a large rockslide. They suggested that damage induced by local and structurally-

controlled slope instability provided enough block size reduction and cohesion loss which led to 

the slope collapse. Wolter (2014) used the discontinuum codes, UDEC (Itasca 2012) and 3DEC 



 

59 

(Itasca 2014a) to investigate the failure mechanism of the Vajont Slide. The results of her 

simulations highlighted the role of kinematics and block size in the failure. Havaej et al. (Chapter 

6, 2015) studied the role of kinematics and brittle fracture in the failure of Vajont Slide and 

highlighted the influence of kinematics and rock mass damage leading to the failure. 

Developments in sophisticated numerical codes and increasing computing power have 

made it possible to study non-conventional and more complex failure of rock slopes where 

complex interaction between intact rock, discontinuities, in situ stress, groundwater, dynamic 

loads, etc. should be taken into account. The focus of this chapter is to investigate the inter-

relation of kinematics, failure surface geometry and damage and their influence on failure of high 

rock slopes (Figure 4.2). In order to do this, two non-conventional rock slope failure modes (non-

daylighting wedge and bi-planar failure) are investigated through a numerical modelling approach. 

 

Figure 4.1. a) in-plane rock bridges; b) out-of-pla ne rock bridges (Tuckey et al. 2012b) 

 

Figure 4.2. Diagram illustrating the inter-relation  of kinematics, failure surface geometry 
and damage leading to the failure of rock slopes 
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4.3. Numerical modelling methodology 

Progressive accumulation of damage can cause the formation of secondary, macro-scale 

damage zones. Depending on the spatial location, the newly created damage zone may provide 

kinematic freedom for a stable rock slope and lead to its collapse. In an attempt to improve the 

consideration of stress induced cracks and damage, the Synthetic Rock Mass (SRM) approach 

(Itasca 2010a) was developed based on the distinct element method. This technique uses the 

bonded particle model, PFC 3D (Itasca 2010a) for rock to represent intact rock deformation and 

brittle fracture, and a discrete fracture network (DFN) to represent the in situ joint network. Using 

the SRM, overall failure of the rock mass is controlled by both the behaviour of intact material and 

pre-existing joints. Recently, a new three-dimensional brittle fracture code, Slope Model (Itasca 

2010b) has been developed as part of the Large Open Pit (LOP) project. This code utilizes a 

“lattice” based structure, consisting of point masses (nodes) connected by nonlinear springs, to 

replace the ball and contact structure of PFC 3D (Itasca 2010a). The lattice model simulates 

fracture through the breakage of springs in shear and tension along with joint slip (Figure 4.3). 

The code uses an explicit solution scheme suitable for simulation of highly nonlinear behaviour 

such as fracture, slip and opening/closing of joints (Itasca 2010b). The lattice scheme addresses 

the need to model brittle fracture by considering the fact that a rock mass fails as a combination 

of sliding (or opening) of discontinuities and fracture of intact rock bridges. Slope Model has been 

used to reproduce the results of centrifuge tests on a synthetic material containing multiple parallel 

joint planes for modelling progressive failures of foliated rock slopes (Adhikary and Dyskin 2007; 

Cundall 2011). Cundall and Damjanac (2009) used the code to simulate brittle fracture in large 

open pit slopes facilitating complex failure mechanisms through deep-seated slope failure. 

Figure 4.4 shows a cross-sectional slice through the upper part of a 1000 m slope, modelled with 

the Slope Model code (Lorig et al. 2010). The upper section shows the joint traces within the slice; 

while the lower section shows the fractures with simulated cracks added. The cracks tend to 

develop within the intact rock bridges between non-persistent joints thus increasing the potential 

for more deep-seated failure. The background colours denote movement magnitude; red denoting 

high movement and green low movement (Lorig et al. 2010). 
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Figure 4.3. The lattice model consisting of nodes a nd springs (Cundall 2011) 

 

Figure 4.4. Slope failure through fracture of intac t rock bridges modeled with Slope 
Model ; black dots are cracks (Lorig et al. 2010) 

A conventional tetrahedral (4-sided) wedge is formed when two discontinuities intersect 

behind the slope face and form a line of intersection that “daylights” at the slope face. Failure of 

this type of wedge has been investigated using different approaches such as kinematic and limit 

equilibrium analysis. Non-daylighting wedges, on the other hand, form when the plunge of the line 

of intersection is equal or greater than the slope face (i.e., ψ intersection ≥ ψ face) (Figure 4.5 and 

Figure 4.6). In both cases because the line of intersection does not daylight in the slope face, the 

wedge should be kinematically stable. Therefore, non-daylighting wedges are not defined in a 
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simple wedge kinematic evaluation such as that provided by Hoek and Bray (1981). Depending 

on the orientation of the intersecting discontinuities, two different types of non-conventional wedge 

can be defined: 

1. Tetrahedral non-daylighting wedge:  this type of wedge is formed when the line of 

intersection is sub-parallel to the slope face (Figure 4.5a). Failure of this type of wedge occurs 

through generation and propagation of damage at the slope toe providing kinematic release for 

the failure to occur.  

2. Pentahedral (5-sided) non-daylighting wedge:  this type of wedge is formed when the 

line of intersection is steeper than the slope face and diverges with a steep angle from the slope 

face. For failure to be kinematically possible there must be a daylighting basal release surface to 

form an active-passive pentahedral wedge (Figure 4.5b). This geometry is essentially a 3D-

representation of 2D bi-planar or active passive failure. The new version of the wedge analysis 

program, Swedge 6 (Rocscience 2014b) incorporates different geometries and combination of 

wedges using a basal sliding surface (Figure 4.7). 

Bi-planar failure occurs when a rock mass slides sub-parallel along persistent 

discontinuities, such as a bedding plane or fault (upper sliding surface in Figure 4.8), with 

kinematic release enabled through a secondary shallow dipping discontinuity dipping out of the 

slope face (Havaej et al. 2014b). This type of failure involves an active-passive failure mechanism. 

Driving forces are transferred from the active to passive block through a transition zone causing 

severe fracturing and shearing of the rock mass within the zone (Kvapil and Clews 1979). The 

rock mass strength within the transition zone has an important influence on the amount of 

movement and ultimately the stability of the rock slope (Havaej et al. 2014b). 

 

Figure 4.5. Schematic illustration of a) tetrahedra l non-daylighting wedge and b) 
pentahedral non-daylighting wedge geometries  

Intact rock bridge

Line of 

intersection

a α

Line of 

intersection

Basal surface

b α

β



 

63 

 

Figure 4.6. Non-daylighting wedge failures 

 

Figure 4.7. Swedge model of a pentahedral wedge for med by including a basal surface  
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Figure 4.8. Schematic illustration of a bi-planar f ailure 

4.4. New methods for damage quantification in numer ical 
models 

In order to quantitatively describe the accumulation of damage in the numerical models, it 

is necessary to develop new routines for damage quantification. In this study, two methods 

(damage extent and damage intensity) are used to quantify damage. The first method has been 

developed as a part of this study while the second method has been previously used (e.g. Gao 

2013; Hamdi et al. 2013; Stead and Eberhardt 2013; Zhang 2014). 

4.4.1. Geometrical quantification of damage using e llipsoid of damage 

In structural geology, a strain ellipsoid (or strain ellipse in 2D) is defined as an imaginary 

deformed sphere (or circle in 2D) that can be described by three vectors, e1, e2 and e3 to 

characterize homogenous strain in a rock body (Figure 4.9). These vectors define the length and 

orientation of the principal axes of strain (Fossen 2010). The same concept is adopted in this 

chapter to characterize the extent of the damage zone in the numerical simulations. Ellipsoid of 

damage (in the 3D models) and ellipse of damage (in the 2D models) are defined to encompass 

newly created cracks within a given model. Dimensions of each ellipsoid are defined based on 

the extent of crack development away from the centre of the damage zone. Geometrical 

characteristics of the ellipsoid including volume, length and orientation of its axes allow for 

quantification of damage within the model. 
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Figure 4.9. Strain ellipsoid (Fossen 2010) 

4.4.2. Damage intensity parameters; D 21 and D 32 

In an attempt to quantitatively evaluate the progressive failure of rock slopes, a damage 

intensity parameter D21 has been proposed and is defined as the ratio of the total length of the 

generated cracks to the sampling area (Gao 2013; Hamdi et al. 2013; Stead and Eberhardt 2013): 

D !(1 m# ) =
$%$&'	(&)&*+	'+,*$-	())

.&)/'0,*	&1+&	()
)
  Equation 4.1 

D2 (1 m# ) =
$%$&'	(&)&*+	&1+&	()
)

.&)/'0,*	3%'4)+	()5)
  Equation 4.2 

In this chapter D21 and D32 are used to quantify damage in the pseudo-two-dimensional 

simulation of bi-planar failures and the three-dimensional simulation of non-daylighting wedges. 

Area of the ellipse of damage (in the 2D models) and volume of the ellipsoid of damage are 

considered as the sampling area/volume in order to calculate D21 and D32. 

4.5. Damage and failure surface geometry 

When a failing rock mass slides down an undulating sliding surface, localized stress 

concentration may cause internal distortion, dilation and development of secondary damage 

zones (Corkum and Martin 2004). These newly created damage zones may increase the number 

of blocks within the rock mass facilitating further displacements of the moving rock mass. Stead 

and Eberhardt (2013) discussed the influence of failure surface geometry and shape on rock slope 

damage mechanisms for different failure surfaces (i.e. planar, undulating and multi-planar). For a 

bi-planar type of failure, they suggest that slope damage may increase with increasing failure 
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depth (Figure 4.10). Tuckey et al. (2012b) used Slope Model to simulate a pseudo-two-

dimensional bi-planar geometry in order to investigate internal damage and dilation during slope 

failure. Their results showed an active-passive type of failure with development of spiral shear 

surfaces in the transition zone.  

 

Figure 4.10. Potential increased in slope damage wi th failure depth (Stead and Eberhardt 
2013) 

In this part of the study, Slope Model is used to investigate the effect of change in failure 

surface geometry on damage. This is done considering two different failure modes; bi-planar (2D) 

and pentahedral non-daylighting wedge failure (3D). 

4.5.1. Influence of the failure surface geometry on  damage in bi-planar 
failure 

Figure 4.11 shows the geometry used in this study, illustrating the change in the upper 

and lower failure surfaces to simulate a transition from a planar to a bi-planar type of failure. The 

geomechanical properties used the models are presented in Table 4.1 and Table 4.2. A D/S ratio 

is defined to quantify the change in the failure surface geometry in each model, where D and S 

are defined in Figure 4.11. In each simulation, the D/S ratio is decreased according to Table 4.3 

(i.e. the depth of failure increased) and the number of fractures, horizontal displacements and 

velocity of the failing mass are recorded to investigate stability of the slope. 
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Figure 4.11. Model geometry illustrating change in depth of failure to evaluate the effect 
on the internal damage 

Table 4.1. Slope Model  input parameters 

E (GPa) 25 

C (MPa) 6 

ρ (kg/m3) 2700 

φ (ᵒ) 41 

σt (MPa) 3.5 

ν 0.26 

Table 4.2. Strength properties of discontinuities 

parameter 
Upper sliding 
surface 

Basal sliding 
surface 

φ (ᵒ) 36 15 

c (kPa) 25 5 

Kn (GPa/m) 5 5 

Ks (GPa/m) 0.5 0.5 

Due to the failure surface geometry and kinematics, models with a shallow failure surface 

(i.e. closer to a planar failure) fail before the models with a deep failure surface (i.e. closer to a bi-

planar failure). Therefore the models with shallow failure surfaces will fracture more than those 

with deep failure surface if the same calculation time is considered for all the models. As a result, 

it is important to compare damage in the models in an unbiased way. To ensure this, for each 

simulation inverse numerical velocity and horizontal displacement are plotted against calculation 

time in order to define the time at which the slope fails. Onset-of-failure is defined as the time at 

which the stability of a slope changes from decelerating behaviour to accelerating behaviour 
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leading to slope collapse (Zavodni and Broadbent 1980; Mercer 2006; Dick et al. 2013). This point 

separates the regressive and progressive stages of failure as evident in displacement monitoring 

practice (Mercer 2006). In this study four simulations with different D/S ratios are conducted and 

rock mass damage at the onset-of-failure is compared between each model. Figure 4.12a shows 

the plots of inverse numerical velocity and displacement versus calculation time for the model 

with D/S equal to 10. The onset-of-failure for this model is located at 9.3 numerical simulation 

time, evident by the sudden increase in slope displacement and decrease in inverse numerical 

velocity. Figure 4.12b shows the zone of damage, defined using an ellipse of damage, at the 

onset-of-failure. Development of cracks within the model generates two surfaces connecting the 

upper and lower failure surfaces to the slope face with a D21 of 7.7. The same approach is used 

for the additional D/S simulations as shown in Table 4.3 (Figure 4.13 and Figure 4.14). The results 

show that an increase in the depth of failure (decrease in D/S) results in more damage being 

required for slope failure to occur as suggested by Stead and Eberhardt (2013). The regressive 

part of the inverse velocity plot is longer with more peaks observed in the models with smaller 

D/S values. Model 4 (with a D/S value of 5) becomes stable with a significant reduction in slope 

damage (Figure 4.15). 

An individual model with identical characteristics (i.e. geometry, input parameters and 

calculation time) as model 3 (D/S equal to 6) was run with fracturing prevented within the model 

by increasing tensile strength of the material. After insignificant initial movements, displacements 

ceased and the model reached equilibrium. Therefore, without the capability for brittle fracture, 

the model predicts stable conditions in contrast to models in which brittle fracture occurs. 
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Figure 4.12. a) Superimposed plots of inverse veloc ity, horizontal displacement and 
onset of slope failure; b) rock mass damage at onse t of failure required for 
slope failure (D/S=10) 

0 50 100

meters

Ellipse of damage

0

20

40

60

80

100

0.1

1

10

100

1000

10000

0 5 10 15 20 25 30

D
is

p
la

ce
m

e
n

t 
(m

)

In
v

e
rs

e
 v

e
lo

ci
ty

 (
s/

m
)

Calcula!on !me (s)

Inverse velocity Displacement

Onset of slope failure

Regressive Progressive

b

a



 

70 

 

Figure 4.13. a) Superimposed plots of inverse veloc ity, horizontal displacement and 
onset of slope failure; b) rock mass damage at onse t of failure required for 
slope failure (D/S=8) 
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Figure 4.14. a) Superimposed plots of inverse veloc ity, horizontal displacement and 
onset of slope failure; b) rock mass damage at onse t of failure required for 
slope failure (D/S=6) 

 

Figure 4.15. Stable model with an insignificant dam age zone (D/S=5) 
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Table 4.3. D/S ratio and D 21 at onset-of-failure in each simulation model 

No. D/S 
OOF  

(calculation time) 
Ellipse of damage area (m2) D21 (m-1) 

1 10 9.3 5.4.E+4 7.7 

2 8 10.9 6.0.E+4 8.9 

3 6 29.58 7.9.E+4 9.1 

4 5 Stable 2.2.E+4 0.7 

5 
6 

(fracturing is not allowed) 
Stable - 0 

4.5.2. Influence of the failure surface shape on da mage in pentahedral 
wedge failure 

In this part of the study, I investigate the change in internal damage when the depth of 

failure of a non-daylighting pentahedral wedge is increased. With a similar approach as the 

previous section, the depth of failure surface is defined using a D/S ratio as illustrated in 

Figure 4.16a. Slope Model input parameters are presented in Table 4.4. Figure 4.16b shows the 

3D model built in Slope Model with the discontinuities that form the pentahedral wedge. In each 

simulation, the D/S ratio is decreased (i.e. the depth of failure increased) according to Table 4.5. 

The number of fractures, horizontal displacements and velocity of the failing mass are recorded 

to investigate stability of the slope. Plots of inverse numerical velocity and horizontal displacement 

against calculation time are used to define the numerical onset-of-failure. Rock mass damage at 

the onset-of-failure is determined using the ellipsoid of damage and D32 and compared between 

each model. 
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Figure 4.16. a) cross section and b) 3D model of th e pentahedral wedge geometry 
simulated in this chapter to evaluate the effect of  change in the depth of 
failure on the internal damage  

Table 4.4. Slope Model  input parameters 

Intact rock Discontinuities 

E (GPa) 65 φ (ᵒ) 20 

C (MPa) 6 C (kPa) 0 

ρ (kg/m3) 2700 Kn (GPa/m) 5 

φ (ᵒ) 40 Ks (GPa/m) 0.5 

σt (MPa) 4   

ν 0.29   

Figure 4.17a shows the plots of inverse velocity and displacement versus calculation time 

for the model with D/S of 7. A continuous increase in displacements indicates that the model is 

unstable. The onset-of-failure for this model is located at 2.08 secs simulation time. Figure 4.17b 

and Figure 4.17c show development of damage within the model with the red discs representing 

the newly created cracks. Three damage zones are identified in the model at the top of the 

pentahedral wedge (zone 1), the transition zone (zone 2) and the bottom of the wedge (zone 3). 

To quantify the extent of damage within the model, three damage ellipsoids are assigned to each 

damage zone and dimensions of each ellipsoid are determined (Table 4.5). Using the volume of 

the ellipsoid and the number of newly created cracks in each zone, damage intensity parameter 

D32, is determined (Table 4.5). In this model, zone 1 has the highest extent of damage of the three 

zones. However, the damage intensity parameter is highest in zone 3. 
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Figure 4.18 and Table 4.5 show the results of the model with a D/S ratio of 6. The newly 

created cracks in this model also form in three distinct zones (Figure 4.18). Although a distinct 

cluster of cracks form at the top of the model (zone 1), most of the cracks are located at the centre 

and bottom of the model (zones 2 and 3). Compared to the model with D/S equal to 7, the 

regressive part of the graph is much longer for this model (i.e. longer calculation time at the onset-

of-failure). This means the model needs more time to accumulate enough cracks for the failure to 

occur. The extent and intensity of damage at zones 2 and 3 are significantly higher for this model 

(i.e. within the transition zone and passive block). In this model, zone 3 has the greatest extent of 

damage and zone 2 has the largest damage intensity parameter (Table 4.5). With further 

decrease in D/S ratio, the model becomes stable with a significant reduction in slope damage 

(Figure 4.19). 
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Figure 4.17. a) Superimposed plots of inverse numer ical velocity, horizontal displacement and onset of  slope failure; b) 
cross section of the model showing rock mass damage  at onset of failure; c) damaged model in 3D (D/S=7 ) 
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Figure 4.18. a) Superimposed plots of inverse numer ical velocity, horizontal displacement and onset of  slope failure; b) 
cross section of the model showing rock mass damage  at onset of failure; c) damaged model in 3D (D/S=6 )
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Figure 4.19. Stable model with an insignificant dam age zone (D/S=5) 

Table 4.5. Ellipsoid of damage dimensions; pentahed ral wedge  

   Damage Primary Secondary Tertiary  Number D32 

Model D/S OOF zone axis (e1) axis (e2) axis (e3) Volume (m3) of cracks (m-1) 

    (m) (m) (m)    

   1 88 45 44 7.3E+5 2089 0.14 

1 7 2.08 2 64 35 31 2.9E+5 544 0.09 

   3 117 15 14 1.0E+5 2067 1.04 

   1 94 71 24 6.7E+5 2321 0.17 

2 6 8.54 2 60 52 42 5.5E+5 3483 0.32 

   3 119 39 37 7.2E+5 4378 0.31 

3 5 Stable - - - - - - - 

4.6. Damage and kinematics 

Corkum and Martin (2004) investigated the influence of kinematic freedom on the failure 

mechanism of a large highway rock cut through a “multi-block” analysis. They studied the 

influence of increased number of discontinuities (i.e. number of blocks) on the overall deformation 

of the sliding mass using 3DEC. Their results showed that the change in the kinematic freedom 

of the model through increased number of blocks increases the displacements and volumetric 

dilation. Brideau and Stead (2010) emphasized the importance of three-dimensional orientation 

of discontinuities on toppling failure mechanisms using 3DEC. Stead and Eberhardt (2013) 

discussed different parameters that change the kinematics of rock slopes including the scale of 

rock slope, block shape, joint spacing and persistence, release surfaces, confinement and 

Line of 

intersection

Basal surface
meters

0 50 100



 

78 

groundwater. With regard to the Randa rockslide, they suggest that the initiation of the failure may 

have been due to a combination of change in the kinematics and slope damage in the valley walls 

due to glaciation related processes.  

In this part of the study, I evaluate the influence of change in the kinematics of a tetrahedral 

non-daylighting wedge on damage. This is done through changing the three-dimensional 

orientations of discontinuities that form the wedge, hence its line of intersection. Figure 4.20a 

schematically illustrates a three-dimensional representation of a non-daylighting wedge with a line 

of intersection sub-parallel to the slope face. For this type of failure to occur, kinematic release 

should be provided through high stress concentration at the slope toe leading to the failure of rock 

bridges and development of a secondary damage zone. Cross-sections of the models and lines 

of intersection for each simulation are illustrated in Figure 4.20b. The plunge of the line of 

intersection is decreased by 2 degrees in each simulation. The assumed geomechanical 

properties are provided in Table 4.4. 

 

Figure 4.20. a; Three-dimensional schematic illustr ation of a non-daylighting wedge at 
the overall slope scale; b, changing failure surfac e geometry through 
decreasing of the plunge of the line of intersectio n by 2 degrees 

Figure 4.21 shows the results of the numerical simulations using Slope Model for different 

configurations of the failure surface as presented in Figure 4.20b. The blue (dark) and green (light) 

planes represent the assumed discontinuities and the red disks denote broken lattice springs 

representing the newly created cracks within the model causing toe breakout and failure of the 

wedge. It is noticeable that a reduction in the plunge of the line of intersection has a significant 

influence on both the extent and the orientation of the damage zone. Damage in these 3D models 

is characterized using the previously introduced ellipsoid of damage and damage intensity 

parameter, D32 (Equation 4.2). To measure damage intensity, the total area of the cracks that are 

2º

Line of intersection

Decreasing plunge

meters

0 80 160

Plane A

Plane B

Rock bridge

Line of 

intersection

a b



 

79 

located within the ellipsoid of damage is divided by the volume of the ellipsoid. Results show that 

the intensity of damage decreases with a reduction in the plunge of the line of intersection 

(Table 4.6).  

 

Figure 4.21. Damage zone for different orientation of the line of intersection 

Table 4.6. Ellipsoid of damage dimensions; non-dayl ighting tetrahedral wedge 

Model line of intersection plunge (ᵒ) 
Primary 

axis (e1) 

(m) 

Secondary 

axis (e2) 

(m) 

Tertiary 

axis (e3) 

(m) 

Volume 

(m3) 

Number 

of cracks 

D32 

(m-1) 

1 46 50 26 20.4 1.1.E+5 665 0.29 

2 44 49.2 20.5 18.2 7.7.E+4 432 0.281 

3 42 40.8 22.3 19.8 7.5.E+4 263 0.176 

4 40 38.4 31.9 4 1.2.E+5 208 0.085 

5 38 35.5 31.8 22.5 1.1.E+5 219 0.104 

Results from the analysis do not show a consistent trend between the ellipsoid size and 

plunge of the line of intersection. A positive correlation was found, however, between the length 

of the primary axis and plunge of the line of intersection. The volume of the ellipsoid did not show 
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Model 4 Model 5
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a relation with the plunge of the line of intersection (Table 4.6). Secondary and tertiary ellipsoid 

axes also did not change significantly with variations in the plunge of the line of intersection. The 

plunge and trends of the ellipsoid primary axes follow the plunge and trends of the lines of 

intersection in each simulation (i.e. a decrease in the plunge of the line of intersection correlates 

with a decrease in the plunge of the primary axis of the ellipsoid). The shape of the ellipsoid was 

also found to change with variation in the geometry of the sliding surface (Table 4.7). Variations 

are plotted on a Flinn diagram (Figure 4.22) to give an indication of the prolate or oblate nature of 

the ellipsoid. The Flinn graph is a method that can be used to enable ellipsoid shapes to be 

presented on a two-dimensional graphical plot and is a tool in structural analysis (Ramsay and 

Huber 2006). The Flinn graph plots the value of RXY versus RYZ where: 

678 =
!�9:
!�9


  Equation 4.3 

68; =
!�9

!�95

  Equation 4.4 

Using this method, an ellipsoid can be represented by a single point. Flinn suggested 

another parameter, K, to describe the general position of the point representing the ellipsoid 

where: 

< =
=>?�!

=?@�!
  Equation 4.5 

Ellipsoid plots with K values greater than one have general cigar-like forms (prolate) and 

those with K values less than one have pancake forms (oblate) (Ramsay and Huber 2006). In this 

chapter, I use the Flinn graph to illustrate the change in the shape of the proposed ellipsoids of 

damage for the various numerical simulations (Figure 4.22). For the first three models K > 1, with 

model 2 having the largest K value (11.3). The shape of the ellipsoids of damage for these models 

is closer to a prolate ellipsoid whereas the rest of the models have K values less than one with 

the shape of an oblate ellipsoid. 
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Figure 4.22. Flinn graph for each model representin g the shape of the ellipsoid of 
damage 

Table 4.7. Ellipsoid of damage orientation 

Model Primary  

axis plunge 

(ᵒ) 

Primary 

axis trend 

(ᵒ) 

Secondary 

axis plunge 

(ᵒ) 

Secondary 

axis trend 

(ᵒ) 

Tertiary 

axis plunge 

(ᵒ) 

Tertiary 

axis trend 

(ᵒ) 

1 48 274 41 78 8 175 

2 46 265 43 98 6 2 

3 46 268 43 105 8 7 

4 40 267 49 102 8 3 

5 40 271 50 88.4 1 180 

4.7. Conclusions 

In this chapter the effect of change in kinematics and failure surface geometry on damage 

and failure of high rock slopes is investigated. To quantify extent and intensity of damage within 

the numerical models “damage intensity” parameters (D21 in 2D and D32 in 3D) used and new 

“ellipse and ellipsoid of slope damage” concepts presented. While damage intensity parameters 

characterize the density of the newly created cracks within a sampling area/volume, the ellipse 

and ellipsoid of damage quantify the extent and orientation of the damage zone. The ellipse and 
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ellipsoid of damage also provide a sampling area/volume in order to determine the damage 

intensity parameters. In order to characterize the degree of damage accumulation, I suggest that 

model comparisons should be made prior to the numerical onset-of-failure. To determine the 

calculation time step at which numerical failure occurs, the inverse numerical velocity approach, 

which is commonly used in displacement monitoring practices, is adopted within the numerical 

models. 

The results of the numerical simulations highlight the close relation between kinematics, 

failure surface geometry and damage. Three-dimensional and pseudo-two-dimensional numerical 

simulation of pentahedral non-daylighting wedges and bi-planar failure indicated that deep-seated 

failures require a higher degree of internal damage for failure to occur than shallower failures. 

Simulation of tetrahedral non-daylighting wedges highlighted the effect of reduction in plunge of 

the line of intersection on internal damage. Comparison of the value of D32 in the models showed 

that damage intensity decreases with a reduction in plunge of the line of intersection. Comparison 

of the ellipsoid of damage for each simulation revealed that the change in the plunge of the line 

of intersection influences not only the intensity of damage but also the extent and shape of the 

damage zone. The use of a Flinn diagram is proposed to aid in visualization of the change in the 

shape of the ellipsoid of slope damage. With reduction in the plunge of the line of intersection, the 

shape of the ellipsoid of damage changes from a prolate ellipsoid to an oblate ellipsoid. 

The significant influence of damage on failure was highlighted in a separate model in 

which fracturing was not allowed. This model predicted a stable slope while it clearly failed when 

internal fracturing was allowed within the model. This implies that without allowing for brittle 

fracture, an analysis may predict a stable slope whereas an analysis that allows for internal 

fracturing may show otherwise. 



 

*Originally Published as: Havaej, M., Coggan, J., Stead, D., and Elmo, D. (2015). “A combined 
remote sensing–numerical modelling approach to the stability analysis of Delabole Slate Quarry, 
Cornwall, UK” Rock Mech Rock Eng, 178, 1-19. 
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b Camborne School of Mines, University of Exeter, Cornwall, UK  
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5.1. Abstract 

Rock slope geometry and discontinuity properties are among the most important factors 

in realistic rock slope analysis yet they are often oversimplified in numerical simulations. This is 

primarily due to the difficulties in obtaining accurate structural and geometrical data as well as the 

stochastic representation of discontinuities. Recent improvements in both digital data acquisition 

and incorporation of discrete fracture network data into numerical modelling software have 

provided better tools to capture rock mass characteristics, slope geometries and digital terrain 

models allowing more effective modelling of rock slopes. Advantages of using improved data 

acquisition technology including safer and faster data collection, greater areal coverage, and 

accurate data geo-referencing far exceed the limitations due to orientation bias and occlusion. A 

key benefit of a detailed point cloud dataset is the ability to measure and evaluate discontinuity 

characteristics such as orientation, spacing/intensity and persistence. These data can be used to 

develop a discrete fracture network (DFN) which can be imported into the 
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numerical simulations to study the influence of the stochastic nature of the discontinuities on the 

failure mechanism. I demonstrate the application of digital terrestrial photogrammetry in 

discontinuity characterization and distinct element simulations within a slate quarry. An accurately 

georeferenced photogrammetry model is used to derive the slope geometry and to characterize 

geological structures. I first show how a discontinuity dataset, obtained from a photogrammetry 

model can be used to characterize discontinuities and to develop discrete fracture networks. A 

deterministic, three dimensional distinct element model is then used to investigate the effect of 

some key input parameters (friction angle, spacing and persistence) on the stability of the quarry 

slope model. Finally, adopting a stochastic approach, discrete fracture networks are used as input 

for 3D distinct element simulations to better understand the stochastic nature of the geological 

structure and its effect on the quarry slope failure mechanism. The numerical modelling results 

highlight the influence of discontinuity characteristics and kinematics on the slope failure 

mechanism and the variability in the size and shape of the failed blocks. 

Key words : photogrammetry, Delabole Quarry, slope stability, discrete fracture networks, 

distinct element simulation 

5.2. Introduction 

High quality slate has been quarried at Delabole Slate Quarry, located in Cornwall, United 

Kingdom (Figure 5.1) for several centuries (Coggan and Pine 1996). The Delabole Slates are 

fine-grained, greenish grey quartz-chlorite-sericite slates with small, oval-shaped pyrite spots that 

are interbedded with limestone parting and coarser arenaceous beds (Freshney 1972). The 

Delabole Slates form part of the metamorphic aureole of the Upper Devonian sedimentary rocks 

adjacent to the Bodmin Moor granite laccolith (Leese and Setchell 1937). Structurally the quarry 

lies in the south-western flank of the Davidstow anticline (Shillitto 2013). Intense tectonic pressure 

during the American Orogeny formed cleavage normal to the direction of the maximum 

compressive stress (Riggs 2014). 
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Figure 5.1. Delabole Slate Quarry located in Cornwa ll, United Kingdom (source: 
Ordnance Survey; http://www.ordnancesurvey.co.uk/) 

The quarry is approximately elliptical in plan: 700 m in length (north-south direction), 400 

m in width (west-east direction) and 150 m in depth. The overall slope angle varies throughout 

the pit: 28ᵒ at north-east, 40ᵒ at east and 50ᵒ at north (Shillitto 2013). Coggan and Pine (1996) 

provided a brief overview of the geology of the quarry and previous discontinuities that have been 

identified within the quarry slopes. Prominent discontinuities have been given local names by the 

quarrymen (e.g. Floors, Shortahs and Grain). 

Current production at the quarry is limited to the north-east region, where 4-10 m high 

near-vertical benches are formed by diamond impregnated wire sawing (Figure 5.2). This 

excavation technique results in minimal damage to the slate, thereby increasing product recovery. 

In view of limited rock mass damage, the quarry provides an excellent site for investigating rock 

mass characteristics and potential for discontinuity-controlled instability without having to evaluate 

the detrimental effects of blast-induced damage to the rock mass. The quarry is currently 

undertaking a push-back on the upper benches of the north-east region in order to provide access 

to high quality slate in the central and lower sections of the slope. This is being undertaken using 
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mechanical excavation, with waste material being placed within the west and south regions of the 

quarry. 

 

Figure 5.2. Photograph of the north/north-east slop e taken from the south of Delabole 
Quarry looking north; overall slope height is appro ximately 150 meters, 
bench heights are between 4 to 10 meters 

Evidence of the potential for discontinuity-controlled instability on the north-east slope can 

be seen in Figure 5.3, which shows an image of a recent 50 m wide and 13 m high planar failure 

on an upper bench. Crack opening was observed by the quarrymen at the crest of the bench 

during regular inspection and the unstable section safely removed. The basal surface of the 

failures shown in Figure 5.3 is provided by Floors, with lateral release surfaces provided by 

Shortahs and Grain. The failures highlight the three-dimensional nature of the potential failure 

due to blocks formed by the discontinuities and the influence of bench-face orientation on the 

likelihood for instability. 

Previous geotechnical investigations have highlighted the controlling influence of 

discontinuities on both the stability of the quarry and quarrying operations (Clover 1978; Coggan 

and Pine 1996; Costa et al. 1999). Coggan and Pine (1996) analysed the 1967 failure of the west 

slope and showed that the failure was controlled by the interaction of several distinct blocks. They 

suggested a progressive multi-block failure with some degree of block rotation and translation. 

Costa et al. (1999) carried out a slope stability investigation of the north-east slope to demonstrate 
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the significance of key discontinuities on potential for translational failure. This investigation 

primarily involved kinematic analysis of specific slope orientations and the use of two-dimensional 

distinct element modelling with UDEC (Itasca 1997). 

I highlight the use and application of several techniques for three-dimensional simulation 

of the potential for failure of the north/north-east slopes using a combination of:  

• Digital data acquisition and subsequent analysis of the point cloud data 

• Wedge failure analysis incorporating a basal failure surface  

• Application of three-dimensional distinct element modelling to undertake a 
sensitivity analysis on the key input parameters controlling stability of the modelled 
slope 

Numerical modelling results are presented to show the effects of discontinuity spacing, 

persistence and shear strength on model behaviour. The procedure for the development, 

validation and incorporation of a discrete fracture network into a three-dimensional distinct 

element rock slope model is also outlined. 

 

Figure 5.3. The 2012 planar failure on the upper be nch of north-east Delabole Quarry 
slope and showing Floors, Grain and Shortahs discon tinuity sets that 
caused the failure; the strike length of upper sect ion of the failure is 50 m 
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5.3. Methodology 

Three-dimensional simulation of rock slopes must consider the complexities related to the 

interaction of 3D slope geometry and true discontinuity set orientations. Slope geometries may 

often be oversimplified within 3D numerical simulations with little consideration of the potential 

effects of confinement, slope kinematics, slope curvature and release surfaces. Discontinuities 

are usually represented deterministically without accounting for uncertainty and spatial variability 

which represent inherent characteristics of rock mechanics problems (Einstein and Baecher 

1983). Terrestrial remote-sensing techniques (e.g. photogrammetry and laser scanning) now 

provide a convenient additional tool to help reduce these problems. Photogrammetry and laser 

scanning provide (x, y, z) point clouds of the slope surface which can be used to build realistic 3D 

slope geometries. These methods also allow coverage of a wide range of the pit slope surface 

and the ability to acquire discontinuity databases remotely (Sturzenegger and Stead 2009a). The 

remote sensing data provide key geotechnical information such as discontinuity orientation and 

length as well as the location of each joint measurement. The volume of data can be significantly 

greater both in terms of magnitude and the areal extent mapped compared to traditional 

geotechnical data mapping (Fekete and Diederichs 2013). The acquired discontinuity data can 

also be used to develop stochastic discrete fracture networks (DFN’s) for more realistic 

representation of discontinuities. 

Application of remote sensing methods for discontinuity mapping has increased 

significantly in the last decade. Coggan et al. (2008), for example, provided a detailed comparison 

between the results of conventional hand-mapping, terrestrial photogrammetry and laser 

scanning data (including discontinuity orientation and trace length) for rock mass characterisation. 

Oppikofer et al. (2009) used terrestrial laser scanning for the structural mapping of the 

inaccessible main scarp of Åknes rockslide in western Norway. Sturzenegger and Stead (2009b) 

provided a comprehensive evaluation of terrestrial photogrammetry and laser scanning for 

discontinuity characterization and presented practical recommendations for optimizing the use of 

these techniques. Sturzenegger and Stead (2009a) combined terrestrial photogrammetry with 

laser scanning to generate a 3D model of the South Peak of Turtle Mountain, Alberta, Canada. 

Firpo et al. (2011) used photogrammetric techniques to obtain geometrical and structural setting 

of a quarry located in the Carrara Marble District for subsequent distinct element modelling. 

Tuckey (2012) used photogrammetry and laser scanning to characterize discontinuities in three 

large open pits (Jwaneng diamond mine, Botswana; Diavik diamond mine, Canada; Highland 
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Valley copper mine, Canada.) and one natural rock slope (Stawamus Chief, Canada). Eyre et al. 

(2014) showed the application of laser scanning in providing geometrical inputs for subsequent 

rockfall analysis. These techniques have also been applied to characterize rock masses 

underground. Styles et al. (2010) and Preston et al. (2014) used digital photogrammetry to 

characterize brittle fracture in mine pillars and conducted repeated time-lapse photogrammetry of 

hard rock pillars in order to characterize changes and damage in rock masses with time.  

Discrete fracture network (DFN) generators such as FracMan (Dershowitz et al. 2014) and 

FracSim3D (Xu and Dowd 2010) can provide a more realistic representation of fractured rock 

masses. Discrete fracture networks have been used in a wide range of geomechanical problems 

(e.g. large open pits, tunneling, block caving, reservoir geomechanics, etc.). Elmo and Stead 

(2010) incorporated a discrete fracture network within the FDEM code, ELFEN (Rockfield 2009), 

to realistically simulate the behaviour of fractured rock pillars. Vyazmensky et al. (2010) used a 

combined FDEM/DFN modelling approach to investigate the pit wall instability triggered by caving 

operations at Palabora mine, South Africa. 

In order to define a fracture network to represent a natural joint system, at least three sets 

of parameter are required (Elmo 2006): 

• Fracture size distribution 

• Fracture orientation distribution 

• Fracture density 

For flow simulations, fracture transmissivity and aperture should also be defined (Rogers et al. 

2006). DFN generator codes such as FracMan consider different parameters (such as areal 

intensity P21 and volumetric intensity P32) to represent the degree of fracturing in a rock mass. P21 

and P32 are defined as the cumulative length of fractures per unit area and the cumulative area of 

fractures per unit volume, respectively. Rogers et al. (2014) highlighted the importance of the 

volumetric fracture intensity parameter, P32, in DFN generation as this property represents a non-

directional measure of rock mass fracturing, incorporating both fracture frequency and fracture 

size. They showed that the P32 property strongly controls rock mass geomechanical properties 

such as fragmentation, block size and stiffness.  

In this study I use the three-dimensional distinct element code 3DEC V. 5. 0 (Itasca 2014a) 

to investigate the stability of the north/north-east walls of Delabole Quarry. Figure 5.4 illustrates 
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the methodology adopted. Terrestrial photogrammetry is performed at the site in order to 

characterize the rock mass. The point cloud derived from the terrestrial photogrammetry is used 

to reproduce a realistic 3D slope surface geometry for a section of the north/north-east face which 

is then incorporated into the numerical simulations using 3DEC. Discontinuity mapping is also 

performed using the photogrammetry model, allowing development of a realistic DFN which can 

be integrated within the 3DEC simulations. The FracMan DFN code is used to determine the 

statistical parameters that represent the joint sets (i.e. orientations, length and volumetric fracture 

intensity parameter, P32). 

 

Figure 5.4. Methodology adopted for rock mass chara cterization and subsequent 
numerical simulations 

5.4. Digital data acquisition 

In 2012, laser scanning of the quarry was undertaken using a LeicaTM ScanStation C10. 

Strategically placed High Definition Surveying targets and four multi-set-up scan locations were 

employed to capture the three-dimensional geometry of the north-east face to minimize 

occlusions (Figure 5.5). In order to provide later geo-referencing of the scan, differential GPS was 

also used during the survey with compatible LeicaTM SmartScan antennae. Point cloud 

registration and geo-referencing was performed by LeicaTM Geosystems using LeicaTM Cyclone 

software (Leica Geosystems 2010), Figure 5.6. In 2014, terrestrial photogrammetry was also 
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performed on the north/north-east slopes using a Canon 7D digital camera with a 200 mm focal 

length lens. The distance between the slope face and camera stations range from 150 to 450 m. 

The photographs were taken using five camera stations from the bottom of the pit in order to 

minimize occlusion (Figure 5.5). The base-distance ratio (the distance between the two camera 

stations/the average distance to the slope face) was set to 1:5 in order to maximize the calculated 

distance accuracy. All photographs were processed using the Adam Technology 3DM Analyst 

software suite (ADAM Technology 2014) including 3DM CalibCam, DTM Generator and 3DM 

Analyst. In order to georeference the photogrammetry model, control points were selected on the 

LiDAR model and included within the photogrammetry model. The point cloud obtained from the 

photogrammetry model served as an input (to generate the slope geometry) for the subsequent 

slope stability analysis. The final 3D photogrammetry model and x, y, z, point cloud were then 

used to map the discontinuities within the pit and to create the 3D slope geometry. Discontinuity 

surfaces are extracted from the photogrammetry model by fitting a disk to a selected part of the 

point cloud (Figure 5.7a). The disk is defined by some key information including a vector normal 

to the plane, origin (x, y, z) and radius. Structural mapping was conducted on the photogrammetry 

model and all the mapped discontinuities were imported into Dips V. 6. 0 (Rocscience 2014a) for 

discontinuity orientation analysis. Figure 5.7b shows a lower hemisphere equal angle contoured 

pole plot of the identified discontinuities. Three discontinuity sets (Floors, Grain and Shortahs) 

were identified within the slope face. Floors dominate the stability of the north-east slope and are 

associated with numerous low-angle reverse faults which are also responsible for the thickness 

of the slate in the quarry (Freshney 1972). The remotely captured orientation data compares 

favorably with previous conventional mapping of discontinuities at the quarry (Table 5.1). 
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Figure 5.5. Plan view of Delabole Slate Quarry illu strating the locations of camera and 
laser scanner stations (after Shillitto 2013) 

 

Figure 5.6. Example screen-shot image of a section of the geo-referenced x, y, z point 
cloud based on 2012 laser scanning 
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Figure 5.7. a) Discontinuity mapping of the North-N orth East face of Delabole quarry 
using the photogrammetry model; each disc represent s a discontinuity 
measurement, b) Lower hemisphere equal angle contou red pole plot 
showing the three discontinuity sets within the Del abole Quarry North-
North East slope face. 
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Table 5.1. Orientation of discontinuity sets within  the north-east slope of the Delabole 
Quarry compared to the previous measurements  

Discontinuities 

Clover (1978) Rosthorn (1991) Costa et al. (1999) Current data 

Dip 

(ᵒ) 
Dip direction 

(ᵒ) 
Dip 

(ᵒ) 
Dip direction 

(ᵒ) 
Dip 

(ᵒ) 
Dip direction 

(ᵒ) 
Dip 

(ᵒ) 
Dip direction 

(ᵒ) 

Floors 20-30 225 35 247 52 253 16 264 

Grain 75 055 84 296 72 031 74 022 

Shortahs 75 100 73 106 73 94 73 105 

5.5. Discrete fracture network development and vali dation 

The discontinuity data from the photogrammetry model (including orientation, location and 

size) were processed in order to build a representative discrete fracture network. The FracMan 

code was used to derive the statistical parameters associated with the trace length, orientation 

as well as the volumetric fracture intensity, P32. The steps undertaken to generate discrete fracture 

networks for the Delabole Quarry slope are explained below. 

5.5.1. Discontinuity trace length 

Discontinuity persistence is typically a key factor in the stability of slopes, yet it is one of 

the most difficult discontinuity properties to measure. Often long discontinuity traces extend 

beyond the visible exposure of the rock slope surface, where one or both ends of the discontinuity 

are not visible (Sturzenegger et al. 2007). Therefore, trace length is normally considered as an 

indication of discontinuity persistence. Values of trace length typically display a Negative 

Exponential, Power Law or Log Normal distribution, whereby the frequency of very persistent 

discontinuities is much less than that of less persistent discontinuities (Priest and Hudson 1981; 

Cai 2011). Elmo (2006) used Log Normal distributions to describe fracture size distributions from 

the 2D mapped trace length at the Middleton mine, Derbyshire, UK.  

In this study, the Log Normal distribution was found to provide a good fit to the discontinuity 

trace length data. Figure 5.8 shows the Log Normal fits assigned to the Cumulative Distribution 

Function (CDF) plots of trace length for each discontinuity set in order to determine the 

corresponding trace length distributions. A summary of the statistical parameters that describe 

the Log Normal distribution of the three discontinuity sets is provided in Table 5.3. 
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Figure 5.8. Cumulative Distribution Function of tra ce lengths for the three discontinuity 
sets (Floors, Grain and Shortahs) and Log Normal fi t assigned to the data 
(each dot represents a discontinuity measurement an d the lines show the 
Log Normal fit assigned to the data) 

5.5.2. Discontinuity orientation 

In order to determine the statistical distribution associated with the orientations of the 

discontinuity sets, the “Interactive Set Identification System” module within the code FracMan is 

used. This module defines fracture sets from mapping data using an adaptive probabilistic pattern 

recognition algorithm (Dershowitz et al. 2014). The algorithm defines the orientation distribution 

for the fractures assigned to each set, and then reassigns fractures to sets according to 

probabilistic weights proportional to their similarity to other fractures within the set. The 

orientations of the sets are then recalculated and the process is repeated until the set assignment 

is optimized (Dershowitz et al. 2014). Using this approach, joint set orientation parameters were 

fitted to a Fisher distribution and the output parameters used to build a representative DFN. 

Table 5.3 shows the statistical parameters that describe the orientations of each discontinuity set. 

5.5.3. Volumetric fracture intensity, P 32 

P32 is the preferred measure for fracture intensity for DFN simulation (Rogers et al. 2014). 

Unlike P10 and P21 which can be directly derived from field data (using scanline and window 
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mapping), P32 cannot be measured in the field. Dershowitz and Herda (1992) proposed a linear 

correlation between P21 and P32 in order to determine P32 from P21: 

 ABC = DCE × ACE  Equation 6 

Where, C21 is a dimensionless constant (constant of proportionality). The value of C21 

depends on the orientation and size distributions of the joint set as well as the orientations of the 

outcrop. It is possible to determine the P32 corresponding to the mapped P21 in the field by running 

a series of simulated models and using the fracture size and orientation distributions defined 

earlier. The basis for this simulated sampling methodology is described in Staub et al. (2002) and 

Elmo (2006).  

Table 5.2 shows the areal intensity P21 values for each discontinuity set as measured from 

the photogrammetry model, and the corresponding values of C21 and P32 calculated for the three 

discontinuity sets using the method described in Staub et al. (2002). Note that the Floors 

discontinuity set has the highest P21 value (0.14 m-1), while the Shortahs has the lowest value 

(0.02 m-1). A summary of the statistical parameters that describe the fracture network within the 

north/north-east slopes is provided in Table 5.3. These parameters are subsequently used to 

generate multiple DFN realizations for integration within the 3DEC simulations. 

Table 5.2. Measured fracture intensity values (P 21) for the three joint sets and determined 
C21 and P 32 values 

Discontinuity set P21 (m-1) C21 P32 (m-1) 

Floors 0.14 1/0.3 = 3.3 0.46 

Grain 0.03 1/0.81 = 1.23 0.037 

Shortahs 0.02 1/0.9 = 1.1 0.022 
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Table 5.3. Summary of the statistical parameters th at describe the fracture system within 
the north, north-east slopes of Delabole Quarry 

Discontinuity set  Properties Distribution Parameters 

 Length(m) Log Normal Mean: 0.8 deviation: 0.6 

Floors Orientation (o) Fisher  Dip 16, Dip direction 270, κ 18 

 P32 (m-1)  0.46 

 Length(m) Log Normal Mean: 0.4 deviation: 0.4  

Grain Orientation (o) Fisher Dip 64, Dip direction 16, κ 8 

 P32 (m-1)  0.037 

 Length(m) Log Normal Mean: 0.1 deviation: 0.6  

Shortahs Orientation (o) Fisher Dip 70, Dip direction 110, κ 10 

 P32 (m-1)  0.022 

5.5.4. Discrete fracture network validation 

Model validation is an important component of DFN engineering. Since the current DFN 

model used a simulated sampling methodology to determine fracture intensity P32 (i.e. mapped 

data are already used in the simulated sampling process), validation is consequently limited to 

the fracture orientation and fracture size. Accordingly, orientations and trace length of the 

synthetic discontinuities are analysed and compared with the mapped discontinuities (Table 5.4). 

Figure 5.9 shows a lower hemisphere equal angle contoured pole stereoplot of one DFN 

realization of the three discontinuity sets. The orientations of the stochastically generated 

discontinuities (Figure 5.9) compares favorably with the mapped discontinuities (Figure 5.7b). 

Table 5.4. Mean dip and dip directions of the three  discontinuity sets obtained from the 
photogrammetry and DFN models 

Discontinuity set 
Photogrammetry DFN 

Dip (ᵒ) Dip direction (ᵒ) Dip (ᵒ) Dip direction (ᵒ) 

Floors 16 264 16 267 

Grain 74 22 69 19 

Shortahs 73 105 74 109 
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Figure 5.9. Synthetic joint orientation data using the statistical parameters that describe 
the fracture system (Table 5.3) 

In order to validate the Log Normal distributions assigned to the trace length of the three 

discontinuity sets, a fracture network associated with each discontinuity set is generated in 

FracMan (using the statistical distributions presented in Table 5.3). The trace lengths of the 

synthesized discontinuities on the slope face are then analysed and compared to the trace length 

analysis for the mapped discontinuities (Figure 5.8). Figure 5.10 shows the Cumulative 

Distribution Function for the trace lengths generated using the DFN representing the three 

discontinuity sets. By comparing the range of trace lengths and percentages for the DFN model 

and the mapped discontinuities, it can be seen that the DFN model favorably reproduces the 

mapped discontinuities. 
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Figure 5.10. Cumulative Distribution Function of tr ace length of the three discontinuity 
sets (Floors, Grain and Shortahs) generated using t he using the statistical 
parameters described in Table 5.3 

5.6. Block kinematic analysis 

Previous studies by Costa et al. (1999) highlighted the potential for planar failure to occur 

on the Floors within the north-east slope depending on bench orientation and shear strength of 

the discontinuities. Observed instability (shown in Figure 5.3) suggests that failure may also be 

influenced by potential lateral release surfaces provided by a number of discontinuities including 

both the Grain and Shortahs. A preliminary investigation of the kinematics of potential instabilities 

within the north/north-east slopes was undertaken using Swedge V. 6. 0 (Rocscience 2014b). 

Within the Swedge model, the Floors discontinuity was considered as a basal failure surface. This 

analysis examines the possibility of rock slope failure due to the unfavourable orientations of 

discontinuities. Considering the three discontinuity sets (Floors, Grain and Shortahs) within the 

model a wedge is formed (Figure 5.11). The mean values of the discontinuity set orientations 

(Table 5.3) are considered in the Swedge model. Shear strength properties within the model are 

based on the results of laboratory and field tests provided in Costa et al. (1999) for distinct element 

modelling of the north-east slope (Table 5.5). Using the shear strength properties shown in 

Table 5.5, the wedge is stable with a factor of safety equal to 1.7. Only when the friction angle of 

the basal surface is decreased to 20ᵒ does the model become unstable. 
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Figure 5.11. a) Swedge model illustrating a socket wedge formed by the three 
discontinuity sets (Floors, Grain and Shortahs); b)  a small scale 
discontinuity controlled failure within the quarry slope 

Table 5.5. Geomechanical properties and spacing of discontinuity sets within the 
north/north-east slopes of Delabole Quarry (from Costa et al. 1999) 

Parameter Floors Grain Shortahs 

Cohesion (kPa) 0 0 0 

Friction angle (°) 31 41 41 

Dilation angle (°) 10 5 5 

Normal stiffness (GPa/m) 7 12 12 

Shear stiffness (GPa/m) 0.7 1.2 1.2 

Spacing (m) 3 15 5 

When stability of the rock mass is controlled by displacements along discontinuities, a 

discontinuum model is the most appropriate tool to investigate the rock mass behaviour. In order 

to provide a better understanding of slope stability at Delabole Quarry, numerical modelling using 

the 3D distinct element code, 3DEC (Itasca 2014a), has been performed. 3DEC has been 

successfully used to investigate the stability of rock structures in both underground and surface 

applications. For example, Gao (2013) used 3DEC to study the mechanism of roof failures in 

underground coal mine roadways. Fekete and Diederichs (2013) used combined laser scaning-

3DEC modelling for underground rock mass characterization and stability analysis. Salvini et al. 

(2014) used a DFN-3DEC approach to investigate the stability of a quarry slope located in the 

Torano basin, Carrara, Italy. They used a combined terrestrial photogrammetry-laser scanning 

approach to collect discontinuity data within the quarry. Wolter (2014) used 3DEC to investigate 
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the influence of block geometry and kinematics on failure mechanism of the 1963 Vajont Slide, 

Italy. 

5.6.1. Distinct element simulation approach 

The data gained from the terrestrial photogrammetry of the quarry were used to build the 

geometry of the slope for 3DEC simulations. The mesh processing code, MeshLab (Cignoni and 

Ranzuglia 2014) allowed conversion of the georeferenced photogrammetry point cloud to a 3D 

surface; this surface was then converted into a closed volume using the Rhinoceros code (McNeel 

2014). Finally the closed volume was prepared for input into 3DEC using KUBRIX® Geo (Itasca 

2014b) for the subsequent distinct element simulations.  

The model vertical lateral boundaries were fixed in the horizontal direction and the base 

of the model fixed in both the horizontal and vertical directions. A network of history points 

comprising five columns and six rows (30 points in total) was located within the model to monitor 

displacements and velocities throughout the slope simulations. Such an extensive slope 

monitoring method is designed to better understand the behaviour and stability of different parts 

of the modelled slope with increasing calculation time steps. In 3DEC, blocks can behave as 

either rigid or deformable with an assumed stress–strain constitutive criteria (Cundall 1988). Due 

to the relatively shallow depth of the quarry (150 m) and the discontinuity controlled nature of the 

observed instabilities, rigid blocks (with 2600 kg/m3 density) were assumed in order to focus the 

investigation on the influence of block kinematics and the strength properties of discontinuities on 

potential failure mechanisms. Two different discontinuum approaches were used in this study:  

1. The discontinuity sets from the stereonet analysis (Figure 5.7b) were used to develop 

the geomechanical model and the effect of change in friction angle, spacing and persistence of 

the joint sets investigated through a series of parametric analyses.  

2. Multiple realizations of discrete fracture networks were built based on the results 

presented in section 5.5 and integrated within the 3DEC model. 
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5.6.2. Deterministic approach 

i. Influence of the friction angle of the modelled basal surface (Floors) 

Kinematic analysis using Swedge suggested that the potential for sliding on Floors is 

controlled by the discontinuity shear strength. Therefore, using a parametric analysis approach, 

the influence of the friction angle on the stability of the slope was investigated in 3DEC. Three 

discontinuity sets were assumed within the model; however, only the friction angle of the basal 

surface (Floors) was varied in the simulations. Shear strength and spacing of the joint sets are 

presented in Table 5.5. Figure 5.12 shows 3DEC results for specific model runs with different 

friction angle values assumed for the Floors. It should be noted that all models were run for 

200000 calculation time steps. Based on the assumed slope geometry and discontinuity sets, 

model instability is considered in terms of localized and inter-ramp failure.  

With reduction in the friction angle of the Floors set from 31ᵒ to 26ᵒ, a minor failure was 

simulated limited to the bench scale and involving block translational and block rotational modes 

of failure (as shown in Figure 5.12a). Further reduction in the friction angle, increases the extent 

of the simulated slope failure to the inter-ramp scale (Figure 5.12b, c and d). Block failures within 

the models occur through opening along Shortahs, lateral shear along Grain and sliding on the 

Floors discontinuity sets (Figure 5.12d). It is also evident that the north-east part of the simulated 

slope is more unstable than the north section. This is in good agreement with field observations, 

and emphasizes the controlling influence of discontinuity orientation relative to slope face 

orientation on potential instability. Since the dip direction of the Floors is within ±20ᵒ of the dip 

direction of the north-east slope, this part of the model is more susceptible to discontinuity-

controlled instability. The dip direction of the north part of the model, however, is significantly 

different from the Floors, resulting in increased stability within the model.  

Figure 5.13 shows the increase in displacements throughout the model at different 

calculation time steps. Each cell represents a history point located within the model as defined in 

Figure 5.12a. The value within the cell represents the maximum horizontal displacement of the 

history point at the specified time step. The displacement values are colour-coded (with green 

representing low displacement values and red representing higher displacement values). This 

methodology provides improved visualization of both the extent and magnitude of displacements 

throughout the slope simulation process and in different parts of the slope. This “spatio-temporal” 

displacement plot clearly shows the development of instability zones within the north-east slope. 
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Horizontal displacements in the models are compared and illustrated in Figure 5.14. From this it 

is evident that the bench stability within the models decreases with a reduction in the friction angle 

of the Floors joint set. 

 

Figure 5.12. a) The location of the network history  monitoring points; failure of 3DEC 
models with varied friction angle of the basal surf ace (Floors); a) 26 ᵒ, b) 
24ᵒ, c) 22ᵒ and d) 20 ᵒ; e) Inset illustrating the failure mechanism, open ing of 
Shortahs and shearing along Grain and Floors discon tinuities 
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Figure 5.13. Maximum horizontal displacement of all  the history points within the model 
at different time steps; each cell represent a hist ory point within the model 
and the value in the cell illustrates the maximum h orizontal displacement 
(m) for the specified time step.  

 

Figure 5.14. Recorded horizontal displacements for the models presented in Figure 5.12, 
with assumed friction angle for the basal surface ( Floors). 
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ii. Influence of discontinuity set spacing 

A second series of 3DEC simulations was undertaken to investigate the effect of 

discontinuity set spacing on the potential slope failure mechanism. For these models, the friction 

angle of the basal surface was maintained at 22ᵒ. Four 3DEC models with increased spacing 

values were investigated. In these models, the original spacing values provided in Table 5.5 were 

multiplied by 2, 3 and 4 (Table 5.6). This was undertaken to maintain the observed in-situ relative 

block size aspect/dimensions.  

With an increase in spacing value by a factor of two, failure occurs at the inter-ramp scale 

(Figure 5.15b). When the spacing value is multiplied by a factor of three, failure occurs at the 

bench scale only with a significant decrease in the number of blocks involved (Figure 5.15c). 

Individual block failures only occur in the north-east part of the slope. A further increase in spacing 

(when multiplied by four) results in no significant displacements within the model, and the model 

appears fully stable (Figure 5.15d). Plots of horizontal displacements versus calculation time 

steps also show an increase in the model stability with increase in assumed joint spacing, 

highlighting the influence of modelled block size on model behaviour (Figure 5.16). 

Table 5.6. Spacing of discontinuities used in each numerical model 

Spacing multiplier Floors (m) Grain (m) Shortahs (m) 

1-initial spacing 3 15 5 

2 6 30 10 

3 9 45 15 

4 12 60 20 
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Figure 5.15. The effect of change in the assumed di scontinuity set spacing on the 
simulated 3DEC failure mechanism; a) initial base m odel spacing, b) 2X, c) 
3X and d) 4X spacing multipliers 

 

Figure 5.16. Recorded horizontal displacements for the models presented in Table 5.6 
with varied joint spacing 
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iii. Influence of discontinuity persistence on mode lled slope behaviour 

The effect of non-persistent discontinuities and intact rock bridges on the stability of rock 

slopes has been emphasized within the literature (e.g. Tuckey et al. 2012; Havaej et al. 2012). 

Due to the inherent difficulties in the measurement of persistence, a parametric analysis assuming 

a range of persistence values may provide an improved understanding of the slope behaviour 

when discontinuities are not fully persistent (as often the case in rock engineering problems).  

In 3DEC persistence can be assigned to discontinuities as a probability that any given 

block lying in the path of a joint will be split (Itasca 2014a). For example, if a persistence value 

equal to 0.9 (p = 0.9) is assigned to a discontinuity, then on average 90% of the blocks will be 

split. Brideau et al. (2012) used this method to investigate the effect of persistence on the stability 

of a concave rock slope. In this section I investigate the influence of persistence of the three 

discontinuity sets on the slope failure mechanism in the north-north east face of Delabole Quarry. 

The persistence value assigned to the basal surface is shown in Table 5.7. Block movements for 

the model assuming a fully persistent basal surface (p = 1) were previously illustrated in 

Figure 5.12c. Decreasing the p-value to 0.8 significantly decreases the extent of failure particularly 

at the top of model (Figure 5.17a). The 3DEC slope model remains unstable at most of the 

benches (especially within the north-east section of the modelled slope). A further reduction in 

the scale of the failure is observed when the persistence value is further reduced to 0.6 

(Figure 5.17b). Limited bench scale failure is observed when the p-value is decreased to 0.4 

(Figure 5.17c), and no unstable blocks are formed when the p-value is decreased to 0.2 

(Figure 5.17d). The recorded horizontal displacements for all the persistence models are 

presented in Figure 5.18. Models 2-4 show a continuous increase in the recorded displacements 

while model 5 is stable with insignificant horizontal displacements, highlighting the controlling 

influence of modelled persistence on slope behaviour. 

Table 5.7. Varied persistence of the three disconti nuity sets  

Model No. Persistence (%) 

1-Initial persistence 100 

2 80 

3 60 

4 40 

5 20 



 

108 

 

Figure 5.17. The effect of change in the persistenc e of the three joint sets on the 
modelled failure mechanism; a) p = 0.8, b) p = 0.6,  c) p = 0.4 and d) p = 0.2 

 

Figure 5.18. Recorded horizontal displacements for the models with varied persistence 
values 

5.6.3. Stochastic simulations using discrete fractu re networks in 3DEC 

Using the statistical parameters associated with the three discontinuity sets (Table 5.3), I 

developed discrete fracture networks which were then incorporated within the 3DEC models. Due 

to the stochastic description of the joint system, each 3DEC model has a unique realization of 
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discontinuities; therefore, each generated DFN is slightly different. In this study four DFN 

realizations are generated and simulated in 3DEC (Figure 5.19). A visual comparison between 

the results of the DFN models and the previous deterministic models shows a similar type of 

failure mechanism with planar failure on the Floors and lateral release provided by the Grain and 

Shortahs. This highlights the detrimental effect of Floors on the stability of the model, particularly 

within the north-east part of the quarry. Figure 5.20 compares the block shapes and sizes in the 

stochastic models (Figure 5.19) and the initial deterministic model (Figure 5.12c). While the failed 

blocks within the deterministic model are formed by tetrahedral and pentahedral wedges (ranging 

in size from 4 to 8 m), shapes of the failed blocks within the stochastic models vary from 

tetrahedral and pentahedral wedges to polyhedral and columnar blocks (ranging in size from 1 to 

10 m). This provides an improved indication of the in-situ variability of block shapes and sizes 

observed in the north-east slope of the quarry. Similar to the deterministic models, the majority of 

the failed blocks are located within the northern and north-eastern parts of the quarry slope. In 

order to better understand the stability of each DFN realization, using the same methodology as 

in section 5.6.2 (Figure 5.13e), displacements throughout the models are recorded and presented 

using a colour coding approach (Figure 5.21). The displacement plot of realization 3 shows failure 

of only one history point while realizations 1, 2 and 4 show failure of several history points. It 

should be noted that due to the relatively large distances between the history points, some of the 

block failures (in between history points) may not by recorded by the history points. Realization 4 

shows the highest displacement value (5.2 m) within the four realizations. 
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Figure 5.19. Block displacement plots for the four different 3DEC-DFN model realizations 
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Figure 5.20. Comparison between block shapes and si zes observed in the 
deterministic and stochastic models 

 

Figure 5.21. Maximum horizontal displacements (m) o f all the history points within 
the DFN models at 120,000 time steps 
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Broadbent 1980; Mercer 2006; Dick et al. 2013). A regressive movement is periodic 
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the behaviour of the slope changes from regressive to progressive is called “onset-of-

failure”.  

Figure 5.22 compares inverse numerical velocity plots for realization 1 (history 

point 23) and realization 2 (history point 17). The onset-of-failure in the 3DEC model 

coincides with the point at which the inverse velocity plot starts approaching zero and 

subsequent displacements continuously increase. Although the onset-of-failure for both 

models occurs at 10000 calculation time steps, the progressive part of the two plots exhibit 

two distinct behaviours. The horizontal displacement plot of realization 1 exhibits a 

relatively smooth increase and the inverse velocity plot shows a relatively smooth 

decrease towards zero indicating the complete kinematic freedom of the failing block. In 

realization 2, however, the downward trend of inverse velocity and upward trend of 

horizontal displacement are interrupted in two instances (time steps 32800 and 53800). 

This indicates a relative degree of block confinement and interlocking in the vicinity of the 

failing block prohibiting continuous displacement of the block. Figure 5.23 explains the 

clear differences in the failure mechanism and inverse velocity plots of the failing blocks 

in realizations 1 and 2. Due to their kinematic freedom, the failing blocks in realization 1 

are continuously moving out of the slope while the movements of the failing blocks in 

realization 2 are slowed and constrained by confinement and interlocking caused by 

displacements of the neighbouring blocks. This inter-relation between slope failure, 

kinematics and inverse velocity plots has been previously observed in numerical 

simulation of natural and engineered slopes using Slope Model (Itasca 2010b), a 3D brittle 

fracture code (Havaej et al. 2014 and Havaej et al. 2015, see Chapter 6). 
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Figure 5.22. Superimposed plots of inverse velocity , horizontal displacement and onset of slope failur e for realization 1 and 
2 

 

Figure 5.23. Insets comparing free sliding of the f ailing blocks in realization 1 with interlocking an d confinement of the 
failing blocks in realization 2  
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5.7. Conclusions 

Digital data acquisition has been successfully used to collect discontinuity 

characteristics for the north-east slope of Delabole Slate Quarry. Using this technique I 

was able to produce an accurate data set which includes key discontinuity properties such 

as orientation, trace length and the location of each discontinuity measurement. This 

extensive data set was then used to statistically describe the variability of discontinuity 

orientation, length and intensity through development of discrete fracture networks. 

Incorporation of these DFNs into realistic 3D slope geometry of the Delabole Quarry 

developed from the photogrammetry point cloud, helped to better understand the influence 

of discontinuity variability, kinematics and slope orientation on the potential failure 

mechanism of the rock slope. 

Stereonet analysis of the remotely captured orientation data set resulted in 

identification of three discontinuity sets (Floors, Shortahs and Grains). Mean dip and dip 

direction of the three discontinuity sets agrees favourably with previous hand mapping 

undertaken at the quarry. Swedge analysis, using the newly-released basal wedge 

emphasized the potential for sliding on Floors with lateral release surfaces provided by 

both Shortahs and Grain, agreeing with field observations. 

Deterministic 3DEC simulations were initially used to investigate the influence of 

the three discontinuity sets on the stability of the slope face. A series of parametric 

analyses considering the influence of friction angle, spacing and persistence of the 

discontinuities on model behaviour was conducted. The results highlighted the critical role 

these parameters have on potential for instability, and the probable extent of modelled 

failure in the north-east slope at Delabole.  

Stochastic simulations, using a combined 3DEC-DFN approach, showed a 

broader range of failed block shapes and sizes within the modelled rock slope 

(Figure 5.20). This analysis better captures the observed variability of block failures within 

the north-east slope of the Delabole Quarry. Both the deterministic and stochastic models 
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showed instabilities in the north/north-east part of the slope while the north-west part was 

more stable.  

Application of a spatio-temporal displacement analysis provides considerable 

potential for improved understanding of the behaviour of rock slope deformation. 

Application of the inverse numerical velocity approach (commonly used in displacement 

monitoring practices) provided a better understanding on the modelled failure mechanisms 

of the failed blocks. It also helped to determine the numerical onset-of-failure. This is 

particularly important since failure in a numerical model is often associated with selected 

but somewhat arbitrary displacement values. The onset-of-failure method provides a more 

rigorous methodology to define the numerical time of failure within the simulations. 
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Chapter 6.  
 
*The possible role of brittle rock fracture in the 1963 
Vajont Slide, Italy 

Mohsen Havaej, Andrea Wolter, Doug Stead 

Simon Fraser University, Burnaby, British Columbia, Canada 

6.1. Abstract 

Recent developments in data acquisition techniques and numerical codes have 

made it possible to investigate brittle fracture associated with the failure of high rock slopes 

with complex geometries. In this chapter, I use a state-of-the-art numerical simulation 

approach to investigate the Vajont slope failure, a large catastrophic landslide that resulted 

in the loss of 1910 lives. This study represents the first three-dimensional (3D) brittle 

fracture simulation of the Vajont Slide including the effect of groundwater on the failure. A 

realistic representation of the Vajont slope geometry, failure surface and discontinuities in 

the 3D lattice spring code Slope Model allowed to study the kinematics of the landslide. 

Using a lattice-spring block model approach, the relations among the number of blocks, 

slope damage, and stability are investigated. The influence of an elevated groundwater 

table on displacements and cracking within the model is evaluated. The results show a 

good agreement with the reported microseismic events prior to the failure. Two new 

techniques, “damage intensity”, D32 and the “ellipsoid of damage” are introduced and used 

to quantify brittle damage within the numerical simulations. 
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6.2. Brittle fracture in high rock slopes 

Potential failure of high rock slopes, both engineered and natural, is often 

examined with the assumption that discontinuities are intersecting and fully persistent 

(Eberhardt et al. 2004c). This assumption is unrealistic for most large rock slopes, where 

instability is controlled by several failure modes including sliding along major geological 

discontinuities, step-path failure and circular or quasi-circular failure paths through intact 

rock (Figure 6.1; Baczynski 2000). Although there has been a significant development in 

the numerical modelling techniques over the past decade, challenges still exist in 

measuring true persistence, as well as including complexity of slopes and discontinuities 

in numerical models (Tuckey et al. 2012). Existence of intact rock bridges between 

discontinuities or on discontinuity surfaces can significantly increase the stability of a slope 

(Frayssines and Hantz 2006; Paronuzzi and Serafini 2009; Grøneng et al. 2009; Elmo et 

al. 2011; Sturzenegger and Stead 2012; Havaej et al. 2012). Developments in the 

sophistication of geomechanical modelling codes and increasing computing power have 

made it possible to include discontinuities in simulations that are not fully persistent and 

to investigate the interaction between existing discontinuities and intact rock bridges 

through fracture initiation and propagation. Recently, a three-dimensional brittle fracture 

code, Slope Model (Itasca 2010a) was developed as part of the Large Open Pit (LOP) 

project. Slope Model utilizes a lattice-based structure, consisting of point masses (nodes) 

connected by springs (Figure 6.2); this structure was designed to replace the ball and 

contact structure of PFC 3D (Itasca 2010b). The lattice model simulates fracture through 

the breakage of springs in shear and tension. Once the spring fails in either tension 

(normal spring) or shear (shear spring), the tensile strength and cohesion revert to zero. 

Within the code, joint slip is modelled using a modified version of the smooth joint model 

(SJM). SJM is a method of inserting joints into the particle assembly in order to overcome 

the particle bumpiness for smooth sliding between two particles (Itasca 2010b; Zhang 

2014). 
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The code uses an explicit solution scheme suitable for simulation of highly 

nonlinear behaviour such as fracture, slip and opening/closing of joints (Itasca 2010a). For 

example, Lorig et al. (2010) used Slope Model to simulate failure of intact rock bridges in 

high rock slopes. The code has been used to reproduce the results of centrifuge tests on 

a synthetic material containing multiple parallel joint planes for modelling progressive 

failure of foliated rock slopes (Cundall 2011; Adhikary and Dyskin 2007). Tuckey et al. 

(2012) used Slope Model to simulate a pseudo-two-dimensional bi-planar failure in order 

to investigate the influence of internal damage and dilation on the slope failure 

mechanism.  

 

Figure 6.1. Composite failure path through a rock s lope (modified after Baczynski 
2000). 

 

Figure 6.2. The lattice model consisting of nodes a nd springs (Cundall 2011) 
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Kvapil and Clews (1979) suggested a Prandtl Wedge mechanism in order to 

explain the mechanism of bi-planar failure. Figure 6.3 illustrates the concept of the Prandtl 

Wedge mechanism, where the driving forces caused by the active block are transferred 

to the passive block through a transition zone. This zone is characterised by significant 

dilation and damage (Figure 6.3). A smaller degree of fracturing occurs within the active 

block where downward movement of the failing mass creates tensile fractures as 

illustrated in Figure 6.3.  

 

Figure 6.3. Conceptual illustration of the Prandtl transition zone applied to an 
idealized bi-planar slope failure (Tuckey et al. 20 12a) 

Havaej et al. (2014) showed that non-daylighting wedges (i.e. wedges with a line 

of intersection parallel to or plunging steeper than the slope face) may fail if driving forces 

are high enough to cause failure of a given rock mass at the slope toe. Their numerical 

simulations showed that without the capability for brittle fracture, models predict stable 

conditions in contrast to models in which brittle fracture can occur. Therefore, slope 

geometries that are otherwise kinematically stable may fail if brittle fracture is allowed 

within the simulation. This generation of new fractures has been observed from the micro-

scale (during laboratory tests and shearing of joint roughness) to the macro-scale (large 

rock slopes and underground excavations) (Yan 2008; Gao and Stead 2013; Hamdi et al. 

2013).  

Many researchers have tried to characterize damage in rock engineering 

problems. Diederichs et al. (2004) defined a crack intensity parameter as the length of the 

newly created cracks per sample area to quantify damage in their PFC (Itasca 1995) 

simulations. Gao (2013) used D21 to characterize damage in simulations of roof failure in 
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underground coal mines. Gao (2013) and Hamdi et al. (2013) utilized D21 to quantify 

damage in 2D/3D numerical simulations of unconfined compression and Brazilian tests at 

the laboratory scale. To quantify damage in three-dimensional simulations a similar 

damage intensity parameter can be introduced as the ratio of the total area of the 

generated cracks to the sampling volume: 

D2 (1 m# ) =
$%$&'	(&)&*+	&1+&	()
)

.&)/'0,*	3%'4)+	()5)
  Equation 6.1 

Havaej et al. (2014) used D32 to quantify damage in their simulation of bi-planar 

and non-daylighting wedges. They also adopted the concept of the strain ellipsoid to 

propose a new method for damage quantification. In structural geology, a strain ellipsoid 

is defined as a conceptual deformed sphere that can be described by three vectors, e1, e2 

and e3. These vectors define the length and orientation of the principal strain axes (Fossen 

2010). This concept can be modified for damage quantification. An “ellipsoid of damage” 

can be defined as an ellipsoid which encompasses the newly created cracks within a part 

or whole of a given model. The centre of the ellipsoid can be defined in a way to have the 

shortest average distance from the newly created cracks. In this way, the dimensions of 

the damage ellipsoid are defined based on the extent of crack development away from 

the centre of the damage zone. In order to avoid the inclusion of outlier cracks, the ellipsoid 

may be refined using a damage cut-off. This threshold can be incorporated using 

percentiles of newly generated fractures (Havaej et. al 2014). Defining the ellipsoid of 

damage not only provides a useful tool for understanding the extent and orientation of the 

damaged zone, but also provides a sampling volume to determine D32. 

6.3. The 1963 Vajont Slide 

The 1963 Vajont Slide in northeast Italy epitomises complex catastrophic rock 

slope failures (Figure 6.4). It occurred when a 270 million m3 carbonate-dominated rock 

mass slid into the newly created Vajont Reservoir, causing a displacement wave that 

overtopped the Vajont Dam and flooded villages below, killing 1910 people. Although the 

event has been studied for half a century and over 200 publications on it exist (e.g. 

Hendron and Patton 1985; Semenza 2010; Superchi 2012 and Genevois and Tecca 2013) 
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several aspects remain poorly understood. Among these are the kinematics of the 

landslide and the role of pre-existing non-persistent discontinuities and brittle fracture of 

the rock mass in forming the basal and secondary shear zones within the sliding mass. 

The landslide is structurally controlled; Massironi et al. (2013) have provided a 

thorough review of available data and presented a complete interpretation of geological 

structures within the landslide. It is bounded on its east lateral and west rear sides by the 

Col Tramontin (CT) and Col delle Erghene (CE) faults, respectively (Figure 6.4a). The 

bowl-shaped sliding surface geometry is largely a result of two interfering synclines. The 

Massalezza Syncline, with a fold hinge oriented approximately N-S, is probably related to 

the Paleogene Dinaric phase of Alpine deformation. The fold hinge coincides with the 

present course of the Massalezza Gully. The Erto Syncline (ES) is linked to the Miocene 

Neoalpine deformation event, and its hinge plunges 20° to the E/ESE. The southern limb 

of the Erto Syncline has been refolded, and determines the chair-shaped cross-section of 

the slide area (Figure 6.4b). The two fold generations have also created complex 

decametre-scale interference patterns (Ravagnan 2011; Massironi et al. 2013; Wolter et 

al. 2014). The asperities related to the fold interference could have acted as rock bridges 

as the sliding zone was developing, inhibiting movement. The presence of these fault and 

fold systems has resulted in a lower rock mass quality in the eastern half of the landslide. 

In contrast, the western half of the Vajont Slide is less disturbed by faulting and has a 

higher rock mass quality (Superchi 2012). 

Unlike many fragmented rockslide deposits such as those of the Frank (Brideau et 

al. 2011), Hope (Brideau et al. 2005), Madison Canyon (Wolter 2014), and Randa 

landslides (Eberhardt et al. 2004a; Löw et al. 2012) the Vajont Slide deposit remained 

fairly intact. Nonetheless some extensional features are evident in pre-and post-failure air 

photos (Figure 6.5). Kilburn and Petley (2003) used a “slow-cracking model” to 

quantitatively describe the observed increases in slope movement before collapse. They 

state that in high rock slopes, rates of slope movement are controlled by rates of cracking. 

These newly-created cracks, when interlinking, may form a major failure plane with a 

residual shear strength that may trigger a rapid catastrophic slope failure (Kilburn and 

Petley 2003). 
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The slide deposit comprises eastern and western lobes; Superchi (2012) and 

Bistacchi et al. (2013) suggested that the larger west block failed first, followed by the east 

block. Field and aerial photograph geomorphological observations, engineering 

geomorphological maps, and numerical simulations suggest the further separation of the 

west block into five sub-blocks (Wolter et al. 2013a; b). Some of the extensional features 

shown in Figure 6.5a align with the sub-block and block boundaries, while others are minor 

features within sub-blocks indicating internal deformation. 

Two aspects of the Vajont slope may have contributed to the intact nature of the 

deposit: the weak formational clays and cataclasites at the shear zone, and the 

hydrogeological conditions of the slope prior to failure. The clays are hypothesised to be 

of volcanic origin (Bernoulli and Peters 1970) and are 5-15 cm thick layers at the shear 

zone location. The cataclasites commonly coincide with the clays in the stratigraphy and 

are related to earlier movement and deformation in the shear zone. Previous studies 

(Hendron and Patton 1985; Tika and Hutchinson 1999; Ferri et al. 2010; Ferri et al. 2011) 

have indicated that the clays and cataclasites have very low friction angles, less than 12°. 

The location of Vajont Slide is characterised by several aquifers. Based on 

piezometric data and field observations, Hendron and Patton (1985) suggested the 

existence of two aquifers, one below the sliding surface and one above, separated by the 

clay-rich layers. The fluctuations in the water table due to rainfall, reservoir filling and 

drawdown adversely affected the slope, changing pore pressures and swelling clays. 
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Figure 6.4. Settings of the 1963 Vajont Slide; a) L iDAR image showing the 
dominant structures controlling the Vajont slope. C E = Col delle 
Erghene Fault, CT = Col Tramontin Fault, MS = Massa lezza Syncline, 
ES = Erto Syncline. b) Chair shape of the stratigra phy at Vajont 
(modified after Genevois and Ghirotti, 2005). DP = Dolomia 
Principale, SF = Soverzene Formation, IF = Igne For mation, CV = 
Calcare di Vajont, FF = Fonzaso Formation, So = Soc cher Fomation, 
SR = Scaglia Rossa, Q = Quaternary material, a = al luvium (after 
Wolter 2014). 
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Figure 6.5. Vajont Slide: a) pre-failure extensiona l features (white) and b) post-
failure extensional features (black) (Havaej et al.  2013) 

6.4. Numerical simulation 

Given its geometrical and geological complexity, Vajont Slide is a three-

dimensional problem. New data acquisition techniques, such as laser scanning and 

photogrammetry, can provide an accurate representation of complex slope geometries 

and discontinuities. These techniques produce point clouds which can be converted into 

3D closed volumes and imported into 3D numerical codes (e.g. Slope Model) in a dxf file 

format. The 3D geometry of the landslide that is used for the numerical simulations is 

based on the GoCAD model proposed by (Bistacchi et al. 2013). They reconstructed a 3D 

geological model of Vajont using pre- and post-landslide geological maps, orthophotos, 

digital elevation models, structural data, and borehole and geophysical data. This allows 

for a more realistic representation of the landslide structures, particularly the non-planar 

geometry of the failure surface and failure kinematics. The sliding surface, discontinuity 

orientations and locations derived from field analysis and long-range terrestrial 

photogrammetry using a Canon 50D camera (Wolter 2014) are included explicitly in the 

model (Figure 6.6). 
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Figure 6.6. Geometry of the Vajont Slide including the failed mass and block 
boundaries included in the numerical simulations 

6.4.1. Numerical model set up 

Geomechanical properties for Slope Model simulations are based on Ghirotti 

(1992, 1994) (Table 6.1). Vertical lateral boundaries are fixed in the horizontal direction. 

Model resolution (average spacing of lattice nodes) is set to 20 meters. Displacement, 

velocity and number of cracks are recorded to monitor the behaviour of the landslide. 

Failure is indicated by a continuous increase in the displacement of moving points and in 

the number of new cracks in the model. When groundwater is not included in the model, 

failure occurs for a friction angle of 13ᵒ or less (Figure 6.7). This correlates with a 

parametric analysis conducted by Wolter et al. (2013a) in UDEC (Itasca 2012) to 

determine the critical friction angle of the sliding surface above which the slope is stable. 

Given various failure surface configurations (linear, circular, bi-planar, etc.), their results 

for assumed dry conditions suggest critical friction angles of 5°-12°. To explicitly 

investigate the negative effect of pore water pressure on the shear strength of the sliding 

surface, a groundwater table is included in the models based on the assumptions of 

1963 failed mass

Massalezza Gully

Block boundary

Sub-block boundary 1

Sub-block boundary 2

500m
N
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Hendron and Patton (1985). They suggested a general groundwater flow system in a 

section through Mt. Toc assuming a relatively homogenous and isotropic distribution of 

hydraulic conductivity (Figure 6.8). For the Slope Model simulations with groundwater, a 

critical sliding surface friction angle of 17ᵒ is obtained at failure (Figure 6.9). This value is 

used for the remaining simulations in which groundwater is included. 

Table 6.1. Slope Model input parameters 

Intact rock Discontinuities Dry model W.T. included 

Young's modulus (GPa) 20 Friction angle-sliding surface (ᵒ) 13 17 

Poisson's Ratio 0.25 Friction angle- discontinuities (ᵒ) 20 35 

Density (kg/m3) 2690 Cohesion-sliding surface (MPa) 0 0 

Friction angle (ᵒ) 45 Cohesion- discontinuities (MPa) 0.1 0.1 

Tensile strength (MPa) 5 Normal stiffness (GPa/m) 5 5 

Cohesion (MPa) 6 Shear stiffness (GPa/m) 0.6 0.6 

1 

 

Figure 6.7. Recorded horizontal displacement vs. ca lculation time in Slope Model 
runs with different sliding surface friction angles  (without 
groundwater)  

Increasing slope movement
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φ=14˚
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Figure 6.8. General groundwater flow system that mi ght be expected through Mt. 
Toc (after Hendron and Patton 1985) 

 

Figure 6.9. Recorded horizontal displacement vs. ca lculation time in Slope Model 
simulations with different sliding surface friction  angles (with 
groundwater) 
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6.4.2. The importance of kinematics in the Vajont S lide 

A good understanding of the kinematic controls on failure is a significant element 

of any rock slope analysis. Sitar and MacLaughlin (1997) used the discontinuous 

deformation analysis (DDA) method to study the effect of block size and kinematics on the 

failure mechanism of the Vajont Slide. Corkum and Martin (2004) used the three 

dimensional distinct element code 3DEC to investigate the effect of increasing the number 

of inter-block discontinuities on the stability of a rock slope. Brideau and Stead (2010) 

used 3DEC to investigate the influence of kinematics and the three-dimensional 

orientation of discontinuities on block toppling mechanisms. Stead and Eberhardt (2013) 

highlighted the relation between failure kinematics and slope damage in the failure of 

natural and engineered rock slopes. They discussed different controlling factors, including 

slope topography, failure surface geometry, and lithological variations. Wu et al. (2013) 

highlighted the influence of kinematics and the sliding surface geometry on the Hsien-du-

Shan failure using discontinuous deformation analysis technique. 

In this section of the chapter, I investigate the influence of each individual observed 

major discontinuity and the number of blocks on both the failure mechanism and 

associated slope damage at Vajont using a similar approach to that used by Corkum and 

Martin (2004). In order to investigate the effect of discontinuities on slope behaviour, a 

series of Slope Model simulations was carried out for nine different assumed discontinuity 

configurations. All discontinuities included in the block models, as well as the sliding mass, 

are shown in Figure 6.10. Groundwater is included within the simulations based on a 

reservoir level of 650 meters above sea level (masl). The block model simulations vary 

from the simplest case including just the sliding surface (one-block model) to the most 

complex case including all discontinuities (five-block model), (Figure 6.10; Table 6.2). An 

onset-of-failure (OOF) is defined as the calculation time at which the stability of a slope 

changes from decelerating behaviour (regressive deformation) to accelerating behaviour 

(progressive deformation) leading to slope collapse; this is similar to slope monitoring 

practice used by Zavodni and Broadbent (1980), Mercer (2006) and Dick et al. (2013). 

Since unstable models by their nature continuously deform and generate additional 

cracks, running a model with different calculation times would result in different numbers 

of cracks and damage values (i.e., the longer an unstable model is run the more damage 
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accumulates). The OOF logic can be used to overcome this problem by defining a 

calculation time for the numerical models. In this way, all the models have a simulation 

time equal to their onset-of-failure. Figure 6.11 shows plots of inverse velocity and 

horizontal displacement which are used to define the onset-of-failure for the five-block 

model. The OOF for this model is just after 56 s calculation time. Before this point, the 

inverse velocity plot is fluctuating and displacements are gradually increasing with a 

steady rate. After the OOF, however, a significant decrease in inverse velocity and 

increase in displacements are observed. Using the same approach, the OOF for all 

remaining models is determined. The number of cracks and displacement values that 

occur at the OOF are considered for the subsequent comparison of the models.  

Figure 6.12 shows the simulated number of newly created cracks and horizontal 

displacement as a function of number of blocks for each model. All the Vajont models with 

less than four blocks were stable and the number of cracks and horizontal displacements 

increased only slightly as the number of blocks increased from one to three. Model M6 

with four blocks is also stable with a slight increase in the number of cracks and 

displacement compared to the three-block models. The model becomes kinematically 

unstable only when sub-block boundary 2 (Figure 6.6) is included within the model (model 

M7 with four blocks). With the further increase in the number of blocks, displacement 

increases while the number of cracks decreases. This suggests that for the unstable 

models an increase in the number of blocks facilitates movements within the model, 

producing higher displacements, with less fracturing required for the failure to occur, 

resulting in a decreasing number of cracks.  
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Figure 6.10. Discontinuity configurations within th e block models 

Table 6.2. Discontinuities included in each block m odel (Figure 6.10) 

Model Number of 
blocks 

Discontinuities included 

M 1 1 Sliding surface 

M 2 2 Sliding surface, block boundary 

M 3 2 Sliding surface, Massalezza Gully 

M 4 3 Sliding surface, block boundary, Massalezza Gully 

M 5 3 Sliding surface, block boundary, sub-block boundary 1 

M 6 4 Sliding surface, block boundary, sub-block boundary 1, Massalezza Gully 

M 7 4 Sliding surface, sub-block boundary 1 and 2, Massalezza Gully 

M 8 4 Sliding surface, block boundary, sub-block boundary 2, Massalezza Gully 

M 9 5 Sliding surface, block boundary, sub-block boundary 1 and 2, Massalezza 
Gully 

500 meters

M1 M2

M4 M5

M7 M8

M3

M6

M9

N
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Figure 6.11. Superimposed plots of inverse velocity  and horizontal displacement 
illustrating the regressive and progressive failure  as well as onset-
of-failure 

 

Figure 6.12. Simulated number of cracks and horizon tal displacement for models 
M1 to M9 assuming different numbers of blocks 
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A comparison between model M6 and M7 highlights the significant influence of 

sub-block boundary 2 on the slope failure. This boundary is further investigated by running 

a separate one-block model with decreased shear strength on the failure surface. For this 

model when the friction angle of the sliding surface is decreased from 17ᵒ to 16ᵒ isolated 

newly created cracks appear in the model at the beginning of the simulation with minor 

displacements occurring throughout the model. As the sliding mass moves down the slope 

on the bowl-shape sliding surface, more cracks appear, connecting to form a secondary 

discontinuity zone with an east-west orientation (Figure 6.13). This secondary 

discontinuity zone develops where the assumed sub-block boundary 2 was located in 

previous models M6 to M9. This suggests that a predefined or stress-induced discontinuity 

or damage zone must exist within the modelled sliding mass for the failure to occur. 

Figure 6.14 shows a cross section through the western lobe of the sliding mass model 

including the sliding surface and groundwater table (following the west section of Bistacchi 

et al. 2013). Red disks in Figure 6.14 represent clusters of newly created cracks that are 

concentrated in the area of highest sliding surface curvature between the back and seat 

of the chair-shaped failure surface. This is in agreement with Mencl (1966) indicating 

fracturing and disintegration of the sliding mass in the Prandtl Wedge transition zone. A 

displacement profile through this section shows the highest horizontal displacement in the 

active block and the lowest in the passive block (Figure 6.14). Considering the results of 

Slope Model numerical simulation and the recorded seismic activity prior to the landslide 

(Caloi 1962; Belloni and Stefani 1987), I suggest that sub-block boundary 2 is a stress-

induced discontinuity or damage zone that developed as a result of decreased effective 

frictional resistance of the sliding surface due to the increase in pore water pressure. To 

quantify the damage in this model, I used an ellipsoid of damage approach and the 

damage intensity parameter, D32. Outlier cracks that are located far from the ellipsoid 

centre are excluded by constraining the ellipsoid to the 95th percentile of fracture 

development. Figure 6.15 shows the cumulative number of cracks as a function of 

distance from the centre of the ellipsoid. Considering 95% of the newly created cracks, 

the dimensions of the ellipsoid are determined and, along with the calculated damage 

intensity parameter, are presented in Table 6.3 The major axis of the ellipsoid is trending 

at 269ᵒ (E-W direction) with a slight plunge to the west (Table 6.4) 
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Figure 6.13. Failure of the one-block Vajont model with decreased sliding surface 
friction angle showing development of a stress indu ced brittle 
fracture discontinuity zone discontinuity (dashed y ellow line); inset 
shows sub-block boundary 2 for comparison; black da shed line (A-
A') shows the location of the cross section shown i n Figure 6.14.  

 

Figure 6.14. Cross section of the reduced sliding s urface friction angle model 
through the western lobe of Vajont Slide, shown in Figure 10, a) red 
disks indicate cracks and b) displacement profiles 
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Figure 6.15. Cumulative frequency of cracks plotted  against distance of cracks 
from the centre of the ellipsoid 

Table 6.3. Dimensions and volume of the ellipsoid o f damage and damage 
intensity parameter D 32 

Major axis, e1 (m) 589 

Intermediate axis, e2 (m) 103 

Minor axis, e3 (m) 67 

Volume (m3) 1.7×107 

Number of cracks 1706 

D32 (m-1) 0.13 
 

Table 6.4. Orientations of the axes of the ellipsoi d of damage 

Axis Trend (ᵒ) plunge (ᵒ) 

Major 269 5 

Intermediate 176 29 

Minor 8 60 
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6.4.3. The importance of groundwater in the Vajont failure 
mechanism 

After the failure of Vajont several authors have tried to investigate the landslide 

from a hydrogeological point of view. Hendron and Patton (1985) provided the detailed 

rainfall records of the landslide from 1960 to 1963 (Figure 6.16). They suggested that 

continuous rainfall before the failure and increased reservoir level may have contributed 

to the effective stress reduction through the increase in pore water pressure. Broili (1967) 

characterized sliding surface of the Vajont Slide and described the role of impermeable 

thin clay in the failure. The clay layers were further softened as a result of the increased 

groundwater table, facilitating catastrophic failure (Wolter 2014). 

Repeated filling and drawing down of the Vajont Reservoir as well as rainfall are 

considered as the main triggering causes of the landslide (Genevois and Tecca 2013; 

Wolter et al. 2013a, b). The water level in the reservoir is believed to have a direct effect 

on the rate of displacement at Vajont (Genevois and Tecca 2013). Water can trigger a 

deep-seated slope failure in two ways: first, by reducing effective stress, and hence shear 

strength of discontinuities. Second, by enhancing cracking of a rock mass and thus 

potentially causing slope failure (Kilburn and Petley 2003). In the case of Vajont Slide, 

engineers involved in the construction and maintenance of the dam in 1959-1963 believed 

that the slowly moving mass preceding the 1963 catastrophic failure could be controlled 

by adjusting the rate of filling of the reservoir. Several small failures and tension crack 

openings occurred in the sliding mass during the reservoir infilling. Figure 6.16 shows the 

changes in the reservoir level from 1960 to 1963 and the corresponding rates of 

displacement. The first movements were measured in May, 1960, when the reservoir level 

was 595 masl (Semenza 2010). After the first cycle of reservoir filling up to an elevation 

of 650 m, a large zone started moving downward. The boundary of this zone was a 

peripheral M-shaped crack with a length of over 2 km and an opening of 50-100 cm that 

formed in October, 1960 (Belloni and Stefani 1987; Semenza 2010). This was followed by 

a failure with an approximate volume of 700 000 m3 at Pian della Pozza in November, 

1960 (Figure 6.17), which created a two-meter high wave in the reservoir. At this stage, it 

was decided to lower the reservoir level immediately, create a bypass tunnel and install 

new geoseismic instrumentation. The reservoir level was lowered to 600 m in December, 

1961, which led to a drastic reduction in the slope movements (Semenza 2010).  
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The second reservoir infilling began in October, 1961. The water level was 

increased very slowly and reached 700 m by the end of November, 1962. At this point, 

the movements had increased to 1.5 cm/day and therefore it was decided to begin a 

lowering phase (Semenza 2010). Displacements gradually decreased until they reached 

almost zero in March, 1963 (Semenza 2010). The third infilling period started in April, 

1963, at a faster rate than the second time. At 700 m water level, the slope was moving 

0.5 cm/day. Despite increasing movements, the reservoir level was further raised to 710 

m leading to strong seismic activity and widening of the perimeter M-shaped fissure. The 

subsequent drawdown of the reservoir failed to decelerate displacements of the sliding 

mass which led to the catastrophic failure. 

The first geophysical survey at Vajont was conducted before the first infilling in 

1960. The result classified the rock mass as being very sound rock (Belloni and Stefani 

1987). The second and third geophysical investigations were conducted in December, 

1960, and February, 1961, respectively (i.e. during and after the first drawdown). These 

investigations showed a drastic reduction in velocity of the seismic waves. Caloi (1962) 

suggested that this reduction was due to damage of the rock mass. A seismograph was 

installed at the dam site at the end of 1959 (Belloni and Stefani 1987). The seismograph 

recorded 50 events with Richter magnitudes between 0-2 (Kilburn and Petley 2003). 

Considering the operation of only one seismograph, only a crude location of the seismic 

events can be approximated as presented in Figure 6.17 (Kilburn and Petley 2003). Since 

rock mass fracturing causes seismic events, one can expect that an increase in seismic 

events may actually reflect an increase in rock mass cracking and displacements. The 

“slow-cracking” model proposed by Kilburn and Petley (2003) suggests that rates of 

movement are proportional to rates of cracking. Similar behaviour has been noted in brittle 

fracture simulation of non-daylighting wedges in brittle rock masses (Havaej et al. 2013).  
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Figure 6.16. a) Reservoir water levels, b) rate of slope movement, c) precipitation 
and d) seismicity records (only the events higher t han 5 µm are 
reported) from 1960 to 1963 (modified after Hendron  and Patton 1985 
and Delle Rose 2012)  
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Figure 6.17. M-Shaped sliding mass (larger dashed l ine), the preferred location of 
seismicity recorded across the eastern side (vertic al shading) and 
centre and southern limit (dashed shading) of the u nstable mass 
(Kilburn and Petley 2003) 

Three critical reservoir levels (600 m, 650 m and 700 m) according to Figure 6.16 

are selected and considered within the numerical models. The geomechanical properties 

presented in Table 6.1 for wet conditions are used in the models. All the simulations run 

in this section are four-block models without including the sub-block boundary 2 (i.e., 

model M6 in Table 6.2). Horizontal displacement and the number of newly created cracks 

are monitored within each model (Figure 6.18 and Figure 6.19). When a model is failing, 

the number of newly created cracks and displacements continuously increases; for a 

stable model they reach equilibrium after initial cracking and movement. The results 

clearly show a decrease in slope stability with an increase of the reservoir level 

(Figure 6.18 and Figure 6.19). The model with a 600-m reservoir level is stable with limited 

degrees of cracking and displacement (Figure 6.18, Figure 6.19 and Figure 6.20a). As 

illustrated in Figure 6.16, when the reservoir level is at 600 m, a few seismic events are 

recorded. Therefore, there is good agreement between the numerical results and the 

recorded displacements and seismic events. It should be noted that since the resolution 

of the lattice scheme in the numerical model is 20 meters each new crack represents a 
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disk with a radius of 20 meters. Therefore the relatively insignificant degree of damage 

(compared to the other models) still affects the integrity of the rock mass.  

As mentioned before, formation of the M-shaped crack and failure of Pian della 

Pozza in 1960 occurred when the reservoir level was at 650 m. The recorded rates of 

displacement and number of seismic events for this period of time are significant 

(Figure 6.16). The results of the numerical simulations also show a substantial increase in 

displacement rates and number of new cracks (Figure 6.18, Figure 6.19 and Figure 6.20b). 

This model reaches equilibrium after development of new cracks within the central part of 

the sliding mass. I investigated the stability of this configuration when the sub-block 

boundary 2 is included in a separate model. The results show continuous displacement of 

the model leading to slope failure (Figure 6.21). A cluster of fractures develop in the 

eastern lobe of the model orienting roughly NE-SW (sub-parallel to the block boundary in 

Figure 6.6).  

Results of numerical simulations show a significant increase in the number of 

newly created cracks and horizontal displacements when the reservoir level is further 

increased to 700 m (Figure 6.18, Figure 6.19 and Figure 6.20c). This is also in good 

agreement with the observations and recorded rate of displacement and seismic events 

(Figure 6.16). The results clearly show development of a zone of stress-induced 

discontinuities or damage where the assumed sub-block boundary 2 is located 

(Figure 6.20c). Development of clusters of cracks at three different calculation time step 

intervals (Figure 6.18) is shown in Figure 6.22. At the first interval, a significant number of 

cracks develop throughout the east lobe of the sliding mass. At interval 2 initial signs of 

development of an east-west orienting cluster of cracks in the western lobe are evident. 

This cluster of cracks continuously grows and forms a zone of discontinuity with an east-

west orientation agreeing with the sub-block boundary 2 used in other models and the pre- 

and post-failure extensional features (Figure 6.5). 
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Figure 6.18. Simulated number of newly created crac ks as a function of 
calculation time for the Slope Model run with varie d groundwater 
levels; refer to Figure 6.22 for an explanation of the intervals 
indicated 

 

Figure 6.19. Simulated horizontal displacements as a function of calculation time 
for the Slope Model run with varied groundwater lev els 
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Figure 6.20. The effect of increased groundwater le vel on the cracking of the 
sliding mass; blue disks indicate cracks 

 

Figure 6.21. Failure of the model with 650 m ground water table when the sub-
block boundary 2 is included 
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Figure 6.22. Three stages of crack development thro ugh the sliding mass for the 
model with 700 m groundwater level 

6.5. Conclusions 

Using a 3D brittle fracture approach, this chapter investigates the role of 

kinematics, internal damage and groundwater level in the failure of the 1963 Vajont Slide. 

The results of the numerical simulations emphasized the role of kinematics and brittle 

fracture in the failure of the Vajont Slide. They showed decreased stability with increasing 

number of blocks, corroborating the findings of Corkum and Martin (2004). For the 

unstable models, increasing the number of blocks decreases the number of newly created 

cracks, which indicates an increase in kinematic freedom. The inverse velocity approach, 

which is commonly used in displacement monitoring practices, is adopted within the 

numerical models to determine the calculation time step at which failure occurs in order to 

determine pre-failure damage in the models. 

The models highlighted the significant influence of sub-block boundary 2 on the 

failure as the slope became unstable only when this damage zone was included in the 

model. When sub-block boundary 2 was not included in the model, a decreased friction 

angle of the sliding surface was required for the failure to occur. Failure of this model 

happened through development of interconnecting clusters of cracks which formed a 

discontinuity or damage zone located where sub-block boundary 2 was located. The newly 
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created, stress-induced cracks are mostly located in the area between the back and seat 

of the Vajont chair-shaped failure surface, indicating higher strain concentrations and 

internal damage in this zone of transition. This discontinuity zone is characterized using a 

new “ellipsoid of damage” and “damage intensity” D32. The proposed ellipsoid of damage 

concept is used to quantify the geometrical properties (e.g. dimensions and orientations) 

of the damaged zone. D32 on the other hand is used to provide a measure of the volumetric 

density of fracturing within the damaged zone (Zhang 2014). 

A series of simulations were conducted to investigate the influence of increasing 

groundwater level on the failure mechanism. The numerical results showed that with an 

increase in the groundwater table, displacements and degree of cracking increase 

significantly, agreeing with observations and recorded data prior to the time of failure. 

When the groundwater level was set to 600 masl, the model did not fail although an 

insignificant degree of cracking was observed. The models with groundwater level at 650 

m failed only if the sub-block boundary 2 was included within the model. The model with 

700 masl groundwater level failed without inclusion of the sub-block boundary 2. The 

cracking profile resulting from this model also showed development of a cluster of stress-

induced cracks where sub-block boundary 2 was located emphasizing that for failure to 

occur, this zone of discontinuity should be either included in the model or generated 

through formation of new cracks. The stress-induced cracks developed in clusters trending 

roughly east-west, which is in a good agreement with observed extensional features 

before and after the landslide (Figure 6.5). 

These models show the role of raised reservoir levels on internal brittle damage 

within the Vajont Slide and clearly indicate the significance of damage on the kinematics 

of the failure. This preliminary research has not considered the role of lowering and raising 

the reservoir level at Vajont, which I believe would increase the damage in a cumulative 

manner and enhance the role of reservoir level change on instability. Further code 

development is ongoing to allow the role of transient reservoir levels to be incorporated 

within the analysis. I suggest that the generation of damage due to elevated reservoir level 

had a big influence on cumulative degradation of the rock mass strength and eventually 

facilitated the catastrophic slide once the failure was triggered. While the focus of this 

study is the Vajont Slide, the role of kinematics, internal damage and groundwater level, 
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addressed in this chapter improves our understanding of the mechanics of large landslides 

in general. 
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Chapter 7.  
 
Conclusions and recommendations 

This dissertation investigates the influence of several parameters (e.g. rock slope 

damage, kinematics, failure surface geometry and groundwater) on the stability of natural 

and engineered rock slopes using several state-of-the-art numerical modelling codes (e.g. 

ELFEN, Rockfield 2009; Slope Model, Itasca 2010; 3DEC, Itasca 2014). Within this thesis, 

all the main chapters (Chapters 3-6) are written as manuscripts for different journal 

publications and are self-contained units. This chapter summarizes the findings of the 

main chapters and present a larger view of the issues addressed. 

7.1. The role of damage, failure surface geometry, 
kinematics and groundwater in high rock slope failu res 

7.1.1. The role of damage in rock slope failure 

Throughout this thesis different approaches are used to investigate the detrimental 

effect of rock mass damage on the stability of rock slopes. The results of ELFEN and 

Slope Model simulations showed two general mechanisms through which rock mass 

damage may promote rock slope failure:  

• By providing a secondary stress-induced release surface (e.g. inter block 

shear) for otherwise kinematically stable rock slopes and causing slope 

collapse; 

• Internal distortion and dilation facilitating displacement of sliding masses. 

Kinematic release is an a priori for any rock slope failure. Often intact rock and 

rock mass bridges (in-plane or out-of-plane) prevent total kinematic freedom and rock 

slope failure. However, if enough driving forces exist within the slope, these rock bridges 

may fail and provide release surfaces and the kinematic freedom necessary for rock slope 

failure. Numerical simulation of non-daylighting wedges using Slope Model (chapter 4) 

showed that although the line of intersection in this type of wedges does not daylight at 
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the slope face, failure still may occur through breakage of out-of-plane rock bridges 

located at the toe of the slope.  

A complete kinematic freedom may not necessarily lead to rock slope failure and 

a degree of internal damage, distortion and dilation may also be essential for displacement 

of a kinematically unstable rock mass. Investigation of bi-planar failure mechanisms (in 

chapter 3) highlighted the role of secondary shear surface development in the failure of 

footwall slopes. Three different approaches (frictional plasticity theory, UDEC with Voronoi 

tessellation and hybrid FDEM code ELFEN) were used to investigate the mechanism of 

development of these stress induced shear surfaces. Numerical simulations showed 

formation of an inter block shear surface in a good agreement with the prediction of 

plasticity theory and UDEC Voronoi. The numerical simulations successfully captured the 

active-passive bi-planar failure mechanism described by Kvapil and Clews (1979) through 

development of an inter block shear surface and a highly damaged transition zone 

between the active and passive blocks. This failure mechanism was also observed in 

pseudo-2D and 3D numerical simulations using Slope Model. A conceptual approach is 

adopted in chapter 4 to investigate 2D and 3D active-passive failure mechanisms. The 2D 

models are formed by a discontinuity sub-parallel to the slope face with kinematic release 

enabled through a shallow dipping discontinuity dipping out of the slope face. The 3D 

models, however, represent conventional tetrahedral wedges truncated by a basal surface 

forming a pentahedral or non-daylighting wedge. Both 2D and 3D models showed 

development of a highly fractured transition zone with shear surfaces between active and 

passive blocks. Although the bi-planar active-passive simulations (using ELFEN and 

Slope Model) were formed by a daylighting basal surface, failure occurred only when 

fracturing was allowed within the models. To emphasise, although the models were 

kinematically free with respect to release surfaces, internal fracturing and dilation was 

required to facilitate the movement of the sliding mass out of the slope. The conceptual 

modelling of active-passive failure mechanism helped to provide improved understanding 

of the catastrophic 1963 Vajont Slide using Slope Model (chapter 6). The numerical 

simulations showed that the development of a highly fractured transition zone in the 

Eastern lobe of the sliding mass (between the back and seat of the chair-shaped failure 

surface) was an important component in providing release for the catastrophic landslide. 
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This is in agreement with Mencl (1966) indicating rock mass damage and distortion in the 

Prandtl Wedge transition zone. 

7.1.2. The role of failure surface geometry in rock  slope failure 

Numerical simulation using ELFEN and Slope Model showed a close relation 

between the geometrical characteristics of high rock slopes (e.g. depth of failure, slope 

surface geometry and orientation of key discontinuities), damage and slope collapse. 

ELFEN simulations of bi-planar and ploughing failure mechanisms of footwall slopes 

showed that the bedding thickness to slope height ratio (D/H) strongly controls damage 

intensity parameter (D21) and model stability. The ELFEN models showed that an increase 

in failure depth (D/H) significantly increases the Strength Reduction Factor. The influence 

of change in slope failure surface on the failure mechanism was investigated in more detail 

using Slope Model. Numerical simulations of pseudo-2D bi-planar and 3D pentahedral 

wedge failure mechanism showed that a change in the failure surface geometry has a 

significant influence on the intensity, extent and orientation of the newly created fractures. 

More deep-seated failure surfaces require a higher degree of internal damage and 

distortion for failure to occur. 

7.1.3. The influence of block size and kinematics o n rock slope 
failure 

Block kinematic analysis of the Vajont Slide using Slope Model highlighted the role 

of block size and number on the failure mechanisms. A series of Slope Model simulations 

was conducted in which block size within the sliding mass was decreased, and block 

number increased from 1 to 5 (Figure 6.10, Table 6.2). The results showed that within the 

stable models an increase in the number of blocks increases the number of cracks and 

horizontal displacement. Unstable models, however, showed a different response to an 

increase in the number of blocks. Within these models, a further increase in the number 

of blocks leads to increased displacements and decreased number of cracks. This 

suggests that for the unstable models an increase in the number of blocks facilitates 

displacement of the sliding mass, producing higher displacements, with less fracturing 

required for the failure to occur, resulting in a decreased number of cracks.  
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3DEC analysis of the Delabole Quarry emphasised the role of kinematics and 

discontinuity variability in the failure mechanism of the north-east slope of the quarry. 

Deterministic and stochastic models showed that the north eastern part of the pit is more 

prone to block failures due to the adverse relative orientation of the major discontinuity 

sets and the slope face. Parametric analysis on discontinuity set spacing showed that an 

increase in spacing value (increase in block size) significantly decreases the extent of 

slope failure. Stochastic simulations using multiple DFN-3DEC realizations were able to 

capture the variability in block shapes and sizes observed within the north-east slope of 

the Delabole Quarry. Post-processing of DFN-3DEC realizations using inverse numerical 

velocity plots showed two different failure mechanisms depending on the kinematics and 

relative orientation of discontinuities that surround a failing block (Figure 5.23): 

I. Free block sliding 

� The failing block has a complete kinematic freedom to slide out of 
the slope.  

II. Block interlocking and confinement 

� The movement of the failing block is restricted by the confinement 
and interlocking through the movement of its neighboring blocks  

7.1.4. The role of groundwater in rock slope failur e 

A close relation was observed between groundwater level, rock damage and slope 

failure through a series of Slope Model simulations of the Vajont Slide. The 3D brittle 

fracture models investigated the effect of varied groundwater level on the failure 

mechanism of the landslide. The simulation results clearly showed that an increase in the 

groundwater table leads to a significant increase in displacements and degree of cracking 

agreeing with observations and recorded data prior to the time of failure. The models also 

showed development of a cluster of stress-induced cracks trending roughly east-west, 

agreeing with observed extensional features before and after the landslide. 
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7.2. Innovative methods for data post-processing 

In order to better understand the results of the numerical models, several data post 

processing techniques were introduced and used throughout this thesis. 

Damage extent parameters 

Damage intensity parameters (D21 in 2D and D32 in 3D) have been previously used 

to quantify the intensity of cracking within geomechanical codes (e.g. Gao 2013; Zhang 

and Stead 2014). I developed a new methodology (“ellipse of damage” in 2D and “ellipsoid 

of damage” in 3D) to quantify the geometrical characteristics of damage zone (e.g. 

orientation, dimensions and volume). These newly developed damage extent parameters 

may also be used in damage intensity calculations in order to provide a sampling 

area/volume within which the length/area of the fractures is measured. Combination of 

damage intensity parameters (D21 and D32) and damage extent parameters (ellipse and 

ellipsoid of damage) provide excellent tools to characterize damage within numerical 

codes. The Flinn diagram, which is often used in structural analysis to present ellipsoid 

shapes on two-dimensional graphical plots, was adopted in this thesis to better visualize 

the shape of the ellipsoid of slope damage. Although the damage extent methodology 

introduced in this thesis is developed using coordinates of the newly created fractures, it 

can be applied to other numerical code to quantify the extent of damage based on the 

other model outputs such as yielded elements. 

Inverse numerical velocity 

Application of the inverse velocity method (which is routinely used in displacement 

monitoring of rock slopes) to the conceptual simulations of bi-planar and pentahedral 

wedge failures using Slope Model (chapter 4) showed a great potential in data post-

processing. This method is used in this research for the first time to determine the different 

stages of slope failure (regressive, progressive and onset-of-failure) in geomechanical 

models including the 3DEC simulations of the Delabole Quarry (chapter 5) and Slope 

Model simulations of the Vajont Slide (chapter 6). Application of the inverse numerical 

velocity approach within the brittle fracture models using Slope Model helped to better 

understand the complex interaction between the pre-existing discontinuities and intact 
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rock bridges leading to development of stress induced damaged zones, kinematic release 

and final slope collapse. In these models, the regressive part of the inverse velocity plot 

is associated with the development of new cracks within the models. Onset-of-failure 

coincides with the complete kinematic freedom marking the coalescence of the new 

fractures. Finally the progressive part of the plot is associated with the continuous 

displacement and fracturing of the failing mass. In the 3DEC models however, application 

of this technique provided a better insight into the kinematics and relative displacement of 

the individual failing blocks. When displacement of a failing blocks is independent from 

that of its neighbouring block, the inverse velocity plot shows a continuous decrease 

towards zero. But when movement of a failing block is constrained, slowed or stopped as 

the result of interlocking and confinement caused by the displacement of its neighbouring 

blocks, the inverse numerical velocity plot shows a fluctuating descent towards zero 

(Figure 5.22). 

In numerical modelling, failure of an individual model is often determined based on 

a certain (and rather arbitrary) displacement magnitude. This can impose a significant bias 

in the interpretation of the results specially when a series of simulations are conducted 

and compared with each other. Since onset-of-failure is associated with the numerical time 

at which the behaviour of a model changes from regressive to progressive deformations, 

it can provide a more rigorous indication of failure in comparison to alternative methods. 

Spatio-temporal displacement profile 

The application of a network of history points within the 3DEC models of the 

Delabole Quarry helped to monitor and compare numerical displacements throughout the 

models at different time steps. In this method, displacement of a net of history points at a 

given calculation time step is presented using color-coded cells. This approach can 

provide an improved understanding of the displacements throughout the model at different 

time steps and may also with a finer spaced network facilitate easier comparison of results 

with field based displacement monitoring methods such as ground-based radar. Such an 

approach may have important potential as a tool for spatial hazard and rock assessment 

due to slope failure  
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7.3. Advantages and limitations of methods used 

In this section the advantages and limitations of the methods that are used 

throughout this thesis are summarised (Table 7.1).  

Table 7.1. Advantages and limitations of methods us ed within the thesis 

Advantages Method Used Limitations 

 ELFEN  

- Allows for realistic fracturing simulation based on 
fracture mechanics principles 

- Minimized mesh dependency through application 
of intra-element fracturing 

- 2D models only fr large scale problems  

- Post processing and quantification of damage 
requires application of image processing software 

Slope Model 

- Allows for complex model geometry 

- In-plane and out-of-plane rock bridge modelling  

- Fracture coordinates can be exported for the 
subsequent data post processing 

- Under construction 

- Computationally expensive for large models 

- Small strain code (i.e. coordinates are not updated 
as a result of displacements) 

3DEC 

- Built-in DFN modelling 

- Allows for large displacement and block rotation 

- Fracturing required use of Voronoi with run time and 
input parameter calibration considerations  

- High Computer run times for large scale DFN-3DEC 
modelling 

- Complex geometries may require simplification 

DFN 

- Considers data uncertainty 

- Represents fracture systems more realistically 

- Dependent on the quality of field data 

- Requires experience in DFN development and 
needs to be validated against field data 

- Careful consideration of structural geology required 

- Important to input major discrete structures 

Long-range photogrammetry 

- Cost effective 

- Allows for development of 3D slope surface 

- Allows for relatively fast and accurate 
discontinuity characterization 

- Occlusion and orientation bias 

- Requires specific field conditions and camera 
station arrangement 

Damage extent parameters 

- Provide a quantitative measure of the dimensions 
of the damaged zone 

- Provide a sampling area/volume for determining 
damage intensity parameters D21 and D32 

- Requires x, y, z coordinates of the fractures 
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Inverse numerical velocity 

- Improves understanding of the failure 
mechanisms 

- Provides a more rigorous methodology to 
determine the failure within the numerical models 

- Complexity may increases with model and failure 
mechanism complexity 

- Requires a good understanding of the model 

Spatio-temporal displacement profile 

- Improves visualization of block displacements at 
different calculation time steps 

- Lengthy data post processing due to the large 
number of history points 

- Small scale failures between history points may be 
overlooked – requiring finer spacing of points  

7.4. Research contributions and recommendations for  
future research 

This research presents: 

• A comprehensive investigation of brittle fracture in footwall slopes using a 
combined ELFEN/Shear strength reduction approach; 

• A detailed analysis of the interrelationship between failure surface 
geometry, kinematics and slope damage; 

• The first detailed 3D analysis of non-daylighting wedges to consider the 
role of brittle fracture; 

• An innovative and detailed discrete fracture network quarry slope 
investigation which includes combined photogrammetry, LiDAR, DFN 
generation/validation and subsequent large scale 3DEC-DFN modelling; 

• The first 3D brittle fracture, kinematics investigation of The Vajont Slide and 
the first 3D brittle fracture models to consider the combined role of brittle 
fracture and groundwater on failure; 

• Examples of several innovative methods developed during the thesis by 
the author for improved post-processing of the results of numerical 
simulation. These include: 

o  the introduction and use of damage intensity, damage ellipse and 
ellipsoid parameters for damage quantification;  
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o The introduction and use of an inverse numerical velocity methods 
to identify the onset of failure and improve our understanding of rock 
slope failure kinematics and damage;  

o The use of spatio-temporal displacement monitoring grid-based 
networks for locating areas of movement in 3D numerical models. 
(with future potential for constraining 3D models against ground-
based radar and allowing improved model hazard/risk based 
methodologies.  

Based on the results of this research, several areas for future work are 

recommended: 

• Investigation of the three-dimensional aspects of failure mechanisms of 

footwall slopes through 3D numerical simulations using Slope Model. 

Preliminary work on this was done using Slope Model 

• Further investigation of the inter-relation between damage, groundwater 

and slope failure through coupled hydro-mechanical simulations using 

Slope Model 

• Exploring the role of kinematics, slope surface geometry and damage in 

other failure mechanisms such as toppling  

• More realizations of DFN-3DEC models of the Delabole Quarry in order to 

develop a failure hazard methodology and hazard map approach 

• Investigation of the potential role of brittle fracture in the instabilities 

observed within the Delabole Quarry using Slope Model 

• More detailed investigation of the Vajont Slide through incorporation of 

further details such as bedding planes, discrete fracture networks and 

transient groundwater simulation within the model 

• Continued application and development of the proposed damage 

characterisation parameters including damage intensity measures and 
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damage ellipsoids. These should be applied to other 

continuum/discontinuum models simulating both fracture and plastic yield.  

• Damage anisotropy associated with varied failure mechanisms should be 

investigated using the strain ellipsoid approach 

• Further uses of the inverse numerical velocity approach should be explored 

in continuum and discontinuum codes. The potential applications in SSR 

analysis and for characterising pre and post-failure damage should be 

investigated. 

• Integration of the proposed inverse numerical velocity with slope monitoring 

data such as slope stability radar in order to improve understanding of the 

rock mass behaviour 
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ABSTRACT: As large open pit slopes increase in depth, it is becoming increasingly 

necessary to investigate non-conventional slope failure mechanisms. The existence of 

rock bridges can have a significant effect on rock slope stability therefore, it is necessary 

to further our understanding of the impact of rock bridges and brittle fracture processes. 

In the first part of this study, the 3D lattice spring code Slope Model allows evaluation of 

the effect of rock bridges on the stability of a pentahedral or “non-daylighting” wedge. The 

geometry adopted simulates a 3D equivalent of a conventional 2D bi-planar wedge.
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As a preliminary analysis, various rock bridge percentages were simulated by the location 

of intact rock along the basal surface of the wedge. The results demonstrate that 2% rock 

bridges on the basal surface were required to stabilize the wedge. In the second part of 

this study, the staged construction of a rock slope containing a pentahedral wedge was 

modeled to investigate damage at the toe of the slope and the depth at which the wedge 

would fail. Significant damage at the toe was noted prior to daylighting of the basal surface 

of the wedge. 

A-1. Introduction 

As large open pit slopes increase in depth, with feasibility studies now underway 

for slopes over 1.4 km, it is becoming increasingly necessary to investigate non-

conventional rock slope failure mechanisms. In massive brittle rock slopes, both natural 

and engineered (e.g. open pit mines), potential failure surfaces are often assumed as fully 

persistent continuous planes [1]. However, this is not the case for most slopes and where 

a certain percentage of rock bridges are present along the discontinuity, which increases 

the stability, ignoring their existence may lead to conservative design. To study the stability 

of high rock slopes, it is necessary to consider the interaction between existing 

discontinuities and intact rock bridges. Many authors have demonstrated the importance 

of rock bridges on the stability of slopes [2-8]. Tuckey et al. [9] state that the range of rock 

bridge percentages observed or assumed in modelling has varied between 0.2% and 45% 

in the published literature. Martin [10] and Elmo et al., [11] have shown that for slopes 

greater than 300m high in moderately hard rock, less than 10% rock bridges generally 

provides sufficient resistance along a prospective failure surface. Diederichs [12] reported 

that even when intact rock bridges occupy only a very small percentage of the discontinuity 

coplanar area, they may provide internal self-supporting load carrying capacity equivalent 

to artificial slope reinforcement systems (i.e. bolts or cables). Figure 1 shows a conceptual 

failure in a high rock slope, which involves several failure mechanisms consisting of sliding 

along the major geological discontinuities and circular or quasi-circular failure paths 

through the intact rock [13]. Limit equilibrium solutions consider an apparent cohesion in 

Coulomb theory to account for intact rock bridges along the shear surface, and an 

apparent friction angle to account for the fact that some inclinations of potential failure 

have much lower strengths than others (e.g. Jennings, 1970) [14]. These solutions have 
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been combined with probabilistic Monte Carlo methods to identify critical step paths [15], 

however they cannot represent the complex way in which localized failure propagates by 

fracture of rock bridges; nor do they account for scale effects. 

 

Figure 1. Composite failure path through a rock slo pe [13] 

In an attempt to improve the consideration of rock bridges and scale affects the 

Synthetic Rock Mass (SRM) approach, [16] was recently developed based on the distinct 

element method. This technique uses the bonded particle model, PFC 3D [17] for rock to 

represent intact rock deformation and brittle fracture, and a discrete fracture network 

(DFN) to represent the in situ joint network. Within the SRM, each joint is represented 

using the smooth-joint contact model (SJM). The SJM allows slip and separation at particle 

contacts, while respecting the given joint orientation rather than local contact orientation. 

Using the SRM, overall failure of the rock mass is controlled by both the behavior of intact 

material and pre-existing joints.  

Particle code-based SRM models employ assemblies of circular/spherical particles 

bonded together. Much greater efficiency can be realized for brittle rock if a “lattice”, 

consisting of point masses (nodes) connected by springs, replaces the balls and contacts 

(respectively) of PFC 3D. The lattice model simulates fracture through the breakage of 

springs along with joint slip, using a modified version of the SJM. Figure 2 shows a lattice 

model consisting of nodes and springs cut by a discontinuity plane. The new 3D program, 

Slope Model, uses such a lattice representation of brittle rock [18, 19]. The program 

incorporates a general DFN consisting of multiple disk-shaped joints overlain on the lattice 

springs. The lattice scheme addresses the need to model brittle fracture by considering 
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the fact that a rock mass fails as a combination of sliding (or opening) of discontinuities 

and fracture of intact rock bridges. The lattice scheme represents a realistic way of 

simulating the stability of highly fractured rock slopes in brittle rock masses [19]. 

 

Figure 2. The lattice model consisting of nodes and  springs [19]. 

Figure 3 shows a cross-sectional slice through the upper part of a 1000m slope, 

modeled with the Slope Model code [18]. The upper section shows the joint traces within 

the slice; while the lower section shows the fractures with simulated cracks added. The 

cracks tend to develop within the intact rock bridges between non-persistent joints thus 

increasing the potential for more deep-seated failure. The background colors denote 

movement magnitude; red denoting high movement and green low movement [18]. 

In this paper, the Slope Model code is used to study a failure mechanism where 

brittle fracturing of rock bridges has a potentially important role. A conventional tetrahedral 

wedge when truncated by a basal surface forms a pentahedral or non-daylighting wedge. 

This geometry is essentially a 3D-representation of the commonly analyzed 2D bi-planar 

or active passive wedge. Two discontinuity sets with assumed orientations and properties 

are included in the model as a discrete fracture network in order to provide realistic rock 

mass properties (Figure 4). Table 1 shows the assumed orientations and properties of the 

discontinuities. Figure 5 shows a cross section of the model showing the pentahedral 

wedge and the model dimensions.  

To study the importance of rock bridges along discontinuities on the stability of 

rock slopes, varied percentages of rock bridges were located along the basal surface and 

the displacement of the slope and crack initiation recorded to monitor slope failure. In the 
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second section of the paper, a conceptual 600 m high slope with 20 benches is modeled. 

In the model, the slope is constructed stage-by-stage using the batch simulation option 

included in Slope Model to determine rock mass damage at the slope toe and the potential 

for toe-breakout [16]. The practical importance of this preliminary study is that the failure 

of a 3D bi-planar wedge could initiate before the basal surface of the wedge daylights in 

the slope. 

 

Figure 3. Slope failure through fracture of intact rock bridges modeled with Slope 
Model. (Black dots are cracks) [18]. 

A-2. Effect of rock bridges on the stability of a p entahedral wedge 

Bi-planar rock slope failure is common in both natural and manmade slopes. The 

objective of this study is to assess the effect of rock bridges on the stability of a 3D bi-

planar or pentahedral wedge using Slope Model. Different approaches including limit 

equilibrium analysis, finite element, distinct element and hybrid finite/discrete element 

methods have been used to assess the effect of rock bridges on the stability of rock slopes. 

In finite element and limit equilibrium analysis, the effect of rock bridges is included 
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implicitly by using equivalent rock mass properties. A more accurate result can be 

obtained using modeling that explicitly represents joint elements and uses particle bond 

breakage (PFC) or Voronoi tessellation, (UDEC), [17 and 21]. In soil mechanics, the 

active-passive wedge slope mechanism has been frequently analyzed using limit 

equilibrium methods, [22 and 23]. In rock slope engineering, Kvapl and Clewes [24] and 

Mencl [25] have applied a modified approach in slope analysis incorporating a Prandtl 

prism transition zone. The active-passive wedge approach or non-circular methods of 

slices have been used in rock slopes geometries where the upper failure surface is along 

weak bedding planes or intra-formational shears. Stead and Eberhardt [26] illustrated the 

application of discontinuum modeling techniques to the analysis of active-passive failure 

in surface coalmine footwalls. Major rockslides such as the Vaiont slide, have been 

analyzed using a similar active-passive wedge or chair-shaped failure surface geometry 

in which internal yielding and fracturing within the rock slope must occur for kinematic 

release [25]. Stead et al. [26] suggested that only models containing elements of a 

discontinuum and intact fracture could realistically simulate the complex processes that 

occur in such massive bi-planar rock slopes failures.  

In order to assess the effect of rock bridges on the stability of a pentahedral wedge 

the geometry in Figure 5 is assumed. Figure 6 is a schematic illustration of the wedge in 

3D. Figure 5 and Figure 6 show that history points are located in two rows (rear and front) 

and three levels within the pentahedral wedge; the history points are used to monitor 

gravity-induced movement.  

The model consists of three discrete discontinuities (two faults and a basal surface) 

and two joint sets. The assumed orientations and friction angles are shown in table 1. The 

line of intersection of the two steep faults A and B has a plunge of 65ᵒ and a trend of 82ᵒ. 

The assumed intact rock properties are provided in table 2. In-situ pre-mining stresses at 

the bottom and the top of the model are considered in the model. The vertical stress at 

the bottom of the model is equal to the overburden stress. For this model, h, the maximum 

height of the model is 690 m and ρ = 2700 kg/m3. A horizontal to vertical stress of 

approximately 0.5 was assumed. 
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To simulate the effect of rock bridges on the stability of the wedge, different 

percentage of rock bridges are randomly distributed within the basal surface according to 

method described in the Slope Model manual. [27]. In this method, circular cracks of the 

given average radius are created at random within each notional joint plane until the ratio 

of total crack area to total joint-plane area (within the model) is equal to the given "area 

ratio" [27]. Figure 4 illustrates the complete model: the two joint sets are shown in green 

and light blue and the three discontinuities that form the pentahedral wedge are presented 

in red, pink, and dark blue. In Figure 7 the joint sets have been deactivated to shows the 

rock bridges that are located on the basal surface.  

In each simulation model, the amount of rock bridges is progressively increased 

as shown in table 3. Figure 7 illustrates the 3 discontinuities with 2% rock bridges on the 

basal surface. To allow kinematic release, failure of the intact rock bridges on the basal 

surface is required and the percentage of rock bridges is thus an important parameter, 

which affects the stability of the wedge. Figure 8 shows the initiation of new cracks, which 

are the result of lattice spring breakage in the model. By comparing Figure 7 and 8, which 

correspond to a stable model with 2 percent rock bridges, failure of the interspersed rock 

bridges is clear. 

 

Figure 4. Assumed discontinuities included in the m odel 
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Table 1. Orientation and properties of the disconti nuities  

 D (ᵒ) DD (ᵒ) Spacing(m) φ(ᵒ) 

Fault A 55 45 - 20 

Fault B 62 135 - 20 

Basal surface 20 0 - 27 

Joint set 1 70 50 100 30 

Joint set 2 30 100 100 30 

 

Figure 5. Cross section of the geometry used in Slo pe Model 

Table 2. Intact rock properties 

Property Value 

USC (MPa) 160 

Young's modulus (GPa) 65 

Poisson's Ratio 0.29 

Density (kg/m3) 2700 

Friction angle (ᵒ) 35 

Tensile strength (MPa) 8 
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Figure 6. The location of history points 

Table 3. Percentage of rock bridges in each model 

Model  Percentage of rock bridges Rock bridge area (m2) 

1 0 0 

2 1 2426 

3 2 4852 

 

Figure 7. The pentahedral wedge modeled using Slope  Model 
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Figure 8. Failure of rock bridges on the basal surf ace 

For each model, the displacements and the number of the new created cracks are 

recorded to monitor the process of failure propagation. As the model reaches equilibrium, 

the rate of crack formation decreases and the number of new cracks becomes constant. 

The number of new created cracks can be used as an indicator of failure. Initial model 

simulations assumed a fully continuous basal surface. Figure 9 shows the number of new 

created cracks vs. calculation time in each model. As seen in the figure, the number of 

new created cracks for the fully continuous model shows a continuous increase. The same 

trend is obtained for the model assuming 1% rock bridges and in this case, the model fails 

to reach equilibrium. However, model simulation 3 assuming 2% rock bridges, is stable 

and reaches equilibrium. 

Horizontal displacements for each model are presented in Figure 10-15. For the 

models with 0% and 1% rock bridges, all the history points show a continuous increase in 

horizontal displacement and do not reach equilibrium. The model assuming 2% rock 

bridges after an initial movement becomes stable, and reaches equilibrium with no more 

movement being recorded (Figure 14 and 15). Therefore, a value of 2 percent rock bridges 

by area along the basal surface stabilizes the unstable pentahedral wedge. 
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Figure 9. Number of new created cracks in each mode l 

 

Figure 10. Horizontal displacement histories for th e model with 0% rock bridges 
(rear history points) 
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Figure 11. Horizontal displacement histories for th e model with 0% rock bridges 
(front history points) 

 

Figure 12. Horizontal displacement histories for th e model with 1% rock bridges 
(rear history points) 
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Figure 13. Horizontal displacement histories for th e model with 1% rock bridges 
(front history points) 

 

Figure 14. Horizontal displacement histories for th e model with 2% rock bridges 
(rear history points) 
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Figure 15. Horizontal displacement history for the model with 2% rock bridges 
(front history points) 

A-3. Staged construction and toe damage 

In this part of the study, the stability of a 3D bi-planar wedge using staged 

simulation is assessed. As before, three discrete discontinuities and two joint sets are 

defined. Sequential bench removal is simulated using the batch simulation option in Slope 

Model. The objective of this part of the study is to investigate slope toe damage and the 

potential for toe breakout with progressive excavation of benches. The practical 

importance of this case is that brittle toe fracturing could occur prior to daylighting of the 

basal surface. A cross section of the model is shown in Figure 16. The simplified 

conceptual open pit slope model has a width of 1000 m, length of 900 m and height of 600 

m and an overall slope angle of 36ᵒ. Each bench has the height and width of 30 m and 

the bench face angle is 70ᵒ. The discontinuity orientations and friction angles are given in 

Table 1. The line of intersection of Faults A and B has a plunge of 65o and a trend of 82o. 

The horizontal to vertical stress ratio has an assumed value of 0.5. 

The modeling procedure consists of 19 stages of excavation. After removing each 

bench, the model is brought to equilibrium. Then the next bench is removed and this 

procedure continued until the last bench has been excavated. In this simulation, the basal 

surface is modeled without any rock bridges. As seen in Figure 16, the basal surface 

daylights just prior to the removal of the last bench. Initial movement of the pentahedral 

wedge and slope damage may occur before the basal surface daylights in the pit wall. 
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Figure 17 shows the number of new cracks for each stage of modeling from stage 1 to 

stage 17 (when two benches remain). At the beginning of modeling some new cracks are 

generated, however, for all the stages prior to stage 17 (0 to 60 seconds), the number of 

new cracks remains low. The first signs of instability appear at stage 15 with small-scale 

cracking and horizontal displacement of the wedge, however, the model soon reaches 

equilibrium. Major cracking begins at stage 17, the stage before daylighting of the 

pentahedral wedge. The model does not reach equilibrium at this stage since cracks 

continue to be generated. Figure 18 shows that the majority of the new cracks are formed 

at the toe of the bench. Horizontal displacement of the wedge is monitored to aid in 

interpretation of slope cracking and damage results. Figure 19 agrees with the 

interpretation of the simulated crack data and shows that displacements at the beginning 

of the modeling are negligible. The first signs of instability are evident at stage 15, where 

clear steps appear in the horizontal displacement vs. time graph after each excavation 

stage. However, the horizontal displacements are not significant (less than 5 cm) and after 

each step, the model immediately reaches equilibrium. A sudden and continuous increase 

in horizontal displacement is apparent at stage 17 accompanied by significant cracking 

and damage at the bench toe, which precedes wedge failure. 

 

Figure 16. Section through model showing wedge geom etry and excavation 
stages 
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Figure 17. Number of cracks in the model from stage  1 to stage 17 (two benches 
remain to be excavated). The vertical lines represe nt different 
excavation stages 

 

Figure 18. Slope damage and potential toe breakout initiation prior to last 
excavation stage 
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Figure 19. Horizontal displacement histories of the  wedge from stage 1 to stage 
17. The vertical lines represent different excavati on stages. 

A-4. Conclusion 

In the first part of this study, Slope Model was successfully used to simulate the 

failure mechanism in a 3D pentahedral wedge and the importance of rock bridges on the 

stability of the slope. In this preliminary analysis, explicit representation of interspersed 

rock bridges was chosen through random distribution of intact rock material on the wedge 

basal surface. Different percentages of rock bridges were assumed in each model to 

investigate the influence on wedge stability. The location of nine history points within the 

pentahedral wedge allowed evaluation of the horizontal displacements, cracking, and rock 

mass damage. As expected, the existence of rock bridges was shown to have a significant 

effect on stability. When the slope was modeled without any rock bridges, large-scale 

displacements and new cracks developed within the wedge followed by the failure of the 

slope (Figure 9, 10 and 11). The same trend in monitored displacements and cracking 

was observed when 1% rock bridges were interspersed on the basal surface (Figure 12 

and 13). By increasing the rock bridge percentage to 2%, the slope became stable (Figure 

9, 14 and 15). Slope Model thus showed that for this particular pentahedral geometry only 

2 percent rock bridges, by area, along the basal surface was required to stabilize the 

unstable wedge. Future research is ongoing to evaluate the potential for non-daylighting 

or pentahedral wedge failure for different structural orientations and pit slope geometries. 

Further work is required to explore the influence of rock bridge location and spatial density 

along the failure surface on instability. The current work has emphasized in-plane rock 
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bridge content along the basal surface of the wedge, with out-of-plane rock bridge failure 

between joints in the discrete fracture network accommodating internal distortion and 

wedge displacement. The next important step in the study of non-daylighting wedge 

failures is to investigate the potential for three-dimensional step-path geometries and the 

role of out-of-plane brittle rock bridge failure between joint sets in the development of 

sliding surfaces as well as lateral and rear release. In the second part of the paper, staged 

construction of a large open pit slope was simulated using Slope Model and the stability 

of a pentahedral wedge investigated. Future similar studies assuming varied failure 

mechanisms, slope geometry, groundwater, and material properties will be undertaken to 

investigate the importance of brittle fracture in large open pit slope instability. The stages 

in cracking that precede slope failure will also be studied increasing our understanding of 

rock bridge failure and progressive damage development in large open pits.  

The first signs of instability start at stage 15 with small-scale cracking and moving 

of the wedge. However, the model reaches equilibrium after initial movements. A sudden 

and continuous increase in displacements happens at stage 17. At this stage, significant 

horizontal movements are accompanied with intensive cracking at the bench toe, which 

leads to the failure of the wedge. 
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Abstract: During the last decade significant advances have been made in the two-

dimensional modelling of brittle fracture associated with rock slope failure both in open pit 

mines and natural mountain slopes. This paper focuses on the application of the three-

dimensional lattice code, Slope Model, in modelling brittle fracture and damage evolution 

involved in three-dimensional kinematically-controlled slope instability mechanisms. 

Results of simulations of non-daylighting wedge failure and active-passive block slope 

failures are presented, with an emphasis on characterizing brittle damage at varying 

stages of slope failure development. A new approach to characterizing brittle fracture 

damage is developed based on fracture generation rates and the inverse velocity of the 

failing rock mass. Brittle fracturing of “in-plane” and “out-of-plane” rock bridges is 

simulated using a conceptual approach incorporating a simple Discrete Fracture Network 

(DFN) into simulations. In order to simulate the complex geometry associated with three-

dimensional slope failures, pre-processing routines have been developed to incorporate 

photogrammetric and LiDAR derived Digital Elevation Models (DEMs) within the Slope 

Model software. Procedures are demonstrated through the use
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of preliminary Slope Model simulations of the Vajont landslide, a major catastrophic 

landslide, which resulted in the loss of over 2000 lives. 

B-1.  Brittle fracture in surface mining 

In massive brittle rock slopes, both natural and engineered (e.g. open pit mines), 

potential failure surfaces are often assumed to be comprised of intersecting fully persistent 

features (Eberhardt et al. 2004c). However, this is not the case for most large rock slopes. 

The assumption of through-going fully persistent discontinuities is often the result of the 

difficulty in obtaining persistence measurements and limitations of current numerical 

modelling codes, which usually assume fully persistent discontinuities (Brideau et al. 

2009). Although this assumption is usually appropriate for bench scale stability analysis, 

it becomes increasingly inappropriate as the scale of slope failure increases. High stress 

concentrations can potentially influence the strength of the rock mass through fracture 

initiation, propagation and coalescence. This generation of new fractures has been 

observed over a wide variety of scales ranging from shearing of joint roughness to 

development of failure surfaces and toe breakout (Yan 2008). As a result, it is necessary 

to investigate non-conventional rock slope failure mechanisms for large scale slope 

problems (Havaej et al. 2012). This includes the consideration of complex failure 

mechanisms, whereby failure involves several failure modes including sliding along the 

major geological discontinuities, step-path failure and circular or quasi-circular failure 

paths through the intact rock (Figure 1; Baczynski 2000). Stead et al. (2004) emphasized 

the need by suggesting that the principles of fracture mechanics and the role of damage, 

energy, fatigue and time dependency be incorporated into rock slope analysis. To study 

the stability of high rock slopes, it is therefore necessary to consider the interaction 

between existing discontinuities and intact rock, while allowing for potential brittle failure 

of the intact rock. 

Numerical modelling of brittle fracture is an important tool for understanding the 

complex behaviour of fracture initiation, propagation and coalescence. Recently a new 

three-dimensional brittle fracture code, Slope Model V.2.0 (Itasca 2010) has been 

developed as part of the Large Open Pit (LOP) project. This code utilizes a “lattice” based 

structure, consisting of point masses (nodes) connected by nonlinear springs, to replace 
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the ball and contact structure of PFC 3D (Itasca 2011). The lattice model simulates fracture 

through the breakage of springs in shear and tension along with joint slip, using a modified 

version of the smooth joint model (SJM). The code uses an explicit solution scheme 

suitable for simulation of highly nonlinear behaviour such as fracture, slip and 

opening/closing of joints (Itasca 2010).The program incorporates a discrete fracture 

network (DFN) model consisting of multiple disk-shaped joints superimposed on the lattice 

springs. Remote sensing derived point cloud based Digital Elevation Models (DEM) of the 

rock slope can be converted into a 3-D closed volume and imported into the code as a dxf 

file format (Figures 2 and 3). The code also has built-in features for simple and fast 

generation of rock slope geometries. The lattice scheme addresses the need to model 

brittle fracture by considering the fact that a rock mass fails as a combination of sliding (or 

opening) of discontinuities and fracture of intact rock bridges. It provides a realistic way of 

simulating the stability of highly fractured rock slopes in brittle rock masses (Cundall 2011). 

The code has been used to reproduce the results of centrifuge tests on a synthetic material 

containing multiple parallel joint planes for modelling progressive failures of foliated rock 

slopes (Cundall 2011 and Adhikary and Dyskin 2007). Cundall and Damjanac (2009) used 

Slope Model to simulate brittle fracture in large open pit slopes facilitating complex failure 

mechanisms through deep-seated slope failure. 

 

Figure. 1. Composite failure path through a rock sl ope (modified after Baczynski 
2000) 
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Figure. 2. Different stages required to import comp lex three-dimensional geometry 
into Slope Model  

 

Figure. 3. a) Photogrammetry derived point cloud of  open pit slope face b) 3D 
mesh generated from 3D point cloud c) 3D mesh impor ted into 3D 
numerical code ( Slope Model ) 

B-2. Characterization of brittle fracture in surfac e mines using conceptual 

simulation 

Failure of large rock slopes is often a combination of slip and/or opening of pre-

existing, non-persistent discontinuities and intact rock failure. The persistence of 

discontinuities is typically a key factor in the stability of slopes. Values typically display a 

negative exponential or lognormal distribution, whereby the frequency of very persistent 

discontinuities is much less than that of less persistent discontinuities (Priest and Hudson 

1981 and Cai 2011). Sturzenegger et al. (2011) and Tuckey et al. (2012) discuss the 
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collection of persistence data using remote sensing and conventional mapping in open pit 

and natural slopes emphasizing the sources of bias and challenges remaining. The 

likelihood of intersecting fully persistent discontinuities decreases with increasing slope 

scale. Therefore, the need to consider more complex failure mechanisms increases in 

relation to slope scale. Following the role of brittle fracturing and damage on the stability 

of open pit slopes, at the pit and inter-ramp scales, in this paper the authors investigate 

different failure mechanisms using conceptual models. 

B-2.1.  Non-daylighting wedges-overall slope scale 

When the line of intersection of the two planes forming a wedge is parallel or 

plunging steeper than the slope face (i.e. I�J�9KL9M��NJ ≥ IPQM9), a non-daylighting wedge 

is formed. This type of wedge is considered infinitely stable in conventional kinematic and 

limit equilibrium analyses. However, certain rock mass/discontinuity conditions can lead 

to instability of these non-daylighting wedges. If a tetrahedral non-daylighting wedge is 

truncated by a basal surface a pentahedral non-daylighting wedge is formed which is 

essentially a 3D-representation of the commonly analysed 2D bi-planar or active passive 

wedge. Tuckey et al. (2012) divided the theoretical models for incorporating intact rock 

bridges into two categories: (1) models that consider “in-plane” rock bridges, and (2) 

models that incorporate non-coplanar or “out-of-plane” rock bridges. In-plane rock bridges 

are represented by “patches” of intact rock along a theoretical fully-persistent discontinuity 

plane or failure surface (Tuckey et al. 2012a). Jennings (1970) included the effect of this 

type of rock bridge on the shear strength of the stepped discontinuities using an apparent 

cohesion and friction angle. Havaej et al. (2012) studied the effect of in-plane intact rock 

bridges on failure of a large scale pentahedral wedge (Fig. 4). This failure mechanism is 

of significant importance and they showed that brittle toe fracturing could occur prior to 

daylighting of the basal surface. Where patches of intact rock exist on a failure surface, 

pre-failure damage occurs in the area of intact rock bridges. Once the failure is initiated 

through complete shear of the patches, rock mass damage initiates in the failing block 

facilitating movement of the wedge. This “pre- and post-failure-initiation” type of damage 

can be examined with reference to different failure mechanisms (i.e. bi-planar, wedge, 

toppling etc.). Kvapil and Clews (1979) used Prandtl Wedge mechanism to explain the 

failure mechanism of bi-planar failure. Fig. 5 illustrates the concept of the Prandtl Wedge 
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mechanism, as the driving forces caused by the active wedge are transferred to the 

passive wedge through a transition zone leading to internal damage within the transition 

zone (Fig. 6). Smaller degrees of fracturing are observed in the active block where 

downward movement of the failing mass creates tensile fractures as illustrated in Figs. 5 

and 6. 

 

Figure. 4. Slope Model  simulation of a pentahedral wedge failure at the o verall 
slope scale a) displacements of wedge sliding on th e basal surface 
b) shear failure of intact rock bridges (Havaej et al. 2012) 

 

Figure. 5. Conceptual illustration of the Prandtl t ransition zone applied to an 
idealized bi-planar slope failure (Tuckey et al. 20 12a) 
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Figure. 6. a) Brittle fracture of lattice springs p roduces kinematic release b) 
displacement vectors reveal the development of spir al shear 
surfaces in the Prandtl Wedge (Tuckey et al. 2012a)  

Failure of non-daylighting wedges can occur even in the absence of a basal 

surface at the inter-ramp and overall slope scale. These types of non-daylighting wedges 

often form when the line of intersection is sub parallel to the slope face inhibiting kinematic 

release. Fig. 7 schematically illustrates the cross section and a three-dimensional 

representation of a non-daylighting wedge at the overall slope scale with a line of 

intersection sub parallel to the slope face. Three history points are located inside the 

wedge at the top, middle and bottom of the slope to monitor velocity and displacements 

of the wedge. The assumed geomechanical properties are provided in Table 1. For failure 

to occur, high gravitational driving forces must break the intact rock bridge at the toe of 

the wedge. Demonstration of this behaviour in Slope Model is illustrated in Fig. 8-a by the 

development of brittle fractures. Wedge displacements associated with this intact rock 

failure are displayed in Fig. 8-b. The development of fractures in the intact rock bridge 

initiates failure of the wedge. This is followed by tensile fracturing of the lower part of the 

wedge causing development of a “post failure” damage zone facilitating movement (Fig. 

9). The extent of brittle fracture and intact rock damage are recorded in Slope Model by 

the number of newly generated cracks in each time step. Fig. 10 compares the rate of 

cracking in the model and inverse velocity of the non-daylighting wedge. As can be seen 

in the figure, cracking rates are related to inverse velocity during initiation of the failure. 

By comparing the highlighted points on each graph, it can be seen that during failure 

initiation, sudden increases in the rate of cracking are associated with subsequent 

decreases in the inverse velocity. However this trend ceases after the onset of failure, 

defined by complete failure of the intact rock bridge. The velocity profile associated with 
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subsequent failure is associated with steadily increasing velocity as the wedge is moving 

out of the slope. Minor fluctuations in this decrease are associated with internal wedge 

damage within the transition zones. Sudden increases in rate of cracking may represent 

stages in crack propagation and rock bridge failure. The onset of failure may mark the 

suggested boundary between regressive and progressive damage stages as evident in 

displacement monitoring practice (Mercer 2006). 

Table 1. Slope Model  input parameters 

Intact rock Discontinuities-non-daylighting wedges Discontinuities-toppling 

Young's modulus (GPa) 65 Friction angle (ᵒ) 20 30 

Poisson's Ratio 0.29 Cohesion (MPa) 0 0 

Density (kg/m3) 2700 Normal stiffness (GPa/m) 5 5 

Friction angle (ᵒ) 40 Shear stiffness (GPa/m) 0.5 0.6 

Tensile strength (MPa) 4    

Figure. 7 a) Cross section and b) three-dimensional  schematic illustration of a 
conceptual non-daylighting wedge at the overall slo pe scale 
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Figure. 8 Toe break-out through brittle fracturing of intact rock bridges leads to 
failure of the non-daylighting wedge 

 

Figure. 9 Inset representing the cross section of t he damage zone caused by 
failure of the non-daylighting wedge 
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Figure. 10 Superimposed plots of fracturing rate an d inverse velocity relating 
rapid changes in the cracking rate to inverse veloc ity during failure initiation  

B-2.2. Non-daylighting wedges at the inter-ramp sca le  

Failure of non-daylighting wedges without a basal discontinuity also occurs at the 

inter-ramp scale. Failure of the wedge can initiate in a damaged slope toe where the least 

shear strength is provided by rock mass/rock bridges. If the line of intersection is 

sufficiently close to the slope face, driving forces can exceed the strength of the rock mass 

leading to slope failure. Degradation of intact rock bridges by blast induced damage can 

also cause failure of non-daylighting wedges. In this part of the study Slope Model is used 

to simulate the failure mechanism of a non-daylighting wedge at the inter-ramp scale (Fig. 

11-a). Fig. 11-b shows failure of the wedge through the development of new fractures 

within the slope toe rock mass. A lower degree of internal wedge damage is observed in 

this model compared to the overall slope scale model. This may be due in part to a 

decreased degree of fracturing and dilation required for movement of the mass out of the 

slope.  



 

202 

Figure. 11 a) Cross section of a conceptual non-day lighting wedge at the inter-
ramp scale b) failure of intact rock bridges simula ted in Slope Model  

B-2.3. Bi-planar failure of footwall slopes 

Surface mining of coal in synclinal and anticline structures involves excavation of 

slopes often parallel to bedding plane dip, forming high, extensive and unbenched footwall 

slopes (Stead and Eberhardt 1997). This slope geometry tends to lead to bi-planar failure 

of footwall slopes whereby the rock mass slides along a prominent discontinuity such as 

bedding planes or faults and a secondary low angle discontinuity dipping out of the slope 

face (Fig. 12). Since footwall slopes are often excavated parallel to the bedding planes, 

the discontinuity does not daylight in the slope. Although this type of slope failure mostly 

happens in surface coalmines situated in areas of steeply dipping strata, there are also 

documented footwall failures in other types of mines and road cuts where instability is 

structurally controlled by a joint set, fault or weak zone parallel or sub-parallel to the slope 

(Konietzky 2004).  

Slope Model was used to simulate the failure mechanism of a footwall slope. The 

conceptual model includes a discontinuity set parallel to the slope (footwall discontinuity), 

a discontinuity set perpendicular to the slope face providing lateral release and a basal 

discontinuity which provides a slip surface facilitating footwall slope failure. Figure 12-a, 

illustrates the three discontinuities using a stereonet. A cross section of the model 

including model dimensions is illustrated in Figure 12-c. The numerical simulation results 

including displacements and crack development profile are presented in Figure 13. As 

shown in Figure 13-a and b although the slope face is divided into several blocks, it fails 
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as one continuous block moving parallel to the slope face. During failure, bending forces 

within the slab induce tensile cracks perpendicular to the slope face within the lower half 

of the slab (Figure 13-c and d). The newly created cracks form a continuous secondary 

discontinuity which extends the entire slope face, facilitating further movement of the slab. 

 

Figure. 12 Conceptual model of bi-planar failure of  a footwall slope; a) 
stereographic illustration of discontinuities b) th ree-dimensional 
model of the assumed geometry in Slope Model  c) cross section of 
the model showing dimensions: FD footwall discontinuity, LR lateral 
release, BD basal discontinuity, S slope face 
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Table 2. Slope Model  input parameters  

Intact rock Discontinuities 

Young's modulus (GPa) 15 Friction angle (ᵒ) 30 

Poisson's Ratio 0.25 Cohesion (MPa) 0 

Density (kg/m3) 2500 Normal stiffness (GPa/m) 10 

Friction angle (ᵒ) 45 Shear stiffness (GPa/m) 1 

Tensile strength (MPa) 2   

 

Figure. 13 Slope Model  simulation results; a) 3D displacement field b) si de view of 
displacement field c) new created cracks d) cross s ection of the 
fractured model 

B-2.4. Flexural toppling failure 

Development of a rupture surface in toppling slopes requires the development of 

zone of fractures in the root zone of the toppling layers. Thus, a discontinuum approach 

that can accommodate movement on discrete fractures and also allows for new fracture 

development in the model is desirable. Alzo’ubi et al. (2010) conducted a series of 

conventional UDEC (Itasca 1997) and UDEC Voronoi tests to simulate the centrifuge 

models (of toppling slopes) presented by Adhikary et al. (1997) and Zhang et al. (2007). 

Brideau and Stead 2010 used a three-dimensional distinct element code, 3DEC (Itasca 
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2008), to investigate the influence of discontinuity orientation on three-dimensional block 

toppling mechanisms. 

In this part of the study, Slope Model is used to simulate 3-D brittle fracturing of 

“out-of-plane” rock bridges facilitating toppling failure. Tuckey et al. (2012) defined out-of-

plane rock bridges as “the intact rock that separates non-coplanar discontinuity tips within 

a volume of rock mass”. Figure 14-a shows the model geometry which includes a set of 

continuous bedding planes forming the toppling discontinuities and a secondary non-

persistent set to simulate failure mechanism of out-of-plane rock bridges. The assumed 

geomechanical properties are presented in Table 1. Displacement vectors (Figure 14-b) 

show the toppling of columns formed by bedding planes, basal discontinuities and newly 

formed cracks (Figure 15). Elmo et al. (2009) stated that in simplified cases, rock bridges 

can be defined as the shortest distance between the tips of discontinuities. The simple, 

preliminary representation of out-of-plane intact rock bridges conducted in this study 

shows that newly generated cracks tend to form along the shortest distance between 

discontinuity tips.  
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Figure. 14 Cross section of preliminary toppling mo del showing a) model 
geometry including toppling discontinuities and a d iscrete fracture 
network facilitating basal release b) displacement vectors showing 
toppling failure 
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Figure. 15 Inset of the toppling model illustrating  cracking of out-of-plane rock 
bridges through the shortest distance between the t ips of 
discontinuities  

B-3. Brittle fracture simulation of the Vajont rock slide 

The Vajont Slide is one of the most devastating anthropogenically triggered 

landslides in history. It occurred on October 9th, 1963 in the Dolomites region of Italy, 

approximately 100 km north of Venice, and involved 250 million m3 of carbonate rocks 

intercalated with clay and marl. The slide mass failed into the newly created Vajont 

Reservoir, creating a displacement wave that flooded areas upstream and downstream 

and overtopped the Vajont Dam, killing over 2000 people. Although the failure has been 

studied for fifty years, its kinematics and dynamics remain poorly understood. Several 

researchers have examined the event using two-dimensional limit equilibrium analyses, 

but numerical and three-dimensional analyses are uncommon. Hendron and Patton 

(1985) created the first three-dimensional analysis of the slide, whereas Ghirotti (1992) 

used UDEC to simulate the effects of groundwater on the slope. Sitar and MacLaughlin 
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(1997) investigated the influence of block size on failure using Discontinuous Deformation 

Analysis (DDA).  

The slide is a complex, three-dimensional failure bounded by two faults, and 

occurring at the intersection between two fold generations. The interference between 

these fold systems has created a bowl-shaped failure scar and smaller scale dome-and-

basin topography. Broili (1967) and Hendron and Patton (1985) mentioned the potential 

effect of the folds on failure mechanics, but few other researchers have considered them. 

They may have prevented movement along the weak clay layers, as the clays are 

hypothesised to be thin and distributed irregularly across the failure surface, thus creating 

“pockets” of clay separated by intact rock asperities and bridges. Brittle fracture along the 

failure surface may therefore have been critical. The slide mass itself remained fairly 

intact, but also displays evidence of brittle fracture as transport occurred. Field 

observations suggest several discrete blocks separated by shear surfaces and 

extensional features.  

In this preliminary study Slope Model is used to simulate three-dimensional brittle 

fracture within the sliding mass. A GoCAD model supplied by Bistacchi et al. (personal 

communication) is used to generate the slope geometry as discussed in section 1. 

Individual discontinuities that intersect the sliding mass, including the sliding surface and 

two discontinuity sets derived from photogrammetry analysis (Wolter et al. submitted), are 

considered explicitly in the model (Figure 16). History points are considered both inside 

and outside the sliding mass to record displacements, velocity and the number of newly 

created cracks within the model. Failure is indicated by a continuous increase in the 

displacement of moving points and number of new cracks in the model. With a friction 

angle of 13ᵒ, the mass fails. It remains relatively intact, but the east side moves farther 

than the west side. There also seems to be an area of higher displacement in the east 

corner, possibly suggesting a block that overrides the main block. This result supports a 

previous hypothesis that suggests the failure occurred in two main blocks (Superchi 2012). 

Movement vectors indicate failure in a NNW-NNE direction, which is in general agreement 

with previous research (for example, Broili 1967).  
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The newly created cracks are located mostly in the area between the back and 

seat of the chair-shaped failure surface, indicating higher strain concentration in this zone 

of transition and thus supporting Mencl (1967). A comparison between large-scale 

fractures observed in the air photos (before and after the failure) and the preliminary 

results of Slope Model simulation are presented in Figure 17. Tensile cracks are 

developed in clusters trending roughly east-west (Figure 17-a), which is in a good 

agreement with field observations before (Figure 17-c) and after (Figure 17-d) failure.  

 

Figure. 16 Geometry of the Vajont Slide including t he sliding surface and 
discontinuities within the sliding mass for Slope Model  simulation 



 

210 

 

Figure. 17 Vajont slide a) preliminary brittle frac ture results, b) displacement 
vectors, c) pre-failure extensional features, and d ) post-failure 
extensional features 

Table 3. Slope Model  input parameters 

Intact rock Discontinuities 

Young's modulus (GPa) 20 Friction angle-sliding surface (ᵒ) 13 

Poisson's Ratio 0.25 Friction angle- discontinuities (ᵒ) 20 

Density (kg/m3) 2690 Cohesion (MPa) 0 

Friction angle (ᵒ) 45 Normal stiffness (GPa/m) 5 

Tensile strength (MPa) 5 Shear stiffness (GPa/m) 0.6 

B-4.  Conclusions  

This research demonstrates the advantages of incorporating brittle failure 

mechanisms into numerical simulation codes as slope geometries that were previously 

considered kinematically stable can be shown to fail through a combination of pre-existing 

discontinuity slip and intact rock failure. These advantages are particularly important in 
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high rock slopes as increased gravitational forces lead to high stress concentrations near 

the slope toe. However, the preliminary results conducted using Slope Model also showed 

that the failure can occur at the inter-ramp scale for different modes of failure (e.g. non-

daylighting wedge, bi-planar and toppling), albeit with a reduced degree of intact rock 

damage compared to overall slope scale failures. Simulation results also showed that 

failure of non-daylighting wedges can occur with and without the basal surface. In the case 

of non-daylighting wedges with a basal surface (pentahedral wedges), if intact rock 

bridges exist on the basal surface, damage initiates on the basal surface through shearing 

of the rock bridges. This is preceded by fracturing and dilation of the rock mass facilitating 

movement of the sliding mass on the basal surface. Velocity and fracturing data obtained 

from history points in the models revealed an inverse relationship between the rate of 

fracturing and inverse velocity during fracture initiation. However the relation ceases when 

the kinematic release required for continuous movement of the failing block is reached. At 

this stage a continuous decrease in inverse velocity is observed while the fracturing rate 

fluctuates. Simulation of out-of-plane rock bridges using a simple Discrete Fracture 

Network (DFN) showed the failure of intact rock bridges through the shortest path between 

adjacent discontinuity tips. Research is ongoing to evaluate the failure mechanism of rock 

bridges considering more complex spatial orientation of discontinuities. Preliminary 

simulations of the Vajont slide using Slope Model highlight the role of tensile and shear 

fracturing of intact rock and showed a good agreement with air photos and field 

investigations. Research on Vajont is ongoing and will incorporate increased complexity 

in the fracture patterns, as well as groundwater flow.  
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Appendix C.  
 
Constructing 3D geometries from remote sensing data  

C-1. Workflow 

 

Figure 1. Flowchart showing different steps require d to generate 3D geometries 
from point cloud date 

Tip: Geometry for Slope Model can be directly created from Rhino in DXF format 

C-2. Photogrammetry – AdamTech 

Export relevant DTM data as .obj format from photogrammetry point cloud. Follow 

this path: 

File → DTM → Save Extended → change the output format to .obj 
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Figure 2. Figure showing “Save Extended DTMs” windo ws within 3DM Analyst and 
required settings  

C-3. Data simplification – MeshLab 

MeshLab is an open-source software for the processing and editing of unstructured 

3D triangular meshes. Drag and drop the .obj file (from photogrammetry) into MeshLab 

project window.  
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Figure 3. A complex rock sloped surface in MeshLab.  This mesh require 
simplifications in order to construct a 3D closed v olume for the 
subsequent numerical simulations  

Simplify the complex mesh following this path: 

Filters → re-meshing, simplification and reconstruction → Quadric Edge Collapse 

Decimation 

Export the simplified mesh as .ply format: 

File → Export Mesh → Select .ply file format 
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Figure 4. Figure showing “Quadric Edge Collapse Dec imation” window for mesh 
simplification within MeshLab 

C-4. 3D geometry construction – Rhino 

Import the simplified mesh with .ply format into Rhino for further processing. 

Some tips in Rhino modelling: 

• Make sure the geometry doesn’t contain any naked edges 

• Avoid unnecessary complexities (specially for 3DEC simulations) 

• Use your engineering judgment in model simplification 

• The final geometry must be a closed volume 
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• Use Rhino 5 if possible – much faster and is 64 bit 

• Use Geometry Fix and Meshes toolbars for geometry processing 

• Use KUBRIX®Geo/Rhino User’s Manual available at Itasca website for 
more details 

C-5. Geometry for 3DEC – Kubrix 

• Export the geometry from Rhino as a .stl file and use in Kubrix 

• Critical parameters to change are: 

o Max. allowable element edge length 

o Resolution (3 is a good start) 

• Export the final fail as .3DEC format and hope that you don’t need to repeat 
from the beginning 




