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Abstract 

In open pit mining, a major geotechnical challenge involves the excavation of the steepest possible slope 

angle to achieve the lowest stripping ratio while ensuring maximum ore recovery. This generally means a 

good overall profitability since waste rock removal is kept to a minimum. However, steepening pit slopes 

may induce failures, which may disprove the economic benefits that were initially aimed at and which may 

also result in loss of life, damage to equipment and environment. As a result, the selection of slope angle is 

a critical decision that can have far-reaching effects on the economics and operation of the mining project  

Traditionally, slope stability assessments for pit slopes are carried out by means of a 2D deterministic 

analysis. However, there are two major drawbacks with this approach. First, a deterministic approach is 

unable to account for the variability and uncertainty in the rock mass strength properties. Second, a two-

dimensional analysis cannot capture the complex open pit geology and varying geometry which is 

inherently 3D in character. 

This work deals with the geotechnical slope design of three open pit case studies by means of a probabilistic-

based approach in order account for the variability and uncertainty in the properties corresponding to both 

the intact rock and geological discontinuities. Rock slope stability assessments are carried out at three 

different scales: bench, inter-ramp and global pit slope by means of analytical and numerical tools.   

Both kinematic and kinetic analysis for structurally controlled failure mechanisms were carried out at the 

bench scale by means of classical Limit Equilibrium Analysis (LEA). Also, a novel Discrete Fracture 

Network (DFN) modelling technique was used for the stochastic representation of discrete rock blocks. 

Slope stability analysis at the inter-ramp slope was performed through a deterministic approach of major 

large-scale discontinuities mapped during field geological characterization. The global pit slope stability 

analysis focused on investigating the uncertainty in intact rock and rock mass Hoek-Brown shear strength 

envelopes and was conducted using 2D/3D Limit Equilibrium Analysis (LEA) vs Finite Element Analysis 

(FEA). Finally, deterministic vs probabilistic, LEA vs FEA and 2D vs 3D slope stability analysis tools are 

compared, and their results are discussed.  
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Résumé 

Dans l’exploitation minière à ciel ouvert, un défi géotechnique majeur consiste à l’excavation de l’angle de 

pente le plus raide possible pour le ratio de décapage le plus bas tout en assurant une récupération maximale 

du minerai. Cela signifie une bonne rentabilité globale puisque l’enlèvement des stériles est réduit au 

minimum. Toutefois, le raidissement des pentes des fosses peut entraîner des défaillances, ce qui peut 

réfuter les avantages économiques qui étaient initialement visés et qui peuvent aussi entraîner des pertes de 

vie, des dommages à l’équipement et à l’environnement. Par conséquent, le choix de l’angle de pente est 

une décision cruciale qui peut avoir des effets de grande envergure sur l’économie et l’exploitation du projet 

minier.  

Traditionnellement, les évaluations de la stabilité des pentes pour les pentes des fosses sont effectuées au 

moyen d’une analyse déterministe 2D. Cependant, il y a deux inconvénients majeurs avec cette approche. 

Tout d’abord, une approche déterministe est incapable de tenir compte de la variabilité et de l’incertitude 

dans les propriétés de résistance de masse rocheuse. Deuxièmement, une analyse bidimensionnelle ne peut 

pas capturer la géologie complexe à ciel ouvert et la géométrie variable qui est intrinsèquement de caractère 

3D. 

Ces travaux portent sur la conception de la pente géotechnique de trois études de cas à ciel ouvert au moyen 

d’une approche probabiliste afin de tenir compte de la variabilité et de l’incertitude dans les propriétés 

correspondant à la fois à la roche intacte et aux discontinuités géologiques. Les évaluations de la stabilité 

des pentes rocheuses sont effectuées à trois échelles différentes : banc, inter-rampe et pente des fosses 

mondiales.  

L'analyse cinématique et cinétique des mécanismes de défaillance structurellement contrôlés a été réalisée 

à l'échelle du banc au moyen de l'analyse classique d'équilibre limite (LEA). De plus, une nouvelle 

technique de modélisation du réseau de fracture discrète (DFN) a été utilisée pour la représentation 

stochastique de blocs de roche discrets. L'analyse de la stabilité des pentes à la pente inter-rampes a été 

réalisée par une approche déterministe des principales discontinuités à grande échelle cartographiées lors 

de la caractérisation géologique sur le terrain. L'analyse globale de la stabilité de la pente de la fosse s'est 

concentrée sur l'étude de l'incertitude dans les enveloppes de résistance au cisaillement Hoek-Brown de la 

roche intacte et de la masse rocheuse et a été réalisée en utilisant une analyse d'équilibre limite 2D / 3D 

(LEA) vs une analyse par éléments finis (FEA). Enfin, les outils d'analyse de stabilité déterministe vs 

probabiliste, LEA vs FEA et 2D vs 3D sont comparés et leurs résultats sont discutés. 
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Chapter 1 

1 Introduction 

1.1 Problem Definition 

One major challenge in open pit mining has to do with the stability of pit slopes. In simple terms, this 

involves finding a delicate balance between the safety and economics of the project. That is to say that we 

want to achieve the steepest possible pit slope angle while ensuring geotechnical stability. Traditionally, 

slope stability assessment is carried out by means of a 2D deterministic analysis. However, there are two 

major drawbacks with this approach. First, a deterministic approach is unable to account for the variability 

and uncertainty in rock strength properties. Second, a two-dimensional analysis cannot capture the complex 

open pit geology and varying geometry which is inherently 3D in character.  

A possible solution for this is to consider a probabilistic approach as opposed to a deterministic analysis 

and to switch from 2D to 3D slope stability analysis tools. 

1.1.1 Uncertainty and Variability in Rock Properties 

Rock masses are rarely uniform or isotropic, they are in fact complex materials that exhibit different degrees 

of variability and uncertainty in their mechanical parameters. Whereas uncertainty represents a lack of 

knowledge mainly because of limited available information, variability represents the inherent randomness 

related to natural fluctuations of the rock mass properties. Our inability to fully predict the mechanical 

behavior of a rock mass precisely is then due to the combination of both epistemic uncertainty (lack of 

knowledge) and aleatory variability (randomness) for any given rock engineering system. 

Traditional slope stability analysis follows a deterministic approach whereby the input is a set of parameters 

that are fixed quantities, usually taken as the mean values of the data obtained from site investigation or 

laboratory testing. Although, simple and straightforward, the deterministic analysis fails to account for the 

different degrees of variability and uncertainty often encountered in rock properties. Consequently, it is 

necessary to evaluate the stability of a rock slope through an approach that will enable us to overcome this 

shortcoming. In this respect, the application of probability theory provides rational means to treat the 

underlying uncertainties in a systematic manner. In recent years, the probabilistic approach along with the 

calculation of probability of failure (PoF) instead of a Factor of Safety (FoS) has become more common as 

a design criterium.  
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1.1.2 Conventional Two-Dimensional (2D) Stability Assessment  

For slope stability assessment purposes, classical two-dimensional (2D) analysis have widely been used 

due to its relatively simple formulation. It is current industry practice to perform 2D slope stability analysis 

for open pit mining. However, 2D analyses rely on several assumptions that are seldom encountered in real 

open pit mines. Open pit geology and geometry is complex and inherently 3D in character which cannot be 

adequately captured into a 2D plane strain representation. Therefore, a 3D slope stability analyses is needed 

for a more accurate representation of the failure mechanisms. In this chapter, 3D slope stability analysis is 

introduced, and a comparison made between 2D and 3D slope stability results. The advantage of performing 

3D Limit Equilibrium Analysis (LEA) and 3D Finite Element Analysis (FEA) to arrive at the direction and 

location of the critical failure surface for a given open pit slope is shown through different case studies.  

1.2 Scope of Work 

This work is mainly concerned with the stability of rock slopes in open pit mining. It focuses on field data 

collection, processing and interpretation using statistical tools to arrive at a suitable geotechnical model 

from which a slope stability analysis can begin. For this thesis, the geotechnical database of three Peruvian 

mine sites was used to conduct the analyses. In these mines, there were no major issues associated with the 

presence of water either because the site dry conditions were reported and/or implementation of horizontal 

drains and/or pumping wells were considered to depressurize the pit walls. Because of those considerations, 

a detailed description of hydrogeological conditions is beyond the scope of this thesis. Factor of Safety 

(FoS) and Probability of Failure (PoF) of rock slopes following a deterministic and probabilistic approach, 

respectively are calculated and then contrasted to assess whether the design criteria are met or not. The 

objectives of the thesis are relevant for other projects in the field of rock mechanics and engineering geology 

when similar settings and project scale are encountered. This thesis aims at showing how probabilistic 

methods can be used for the geotechnical assessment of rock slopes in surface mining and how we can 

greatly benefit from using this approach in terms of safety and economics. 

 

1.3 Research Objectives 

The objectives of this study are: 
  

• To perform a geotechnical slope stability assessment for different open pit mine case studies by 

following a deterministic and probabilistic approach. 

 

• To perform a geotechnical slope stability assessment for different open pit mine case studies by 

following a kinematic and kinetic type of analysis. 
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• To quantify the Factor of Safety (FoS) and Probability of Failure (PoF) of rock slopes at the 

bench, inter-ramp and global scale of analysis for the different mine case studies.  

 

• To calculate the uncertainty and variability of the intact rock and rock mass shear strength 

envelopes and account for their impact on the stability of open pit slopes.  

 

• To investigate the limitations of 2D slope stability analysis and the explore the advantages of 3D 

slope stability analyses tools.   

 

1.4 Thesis Structure 

This thesis consists of eight chapters which are outlined below.  

Chapter 1 presents a brief discussion of the use of probabilistic-based design methods in rock slope 

engineering as a mean for accounting uncertainty and variability of rock mass properties. It also describes 

the scope and objectives of this study. 

Chapter 2 provides is a literature review on the current geotechnical design practice used for rock slope 

stability analysis. It presents the methods for uncertainty characterization and quantification in rock slope 

engineering problems. It also describes the geotechnical design procedure and explains the different design 

approaches. It also summarizes the most common used acceptance criteria for open pit mine design. 

Chapter 3 covers an extensive and comprehensive review of structural geological data collection, 

processing and interpretation for rock slope stability assessment purposes. The key elements described are 

the geometrical and shear strength properties of discontinuities. 

Chapter 4 provides a brief review of kinematic and kinetic analysis for structurally controlled failure 

mechanisms in bench slopes. This is followed by an introduction to the novel Discrete Fracture Network 

(DFN) Modelling technique for rock slope engineering applications. All the concepts and theory are then 

illustrated with three case studies of real open pit mining operations and projects.  

In Chapter 5, kinematic and kinetic analyses for structurally controlled failures at the inter-ramp slope scale 

are presented for three case studies.  Slope stability analyses are performed through a deterministic approach 

of major -large-scale- discontinuities mapped during field geological characterization. 
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Chapter 6 covers the main rock laboratory tests and rock mass classification schemes. Emphasis is given to 

the assessment of uncertainty in intact rock and rock mass Hoek-Brown shear strength envelopes. Finally, 

global pit slope stability analysis is carried out for three case studies and Factors of Safety (FoS) as well as 

Probabilities of Failure (PoF) are calculated and contrasted with the design target criteria. 

In Chapter 7, 3D slope stability analysis is introduced, and a comparison made between 2D and 3D slope 

stability results. This chapter provides some insight into the main assumptions and limitations of classical 

two-dimensional (2D) slope stability analyses for open pit mining. It highlights the advantages of 

performing 3D Limit Equilibrium Analysis (LEA) by means of three case studies. 

Chapter 8 draws together the conclusions reached through this research and presents proposals for further 

research. Finally, the thesis is supported by references and various appendices. 
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Chapter 2 

2 Literature Review 

This chapter provides an overview of the current geotechnical design practice used for rock slope stability 

analysis and its impact on surface mining operations. It starts by presenting a review of uncertainty 

characterization and quantification in rock slope engineering problems. It then describes the geotechnical 

design procedure and explains the different design approaches highlighting, among others, the deterministic 

and probabilistic methods. Finally, it summarizes the most common used acceptance criteria for open pit 

mine design. 

 

2.1 Uncertainty in Rock Engineering Systems 

A rock mass is a three-dimensional discontinuous medium that can be thought of as an assembly of 

individual blocks (i.e. intact rock pieces) delimited by natural discontinuities (i.e. geological structures). 

Rock masses are rarely uniform or isotropic, they are in fact complex materials that exhibit different degrees 

of variability and uncertainty in their mechanical parameters (Park et al., 2012; Jimenez-Rodriguez et al., 

2006). The characterization of rock properties is a critical stage in defining the input parameters for an 

engineering analysis. This process combines data obtained from site investigation and laboratory testing in 

order to estimate the rock mass properties by using an empirical approach such as a rock mass classification 

scheme (e.g. RMR, GSI, RMi, etc.). Figure 2.1 shows the main steps involved in the rock mass 

characterization procedure and the determination of scaled rock mass properties. Since estimates of rock 

properties are major input values in analysis and/or design of rock structures, they are subsequently 

influenced by the uncertainties associated with rock property characterization. 

The concept of a Rock Engineering System (RES) was originally developed by Hudson (1992) as a tool 

that aims to reduce the level of uncertainty by considering the interactions of the main parameters thought 

to govern a particular phenomenon (e.g. slope failure). The RES methodology is an analytic approach that 

uses an interaction matrix an example of which is shown in Figure 2.2. In this matrix all major influencing 

parameters are arranged along the leading diagonal of the matrix and the influence of each parameter on 

the other parameters is accounted for the corresponding off-diagonal positions. A compressive review of 

RES applications is outside the scope of this thesis, but this can be found elsewhere (Mazzoccola and 

Hudson, 1996; Rozos et al., 2011, Faramarzi et al., 2013; Hudson, 2013). It should be noted that one 

characteristic of the RES approach is that it clearly differentiates between the uncertainty concerned with 

our lack of knowledge about a process or model, and the uncertainty concerned with the inherent 

randomness of a process or model. In this regard, it is important to understand these differences prior to 
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any uncertainty quantification analysis. In the following sections formal definitions of uncertainty and 

variability are presented as they are currently used in Rock Mechanics and Rock Engineering.  

 

 

Figure 2.1 Flowchart for the estimation of rock mass properties based on laboratory and field data. 

 

Figure 2.2 RES interaction matrix example (Azadmehr et al., 2019) 
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2.1.1 Components of Total Uncertainty 

In the technical literature – and geotechnical engineering is not an exception – the terms variability and 

uncertainty are used interchangeably (Uzielli, 2008). Strictly speaking this is not correct. Although these 

two are components that contribute to the total unpredictability within a parameter or system, they are not 

the same. Uncertainty is often characterized as either epistemic or aleatory (Oberkampf et al., 2002; Baecher 

and Christian, 2003; Kiureghian, 2007). While epistemic uncertainty is due to imperfect knowledge, 

aleatory uncertainty arises from the inherent randomness in a system (Bedi, 2013).  

Quantification of these two types of uncertainty requires the employment of varying models of uncertainty. 

In the case of aleatory uncertainties, quantification can be conducted using traditional probability-based 

methods such as the Monte Carlo, Rosenblueth point estimate, or first order and second moment (FOSM) 

methods (Harr, 1987), whereas epistemic uncertainties are treated using methods such as fuzzy logic or 

evidence theory (Mullarkey & Fenvesf, 1986; Adoko, & Wu, 2011;  Cabalar et al., 2012). 

 

 

Figure 2.3 Total Uncertainty Transition from epistemic to aleatory uncertainty as a function of the degree 

of knowledge and/or available information (Contreras & Ruest, 2016) 

Figure 2.3 shows the difference between epistemic and aleatory uncertainty as a function of the available 

information or degree of knowledge at a given time. This ranges from complete ignorance to complete 

knowledge as it gradually moves from the left towards the right end.  This transition results from a better 

understanding of the process under study by acquiring more information and/or data. However, as shown 

in Figure 2.3 there is a limit state beyond which additional data do not change the level of uncertainty. This 

defines the point of irreducible or aleatory uncertainty (Bozorgzadeh, 2018). It has been suggested that the 
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separation between epistemic and aleatory uncertainty in a model is the result of a trade-off defined by the 

geotechnical engineer to treat the uncertainty (Baecher and Christian, 2003). 

 

2.1.2 Epistemic or Knowledge Uncertainty  

Epistemic uncertainty pertains to the modeler’s state of knowledge as opposed to an underlying inherent 

randomness (Nadim, 2007). This is also referred to as subjective or systematic uncertainty, and it basically 

represents a lack of knowledge, and thus a deficiency in the available information, which may be qualitative 

or quantitative in nature (Der Kiureghian & Ditlevsen, 2009; Bedi, 2014). A key aspect of rock engineering 

design is, therefore, to increase the knowledge about the rock mass through further geotechnical 

investigations or other observations, thereby reducing the epistemic uncertainty (Spross et al., 2019).  

In practice, however, information is never sufficient in quantity nor entirely accurate. Geomaterials are 

naturally variable and complex at all scales, ranging from the microstructure to the regional scale. As such, 

the initial design process will rather be based on limited information, possibly coming from the mapping 

of a few outcrops or logging of boreholes drilled at a widely spaced grid. The epistemic uncertainty will 

prevail until the rock mass is excavated and exposed; so that a detailed geotechnical investigation can be 

carried out. This effectively highlights that the epistemic uncertainty regarding the ground conditions 

being the main challenge before excavation.  

 

Complete epistemic uncertainty elimination is, however, not possible; there is always going to be a 

remaining possibility of encountering different conditions than the ones expected. The involvement of 

an experienced engineering geologist is in many cases crucial.  Some degree of subjective engineering 

judgement will therefore always be required in geotechnical design. The main uncertainty in the 

geotechnical slope design model is epistemic given that it can be reduced with collection of additional 

data at different stages of the project. As such, epistemic uncertainty is typically analyzed with 

probabilistic methods (Contreras & Ruest, 2016).  

 

2.1.3 Aleatory or Natural Variability  

This type of uncertainty is an innate property of geological systems. It is the result of different geological 

processes rock masses are subjected to (e.g. tectonism, magmatism, etc.) which leads to the variation of 

properties from one spatial location to another i.e. spatial variability, as well as variability of these 

properties at a single location over time i.e. temporal variability (Langford, 2013). Aleatory uncertainty is 

therefore related to the inherent random variation of one or more physical parameters or process (Bedi, 

2013). 
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The natural variability of rock mass parameters is typically represented as a random process and is therefore 

considered to be aleatory. This natural variability, however, is one of the most important sources of 

uncertainty, especially when dealing with rock mass and discontinuity networks (Baecher & Christian, 

2003). In rock masses, natural variability is a measure of the change of its characteristics over time and 

space (Joughin,2018). This is also referred to as random or stochastic uncertainty and can be handled using 

stochastic methods (Aughenbaugh, 2006; Bozorgzadeh, 2018). This kind of uncertainty can be described 

with statistics and the probabilities related to it can be interpreted as a frequency of occurrence. As this 

variability is inherent in the material and therefore unpredictable, further laboratory testing or field 

measurements will not eliminate the uncertainty but will provide a more complete understanding of it (Shen, 

2012, Bozorgzadeh, 2018). 

 

2.2 Open Pit Slope Stability Assessment  

In open pit mining, a major geotechnical challenge involves the excavation of the steepest possible slope 

angle to achieve the lowest stripping ratio while ensuring maximum ore recovery (Figure 2.4). This 

generally means a good overall profitability since waste rock removal is kept to a minimum. However, 

steepening rock slopes may induce failures, which may disprove the economic benefits that were initially 

aimed at and which may also result in loss of life and damage to equipment and environment. As a result, 

the selection of slope angle is critical; it can have far-reaching effects on the economics and operation of 

the mining project (Steffen et al., 2008; Hustrulid & Kuchta, 2013; Zevgolis et al., 2018).  

 

Figure 2.4 Impact of a steeper slope angle on an open pit mining operation (Read and Stacey, 2009). 
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2.2.1 Impact of Slope Instability in Mining  

For an open pit mine, the design of the slopes is one of the major challenges at every stage of planning and 

operation (Read & Stacey, 2009). While managed instability subject to regulatory constraints and 

established acceptance criteria may be an integral part of the business strategy, unexpected or mismanaged 

instability can have a severe impact in several ways (Ortiz et al., 2015). The failure of slopes in open pit 

mining can have major impacts which can be broken down into three broad categories: safety and social 

factors, economic impact and environmental and regulatory impact (Read & Stacey, 2009). 

 

2.2.1.1 Safety and Social Factors 

Open pit slopes are generally cut in complex rock masses which are prone to wall instability. Since the 

adoption of formal slope design methodology in the early 1970s, the number of failures has generally 

decreased. This shows the importance of a detailed geotechnical engineering design that complies with 

legal regulations and safety standards.  

 

Undoubtedly, the loss of life or injury to workers is the gravest potential consequence of any mining activity. 

Pit slope failures can also have further potential social impacts such as labor conflicts, detrimental 

relationship with local communities, loss of worker confidence and loss of credibility before shareholders 

(Ortiz et al., 2015). Safety will always be a prime objective in any mining operation and therefore be 

addressed at all scales of slope stability (Stacey, 2009).  

While safety is the paramount consideration, a strong encouragement for the slope designer is the large 

economic incentives associated with maximizing slope angles. However, this should be commensurate with 

acceptable economic risk tolerance. The outcome of a potential pit slope failure must be minimized first 

and foremost.  

2.2.1.2 Economic Impact 

From an economic standpoint the impact of pit slope stability is simple: the steeper the slope the lower the 

stripping ratio, thus the more profitable the mine. The potentially large economic impact of slope angle 

changes is well recognized. Coates (1981), for example, gave a figure of five million tons decrease in 

stripping as a result of an average slope angle increment of 5° in a 300 m x 300 m x 125 m deep pit. Read 

and & Stacey (2009) showed that an increase in the overall slope angle of 1° in a 50° wall of 500 m high 

results in a reduction of approximately 3600 m3 or 9000 ton of stripping per meter length of face.  

 

The number of tons of material per running meter of pit slope represented by an increase in the overall slope 

angle is illustrated in Figure 2.5. Using an average density of 2.7 cubic meter per ton, which is the most 
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common value for most granitic rocks, the mathematical relationship expressed in tons per meter is given 

by Call (1972). For a slope increment from 40° to 50°, the amount of rock is 238 tons per meter of pit wall 

for a pit 500 meter deep.  

 

 

Figure 2.5 Effect of change in overall pit slope angle on stripping volume: a) Stripping volume 

calculation; b) Economic impact due to slope instability. (Call, 1972) 

 

Although the economic effect of changes in slope angle is variable and must be computed for each mine 

and even for each sector of a mine, as a generalization, the steeper the slope the greater the profit. Thus, 

there is considerable economic incentive to utilize the maximum possible slopes. In this context, two 

concepts referred as to ultimate (final) pit wall and working (operating) pit slope should be distinguished.  

 

Normally, during the initial stage of pit excavation, ‘operating slopes’ are cut with rather flatter angles 

either to provide additional operating width or to ensure stability where data to support the designs are 

limited. However, maintaining this ‘safer’ but ‘conservative’ design will almost always have negative 

economic consequences. That is why, it is of utmost importance to continuously refine the design with more 

information becoming available as the pit is being mined (Armstrong, 1990; Whittle, 1990, Hustrulid & 

Kuchta, 1995, Sjöberg, 1999). Increasing the angle of the working slopes can be advantageous since this 

will increase early revenues and delay mining of waste rock. On the other hand, an excessive increase of 

these slope angles is likely to heighten the risk of failure substantially. Slope failures at this early stage of 

mining could prove disastrous for the entire operation. 

 

Ultimate pit limits are not achieved instantaneously. They are not reached until the last or final stage of the 

mining operation. They are worth the expense of conducting an optimization study. The ultimate pit limit 
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gives the shape of the mine at the end of its life.  Usually this contour is smoothed to produce a stable final 

pit outline. Overall, the main benefits of steeper slope angles thus result from a minimizing of waste 

excavation for the final pit walls and delayed waste excavation for interim slopes, whereas the principal 

cost of having a steeper slope results from increased instability and costs associated with it (Coates, 1981).  

 

2.2.1.3 Environmental and Regulatory Impact 

In recent years the environmental component has made the development of mining projects, and with it the 

slope design component, both technically and “politically” more complex. Although not directly related to 

economics in the short term, environmental impacts will almost certainly affect the long-term mining 

business. Environmental impacts may result in air pollution, liquid spills that may lead to some of the social 

effects mentioned earlier. Slope instability may also result in more stringent regulations and closure 

considerations, both of which in turn will have adverse economic effects to keep the operation working 

(Ortiz et al., 2015). 

 

Regulatory factors influencing slope design are typically related primarily to safety. The regulatory codes 

related to pit slopes vary significantly around the world. Most open pits are in jurisdictions where there are 

mining regulations that specify safety and environmental requirements, including those for mine closure. 

These regulations are aimed at providing correct mine management for all aspects of the operation, 

including the stability of pit slopes, or a requirement for “clean benches and stable faces” above the mining 

operation. More defined criteria, including minimum bench widths and maximum operating heights for 

benches, and even specific design methodologies can also be considered. The slope designer working on 

international projects must therefore be aware of the regulations under which he is working (Read & Stacey, 

2009). 
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2.2.2 Open Pit Slope Design Procedure 

The design of open pit slopes can be considered as the process whereby an optimal excavation configuration 

is sought while subject to constraints pertaining to safety, ore recovery, financial impact and environmental 

and safety regulations (Ortiz et al., 2015). In simple words, the optimum pit slope design should be “steep 

enough to be economically acceptable” and “flat enough to be safe” during the life of the mine.  

 

Initially, the development of a formal geotechnical design method for pit slopes took place in the late 1960’s 

and early 1970’s, founded initially on the principles of soil mechanics. As open pits started to be mined at 

greater depths (>300 m) and failures became relatively common, public pressure and industry support led 

to the establishment of a better understanding of the factors contributing to pit slope failure. This research 

culminated in the preparation of two of the most world-wide famous rock mechanics books for pit slope 

analysis and design: Rock Slope Engineering by Hoek and Bray (1973) and the CANMET Pit Slope Manual 

by Herget (1977).  

 

From the early 1980’s onwards, research interest into pit slope designs entirely diminished in favor of 

underground rock mechanics, reflecting the need to resolve serious issues in that area. Having no British or 

Canadian researchers interested in pursuing further advancements in rock slope engineering, the Australians 

took over the task. In 2004 the Large Open Pit Project (LOP) was initiated under the leadership of Dr. John 

Read from CSIRO. The LOP has provided an updated framework for the stability assessment of large slopes 

associated with open pit mines. This can be found in the must-read book for any open pit mine engineer: 

Guidelines for Open Pit Design (Read & Stacey, 2009). 

 

The following two sections explain the open pit slope design process in further detail. Although these are 

guidelines proving a general but relatively standard framework, they can be applicable, with modification 

to local geology and mining requirements, to all open pits. 

2.2.2.1 Scale-Based Approach 

In a typical open pit mine, several different mining units can be identified, each of which has an associated 

slope geometry (Figure 2.6.a). The smallest of these units is the bench slope (Figure 2.6.b.i). This is 

separated by catch benches which are constructed to retain rock spills from upper levels. The next unit in 

scale is the inter-ramp slope, which can be thought as a slope composed of a stack of benches or the slope 

between the haul roads or ramps (Figure 2.6.b.ii). The overall pit slope incorporates all ramps and benches 

(Figure 2.6.b.iii). It is defined as going from the toe or pit bottom to the crest of the pit.  
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Figure 2.6  Typical open pit mine layout: a) Slope scale-based types and b) Bench, Inter-ramp and Global 

slopes geometry configuration 

Each of these slope units defined above must be designed separately. This is simply because different 

failures mechanisms will prevail at different scales and thus affect different portions of the pit. For example, 

a single bench failure may have little or no impact on the overall operation of the mine if the berm is wide 

enough to and prevent spalling rock from rolling down the pit wall. An inter-ramp failure, however, which 

cuts the haul road will have a greater impact on the operation by blocking the access to the mine. The overall 

failure usually occurs from the top to the bottom and damages tens of benches and one or more ramps. An 

overall slope failure may cost the mining company several months to clean the debris and recover. Therefore, 

mining companies usually allow some bench failures if they do not affect the mining activities, however, 

inter-ramp and overall slope failures are not allowed. 

As will be seen in the upcoming section, the geotechnical slope design of an open pit wall starts at the bench 

scale configuration by considering minor geological structures (e.g. joints). Then, the design of larger scale 

slopes i.e. inter-ramp and global will focus on intermediate and major structures, respectively as well as the 

overall rock mass strength.  
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2.2.2.2 Design Steps: Current Practice 

For a rational slope stability analysis, first and foremost the rock mass comprising the entire open pit mine 

should be divided into a selected number of structural zones or domains. Each of these zones is expected 

to be distinct and hold similar characteristics clearly differentiated from the ones of its neighbors in terms 

of the geometrical (orientation) features of the dominant joint sets and mechanical (strength) properties of 

the rock type. It is also important to consider the orientation of the proposed open pit slope face since 

different slope orientations within a structural domain require different design considerations. Therefore, 

the slope is divided into design sectors which contain one slope orientation and lie within one structural 

domain. Stability analysis and slope designs are then carried out for each design sector. It should be 

highlighted the division of an open pit into zones or sectors is first carried out based on limited surface 

mapping and drill holes core logging data. As more information is retrieved by exposing pit benches during 

excavation, the initial zoning may be updated and/or modified. This implies that the design sectors may 

have to be revised in an iterative process. 

Current guidelines for open pit slope design requires that a representative geotechnical model is built based 

on four input components: the geological, structural, rock mass and hydrogeological models. Each of these 

four components includes different sub-components which are summarized in further details by Hudson & 

Harrison (2000), Wyllie & Mah (2004), Read and Stacey (2009). The geotechnical model with its four 

components is the first step in the process of open pit slope design.  These are briefly summarized in Figure 

2.7. 

 

Figure 2.7  Inputs for the construction of an open pit geotechnical model (Guest and Read, 2009) 



Chapter 02:  Literature Review 

 

33 
 

 

Figure 2.8  Open pit slope design process (Read and Stacey, 2009). 

 

• Geological Model: The geological model depicts the 2D (geological section) or 3D (block model) 

distribution of rock types within the pit that will be exposed during mining operations. The material 

type categories can relate not only to lithology, but also to the degree and type of alteration, which 

can have a significant influence on rock strength, either by increasing it (silicification) or reducing 

it (argillization). The geological model will generally be provided by the mine geology staff and 

therefore, the information will probably be biased towards a description of ore genesis and 
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mineralization. The slope designer must carefully differentiate information that may be useful from 

a geotechnical point of view.  

 

• Structural Model: This model is typically carried out by structural geology specialists. The 

objective of the structural model is to describe the dimensions (length and depth) and orientation 

of major geological structures such as faults and shear zones. It is important to highlight whether 

these major structures are expected to be intercepted by the projected pit geometry given that they 

controlled the global or overall stability of the pit mine.  Information about the general orientation 

and spatial distribution of minor structures (e.g. joints) is also part of the structural model. This 

data is generally collected during field mapping and/or core logging campaigns and it becomes a 

major consideration for the design at a bench scale. The structural model provides invaluable 

information to the geotechnical engineer of both major and minor discontinuities that are likely to 

influence the slope stability.  

 

• Rock Mass Model: The rock mass model characterises the mechanical strength of the materials of 

each of geotechnical units or domains. This needs the geological and structural model as a 

framework. It includes the execution of laboratory testing to measure properties such as the intact 

rock compressive strength and joint shear strength. The rock mass strength is then estimated based 

on laboratory testing and the use of a classification scheme (e.g. RMR or GSI). The purpose of this 

model is to define the engineering properties of the rock mass for later use in the stability analyses.  

 

• Hydrogeological Model: Groundwater usually has negative effects on the stability of an excavation 

or rock slope. Its main effect on the pit slope is given by an increase in the existing pore water 

pressure within discontinuities and pore spaces in the rock mass.  This in turn translates into a 

reduction of the effective rock mass shear strength and a resulting lower Factor of Safety (FoS). 

Although critical to the slope design process, groundwater conditions in the pit can be modified 

artificially (e.g. mine dewatering and pit slope depressurisation). Therefore, a clear understanding 

of the pore pressure distribution and potential means for modifying (reducing) any pressures is 

essential. The hydrogeological model provides valuable information of water table, piezometric 

surfaces and hydraulic gradients for open pit slope design and performance. 

Figure 2.8 summarizes the process of open pit slope design. As shown in this figure, once the geotechnical 

model is built and the pit sectorization defined, subsequent steps involving slope stability analyses can be 

carried out. Thus, for each structural zone or domain, the potential failure mode is assessed based on 
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whether geological discontinuities or rock mass strength is expected to be the controlling factor. After this, 

the design at three different scales (i.e. bench, inter-ramp, overall) are evaluated based on the required 

acceptance levels (FoS or PoF) against instability (Read and Stacey, 2009). 

For pits in moderately competent rocks, where the rock mass structure is expected to be the controlling 

factor in slope stability, the design process commences with a bench scale analyses and the then the resulting 

design is translated up in scale into inter-ramp and global designs. For weaker rocks, on the other hand, the 

slope design is typically initiated by determining the overall slope angle and then moves through inter-ramp 

slopes to a bench design that meets the required acceptance criteria. It should be borne in mind that the 

open pit design is an iterative process in which as mining progresses and more data becomes available a re-

assessment of the original design should be carried out.  

 

2.3 Typical Modes of Failure in Open Pit Slopes 

Many different slope stability problems can be encountered during the operation of an open pit mine. These 

problems have different origins and commonly have different effects on the design and operation of the pit. 

It has been found convenient to group the typical mine slope stability problems intro three broad categories 

based on their scale. These are illustrated in Figure 2.9 and described below. 

 

Figure 2.9  Three typical types of failures in open it mines (Patton & Deere, 1970) 
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• Type I: Local slope failures involving a single bench. 

Local slope failures of small rock blocks along one or more joint planes, such as the one illustrated in Figure 

2.9.a, are common during the operation of open pit mines. These are almost impossible to eliminate 

completely without the use of excessive use of unpractically flat slopes or a costly slope-support system. In 

most cases, these types of failures are of the extent of less than the height of one bench. Such failures would 

not usually appreciably influence the overall mining operation. In general, good slope design will minimize 

local failures but it is unlikely that many mining operations could afford to eliminate all such failures. Safety 

considerations may require close observation and monitoring of certain individual bench slopes.  

• Type II: Large-scale wedge failures affecting several benches. 

The presence of two or more through-going discontinues, such as a highly persistent bedding-plane or 

master joint combined with a fault, may lead to the situation illustrated in Figure 2.9.b. This geologic 

condition is potentially much more hazardous than the local failure explained above. This hazard results 

from a much larger rock block prone to slide. Geologic conditions leading to such failures are often difficult 

to detect in advance mainly because the two adverse geologic structures may be separated by long distances 

or the overburden may make them hard to detect. In the example shown in Figure 2.9.b the block failure 

probably would not occur until the excavation had reached the intersection of the fault and the master joint. 

A failure of such wedge block could stop mining operations for months and could conceivably change the 

economics of the entire operation.  

• Type III: Global circular failures in highly fractured rock masses. 

Rotational shear failure occurs in rock slopes whose intact rock strength is low and with a sparse or non-

existent rock joint pattern (i.e. the geologic fabric is essentially randomly oriented). This generally applies 

to weak rock masses such as highly weathered or closely fractured materials (Figure 2.9.c). The failure 

surface in these cases generally take place along a surface that approaches the shape of a circular or log 

spiral arc. This is the most common type of slope failure in soil and soil-like materials.   

Based on the geological conditions of the rock mass, rock slope failures can be either along pre-existing 

discontinuities, or through the rock mass itself. This classification highlights the importance of assessing 

the shear strength along discontinuities in some cases and the overall rock mass strength in others. A 

division into structurally and non-structurally controlled rock slope failures is explained below (Figure 

2.10).  
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Figure 2.10  Main failure mechanisms in rock slopes: a) Planar, b) Wedge, c) Toppling and d) Circular. 

2.3.1 Structurally Controlled Failure Mechanisms 

Structurally controlled failure mechanisms are related to low stress environments such as those found in 

relatively shallow depth open pit mines. These are gravity-driven processes leading to the sliding of rock 

blocks along the rock mass discontinuities.  Traditionally open pit mining in hard jointed rock masses faces 

structurally controlled failures at the bench scale due to the shear strength of natural discontinuities being 

exceeded by the imposed shear stresses acting upon them. The three basic modes of structural failure are: 

planar sliding, wedge sliding, and toppling. These three types are briefly address below. 

2.3.1.1 Planar Failure 

A planar failure can be considered as a special type of the more general case of wedge failure.  Planar failure 

involves the movement of discrete rock blocks by single (i.e. one plane) sliding. In order that sliding should 

occur on a single plane, the following geometrical conditions must be met (Hoek & Bray, 1981): 

• The plane on which sliding occurs should dip out of the slope face or ‘daylight’ into free space. 

This means that its inclination or dip angle must be smaller than the dip of the slope face. 

• The inclination or dip of the plane of slip must be greater than the friction angle of that plane. 
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• The dip direction of the planar discontinuity must be within 20 degrees of the dip direction of the 

slope face, or, stated in a different way, the strike of the planar discontinuity must be within 20 

degrees of the strike of the slope face. 

Although not a geometrical condition per se, planar failure requires that additional cross-crossing 

discontinuities exist acting as lateral release surfaces (Figure 2.11). These surfaces do not contribute to the 

stability by adding shear strength, they just define the lateral boundaries and extension of the sliding rock 

block. Alternatively, the planar failure may be located on a nose of rock so that the slope forms the lateral 

termination of the failure mass (Wyllie & Mah, 2005). 

 

 

Figure 2.11  Geometrical conditions for planar failure (Hoek and Bray, 1981) 

It should be noted that even if all the three above mentioned conditions are met, it only indicates the 

kinematic feasibility of rock blocks prone to single sliding and not that the actual instability will occur. In 

other words, the kinematic analysis solely indicates that the requisite geologic structural conditions are 

present. In most cases a further kinetic analysis would be performed in order to evaluate to potential of 

failure by considering the shear strength along the failure surface. This is done through a limit-equilibrium 

analysis whereby external effects such as pore-water pressure, seismic force, and reinforcing elements can 

be accounted for. This resolution can be carried out in either two or three dimensions, but the most common 

case is the former, in which the stability formulation considers a unit thickness of the slope.  

 

In the author’s experience, a pure planar failure is a comparatively rare instability type in rock slopes mainly 

because it is only occasionally that all three geometrical conditions required to produce such failure occur 

in an actual slope. Furthermore, in many cases there is not a single sliding plane, but rather a series of 

smaller features which create a step-path failure surface. Nevertheless, planar failure stability assessment 
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following the kinematic and kinetic analyses can be conducted to better understand the sensitivity of the 

slope to changes in shear strength, groundwater, and applied forces (both resisting and driving forces). 

 

2.3.1.2 Wedge Failure 

Unlike planar instabilities, wedge failures can occur over a wider range of geological and geometrical 

conditions (Wyllie & Mah, 2005). The wedge failure type in rock slopes is probably the most common type 

of failure involving block sliding (Hoek and Bray, 1981). This type of failure can be considered as a double 

sliding mechanism occurring along the intersection of two discrete planes, each dipping oblique to the slope 

(Figure 2.12). The shape of the sliding block is tetrahedron and failure can occur by sliding on both planes 

in a direction along the line of intersection or along one plane only with separation across the other plane 

(Piteau & Martin, 1982). The sides of which are defined by the two intersecting planes, the slope face, and 

the upper slope surface. For wedge failure slip can occur without any topographic or structural release 

features as long as the line of intersection of two discontinuities daylights into de excavation. The following 

kinematic conditions are required for a wedge failure to be formed: 

• The trend of the line of intersection must approximate the dip direction of the slope face. 

 

• The plunge of the line of intersection must be less than the dip of the slope face. Under this 

condition, the line of intersection is said to daylight on the slope. 

 

• The plunge of the line of intersection must be greater than the friction angle of the surface.  

 

 

 

Figure 2.12  Wedge failure: a) Geometry of a biplanar wedge and b) Wedge geometry with an upper face 

(Hoek and Bray 1981) 
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When the rock block movement takes place along both planes simultaneously it can be considered as a pure 

wedge failure whereas if sliding is along the steeper of the two planes it would turn into a single (planar) 

sliding mode. Kinematic analyses determine whether sliding can occur and, if so, whether it will occur on 

only one of the planes or simultaneously on both planes, with movement in the direction of the line of 

intersection. Further details on the procedure can be found on Hoek and Bray (1981). Stereonet-based 

analysis can be useful for establishing the potential for wedge failure; however, a kinetic analysis will be 

needed to calculate the Factor of Safety of the rock slope against wedge failure. Again, the limiting 

equilibrium method of analysis can be used. Details on the method can be found on Wyllie and Mah (2004). 

 

2.3.1.3 Toppling Failure 

Toppling failure is possible whenever a set of well-developed (i.e. highly persistent) and through-going (i.e. 

regularly spaced) discontinuities dip steeply into and strike sub-parallel to the slope face (Piteau & Martin, 

1982). Some of the authors that have propose this as a main failure mechanism are Goodman (1980), Hoek 

and Bray (1981) and Brown (1981). As opposed to planar and wedge sliding failure, toppling involves the 

overturning of interacting block columns. It is a failure model that relies on the development of thin slabs 

formed by bedding planes, rock joints, or foliation (Kliche, 1999).  

In the experience of the author, a pure toppling mechanics is hardly ever encountered in open pit mines. 

The few cases this failure type can be observed are related to rock slope cuts in metamorphic rocks (e.g. 

slates or schists). Toppling is a more complex failure mechanism when compared to planar or wedge sliding. 

Often, it is seen in conjunction with planar or wedge sliding and not as a unique failure mode i.e. 

combination of sliding and toppling is most likely to occur.  

Toppling failures can be classified into three main types (Figure 2.13). In rocks with one preferred 

discontinuity system, flexural toppling can occur as shown in Figure 2.13.a. Continuous columns break in 

flexure as they bend forward. Thinner layers transfer the gravitational load into thicker ones. Typically, 

erosion of the toe lets the failure begins and it moves backward into the rock slope. The lower portion of 

the slope is covered with disoriented and disordered fallen blocks. The outward movement of blocks 

produces interlayer sliding and a portion of the upper surface of each bed is exposed in a series of back 

facing scarps. Flexural toppling occurs most notably in slates, phyllites and schists. (Goodman,1976). 

Block toppling depicted in Figure 2.13.b occurs mostly in competent rocks where the individual columns 

are formed by a major set of discontinuities dipping into the rock face and a less predominant, widely spaced 

and orthogonal joint set defining the column height. The toe of the slope, with short columns, receive the 

load from overturning and longer columns above. This thrusts the toe columns forward, permitting further 
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toppling to occur. The base of the disturbed mass is better defined than in the case of flexural toppling; it 

consists of stairway generally rising from one layer to the next. The steps of this stairway are formed by 

cross joints which occupy the positions of primary flexural cracks in flexural topples. Consequently, new 

rock breakage in flexure occurs much less markedly than in flexural topples. Thick bedded sedimentary 

rocks such as limestone and sandstone, as well as columnar jointed basalt exhibit block toppling failure. 

(Goodman,1976). 

Block flexural toppling, depicted in Figure 2.13.c is characterized by pseudo-continuous flexure of long 

columns through accumulated motions along numerous cross joints. Sliding is distributed along several 

joint surfaces in the toe, while sliding and overturning occur in a close association through the rest of the 

mass. Sliding occurs because accumulated overturning steepens the cross joints. There are fewer edge-to-

face contacts than in block toppling but still enough to create a loosened, highly open character within the 

disturbed zone. Interbedded sandstone and shale, interbedded chert and shale, and thin-bedded limestone, 

exhibit block flexural toppling. (Goodman,1976). 

 

Figure 2.13  Common types of toppling: (a) block toppling, (b) flexural toppling and (c) block-flexural 

toppling (Wyllie & Mah, 2004;  Goodman & Bray, 1976) 

 

2.3.2 Non-Structurally Controlled Failure Modes 

Non-structural failure modes include failure of moderately weathered and/or heavily fractured rock masses. 

Basically, this occurs when the slope dimensions are substantially larger than the individual intact rock 

pieces (Figure 2.14). In this type of failure, the shape of the slip surface will usually be curvilinear and its 
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location within the slope will now depend on the overall shear strength of the rock mass rather than that of 

the discontinuities.  

Figure 2.14 shows six rock slopes with different jointing patterns. A slope cut in a massive rock such as the 

one shown in Figure 2.14.a can be expected to be stable and behave as continuum linear elastic material. 

The sketches in Figures 2.14.b to 2.14.e illustrate blocky rock masses with joint spacing progressively being 

reduced. In these four cases slope failure will be dictated by the presence pre-existing discontinuities and 

the rock mass would behave as a discontinuum media. However, as the rock mass gets more and more 

populated with rock fractures it gets back to the point of an equivalent continuum material. Figures 2.14.f 

depicts the case of a highly fractured rock mass in which the failure surface will be essentially of circular 

shape such as in soil-like materials. 

 

Figure 2.14  Rock mass fracture pattern at different slope scales: a) massive rock mass, b) competent rock 

mass with few discontinuities, c) and d) blocky rock masses, e) very blocky rock mass and f) highly 

fractured rock mass (Agharazi, 2013) 
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2.3.2.1 Rotational or Circular Failure 

Although rotational failures are primarily associated with failures in soils, such failures may occur in rock 

masses if the failure surface is not predominantly controlled by structural discontinuities. If the mode of 

failure is not structurally controlled and the rock mass strength is of the same magnitude as the induced 

shear stresses, similar techniques as those used in soil slope stability analysis may be employed. The most 

widely used of these being the method of slices, where a critical slip surface is calculated based on the 

balance of driving forces/moments and resisting forces/moments. Several solutions exist (e.g. Bishop, 

Janbu, Spencer, Morgenstern-Price, etc.) with each differing in terms of the underlying assumptions taken 

in the force/moment balance to make the problem determinate. There are several books devoted to the 

method of slices for rock slopes (Hoek & Bray, 1981; Giani, 1992; Kliche, 1999; Wyllie & Mah, 2014). 

2.4 Geotechnical Design Methods for Pit Slopes 

Current approaches associated with rock engineering analysis and design include the empirical, analytical, 

numerical and observational methods. These are briefly reviewed in the following sections. This 

categorization based on four methods have been expanded by Jing & Hudson (2002) into eight approaches 

and two levels as illustrated in Figure 2.15. Although the same four broad categories are maintained, the 

classification by Jing & Hudson differentiates methods in which there is a one-to-one mechanism mapping 

in the model (Level 1) from methods in which such mechanism mapping is not totally direct (Level 2).  

 

Figure 2.15  The four different basic methods to rock mechanics and rock engineering analysis and design 

(Jing & Hudson, 2002) 
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2.4.1 Empirical Methods  

Perhaps the first and simplest of all the assessment methods, the empirical approach is all about learning 

from past experiences and field observations. This is an approach widely used in rock mechanics and is 

based on basically engineering experiences and critical judgement (E Sousa et al., 2012). It serves for 

example as a firsthand estimation of some mechanical properties such as rock mass strength or deformation 

modulus. Also, they are often employed to evaluate stability in rock slope projects by providing a semi-

quantitative description of the rock mass.  

The applicability of the empirical method is not based on physics laws or constitutive models. They are 

solely based on comparison and correlation with previous projects. It is in this regard that the engineer 

should be careful when it comes to selecting an empirical approach by ensuring that the site conditions that 

the method was based upon are similar to those of the site under study.  

The most common empirical methods in rock mechanics are the vast number of rock mass classification 

schemes available e.g. RMR (Bieniawski, 1989), NGI Q-system (Barton et al., 1974), GSI (Hoek et 

al., 1995). The most popular ones pertaining to assess rock slope stability are the slope mass rating SMR 

(Romana, 1991) derived from the RMR; and the Q-slope (Barton, 2017) based on the Q-system. It is out of 

the scope of this thesis to give a deep review these two approaches since it that have been extensively 

covered in the literature. 

Overall, empirical approaches constitute a useful tool for preliminary estimates of stability performance 

and for identifying the critical failure mode (Salmi & Saeed, 2015). Its application to design and stability 

prediction require; however, sound engineering judgment and experience in similar geotechnical settings 

(E Sousa et al., 2012). 

2.4.2 Analytical Methods 

Analytical methods use simplified mathematical models that can be solved by closed-form solutions 

(Nikolić et al., 2016). They idealized field conditions and rely on several assumptions such as shape and 

location of a failure surface, rigid block movement and uniform localization of shear stresses. If the 

underlaying assumptions are applicable to the rock slope under study, a simple analytical estimate can be 

as valid as a sophisticated numerical model (Read & Stacey, 2009).  

Analytical methods are routinely applied in conventional slope stability analysis and are widely accepted 

by the engineers, mainly because of its validity and simplicity (Yong et al., 2016). The most well-known 

analytical technique for geotechnical analysis is the Limit Equilibrium Method (LEM) whereby force or/and 

moment equilibrium conditions are examined on the basic of statics for a specific failure mechanism (Stead 

https://link.springer.com/article/10.1007/s10064-013-0565-5#CR6
https://link.springer.com/article/10.1007/s10064-013-0565-5#CR71
https://link.springer.com/article/10.1007/s10064-013-0565-5#CR70
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et al., 2001). These analyses require information about material strength but no stress-strain behavior. Thus, 

failure modes that involve sliding of rigid blocks are most efficiently solved using the analytical methods 

(Wyllie & Mah, 2004). It is important to note that the limit equilibrium solution just give an estimate of the 

FOS with no information on the deformation of the slope, something which numerical models can do.  

The limit equilibrium method for analyzing the stability of rock slopes remains up to date a useful tool for 

use in practice. However, its main limitations arise because the method does not consider the rock mass 

displacement, strain or deformation. It is the absence of a stress–strain relationship in conventional limit 

equilibrium analysis methods that is the fundamental piece of missing physics. Using a numerical method 

such as the finite element to compute stresses inside a limit equilibrium framework to analyze the stability 

of geotechnical structures is a major step forward to overcome this issue (Krahn, 2001). 

2.4.3 Numerical Methods 

Numerical methods of analysis used for rock slope stability have become widely used due to the advances 

in computing power and the availability of commercially available numerical modelling codes (Stead, 

2001). To date not only 2D but also 3D numerical modelling software are used for rock mechanics problems. 

Since a rock mass is a discontinuous, anisotropic, inhomogeneous, and inelastic material, the prediction of 

its behavior has always been a challenge (Nikolić et al., 2016). There is not closed-form solution for this 

complex situation and consequently, numerical methods must be applied for solving this type of rock 

engineering problems. 

Numerical methods are approximate solutions of the governing equations to a physical phenomenon given 

some initial conditions.  The calculation process often involves solving partial differential equations (PDEs) 

that are non-linear and cannot be solved analytically. One advantage of numerical methods over analytical 

solutions is that they account for the nonlinear stress–strain behaviour of the rock mass and thus allows us 

to quantify the mining induced stresses as excavation of the pit slope progresses.  

Numerical methods can be divided into continuous and discrete approaches depending on the assumption 

made with respect to the rock mass fracture system. While the continuum approach would be more suitable 

for massive rock masses or ones with very few fractures; the discrete approach would be more adequate in 

cases of moderately fractured and/or jointed rock masses with many naturally occurring fractures (Jing & 

Hudson, 2002).  

The most commonly used numerical methods for rock engineering practices are:  

➢ Finite difference method (FDM) 

➢ Finite element method (FEM) 
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➢ Boundary element method (BEM) 

➢ Discrete element method (DEM) 

The FEM is arguably the most commonly used numerical method for rock mechanics problems. It is out of 

the scope of this thesis to provide a thorough description of each of the numerical methods mentioned above. 

A comprehensive review of the subject is given in Jing & Hudson (2002) and Nikolić et al. (2016) who 

provide a state-of-the-art review regarding the capability and utility of the numerical methods for rock 

mechanics purposes. The reader is also advised to consult the books by Desai & Christian (1979), Pande et 

al., (1990) among others. 

While these techniques open new possibilities in terms of engineering design, it is critically important to 

understand the limitations of such geotechnical software and to be aware of the inherent assumptions in the 

design process.  

2.4.4 Observational Method  

When it comes to designing excavations in rock, the engineer must inevitably consider the uncertainties 

related to the rock mass properties. A common approach is to be conservative in the design, but this is not 

always economically sound or possible in practice (Spross et al., 2014). The observational method is 

normally applied when the prediction of the geotechnical behavior is difficult like when the ground 

conditions are complex or not sufficiently well known (Stille & Virely, 2014). This method was first 

outlined by Terzaghi (1961) and later defined by Peck (1969) with an initial focus on soil mechanics 

applications. However, it can be argued that an ‘observational’ method has long been used by field 

geotechnical engineers to some degree or another. In rock engineering, perhaps the best example of the 

observational approach is the so-called New Austrian Tunneling Method or NATM. 

In short, the method embodies a preliminary design prepared on any available knowledge about the site 

conditions, then during the construction phase, the behavior of the structure is carefully observed and 

progressively modified until it is deemed appropriate to improve performance. The essential feature of the 

method is that it refines the original design as new data becomes available. These measures accommodate 

the structure to the actual conditions at the site.  

The observational approach is the only way to validate or calibrate the results from either analytical or 

numerical methods (Bieniawski, 1984). It is strongly related to field monitoring and instrumentation 

programs since they are the main source of field data. Application of the observational approach to rock 

slope engineering would being with the rock mass characterization via the RMR or GSI. Using this 

information, the most likely range of stability conditions are identified, and cut slopes angles defined. 

Exposing the slopes during excavation allows for a more detailed evaluation of the rock mass, from which 
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more accurate rock mass properties are derived. More accurate slope stability analyses can then be 

performed, and the original design refined as appropriate. 

Case studies of the observational approach to rock slope stability problems can be found in Pease et al., 

(1995); Klar et al., (2011); Macciotta et al., (2016) among others. 

2.5 Approaches in Slope Stability Analysis 

Slope stability analysis can be classified into deterministic or probabilistic types depending on how 

uncertainties are incorporated and evaluated (Ceryan et al., 2018). In a deterministic analysis the input is a 

set of parameters that are fixed quantities, usually taken as the mean values of the data obtained from site 

investigation or laboratory testing. For a probabilistic analysis, on the other hand, the input parameters are 

described as random variables and defined by probability distributions.  

 

Although, simple and straightforward, the deterministic analysis fails to account for the uncertainties and 

variability explicitly and sufficiently. In recent years, the probabilistic approach along with the calculation 

of probability of failure (PoF) instead of a Factor of Safety (FoS) has become more common (Nilsen, 2000). 

The main advantage of the probabilistic method is that it takes into consideration the natural variability and 

uncertainties of the rock mass properties. 

 

 

Figure 2.16 Approaches in slope stability analysis: a) Deterministic and b) Probabilistic. 
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2.5.1 Deterministic Analysis  

In the deterministic approach, the stability of the slope is merely described by a single value i.e. the Factor 

of Safety (FoS). This type of analysis uses a mathematical model, typically the Limit Equilibrium Method 

(LEM), from which a FoS is obtained based on average values of the rock mass properties as input 

parameters (Figure 2.16.a). Thus, the uncertainty is not explicitly considered in a deterministic approach 

design, and the input variables taken as their average are assumed with certainty (Coates, 1977). 

Deterministic analysis enjoys a long history of development, and acceptable levels of FoS for various 

conditions are well established. It has been taken as a routine step for slope stability analysis. However, a 

deterministic analysis can only cope with the uncertainty and variability of rock mass properties in an 

implicit way by requiring a large, and sometimes excessively conservative, FoS values (Qian, 2012; Read 

and Stacey, 2009). Overdesign is one way to compensate for uncertainty and increase relative reliance (El-

Ramly, 2002) 

2.5.2 Probabilistic Analysis  

In a probabilistic slope stability analysis, the same input parameters as the ones for the determinist approach 

can be used with the only difference that the variability of the rock mass properties are accounted in the 

design processes (Sjöberg, 1996). These parameters are now described as input random variables and 

defined by a probability distribution. By using the same mathematical model (e.g. LEM) plus a sampling 

method such a Monte Carlo technique, the probability of slope failure ca be calculated (Chiwaye & Stacey, 

2010). That is the area under the curve for a FoS less than 1 (Figure 2.16.b).  

The use of a probabilistic approach for rock slopes was demonstrated, among others, by Leung and Quek 

(1995), Park and West (2001), Park et al. (2005), Tatone and Grasselli (2010), Grenon and Hadjigeorgiou 

(2010), Irigaray et al. (2012), Gravanis et al (2014), Zheng et al. (2015), Basahel and Mitri (2019), Obregon 

and Mitri (2019). In all these studies attention has been given on the calculation of the probability of failure 

associated with slip failures along rock discontinuities. A thorough and critical review of the different 

methods of analysis for open pit slope stability was carried out by Abdulai and Sharifzadeh (2018). 

2.6 Acceptance Criteria for Open Pit Design 

2.6.1 The Concept of Slope Failure  

Failure of a slope is an ambiguous concept without a common universally accepted definition. Failure may 

have meanings related to some type of local malfunction, total collapse, unexpected behavior, or a major 

disaster; as well as being the opposite of a successful design (Adams, 2015). It should be highlighted, 

however, that not all slope ‘failures’ are catastrophic (Duncan, 2000). Some of these could be better 



Chapter 02:  Literature Review 

 

49 
 

described as an unsatisfactory performance or a minor downslope movement of rock debris. Bench-scale 

slope failures, for instance, are generally expected during the operation of an open pit mine and they can be 

acceptable when adequately managed by catch berms. Large-scale failure, on the other hand, involving 

several benches or compromising the overall pit slope are important enough to be of major concern.  

In recognition of this important distinction between catastrophic failure and less significant performance 

problems, it is important to keep in mind the real ‘consequences’ of the event and not to be misled by the 

word ‘‘failure’’. This is specially the case in the geotechnical analysis of open pit slopes since the current 

design practice follows a scale-based approach (i.e. bench, inter-ramp and overall scale slopes). The real 

concept of ‘failure’ will therefore depend on the affecting scale and economic consequences of such failure. 

 

Figure 2.17  Different types of pit slope performance. a) Global circular failure, b) Inter-ramp scale 

failure, c) Bench slope local failure d) Stable open pit design 

 

2.6.2 Factor of Safety (FoS) 

The Factor of Safety (FoS) is the common metric in slope stability analyses. Most geotechnical engineers 

are accustomed to working with this as a design criterion which is defined as the ratio between the resisting 

forces (capacity, C) and driving forces (demand, D) of a system (Read and Stacey, 2009). 

𝐹𝑜𝑆 =
𝐶

𝐷
   [Eq.2.1] 
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The FoS is currently an industry standard and the most basic design acceptance criterion in engineering 

(Read and Stacey, 2009). There has been a wide experience in its application to all types of geological 

conditions, for both rock and soil materials (Willy and Math, 2004). Furthermore, there are generally 

accepted factor of safety values for slopes excavated for different purposes i.e. for mining and/or civil 

applications (Priest and Brown, 1983). From the expression shown above and in a strict sense, a FoS less 

than unity implies that the slope is unstable whereas a FoS greater than one would be deemed as stable. The 

case for which the FoS equals one would represent a state of limit equilibrium (meta-stability). From a 

practical standpoint, however, a design FOS greater than one is required in order to account for the 

underlying uncertainties in both capacity and demand. 

The minimum value of FoS for an engineering design should be selected consistently with the uncertainty 

involved in the input parameters such as the rock mass shear strength and the consequences of failure (local 

or global). The rationale to follow is that when the uncertainty and the consequences of failure are both 

small, it is acceptable to use small factors of safety. Conversely, when the uncertainties or the consequences 

of failure increase, larger factors of safety are necessary. In this regard, it has been suggested (Terbrugge et 

al., 2009; Steffen, 2014; Fillion, 2018) that high and therefore conservative values of FoS can be considered 

for the early stages of a mining project (e.g. scoping studies or pre-feasibility) given that data is limited and 

often too spread. As the project moves to further stages and as more data becomes available the selected 

FoS can be narrowed down (Figure 2.18)  

 

Figure 2.18  Variation of the Factor of Safety (FoS) at different stages of a mining project (Terbrugge et 

al., 2009 & Fillion, 2018). 
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2.6.3 Margin of Safety (MoS)  

Stability analysis is basically a comparison of available strength to imposed stresses. These quantities could 

also be called capacity (C) and demand (D) of a rock engineering system. The Margin of Safety (MoS) is 

defined as the difference between the capacity and demand with the slope being unstable if the MoS is 

negative (Wyllie, 2017). This means that the limit case for the Margin of Safety is a value of MoS=0. The 

MoS is expressed in terms of probability and it is calculated as follows: 

𝑀𝑜𝑆 = 𝑃[𝐶 − 𝐷 < 0]   [Eq.2.2] 

Where C and D are the two input random variables. The limit state, corresponding to the boundary between 

desired and undesired performance, would be when MoS = 0. If MoS ≥ 0, the structure is safe (desired 

performance). Let us now assume that both the capacity and demand follow a normal distribution and that 

they are mathematically defined with the probability density functions f(c) and f(d), respectively as in 

Figure 2.19.a. When the capacity and demand distributions are compared, it is possible to calculate a third 

probability distribution for the margin of safety (Figure 2.19.b). It follows that for the special case in which 

C and D are normally distributed, f(MoS) is normally distributed as well (Baecher and Christian, 2005). 

 

The mean of f(MoS) is: 

𝜇𝑀𝑜𝑆 =  𝜇𝐶 − 𝜇𝐷   [Eq.2.3] 

And the standard deviation of the MoS is: 

𝜎𝑀𝑜𝑆 = √𝜎𝐶
2 + 𝜎𝐷

2 − 2𝜌𝐶𝐷𝜎𝐶𝜎𝐷  [Eq.2.4] 

Where: 

μC and μD: mean values of C and D, respectively. 

σC and σD:  standard deviations of C and D, respectively. 

ρCD:  correlation coefficient between C and D. 

 

A reliability index β which expresses the distance of the mean MoS from its critical value (MoS=0) can 

then be calculated following.  

𝛽 =
𝜇𝑀𝑜𝑆

𝜎𝑀𝑜𝑆
=

𝜇𝐶− 𝜇𝐷

√𝜎𝐶
2+𝜎𝐷

2 −2𝜌𝐶𝐷𝜎𝐶𝜎𝐷

  [Eq.2.5] 

Having determined the reliability index β, the probability for which P[MoS<0] is mathematically given by: 

𝑃[𝑀𝑜𝑆 < 0] = Φ(−𝛽)   [Eq.2.6] 
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Where Φ[Z] represents the area under the normal curve where the safety margin is less than zero. This area 

is obtained from the standard normal table or calculated using modern spreadsheets such as Microsoft Excel. 

This is also shown in Figure 2.19.b, with P[MoS<0] being proportional to the area of the shaded yellow 

area. 

 

Figure 2.19 Probability density functions for: a) Capacity and Demand, b) Margin of Safety and c) Factor 

of Safety (Savely, 1987) 

2.6.4 Probability of Failure (PoF) 

The Probability of Failure (PoF) is also a relationship between the capacity (C) and demand (D) of a rock 

engineering system. The PoF is defined as the probability of the ratio C/D -also known as Factor of Safety 

FoS- being less than one (Read & Stacey, 2009). The PoF is calculated as follows: 

𝑃𝑜𝐹 = 𝑃[𝐹𝑜𝑆 < 1]  [Eq.2.7] 

𝑃𝑜𝐹 = 𝑃[
𝐶

𝐷
< 1]  [Eq.2.8] 

Where C and D are the two input random variables. Let us now assume that both the capacity (C) and 

demand (D) follow a lognormal distribution, then lnC and lnD are normal variates. This means that the 

logarithm of their ratio (C/D) becomes the difference between their logarithms and the formulation becomes 

identical to the case of the MoS. For this case the reliability index β is given by: 
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𝛽 =
𝜇𝐹𝑜𝑆

𝜎𝐹𝑜𝑆
=

𝑙𝑛(
𝜇𝐹𝑜𝑆

√1+𝐶𝑜𝑉2
)

√𝑙𝑛(1+𝐶𝑜𝑉2)
 [Eq.2.9] 

Where µ: mean; σ: standard deviation and CoV = (σ/µ) is the coefficient of variation of the distribution of 

the FoS . The probability for which P[FoS<1] is mathematically expressed as: 

 

𝑃[𝐹𝑜𝑆 < 1] = Φ(−𝛽)  [Eq.2.10] 

Figure 2.19.c. shows the PoF with the critical area (i.e. FoS<1) highlighted in blue. It should be noted that 

the above equations are only valid when C and D are lognormally distributed. In cases where this condition 

is not met, calculations get more complicated and tools such as the Monte Carlo sampling technique comes 

in handy.  

 

2.6.5 Suggested Design Criteria  

The FoS is the most common criterion for slope design, and there has been a wide experience in its 

application to all types of geological conditions, for both rock and soil materials. Furthermore, there are 

generally accepted factor of safety values for slopes excavated for different purposes i.e. mining or civil 

facilities. However, unlike civil slopes, where the emphasis is on the reliability and performance of the 

design and cost/benefit is less of an issue, open pit slopes are normally constructed to lower levels of 

stability, recognizing the shorter operating life spans involved and the high level of monitoring, both in 

terms of accuracy and frequency, that is typically available in the mine.  

It could be said that all excavated pit walls have potential for failure. The acceptability of any given failure 

will depend on its consequence and perceived risk. If the failure of a given slope is deemed to have no 

impact on the surrounds, or the safety and production of a mine, there is likely to be minimal concern. 

Therefore, pit wall design is essentially governed by two factors:  i) the probability of failure, and ii) the 

consequence of it. To accommodate these two design factors, it is usual practice to apply an appropriate 

factor of safety (FOS) and/or probability of failure (POF) to the design geometry of the pit wall. 

Recommendations exist in the literature for acceptable FoS and PoF values (Kirsten, 1983; Priest & Brown, 

1983; Swan & Sepulveda, 2000; Christian, 2004; Sullivan, 2006). Table 2.1 describes the acceptance 

criteria for FoS and PoF at different scales for open pit slope design based on the work by Read & Stacey 

(2009). 
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Table 2.1Suggested acceptable criteria for open pit slope design 

Slope Scale 
Consequence of 

failure 

Acceptance criteria 

FoS min 

(Normal 

Conditions) 

Fos min 

(Extreme 

Conditions) 

PoF max 

Pr[FoS<1] 

Bench Low-High 1.1 NA 25-50% 

Inter-ramp 

Low 1.15-1.2 1 25% 

Medium 1.2 1 20% 

High 1.2-1.3 1.1 10% 

Overall 

Low 1.2-1.3 1.05 15-20% 

Medium 1.3-1.5 1.10 5-10% 

High >1.5 1.15 <5% 
NA: Not Applicable. 
Extreme refers to earthquake or heavy rainfall. 

 

2.7 Chapter Summary  

Chapter 2 covers a critical review of the wider literature on rock slope stability assessment.  

• It started with formal definitions of epistemic uncertainty and aleatory variability for rock 

engineering systems and highlighted the reducible character of epistemic uncertainty with further 

laboratory and/or field measurements. It was also stated that this kind of uncertainty can be handled 

using probability theory and updated with additional data collected at different stages of the project. 

• The main impacts of slope failures in open pit mining operations was addressed from an economic, 

environmental and regulatory standpoint. Also, a description the geotechnical design procedure 

was given following a scale-based approach i.e. bench, inter-ramp and global slope design.  

• The importance of building a representative geotechnical model as the first step in the open pit 

design procedure was emphasized. The geotechnical model required four input components: the 

geological, structural, rock mass and hydrogeological models. 

• The typical (i.e. structural and non-structural) modes of failure in open pit slopes was explained by 

considering joint fabric, rock mass conditions, scale of analysis and impact of failure.  

• A summary of the main geotechnical design methods (i.e. empirical, analytical, numerical, and 

observational) was provided and compared in terms of their assumptions, limitations and 

advantages.  

• The deterministic and probabilistic approaches for rock slope stability assessment was explained 

and compared in terms of the input and output parameters. Advantages of the probabilistic analysis 

to handle uncertainty and variability over the traditional deterministic approach was highlighted.   

• Finally, a summary of the most common used acceptance criteria for open pit mine design was 

provided in terms of minimum Factor of Safety (FoS) and maximum Probability of Failure (PoF).
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Chapter 3 

3 Analysis of Structural Geological Data  

The slope design in a jointed rock mass such as the one shown in Figure 3.1 requires a sound understanding 

of the geological discontinuities (Hoek and Bray, 1981; Nicholas & Sims, 2001).  For data collection 

purposes, these geological structures can be grouped into two main types (Call, 1972; Call et al., 1976; 

Priest, 1980; Villaescusa, 1991; Cylwik et al., 2011). Minor discontinuities like joints and bedding planes 

are those that are relatively small and usually too numerous to be mapped and located individually whereas 

major discontinuities such as principal faults or shear zones are those that are long enough to be individually 

located on a geological map (Nicholas & Sims, 2001; Wyllie and Mah, 2004).   

 

The term ‘discontinuity’ -as it is used throughout this thesis- is a collective or general term to refer to most 

types of natural breaks within the rock having zero or low tensile strength (Priest, 1993) meaning that failure 

tends to occur preferentially along these surfaces (Barton, 1978; Norrish & Wyllie, 1996; Gudmundsson, 

2011). It is a very commonly used term for rock defects such as bedding planes in sedimentary rocks, 

cleavage and schistosity in metamorphic rocks, and joints often occurring in igneous rocks (Giani, 1992).   

 

 

Figure 3.1 Jointed rock mass with three principal joint sets. 

 

3.1 Methods of Field Data Collection 

The principal methods of describing rock masses and their discontinuities from a slope engineering point 

of view are the survey of rock exposures and drill core description. More recent techniques allow us to 



Chapter 03:  Analysis of Structural Geological Data 

 

56 
 

automate traditional outcrop mapping and manual core logging such as the use of terrestrial 

photogrammetry and down-hole televiewers (both acoustic and optical). All these methods will be briefly 

explained in the following sections and real-life case studies will also be presented in the following chapter.  

 

3.1.1 Surface Structural Mapping 

Geological mapping of structural data is required in almost all stages of a rock mass characterization 

program (Hoek et al., 2000). Structural data are a key input for kinematic, limit equilibrium and numerical 

slope design analyses (Read and Stacey, 2009). The fracture data are collected by mapping methods that 

provide the appropriate input parameters required for rock slope design. The geometrical characteristics 

and physical properties of each major-types discontinuity feature is usually stablished deterministically.  

Minor geological structures represent for practical purposes an infinite population in the area of design and 

their geometrical and physical features are therefore treated statistically in a slope-design analysis from a 

representative smaller sample (Priest, 1980; Villaescusa, 1991). 

 

There are ten parameters selected to describe rock discontinuities as given in the ISRM publication: 

Suggested methods for the quantitative description of discontinuities in rock masses (Barton, 1978), these 

are: orientation, spacing, persistence, roughness, wall strength, aperture, filling, seepage, number of sets, 

block size (see Figures 3.2 and 3.3). A brief description of each of these parameters is provided below as 

given by Zhang, L (2016).  Although all these are important a special attention will be given to three 

geometrical properties (i.e. orientation, spacing and persistence.) and one mechanical property (i.e. wall 

shear strength) in the following sections.  

 

Figure 3.2 Recommended ISRM discontinuity properties to be described during structural field mapping 

(Harrison & Hudson, 1997) 
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1. Orientation: The attitude of a discontinuity in space. It is described by the dip direction (azimuth) 

and dip of the line of steepest declination in the plane of the discontinuity. 

2. Spacing: The perpendicular distance between adjacent discontinuities. It normally refers to the 

mean or modal spacing of a set of discontinuities. 

3. Persistence: The discontinuity trace length as observed in an exposure. It may give a crude 

measure of the areal extent or penetration length of a discontinuity. Termination in solid rock or 

against other discontinuities reduces the persistence. 

4. Roughness: The inherent surface roughness and waviness relative to the mean plane of a 

discontinuity. Both roughness and waviness contribute to the shear strength. Large scale waviness 

may also alter the dip locally. 

5. Wall strength: The equivalent compressive strength of the adjacent rock walls of a discontinuity. 

It may be lower than rock block strength due to weathering or alteration of the walls. It is an 

important component of shear strength if rock walls are in contact. 

6. Aperture: The perpendicular distance between adjacent rock walls of a discontinuity, in which 

the intervening space is air or water filled. 

7. Filling: The material that separates the adjacent rock walls of a discontinuity and that is usually 

weaker than the parent rock. Typical filling materials are sand, silt, clay, breccia, gouge, mylonite. 

It also includes thin mineral coatings and healed discontinuities such as quartz and calcite veins.  

8. Seepage: The water flow and free moisture visible in individual discontinuities or in the rock 

mass. 

9. Number of Sets: The number of discontinuity sets comprising the intersecting discontinuity 

system. The rock mass may be further divided by individual discontinuities. 

10. Block Size: The rock block dimensions resulting from the mutual orientation of intersecting 

discontinuity sets and resulting from the spacing of the individual sets. Individual discontinuities 

may further influence the block size and shape.  

The suggested methods for the quantitative description of discontinuities is rock masses, prepared by ISRM 

(Barton, 1978), provides a thorough description to the principal aspects of the discontinuity field 

measurement procedure. The report by the Geological Society Engineering Group Working (1977) entitled: 

Description of Rock Masses for Engineering Purposes, is a is another source the reader is forwarded to for 

further details on rock discontinuity property description. Minor structural features (e.g. rock joints) used 
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in the bench design are most commonly collected by using the scan-line method (Call, 1972) or window-

mapping method (Mathis, 1988). These are further explained below.  

 

 

Window mapping involves measuring all discontinuities within a representative area or “window” (Figure 

3.4). These are rectangular or square windows. The bench face or outcrop is divided into ‘cells’ and spaced 

at regular intervals along the excavation walls in order to collect the field data (Wyllie and Mah, 2004). 

Normally, the width of the cell is equal to one to two times the height of the cell (Nicholas & Sims, 2001). 

 

Figure 3.3 Principal rock discontinuity properties as suggested by 

the ISRM: 1) Joint Orientation; 2) Joint Spacing; 3) Joint Trace 

Length; 4) Joint Roughness; 5) Joint Wall Strength; 6) Joint 

Aperture; 7) Joint Infilling; 8) Water Condition 9) Joint Set 

Number and 10) Rock Block Size (Barton, 1978). 



Chapter 03:  Analysis of Structural Geological Data 

 

59 
 

 

Figure 3.4 Example of a structural window mapping with joint traces highlighted. 

 

 

Figure 3.5 Example of a structural scanline mapping intersecting ten rock joints. 

 

This is a form of a planar sampling or two-dimensional mapping tool.  We begin by visually identifying the 

main discontinuity sets within each cell boundaries, and the orientation, length, and spacing characteristics 

are recorded. This process requires the grouping by eye of a family of discontinuities with similar 

orientational features in order to form a geological design set.  
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A detailed line survey (also commonly called scan-line mapping) is a systematic, one-dimensional spot 

sampling method which can be extended to two dimensions if the line is located inside a sampling window. 

This technique consists of stretching a measuring tape along the bench face or outcrop and recording the 

point of intersection, orientation, length, roughness, filling type, and thickness of each discontinuity crossed 

by the tape (see Figure 3.5). Ideally, the sampled sites would be randomly selected at three equal length and 

mutually orthogonal directions. Any discontinuity ignored by one line because of its orientation would be 

sampled preferably by one or two of the other lines. In practice, however this is often not the case, since 

rock exposures to be mapped are determined by availability and accessibility constraints.  The dimensions 

of the observation window should be kept constant at each measured site if possible, since data from 

different sites is usually grouped together. 

The scanline method has been described in detail by numerous authors (Call, Savely, and Nicholas 1976; 

LaPointe and Hudson 1985; Warburton 1980). The technique has been used in mining and civil engineering 

for many years and has been well documented by several authors (Priest & Hudson 1981; Windsor & 

Thompson 1997; Harries 2001; Brown 2003). Regarding the cell-mapping method, this has been 

summarized in the literature (Call, Savely, and Nicholas 1976; Call 1992). The reader is referred to these 

and other papers for further discussion of both surface mapping methods.  

One key aspect in the collection of field structural data is the number of measurements being considered. 

In this respect, Savely (1972) stated that at least 60 observations of joint orientations are required to 

stereographically define discontinuity sets. Also, Villaescusa (1991) recommended at least 40 

measurements per discontinuity set in order to construct experimental histograms and thus provide a sound 

statistical base of the discontinuity set characteristics. Considering that granitic rocks often exhibit three 

orthogonal joint sets, a minimum of 120 orientations should be mapped in this type of rocks. Priest and 

Hudson (1981) presented a method to calculate the number of observations required to estimate the 

precision of the mean discontinuity spacing value for a negative exponential distribution. Following their 

calculations, at least 41 measurements as shown in Figure 3.6 will be needed for a mean estimation within 

20% error at an 80% confidence level. The required number of observations increases rapidly as the 

estimation error is decreased such that at 90% confidence with a 10% error estimation a total of 271 

measurements should be made for design purposes. This quantity can easily be achieved by grouping data 

that belongs to the same structural domain and constructing composite stereoplots from them. When doing 

so, one must be careful to not group data from different rock types or previously established different 

structural domains.  
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It should be kept in mind that rock discontinuity properties are three-dimensional entities, but all field 

observations of rock structure are usually one-dimensional (as in the case of scan-line mapping) or at best 

two-dimensional when measurements are gathered from outcrop or excavation walls through window or 

cell mapping. It is worth noting then that data processing techniques based upon geometrical statistics and 

probability theory are required in order to make sound estimates of the 3D structural features (Einstein & 

Baecher, 1983; Davis & Sampson, 1986; Priest, 1993,). In this respect, some of the promising novel 

techniques for the geometrical representation of complex three-dimensional (3D) discontinuity systems are 

Discrete Fracture Network (DFN) models. DFNs are a mathematical representation of fracture 

characteristics in 3D space constructed from field data usually collected from limited exposures, e.g. one-

dimensional (1D) borehole logging and two-dimensional (2D) outcrop mapping (Rogers et al., 2007; Elmo 

& Stead, 2010; Lorig, 2015). 

The responsibility of the engineering geologist does not end with the gathering and compilation of data but 

must also include the representation of significant geologic factors in a form that is convenient, 

representative, and readily understandable to the slope stability analyst and the mine management. Basically, 

there are two graphical methods of presenting data: (i) maps and cross sections wherein the actual position 

of geological structures is shown and (ii) statistical data plots giving frequencies of orientation, spacing, 

persistence, etc. 

 

Figure 3.6 Number of observations required to estimate of the mean discontinuity spacing (Priest and 

Hudson, 1981) 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/borehole-logging
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3.1.2 Geomechanical Core Logging 

As noted above, outcrop mapping is a key step in the collection of surface structural data that is commonly 

performed prior to mining (Read and Stacey, 2009). Even if surface mapping data are available and reliable, 

there is no guarantee that the rock-fabric data collected on surface will correspond to that at depth. Often 

the most cost-effective method to obtain the needed structural data at depth for rock slope design is through 

oriented borehole drilling and core recovery.  

 

Boreholes represent line samples of the rock mass (Barton, 1978) and as such, it can be thought as a scanline 

that goes from surface to a given depth. Therefore, the same rock discontinuity parameters as described in 

a scanline are also reported for a borehole logging. It should be highlighted that mapping of exposed rock 

faces allows for the direct assessment of several rock mass characterization parameters that cannot be 

established by routine drill hole logging (Villaescusa, 2014). For example, joint persistence which defines 

the forming rock block’s sizes will usually not be possible to be assessed from drill hole observations 

(Barton, 1985). 

 

Core logging entails recording the orientation of geological structures in core samples to obtain the in-situ 

(actual) position of discontinuities to determine favorable or unfavorable conditions in the stability analysis 

of rock slopes (Ureel et al., 2013). The orientation of discontinuities encountered in a borehole can only be 

determined if it has been properly oriented. There are a variety of tools currently in use for core orientation 

e.g. Clay Imprint, Ball-Mark, EZY-Mark, ACT Reflex, etc. Commonly the process involves identifying the 

lowermost point (‘bottom mark’) on the top face of what is to be the next run of core (Davis & Cowan, 

2012; Holcombe et al., 2013). After the core is extracted it is reassembled as far as possible and the ‘bottom 

mark’ used to subtend an orientation line along the core (known as the ‘orientation mark’ or ‘ORI line’). 

This line is used to orient all other features in the core.  

 

 

Figure 3.7 Reflex ACT II orientation tools (Reflex Instruments, 2013). 
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The Reflex ACT I, II, and III are core orientation devices developed by Reflex Instruments that are 

becoming increasingly popular and are now being applied worldwide in the mining industry (Figure 3.7). 

Once core orientation has been achieved and the reference line marked, the orientation of any structures 

along the core run can be measured using a goniometer. The following parameters are important when 

recording data for each core run: reference angle, alpha and beta angles (Figure 3.8). The alpha angle is the 

maximum angle of intersection between the discontinuity surface and the core axis. The beta angle is 

measured around the circumference of the core from the orientation line to the maximum down‐hole apex 

of the discontinuity. The geologists, geological technicians, or geotechnical engineers log the recovered 

drill core. During the core logging process, a key factor is to distinguish between natural occurring joints 

and mechanical breaks induced by drilling or handling.  Finally, the data can be processed, interpreted and 

plotted on stereographic projection to determine where adversely oriented joint sets with respect to the 

slope’s direction may occur. 

 

It is beyond the scope of this thesis to discuss all aspects of core logging. Readers who wish to pursue 

further detail on this matter are advised to consult the work by Bleakly, 1985; Nelson et al., 1987; 

Marjoribanks, 2002; and Ureel et at, 2013. 

 

 

Figure 3.8 Angle conventions in oriented drill core (Holcombe et al., 2013) 

 

3.1.3 Other Non-Traditional Methods 

3.1.3.1 Televiewer Logging Methods 

Traditionally, the only method to obtain structural data from drill holes has been via the logging of oriented 

drill core. Multiple instruments are now available to orient drill cores; however, the development and 

availability of televiewer technologies has provided new methodologies as opposed to the traditional 

(manual) methods for collecting reliable and accurate structural data. Although most widely used in the oil 

industry, televiewers are now becoming routinely used to capture structural data for geological, 
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hydrogeological, and geotechnical investigations. Televiewers are a digital marking technique capable of 

core orientation in angled vertical drill holes (Thomas et al., 2015).  

 

Televiewer surveys capture a continuous log of a downhole image of the internal drill hole walls. They can 

be grouped into optical (OTV) and acoustic (ATV) types. The optical type uses light and a camera to 

provide a direct image of the drill hole wall, and thus it can only be collected in air or clear water intervals. 

The acoustic type uses the amplitude of a reflected acoustic signal (Gaillot et al., 2007). The amplitude of 

the reflected acoustic signal is recorded as photographic-like images (Weir,2015). Acoustic televiewer can 

only be collected in borehole intervals where there is gas-free fluid. Figure 3.9 shows logs corresponding 

to these two types of televiewer surveys. 

 

 

Figure 3.9 Example of ATV and OTV images of a vertical borehole (Piffer & Rinaldi, Waterstones Srl). 

 

Planar features intersecting the borehole appear as sinusoids across the 2D image (Figure 3.10) and are 

derived from the image log by fitting sine waves interactively to the observed features (Williams and 

Johnson 2004). Each feature has its true orientation (dip & dip direction angles), which are calculated by 

considering the image orientation, and orientation of the well. 
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Figure 3.10 Orientation of discontinuity in borehole: (a) elliptical intersection between discontinuity and 

core; (b) ‘unwrapped’ view of borehole wall with discontinuity (Colog Inc. 1995). 

Although televiewer surveys are believed to be expensive; it can actually be a cost-effective data collection 

tool in certain situations. The existence of broken zones and core loss during classical core logging present 

difficulties in obtaining orientation data, which can result in a paucity of structural data for significant 

intervals of the drill hole. In this situation, televiewers can provide the necessary structural data and thus 

resolve this issue. Televiewer logging by itself does not, however, replace drill core logging as it cannot 

provide the same level of data characteristics as physical assessment by an experienced engineering 

geologist. Televiewer surveys are therefore a complimentary tool for classical core logging. Also, important 

to be remarked is that the engineer should understand both the advantages and the limitations associated 

with the collection of structural data either through borehole imaging or traditional techniques. 

 

Although the case studies presented in this chapter did not have televiewer data available at the time of 

preparation of this thesis, it was deemed worth it to provide a short summary of this useful techniques in 

the field of mining rock mechanics. Readers interested to dive into this topic are recommended to consult 

the work by Gochioco & Marks (2002), Su et al. (2005), Yongyue et al. (2010), Bae et al. (2011), Li et al. 

(2013). 

3.1.3.2 Photogrammetry Mapping Techniques 

Traditional hand measurements of geotechnical data typically collected by bench mapping can further be 

enhanced and supplemented by digital measurements from photogrammetric surveys. The use of 3D digital 

photogrammetric and laser imaging technology for structural mapping in open pit mines has increased 

dramatically within the last few years (Read & Stacey, 2009). Given the low cost for digital cameras and 

their ease of use in the field, the techniques using photogrammetric image processing are particularly useful 

for geotechnical characterization of rock slopes (Birch 2006, Haneberg 2008, Tannant et al. 2008, 

Sturzenegger and Stead 2009, Bahrani and Tannant 2011, Kim et al. 2013, Vasuki et al. 2014).This 

technology allows us to collect accurate structural data in areas where access is difficult and/or unsafe 
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without disrupting mine operations (Lee, 2011; Sturzenegger et al., 2011). This includes using traditional 

aerial, terrestrial, or Unmanned Aerial Vehicles (UAV’s) platforms (Liu et al., 2019). 

 

One major benefit of digital photogrammetry over traditional bench mapping is its capability to capture 

large-scale geological structures on the existing rock slopes (multi-bench scale) as shown in Figure 3.11 

that would otherwise not be identified when mapping manually at a single bench scale. Geometrical 

properties of rock discontinuities such as orientation (dip/dip direction angles), trace lengths or plane area 

(also used to calculate joint persistence) and fracture set spacing, can be determined remotely and accurately 

over long areas of the pit. One disadvantage of this system is, however, that it cannot be used to determine 

the physical features of the structures, particularly surface roughness, joint aperture and nature of joint 

infilling. 

 

Figure 3.11 Example of a mapping window from camera imaging overlain with the 3-D terrain model of a 

pit sector. One major discontinuity (in red) and several rock joints (in green) were mapped (Tuckey, 2012). 

Unfortunately, photogrammetric information was not at hand at the time of preparing this thesis. 

Nevertheless, it was considered useful to provide a brief outline of this technique in the field of rock slope 

engineering. Readers interested in photogrammetry-based techniques used for structural mapping in mining 

are advised to consult the work by Sturzenegger & Stead (2009), Grobler et al. (2003) and Tannant (2015).  

 

3.2 Assessing the Geometrical Properties of Rock Joints 

For the case of rock slope engineering with structurally controlled instabilities modes, i.e. planar or wedge 

failure, special attention should be given to the both the mechanical (strength) and geometrical (orientation) 

properties of natural discontinuities (Park et al., 2005; Basahel and H. Mitri, 2019).  

The most measured geometrical properties of discontinuous rock masses are orientation, spacing and 

persistence or trace length. Authors such as Piteau (1970) and Baecher (1977) and Samaniego (1985) have 

pointed out that the above parameters are crucial for the design and stability of any structure built in or 
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above a discontinuous rock mass. This section will mostly cover the geometrical properties of rock joints 

with a special emphasis on joint orientation, joint spacing and joint persistence. 

3.2.1 Joint Orientation  

Discontinuity orientation is defined by two field measurements that can be expressed as either strike and 

dip, or most commonly, dip and dip direction angles. These can be easily determined from exposed outcrops 

or calculated from oriented rock cores. The overall purpose of surface mapping and/or geomechanical core 

logging is indeed to define sets of discontinuities that will control stability on a particular slope orientation 

(Wyllie & Mah, 2004). This section is primarily concerned with discontinuity orientation data processing, 

representation and interpretation. 

Structural data collection techniques and procedures were covered in previous sections. After a set of dip 

and dip direction measurements have become available the next step involves a statistical analysis to 

identify the characteristic structural pattern of the rock mass. Quite often, joints occur in sets that are parallel 

or sub-parallel (clustered), while it is also possible for several joints to be oriented in different (random) 

directions (Hadjigeorgiou, 1992; Jaeger and Cook, 2009). 

Although surface (scanline and or window) and sub-surface (borehole logging) structural data collection 

tools can produce an objective sampling strategy, they do introduce an orientation sampling bias as fractures 

with shallow angles of intersection with the scanline or borehole axis are seldom observed (Fisher et 

al. 2014; Priest 1985). Ruth Terzagui (1965) was one of the first to point out this bias for sampling lines, 

boreholes or planes.  

This concept is better demonstrated in Figure 3.12 where three discontinuities A, B and C all with equal 

spacing, and different orientations are intersected by a sample line. It can be observed that Set A is sampled 

seven times, Set B five and Set C twice. This demonstrates that, although the hypothetical discontinuities 

are uniformly distributed, their sampling frequency is partially dependent on the relative angle between the 

sampling line and the discontinuity. Terzaghi (1965) also pointed out that there will be no intersections 

between the fracture set and the sampling line or plane when the sampling domain is parallel to the fracture 

set. The term blind zone is applied to the orientations of the poles of fractures in this situation (Yow, 1987; 

Priest, 1993). 

 

https://link.springer.com/article/10.1007/s00603-017-1254-7#CR8
https://link.springer.com/article/10.1007/s00603-017-1254-7#CR35
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Figure 3.12 Sampling bias imposed by one-dimensional (linear) discontinuity sampling represented by a 

drill hole with a plunge of 45° to the west (Fowler, 2013). 

 

 

Figure 3.13 Terzagui correction factor for a) a scanline at an angle α with the normal to a fracture set and 

b) a rock slope whose normal F makes an angle β with the fracture normal n (Wang & Mauldon, 2006) 

 

Figure 3.13.a. shows a drill hole, as a linear sampling line, at angle α with respect to the normal n to a set 

of fractures.  If λ1 is the fracture frequency measured along the fracture normal and λ1
’ is the measured 

frequency along the drill hole, then the bias caused by the sampling orientation can be corrected by 

multiplying the field-measured frequency λ1
’ by a correction factor η1. In Figure 3.13.b. the case for planar 

sampling is shown, such as for a natural or excavated rock slope. If β denotes the angle between the 

sampling plane normal F and the normal to a set of fractures n, λ2 denotes the measured fracture frequency 
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on the plane perpendicular to the fracture set and λ2
’ denotes the measured fracture frequency on the rock 

slope (sampling plane). Then the bias caused by the orientation of the sampling plane can be corrected with 

a weighting factor η2. 

The commercially available software Dips developed by Rocscience Inc. offers an automatic calculation of 

the Terzagui weighting factors for the correction of bias in discontinuity orientation data sampled on 

scanlines, windows or boreholes. Figure 3.14 shows contour plots of rock joint clustering based on three 

oriented boreholes. The orientation of these boreholes has strategically been defined so that the blind zones 

created by each borehole is minimized (Figure 3.15).  The two contoured stereographic projections present 

the same data, whereas Figure 3.14 is uncorrected, Figure 3.16 has been bias-corrected by means of the 

Terzaghi weighting factor. As can be seen on these two figures, different contouring and clustering patterns 

can be obtained when correcting orientation data for sampling bias. This is specially recommended when 

dealing with highly scattered structural data such as the one coming from core logging. 

One of the simplest forms of graphical representation for 3D oriented geological data is the use of stereo 

plots by adopting a technique known as stereographic or hemispherical projection. The reader is forwarded 

to the work by Philips (1971), Goodman (1976), Priest (1985), and Lisle & Leyshon (2004) for further 

details on this technique. One advantage of stereo plots is that they allow for large amounts of data points 

to be plotted and contoured to identify main joint clustering sets. Visually the preferred orientations of joint 

sets are defined by peaks in the contour plot. Figure 3.17 correspond to the same stereo plot as in Figure 

3.16 where the main joint sets have been highlighted. Three main joint sets have been identified, two 

subvertical (J1 and J2) and one sub horizontal (J3). The mean orientation is also shown in Figure 3.17. 

Joint orientation data will always exhibit some degree on variability in its geometrical properties. However, 

this natural variability will not be the same and there will vary from site to site depending on the regional 

and local geological setting. This can be easily seen in Figure 3.18 where two different rock outcrops are 

shown, both having two main joint sets. In the case of outcrop #1 the orientation of the sub-horizontal and 

sub-vertical joint sets vary much more with respect to the mean or average (painted as a red line) than in 

the case of outcrop #2 which is much more tightly clustered. One could say that a probabilistic approach 

should be followed when assessing the stability in a rock mass such as outcrop #1 whereas a deterministic 

analysis could be reasonable for evaluating the stability in a rock mass such as outcrop #2. In either case, 

the natural variability should be quantified before deciding which approach to take.  

 



Chapter 03:  Analysis of Structural Geological Data 

 

70 
 

 

Figure 3.14 No bias-corrected contour plot corresponding to the three oriented boreholes. 

 

 

 

Figure 3.15 Blind zones associated to three oriented boreholes: BH1, BH2 and BH3. 
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Figure 3.16 Bias-corrected contour plot corresponding to the three oriented boreholes 

 

 

 
 

Figure 3.17 Equal-area contour plot for boreholes BH1, BH2 and BH3 with three identified main joint 

sets J1, J2 and J3. 
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Figure 3.18 Example of variability in joint orientation (dip angles) for outcrop 1 (highly variable) and 

outcrop 2 (tightly clustered). 

 

A problem basic to applications in geological engineering is finding the probability of occurrence of a joint 

normal in a given orientation once the preferred orientations have been determined. It is often encountered 

that joint orientation distributions such as the one shown in Figure 3.19 fit quite well to a normal distribution 

for both the trend and plunge values. Some skewness is observed, however, for special cases in which the 

joint set is subvertical (dips steeply) or sub horizontal (dips softly), having positive skewness for the first 

one and negative skewness for the second one. In these special cases, more sophisticated statistical 

distributions other than the symmetrical gaussian can be selected based on a X2 goodness-of-fit procedure.  
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Figure 3.19 Normal distribution fit for the trend (Rβ) and plunge (Rα) histograms (Wittke, 2014) 

 

3.2.2 Joint Spacing 

In a strict sense, discontinuity spacing is the orthogonal distance between two adjacent discontinues that 

belong to a given joint set (Priest, 1993). This is also called the true or normal (i.e. perpendicular) spacing 

of the discontinuity set (see Figure 3.20). An apparent spacing would be one measured along a line of 

general orientation and different to the normal of the discontinuity set. Discontinuity spacing is closely 

related to the discontinuity frequency i.e. the reciprocal of mean spacing (Hudson and Priest, 1983). That 

being said, both discontinuity spacing (s) and discontinuity frequency (λ)  are parameters sensitive to the 

orientation of the line of measurement as pointed out by several authors (Priest & Hudson, 1976; La Pointe 
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& Hudson, 1985; Dershowitz & Herda, 1992; Panda & Kulatilake, 1995; Ruf, et al., 1998; Bai et al., 2000; 

Peacock et al., 2003). 

Measurements of discontinuity spacing can be made on rock exposures or drill cores. For the case of 

scanline mapping the length along the scanline is recorded for each intersected discontinuity. In the case of 

an oriented borehole the depth at which the discontinuity is intersected is measured and register in the core 

log. In both cases, the apparent spacing can be calculated by simply direct subtraction of the distance or 

depth of one joint with the one immediately after it.  

 

Figure 3.20 A jointed rock mass containing three main joint sets with their true spacing being indicated 

(Chang & Konietzky, 2018) 

 

If only apparent spacing measurements are available (Sap), such as the case of core logging data, the true 

joint spacing (Str) can be obtained by following the expression (ISRM, 1978, Giano, 1992, Wong, 2013): 

Str = λs cosθ     [Eq.3.1] 

Where Str is the true joint spacing, λs is the joint frequency (i.e. # joints/meter) along the measuring line 

(e.g. scanline) and θ the angle between the sampling line and the normal to the joint set calculated as follows 

(see Figure 3.21).  

Cosθ = |cos (αn-αs) cosβn cos βs + sin βn sinβs|  [Eq.3.2] 

Where αn and βn: trend and plunge of joint set normal. αs and βs: trend and plunge of scanline or borehole 

axis. 
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If now two discontinuity sets are considered, as illustrated in Figure 3.22, and the spacing along an arbitrary 

sampling line is aimed at, the contribution from each set is resolved onto the sampling line as weighting 

summation. For calculation purposes it is easier to find the average fracture frequency (λs) along the 

scanline and this calculate the mean spacing. This procedure can be readily extended to any number of 

discontinuities sets as shown in Figure 3.22.  

 

Figure 3.21 The true joint spacing (λ) calculation from apparent spacing (λs) for one joint set  

(Adapted from Hudson and Harrison, 1997) 

 

 
 

Figure 3.22 The true joint spacing (λ) calculation from apparent spacing (λs) for two joint sets. 

(Adapted from Hudson and Harrison, 1997) 

 



Chapter 03:  Analysis of Structural Geological Data 

 

76 
 

For engineering purposes, we might wish to know in which direction is the maximum fracture frequency 

and in which direction is the minimal fracture frequency since this may define the shape and size of the 

forming rock blocks. Figure 3.23 shows a contour plot that displays the 3D distribution of fracture 

frequency (ff) in a rock mass with four main joint sets as given by Harrison et al (2002). It can be seen that 

the locus of the global minimum and maximum fracture frequency (ff) can be determined as 3.42 and 8.85 

joints per meter, respectively. By taking the inverse of these values, we can state that the min and max 

spacing will consequently be 0.11 and 0.29 m. as shown in Figure 3.24. 

 

 

Figure 3.23 Fracture frequency counter plot for a rock mass with four joint sets. 

 

Figure 3.24 Joint spacing counter plot for a rock mass with four joint sets. 
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Although a mean discontinuity spacing provides a direct measuring of rock quality it has been found useful 

to investigate the distribution of discontinuity spacing by plotting histograms of the sampled values of total 

spacing (Priest, 1993). The histogram in Figure 3.25 comes from one oriented borehole of 228 m length. 

When fitting a probabilistic distribution to that histogram an exponential function is obtained which means 

that there are many small spacing values and very few large spacing values in the distribution. This is not 

too surprising since it has been suggested by Priest and Hudson (1900) among others that discontinuity 

pacing for a variety of rocks can be modelled by a negative exponential distribution as the one shown in 

Figure 3.25. It should be noted that a sufficiently large sample of individual spacing values (preferably 

more than 200 individual measurements) are often needed for a negative exponential distribution to be 

evident. This number can be easily obtained from regular oriented core logging.  

 

Figure 3.25 Statistical analysis of total joint spacing. a) Contour plot of corelogging data; b) Histogram of 

the total joint spacing; c) Spreadsheet for core logging data processing as an output of Dips software. 

 

The fact that the observed distributions of total joint spacing tend to be of negative exponential form suggest, 

but does not confirm, that the discontinuity occurrences are random. It should be borne in mind that 

boreholes are a 1D sampling tool and therefore several boreholes oriented in different directions are needed 

in order to rely on the assumption that joint occurrences in 3D are random too. If so, the position of rock 
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joints in 3D space could be modelled as a stochastic Poisson process (Baecher et al., 1977; Dershowitz & 

Einstein, 1988; Dowd et al., 2007). There are however other patterns that the geologist could observed when 

plotting spacing values, these are uniform and clustered occurrences of rock discontinuities (Davis & 

Sampson, 1986). In the experience of the author, the uniform pattern could be expected in sedimentary 

rocks where the planes of stratification tend to occur at regular intervals. The clustered patter of rock joints 

occurrence can be present in all lithologies and it is related to faults or shear zones where the jointing or 

fracturing is more intensely closer the fault or shear zone and it gets less prominent when moving further 

out these major structures.   

3.2.3 Joint Persistence 

In a strict sense persistence refers to the areal extension of a discontinuity and thus implies a 3D sampling 

approach (Barton, 1985). This makes joint persistence one of the most difficult geometrical property to 

quantify given that only a small portion of the discontinuity surface is visible in scanline (1D) or window 

(2D) sampling. In the case of drill cores, it is worth noting that no information about persistence can be 

gathered.  

For rock slope engineering, persistence is a very important parameter because it defines along with the 

discontinuity spacing the size of rock blocks that will be formed and which if unfavorably oriented may 

lead to stability problems. Hence, efforts should be made to measure discontinuity persistence. 

Unfortunately, it can be crudely approximated by observing the discontinuity trace lengths on surface 

exposures only.  

 

Figure 3.26 Mean joint trace length estimation based on the method developed by Pahl (1981) 
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A useful technique during the field mapping of discontinuity lengths is the one developed by Pahl (1981) 

and summarized by Priest (1993) and Willlie & Mah (2004). This is one of the simplest and yet useful 

techniques to calculate the approximate average persistence of a set of discontinuity by measuring the 

exposed trace lengths on a rectangular rock face window as shown in Figure 3.26. Pahl’s procedure is a 

distribution independent approach for which the type of termination within the sampling window needs to 

be recorded. In this respect, two classes of discontinuities should be differentiated: Nc is the number of 

discontinuities that are contained i.e. they have both ends visible within the area; Nt area transecting 

discontinuities and have neither end visible; N’’ refers to the total number of discontinuities of a particular 

joint set is simply the sum of Nt and Nc.  

Recently new methods that have been proposed to estimate discontinuity persistence through traced lengths 

measurements involve circular window mapping; however, these go beyond the scope of this thesis. The 

reader is forwarded to the work by Mauldon (Mauldon, 1998; Mauldon et al., 2001; Mauldon and Mauldon, 

1997; Rohrbaugh et al., 2002) and Einstein (Zhang and Einstein, 1998; Zhang et al., 2002) for further details.  

As for spacing values, probability distributions can also be fitted to the mapped discontinuity trace lengths.  

Previously, it was stated that an exponential law will often be found in the spacing of random occurring 

discontinues. For the case of joint trace length, however, a consensus about the best type of distribution that 

it would follow is less consistent. Historically, joint length distributions have been a topic of research for 

many authors and results were summarized by Hudson and Priest, 1979, 1983; Priest and Hudson, 1976, 

1981). It can be found in this literature that exponential, lognormal and gamma distributions have been 

reported to fit discontinuity trace lengths.  

This lack of consensus is perhaps partly caused the strong biases inherent in the sampling techniques. 

Authors such as Baecher and Lanney (1978) and Baecher (1980) pointed out two types of biases, these are: 

truncation bias, through which small discontinuities are systematically excluded from samples, and 

censoring bias, through which the full trace length of some discontinuities is not observable due to the scale 

of the mapping area e.g. multiple-bench through-going rock joints. 

In the experience of the author, a lognormal distribution for joint trace lengths can be found if small and 

large-scale mapping tools are combined. Figure 3.27 shows the trace length histogram for a population 581 

measurements obtained through a high-resolution scanner image and later detailed interpretation for a sector 

of a Peruvian open pit mine. From this plot, a lognormal fit with a mean and standard deviation of 2.74m 

and 2.73 m were obtained, respectively. This agrees with the results by Baecher et al. (1977) who fitted 

exponential, lognormal and gamma distributions to trace length data. He used maximum likihood estimators 
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to define the theoretical distributions and performed goodness of fit tests and discovered that the lognormal 

distribution most accurately fitted the measured data. 

 

Figure 3.27 Trace length histogram for a total of 581 measurements obtained through camera image of a 

bench slope of orientation 73/121. 

3.3 Characterizing the Shear Strength of Geological Discontinuities 

Discontinuities can be geologic in origin e.g., faults, bedding, schistosity, cleavage planes, and foliations 

or anthropogenic in origin e.g., blast-induced, stress-induced, or hydraulic-induced fractures (Muralha et 

al., 2014). Regardless of their origin, theoretical studies and practical experience of rock slope problems 

suggest that geological discontinuities are of paramount importance for stability purposes by defining the 

rock mass shear strength and deformation characteristics.  

 

For competent rock slopes subjected to low in-situ stresses, failure through the intact rock material is usually 

unlikely and plays a minor role in the behaviour of the rock mass which is dominated by gravity driven 

sliding on the discontinuities and rotation of individual rock blocks (Hoek et al., 2000).Determination of 

reliable shear strength values are thus a critical a part of the slope design mainly because, as will be shown 

later, relatively small changes in shear strength can result in significant changes in the stability or instability 

of the rock slope under analysis (Hoek and Bray, 1981). The selection of an adequate joint shear strength 

model (linear or non-linear) will depend not only on the availability of data but also upon careful processing 

and interpretation of lab data results.  
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The following discussing is concerned with the determination of the shear strength of structural 

discontinuities and with the processing and interpretation of direct shear test results. It also describes the 

relationship between the shear strength and the properties of the discontinuities. 

3.3.1 The Mohr-Coulomb Linear Model 

Mohr–Coulomb is the most popular failure criterion that works quite well for geomaterials, especially soils, 

where the failure generally takes place in shear (Braja et al., 2013). Coulomb (1776) determined that soil 

and rock shear strengths are the sum of two main components, one due to constant cohesion, and the other 

one  

due to a frictional strength dependent on the normal stress action on the plane on which the shear strength 

is mobilized (Giani, 1992). M-C is the simplest linear model applicable to model the shear strength of rock 

masses and rock joints (Brady and Brown, 2013). The M-C shear strength model is expressed in terms of 

normal and shear stresses as follows: 

𝜏 = 𝑐 + 𝜎𝑛𝑡𝑎𝑛𝜙 

 

Where c is the cohesive strength of the cemented surface and φ is the angle of friction. 

 

The physical meaning of the two strength parameters in the M-C model is directly related to the 

discontinuity infilling (cohesion) and discontinuity roughness (friction angle). For example, in minor 

discontinuities such as ‘joints’, hard infilling types like quartz or calcite would have a beneficial effect by 

increasing the joint shear strength. This can be observed in the so-called ‘healed discontinuities’ such as 

veins.  In the case of major structures such as faults the same logic applies. If the fault infilling is made of 

clay-like material (e.g. gouge), this would certainly reduce its overall shear strength as opposed to a 

mineralized-breccia type of infilling. This breccia will usually be composed of cemented angular rock 

fragments due to the precipitation of minerals and will therefore increase the fault’s shear strength. A 

distinction should be made for the so-called ‘apparent cohesion’ given by the rock bridges existing in the 

rock mass. This arises when joints are not fully persistent showing interruptions in their continuity by the 

presence of rock bridges.  In this case, the joint’s shear strength increases considerably, and the contribution 

of the rock bridges has to be accounted for in the stability analysis (Bonilla-Sierra et al., 2015). 

 

From the point of view of practical rock mechanics, it should be highlighted that the shear strength of joints 

is often estimated based on small-scale laboratory tests, whereas for faults or other major structures their 

shear strength is obtained through careful back analysis of failed or stables slopes. In this respect, there are 

some field conditions that cannot be modelled in a laboratory setting and where engineering judgment 

should be used.  
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The most commonly used method for the shear testing of minor discontinuities is the direct shear test. The 

specimen, either in the form of a core or an unprepared lump, containing the structural discontinuity surface 

being investigated, is aligned parallel to the direction of the applied shear force. The two halves of the 

specimen are fixed inside the shear box using a suitable encapsulating material, generally an epoxy resin or 

plaster. This type of test is commonly carried out in the laboratory, but it may also be conducted in the field, 

using a portable shear box. Methods of preparing samples and carrying out these various tests are discussed 

by the ISRM Commission (1974), Goodman (1976, 1989) and Hoek and Bray (1981). 

 

Since the use of “cohesion’ in rock slope design is only permissible when discontinuity features are 

cemented, a modified M-C model can be derived for cases in which joint infilling does not contribute to 

the overall joint shear strength and therefore shear strength relies solely on the frictional resistance of the 

joint surface. The M-C shear strength for cohesionless joints can be represented by: 

𝜏 = 𝜎𝑛𝑡𝑎𝑛𝜙 

 

Figure 3.28 shows the M-C model where c and phi can be obtained graphically by calculating the y-axis 

intercept and the slope of the best-fit line through linear regression analysis of a given direct shear data set.  

 
Figure 3.28 Mohr-Coulomb relationship between shear strength and normal stress (Hoek and Bray, 1981) 

 

3.3.2 The Barton-Bandis Non-Linear Model 

Joints are common and widespread in rocks, and unless they are healed and/or mineralized, they have 

weakening effects on the strength of rock masses due to their low or almost inexistent tensile strength (Priest, 

1993; Singhal and Gupta, 2010; Prassetyo et al., 2017). Extensive laboratory experiments on rock joint 

behavior from the work by Drs. Nick Barton and Stavros Bandis provided insight into the effects of joint 

roughness and wall strength parameters, into the non-linearity of the shear strength of rock joints (Barton, 

1973; Bandis, 1980; Bandis et al., 1981; Barton, 1982; Barton et al., 1985). 
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Seldom does one have to consider the nature of irregularities along failure surfaces in soils. Yet in rock the 

irregularities along a fault or joint surface can mean the difference between stability and failure of a mine 

slope. The Barton-Bandis (B-B) joint model is currently a widely known empirical model for predicting 

shear failure behavior of rough and clean joints (Barton, 1973; Barton and Choubey, 1977; Bandis, 1980; 

Barton et al., 1985). In the B-B model, the peak shear strength of a rock joint is determined by the following 

criterion:  

𝜏𝑝 = 𝜎𝑁𝑡𝑎𝑛 [𝐽𝑅𝐶 𝑙𝑜𝑔10 (
𝐽𝐶𝑆

𝜎𝑁
) + 𝜙𝑟]  

Where τp is the peak shear strength of the unfilled joint (that is, there is rock-to-rock contact across the 

plane), σn is the effective normal stress acting on the joint, JRC is the joint roughness coefficient, JCS is 

the joint wall compressive strength and φr is the joint residual friction angle. These three parameters have 

typical ranges of values from: JRC = 0 to 20 (smooth-planar to very rough-undulating), JCS = 10 to 200 

MPa (weak-weathered to strong and unweathered) and φr = 20° to 35° (strongly weathered to fresh-

unweathered surfaces). 

 

Figure 3.29 B-B criterion for different JRC values, JCS = 50 MPa and φr=30 deg. (Prassetyo et al., 2017) 

 

Figure 3.29 shows plots of the B-B empirical criterion as functions of different values of JRC and for typical 

values of JCS = 50 MPa and φr = 30°. With increasing JRC and σn, the B-B criterion becomes more curved 

and nonlinear. For JRC = 0, the B-B criterion corresponds to the M-C criterion with φ = φr (cohesion is 

assumed zero). The main advantages of the B-B model as highlighted by Prassetyo et al. (2017) are: 1) it 

has been established based on an extensively verified and wide range of experimental results, 2) the 



Chapter 03:  Analysis of Structural Geological Data 

 

84 
 

parameters involved have real physical meanings, and 3) the input parameters of the model can be easily 

determined using simple index tests or can be estimated by those with experience.  

In the author’s opinion, the use of this model is highly recommended when extensive and detailed 

discontinuity mapping plus field testing have been carried out. The easiness of the field measurements and 

relatively inexpensive index tests make the B-B a suitable and preferred model when more costly and time-

consuming laboratory direct shear tests are not available.  

The techniques available for estimating the three index parameters of the B-B criterion are briefly discussed 

below (Figure 3.30). 

 

Figure 3.30 Field tests for B-B input parameters: 1) Schmidt hammer, 2) Barton’s comb, 3) Tilt test. 

 

The JCS value is mostly due to the thin layers of infilling or coating adjacent to joint walls. Thus, the JCS 

is an indirect measurement of the degree of joint weathering. Barton (1985) recommended the use of the 

Schmidt hammer to estimate the JCS value noting that it is not applicable for very weak rocks (i.e. UCS < 

25 MPa). The Schmidt hammer is basically a device for recording the rebound of a spring-loaded plunger 

after it has impacted on a surface. Originally designed to test the concrete rebound hardness, the technique 

was further developed to estimate the uniaxial compressive strength of rocks. Figure 3.31 shows an 

empirical chart between the Schmidt hammer rebound number, the hammer orientation, UCS and rock unit 

weight.  

The joint roughness coefficient JRC is a unitless number for which two measuring methods are currently 

applied. The first consists of visually comparing the appearance of a discontinuity surface with typical joint 

profiles constructed by Barton and reproduced in Figure 3.32.  The second approach, as given by the ISRM 



Chapter 03:  Analysis of Structural Geological Data 

 

85 
 

Suggested Methods for the Quantitative Description of Discontinuities in Rock Masses (Barton, 1985), 

considers joint profiling. In this approach a profilometer, also known as a Barton comb, is pressed against 

the joint surface. Here JRC is determined by based on the joint profile length (L) and maximum amplitude 

(A) after plotting them on Barton’s log-log scale graph (Figure 3.33). 

As a result of extensive testing of natural joints and joint replicas, Barton and Bandis (1982) proposed a 

scale correction curves for JRC and JCS as shown in the following equations:  

𝐽𝑅𝐶𝑛 ≈  𝐽𝑅𝐶0 [
𝐿𝑛

𝐿0

]
−0.02 𝐽𝑅𝐶0 

 

𝐽𝐶𝑆𝑛 ≈  𝐽𝐶𝑆0 [
𝐿𝑛

𝐿0

]
−0.03 𝐽𝑅𝐶0 

 

Where subscripts (0) and (n) refer to lab scale (100 mm) and in in situ block sizes, respectively. 

Barton and Choubey (1977) developed an empirical relationship for estimating the residual friction angle 

φr from the results of Schmidt Hammer L-type rebound tests: 

𝜙𝑟 = (𝜙𝑏 − 20) + 20 (
𝑟

𝑅
) 

Where r = rebound on wet or weathered joint surfaces; R = rebound on dry or unweathered rock joint 

surfaces and 𝜙𝑏 = basic friction angle estimated from residual tilt tests or dry unweathered sawn surfaces. 

 

Wines & Lilly (2003) summarized the main constraints on the use of the criterion, as follows:  

➢ Barton and Choubey (1977) recommended that the peak shear strength curves should be truncated 

for design purposes at a maximum allowable shear strength given by arctan (τ/σn) = 70°.  

➢ For unfilled joints the roughness and compressive strength of the walls are important, whereas in 

the case of filled joints the physical properties of the material separating the joint walls are of 

primary concern. Barton’s criterion is only valid where joint walls are in rock-to-rock contact.  

➢ Due to the relatively low normal stress levels involved in the determination of the criterion, Hoek 

and Bray (1981) reported that the criterion is valid for the normal stress range 0.01 < σn/JCS < 0.3.  

The reader is urged to revise the work by Barton and Choubey (1977) who describe at length recommended 

procedures for the required tests. 
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Figure 3.31 JCS from Schmidt hammer test. (Deere & Miller, 1966) 
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Figure 3.32  JRC from visual comparison with standard profiles (Barton & Choubey, 1977) 
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Figure 3.33  JRC from measurements of surface roughness using Barton’s comb (Barton,1982) 
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3.3.3 The General Power Curve Model 

Accurate prediction of shear strength is fundamental to mine slope design. Although a linear model such as 

the Mohr-Coulomb is widely used in analyzing the shear strength of rock joints, some direct shear data 

would be more adequately described by a non-linear model particularly in the range of small normal stresses 

(Barton, 1976; Hassani,1980; Udd et al., 1981).  

This curvature is generally more pronounced over the low normal stress range of 0 to 1000 kPa which is 

the typical stress levels acting on a bench slope scale. The traditional, M-C linear criterion exhibits the most 

divergence from actual curvilinear strength envelopes at these levels of stresses. The general power law 

representation of shear strength envelopes appears to be the simplest and most accurate means of accounting 

for such curvilinearity (Denby & Scoble, 1984). Such a model, of a general power curve form, can be 

expressed as: 

𝜏 = 𝑐 +  𝑎 (𝜎𝑁 + 𝑏)𝑑 

Where 𝜎𝑁 is the normal stress, 𝜏 is the predicted shear strength for a given 𝜎𝑁  and a, b, c and d are the 

parameters of the model obtained from a regression analysis. This formula, describing a general power 

curve with the y-intercept equal to c (i.e. constant cohesion), readily degenerates to a linear M-C model if 

b=0 and d=1 or to a modified power curve if c=0 (i.e. cohesionless joints). A modified version of the general 

power curve equation of the form 𝜏 = 𝑎 (𝜎𝑁 + 𝑏)𝑑 was ordinally proposed by Jaeger (1971). This author 

stated that the true relationship between normal and shear stresses acting on surface at failure followed a 

power law which has been proven to be valid for sliding on rock discontinuities.  

Figure 3.34 shows data sets from two different specimens being tested. The modified power curve for 

specimen one shows no intercept with the y-axis meaning that the discontinuities have no cohesion. This is 

the case when direct shear tests are performed on saw-cut (‘simulated’) discontinuities created from intact 

rock samples. In the same figure, the general power curve model has been fitted to specimen numer two 

which shows a constant cohesion of 0.42 ton/m2 which equals 4.12 kPa. This is the case when direct shear 

tests are performed on natural discontinuities that exhibit some type of hard infilling. Although low, this 

calculated average cohesion value can be critical at the time of calculating Factors of Safety for potentially 

unstable rock blocks. 

When performing a probabilistic geotechnical stability analysis for the bench slopes, one should not just 

rely on the results of a single direct shear test. Rather, several test results (preferably five or more) should 

be combined to produce a regression curve representative of the discontinuity type. This procedure defines 

the specimen’s expected shear strength at any given normal stress for which envelopes of +/- 1, 2 or 3 

standard deviations can be added to account for shear strength variability (Figure 3.35). 
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Figure 3.34 Examples of modified power regression curves for describing shear strength of a single test 

for two specimens. Adapted from Miller & Borgman (1984). 

 

Figure 3.35 Power shear strength criteria showing variability for a specific normal load (Savely,1987) 
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3.4 Chapter Summary 

Chapter 3 covers an extensive and comprehensive review of structural data collection, processing and 

interpretation for structurally controlled rock slope stability assessment purposes. 

• The importance of assessing the geometrical and strength properties of geological discontinuities 

in the slope design of a jointed rock mass was highlighted. A clear distinction between major (e.g. 

fault or shear zones) and minor (e.g. rock joints) geological structures was made as well as the 

proper definition of geological ‘discontinuity’ given.  

• The main sources for structural data was explained. Traditional i.e. surface mapping and core 

logging techniques and less conventional e.g. photogrammetry and televiewer logs were described 

in quite detail.  Also, each of the ten main geometrical and physical characteristics of discontinuities, 

as suggested by the ISRM, was explicated. These included: orientation, spacing, persistence, 

roughness, wall strength, aperture, filling, seepage, number of sets and block size. 

• Further emphasis was given to three geometrical joint properties: orientation, spacing and 

persistence, since these define the shape and size of the potential forming unstable rock blocks.  

o Joint orientation was said to be most commonly expressed in terms of dip and dip direction 

angles and typically be assessed through stereographic projection techniques. A Terzagui 

correction factor for orientation bias for linear and areal mapping was explained and the 

generating blind zone around boreholes defined.   

o Joint spacing was defined as the orthogonal distance between two adjacent discontinues 

that belong to a given joint set discontinuity frequency. This was related to the discontinuity 

frequency which is the reciprocal of mean spacing Joint true and apparent spacing was 

linked through simple trigonometric relationships.  

o Joint persistence was defined as the areal extension of a discontinuity, implying a 3D 

sampling approach. Due to sampling constraints joint persistence could only be estimated 

by measuring their trace lengths on scanline (1D) or window (2D) sampling methods.  

• Determination of reliable shear strength values for rock discontinuities was exemplified using three 

different models based on the available information at hand. 

o The Mohr-Coulomb model was presented as the simples and oldest mathematical 

idealization of rock joint shear strength, requiring important amount of laboratory data. 

o The Barton-Bandis model was presented as an alternative tot eh M-C model, since the 

former is mostly based in field index tests of simple and quick execution.  

o The General Power curve model was also presented as the general case of non-linear fitting 

to laboratory or field data. 
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Chapter 4 

4 Bench-Slope Scale 

Rock slope instabilities at the bench scale mostly occur as the result of failure along structural 

discontinuities (Herget, 1977; Goodman, 1989; Kliche, 1999). In this context, several authors have 

recognized the importance of acquiring detailed knowledge of the rock mass structural features for slope 

design purposes (Hoek & Bray, 1981; Glastonbury & Fell, 2000; Grenon & Hadjigeorgiou, 2010; Cylwik 

et al., 2011; Wyllie & Mah, 2014; Stead & Wolter, 2015). Figure 4.1 highlights the main two stages i.e. 

field data collection and laboratory data analysis within a rock engineering design framework.  

 

 

Figure 4.1 Input rock mass properties for rock engineering surveys (Chaminé et al., 2015) 

 

4.1 Analysis of Structurally Controlled Failure Mechanisms 

Structurally controlled failure mechanisms include e.g. planar, wedge and toppling. These are classically 

analyzed by means of a kinematic approach based on stereographic projection techniques, and a kinetic 

approach that uses the limit equilibrium method. Recently, Discrete Fracture Network modelling has 

provided a tool to perform a 3D kinematic and kinetic stability analysis in rock masses. These three 

approached are briefly summarized below and case studies presented at the end of this chapter. 
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4.1.1 Kinematic Analysis of Rock Blocks 

Kinematic analysis identifies a potential -structurally controlled- failure mechanism for an existing or 

proposed rock slope direction (Kliche, 1999; Park & West, 2001).  This is commonly carried out using 

stereographic projection techniques (Goodman, 1989) for which three tests have been proposed by 

Markland (1972), Hocking (1976) and Goodman (1976) to identify planar, wedge and toppling failure 

mechanisms, respectively (Figure 4.2.a). All these conditions are also shown stereographically in 

Figure 4.2.b. The zones highlighted in red represent the critical failure condition. If the pole or 

intersection of the mean joint set lies on the critical area it can be reported as a potential failure.  

 

The conventional kinematic analysis shown in Figure 4.2.b can be considered as a deterministic 

approach since it uses the mean (average) discontinuity sets. Taking the average of a discontinuity set 

can only be representative in the case of tightly clustered structures that follow a clear trend and where 

there is no much variation in their orientation. However, in most cases, the orientations of the 

discontinuities measured in the field - either by surface mapping or core logging - are not clustered 

tightly. There is in fact a varying degree of scatter in these orientations due to both the inherent natural 

variability of the rock structural properties (Baecher & Christian, 2005) and the imprecise (imperfect) 

field data collected through mapping (Bedi, 2014). As a result, the conventional deterministic stereonet-

based analysis cannot properly deal with the uncertainty and variability of the problem, and it can 

potentially yield to misleading conclusions (Park et al., 2016).  

A closer look at Figure 4.2.b reveals that if a conventional (deterministic) kinematic analyses were to 

be performed, no potential failure would be reported. This is simply because the mean orientation of 

the joint sets all lies outside their corresponding critical zones. A careful observation of the density 

contours shows that in effect part of the joint orientation distribution lies within this critical zone (Figure 

4.2.c). This means that there are in fact some combinations of dip and dip direction angles leading to a 

potential failure.  

When aiming to consider the uncertainties and variability in the orientation of a discontinuity within a 

discontinuity set, a probabilistic analysis should be used as part of a probabilistic kinematic analysis 

procedure. The first step for a probabilistic kinematic analysis is to determine the probability density 

function of the joint set orientations. Joint orientation can be modeled as a Fisher distribution, which is 

usually presented in a lower hemisphere stereonet as a series of circles around the average joint pole 

orientation (Figure 4.3.a). This distribution can be visualized as a combination of two normal 

distributions – one for dip direction, and one for dip (Figure 4.3.b). A Fisher Distribution describes the 

angular distribution of orientations about a mean orientation vector and is symmetric about the mean. 



Chapter 04:  Bench-Slope Scale Analysis 

 

94 
 

It is a one-parameter distribution with K being the "Fisher constant". The Fisher K value describes the 

tightness or dispersion of an orientation cluster. A larger K value (e.g. 50) implies a tighter cluster, and 

a smaller K value (e.g. 20) implies a more dispersed cluster, as shown in Figure 4.4. 

 

Once the probability density function for dip and dip direction values have been determined, the 

kinematic instability can be quantified as the probability (Pr) of a pole or intersection lying within the 

critical zone for a given failure mechanism. In terms of probabilities, this can be written as follows.   

For planar failure, 

Pr [ϕd < βj < βs] x Pr [αs - 20° < αj < αs - 20°]    [Eq.4.1] 

Where: 

αj, βj: Dip direction and dip of joint. 

αs, βs: Dip direction and dip of the slope. 

ϕd: Friction angle of the discontinuity.  

 

For wedge failure, 

Pr [ϕd < αi < βs] x Pr [αs - 80° < βi < αs + 80°]    [Eq.4.2] 

Where: 

αi, βi: Trend and Plunge of intersection. 

 

For toppling failure, 

Pr [90°-βs + ϕd < βj] x Pr [(αs+180°) - 20° < αj < (αs+180°) + 20°]  [Eq.4.3] 

 

4.1.2 Kinetic Analysis of Rock Blocks 

Unlike a kinematic analysis which only describes the motion of rock blocks without considering the forces 

that cause them to move, a kinetic analysis does consider the effects of forces acting upon them. A kinetic 

analysis will quantify and compare the resisting (capacity) and driving (demand) forces acting on the 

discontinuity surfaces at the time of failure. In this evaluation a ratio between these two forces (i.e. the FoS) 

is calculated based on a limit-equilibrium method (LEM). 

A detailed review of LEM calculation for planar, wedge and toppling failure will not be given in this section 

since there is an extensive literature that already covered these topics. The reader is forwarded to consult 

the books by Hoek and Bray, 1981; Kliche, 1999; Willye and Mah, 2014 among others.  

 

Calculations for planar, wedge and toppling failures at the bench scale were carried out using the 

commercially available software RocPlane, Swedge and RocTopple from Rocscience Inc.  
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Figure 4.2 a) Modes of different structurally controlled rock slope failures. Stereographic projections for 

both the a) Deterministic and c) Probabilistic kinematic analysis approaches are shown 
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Figure 4.3 Joint Pole Orientation. a) Fisher distribution as concentric circles. b) Three-dimensional view 

of dip and dip direction distribution on the sphere (Ron Crouse, 2008) 

 

Figure 4.4 Variation in the degree of joint orientation clustering for varying Fisher ‘constant values of 15, 

30 and 60 

 

4.1.3 Discrete Fracture Network (DFN) Modelling 

DFN modelling is a recent developed tool for the three-dimensional (3D) stochastic representation of 

discrete fractures within rock masses. DFN models were first introduced in the late 1970s for fluid flow 

modelling purposes in fractured rock masses (Dershowitz et al., 2004; DeGraff, 2007). Since then, the DFN 

approach has been developed continuously, and its applications extended to various engineering problems 

(Miyoshi, 2018). Some examples of these applications in the field of mining include (Lorig et al., 2015): 

• Estimate rock mass strength and deformation modulus 

• Quantify natural rock mass fragmentation distribution. 

• Perform 3D kinematic and kinetic block stability analysis. 
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A comprehensive review on DFN modelling and applications are provided in (Elmo et al., 2007; Jianhua, 

2008; Styles and Pine, 2011; Bonilla et al., 2015, Lorig, 2015).  

In summary, the steps to follow to generate a DFN model include:  

1. Structural data collection  

2. Discontinuity data characterization  

3. DFN model construction  

4. DFN model validation  

 

The author would like to highlight that even though DFN models require the classical information gathered 

during field mapping (e.g. join orientation, join length, etc.), the way in which these parameters are 

described or reported should be redefine. The join length is one critical parameter for constructing DFN 

models. It is required that the actual trace length is measured as opposed to the conventional intervals of 1 

m, 1 to 3 m, 3 to 10 m, 10 to 20 m, and greater than 20 m long as suggested in the ISRM methods. This 

discretization of joint length in unequal intervals adds subjectivity in the characterization of data and makes 

difficult to fit an adequate distribution to the created histograms (Figure 4.5). 

 

Figure 4.5 Example showing the limitations of ISRM suggested methods (Elmo et al., 2015) 

The advantage of a DFN model when performing a kinematic and kinetic analysis is that rock blocks are 

delimited by discontinues whose size (i.e. length) is not infinite but finite following a given statistical 

distribution. This is more realistic and less conservative than the classical LEM analysis in which rock 

blocks are assume to the of the maximum size possible (see Figure 4.6).  
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Figure 4.6  Comparison of limit equilibrium analysis and DFN modeling approach (Miyoshi, 2018) 

There are various DFN software packages commercially available. Some examples are FracMan (Golder 

Associates, 2019), SiroModel (CSIRO, 2017), FracSim 3D (Xu and Dowd, 2010), and MoFrac (MIRARCO, 

2013). For the case is study that will be shown in the next section Fracman software was used. 

4.2 Case Studies 

Real-life case studies are presented in the following sections to compare and put in perspective the results 

obtained by combining structural field data and rock laboratory testing for the design of bench slopes in 

open pit mining. These will show how depending on the type, quantity and quality of information (field or 

laboratory data) available at the time of analysis, adequate results can be achieved with yet simple but 

practical analytical calculations (e.g. LEM). 

Three case studies are presented. The first one deals with the geotechnical reconciliation of an existing open 

pit mine. Since some benches were already excavated, field data was collected from direct mapping on 

exposed benches. The second case study was an open pit mine project with more than fifty geological and 

geotechnical diamond drill holes (DDH) with structural field data coming mainly from oriented core 

logging. The third case study is an attempt of the author to construct an approximate DFN model with 

available data from classical bench mapping.   

4.2.1 Case Study #1 

Geological Setting 

The first case study shown in this section corresponds to an open pit mine located in the Peruvian Andes at 

an elevation of 3500 m. This is a gold mineral deposit classified as an epithermal high sulphidation system 

with an extension of @ 2.5 km x 1 km and a depth of 250 m for the first stage of ore recovery.  Rock types 

present within this deposit range in age from late Eocene to early Miocene, typically consisting of 

pyroclastic rocks such as tuff or ignimbrite. Also, locally in extension in the north part of the pit there is a 
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crushed rock (breccia) material cemented with a fine grain matrix and associated with a subvertical fault 

system. Significant hydrothermal alteration has occurred in this region due to the mineralizing fluids which 

has attacked the country rock as they moved up to the surface.  This has resulted in three main hydrothermal 

alteration types of the parent (host) rock. These are: strong silicification, moderate and advanced argillic. 

The difference amongst these three depends on the mineral assemblage occurring. For example, in 

silicification crystalline quartz replaces or fills voids in the rock whereas in argillic alteration the original 

feldspar minerals of the rock breaks down to clays. It will be shown later in this thesis that hydrothermal 

alteration has a great effect on the geomechanical properties of rocks by either increasing or reducing the 

rock’s compressive strength. Figure 4.7. shows the geological map of the open pit mine which has been 

divided into seven zones based on similar lithological features. The case study presented here corresponds 

to the bench-scale slope stability analysis for zone 05 only (see Figure 4.8).  

 

Figure 4.7 Geological map of the open pit mine with zoning limits. The study area corresponds to zone 05 
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Figure 4.8 Perspective 3D view of the open pit mine. The study area corresponding to zone 05 is shown 

 

Structural Geology 

Geological features such as faults, dikes, shear zones, and contacts that have dimensions of the same order 

of magnitude as the area being characterized are regarded as ‘major’ structures. These structures are treated 

as individual elements for design purposes, as opposed to joints, which are considered as ‘minor’ structures 

and handled statistically. From the structural mapping information, there are not known regional structural 

features within the immediate area of the pit. Intermediate scale structures (>25 m in length), related to a 

local faulting system is, however, evident in the area of the pit. This system corresponding local faulting is 

believed to have influence at the inter-ramp scale analysis which will be addresses in chapter 05. The 

structurally controlled stability analysis at the bench scale presented in this section will only account for 

the minor geological structures such as rock joints. The rock mass of this case study has been described as 

a very blocky type according to the GSI classification scheme (Figure 3.9). This will be useful later on 

when assessing the overall (global) stability of the pit slope covered in chapter 06. 
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Figure 4.9 Very blocky rock mass type in the open pit mine 

 

Structural Field Data Collection 

The field data collection program was developed for rock mass characterization purposes to support the 

development of a geotechnical model suitable for the open pit slope stability evaluation. Rock mass 

structural characteristics were measure by surface mapping on the existing bench slope faces. In the preset 

case study, the field data collection consisted of extensive structural mapping of minor geological structures 

(e.g. rock joints) conducted at 36 different sites that were strategically located to cover most of the study 

area. The structural field data was collected following the ISRM suggested procedures (Barton, 1985).  

 

Figure 4.10 shows the window (cell) mapping locations within zone 05 of the existing pit wall. A total of 

622 discontinuities were mapped in this area and their orientation reported in terms of Dip and Dip Direction 

angles. Lower hemisphere equal-area stereographic projections constructed from these data were used to 

define the predominant joint sets. Contoured plots such as the ones shown in Fig. 4.11 were examined 

visually to identify cluster of subparallel discontinuities. A correction bias (Terzagui, 1965) was applied to 

all orientation data since features that are perpendicular to the direction of surveying are favored over those 

which are parallel. This bias correction calculates a geometrical weighting factor for each measured 

discontinuity, with the highest correction applied to the structures that are parallel to the direction of 

surveying. Figure 4.11.a shows the corresponding contour plot for the case of no bias correction factor 

being applied (unweighted) and Figure 4.11.b the contour plot with the Terzaghi (1965) correction applied. 
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It should be noted that these two concentration pole density plots vary importantly, being the corrected the 

one to be used for later analysis. In both plots three main joint sets (J1, J2 and J3) are identified. Their mean 

values, range, and other statistical characteristics are summarized in Table 4.1. 

 

Table 4.1Summary of mean joint sets orientation – case study 1 

Joint 

Set  

Mean  

Dip 

(°) 

Mean 

DipDir 

(°) 

Dip 

Range 

(°) 

DipDir 

Range 

(°) 

K 

Fisher 

Angular 

Deviation 

(°) 

Relative 

Occurrence 

(%) 

N° 

Poles  

in 

Set 

N° Total 

Entries 

J1 
1m 83 183 

50-90 
150-215 13.37 22.2 33% 204 Unweighted 

1w 86 184 330-035 13.87 21.7 35% 348 
622 

J2 
2m 88 97 

56-90 
065-130 14.14 21.5 25% 158 

2w 90 276 245-310 14.53 21.2 24% 243 Weighted 

J3 
3m 34 336 

04-67 260-054 
13.89 21.7 18% 111 

1002 
3w 36 337 13.72 21.9 17% 167 

 

 

Figure 4.10 Structural window mapping (WM) point locations within zone 05 of the open pit mine 
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Structural Zones & Design Sectors 

The rock mass comprising the entire open pit mine was divided into a number of structural zones or domains. 

Each of these zones is expected to be distinct and hold similar characteristics clearly differentiated from the 

ones of its neighbors in terms of the geometrical (orientation) features of the dominant joint sets and 

mechanical (strength) properties of the rock type. It is also important to consider the orientation of the 

proposed open pit slope face since different slope orientations within a structural domain require different 

design considerations. Therefore, the slope is divided into design sectors which contain one slope 

orientation and lie within one structural domain. Stability analysis and slope designs are then carried out 

for each design sector. Then, the open pit mine was divided in 07 different zones as shown in Figure 4.7. 

The design sectors for the case study area (zone 05) is shown in Figure 4.10. These are in total 06 sectors 

named: North, North East, East, South East, South and West.   

 

Figure 4.11 Composite stereonet plots for the orientation of joint sets in zone 05 of the open pit mine. a) 

Unweighted contour plot. b) Weighted contour plot 
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Rock Laboratory Testing 

Geomechanical laboratory testing was conducted in order to determine the mechanical characteristics for 

the intact rock and rock joints. The overall laboratory program consisted of physical properties, direct shear 

and uniaxial compressive strength of the rock. A total of 79 laboratory tests were conducted on samples 

selected to represent the range of the rock conditions observed in the study area (zone 05). A summary of 

rock unit weight and direct shear tests results are given below since these are important input parameters 

for the bench slope stability analysis.  

Unit Weight Measurements 

Prior to actual testing of rock samples, sample dimensions and weights were measured and used to calculate 

total unit weights for each one. The combined data set included 09 tests with measurements ranging from 

21.4 to 25.8 kN/m3 with a mean value of 24 kN/m3. Unit weights are summarized in Figure 4.12. 

 

Figure 4.12 Laboratory tests results for unit weight measurements 

Direct Shear Testing 

 

For this project, 40 rock samples were selected for direct shear tests (ASTM Method D5607). To facilitate 

the estimation of a lower bound discontinuity shear strength envelope, saw-cut discontinuities were created 

in the rock samples prior to testing. The range of normal stresses applied during testing was selected 

according expected in-situ stresses within the slopes. The maximum selected normal load was set to 6 MPa. 

This value corresponds to a vertical weight due to a 250 m high slope (considering an average unit weight 

of 24 kN/m3).  

Direct shear test data were fitted to both the linear Mohr-Coulomb(M-C) and non-linear Power Curve (PC) 

models. Both models (linear and non-linear) were adjusted to intersect the origin (i.e. c=0) given that direct 

shear tests were carried out on saw cut surfaces. The results from the linear M-C model give an average 
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friction angle of 31° with a minimum and maximum of 27° and 34°, respectively as shown in Figure 4.13. 

The 95% prediction interval for the data set is also shown in solid lines. They represent a range that is likely 

to contain the value of a single new observation (i.e. there is a 95% chance that a new lab test result will lie 

within the PI). A non-linear power curve model was fitted to the direct shear lab data ensuring that the 

derived curve intersect the origin (i.e. c=0) owing to the inexistent joint infilling during testing. The 

following average nonlinear fit was obtained τ = 0.615 (σN) 0.977 and this is also shown in Figure 4.14. The 

corresponding 95% prediction interval for the data set is also shown in the same figure. 

For the rock slope stability calculations both deterministic and probabilistic values of joint shear strength 

are defined. The first ones correspond to the average values obtained from the linear and nonlinear model. 

Both M-C and P-C joint shear strength models are defined directly as a random variable, rather than defining 

the individual parameters of the strength criterion as random variables. For a given normal stress, a random 

value of shear strength will be generated using the mean shear strength, coefficient of variation, and the 

selected statistical distribution (Lognormal or Gamma). This will be the actual value of shear strength used 

in the safety factor calculation. The random shear strength option is schematically illustrated in Figure 4.15. 

Basically, a variability of shear strength about the mean strength envelope is defined. This is intuitively 

simpler to grasp than defining variability of individual strength parameters. This approach eliminates the 

need for defining statistical distributions for individual strength parameters (which may be difficult to 

obtain or unavailable). Furthermore, the issue of statistical correlation of the strength parameters is 

avoided.  

 

Figure 4.13 Mohr-Coulomb linear regression analysis for direct shear tests on joint samples. 



Chapter 04:  Bench-Slope Scale Analysis 

 

106 
 

 

Figure 4.14 Power Curve regression analysis for direct shear tests on joint samples. 

 

 

Figure 4.15 Random shear strength envelope model 

Bench Slope Stability Analysis 

Kinematic analysis following both the deterministic and probabilistic approach were carried out for the 

bench face slopes within zone 05. The benches in this area were excavated at a 65° slope angle with a height 

of 15m. Only the mean joint set orientations were used for the deterministic analysis. Figure 4.16 shows 

the results of the deterministic approach as equal area stereoplots for each of the 06 designing sectors. 

For the probabilistic kinematic analysis, all the joint orientations belonging to each of the three main joint 

sets previously identified were used for fitting a theoretical probability distribution. Figure 4.17 shows the 

experimental histograms for the orientation of joint sets: J1, J2 and J3. It can be clearly seen that steeply 
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dipping joints such as J1 and J2 exhibit some skewness and therefore a non-symmetrical probability 

function can be expected to fit this shape. The fitted probability density function and its parameters are 

summarized in Table 4.2 for each joint set.  

Table 4.2 Summary of statistical distribution for joint orientation – Case study 1 

Joint Set  
Dip (°) Dip Direction (°) 

Distribution Parameters Distribution Parameters 

Joint Set 01 Beta α=3.63, β=1.48 Weibull α=3.18, β=52.99 

Joint Set 02 Beta α=4.24, β=1.44 Weibull α=2.82, β=48.93 

Joint Set 03 Normal μ=37.71, σ=14.11 Normal μ=335.85, σ=32.40 

 

With the given PDF shown above, the corresponding probability of kinematic instability was computed by 

using classical probability theory. It should be highlighted that for the present study dip and dip direction 

values were found to be independent variables and thus the multiplication rule for the probability calculation 

was used. The reason why independence was assumed is because no correlation was observed in the scatter 

plots for these two values. Figure 4.18 shows the scatter plot for joint set 03 in which a very week correlation 

of 0.17 was found. Similarly, for joint set 01 and 02 correlation values of 0.06 and 0.08, were respectively 

obtained. All of these can be considered negligible and close to a no correlation pair-data set.  

The kinetic analysis was carried out by a limit equilibrium approach in which both the factor of safety and 

probability of failure i.e. sliding along the discontinuities were considered. The joint shear strength envelope 

was assumed to be variable with the characteristics shown in Table 4.3. 

Table 4.3 Summary of joint shear strength envelope – Case study 1 

Parameters 
Power Curve 

Model 

M-C Linear 

Model 

a 0.615 0.6038 

b 0.977 1.000 

c 0 0 

d 0 0 

Coefficient of 

Variation (CV) 
0.25 0.25 

 

The commercially available software RocPlane v.4, Swedge v.7 and RocTopple v.2 from Rocscience Inc. 

were used to model planar, wedge and toppling failure mechanisms, respectively. Both a deterministic and 

probabilistic analysis was carried out using the Rocscience software package. For the first one, all input 

parameters (i.e. joint orientation and shear strength) were set as their mean values. For the second one, a 
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Monte Carlo simulation technique was used to generate random samples from the user-defined probability 

distributions. 

 

Figure 4.16 Deterministic kinematic stereographic analyses plots. 
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Figure 4.17 Experimental histograms for dip and dip direction angles of joint sets J1, J2 and J3. 

 

A summary of the kinematic analysis results is shown in Table 4.4, whereas the results of the kinetic 

analysis is shown in Table 4.5. Finally, Table 4.6 shows the results of the total Probability of Failure (PoF) 

obtained by multiplying the kinematic and kinetic probabilities, respectively. 



Chapter 04:  Bench-Slope Scale Analysis 

 

110 
 

Table 4.4 Summary of deterministic and probabilistic kinematic analysis 

Zone Sector Set # 

 Deterministic  Probabilistic 

Potential Instability Mechanism Potential Instability Mechanism 

Planar  Wedge  Toppling Planar  Wedge  Toppling 

Zone 5 

N 

J1 No J1&J2: No Yes 25.84% J1&J2: 11.04% 19.02% 

J2 No J2&J3: No No 22.70% J2&J3: 3.67% 0.00% 

J3 No J3&J1: No No 80.94% J3&J1: 58.01% 0.00% 

NE 

J1 No J1&J2: No No 19.77% J1&J2: 9.06% 0.00% 

J2 No J2&J3: No No 28.50% J2&J3: 4.87% 11.69% 

J3 No J3&J1: No No 91.78% J3&J1: 74.85% 0.00% 

E 

J1 No J1&J2: No Yes 28.51% J1&J2: 11.16% 40.59% 

J2 No J2&J3: No No 15.55% J2&J3: 3.59% 0.00% 

J3 No J3&J1: No No 83.82% J3&J1: 20.64% 0.00% 

SE 

J1 No J1&J2: No No 34.23% J1&J2: 4.24% 11.02% 

J2 No J2&J3: Yes No 24.80% J2&J3: 87.24% 3.32% 

J3 Yes J3&J1: No No 86.50% J3&J1: 73.68% 0.00% 

S 

J1 No J1&J2: No Yes 36.52% J1&J2: 3.62% 38.75% 

J2 No J2&J3: Yes No 13.66% J2&J3: 90.84% 0.00% 

J3 No J3&J1: No No 69.17% J3&J1: 25.56% 0.00% 

W 

J1 No J1&J2: No No 26.31% J1&J2: 4.48% 0.00% 

J2 No J2&J3: Yes Yes 30.28% J2&J3: 48.77% 29.68% 

J3 No J3&J1: No No 60.20% J3&J1: 18.06% 0.00% 

         

      

The results of the deterministic kinematic analysis summarized in Table 4.4 shows that there is a high 

probability for the formation of: planar failure through set 03, wedge failure through sets 02 and 03, and 

toppling failure through sets 01 and 02. Now, based on the probabilistic kinematic results, the highest 

probabilities are for planar and wedge failure, and the smallest for toppling. It should be noted that these 

probabilities are associated with the chance of satisfying unstable conditions based solely on the joint 

orientation distribution and the slope geometry (i.e. probability of occurrence or formation).  
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Table 4.5 Summary of deterministic and probabilistic kinetic analysis 

Zone Sector Set # 

 Deterministic  Probabilistic 

Potential Instability Mechanism Potential Instability Mechanism 

Planar  Wedge  Toppling Planar  Wedge  Toppling 

Zone 5 

N 

J1 No J1&J2: No >1.1 22.72% J1&J2: 81.54% 1.50% 

J2 No J2&J3: No No 9.02% J2&J3: 1.12% 0.00% 

J3 No J3&J1: No No 0.23% J3&J1: 3.24% 0.00% 

NE 

J1 No J1&J2: No No 8.31% J1&J2: 80.50% 0.00% 

J2 No J2&J3: No No 13.82% J2&J3: 13.71% 2.00% 

J3 No J3&J1: No No 0.17% J3&J1: 7.75% 0.00% 

E 

J1 No J1&J2: No >1.1 28.13% J1&J2: 79.96% 4.30% 

J2 No J2&J3: No No 25.69% J2&J3: 0.17% 0.00% 

J3 No J3&J1: No No 0.56% J3&J1: 3.42% 0.00% 

SE 

J1 No J1&J2: No No 3.25% J1&J2: 82.84% 1.70% 

J2 No J2&J3: 1.78 No 2.73% J2&J3: 39.84% 3.32% 

J3 >1.1 J3&J1: No No 0.08% J3&J1: 22.89% 0.00% 

S 

J1 No J1&J2: No >1.1 6.45% J1&J2: 76.91% 1.20% 

J2 No J2&J3: 1.98 No 8.86% J2&J3: 28.45% 0.00% 

J3 No J3&J1: No No 0.16% J3&J1: 24.51% 0.00% 

W 

J1 No J1&J2: No No 3.06% J1&J2: 78.83% 0.00% 

J2 No J2&J3: 2.57 >1.1 8.35% J2&J3: 11.19% 1.70% 

J3 No J3&J1: No No 0.11% J3&J1: 1.06% 0.00% 

 

  

If a kinematically unstable condition is found to exist from a deterministic point of view, a kinetic analysis 

using the limit equilibrium method (LEM) is used to evaluate the factor of safety (FoS). Table 4.5 shows 

the FoS for the previously identified kinematically feasible blocks. It shows that all FoS are above 1.1 which 

is considered as the minimum acceptable criteria at the bench scale analysis. Table 4.5 also shows the 

kinetic probability which assessed whether the shear strength was exceeded or not by the induced shear 

stress for a given slope geometry. Thus, the kinetic probability is associated with the probability of sliding.  
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Table 4.6 Total probability of failure 

Zone Sector Set # 
Total Probability of Failure 

Planar  Wedge  Toppling 

Zone 5 

N 

J1 5.87% J1&J2: 9.00% 0.29% 

J2 2.05% J2&J3: 0.04% 0.00% 

J3 0.19% J3&J1: 1.88% 0.00% 

NE 

J1 1.64% J1&J2: 7.30% 0.00% 

J2 3.94% J2&J3: 0.67% 0.23% 

J3 0.15% J3&J1: 5.80% 0.00% 

E 

J1 8.02% J1&J2: 8.92% 1.75% 

J2 4.00% J2&J3: 0.01% 0.00% 

J3 0.47% J3&J1: 0.71% 0.00% 

SE 

J1 1.11% J1&J2: 3.51% 0.19% 

J2 0.68% J2&J3: 34.76% 0.11% 

J3 0.07% J3&J1: 16.86% 0.00% 

S 

J1 2.36% J1&J2: 2.78% 0.47% 

J2 1.21% J2&J3: 25.84% 0.00% 

J3 0.11% J3&J1: 6.27% 0.00% 

W 

J1 0.81% J1&J2: 3.53% 0.00% 

J2 2.53% J2&J3: 5.46% 0.50% 

J3 0.06% J3&J1: 0.19% 0.00% 

 

 

Table 4.6 shows the results of the total Probability of Failure (PoF) obtained by multiplying the kinematic 

and kinetic probabilities, respectively. In other words, the total PoF results from a rock block that is 

kinematically feasible to move (i.e. probability of formation) and whose shear strength is exceeded by its 

shear strength (i.e. probability of sliding). As can be seen in Table 4.6, although we started with high 

kinematic probabilities for planar failure when linked with their respective kinetic probabilities, we end up 

with low total PoF. Likewise, the total PoF for wedge has importantly decreased to values below 10% 

except for two critical sectors (i.e. SE and S). 
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Figure 4.18 Scatter plot for dip and dip direction angles for Joint Set 3. One and two standard deviation 

ellipses are drawn centered at the mean values. 

Figure 4.19 shows the summary of the total Probability of Failure (PoF) for each design sector of the open 

pit mine. Taking as maximum allowable PoF for the excavated benches a value of 25%, all except for sector 

SE and S are below this threshold. Recommendations can be put forward to steepen the bench angle from 

its current 65° or to increase the bench height above 15 m. provided in both cases that regular clean-ups of 

rock spills and daily ground control monitoring are implemented, especially for sector SE and S. 

 

Figure 4.19 Total Probability of Failure (PoF) for each design sector of the pit. 
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4.2.2 Case Study #2 

Geological Setting 

This second mine case study is located in the central Andes of Peru at an altitude of 4600 m.a.s.l. 

Sedimentary rocks such as limestone are the predominant lithology in the area. These sequences have been 

intruded by a pluton of quartz-monzonite nature leading to a contact metamorphism in the surrounding area 

of the intrusion. This mine classifies as a polymetallic (Zn, Pb and Ag) ore deposit associated with a skarn 

mineralization type given by the contact metasomatism of the surrounding country rocks by ore-bearing 

hydrothermal solution adjacent to a felsic intrusive body. The extension of the ore body is @ 150 m length 

and 100 m width and a projection in depth of about 500 m. The skarn aureole (transition) between the host 

rock and the orebody has an approximate width of 100 m. Thus, three main geological units are 

differentiated: the host rock (limestone), transition (skarn) and ore body (Figure 4.20) 

 

 
 

Figure 4.20 Geological cross section of the mine project. 

 

Structural Geology 

The area in which this case study is located has undergone intense faulting and folding. Major inverse faults 

striking NNE SSW were identified in the area suggesting that the maximum principal stress is horizontal. 

These major faults acted as mineralization pathways and while they will be disregarded for bench-scale 

slope stability analysis, they will be considered for the overall analysis of the pit. Also, regional and local 

symmetrical folds trending NW-SE have been reported.  
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Structural Field Data Collection 

This second case study was at the feasibility stage of design and therefore an important number of oriented 

drill cores were performed as part of the field geotechnical investigation camping. Surface mapping was 

restricted to few accessible outcrops and therefore very limited data could be gathered. As a consequence, 

the bench slope analysis and design for this case study #2 will mostly rely on core logging data as opposed 

to the first case study that had bench mapping information at hand.  

A total of 52 geotechnical oriented boreholes were performed, in two consecutive years: 22 in 2016 and 30 

in 2017. Surface mapping was conducted at 39 outcrops mainly in limestone (see Figure 3.21). A 

comparison is shown between minor discontinuities (rock joints) that were measured through outcrop 

mapping shown in Figure 4.22 and the ones registered during core logging shown in Figure 4.23. Although, 

they both provide evidence of two subvertical joint sets for the limestone, the core logging data shows a lot 

more scatter when compared to the surface mapping data. This is almost always the case since core logging 

data is subject to drilling rotation effects of the rock core and therefore a robust statistical analysis should 

be carried out to reduce bias and data scatter. Figures 4.24 and 34.25 show the contour plots of the structural 

data logged in the drill cores for the transition (skarn) and ore body lithologies. Again, a high degree of 

dispersion is observed for these two contour plots as expected from drill core information. Nonetheless, a 

joint clustering pattern can be identified leading to four and three main joint sets in the skarn and ore body, 

respectively.  

 

Figure 4.21 Outcrop of a limestone rock type. 

 

Tables 4.7, 4.8 and 4.9 show the summary of joint set orientation for each rock type.  
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Structural Zones & Design Sectors 

The design sectors for case study #2 are shown in Figure 4.26. These are in total ten sectors from which 

five are going to be excavated in limestone, four in skarn and finally one (#10) that correspond to the bench 

slopes cut in overburden (soil-like) material.   

 

Figure 4.22 Contour plot based on surface mapping data for the limestone. 

 

Figure 4.23 Contour plot based on core logging data for the limestone. 
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Figure 4.24 Contour plot based on core logging data for the skarn. 

 

 
Figure 4.25 Contour plot based on core logging data for the ore body. 
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Table 4.7 Summary of join orientation for limestone – Case study 2 

Set N° 

Mean  

Dip 

(°) 

Mean 

DipDir 

(°) 

Dip 

Range (°) 

@95%Confidence 

DipDir 

Range (°) 

@95%Confidence 

K 

Fisher 

Relative 

Ocurrence 

(%) 

Set-1 
1m 78 73 

51 89 
049 099 14.27 24% 

1w 80 73 229 279 14.22 22% 

Set-2 
2m 85 357 

62 89 
147 208 13.23 20% 

2w 87 356 327 388 13.74 25% 

Set-3 
3m 17 155 

2 39 049 262 
22.80 11% 

3w 17 157 22.91 8% 

Set-4 
4m 46 348 

33 59 332 004 
69.49 4% 

4w 46 348 71.65 4% 

 

Table 4.8 Summary of join orientation for skarn - Case study 2 

Set N° 
Mean  

Dip (°) 

Mean 

DipDir 

(°) 

Dip 

Range (°) 

DipDir 

Range (°) 

K 

Fisher 

Relative 

Ocurrence 

(%) 

Set-1 
1m 81 357 

54 89 
145 207 11 18% 

1w 82 355 325 027 11 26% 

Set-2 
2m 81 65 

60 90 
041 089 18 14% 

2w 82 65 221 269 18 13% 

Set-3 
3m 34 109 

13 55 069 148 
23 14% 

3w 34 110 22 10% 

Set-4 
4m 24 275 

3 46 203 333 
23 12% 

4w 25 278 22 10% 

 

Table 4.9 Summary of join orientation for ore body - Case study 2 

Set N° 
Mean  

Dip (°) 

Mean 

DipDir 

(°) 

Dip 

Range (°) 

DipDir 

Range (°) 

K 

Fisher 

Relative 

Ocurrence 

(%) 

Set-1 
1m 76 75 

51 89 
048 105 13 28% 

1w 79 73 228 285 12 23% 

Set-2 
2m 88 174 

51 88 
145 208 8 22% 

2w 87 353 325 028 8 32% 

Set-3 
3m 8 199 

2 35 007 328 
19 16% 

3w 9 206 19 12% 
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Figure 4.26 Open pit sectorization for case study 2 

 

Rock Laboratory Testing 

Geomechanical laboratory testing was conducted in order to determine the mechanical characteristics for 

intact rock and rock joints samples. The overall laboratory program consisted of physical properties, direct 

shear, uniaxial and triaxial compressive strength tests. A total of 79 laboratory tests were conducted on 

samples selected to represent the range of the rock conditions observed in the study area. The parameters 

that are of interest for bench slope design are the unit weight of rock and shear strength of joints. Thus, 

laboratory tests related to these two properties are reported below.  

Unit Weight Measurements 

The combined data set for measuring physical properties i.e. unit weight of rock samples included 29 tests: 

13 in limestone, 10 in skarn and 6 for the orebody with mean values of 27 kN/m3, 30 kN/m3 and 36 kN/m3, 

respectively. Figure 4.27 shows a are summary of unit weights measurements for all rock samples.  
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Figure 4.27 Unit weight values 

 

Direct Shear Testing 

 

For this project, 55 rock samples were selected for small scale direct shear tests (ASTM Method D5607) to 

obtain discontinuity shear strength data. The range of normal stresses applied to the samples varied from 

0.75 to 12.5 MPa. Since not a sufficient number of direct shear test points were conducted on each lithology 

to define a shear strength envelope individually, an approach that uses a composite of all direct shear test 

information was followed to define the overall joint shear strength regardless of lithology. For this purpose, 

laboratory data points were subject to both a linear and curvilinear regression analysis. Both fitting models 

(linear and non-linear) were adjusted to intersect the origin (i.e. c=0) given that all direct shear tests were 

carried out on saw cut surfaces.  

 

Figure 4.28 shows the direct shear test points for all three lithologies with the corresponding equations for 

each regression model. Although not conclusive, a trend for the limestone rock samples close the lower 

bound shear strength is observed. Likewise, the skarn rock samples seem to follow the upper bound, 

whereas the samples that belong to the orebody would apparently fit to the mean shear strength envelope 

specially for normal stresses greater than 5 MPa.  

 

The linear regression corresponded to the Mohr-Coulomb model whereas the non-linear was of the form of 

a general power function. The average friction angle following the Morh-Coulomb model is 34 deg. The 

maximum and minimum values for this model are 30 and 39 deg, respectively. The selected shear strength 

model for the overall minor discontinuities (i.e. joints) is non-linear (power curve type) since 

this minimizes the value of the Sum of Squares Errors (SSE).  
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Figure 4.28 Joint shear strength envelopes 

Bench Slope Stability Analysis 

Both the kinematic (stereographic) and kinetic (limit equilibrium) analyses for planar and wedge failure 

was performed following the probabilistic approach. The joint shear strength envelope was assumed to be 

variable with the characteristics shown in Table 4.10. Also, bench Face Angles (BFA) were varied from 65 

to 75 at 5 degrees interval while keeping slope height fixed as 10 m. The total Probability of Failure (PoF) 

was obtained by multiplying the kinematic and kinetic probabilities, respectively. 

Table 4.10 Summary of joint shear strength envelope – Case study 2 

Parameters 
Power Curve 

Model 

M-C Linear 

Model 

a 0.707 0.6697 

b 0.989 1.000 

c 0 0 

d 0.003 0 

Coefficient of 

Variation (CV) 
0.20 0.20 

 

It should be noted that the calculated PoF’s are an upper bound value since the joints were assumed to be 

of infinite persistence. A threshold value of Max. PoF = 25% was chosen for the bench design. From the 

analysis, sectors 2-3-8 are deemed potentially unstable for the case of planar failure (Figure 4.29). The 

remaining sectors (1-4-5-6-7-9) are considered to be stable for a BFA up to 75 degrees. For these last cases, 
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there is room for an optimization of the bench design. Regarding wedge failure, sectors 2 -3 are deemed 

potentially unstable and sector 6 is considered unstable for a BFA greater than 70° (Figure 4.30). The 

remaining sectors (1-4-5-7-8-9) are considered to be stable for a BFA up to 75 degrees. For these last cases, 

there is room for an optimization of the bench design. 

It can be recommended that the optimum BFA is 70°. for which stable conditions at the bench scale are 

assured for most of the design sectors. For the critical remaining sector 2, 3 and 8 the bench width can be 

increased in order to account for unforeseen rock spills. 

 

Figure 4.29 Total Probability of Failure (PoF) for planar failure 

 

Figure 4.30 Total Probability of Failure (PoF) for wedge failure 
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4.2.3 Case Study #3 

Geological Setting 

The third case study is an iron open pit mine located in the coastal belt of Peru at an average elevation of 

800 m.a.s.l. This belongs to the central Andean cordillera where the Nazca plate subducts beneath the South 

American Plate, forming an active seismic region. The mineralization is hosted by moderate fractured 

metasedimentary rocks (hornfels) overlain by a series of volcano-sedimentary sequences (see Figure 4.31). 

This is an Iron Oxide Copper Gold (IOCG) deposit associated with high-grade magnetite ore. The open pit 

extends over an area of approximately 700 m in a NE-SW direction by approximately 300 m in a NW-SE 

direction. The mineralization is close to the surface extending to depths approaching 550 m.  

 

 

Figure 4.31 Mapping a bench face in an hornfels rock type 

Structural Geology 

A review of the regional structural geology of the mine site suggests that it is part of a NE-oriented 

monoclinal that plunges 40 degrees to the NNW. The compressional tectonic stresses the site was subjected 

to are translated into faulting and folding of the rock strata. Local faults that have been mapped in the study 

area have a nominal strike of N060 with dip angles between 75 and 85 deg. This faulting system will be 

considered for the inter-rampa and global scale analyses. The area in which this open pit mine is located 

has undergone moderate fracturing of the host rocks where principal structurally controlled discontinuities 

are those associated with faulting. 
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Structural Field Data Collection 

The field data collection campaign consisted of extensive structural mapping of minor (i.e. rock joints) and 

intermediate (i.e. local faults) geological discontinuities. A total of 42 exposed bench faces cut in hornfels 

were mapped following the ISRM suggested procedures (Barton, 1985). Figure 4.32 shows the bench 

mapping locations within the open pit mine. A total of 575 rock joints and 79 local faults were mapped in 

this area and their orientation reported in terms of Dip and Dip Direction angles. Lower hemisphere equal-

area stereographic projections constructed from these data were used to define the predominant sets.  

 

For the purpose of bench-scale slope analysis only minor rock joints are presented in this section. Figure 

4.33 shows the corresponding contour plot for these structures. From this figure, it can be observed that 

there is one well-defined discontinuity cluster corresponding to the bedding planes of the metasedimentary 

rock (hornfels). Also, a second cross-crossing joint set of higher dispersion (low clustering) was identified 

along with several random fractures. Since random fractures represent around 44% of the total collected 

structural data, they will be considered for further analysis as a highly scattered (i.e. very low Fisher K 

value) joint set. The main discontinuity orientation statistics are summarized in Table 4.11. for each set.  

 

During structural field mapping the discontinuity properties were described in order to arrive at an RMR 

value (Bienawski, 1989) for each mapping site. Since the purpose of case study #3 is to construct an 

approximate DFN model, besides joint orientation, joint persistence is also necessary as an input parameter 

of the model. The discontinuity trace length was described at intervals of 1 m, 1 to 3 m, 3 to 10 m, 10 to 20 

m, and greater than 20 m long as suggested in the ISRM methods. Not actual trace length measurements 

were taken and therefore an estimated value and distribution had to be selected for the joint persistence. 

Figure 4.34 and Figure 4.35 show a bar graph for the trace lengths and spacing values described during 

classical field mapping, respectively. Although they may look like a histogram and what is more, they may 

appear to visually fit to a normal distribution, this is not the case given that the class width of the chart is 

not constant but rather variable.  

 

Most of the persistence values lie on the interval between 3 and 10m. It would be assumed that set-1 and 

set-2 will have an average persistence values of 10.0 m and 5.0 m, respectively and the random fractures a 

mean persistence value of 3.0 m. It would also be assumed that they will follow a lognormal distribution as 

this has been reported to fit field data as presented in chapter 3.  
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Figure 4.32 Bench mapping sites distribution within the pit. The open pit design sectors are also shown 

 

 

Figure 4.33 Composite contour plot for all minor discontinuities mapped in exposed benches 
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Table 4.11 Summary of mean join sets orientation – Case study 3 

Set N° 

Mean  

Dip 

(°) 

Mean 

DipDir 

(°) 

Dip 

Range (°)  

DipDir 

Range (°)  

K 

Fisher 

Relative 

Occurrence 

(%) 

Set-1 70 74 40 89 42 93 19.2 33.4 

Set-2 50 160 18 79 112 204 12.4 22.4 

Random Set 33 311 - - - - 2.5 44.2 

 

 

Figure 4.34 Bar graph of the persistence distribution of rock joints 

 

Figure 4.35 Bar graph of the spacing distribution of rock joints. 
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Structural Zones & Design Sectors 

The design sectors for case study #3 are shown in Figure 4.32. These are in total four sectors named North 

(N), South (S), North East (NE) and South West (SW). 

Rock Laboratory Testing 

Geomechanical laboratory testing was conducted in order to determine the mechanical characteristics for 

intact rock and rock joints samples. The overall laboratory program consisted of physical properties, direct 

shear, uniaxial and triaxial compressive strength tests. The parameters that are of interest for bench slope 

design are the unit weight of rock and shear strength of joints. Thus, laboratory tests related to these two 

properties are reported below.  

Unit Weight Measurements 

A total of 27 (hornfels) rock samples were tested to measure their unit weight. Figure 4.36 shows a 

histogram for unit weights measurements of all rock samples showing a mean value of 27 kN/m3. 

 

Figure 4.36 Histogram of rock unit weight measurements 

Direct Shear Testing 

 

Shear strength properties of minor discontinuities were estimated using field data of joint roughness 

coefficient (JRC) and joint compressive strength (JCS) for later incorporation into the Barton – Bandis 

model. This model was selected based on field observations given that most rock joints were in wall-to-

wall rock contact along their surfaces. For this project, detailed characterization of joint roughness and 

strength was collected during field work by means of the Barton comb and Schmidt hammer.  

https://www.sciencedirect.com/topics/engineering/fracture-surface
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Figure 4.37 and 4.38 show the distribution of JRC and JCS values for all 42 mapping sites. It is important 

to highlight that the JRC and JCS values shown in these figures have been already been scaled to an average 

joint persistence of 5.0 m as this is the assumed mean value for the analysis. Also, basic friction angles 

were measured in the field by performing numerous tilt tests on natural discontinuities. Figure 4.39 shows 

the distribution of basic friction angle values.  

 

 

Figure 4.37 Distribution of basic friction angle as measured in tilt tests 

 

 

Figure 4.38 Distribution of scaled values of JRC from Barton’s comb measurements 

 



Chapter 04:  Bench-Slope Scale Analysis 

 

129 
 

 

Figure 4.39 Distribution of scaled values of JCS from Schmidt hammer measurements. 

 

Bench Slope Stability Analysis 

Bench scale slope stability assessments were carried out by means of a Discrete Fracture Network Model 

(DFN). Joint orientation, joint size and joint shear strength were treated as stochastic input parameters in 

order to conduct a kinematic and then a kinetic analysis. The software Fracman by Golder Associates was 

used for the creation of a DFN model at the bench scale for the open pit. The input statistical distribution 

for the software are summarized in Table 4.12 below. 

Table 4.12 Summary input parameters for DFN model – Case study 3 

Joint Property Set-1 Set-2 Random Set 

Joint Orientation 

Distribution 

Fisher 

K = 19.2 

Fisher 

K = 12.4 

Fisher 

K = 2.5 

Joint Size 

Distribution 

LogNormal 

(10.0, 5.0) 

LogNormal 

(5.0, 5.0) 

LogNormal 

(3.0, 3.0) 

Joint Shear Strength 

Distribution 

Barton – Bandis Model 

Phib = Normal (29, 1.4) 

JRC = Triangular (1.5, 4.5, 4.5) 

JCS = Weibull (1.4, 35.9) 
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A single bench scale model was created in Fracman for each design sector of the open pit mine. The 

following dimensions were considered: Bench height = 15 m; Slope angle = 65 deg; Bench width = 7.0 m; 

Bench length = 40 m. Figures 4.40 to 4.43 shows the DFN model for each design sector of the mine with 

the critical forming rock blocks (i.e. FoS≤1) highlighted in red.  

 

Figure 4.40 North Bench slope DFN model with rock blocks of FoS≤1 highlighted 

 

Figure 4.41 South-West Bench slope DFN model with rock blocks of FoS≤1 highlighted 
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Figure 4.42 South Bench slope DFN model with rock blocks of FoS≤1 highlighted 

 

 

Figure 4.43 North-East Bench slope DFN model with rock blocks of FoS≤1 highlighted. 
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The analysis approach in FracMan can simulate rock block stability on slopes allowing a truly and 

comprehensive probabilistic assessment of the kinematic and kinetic stability conditions in surface 

excavations. The workflow employed in the analysis starts by determining the rock block geometry and its 

mode (i.e. single or double sliding). For each rock block identified, FracMan computes a FoS which 

differentiates between those blocks that are: a) Unstable or sliding (FoS<1), b) metastable (FoS=1), and c) 

Stable against sliding (FoS>1). Kinematically inadmissible blocks (i.e. those whose shape and/or position 

doesn’t allow them to slide) are assigned a FoS = 100.  

From Figures 4.40 to 4.43 we can clearly observed that the North bench slope is the most critical owing to 

the formation of several unstable rock blocks. A total of 1277 rock blocks with a FoS ≤1 for this sector. 

This is followed by the South, South West, and North East pit sectors with 726, 593 and 379 critical rock 

blocks formed. Also, it should be noted that the block volume distribution tends to be greater for the North 

and South West slope pit sectors than for the other two. 

Table 4.13 shows the summary of the static kinetic and kinematic analysis for each of the four DFN models. 

A detailed description of the number of sliding (FoS<1), metastable (FoS=1), stable ( FoS>1) and 

Inadmissible (FoS=100) rock blocks is given. From these, the probability of rock block formation (i.e. 

kinematic) and probability of rock block sliding (i.e. kinetic) can be calculated by taking a ratio as the 

corresponding number of valid to total generated blocks and another ratio between the unstable blocks to 

valid rock blocks. The total Probability of Failure (PoF) is given as the multiplication of the kinematic and 

kinetic probabilities as illustrated in case study #1. 

Table 4.13 Summary of static kinetic and kinematic analysis DFN approach – Case study 3 

Pit 

Sector 

FoS<1 FoS=1 FoS>1 FoS=100 Total 

Generated 

Blocks 

(5) 

Prob. Block 

Formation 

(kinematic) 

(6) 

Prob. Block 

Sliding 

(kinetic) 

(7) 

Total 

PoF 

(8) 
Sliding 

(1) 

Metastable 

(2) 

Stable 

(3) 

Inadmissible 

(4) 

NE 5 374 10 5643 6032 6% 97% 6% 

S 9 717 37 6385 7148 11% 95% 10% 

SW 80 513 51 3324 3968 16% 92% 15% 

N 80 1191 149 3658 5078 28% 90% 25% 

Notes: 

• Kinematic Probability (6) = [(1) +(2) + (3)] / (5) 

• Kinetic Probability (7) = [(1) + (2)] / [(5) - (4)] 

• Total PoF (8) = (6) * (7) 
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A pseudo-static kinetic and kinematic analysis using the DFN approach was also conducted given the are 

in which the mine is located corresponds to a highly active seismic region. A seismic coefficient of 0.22g 

was used for the pseudo-static of bench slopes. This value corresponds to 1/3 of the expected peak ground 

acceleration (PGA) at the mine site. For the pseudo-static analysis, Fracman multiplies the seismic 

coefficient with the rock block weight to obtain a driving force which is then considered in the calculation 

of the FoS as a driving force.  Table 4.14 shows the summary of the pseudo-static kinetic and kinematic 

analysis for each of the four DFN models. The total Probability of Failure (PoF) given as the multiplication 

of the kinematic and kinetic probabilities is shown.  

 

 

Table 4.14 Summary of pseudo-static kinetic and kinematic analysis DFN approach – Case study 3 

Pit 

Sector 

FoS<1 FoS=1 FoS>1 FoS=100 Total 

Generated 

Blocks 

(5) 

Prob. Block 

Formation 

(kinematic) 

(6) 

Prob. Block 

Sliding 

(kinetic) 

(7) 

Total 

PoF 

(8) 
Sliding 

(1) 

Metastable 

(2) 

Stable 

(3) 

Inadmissible 

(4) 

NE 14 456 18 5544 6032 8% 96% 8% 

S 9 894 53 6192 7148 13% 94% 13% 

SW 141 554 38 3235 3968 18% 95% 18% 

N 199 1270 94 3515 5078 31% 94% 29% 

Notes: 

• Kinematic Probability (6) = [(1) +(2) + (3)] / (5) 

• Kinetic Probability (7) = [(1) + (2)] / [(5) - (4)] 

• Total PoF (8) = (6) * (7) 

 

Figure 4.44 shows the Summary of the total PoF calculated with the DFN modelling approach under static 

and pseudo-static conditions. It is seen that PoF’s associated with seismic conditions are greater than that 

of the static scenario. Also, the North sector is identified as the one with the highest PoF. It should be noted 

that the static PoF for this sector is just close to the threshold value selected as 25% maximum PoF for the 

bench scale. Only in the pseudo-static condition this sector does exceed the maximum allowable PoF. The 

other remaining sectors i.e. North East, South and South West are below the 25% PoF threshold in both 

static and pseudo-static conditions. Recommendations can be put forward as to increase the current bench 

design of the pit sectors deemed stable (i.e. NE, S and SW) whereas a less steep bench slope angles should 

be considered for the potential unstable North slope pit sector.  
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Figure 4.44 Summary of the PoF based on the DFN approach under static and pseudo-static conditions 

 

4.3 Chapter Summary 

Chapter 4 covers a brief review of kinematic and kinetic analysis for evaluating structurally controlled 

failure mechanisms in bench slopes, highlighting the deterministic and probabilistic approach for these 

types of analyses. This was followed by an introduction to the novel Discrete Fracture Network (DFN) 

Modelling technique for rock slope engineering applications. All the concepts and theory were then 

illustrated with three case studies of real open pit mining operations and projects.  

• Case study 01 dealt with the bench slope analysis of an existing open pit mine. Therefore, field data 

was collected from direct mapping on exposed benches as part of the geotechnical reconciliation 

program of the mine. Window mapping was conducted at 36 different sites within sector 05 of the 

pit mine. A total of 622 minor discontinuities were mapped and three main joint sets identified. 

Information from laboratory testing comprising unit weight measurements and direct shear tests 

was available. The joint shear strength was fitted to both linear (Mohr-Coulomb) and non-linear 

(Power Curve) models. Both kinematic and kinetic rock slope stability analysis was carried out 

using the deterministic and probabilistic approaches. The commercially available software 

RocPlane v.4, Swedge v.7 and RocTopple v.2 from Rocscience Inc. were used to model planar, 
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wedge and toppling failure mechanisms, respectively. the total Probability of Failure (PoF) for each 

design sector of the open pit mine. The resulting FoS for all design sectors are above 1.1 which is 

considered as the minimum acceptable criteria at the bench scale analysis. Taking as maximum 

allowable PoF for the excavated benches a value of 25%, all except for sector SE and S are below 

this threshold. Recommendations were put forward to steepen the bench angle from its current 65° 

or to increase the bench height above 15 m. provided in both cases that regular clean-ups of rock 

spills and daily ground control monitoring are implemented, especially for sector SE and S. 

 

• Case study 02 dealt with the bench slope analysis of a pit mine project. This comprised three 

different rock types i.e. limestone, skarn and ore body. Structural field data came mainly from the 

core logging of 52 geotechnical oriented diamond drill holes (DDH). Surface mapping was 

conducted at 39 outcrops mainly in the host rock (i.e. limestone). The open pit was divided into ten 

sectors, five in limestone, four in skarn and one corresponding to the overburden (soil-like) material. 

Both kinematic and kinetic rock slope stability analysis was carried out using the deterministic and 

probabilistic approaches. From these analyses, sectors 2-3-8 were found to be potentially unstable 

for planar failure. The remaining sectors (1-4-5-6-7-9) were stable for a BFA up to 75 degrees. For 

wedge failure, sectors 2-3 were deemed potentially unstable and sector 6 was found to be unstable 

for a BFA greater than 70°. The remaining sectors were found to be stable for a BFA up to 75 

degrees. For these last cases, an optimization program for the bench design was suggested. 

 

• Case study 03 showed the application of DFN modelling to bench slope analysis.  Field data was 

collected from 42 exposed benches cut in hornfels. The discontinuity trace length was described 

discretely in the form of intervals. Not actual trace length measurements were taken and therefore 

a lognormal distribution was assumed for the joint persistence. Joint shear strength was estimated 

using field data of φb, JRC and JCS into the Barton – Bandis model. Static and pseudo-static bench 

stability assessments were carried out by a DFN model created with the software Fracman. Joint 

orientation, joint size and joint shear strength were treated as stochastic input parameters in order 

to conduct a kinematic and then a kinetic analysis. The number of sliding (FoS<1), metastable 

(FoS=1), stable ( FoS>1) and inadmissible (FoS=100) rock blocks was obtained from the DFN 

model. From these, the probability of rock block formation (i.e. kinematic) and probability of rock 

block sliding (i.e. kinetic) was calculated. Finally, the total Probability of Failure (PoF) was 

obtained by multiplying the kinematic and kinetic probabilities, respectively. 



Chapter 05:  Inter-Ramp Slope Scale Analysis 

 

136 
 

Chapter 5 

5 Inter-Ramp Slope Scale 

Multi-bench or inter-ramp instabilities include failures that involve more than one bench, whereas for the 

bench-scale design, the controlling (minor) geological structures are mostly dealt with using a probabilistic 

approach. Inter-ramp slope design is typically performed through a deterministic analysis of (major) large-

scale discontinuities. In this chapter, inter-ramp slope scale stability assessment is carried out for the three 

previously presented case studies using stereographic projection and limit equilibrium analyses.  

5.1 Structural Stability Analysis of Major Discontinuities 

Stability at the inter-ramp slope is still controlled by the rock mass discontinuities leading to relatively 

simple failure modes (e.g. planar, wedge or toppling). The discontinuities impacting on the stability of the 

inter-ramp slope are mainly comprised by through-going structures, such as highly persistent bedding-

planes or master joints combined with a fault, affecting several benches of the open pit mine. Major 

geological discontinuities are usually mapped as single features. The location, frequency and continuity of 

these major structures should be defined from data collected during field mapping.  

Inter-ramp stability analysis examines the potential failure of macro-block geometries, usually greater than 

one bench and which can include the entire inter-ramp height. Almost similar input parameters to those of 

the bench analysis are required for the inter-ramp stability analysis with the exception of the slope angle 

and height. Also, adjustments for the discontinuity shear strength might be needed since major 

discontinuities (e.g. faults) are likely to have different properties as those of minor structures (e.g. joints).  

Kinematically possible failure modes for the inter-ramp slope including planar, wedge and toppling failures 

is assessed in the same fashion as for the bench-scale analysis. However, the inter-ramp kinematic analysis 

focuses on single structural features (e.g. poles or intersections) and not on the entire distribution of minor 

joint clustering.  

5.2 Case Studies 

In the following sections three case studies, previously presented in chapter 4, will be assed at the inter-

ramp scale slope using minor faults fabric. The purpose of these analyses is to stablish the optimum inter-

ramp angle (IRA) which undercuts as few daylighting planes, wedges or blocks as possible. Both 

deterministic stereographic and limit equilibrium-based analyses are used for each pit sector. All kinematic 

analyses for the case studies presented herein have been carried out using the DIPS software whereas the 

LE analyses were done using RocPlane, Swedge and Roctopple software from Rocscience Inc. 
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5.2.1 Case Study #1 

The first case study presented before deals with the geotechnical reconciliation of an existing open pit mine. 

Since some benches were already excavated, field data was collected from direct mapping on exposed 

benches. Apart from the structural mapping of minor discontinuities (i.e. rock joints), intermediate scale 

structures (>25 m in length), related to a local faulting system was also mapped within the area of the pit. 

Figure 5.1 shows the distribution of these faults in the pit area. No faults were identified in the West sector. 

A total of 24 faults were mapped and described according to the ISRM suggested methods (Ulusay, 2014). 

The faults pole distribution is shown as an equal area stereo plot in Figure 5.2. These are colored according 

to pit sectors. 

From the bench scale analysis, the recommended bench face angle (BFA) is 65° for case study #1. For a 15 

m height bench slope with a 7.5 m of bench width, the resulting inter-ramp angle is 46°. The inter-ramp 

stability assessment is carried out for a slope of 5 benches which adds up to a 75 m high inter-ramp slope 

(Figure 5.3). 

 

Figure 5.1 Distribution of mapped faults within the open pit mine – case study #1 
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Figure 5.2 Equal area stereo plot of mapped faults within the open pit mine – case study #1 

 

 

Figure 5.3 Inter-ramp slope configuration – case study #1 
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Kinematic Analysis 

The open pit for case study #1 was divided in 5 design sectors named: North, North East, East, South East, 

South and West. These are shown as a radar plot on Figure 5.4. Once all mapped faults were selected upon 

the pit sector they belong to, a deterministic kinematic analysis was carried out for planar wedge and 

toppling potential failure mechanisms.  

Figure 5.5 shows the results for planar kinematic analysis. For all pit sectors no potential planar failure was 

identified with an IRA of 46°. Therefore, the inter-ramp slope configuration is deemed stable against planar 

failure.  

Figure 5.6 shows the results for wedge kinematic analysis with the intersection points between faults being 

plotted. One potential wedge in the East sector is identified. This will need further analysis by a LE approach. 

For all other sectors no potential wedge failure was observed in the stereo plots with an IRA of 46°. 

Figure 5.7 shows the results for flexural toppling kinematic analysis. For all pit sectors no potential toppling 

failure was identified with an IRA of 46°. Therefore, the inter-ramp slope configuration is deemed stable 

against toppling failure.  

A summary of the deterministic kinematic analysis for the inter-ramp slope scale is given in Table 5.1. 

 

Figure 5.4 Radar plot of design sectors for the open pit mine – case study #1 
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Table 5.1 Summary of kinematic analysis for the inter-ramp slope – case study #1 

Sector Planar Wedge Toppling 

South No No No 

West - - - 

North No No No 

North East No No No 

East No Yes No 

South East No No No 

 

Limit Equilibrium Analysis 

Since the kinematic analyses of the previous section identified a potential wedge failure in the East sector 

of the pit formed by faults F-15 and F-16, a limit equilibrium analysis is now performed. The LE analysis 

for the faults used conservative shear strength values of zero cohesion and 35° friction angle. The Swedge 

software from Rocscience Inc was used for the calculation of the Factor of Safety (FoS) which is found to 

be 3.02 (Figure 5.8). Therefore, the inter-ramp slope configuration in the East sector of the pit is deemed 

stable against wedge failure. A summary of the deterministic kinetic analysis is given in Table 5.2. 

 



Chapter 05:  Inter-Ramp Slope Scale Analysis 

 

141 
 

 

Figure 5.5 Kinematic analysis results for 

planar failure of each pit designing sector – 

case study #1 
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Figure 5.6 Kinematic analysis results for 

wedge failure of each pit designing sector – 

case study #1 
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Figure 5.7 Kinematic analysis results for 

toppling failure of each pit designing sector – 

case study #1 
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Figure 5.8 LE analysis results for wedge failure formed by F-15 & F-16 faults. 

 

Table 5.2 Summary of LE analysis for the inter-ramp slope – case study #1 

Sector Failure Mode Faults FoS 

East Wedge F-15 & F-16 3.02 

 

5.2.2 Case Study #2. 

The second case study is of an open pit mine project with structural information mainly based on geological 

and geotechnical diamond drill holes (DDH) with limited outcrop mapping sites. Since no exposed benches 

were available, the inter-ramp slope analysis will be based only on surface mapping information given that 

core logging data cannot provide reliable information regarding major geological structures. From the 

geological field reconnaissance program, four major steeply dipping faults were identified in the future 

open pit area 85°/100°; 65°/115°; 70°/155° and 70°/070° (Figure 5.9). Although these structures are thought 

to be of importance for the overall scale analysis, an inter-ramp stability analysis is also carried out. 
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Figure 5.9 Equal area stereo plot of mapped faults within the open pit mine – case study #2 

From the bench scale analysis, the recommended bench face angle (BFA) is 70° for case study #2. For a 

10-meter high bench slope with a 6.5-meter wide bench, the resulting inter-ramp angle is 45°. The inter-

ramp stability assessment is carried out for a slope of 5 benches which adds up to a 50 m high inter-ramp 

slope (Figure 5.10). 

 

 

Figure 5.10 Inter-ramp slope configuration – case study #2 
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Kinematic Analysis 

The open pit for case study #2 was divided into 9 design sectors from which 5 are in limestone, 4 in skarn 

and one (#10) that corresponds to the slope cuts in overburden (soil-like) material (Figure 5.11). With the 

4 mapped faults, a deterministic kinematic analysis was carried out for planar wedge and toppling potential 

failure mechanisms of each sector that is going to be excavated in rock (i.e. sectors 1-9). 

 

Figure 5.11 Open pit design sectors – case study #2 

Figure 5.12 shows the planar kinematic analysis results. For all pit sectors no potential for planar failure is 

identified. The inter-ramp slope configuration is deemed stable against planar failure for an IRA of 45°. 

Figure 5.13 shows the results for wedge failure. One potential wedge in sector #9 is identified for faults 1 

and 2. This will need further analysis by a LE approach. For all other sectors no potential wedge failure 

was observed in the stereo plots with an IRA of 45°. 

Figure 5.14 shows the results for flexural toppling kinematic analysis. For all pit sectors no potential 

toppling failure was identified. Therefore, the slope is deemed stable against toppling for an IRA of 45°. 

A summary of the deterministic kinematic analysis for the inter-ramp slope scale is given in Table 5.3.  

Limit Equilibrium Analysis 

Since the kinematic analyses of the previous section identified a potential wedge failure in sector #9 formed 

by faults F-1 and F-2, a limit equilibrium analysis is now performed. The LE analysis for the faults used  



Chapter 05:  Inter-Ramp Slope Scale Analysis 

 

147 
 

 

Figure 5.12 Kinematic analysis results for planar failure for each sector – case study #2 
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Figure 5.13 Kinematic analysis results for wedge failure for each sector – case study #2 
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Figure 5.14 Kinematic analysis results for toppling failure for each sector – case study #2 
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conservative shear strength values of zero cohesion and 35° friction angle. The Factor of Safety (FoS) was 

found to be 3.79 (Figure 5.15). Therefore, the inter-ramp slope configuration is deemed stable against 

wedge failure. A summary of the deterministic kinetic analysis is given in Table 5.4. 

Table 5.3 Summary of kinematic analysis for the inter-ramp slope – case study #2 

Lithology Sector # Slope DipDir Planar Wedge Toppling 

Limestone 

1 258 No No No 

2 320 No No No 

3 040 No No No 

4 066 No No No 

5 115 No No No 

Skarn 

6 030 No No No 

7 068 No No No 

8 114 No No No 

9 180 No Yes No 
 

Table 5.4 Summary of LE analysis for the inter-ramp slope – case study #2 

Lithology Sector # Slope DipDir Failure Mode Faults FoS 

Skarn 9 180 Wedge F-1 & F-2 3.8 
 

 

Figure 5.15 LE analysis results for wedge failure formed by F-1 & F-2 faults – case study #2. 
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5.2.3 Case Study #3 

The area in which this open pit mine is located has undergone moderate fracturing of the host rocks where 

intermediate geological discontinuities are those associated with faulting. The third open pit case study 

relied on data from classical bench mapping of minor (i.e. rock joints) and intermediate (i.e. local faults) 

geological discontinuities. Figure 5.16 shows the distribution of these faults in the pit area. A total of 79 

local faults were mapped and described according to the ISRM suggested methods (Ulusay, 2014). The 

faults pole distribution is shown as an equal area stereonet plot in Figure 5.17. These are colored according 

to the four open pit design sectors i.e. North, Nor East, South and South West. 

From the bench scale analysis, the recommended bench face angle (BFA) is 65° for case study #3. For a 

15-meter high bench slope with a 7.5-meter wide bench, the resulting inter-ramp angle is 46°. The inter-

ramp stability assessment is carried out for a stack of 4 benches which adds up to a 60 m height inter-ramp 

slope (Figure 5.18). 

 

Figure 5.16 Distribution of mapped faults within the open pit mine – case study #3 
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Figure 5.17 Equal area stereo plot of mapped faults within the open pit mine – case study #3 

 

 

Figure 5.18 Inter-ramp slope configuration – case study #3 
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Kinematic Analysis 

The open pit for case study #3 was divided into 4 design sectors named: North, North East, South and South 

West. These are shown as a radar plot on Figure 5.19. Once all mapped faults were selected upon the pit 

sector they belong to, a deterministic kinematic analysis was carried out for planar wedge and toppling 

potential failure mechanisms.  

Figure 5.20 shows the planar kinematic analysis results. For all pit sectors, no potential for planar failure is 

identified. Therefore, the inter-ramp slope configuration is deemed stable with an IRA of 46°. Figure 5.21 

show the results for wedge failure with the intersection points between faults plotted. No potential wedge 

failure is identified for the South West and South sectors. For the two remaining sectors North and North 

East, potential for wedge failure is observed with 21 and 2 critical intersections identified in the stereo plots 

for an IRA of 46°. These two sectors will need further analysis. 

Figure 5.22 shows the results for flexural toppling kinematic analysis. No potential toppling failure is 

identified for the South West and North sectors. For the two remaining sectors South and North East the 

potential for toppling failure formation is observed for an IRA of 46°. These two sectors will need further 

analysis by a LE approach. 

A summary of the deterministic kinematic analysis for the inter-ramp slope scale is given in Table 5.5. 

 

Figure 5.19 Radar plot of design sectors for the open pit mine – case study #3 
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Figure 5.20 Kinematic analysis results for planar failure for each sector – case study #3 
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Figure 5.21 Kinematic analysis results for wedge failure for each sector – case study #3 
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Figure 5.22 Kinematic analysis results for toppling failure for each sector – case study #3 
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Table 5.5 Summary of kinematic analysis for inter-ramp slope – case study #3 

Sector Planar Wedge Toppling 

South West No Yes No 

North No Yes No 

North East No Yes Yes 

South No No Yes 

 

Limit Equilibrium Analysis 

Since the kinematic analyses of the previous section identified a potential wedge failure for the South West 

and South sectors of the pit formed with 21 and 2 critical intersections, a limit equilibrium analysis is now 

performed. The LE analysis for the faults used conservative shear strength values of zero cohesion and 35° 

friction angle. Swedge software of Rocscience Inc. was used for the calculation of the Factor of Safety. 

Flexural toppling kinetic analysis for the South West and North sectors was performed with RocTopple 

software of RocScience. A summary of the deterministic kinetic analysis is given in Table 5.6. 

From Table 5.6 most FoS values are greater than 1.3 which can be considered as the minimum required 

FoS at the inter-ramp slope scale. However, three wedges were found to be in a metastable condition with 

FoS values between 1.03 and 1.10. Although these cases do not meet the stability criteria, the wedges form 

thin slabs as can be seen in Figures 5.23-5.25. These may not pose a high risk to the slope performance. 

Also, it should be noted that the shear strength values considered for the faults are conservative (c=0 and 

φ=35°). Kinematically feasible toppling mechanisms are in fact stable with FoS greater than 1.3 (Figures 

5.26-5.27).  

Table 5.6 Summary of LE analysis for the inter-ramp slope – case study #3 

Sector Failure Mode Faults FoS 

South West Wedge 
F-51 & F-58 5.64 

F-55 & F-72 1.97 

North Wedge 

F-3 & F-30 1.03 

F-3 & F-39 1.04 

F-3 & F-48 1.10 

F-3 & F-31 1.35 

F-3 & F-59 1.57 

F-3 & F-26 1.62 

F-4 & F-3 1.62 

F-3 & F-40 1.69 
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F-2 & F-3 1.73 

F-3 & F-17 1.85 

F-9 & F-37 1.91 

F-9 & F-39 1.95 

F-9 & F-30 1.95 

F-9 & F-48 2.03 

F-3 & F-14 2.13 

F-9 & F-20 2.52 

F-2 & F-14 5.79 

F-2 & F-27 6.60 

F-20 & F-39 6.81 

F-20 & F-30 7.02 

F-2 & F-11 7.34 

North East 

Wedge F-61 & F-65 2.99 

Wedge F-65 & F-66 2.39 

Toppling F-23 >1.30 

South Toppling F-76 >1.30 

 

 

Figure 5.23 LE analysis results for wedge failure formed by F-3 & F-30 faults – case study #3 
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Figure 5.24 LE analysis results for wedge failure formed by F-3 & F-39 faults – case study #3 

 

Figure 5.25 LE analysis results for wedge failure formed by F-3 & F-48 faults – case study #3 



Chapter 05:  Inter-Ramp Slope Scale Analysis 

 

160 
 

 

 

Figure 5.26 LE analysis results for toppling failure formed by F-23 fault – case study #3 

 

 

 

Figure 5.27 LE analysis results for toppling failure formed by F-76 fault – case study #3 
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5.3 Chapter Summary 

In this chapter, the results of kinematic and kinetic analyses for evaluating structurally controlled failure 

mechanisms at the inter-ramp slope scale are presented for the three previously described case studies.  

Slope stability analyses were performed through a deterministic approach of major, large-scale 

discontinuities mapped during field geological characterization. 

• The first case study dealt with the geotechnical reconciliation of an existing open pit mine. 

Intermediate scale structures (>25 m in length), related to a local faulting system were also mapped 

within the area of the pit. The inter-ramp stability assessment was carried out for a slope of 75 m 

in height and 46° inter-ramp angle. The results of the deterministic kinematic analysis show one 

potential wedge in the East sector formed by faults F-15 and F-16. For all pit other sectors, no 

failure potential was identified. A subsequent Limit Equilibrium (LE) analysis yielded a FoS of 

3.02 for the critical wedge. Therefore, the inter-ramp slope configuration was deemed stable. 

 

• The second case study is of an open pit mine project with limited outcrop mapping sites. From the 

geological field reconnaissance program, four major steeply dipping faults were identified in the 

future open pit area. The inter-ramp stability assessment was carried out for a slope of 50 m in 

height and 45° inter-ramp angle. The results of the deterministic kinematic analysis show one 

potential wedge in the sector #9 formed by faults F-1 and F-2. For all other pit sectors, no failure 

potential was identified with an IRA of 45°. A subsequent Limit Equilibrium (LE) analysis yielded 

a FoS of 3.79 for the critical wedge. Therefore, the inter-ramp slope configuration was deemed 

stable. 

 

• Case study #3 is an open pit mine where intermediate geological discontinuities are those associated 

with faulting. A total of 79 local faults were mapped and described according to the ISRM 

suggested methods. The inter-ramp stability assessment was carried out for a slope of 60 m in 

height and 46° inter-ramp angle. The results of the deterministic kinematic analysis show potential 

wedge failure in the North and North East sectors. Also, potential for toppling failure was identified 

for the South West and North sectors. A subsequent Limit Equilibrium (LE) analysis of these 

potential failure mechanisms found FoS values to be greater than 1.3 which can be considered as 

the minimum required FoS at the inter-ramp slope scale Therefore, the inter-ramp slope 

configuration was deemed stable. 
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Chapter 6 

6  Global Pit Slope  

Global scale failure mechanisms in open pit slopes are mainly controlled by the strength of the rock mass. 

As such, the engineering characteristics of both intact rock and discontinuities must be considered to arrive 

at good estimates of the rock mass strength properties. This chapter covers a summary of the main rock 

laboratory tests and rock mass classification schemes. Emphasis is given to the assessment of uncertainty 

in intact rock and rock mass Hoek-Brown strength envelopes. Finally, the global pit slope stability analysis 

is carried out for three case studies.  

6.1 Assessment of Rock Mass Properties 

The overall strength of the rock mass is determined from the characteristics of both the intact rock material 

and geological discontinues. As shown in Figure 6.1, the rock mass characterization stage involves an 

estimation of the intact rock strength (typically obtained from rock laboratory testing) and the mechanical 

properties of the discontinuities (commonly assed through mapping of surface outcrops and/or oriented 

core logging). A rock mass classification scheme is then used to define the rock mass quality empirically 

by degrading and scaling the intact rock strength envelope to that of the rock mass. Once the rock mass 

strength envelope is defined, the engineering design of the rock structure can be started. 

 

 

Figure 6.1 Rock mass characterization framework 
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6.2 Intact Rock Strength  

6.2.1 Uniaxial Compressive Strength (UCS) 

The UCS is one of the most commonly used parameters in calculation schemes associated with the analysis 

and design of rock engineering structures (Andreev, 1995). The UCS is arguably the oldest and simplest 

mechanical rock test that serves as a proxy for intact rock strength (Kahraman, 2001).  It depends on the 

loading rate (e.g., Bieniawski, 1967), specimen geometry (e.g., Hudson et al., 1971), specimen size (e.g., 

Bieniawski 1968), and several other factors (Bewick et al., 2015). The UCS testing procedure is generally 

well stablished and it has been standardized by both the American Society for Testing and Materials 

(ASTM-D7012) and the International Society for Rock Mechanics (ISRM 1979). The reader is forwarded 

to these two references for further details on the UCS test procedure, data analysis and reporting format. 

 

Figure 6.2 Stress–strain diagram showing the different stress levels of a rock subjected to uniaxial 

compression (Cai et al., 2004) 

Stress-strain curves such as the one given in Figure 6.2 serve as the basis for obtaining the compressive 

strength, Young’s modulus of elasticity and Poisson’s ratio of the rock material.  In this figure, it should be 

noted that the deformation increases almost linearly with increasing load. Nevertheless, at the very 

beginning of the uniaxial compression test, the stress-strain curve has a subtle and smooth concave shape 

that corresponds to the the crack closure (σcc) stage. Eventually, a stress level is reached at which fracture 
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is initiated, i.e. existing cracks start to propagate, and new cracks initiate (σci). With increasing deformation, 

the crack propagation is stable which means that if the stress increase is stopped, the crack propagation is 

also stopped. Further increasing the stress, however, leads to another stress level called the crack damage 

(σcd) stage, which corresponds to the long-term rock strength. At this stage unstable crack growth begins 

and the resulting cracks start to coalesce which means that crack propagation continues even if the stress 

increase is stopped. Next, macrocracks are formed followed by the failure of intact rock specimen at a stress 

level equal to its peak strength. This stress level at which the intact rock material fails is known as the 

unconfined or uniaxial, compressive strength – UCS (Jaeger et al., 2009). 

 

6.2.2 Triaxial Compressive Strength (TX) 

Triaxial compression tests have been widely used by researchers and practitioners alike to gain an 

understanding of the strength behavior of rocks under stress conditions simulating those encountered in 

surface or underground mining excavations (Elliott, 1993; Bewick et al., 2011). Triaxial testing allows to 

quantify the significant increase in rock strength with increasing confining pressure. Also, triaxial testing 

on intact rock is typically conducted to estimate the input parameters of empirical failure criteria such as 

the Hoek-Brown criterion considered later in this chapter. Despite its name, which implies a state of three 

independent principal stresses, the conventional ‘triaxial test’ simulates a special case of crustal condition, 

in which the intermediate and minor principal stresses are equal so that: σ1 > σ2 = σ3 > 0 (Haimson & Chang, 

2000). A general triaxial state of stress where all three principal stresses are varied independently is often 

referred to as a true triaxial or polyaxial test. Further discussion regarding true triaxial or polyaxial testing 

is provided by Hunsche & Albrecht (1990), Wawersik et al (1997), Kwasniewski et al (2012), Li et al 

(2015). These authors - among others - have studied the influence of the intermediate principal stress on 

rock strength behavior. 

In the conventional triaxial test, a right-cylindrical rock specimen sample, prepared in the same manner as 

for the UCS test, is subjected to an axial stress (σ1) while a hydrostatic (confining) stress (σ2 = σ3) is being 

applied on the lateral surface of the rock specimen by a pressurized fluid (Jaeger et al., 2009). Typically, 

several triaxial tests over a range of confining pressures should be carried out, usually up to a σ3 magnitude 

of 0.3 and ideally 0.5 times the value of the expected UCS. The rock core is usually jacketed in thin latex 

rubber, so that the confining fluid does not penetrate the rock pore space. Also, the slenderness ratio of the 

rock specimen usually varies between 2:1 and 2.5:1 so that bending of the specimen under the axial load is 

avoided. It is not the purpose of this chapter to provide detailed guidelines of how to carry out a triaxial test 

and interpret the results. Such guidelines and discussion are available elsewhere, e.g. ISRM (1979) and 

ASTM (D4543) standards. 
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Figure 6.3 shows the widely used Hoek cell as a triaxial testing apparatus. This is a hollow cylinder test cell 

which provides an internal hydrostatic pressure. Originally developed by Hoek and Franklin (1967) at the 

Rock Mechanics Centre of Imperial College (London), the Hoek cell is widely used for testing cylindrical 

specimens of rock under triaxial compression. The popularity of the cell may be due to its proven efficiency 

and remarkable practicality. Its main advantage is that it does not require drainage between the tests 

allowing many specimens to be tested. In addition, the Hoek-Franklin cell is readily available commercially 

and in a variety of core sizes. The variables to be measured during the triaxial testing include the confining 

and the axial stress, typically measured with pressure gauges and the axial and lateral strain, commonly 

measured with strain gauges.   

 

Figure 6.3 Triaxial test for rock samples a) Hoek cell and b) loading machine. 

 

6.2.1 Brazilian Tensile Strength (BTS) 

Direct tensile strength (DTS) testing is rarely carried out in practice mainly because of two main difficulties 

i) the preparation of the rock specimen and ii) the gripping of the rock core (Perras & Diederichs, 2014). 

Gripping can cause stress concentrations at the ends near the grips which may result in an invalid test. A 

valid direct tensile test should result in failure at the midpoint of the specimen. The Brazilian tensile strength 

(BTS) test is a simple indirect testing method for assessing the tensile strength of brittle material such as 

rocks (Li & Wong, 2013). Because of its simplicity and steadiness of the results obtained, the Brazilian test 

is the most widely used laboratory test to estimate the tensile strength of rocks (Jaeger et al., 2009).  

In the BTS test, a thin circular disc with a thickness-to-diameter ratio between 0.2 and 0.75 is diametrically 

compressed up to failure. The compression induces tensile stresses normal to the loading direction, which 



Chapter 06:  Global Pit Slope Analysis 

 

166 
 

are essentially constant over a region around the center.  The indirect tensile strength is typically calculated 

based on the assumption that failure occurs at the point of maximum tensile stress, i.e., at the center of the 

disc. The tensile strength (σt) is a function of the applied axial load (F), the rock disc diameter (D) and the 

thickness (t) and can be determined by the following equation: 

𝜎𝑡 =
2𝐹

𝜋𝐷𝑡
    [Eq.6.1] 

Testing procedure for measuring the tensile strength of rocks is given as suggested methods by the ISRM 

(1978) and standards by the ASTM (D3967) which outlines both direct and indirect Brazilian test methods. 

It should be noted that the Brazilian test specimen should split along the compressive diametral line (see 

Figure 6.4), or else the test is regarded as exhibiting an invalid failure mode. 

A comprehensive review and analysis between DTS and BTS have been conducted by Perras and 

Diederichs (2014). The authors showed that BTS obtained in standard testing is generally greater than the 

equivalent DTS and that this relationship is rock type dependent. The factor f, in DTS =f*BTS, was found 

to be approximately 0.9 for metamorphic, 0.8 for igneous and 0.7 for sedimentary rocks. 

 

Figure 6.4 Brazilian tensile testing for rock samples a) before, b) during and c) after 

 

6.2.2 Uncertainty in Intact Rock Strength Parameters 

The Hoek-Brown model is one of the most widely used strength criteria in rock engineering practice 

(Bozorgzadeh et al., 2018). Although originally developed on an empirical basis through the research on 

brittle failure by Hoek (1965) and Brown (1970), the model’s theoretical proof has recently been stablished 

(Zuo et al., 2015). The strength of intact rock material can be modelled with the simplest form of the Hoek-

Brown Criterion, which may be written as (Hoek and Brown, 1980): 

𝜎1 = 𝜎3 +  𝜎𝑐  (𝑚𝑖
𝜎3

𝜎𝑐 
+ 1)

0.5
   [Eq.6.2] 
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Where the axial stress at failure (σ1) is the dependent variable, the confining pressure (σ3) is the independent 

variable, ‘mi’ and σc are the H-B model parameters to be estimated by non-linear regression analysis. The 

σc represents the value at which the best fit curve intersects the principal stress axis (σ1). The mi is an intact 

material constant that depends on the rock type.  

Estimates of the H-B regression parameters (mi and σc) should be obtained by combining tensile, uniaxial 

and triaxial test data (Langford & Diederichs, 2015; Bozorgzadeh et al., 2018; Contreras et al., 2018). 

Figure 6.5.a shows UCS, DTS and TX tests plotted on a σ1 vs. σ3 graph. It should be noted that the Brazilian 

test is not considered as an acceptable DTS value for inclusion in the analysis (Hoek & Brown, 2019). 

Therefore, adjustment factors should be applied to the BTS values. However, these must be viewed as 

estimates only and must be used with care and engineering judgment.  

A best fit (mean) curve based on minimizing the squared residual or error is also shown in Figure 6.5.b as 

a continuous black line. Although simple and straightforward, this non-linear fitting approach is primarily 

used deterministically i.e. only the mean or average intact rock shear strength envelope is estimated. This 

type of analysis fails to account for the variability and uncertainty of the input rock testing data. To 

overcome this, a more comprehensive approach using statistical techniques is needed.  

After calculating a suitable mean fit, the uncertainty in the data set can be quantified using Prediction 

Intervals (PI). A PI provides an estimate of the interval within which future data points will fall. For example, 

the interpretation of a 95% PI is that there is 95% probability that a new collected testing value will fall 

within the PI. These intervals are useful in providing upper and lower bounds for the testing data. Figure 

6.5.b also includes the corresponding 68% and 95% PI for the data set which is given by the mean ± one 

and two standard deviations.  
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Figure 6.5 Intact rock strength envelopes. a) Combining DTS, UCS & TX tests and b) Intact rock strength 

variability (Langford & Diederichs, 2015) 

6.3 Rock Mass Strength 

The assessment of the rock mass strength is a key step for any type of stability analysis dealing with 

engineering structures, both open pit and underground. The general problem of rock mass strength 

estimation remains as one major challenge in rock mechanics. This is because laboratory tests, on the one 

hand, are not representative of a rock mass of significantly larger volume and in-situ large-scale rock mass 

testing, on the other hand, is seldom practically or economically feasible. Thus, the strength of a rock mass 
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is typically derived from an empirical failure criterion that combines input parameters based upon the intact 

rock strength, obtained through laboratory testing, and the characteristics of the rock mass, gathered from 

field mapping. In this respect, rock mass classification systems represent convenient tools to combine both 

intact rock and discontinuity properties (Sturzenegger, 2010). Rock Mass Classification Systems are briefly 

summarized below and their relationship with rock mass shear strength models is also addressed. 

6.3.1 Rock Mass Classification Schemes 

Rock mass classifications form the backbone of the empirical design approach which is widely used in rock 

engineering practice (Singh & Goel, 1999). Rock mass classification systems provide a framework for 

standardizing the data collection process related to the field site investigation (Hume, 2011). The 

quantitative output provided by a rock mass classification scheme is then used as input for further 

engineering design methods or numerical modelling software.  

 

There are many rock mass classification systems developed for different purposes and/or applications. 

Since not all these classification schemes can be covered fully here, only those commonly used for rock 

slope engineering are addressed. The two most widely used rock mas classification systems for rock slope 

stability analysis and modelling are the Rock Mass Rating System (RMR) and Geological Strength Index 

(GSI).  

 

Rock Mass Rating System (RMR) 

 

The Geomechanics Classification, also known as the Rock Mass Rating (RMR) system, was initially 

developed by Bieniawski (1973) at the South African Council of Scientific and Industrial Research (CSIR) 

based upon his experience in shallow tunnels in sedimentary rocks (Singh & Goel, 1999).  Since then, the 

RMR system has undergone subsequent refinements dealing with class boundaries and parameter ratings. 

Two major revisions as a result of newly added case histories were presented in 1976 and 1989 (Bieniawski, 

1976; Bieniawski, 1989), also referred to as RMR76 and RMR89, respectively. Because of the different RMR 

versions, it is important to state which one is being used when RMR values are reported.  

The RMR classification uses the following parameters whose ratings are added to obtain an RMR value.   

1) Unconfined compressive strength of intact rock (UCS) 

2) Rock Quality Designation (RQD)  

3) Joint or discontinuity spacing 

4) Condition of discontinuities  

5) Groundwater conditions  

6) Orientation of discontinuities  
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Figure 6.6 Rock Mass Rating (RMR89) System after Bieniawski (1989) 
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Information on these six parameters can be collected from either surface mapping or core logging. It should 

be noted, however, that joint persistence is the only parameter that cannot be measured through core logging 

as explained in Chapters 3 and 4. Once field data is gathered, they are assigned a relative weighting or 

rating value according to the system. As shown in Figure 6.6, the input RMR parameters are not equally 

important since they all have different ratings. The first five parameters are given non-negative weighting 

values whereas the sixth parameter can take up negative values. This sixth parameter is an adjustment factor 

accounting for the favorable or unfavorable orientation of discontinuities with respect to the engineering 

excavation. It is seldom used when evaluating the rock mass for rock slope engineering purposes. When 

adding the ratings of the first five parameters, one would obtain the so-called basic RMR (RMRb) that 

symbolizes the rock mass quality. The RMR values are grouped into five classes as shown in Table 6.1. 

Table 6.1 Rock mass classes based on the RMR system (Bieniawski, 1989) 

Rock Mass 

Parameter 
Rock Mass Rating 

Ratings 100 – 81 80 - 61 60 - 51 50 - 41 40 - 31 30 - 21 20 - 0 

Class No. I II III-A III-B IV-A IV-B V 

Classification 

of Rock Mass 

Very 

Good 
Good Fair Poor 

Very 

Poor 

Rock Mass 

Cohesion 

>400 

kPa 

300-400 

kPa 
200-300 kPa 100-200 kPa 

<100 

kPa 

Rock Mass 

Friction Angle 
>45° 35°-45° 25°-35° 15°-25° <15° 

 

Readers who wish to pursue further details on the Rock Mass Rating (RMR) System are advised to consult 

the work by Singh & Goel (1999, 2011), Bieniawski (1988, 1989, 1993). 

Geological Strength Index (GSI) 

The Geological Strength Index (GSI) system was introduced by Hoek and coworkers (Hoek, 1994; Hoek 

et al., 1995) and was developed to overcome some of the deficiencies that had been identified in using the 

RMR scheme for very poor quality rock  masses (Brady & Brown, 1993; Eberhardt, 2010 ). The GSI value 

together with the properties of the intact rock have been widely used to estimate rock mass strength and 

deformation properties for different geological conditions. (Shu, 2014).  
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Figure 6.7 Geological Strength Index (GSI) lookup chart for rock masses (Marinos & Hoek 2000). 
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The GSI number varies theoretically in the nominal range of 0 and 100, which is essentially the same range 

of rock mass quality covered by the RMR system. The GSI is based on a qualitative visual inspection of 

the rock mass by describing field conditions such as the interlocking of intact rock pieces and the joint 

surface quality. Marinos and Hoek (2000) proposed a GSI chart to classify rock mass quality by visual 

inspection alone. This is shown in Figure 6.7. GSI should ideally be assigned from field observation of the 

rock mass by suitably experienced engineering geological personnel. GSI values can sufficiently be 

determined from outcrop mapping, however, it cannot be directly assigned from drill core data. In the latter 

case, it is suggested to evaluate the core in terms of the 1989 version of Bieniawski’s RMR classification 

and then use the expression: GSI = RMR89 – 5, where RMR89 has the groundwater rating set to 15 and the 

adjustment for joint orientation set to zero (Bieniawski, 1989). Thus, in the absence of GSI values, it can 

be obtained from RMR89 values as this is still of common practice in rock slope engineering.  

 

Readers who wish to pursue further details on the Geological Strength Index (GSI) System are advised to 

consult the work by Sonmez & Ulusay (1999), Marinos & Hoek (2000), Marinos et al (2005, 2007), Hoek 

et al. (2013).  

6.3.2 Rock Mass Shear Strength Models 

The overall strength of a jointed rock mass depends on the mechanical properties of the intact rock pieces 

as well as the condition of the discontinuity surfaces separating those pieces. This section briefly describes 

current methods for estimating rock mass shear strength, as this is needed to perform slope stability analyses, 

based on the Generalized Hoek-Brown (G-H-B) and Equivalent Mohr-Coulomb (E-M-C) criteria. 

It should be noted that the above-mentioned criteria should only be used when there is a large number of 

closely spaced discontinuities so that an isotropic rock mass behavior can be an adequate assumption. Such 

situation for rock slopes is mainly encountered at the global or overall scale of an open pit mine. 

Generalized Hoek-Brown Model 

The Generalized Hoek-Brown failure criterion for jointed rock masses is defined by Equation 6.3 (Hoek et 

al., 2002): 

𝜎1′ = 𝜎3′ +  𝜎𝑐  (𝑚𝑏
𝜎3′

𝜎𝑐 
+ 𝑠)

𝑎
   [Eq.6.3] 

 

where σ1' and σ3' are the maximum and minimum effective stresses at failure respectively, mb, s and a are 

constants which depend upon the characteristics of the rock mass, and σc is the uniaxial compressive 

strength of the intact rock. The material constants are determined for the rock mass using GSI as per Hoek 

et al. (2002) as follows. 
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𝑚𝑏 =  𝑚𝑖  exp (
𝐺𝑆𝐼−100

28−14𝐷
)   [Eq.6.4] 

𝑠 =  exp (
𝐺𝑆𝐼−100

9−3𝐷
)    [Eq.6.5] 

𝑎 =  
1

2
+

1

6
 (𝑒−𝐺𝑆𝐼/15 − 𝑒−20/3)  [Eq.6.6] 

In the above, mi is a curve fitting parameter derived by combining tensile, uniaxial compressive and 

triaxial testing of intact rock as shown previously in section 6.2.3. The parameter mb is therefore a reduced 

value of the intact rock value mi, which accounts for the strength reducing effects of the rock mass 

conditions defined by GSI. GSI is estimated in the field from the chart shown in section 6.3.1. Strength 

reduction of the parameters s and a is done accordingly. D is a disturbance factor that can account for blast 

damage and stress relaxation, with values ranging from 0 for undisturbed conditions to 1 for very disturbed 

rock masses. Figure 6.8 shows the suggested D values for slopes and underground excavations. 

 excavations. 

 

Figure 6.8 Guidelines for estimating disturbance factor D due to stress relaxation and blasting damage 

(Hoek & Brown, 2019) 
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The non-linear generalized Hoek – Brown criterion arrives at the strength envelope to the rock mass through 

the GSI index. This method allows us to estimate the rock mass strength envelope based on that of the intact 

rock which in turn is obtained through laboratory testing (e.g. BTS, UCS, TX).  

Thus, the generalized Hoek – Brown criterion basically weakens and scale the intact rock properties to that 

of the rock mass by means of the GSI value (Figure 6.9). 

 (Figure 6.9). 

 

Figure 6.9 Transition of the Hoek‐Brown envelope for intact rock to that for rock mass (Eberhardt, 2012) 

The generalized Hoek–Brown criterion has been updated several times in response to experience gained 

with its use and the availability of more case studies. The most up‐to‐date version is given in Hoek & Brown 

(2019). This represents a detailed re‐examination of the Hoek–Brown criterion during the past 38 years of 

its use to practical rock engineering problems. 

Equivalent Mohr-Coulomb Model 

Mohr-Coulomb’s strength criterion for a rock mass is expressed as: 

𝜏 = 𝑐 + 𝜎𝑛𝑡𝑎𝑛𝜙  [Eq.6.7] 

 

Where τ is the shear strength along a plane of failure, σn is the normal stress acting on that same plane, c is 

cohesion and φ is the angle of friction. The Mohr-Coulomb’s criterion is applied in rock mechanics for 

shear failure of rock joints and rock masses. As opposed to the Generalized Hoek-Brown criterium whish 

is plotted on the principal stress plot (σ1 vs σ3), the Mohr-Coulomb’s model is plotted on the normal(σn) vs 

shear (τ) plot (Figure 6.10). However, it can also be re-written in the following form: 
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𝜎1 = 𝜎𝑐 + 𝑘𝜎3  [Eq.6.8] 
 

Where k is the slope of the line relating σ1 and σ3 and, is σc the uniaxial compressive strength. The values 

of the friction angle (c) and cohesion (ϕ) can then be calculated using: 

𝑠𝑖𝑛𝜙 =
𝑘−1

𝑘+1
  [Eq.6.9] 

 

𝑐 =
𝜎𝑐 (1−𝑠𝑖𝑛𝜙)

2𝑐𝑜𝑠𝜙
  [Eq.6.10] 

 

Figure 6.10 Mohr-Coulomb criterion in terms of a) Principal stresses and b) Normal and Shear stresses 

(Edelbro, 2003) 

The use of the M-C criterion for representing the shear strength of the rock mass is done by fitting an 

average linear relationship to the non-linear H-B strength criterion for a range of stress confinement (σ3). 

Thus, equivalent rock mass friction angles and cohesive strengths can be calculated from the Hoek-Brown 

parameters (Figure 6.11). The following equations can be used to assess the equivalent friction (φ) angle 

and cohesion (c) of the rock mass. 

𝜙′ = 𝑠𝑖𝑛−1 [
6𝑎𝑚𝑏(𝑠+𝑚𝑏𝜎′

3𝑛)𝑎−1

2(1+𝑎)(2+𝑎)+6𝑎𝑚𝑏(𝑠+𝑚𝑏𝜎′
3𝑛)𝑎−1

]  [Eq.6.11] 

 

𝑐′ =
𝜎

𝑐𝑖[(1+2𝑎)𝑠+(1−𝑎)𝑚𝑏𝜎′
3𝑛](𝑠+𝑚𝑏𝜎′

3𝑛)𝑎−1

(1+𝑎)(2+𝑎)√1+(6𝑎𝑚𝑏(𝑠+𝑚𝑏𝜎′
3𝑛)𝑎−1)/((1+𝑎)(2+𝑎)

 [Eq.6.12] 
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Where σ’3n = σ’3max / σci. Note that the value of σ’3max represents the upper limit of confining stress over the 

relationship between the Hoek-Brown and Mohr-Coulomb failure envelopes is considered. The results of 

the studies using the circular failure analysis of Bishop for a wide range of slopes geometries and properties 

of rock masses have given the following empirical relationship (Hoek et al. 2002). 

𝜎′
3𝑚𝑎𝑥

𝜎′
𝑐𝑚

= 0.72 (
𝜎′

𝑐𝑚

𝛾𝐻
)

−0.91

    [Eq.6.13] 

where σ’cm is the strength of the rock mass, defined as (2c’cosφ’)/(1-sinφ’), γ is the unit weight of the rock 

mass, H is the height of the slope.  

The procedure for determining the Hoek‐Brown and equivalent Mohr‐Coulomb parameters can be carried 

out by using the Rocscience software package RocData. These relationships can also be easily 

implemented through an Excel spreadsheet. 

 

Figure 6.11 Relationship between maximum/minimum principal stresses of Hoek-Brown criterion and 

equivalent values obtained using Mohr-Coulomb criterion (Panji et al., 2016) 

 

The conversion from H-B to M-C parameters is sometimes necessary given that most geotechnical software 

is written in terms of the Mohr-Coulomb parameters c and φ. Where geotechnical design software accepts 

Hoek-Brown input directly, it is preferable to use this input rather than estimates of the Mohr Coulomb 

parameters c and φ extrapolated from the non‐linear Hoek‐Brown failure envelope. 
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One of the reasons that the M-C criterium is often used in rock mechanics is that it is described by a simple 

mathematical expression, easily understood and simple to use.  Also, there is more experience in its used, 

and this gives an intuitive feeling for the physical meanings of cohesion and friction, which is not the case 

for mb, s and a. In terms of equivalencies, the parameter mb is related to the frictional strength of the rock 

mass, and s, which is a measure of how fractured the rock mass is, is related to the rock mass cohesion. 

However, these are only descriptive relationships. 

6.3.3 Uncertainty in Rock Mass Strength Parameters 

Traditionally, the rock mass strength can be evaluated using a deterministic approach resulting in a single 

or mean rock mass strength envelope. As rock masses have a complex and uncertain nature, to deal with 

such complexity, the use of probabilistic approaches seems to be more appropriate in order to make more 

reliable characterizations in rock mass strength parameters (Basarir et al., 2016). 

Figure 6.12 shows the procedure for estimating the variability in the rock mass strength envelopes through 

a Monte Carlo simulation method. First, RMR and/or GSI values are determined in the field based on the 

geological description of rock mass structure and block surface conditions. The five input parameters for 

the RMR (i.e. UCS, RQD, Spacing, Joint Condition and Water Condition) are considered as random input 

variables. This defines the range of each variable, given by its probability density function (PDF). A Monte 

Carlo simulation is then run to sample from these five distributions in order to arrive at the PDF of the RMR 

values. By using suitable conversion relationships, the PDF of GSI values can be obtained from the RMR 

distribution. Using the simulated probability density distributions of GSI with the uncertainty in intact rock 

parameters quantified from laboratory testing (UCS and mi) the Hoek-Brown rock mass parameters can be 

estimated, i.e. ‘mb’, ‘s’ and ‘a’. It should be noted that a PDF for the Disturbance Factor (D) should also 

be assigned for Monte Carlo simulation. This D factor is typically obtained from previous experience or 

expert judgment.  

 

The main benefit of the presented approach is the possibility of obtaining not only the expected value but 

also the variability in rock mass strength. Therefore, a much more complete understanding of rock mass 

behaviour is obtained. The different strength envelopes written in terms of the principal stresses (σ1 vs σ3) 

are also shown in Figure 6.12 as the final output of the Monte Carlo simulation approach. After 

characterization of the rock mass strength variability, a probabilistic stability analysis can be performed to 

calculate the probability of failure of a given rock slope. 
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Figure 6.12 Monte Carlo simulation approach for estimation of Hoek-Brown rock mass parameters 

 

6.4 Case Studies 

In the following sections, three case studies, previously presented in chapters 4 and 5, will be assessed at 

the global scale slope. Both deterministic and probabilistic slope stability analyses are carried out by 

conventional limit equilibrium analyses using the Slide2D software from Rocscience Inc.  

6.4.1 Case Study #1 

Rock Mass Characterization  

Field data collection was carried out for rock mass characterization purposes to support the development of 

a geotechnical model suitable for the open pit slope stability evaluation. Rock mass structural characteristics 

were measured directly by surface mapping on the existing bench slope faces. Field data collection 

consisted of geotechnical mapping and largely subjective observations of existing pit wall conditions for 

zone 05 of the open pit mine. Rock mass characterization was made using the Bieniawski (1989) RMR rock 
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mass classification system at each of the 36 mapping sites. The empirical relationship given as (Bieniawski, 

1989) 

GSI = RMR89 – 5   [Eq.6.13] 

 

was used to derive GSI values from RMR89 field measurements. A statistical analysis of the RMR data 

collected for zone 05 of the open pit mine showed that it follows a normal distribution with a mean and 

standard deviation of 40 and 15, respectively (Figure 6.13.a). Likewise, GSI calculated values were found 

to follow a normal distribution with a mean and standard deviation of 35 and 15, respectively (Figure 6.13.b). 

This indicates that the rock mass in the pit area is generally fair to poor quality as the RMR ranges from 20 

to 60 and it classifies as a disturbed to very blocky rock mass based on the range of GSI values. Observations 

of no ‘significant’ seepage from pit walls during field mapping was reported and therefore the rock mass 

hydrogeological conditions are expected to be dry.  

 

 

Figure 6.13 Histogram of rock mass characterization parameters a) RMR and b) GSI – Case study #1 

 

Intact Rock Strength  

Previous laboratory information comprised uniaxial compressive strength (UCS) testing conducted on 30 

rock samples taken from zone 07 of the open pit mine. A distinction of the results was made based on the 

rock alteration type. Results for the UCS testing are summarized as box plots in Figure 6.14. From this, 

high UCS values can be thought to have resulted from silicification whereas an important decrease in the 
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rock is observed for the argillic alteration type. From a geomechanical standpoint silicification would be 

desirable as it would strengthen the host rock. On the contrary, argillic alteration would weaken the rock 

preventing us from cutting steeper slopes. Upon post-testing examination of the samples, it was noted that 

one belonging to a silicification alteration type had a very high value (293.3 MPa). This can presumably be 

due to the varying degree of silicification which increases with depth. It should be noted that zone 07 of the 

open pit mine is not the case study we are dealing with. However, the UCS test results from this neighbour 

zone gives us some reference of the UCS range value to be expected.  

 

 

Figure 6.14 Box plots showing the Uniaxial Compressive Strength (UCS) of rock samples – case study #1 

 

 

The case study presented in this section corresponds to zone 05. Rock types present within this zone show 

two main hydrothermal alteration types i.e. moderate and advanced argillic. Field estimates of intact rock 

strength for rock samples collected in zone 05 were obtained through PLT testing performed at each 

mapping site. PLT values were then converted to UCS estimates using the empirical equation:  

UCS=24*Is50   [Eq.6.13] 
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Where Is50 is the point load strength index corrected to a standard equivalent diameter (De) of 50 mm 

(Broch & Franklin, 1972).  

Figure 6.15.a shows the distribution of UCS estimated values from PLT tests. It shows that UCS can be 

approximated as a lognormal distribution with mean 45 MPa and standard deviation of 15 MPa. The upper 

and lower expected bounds for the UCS values were defined as 25 and 85 MPa, respectively. This means 

that the rock is expected to have predominantly low to medium compressive strength (25-85 MPa). The mi 

is an intact material constant that depends on the rock type. Hoek et al. (2002) suggest mi value of 13±5 for 

pyroclastic rocks such as tuff or ignimbrite. For this case study, a range of mi between 5 and 12 with a most 

likely value of 7 was chosen based on the author’s experience in dealing with similar materials. The 

distribution of mi values was assumed to follow a triangular distribution as shown in Figure 6.15.b. 

 

 

Figure 6.15 Intact rock properties a) UCS and b) mi values – case study #1 

The intact rock strength envelope for case study #1 is shown in Figure 6.16. Since neither triaxial nor 

Brazilian tensile testing was available at the time of this research, the envelopes were fitted to UCS tests 

data plus the assumption of mi minimum and maximum expected values.   
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Figure 6.16 Intact rock strength envelope – case study #1 

Figure XX shows the distribution of UCS values plotted in the σ1 positive axis where σ3=0. A closer look 

to these envelopes shows that the average curve has been fitted so that it intersects the σ1 axis corresponding 

to the mean UCS value. Likewise, the upper and lower curves have been fitted so that they intersect the σ1 

axis corresponding to the maximum and minimum UCS value, respectively while complying with the 

assumption of min and max ‘mi’ assumed values. 

Rock Mass Strength Envelope 

The Generalized Hoek-Brown (G-H-B) criterion defines a curvilinear shear strength envelope that is 

considered a reasonable estimation of the behavior heavily jointed rock masses. This means that an 

important assumption of the G-H-B criterium is that the rock mass can be considered as an isotropic 

continuum medium. This is typically the case for blocky or very blocky rock masses such as the one we are 

dealing with in this case study #1. When following this approach, the intact rock envelope will be basically 

downgraded to represent the rock mass properties. 

Primary input parameters for the Generalized Hoek-Brown criterion include: GSI, UCS,  mi and  rock mass 

disturbance factor D, as defined by Hoek et al. (2002). D is typically caused by blast damage or due to 

unloading during mining. Experience shows that a value of D equal to 0.75 may be achievable for most 

open pit slopes with the application of good, controlled blasting practices. For this case study, a triangular 
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distribution for D was chosen with 0.75 as the most likely and 0.5 and 1.0 as the minimum and maximum 

values, respectively. Probability density functions (PDF) were selected to represent statistical distributions 

of each of the 4 primary parameters for the rock mass (Figure 6.17). The distributions selected were based 

upon the results of field and laboratory testing as explained before. 

 

 

Figure 6.17 Input parameters for estimation of the rock strength envelope – case study #1 

After the PDFs were selected to represent the four primary Generalized Hoek-Brown parameters (GSI, UCS, 

mi, and D), the commercial software @Risk 8.0 (Palisade), was used to perform a large number of stochastic 

simulations, sampling each of the four distributions during each simulation. Based on each set of primary 

parameters sampled, respective Hoek-Brown secondary parameters (mb, s and a) were calculated producing 

a PDF for each of these three secondary parameters (Figure 6.18). 
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From the repeated, randomized samplings of the secondary Hoek-Brown parameters, distributions of the 

shear strength vs normal stress relationships (Mohr-Coulomb) for the rock mass can be then calculated. 

However, further calculations will not be necessary to carry out since distributions of mb, s and a of the 

rock mass can be directly input into the LEM-based software Slide2D. 

 

 

Figure 6.18 Distribution of estimated rock mass parameters a) ‘mb’, b) ‘s’ and c) ‘a’ – case study #1 

 

Global Slope Stability Analysis 

Zone 05 of the open pit mine was divided into 6 sectors which contain a preferred slope orientation as 

explained in previous chapters (Figure 6.19.a). 2D sections were created for each of these sectors (Figure 

6.19.b). The mathematical geotechnical model was then input into the commercially available geotechnical 

modeling software Slide2D developed by Rocscience Inc. Slide2D is a two-dimensional, limit equilibrium 

slope stability analysis program that assess the slope stability by various methods of slices. Spencer’s 
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method (Spencer,1967) was selected for the limit equilibrium analyses of this evaluation due to its 

consideration of both force and moment equilibrium. 

  

PDFs describing each of the secondary parameter distributions (mb, s, and a) of the rock mass were directly 

input into Slide2D software. The Monte Carlo technique is used by the software during the analyses to 

randomly pick 10’000 samples from the secondary parameters mb, s, and a, yielding a normal stress/shear 

strength envelope for each set of parameters. For each randomly generated strength envelope generated, a 

search of circular surfaces was conducted by the software deterministically evaluating the ratio of available 

resisting strength to driving force (i.e. safety factor) for each valid slip surface. The critical slip surface 

(surface with the lowest safety factor) for each of the stochastically generated strength conditions was stored 

and used for calculation of the overall probability of failure. In Slide2D software, the overall probability of 

failure for a slope is defined as the percentage of valid critical surfaces yielding a safety factor of less than 

1.0 to the total number of valid slip surfaces. 

 

 

Figure 6.19 Case study #1 Open pit mine – zone 05 a) 3D perspective view and b) Cross sections 
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a) North Sector (Section A-A’) 

 

 

 

 

b) South Sector (Section B-B’) 
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c) South East Sector (Section C-C’) 

 

d) East Sector (Section D-D’) 
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e) West Sector (Section E-E’) 

 

 

 

 

f) North East Sector (Section F-F’) 

 

 

Figure 6.20 LEM Slope stability results – Case study #1 
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For the global slope stability analyses, a minimum FoS of 1.3 and a maximum PoF of 5% have been targeted 

for all the pit sectors. Table 6.2 summarizes the 2D LEM results for each pit wall sector. Figures 6.20-a to 

6.20-f illustrate the geometry, geology, and the critical slip surface for each of the open pit sections. The 

modelling sections usually represent the highest slope in each sector. The overburden slope was negligible 

due to its insignificant thickness in the deposit area. Dry conditions were assumed for the open pit area as 

this was observed during the field mapping camping. The results of the limit equilibrium analyses indicate 

that a minimum FOS of 1.30 can be easily achieved for each of the design sectors. Also, all calculated PoF 

are below the maximum allowable of 5%, therefore the overall slope complies with the design criteria and 

it is deemed stable. These results also show that increased blasting disturbance and steeper slope angles can 

be considered provided that the FoS and PoF are not below and above the design criteria, respectively. 

 

Table 6.2 Summary of the 2D LEM global slope stability analyses – Case study #1 

Open Pit 

Sector 
Cross Section Strike (°) 

Deterministic Probabilistic 

FoS (Spencer) PoF (FS<1.00) 

North A - A’ 010° 2.13 1.09% 

South B - B’ 075° 2.10 1.21% 

South East C – C’ 030° 2.15 1.06% 

East D – D’ 065° 1.98 1.92% 

West E – E’ 090° 2.36 0.62% 

North East F – F’ 145° 2.02 1.70% 

 

6.4.2 Case Study #2 

Rock Mass Characterization  

Rock mass characterization was made using the Bieniawski (1989) RMR rock mass classification system. 

A total of 52 geotechnical oriented boreholes were performed, in two consecutive years: 22 in 2016 and 30 

in 2017. The empirical relationship given as GSI = RMR89 – 5 (Bieniawski, 1989) was used to derive GSI 

values from RMR89 geotechnical core logging data. 

A statistical analysis of the RMR data collected in drill holes showed that it follows a normal distribution 

for both the limestone and skarn. Figures 6.21.a and 6.21.b show the original logged RMR distribution for 

limestone and skarn, respectively. The RMR distribution for limestone has a mean and standard deviation 

of 60 and 10, whereas for the skarn it has a mean and standard deviation of 62 and 9. This indicates that the 

rock mass in the pit area is generally fair to good quality as the RMR ranges from 40 to 80. Distribution for 

GSI values are also shown as histograms in Figures 6.22.a and 6.22.b. 
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Figure 6.21 Histogram of a) RMR and b) GSI for the Limestone – case study #2 
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Figure 6.22 Histogram of a) RMR and b) GSI for the Skarn – case study #2 
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Intact Rock Strength Envelope 

For this project a comprehensive laboratory testing data was available which comprised: Brazilian Tensile 

Strength (BTS), Unconfined Compressive Strength (UCS), and Triaxial (TX) tests. Since the pit walls are 

mainly cut in limestone and skarn, the intact rock strength envelopes for these two rock types are estimated 

based on the core samples collected during the drilling program. 48 UCS, 18 BTS and 45 TX tests were 

carried for characterizing the intact rock strength of limestone. Likewise, 27 UCS, 12 BTS and 27 TX tests 

were carried for describing the intact rock strength of skarn. This adds up to a total of 111 and 66 laboratory 

tests for limestone and skarn, respectively.   

 

 

Figure 6.23 Intact rock properties for limestone a) UCS, b) DTS and c) mi values – case study #2 
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The average UCS for limestone is 80 MPa, with approximately 90% of the data falling between 45 and 125 

MPa. A normal distribution has been fitted to the limestone UCS values (Figure 6.23.a). The average UCS 

for the skarn is 85 MPa, with approximately 90% of the data falling between 55 and 110 MPa. A normal 

distribution has also been fitted to the UCS of the skarn (Figure 6.24.a). Indirect measurements of rock 

tensile strength were conducted by the Brazilian testing method. Direct Tensile Strength (DTS) was 

approximated by using a correction factor (f) such that DTS=f*BTS. A correction factor of 0.70 and 0.90 

was used for the BTS of limestone and skarn, respectively, as suggested by Perras and Diederichs (2014). 

Calculated DTS values were fitted to lognormal distributions as shown in Figures Figure 6.23.b and 6.24.b. 

 

Figure 6.24 Intact rock properties for skarn a) UCS, b) DTS and c) mi values – case study #2 
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Figure 6.25 Intact rock strength envelope for a) limestone and b) skarn – Case study #2 

a) 

b) 
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The material or lithological constant ‘mi’ has been estimated following the relationship suggested by Hoek 

et al. (2002) which defines mi= (UCS/DTS). It should be noted that variability in the mi parameter stems 

from variability in mineral content and/or grain size (Langford & Diederichs, 2013). In order to account for 

mi variability a Monte Carlo simulation was carried out with the UCS and DTS PDF’s as inputs. Figure 

6.23-c and 6.24-c show the resulting PDF for the mi values of the limestone and skarn, respectively. These 

were found to fit to a lognormal distribution. The average mi value for limestone is 16, with approximately 

90% of the data falling between 8 and 26. Also, the average mi value for skarn is 20, with approximately 

90% of the data falling between 12 and 30.  

The intact rock strength envelope for limestone and skarn are shown in Figures 6.25-a and 6.25-b. In these 

plots UCS are plotted along the σ1 positive axis, DTS following the σ3 negative axis and TX tests on the 

first quadrant of the graph. It is worth noting that using the maximum and minimum mi values for both rock 

types, obtained through the Monte Carlo analysis, shows a good match with observed triaxial testing data.  

Rock Mass Strength Envelope 

After the PDFs were selected to represent the four primary Generalized Hoek-Brown parameters (GSI, UCS, 

mi, and D), the commercial software @Risk 8.0 (Palisade), was used to perform a large number of stochastic 

simulations, sampling each of the four parameter distributions during each simulation. Based on each set 

of primary parameters sampled, respective Hoek-Brown secondary parameters (mb, s and a) were 

calculated producing PDFs for each of these three, secondary parameters (Figure 6.26 and 6.27). 

Global Slope Stability Analysis 

The open pit mine for case study #2 was divided into ten sectors from which five are within limestone, four 

in skarn and finally one that belongs to the overburden (soil-like) material. Since the final pit walls are cut 

in limestone and skarn, only these two rock types are dealt with in this section (Figure 6.28-a). Thus, the 

global stability analyses will focus on assessing the geotechnical stability of rock slopes. The slopes cut in 

overburden was part of another study that suggested using BFA=45° considering c=10kPa and φ=35° for 

this material. For each of the nine sectors cut in rock, 2D sections were created as shown in Figure 6.28-b. 

 

Limit equilibrium analyses of the rock slopes were performed with Slide2D software. This program 

provides an estimate for the factor of safety against large-scale failures through the rock mass. In this 

analysis, a minimum factor of safety (FoS) of at least 1.50 was specified. Also, a maximum probability of 

failure (PoF) of 5% have been targeted for all pit sectors. The FoS and PoF are obtained by following a 

determinist and probabilistic calculation approach, respectively.  
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Figure 6.26 Distribution of estimated rock 

mass parameters for limestone a) ‘mb’, b) 

‘s’ and c) ‘a’ – Case study #2 
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Figure 6.27 Distribution of estimated 

rock mass parameters for skarn a) ‘mb’, 

b) ‘s’ and c) ‘a’ – Case study #2 
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Figure 6.28 Case study #2 Open pit mine a) 3D perspective view and b) Cross sections 
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Table 6.3 summarizes the 2D LEM results for each pit wall sector. Figures 6.29-a to 6.2-i illustrate the 

geometry, geology, and the critical slip surface for each of the open pit sections. Slope stability calculations 

assumed that the pit wall will be depressurized (i.e. dry conditions) by implementing horizontal drains 

and/or pumping wells. The results of the limit equilibrium analyses indicate that the minimum FoS of 1.50 

is achieved for each of the design sectors. Also, all calculated PoF are below the maximum allowable of 

5%, therefore the overall pit slope design complies with the design criteria and it is deemed stable. These 

results also show that increased blasting disturbance and steeper slope angles can be considered provided 

that the FoS and PoF are not below and above the design criteria, respectively. 

 

Table 6.3 Summary of the 2D LEM global slope stability analyses – Case study #2 

Rock Type 
Open Pit 

Sector 

Cross 

Section 

Strike 

(°) 

Deterministic Probabilistic 

FoS (Spencer) PoF (FS<1.0) 

Limestone 

1 A - A’ 085° 5.7 0.08 

2 B - B’ 155° 2.8 0.82 

3 C – C’ 050° 1.8 4.58 

4 D – D’ 070° 1.9 3.63 

5 E – E’ 090° 2.6 1.08 

Skarn 

6 F – F’ 020° 2.1 2.21 

7 G – G’ 080° 2.0 2.86 

8 H – H’ 125° 2.9 0.71 

9 I – I’ 185° 5.3 0.14 

 

a) Sector #1 (Section A-A’) 
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b) Sector #2 (Section B-B’) 

 
 

 

c) Sector #3 (Section C-C’) 
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d) Sector #4 (Section D-D’) 

 
 

e) Sector #5 (Section E-E’) 
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f) Sector #6 (Section F-F’) 

 
 

g) Sector #7 (Section G-G’) 
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h) Sector #8 (Section H-H’) 

 

 
 

 

i) Sector #9 (Section I-I’) 

 

Figure 6.29 2D LEM Slope stability results – Case study #2 
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6.4.3 Case Study #3 

Rock Mass Characterization  

The field data collection campaign consisted of extensive structural mapping of minor (i.e. rock joints) 

geological discontinuities. A total of 42 exposed bench faces cut in hornfels were mapped following the 

ISRM suggested procedures. A total of 575 rock joints were measured within the open pit mine. Rock mass 

characterization was made using the Bieniawski (1989) RMR rock mass classification system at each of 

the 42 mapping sites. The empirical relationship given as GSI = RMR89 – 5 (Bieniawski, 1989) was used 

to derive GSI values from RMR89 field measurements. A statistical analysis of the RMR data collected from 

the open pit mine showed that it fits well to a normal distribution with a mean and standard deviation of 60 

and 5, respectively (Figure 6.30a). Likewise, GSI calculated values were found to follow a normal 

distribution with a mean and standard deviation of 55 and 5, respectively (Figure 6.30b). This indicates that 

the quality of the rock mass in the pit area ranges from fair to good and it classifies as a blocky to very 

blocky rock mass based on the range of GSI chart. Observations of no ‘significant’ seepage from pit walls 

during field mapping was reported and therefore the rock mass hydrogeological conditions are expected to 

be dry. 

 

 

Figure 6.30 Histogram of rock mass characterization parameters a) RMR and b) GSI – case study #3 
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Intact Rock Strength Envelope 

Field estimates of intact rock strength for rock samples collected at each mapping site were obtained through 

PLT testing. PLT values were then converted to UCS estimates using the empirical equation: UCS=24*Is50, 

where Is50 is point load strength index corrected to the standard equivalent diameter (De) of 50 mm 

(Broch& Franklin, 1972). Figure 6.31 shows the distribution of UCS estimated values from PLT tests. It 

shows that UCS can be fit to a normal distribution with mean 72 MPa and standard deviation of 23 MPa. 

The upper and lower expected bound for the UCS values were defined as 30 and 110 MPa, respectively. 

This means that the rock is expected to have predominantly low to medium compressive strength.  

 

Figure 6.31 Figure Intact rock properties - UCS values 

 

For this project, limited triaxial (TX) tests were available (12). The material or lithological constant ‘mi’ 

has been estimated by combining estimate UCS values with measured TX tests. References given by Hoek 

et al. (2002) suggests a mi value of 19±4 for pyroclastic rocks such as hornfels. For this case study, mi 

ranges between 14 and 22 with a most likely value of 18 was chosen based on the author’s experience in 

dealing with similar materials. The distribution of mi values was assumed to follow a triangular distribution. 
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The intact rock strength envelope for the hornfels is shown in Figure 6.32. In this plot UCS tests are plotted 

along the σ1 positive axis, and TX tests on the first quadrant of the graph. It is worth noting that using the 

assumed maximum and minimum mi values for this rock type, shows a good match with observed triaxial 

testing data.  

 

Figure 6.32 Intact rock strength envelope for hornfels – Case study #3 

 

Anisotropic Rock Mass Strength Envelope 

Overall scale rock mass failure in pit slopes, excluding a rock mass with very low RMR, typically occur as 

a combination of sliding along discontinuities and failures through the intact rock pieces. Rock mass 

strength derived using Generalized Hoek-Brown (G-H-B) criterion represents an isotropic type of strength. 

One of the underlaying assumptions inherent in the G-H-B model is that there is no explicit structural 

control on the failure mechanism. As seen in Chapter 4, there is one dominant structure (Dip/Dip Direction: 

70°/074°) within the hornfels rock mass, possible as a result of the metamorphisms of the original rock type 

(i.e. sedimentary). As such, for case study #3 anisotropic rock mass strength parameters will be considered. 

 

The approach to define an anisotropic strength model followed two steps: The first step uses the G-H-B 

model whose input parameters are UCS, GSI, mi and D to define the overall rock mass strength. Second, a 

discontinuity set (S0: stratification) is defined as the main plane of anisotropy and its the shear strength 
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represented using the Barton Bandis failure criterion (B-B). Finally, a combination of the two failure criteria 

i.e. G-H-B and B-B is applied for the slope stability analysis. In this approach, different failure surface trials 

are analyzed by the LEM. If a given failure plane lies outside the dip range of the dominant joint, the rock 

mass strength is applied. Otherwise, if a failure plane lies between the maximum and minimum dip angle 

range, the joint shear strength is applied. 

 

The dominant joint orientation was defined as a Fisher distribution with mean orientation of Dip/Dip 

Direction: 70°/074°, and a K Fisher value of 19.2. For the B-b input parameters, the basic friction angle 

(φb) was set as a normal random variable with mean 29 and standard deviation of 1.4. The joint roughness 

coefficient (JRC) was defined as a triangular distribution with max, mean and min values of 1.5, 3.5 and 

4.5. The joint compressive strength (JCS) used a Weibull distribution with two parameters: α = 1.4 (scale 

parameter) and β=35.9 (shape parameter). These three joint properties were also described in Chapter 4.  

 

Figure 6.33 Input parameters for estimation of the rock strength envelope – case study #3 
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Probability density functions (PDF) of the (4) primary parameters for the rock mass (GSI, UCS, mi and D) 

were input as statistical distributions (Figure 6.33) to define the overall rock mass strength. These 

distributions were selected upon the results of field and laboratory testing as explained before. After the 

PDFs were selected to represent the four primary Generalized Hoek-Brown parameters (GSI, UCS, mi, and 

D), the commercial software @Risk 8.0 (Palisade), was used to perform a large number of stochastic 

simulations, sampling each of the four parameter distributions during each simulation. Based on each set 

of primary parameters sampled, respective Hoek-Brown secondary parameters (mb, s and a) were 

calculated producing PDFs for each of these three, secondary parameters (Figure 6.34). 

 

 

 

Figure 6.34 Distribution of estimated rock mass parameters a) ‘mb’, b) ‘s’ and c) ‘a’ – case study #3 
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Global Slope Stability Analysis 

The design sectors for case study #3 are named North (N), South (S), North East (NE) and South West 

(SW). 2D cross sections were created for each of these sectors (Figure 6.35).  

 

Figure 6.35 Case study #3 open pit mine cross sections. 

 

Rock mass stability analysis was performed using the Slide2D limit equilibrium computer program 

(Rocscience). The limit equilibrium analyses were conducted to evaluate the overall slope stability of the 

anisotropic jointed rock mass. An anisotropic analysis was conducted due to the dominant north-eastward 

dipping structure within the rock mass, comprised of low strength discontinuity planes. A minimum Factor 

of Safety (FOS) of 1.5 and a maximum Probability of Failure (PoF) of 5% have been targeted. The FoS and 

PoF are obtained by following a determinist and probabilistic calculation approach, respectively. Spencer’s 

method was selected for the limit equilibrium analyses of this evaluation due to its consideration of both 

force and moment equilibrium. 

 

Table 6.4 summarizes the 2D LEM results for each pit wall sector. Figures 6.36a to 6.36d illustrate the 

geometry, geology, and the critical slip surface for each of the open pit sections. Also, the principal 

discontinuity set is represented with its apparent orientation relative to the slope direction of analysis. It 

should be noted that the slopes in sectors North and South cut perpendicular to the strike of the dominant 

joint structure and therefore it is expected that the dominant joint structure has no major influence on the 
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failure mechanism. The slope direction in the two remaining sectors South West and North East strike 

parallel to the dominant joint structure and it dips out of the slope for the SW wall, and towards the slope 

for the NW wall. Thus, the discontinuity set is likely to play a major role in the stability as an anisotropic 

surface. This is specially the case for the SW wall where the discontinuity set daylights into the slope. The 

modelling sections shown in Figures 6.36a to 6.36d represent the current slope geometry in each sector. 

Slope stability calculations were carried out under dry conditions given the pit mine is in a dry coastal 

region. 

 

The results of the limit equilibrium analyses indicate that the minimum FoS of 1.50 is achieved for all 

design sectors. Also, all calculated PoF are below the maximum allowable of 5%, therefore the first 

conclusion that can be drawn is that the overall pit slope design complies with the design criteria and it can 

be deemed stable. A closer look to the FoS reveals that for all except for the SW slope wall, the resulting 

FoS are equal. This is because for sectors North and South the main discontinuity set strikes perpendicular 

to the slope direction and therefore it does not control the slope stability. The slope stability is controlled 

by the overall rock mass strength in this case. Although the NW slope wall cuts parallel to the discontinuity 

set strike, this set dips towards the slope and results in no major influence on stability. Thus, the resulting 

FoS is equal as for the cases in which stability is controlled by the overall rock mass strength. The pit slope 

in the SW sector shows the lowest FoS as a result of failure through the discontinuity set which dips out of 

the slope and has lower shear strength. The results for PoF vary for all four slopes with a maximum 

corresponding to the SW wall and minimum for the South and North East pit walls.  

 

Table 6.4 Summary of the 2D LEM global slope stability analyses – Case study #3 

Rock 

Type 

Cross 

Section 

Slope Side Deterministic Probabilistic 
Obs. 

FoS (Spencer) PoF (FS<1.0) 

Hornfels 

N - S 

North 2.02 2.06 Discontinuity set 

perpendicular to slope 

strike.  
South 2.02 1.95 

SW - NE 

South West 
1.62 3.08 

Discontinuity set dips 

out of the slope  

North East 
2.02 1.95 

Discontinuity set dips 

towards the slope 
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a) North Slope 

 

 

 

b) South Slope 
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c) South West Slope 

 

 

 

d) North East Slope 

 
Figure 6.36 2D LEM Slope stability results – Case study #3 
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6.5 Chapter Summary 

Chapter 6 covers the main rock laboratory tests and rock mass classification schemes. Emphasis is given to 

the assessment of uncertainty in intact rock and rock mass Hoek-Brown strength envelopes. Finally, global 

pit slope stability analysis was carried out for three case studies and FoS as well as PoF were calculated. 

• Case study #1: Zone 05 of the open pit mine was divided into 6 sectors. 2D sections were created 

for each of these sectors and LE analyses performed using the Slide2D software. Hoek-Brown rock 

mass parameters (mb, s and a) were derived from the PDFs corresponding to the UCS, GSI, mi and 

D parameters. The critical slip surface for each of the stochastically generated strength conditions 

were used for the PoF and the mean rock mass strength values for the deterministic FoS calculation. 

Dry conditions were assumed for the open pit area as this was observed during field mapping. The 

results of the LE analyses indicate that a minimum FOS of 1.30 can be easily achieved for each of 

the design sectors. Also, all calculated PoF are below the maximum allowable of 5%, therefore the 

overall slope complies with the design criteria and it is deemed stable. 

 

• Case Study #2: A comprehensive laboratory testing data was available which comprised: Brazilian 

Tensile Strength (BTS), Unconfined Compressive Strength (UCS), and Triaxial (TX) tests. The 

overall rock mass strength parameters were derived using the Generalized Hoek-Brown (G-H-B) 

criterion and by combining rock testing and core logging data. The open pit mine was divided into 

ten sectors from which five are within limestone, four in skarn and finally one that belongs to the 

overburden (soil-like) material. Limit equilibrium analyses of the rock slopes were performed with 

Slide2D software. The LE results yielded a lowest FoS of 1.8 and highest PoF of 4.58%. Since both 

the FoS and PoF are above and below the target values of FoS>1.5 and PoF<5%: respectively, the 

overall pit slope design complies with the design criteria and it is therefore considered stable under 

the static and dry conditions analyzed. 

 

• Case study #3: For this project, limited triaxial (TX) tests were available (12). However, intact rock 

strength for rock samples collected at each mapping site were obtained through PLT testing. PLT 

values were then converted to UCS estimates. For this case study, a material constant ‘mi’ range 

between 14 and 22 with a most likely value of 18 was chosen based on the author’s experience in 

dealing with similar materials. Rock mass stability analysis was performed using the Slide2D limit 

equilibrium software of Rocscience. Limit equilibrium analyses were conducted to evaluate the 

overall slope stability of the anisotropic jointed rock mass. An anisotropic analysis was conducted 

due to the dominant north-eastward dipping structure within the rock mass, comprised of low 
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strength discontinuity planes. A minimum Factor of Safety (FOS) of 1.5 and a maximum 

Probability of Failure (PoF) of 5% have been targeted. The results of the limit equilibrium analyses 

indicate that the minimum FoS of 1.50 is achieved for all design sectors. Also, all calculated PoF 

are below the maximum allowable of 5%, therefore it can be concluded that the overall pit slope 

design complies with the acceptability criteria and it can be deemed stable. 
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Chapter 7 

7 Three-Dimensional Slope Stability Analysis  

For slope stability assessment purposes, classical two-dimensional (2D) analysis have widely been used 

due to its relatively simple formulation. It is current industry practice to perform 2D slope stability analysis 

for open pit mining. However, 2D analyses rely on several assumptions that are seldom encountered in real 

open pit mines. Open pit geology and geometry is complex and inherently 3D in character which cannot be 

adequately captured into a 2D plane strain representation. Therefore, a 3D slope stability analyses is needed 

for a more accurate representation of the failure mechanisms. In this chapter, 3D slope stability analysis is 

introduced, and a comparison made between 2D and 3D slope stability results. The advantage of performing 

3D Limit Equilibrium Analysis (LEA) and 3D Finite Element Analysis (FEA) to arrive at the direction and 

location of the critical failure surface for a given open pit slope is shown through different case studies.  

7.1 Geometrical Complexities in Open Pit Mines 

The importance of three-dimensional geometry in slope stability problems has long been recognized. 

However, given the complexity of extrapolating 2D analytical solutions into 3D and the computing power 

required to perform 3D analysis, it has resulted in 2D analysis being favored by both the industry and 

academia (Brideau, 2010). No until recently, 3D analysis and modeling techniques have started to be used 

for slope stability problems mainly because of the enhancements in computing capabilities and the 

availability of commercial 3D software packages. 

 

Figure 7.1 3D model of an open pit mine of complex geology and geometry. a) Different cross sections 

and b) 2D section cutting through the tallest pit wall. 
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For any 2D analysis, it is assumed that: 1) The slope profile is infinite in the transverse direction (i.e. plane 

strain conditions apply); 2) The sliding direction is predefined (i.e. the failure direction is parallel to the 

selected 2D cross section). Usually open pit mine geometries are typically 3D in character and cannot be 

simplified onto a 2D plane strain model. In addition, the sliding direction cannot be predefined a priori (Lu 

et al., 2013). Figure 7.1.a shows an open pit mine with complex geology and varying geometry and Figure 

7.1.b shows a 2D cross section that has been chosen. It is intuitive to think that a 2D analysis for this case 

would not be able to capture the 3D effects of varying geology and geometry of the open pit mine. In this 

respect, the advantage of a 3D over a 2D slope stability analysis is that 1) The actual geology and geometry 

variability is accounted for, 2) The direction, location and shape of the critical failure is no longer assumed 

but an output of the 3D analysis (i.e. they become part of the solution).  

7.2 Comparison of 2D vs. 3D Analyses Results 

Extensive research has demonstrated that the factor of safety (FoS) obtained from 2D analysis is always 

smaller than the FoS resulting from a 3D approach (Zhang & Ding, 2005; Jiang & Yamagami, 2004; 

Griffiths & Marquez, 2007; Fredlund et al., 2012; Chakraborty, & Goswami, 2016). This is intuitively 

reasonable if one thinks that 2D (plane strain) condition neglects the resisting forces acting on the ending 

sides of the sliding mass. As a result, it has become common to assumed that 2D FoS always correspond to 

the most pessimistic slip surface section that can be analyzed. It is for this reason the most practicing 

engineers would prefer a 2D analysis in order to err on the side of safety. However, 2D analysis only yield 

conservative results if the most critical 2D cross section has been properly selected. For complex models 

the selection of a representative and critical 2D cross section is not an easy task and many 2D sections need 

to be analyzed in order to find the critical 2D section crossing the 3D model. This point is highlighted in 

the 3D example shown in Figure 7.2 taken from Griffiths & Marquez (2007). 

The example shown in Figure 7.2 represents a 2:1 slope model of 10 m. height, with an out-of-plane length 

of 120 m. An oblique zone of weak material (painted in red) with undrained strength Cu =20 kPa has been 

introduced into the slope with a surrounding material four times stronger with Cu =80 kPa. Using the RS3 

Finite Element software from Rocscience Inc., the 3D factor of safety is found to be approximately 1.52 

and the mechanism clearly follows the weak layer as shown in Figure 7.2. When 2D stability analyses are 

then performed on successive cross sections moving along the slope’s strike, the results of FoS vs. cross 

section distance shown in Figure 7.2 are obtained. It is seen that for cross sections taken on the side of the 

3D slope model, where most of the slope material is strong, the 2D FoS results led to higher and therefore 

unconservative estimates of the factor of safety. On the other hand, for sections taken close to the middle 

of the slope, where there is a greater volume of the weak material, the 2D results led to lower, and therefore 

conservative, estimates of the factors of safety. The 2D factor of safety closely approached unity at the 
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middle cross section. An even more critical 2D plane, however, is the one that runs right down the middle 

of the weak soil. This 2D plane gives a 2.5:1 slope which is flatter than 2D cross sections running 

perpendicular to the slope’s strike; it is, however, homogeneous and consists entirely of the weaker soil. A 

2D slope stability analysis on this plane gives an even lower factor of safety of about 0.7. This result, also 

shown in Figure 7.2, is less than half of the factor of safety given by the 3D analysis and would be 

considered excessively conservative by geotechnical design standards. Even in the rather simple problem 

considered here, the results have shown a quite complex relationship between 2D and 3D factors of safety. 

The results confirm that 2D analysis will deliver conservative results only if a pessimistic 2D cross section 

for the 3D problem is selected; this may, however, lie well below the ‘true’ 3D factor of safety. It is also 

shown, however, that the selection of the ‘wrong’ 2D plane could lead to an unconservative result.  

 

Figure 7.2 Factors of safety from 3D analysis and various 2D sections 

 

7.2.1 3D Effect of Length of Extrusion 

In slope stability analysis, two-dimensional (2D) method is usually employed under the assumption of plane 

strain condition, which is applied to the case of a slope of infinite length. However, the length of a rock 

slope is finite in engineering practice owing to the complex geometry or boundary conditions imposed. In 

this section, the impact of varying slope lengths will be investigated and a comparison between 2D and 3D 

analyses will be carried out.  
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The following example is taken from Zhang et al (2011). This is a homogeneous slope with a slope height 

of H=5m, and a slope angle α=26°. The 2D cross-section of which is shown in the upper right corner of 

Figure 7.3. The Mohr-Coulomb criterion is used as the shear strength model for the slope with the following 

parameters: unit weight γ=17.64 kN/m3, cohesion c=9.8 kPa, friction angle φ=10°.  

 

Figure 7.3 Comparison of 2D and 3D FoS for varying length of extrusion of a homogenous slope 

 

The initial 2D cross section is gradually extruded at varying lengths in a direction perpendicular to the cross 

section to obtain the 3D straight slope model. Then, for each of the resulting 3D extruded models, a Factor 

of Safety (FoS) is solved by means of a 3D Limit Equilibrium Analysis (LEA). The software Slide3D from 

Rocscience Inc. was used to compute 3D FoS of the critical failure surface. The results for the 2D LEA are 

plotted in Figure 7.3 as an horizonal red line at a value of 1.35 which is the 2D FoS. The y-axis of this plot 

represents the varying extrusion length given as the ratio of the slope length over slope height (L/H). The 

3D LEA yielded different values of FoS which are plotted in Figure 7.3 as a black continuous curve. The 

highlighted red area represents the relative difference between the FoS obtained by 3D and 2D analysis. As 

can be seen from Figure 7.3, a 2D analyses tend to be conservative and smaller than the 3D FoS. With the 

increase in the length of extrusion of the slope, the 3D effect gets less remarkable and the 3D FoS 

approaches that of a 2D analysis (i.e. plane strain solution) when the ratio L/H>10. Thus, a 2D analysis can 

be though to be representative of a 3D model when both the geology and geometry of the slope under study 
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is uniform for a length of up to 10 times the slope’s height. This is seldom the case for open pit mines in 

which complex geology (heterogenous slope) and varying geometry (turning corners) are common.  

7.2.2 3D Effect of Turning Corners 

Slopes forming concave or convex corners are often constructed during the different stages and phases of 

open pit mining. The 3D curvature of a rock slope may have a significant influence on its stability 

(Kelesoglu, 2016). The usual assumption in two-dimensional analyses is that a slope is very long and 

straight in its lateral direction. This assumption is not justified in the case of open pit mining excavations 

where the effects of slope curvature may be important (Chowdhury et al., 2009).  

 

Figure 7.4 Stress conditions acting on an open pit mine with concave and convex slope curvatures 

(Sjöberg, 1999) 
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The influence of slope curvature (i.e. convex and concave) on the stability of excavated open pit mines was 

first discussed by Hoek (1970). He pointed out that there was a tendency for convex slopes to suffer 

instability in comparison to concave slopes. This difference in behavior was attributed to different stress 

conditions acting on the slope.  Sjöberg (1999) showed the beneficial effects of concave shapes on slope 

stability since this tend to introduce compressive stresses which in turn increases stability by an arching 

action effect. In these concave regions, added confinement by the intermediate principal stress results in 

less destressing of pit walls (Figure 7.4). Convex curvature, on the other hand, tend to assist relaxation of 

normal stresses with consequent decrease of shear strength and opening of joints and fissures in some cases. 

Thus, for convex slopes the stress state will be much more unfavorable with the possibility that the minor 

principal stress become tensile and oriented tangential to the slope face (Figure 7.4). The influence of 

smooth to sharp curves on the stability of a slope has been further investigated among others by Cala (2007); 

Farzaneh (2008); Liu et al (2014); Kelesoglu (2016); Sun et al (2017) and Zhang et al (2018). 

 

Figure 7.5 3D Effect of turning corners in pit slope stability: a) example of a real open pit mine and b) 

concave and convex slope curvatures 

 

Figure 7.5.a shows an example of a real open pit mine exhibiting complex and varying geometry. Figure 

7.5.b is an example taken from Jiang et al (2003) to investigate the 3D effects of concave and convex 

regions on slope stability computations. Figure 7.5b illustrates a general 3D asymmetrical slope model with 

a height of 9 m and with the following M-C shear strength parameters: unit weight γ=17.66 kN/m3, cohesion 

c=11.7 kPa, friction angle φ=24.7°. The elastic properties of this material are also available and are reported 

as E=50,000 kPa and ν=0.4.  

The sliding direction for such model is unknown because of the complicated geometry of the slope surface. 

For such a problem, it is necessary to perform a full 3D slope stability analysis in order to obtain the failure 

direction and failure location within the 3D slope model. First, a 3D Limit Equilibrium Analysis (LEA) was 

carried out to search for the 3D critical slip surface direction by means of a dynamic programming and 
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random number algorithm implemented in the Slide3D software (Rocscience Inc.) The results of the LEA 

are shown in Figure 7.6.a. These indicate that the sliding occurs in a direction close to the steepest slope 

surface (i.e. N276°). Second, a 3D Finite Element Analysis (LEA) following the shear strength reduction 

method was also conducted with the aid of the RS3 software (Rocscience Inc). The slope was modelled as 

an elastic perfectly plastic material and the resulting Strength Reduction Factor (SRF) from the 3D 

modelling is shown in Figure 7.6.b. This figure also shows the location of the critical failure which can be 

interpreted from the total displacement plot. In this case, the critical failure occurs in the east slope wall of 

the model.  

For this example, the 3D FEA results (FoS=1.39) are very similar to the solutions from 3D LEM 

(SRF=1.46). In the same fashion, when comparing the results from 2D FEA and 2D LEM, the difference is 

almost negligible i.e. FoS(2D) = 1.28 and SRF(2D) = 1.26. This proves that both LEA and FEA yield almost 

the same results when used for slope stability assessments. It is also worth noting the 2D results are lower 

than 3D results and this difference is found to be about 8.6% and 15.8% for LEA and FEA, respectively.  

 

Figure 7.6 3D slope stability analysis using a) LEA and b) FEA 

 

The above-mentioned values of 8.6% and 15.8% for LEA and FEA for the shown example, represent a sort 

of underestimation meaning that the ‘true’ 3D FoS or 3D SRF is being penalized by using a 2D analysis 

approach. At stake are questions related to possible increase of open pit depth and pit slope angles. If the 

‘true’ 3D FoS or 3D SRF is aimed at this opens opportunities for optimization of the geotechnical design.    

Since small changes in overall pit slope angle can have a significant effect on the amount of waste rock that 

need to be moved and the overall economics of the open pit mine operation, it is worth carrying out a fully 

3D slope stability analysis to gain more realism in the analysis and results.  
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7.3 3D Slope Stability Analysis  

In the following sections a 3D slope stability assessment for each of the three case studies, previously 

presented in chapters 4, 5 and 6. is carried out. Both deterministic and probabilistic analyses were conducted 

by conventional limit equilibrium analyses using the Slide3D and by a finite element approach using the 

RS3 software; both from Rocscience Inc. In these analyses, a minimum factor of safety (FoS) of 1.50 was 

specified and a maximum probability of failure (PoF) of 5% have been targeted as an acceptability criterion 

for the pit slope design at the global scale. All input material properties for the three case studies shown 

below are the same as defined earlier in Chapter 6. Thus, the items below are mainly focused on the 3D 

slope stability analysis procedure and results. pit wall. 

7.3.1 Case Study #1 

A three-dimensional deterministic (i.e. using mean shear strength values) slope stability analysis was 

performed for the proposed open pit design.   

 

Three‐dimensional limit equilibrium slope stability analysis is simple in concept, and directly analogous to 

two‐dimensional methods. While, in 2D a sliding mass is discretized into vertical slices, in 3D it is 

discretized into vertical columns. Extension of the classical 2D method of slices to 3D method of columns 

for slope stability purposes can be found in Huang et al (2002) and Cheng & Yip (2007). The 3D LEA used 

the same input parameters for the rock mass as reported in chapter 6. 

 

A full 3D elastoplastic FE analysis model of case study#1 was constructed. The first step consisted of 

building a representative 3D geometry of the problem.  The plan view dimensions of the domain are 450 m 

by 450 m. The domain dimensions are enough to eliminate the influence of the boundaries on the model. 

On the vertical boundary of the model, horizontal restraints (in both the X and Y directions) are applied. 

Fixed boundary conditions in X, Y and Z are applied at the bottom of the model. In a second step, the 

behavior of the rock mass was assumed to be governed by an elastoplastic constitutive relation based on 

the G-H-B strength criterion in which the residual strength parameters are equal to the peak parameters, 

thus defining an ideally elastoplastic material. Third, a hydrostatic in-situ stress field was assumed for which 

the gravitational (vertical) and tectonic (horizontal) components were equal i.e. K factor of 1.0.  Finally, a 

finite element mesh using ten-node tetrahedron elements were used to discretize the analysis domain and 

the RS3 software used to run the developed FE model. Figures 7.7 and 7.8 show the results from 3D LEA 

and 3D FEA, respectively. 
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As it can be observed, the resulting critical failure surface are similar from both approaches. The FoS and 

SRF are 2.52 and 2.60 for the 3D LEA and 3D FEA, respectively. It should be noted that although both 

approaches yield almost the same results, there is an advantage of using LEA over FEA in terms of 

computing time. The 3D LEA took around 2 hours to analyze 850 slip surfaces for the entire pit model 

whereas the 3D FEA took 24 hours for a model with more than 800 000 elements. Therefore, it is not a 

matter of modelling approach (i.e. LEA or FEA) since both types of analyses provide similar results, it is 

in fact a matter of whether to use 2D vs 3D tool that makes the difference in the computed FoS or SRF.  

 

From the 2D LEA results provided in Chapter 6, the critical sector for Case Study #1 was identified in 

sections D-D’ and F-F’ corresponding to the East and North East pit walls, respectively. These two cross 

sections showed the lowest FoS and highest PoF in 2D analysis. It is interesting to note that from the 3D 

LEA and 3D FEA results, the critical failure surface occurs indeed between the North and North sector of 

the pit mine. This shows that there is good agreement between 2D and 3D slope stability analyses as long 

as the critical cross section has been considered. However, it should be highlighted that the resulting FoS3D 

is much greater that the FoS2D as shown in Table 7.1. This also agrees with vast number of publications that 

claim that a 3D FoS is almost always higher than 2D FoS as the resisting forces acting on the ending sides 

of the sliding mass is considered.  

 

Table 7.1 summarizes the results for the deterministic 3D LEA and 3D FEA, respectively. It highlights 

among other things, 3D to 2D FoS increment and compares the computing times for each method of 

analysis.   

Table 7.1 3D LEA and 3D FEA deterministic stability analysis results – case study #1 

Method of 

Analysis 

Critical 

Open Pit 

Sector 

FoS2D / 

SRF2D 

FoS3D / 

SRF3D 

2D-3D  

FoS or SRF 

Increment 

Computing 

Time  

LEM N-NE  1.98 2.52 27% 2 Hrs 

FEM N-NE 2.10 2.60 23% 24 Hrs 

 

Since it has been shown that LEA and FEA yield almost the same results, a three-dimensional probabilistic 

limit equilibrium analysis is now performed for the proposed open pit design. For the probabilistic analyses, 

the LEA over the FEA approach was chosen due to its relatively low computing time demands. It is the 

opinion of the author that 3D FEA used for slope stability assessment purposes although powerful is not 
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currently amenable to be used within an iterative Monte-Carlo simulation approach mainly because of its 

large computing times.  

 

 

Figure 7.7 3D FEA results for the global open pit mine – case study #: a) Plan and b) Perspective view 

 

Figure 7.8 3D LEA results for the global open pit mine – case study #: a) Plan and b) Perspective view 
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Figure 7.9 Histogram of the FoS from the 3D probabilistic LEA – case study #1 

 

Figure 7.9 shows the histogram of the FoS distribution for 1000 Monte Carlo simulations within a 3D LEA. 

From this, the probability of pit slope failure P[FoS<1.0) is 0.1 %. The results of the three-dimensional 

limit equilibrium analyses indicate that the minimum FoS of 1.50 is achieved for the proposed open pit 

design. Also, the calculated Probability of Pit Slope Failure (PoF) is below the maximum allowable of 5%, 

therefore the proposed pit slope design complies with the design criteria and it is deemed stable.  

 

7.3.2 Case Study #2 

Figure 7.10.a shows the geology of the open pit mine project. Figure 7.10.b illustrates the proposed pit 

design whose stability is going to be assessed. This design comprises singles benches of 10 m height, a 6.5 

m bench width and a bench face angle of 70°. When added a ramp of 25 m width, the overall slope angle 

for the pit resulted in 45°. The 3D LEA followed three steps.  
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Figure 7.10 3D open pit model: a) Pit geology and b) Proposed open pit design 

First, a deterministic analysis was run using the mean shear strength of the rock mass. In this 1250 slip 

surfaces (Figure 7.11.a) were analyzed and the one with the lowest FoS retained for the next step. For 

comparison purposes an 3D elastoplastic FEA was carried out for the same model and using the mean 

strength values of the rock mass.  

 

The 3D elastoplastic FE analysis model of case study#2 was run in RS3 software. The dimensions of the 

model are 700 m by 700 m and a maximum depth of 500 m. The boundary restraints on the model sides 

were defined in both the X and Y directions and totally fixed in X, Y and Z at the bottom of the model. The 

behavior of the rock mass was assumed as an ideally elastoplastic material governed by the G-H-B strength 

criterion with residual equal to the peak strength values. A hydrostatic in-situ stress field was assumed for 

which the gravitational (vertical) and tectonic (horizontal) components were equal i.e. K factor of 1.0.   

b) 

a) 
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Figure 7.12 shows the results from 3D LEA and 3D FEA with a FoS and SRF of 2.80 and 2.75. The 3D 

LEA took around 4 hours to analyzed 1250 slip surface whereas the 3D FEA took 18 hours for a model 

with 650 000 elements. Table 7.2 summarizes the results for the deterministic 3D LEA and 3D FEA, 

respectively. It should be noted that there is an important increment from 2D FoS to 3D FoS in more than 

50%. This can be attributed to the convexity of the tallest pit wall which is considered in the 3D analysis. 

 

Table 7.2 3D LEA and 3D FEA deterministic stability analysis results – case study #2 

Method of 

Analysis 

Critical 

Open Pit 

Sector 

FoS2D / 

SRF2D 

FoS3D / 

SRF3D 

2D-3D  

FoS or SRF 

Increment 

Computing 

Time  

LEM SW  1.78 2.80 57% 4 Hrs 

FEM SW 1.80 2.75 53% 18 Hrs 

 

In the second step, FoS’s using the minimum and maximum shear strength values of the rock mass were 

computed. As can bee seen in Figures 7.11.b, FoS’s for the average and maximum shear strength envelopes 

comply with the target FoS which is 1.5. However, when using the minimum shear strength values the 

resulting FoS is a lot lower than 1.5. The question then arises as to how likely is this Fos is=0.7 to occur. A 

third step is needed, in which the whole distribution of FoS is calculated by means of a Monte Carlo iterative 

approach. 

Figure 7.13 shows the histogram of the FoS distribution. It should be noted that the minimum (0.7) and 

maximum (7.8) FoS initially computed using the lowest and highest rock mas strength parameters, lie near 

the left and right-hand side on the distribution. The fact that theses FoS’s lie on the tail of the distribution 

tells us that the probability of occurrence of such events are very low. Now we can report two types of 

probability for the overall pit slope: 

 

• Probability of Slope Failure  

P[FoS<1.0) = 1.5 % 

• Probability of Unacceptable Performance 

P[FoS<1.5) = 3.5 % 

 

It should be noted that all slope stability calculations assumed that the pit wall will be depressurized (i.e. 

dry conditions) by implementing horizontal drains and/or pumping wells. The results of the three-

dimensional limit equilibrium analyses indicate that the minimum FoS of 1.50 is achieved for the proposed 
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open pit design under static and dry conditions. Also, all calculated PoF are below the maximum allowable 

of 5%, therefore the overall pit slope design complies with the design criteria and it is deemed stable.  

 

 

 
Figure 7.11 3D LEA for the pit mine – case study #2: a) Search of the critical failure surface and b) 

Calculation of the min, max and average FoS 

 

Figure 7.12 Comparison of analysis methods: a) 3D LEA b) 3D FEA – case study #2 

b) 

b) a) 
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Figure 7.13 Histogram of the FoS from the 3D probabilistic LEA – case study #2 

 

7.3.3 Case Study #3 

3D LEA was conducted with Slide3D program (Rocscience) to evaluate the overall slope stability 

considering isotropic and anisotropic jointed rock mass conditions (Figures 7.14 and 7.16). An anisotropic 

analysis was conducted for the SW sector due to an adversely oriented discontinuity set. All other sectors 

i.e. N, S and NE were analyzed considering an isotropic rock mass behavior. Given the symmetry of the 

open pit (rectangular shape) each sector was analyzed as a 3D model obtained by an extruded length of 300 

m for the North and South sectors and 550 m for the South West and North East sectors. 

 

Table 7.2 3D LEA deterministic stability analysis results – case study #3 

Method of 

Analysis 

Rock Mass 

Behaviour 
FoS2D  FoS3D  

2D-3D  

FoS Increment 

LEM 
Isotropic 2.02 2.14 5.9% 

Anisotropic 1.62 1.78 9.8% 

 

Table 7.3 summarizes the results for the deterministic 3D LEA. There is a small increment from 2D FoS to 

3D FoS of 5.9% and 9.8% for the isotropic and anisotropic analysis, respectively. This can be attributed to 

the straight orientation of each pit wall sector i.e. absence of turning corner which makes the 2D plane strain 

assumptions valid and therefore the FoS2D relatively closed to FoS3D values. 
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Figure 7.14 3D deterministic LEA isotropic rock mass – case study #3 

 

Figure 7.15 Histogram of the FoS from the 3D probabilistic LEA isotropic – case study #3 
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Figure 7.16 3D deterministic LEA anisotropic rock mass – case study #3 

 

Figure 7.17 Histogram of the FoS from the 3D probabilistic LEA anisotropic – case study #3 
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Figure 7.15 and 7.17 show the histograms of the FoS distribution for 1000 Monte Carlo simulations within 

a 3D LEA for the isotropic and anisotropic analysis, respectively. From this, the probability of pit slope 

failure P[FoS<1.0) is 0.7 % and 1.0%. The results of the deterministic three-dimensional limit equilibrium 

analyses indicate that the minimum FoS of 1.50 is achieved for the proposed open pit design. Also, the 

calculated Probability of Pit Slope Failures (PoF) are below the maximum allowable of 5%, therefore the 

proposed pit slope design complies with the design criteria and it is deemed stable.  

 

7.4 Chapter Summary 

Chapter 7 explains the main limitations of two-dimensional slope stability analysis in open pit mining such 

as the difficulties in choosing the most critical 2D cross section, the effect of length of extrusion and the 

effect of turning corners. It also addressed the benefits gained from using three-dimensional tools via the 

LEA and FEA, highlighting the convenience of 3D LEA over 3D FEA due to computing time demands. 

Finally, 3D global pit slope stability analysis was carried out for three case studies and FoS as well as PoF 

were calculated. The results agree with the vast number of publications that claim that a 3D FoS is almost 

always higher than 2D FoS as the resisting forces acting on the ending sides of the sliding mass is considered. 

• Case study #1: A three-dimensional deterministic LEA and FEA for the proposed open pit design 

was performed with similar results obtained from these two methods: FoS=2.52 and SRF= 2.60. 

From the 3D LEA and 3D FEA results, the critical failure surface occurs between the North and 

North sector of the pit mine. An increment of 3D FoS/SRF with respect to 2D FoS/SRF was found 

of 27% and 23% for the LEA and FEA. This is in good agreement with the general acceptance that 

3D FoS/SRF are always higher than 2D FoS/SRF.A limit equilibrium approach was chosen for the 

three-dimensional probabilistic analysis due to its relatively fast computing times. From this, the 

probability of pit slope failure P[FoS<1.0) was found to be 0.1 %. Finally, the results show that the 

minimum FoS of 1.50 is achieve and the calculated PoF is below the maximum allowable of 5%, 

therefore the proposed pit slope design complies with the design criteria and it is deemed stable.  

 

•  Case Study #2: The geotechnical design for this open pit mine project comprises singles benches 

of 10 m height, a 6.5 m bench width and a bench face angle of 70°. When added a ramp of 25 m 

width, the overall slope angle for the pit resulted in 45°. From the deterministic 3D LEA and 3D 

FEA results, a FoS and SRF of 2.80 and 2.75 was obtained with the critical failure surface occurring 

in the South West sector of the pit. The 3D LEA took around 4 hours to analyze 850 slip surfaces 

for the entire pit model whereas the 3D FEA took 18 hours for a model with more than 650 000 

elements in the 3D mesh. From the probabilistic 3D LEA analysis, the Probability of Slope Failure 
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P[FoS<1.0) and Probability of Unacceptable Performance P[FoS<1.5) was calculated as 1.5 % and 

3.5 %, respectively. Both FoS and PoF met the design requirements.  

 

• Case study #3: Isotropic and anisotropic jointed rock mass conditions were distinguished due to an 

adversely oriented discontinuity set occurring in the South West sector. A small increment from 

2D FoS to 3D FoS of 5.9% and 9.8% for the isotropic and anisotropic analysis was found, 

respectively. This can be arguably attributed to the straight orientation of each pit wall sector which 

makes the 2D plane strain assumptions valid and therefore the FoS2D relatively closed to FoS3D 

values. The results for the deterministic 3D LEA gave a FoS of 2.02 and 1.62 for the isotropic and 

anisotropic analysis, respectively. Likewise, the probability of pit slope failure P[FoS<1.0) was 

found to be 0.7 % and 1.0%. Also, the calculated Probability of Pit Slope Failure (PoF) is below 

the maximum allowable of 5%, therefore the proposed pit slope design complies with the design 

criteria and it is deemed stable.
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Chapter 8 

8 Summary and Conclusions  

The research completed and presented in this thesis covers a comprehensive review on slope stability 

analysis in open pit mining by comparing the LEA vs FEA, the Deterministic vs Probabilistic approach and 

2D vs 3D modelling tools. Three case studies have been thoroughly examined independently at the bench, 

inter-ramp and overall slope scale.  The primary conclusions resulting from this thesis as well as some 

recommendations for future work are given in the following subsections. 

8.1 Conclusions 

Bench Slope: 

• Rock slope instabilities for jointed rock masses at the bench scale mostly occur as the result of 

failure along structural discontinuities. As such, the bench slope design requires a sound 

understanding of the rock mass fabric which can be collected from surface mapping and/or core 

logging and which should preferably be complemented with photogrammetry mapping and/or 

televiewer logging data. 

• A probabilistic bench slope stability analysis should focus on assessing three main input 

parameters: i) joint orientation (e.g. dip and dip direction), ii) joint shear strength (e.g. cohesion 

and friction), and ii) joint size (e.g. joint trace length).  

• Discrete Fracture Network (DFN) modelling represents a powerful tool in assessing structurally 

controlled and gravity-driven instability types in jointed rock masses, not only for surface (e.g. 

slopes) but also for underground (e.g. stopes) mining environments.  

• The case studies presented in chapter 4 followed a kinematic and kinetic approach whereby a FoS 

and PoF was calculated considering planar, wedge and toppling failure mechanisms for each sector.   

Inter-Ramp Slope: 

• Multi-bench or inter-ramp instabilities include failures that involve more than one bench. Inter-

ramp slope design is typically performed through a deterministic analysis of major large-scale 

discontinuities or highly persistent minor rock joints. 

• Both deterministic stereographic and limit equilibrium-based analyses for three case studies in 

chapter 5 were presented with the purpose to stablish the optimum inter-ramp angle (IRA) which 

undercuts as few daylighting planes, wedges or blocks as possible. 
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Global Slope: 

• Global scale failure mechanisms in open pit slopes are mainly controlled by the overall strength of 

the rock mass. As such, the engineering characteristics of both intact rock and discontinuities must 

be considered to arrive at good estimates of the rock mass strength properties. 

• The uncertainty in intact rock strength parameters can be assessed using the non-linear Hoek and 

Brown equation by fitting a composite of tensile, uniaxial and triaxial testing data. The use of a 

Prediction Interval (PI) provides an estimate of upper and lower bounds for a given confidence 

level.  

• As rock masses have a complex and uncertain nature, to deal with such complexity, the use of 

probabilistic approaches seems to be more appropriate in order to make more reliable 

characterizations in rock mass strength parameters shows the procedure for estimating the 

variability in the rock mass strength envelopes through a Monte Carlo simulation method 

• A Monte Carlo simulation is run to arrive at the PDF of the RMR values by fitting a theoretical 

distribution to the five RMR input parameters. By using suitable conversion relationships, the PDF 

of GSI values can be obtained from the RMR distribution. Using the simulated probability density 

distributions of GSI with the uncertainty in intact rock parameters quantified from the above step, 

the Hoek-Brown rock mass parameters can be estimated, i.e. ‘mb’, ‘s’ and ‘a’. 

• Finally, in chapter 6 global pit slope stability analysis was carried out for three case studies and 

FoS as well as PoF were calculated. The results of the all LE analyses indicate that the minimum 

FOS of 1.50 and maximum allowable of 5% PoF is achieved for each of the design sectors. 

Therefore, the overall slope complies with the design criteria and it is deemed stable. 

Deterministic vs Probabilistic Analysis 

• Traditionally, slope stability assessment is carried out by means of a deterministic analysis whereby 

the input is a set of parameters that are fixed quantities, usually taken as the mean values of the data 

obtained from site investigation or laboratory testing.  

• Although, simple and straightforward, the deterministic analysis fails to account for the different 

degrees of variability and uncertainty often encountered in rock properties. 

• The application of probability theory provides rational means to treat the underlying uncertainties 

in a systematic manner. In recent years, the probabilistic approach along with the calculation of 

probability of failure (PoF) instead of a Factor of Safety (FoS) has become more common as a 

design criterium.  
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• There is a common misconception that a probabilistic-based analysis requires significantly more 

data, time and effort. Although the more data available at hand would translate into a more 

comprehensive rock mass characterization and this in turn into more representative results, 

statistical distribution can be assumed to fit certain input variables in order to gain an 

understanding of the probable behavior of the rock slope design.  

Limit Equilibrium vs Finite Element Analysis 

• The LE method has been widely used in slope stability assessments. Its main limitations arise 

because a prior assumption made in terms of the failure surface shape and location within the 2D 

cross section or 3D pit model. LE requires an iterative process to run different trial failure surfaces 

until the critical i.e. the one with the lowest FoS is found.  

• The FE method applied to slope stability assessments makes no assumption of failure surface shape 

and location. The shear strength reduction technique is used whereby the rock mass strength is 

gradually reduced until failure is induced. In this type of analysis, the mathematical non 

convergence of the elastoplastic analysis is interpreted as a physical instability.  

• It has been shown that both LE and FE yield the same results being the main advantage of the LEA 

its rapid calculation and for the FEA its ability to handle complex failure mechanisms. 

Two- vs Three-Dimensional Analysis 

• It is current industry practice to perform 2D stability analysis for pit slopes. However, 2D analyses 

rely on several assumptions that are seldom encountered in real open pit mines. Open pit geology 

and geometry is complex and inherently 3D in character which cannot be adequately captured into 

a 2D plane strain representation. 

• 3D slope stability analyses are still not routinely performed for open pit slope design. However, the 

enhancements in computing capabilities and the availability of commercial 3D software packages 

have now enabled engineers to address slope stability problems using 3D tools. The advantages are 

i) actual representation of the complex and varying geology and geometry, ii) failure location 

becomes part of the solution and no a prior assumption. 

• Extensive research has demonstrated that the factor of safety (FoS) obtained from 2D analysis is 

always smaller than the FoS resulting from a 3D approach. This means on the one hand that 2D 

analyses are too conservative and on the other hand that there is room for the optimization of the 

geotechnical design i.e. stepper slopes can be allowed.  



Chapter 8:  Summary & Conclusions 

 

238 
 

• Given that 3D FEA is highly time consuming, it is currently not amenable for a probabilistic slope 

stability analysis. 3D LEM is proved to yield reliable results within acceptable computing time 

lengths. 

 

8.2 Future Work 

Several future research areas can be considered based upon the study conducted during this thesis: 

• Construction of a DFN model at the inter-ramp pit slope scale for which probabilistic (e.g. joints) 

and deterministic (e.g. faults) types of geological discontinues are combined. 

 

• Examination of the applicability of the Response Surface Method (RSM) for 3D probabilistic FEA 

as a mean to overcome the limitation of considerable running times of both numerical modelling 

and Monte Carlo simulation. 

 

• Evaluation of the transition from open pit to underground for case study #3 from a geotechnical 

viewpoint with special emphasis on the crown pillar design and the in-situ stress field. 

 

• Additional work on the validity of the linear elastic and perfectly plastic assumption to represent 

the rock mass post-peak behavior should be attempted.  

 

• Further study on the assessment of disturbance factor ‘D’ of the Hoek-Brown criterium and its 

impact on the stability of pit slope for different rock mass quality classes should be carried out. 
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Structural Data of Case Studies 
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