
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/279182239

Three-Dimensional Analysis of Pit Slope Stability in Anisotropic Rock Masses

Conference Paper · January 2013

DOI: 10.36487/ACG_rep/1308_45_Sainsbury

CITATIONS

6
READS

622

4 authors, including:

Some of the authors of this publication are also working on these related projects:

Rockburst Mechanisms View project

Rock Mechanics View project

Bre-Anne Louise Sainsbury

Deakin University

38 PUBLICATIONS   198 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Bre-Anne Louise Sainsbury on 26 June 2015.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/279182239_Three-Dimensional_Analysis_of_Pit_Slope_Stability_in_Anisotropic_Rock_Masses?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/279182239_Three-Dimensional_Analysis_of_Pit_Slope_Stability_in_Anisotropic_Rock_Masses?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Rockburst-Mechanisms?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Rock-Mechanics-14?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bre_Anne_Sainsbury?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bre_Anne_Sainsbury?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Deakin_University?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bre_Anne_Sainsbury?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bre_Anne_Sainsbury?enrichId=rgreq-458e2ea8a1fcc0d33e61eb9330230ff3-XXX&enrichSource=Y292ZXJQYWdlOzI3OTE4MjIzOTtBUzoyNDQ0NTMxMTM4NTYwMDBAMTQzNTI5MzU3Mjk2NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


1 

Three-Dimensional Analysis of Pit Slope Stability in 
Anisotropic Rock Masses 

D.P. Sainsbury  Mining One Pty Ltd, Australia 

B.L. Sainsbury  Castlemaine Goldfields Limited, Australia 

 

Abstract 

Anisotropic and foliated rock masses, the behaviour of which are dominated by closely spaced planes of 

weakness, present particular difficulties in the assessment of pit slope stability. Various numerical modelling 

techniques are available that explicitly simulate the joints and discontinuities within an anisotropic rock 

mass. However, due to the computational intensity of these numerical techniques, it is not practical to 

explicitly simulate the joint fabric of an entire three-dimensional pit slope for routine stability assessment. In 

order to simulate the effects of anisotropic rock mass strength and deformation behaviour on pit slope 

stability, a modelling methodology has been developed to account for rock mass anisotropy and scale 

effects using a continuum based ubiquitous joint constitutive model. This paper outlines the anisotropic 

modelling methodology and presents a series of demonstration models that have been used to validate the 

technique. 

1 Introduction 

The strength and deformation behaviour of a rock mass is governed strongly by (a) the 'intact' strength of 

the rock blocks and (b) the presence of planes of weakness such as joints, bedding planes, foliation and 

other discontinuities. Anisotropic rock mass strength and deformation behaviour results when a significant 

portion of the discontinuities are aligned in a preferred direction, such as the shale and banded-iron 

formation (BIF) rock masses illustrated in Figure 1. 

 

Figure 1 Anisotropic rock masses a) shale; b) Banded Iron Formation  

Various discontinuum modelling techniques are available that explicitly simulate the joint fabric within an 

anisotropic rock mass. However, due to the computational intensity of these numerical techniques, it is not 

practical to explicitly simulate the joint fabric of an entire rock mass for routine, large-scale, three-

dimensional analyses of slope stability. To overcome these issues, the Ubiquitous (and Subiquitous) Joint 

constitutive model can be used to represent anisotropic rock masses within continuum-based numerical 

models (Board et al., 1996; Clark, 2006; Lietner et al., 2006 and Sainsbury et al., 2008). The following paper 

provides a methodology for the simulation of anisotropic rock mass strength and deformation behaviour 

for use in large-scale, three-dimensional pit slope stability analyses. 
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2 Background 

In order to consider the impact of anisotropic rock masses on slope stability, their deformational 

characteristics must be first quantified. The characterisation of anisotropic strength and deformational 

behaviour of a number of different rock masses has previously been explored through laboratory triaxial 

testing on intact specimens by Donath (1972) and McLamore and Gray (1967). Their results are presented 

in Figure 2. A review of these studies shows that strength varies continuously with the angle of the 

weakness plane with respect to direction of loading (β ).  This observation has also been confirmed by 

many researchers who have studied the behaviour of anisotropic rocks such as shales, slates, sandstone, 

gneisses and phyllites (Brown et al., 1977; Salcedo, 1983; Singh et al., 1989 ) along with synthetic cement-

based specimens (Tien et al., 2006). 

 

Figure 2 Laboratory testing conducted on anisotropic intact laboratory samples 
(Donath, 1972 and McLamore and Gray, 1967; modified after Brady and Brown, 
2004) 

Al-Harthi (1998) provides a summary of some idealised anisotropic curves reported throughout the 

literature. Ideally a single plane of anisotropy, such as joint plane or bedding plane (Figure 3, case I), 

produces a single U-shape curve with two shoulders. This is consistent with the simple analytical solution 

developed by Jaeger (1960), which only permits two independent failure modes, i.e., failure along the 

discontinuity or failure through intact material. A set of discontinuities such as lamination, foliation or 

cleavage, on the other hand, produces a U- type anisotropy curve with no shoulder (Figure 3, case II). 
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Figure 3 Typical strength anisotropy curves for samples with a single and one set of 
discontinuities (Al-Harthi, 1998; modified after Hoek and Brown, 1980) 

When considering the numerical analysis of anisotropic rock masses, discontinuum analysis techniques 

provide the most rigorous assessment of the strength and deformation behaviour. In this case, the actual 

joint fabric and intact rock bridges are explicitly simulated. However, due to current computational 

constraints, it is not possible to explicitly simulate the detailed joint fabric that controls anisotropy in large-

scale three-dimensional pit slopes. As a result of this, Ubiquitous (and Subiquitous) Joint constitutive 

models (as implemented in Itasca codes) are commonly used.  The Ubiquitous Joint model corresponds to a 

Mohr-Coulomb continuum material that exhibits strength anisotropy due to embedded planes of weakness 

in each of the zones. The criterion for failure on the plane of weakness consists of a composite Mohr-

Coulomb envelope with a tension cutoff. The zone-based matrix and joint properties illustrated in Figure 4 

are specified for the model. The Subiquitous (Strain-Softening Ubiquitous Joint) model is a generalisation of 

the Ubiquitous-Joint model which allows a bilinear Mohr-Coulomb failure envelope, together with strain-

softening/hardening behaviour for both the matrix and joints. Within both the Ubiquitous and Subiquitous 

models, general failure is first detected based upon the Mohr-Coulomb criteria for the matrix. Once the 

relevant plastic corrections are applied, the new stresses are then analysed for failure on the plane of 

weakness and updated accordingly. 
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Figure 4 Zone-based matrix and ubiquitous-joint properties 

The formulation of ubiquitous joints assumes infinitesimal spacing and no length scale to their 

implementation. As such, a ubiquitous-joint material cannot account for the bending stiffness of the 

individual layers of rock. As a result of this, in order to provide meaningful modelling results careful 

calibration of the matrix and ubiquitous-joint parameters to emergent behaviour from explicit modelling 

techniques is required. The resultant FLAC3D (Itasca, 2012) modelling methodology has been termed a 

Ubiquitous Joint Rock Mass (UJRM) model. A summary of the calibration process used to develop 

Ubiquitous-joint material properties for large-scale slope stability analysis is provided below. A more 

detailed description of the methodology can be found in Sainsbury and Sainsbury (2013). 

3 Development of Anisotropic Rock Mass Strength Behaviour 

Numerical experiments with discontinuum modelling techniques provide significant insight and 

understanding of rock mechanics processes that are not possible to test in the laboratory due to specimen 

scale. The following section provides a case-study investigation whereby explicit modelling has been 

completed and the emergent behaviour has been calibrated in the Subiquitous constitutive model for use 

in large-scale pit slope analyses. A generic Banded Iron Formation (BIF) rock mass (as observed in the 

Pilbara region of Western Australia has been used for the case study (Figure 1b.  

3.1 Discontinuum Modelling 

The basic rock mass parameters used to describe the generic BIF material are presented in Table 1. These 

material properties have been developed based on laboratory testing and in situ characterisation.    A 

detailed description of the constitutive model and the development of the input block and joint properties 

can be found in Sainsbury and Sainsbury (2013).  A brief summary of the typical measureable material 

properties are provided here for completeness. 
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Table 1. Basic parameters used to describe BIF material 
 

Rock Mass Properties Joint Characterisation 

GSI σci (MPa)    mi Bedding Spacing (m) c (kPa) φ (deg.) σt (MPa) 

60 150 10 0.2 44 33 0.0 

A series of large-scale (10 m) simulated compression tests have been conducted within the three-

dimensional distinct element code 3DEC (Itasca, 2007). A bedding plane spacing of approximately 0.2 m 

was assigned together with two orthogonal, non-persistent joint sets. The spacing and persistence of the 

joint sets was assigned to ensure the average block volume within the sample was approximately 0.3 m3. 

This is consistent with a GSI of 60 based on Cai et al. (2007). To account for the significant impact that 

micro-flaws (pores, open cracks, veins) and weathering/alteration can have on strength scale effect, the 

rock block strength in 3DEC was selected to be 80% of the measured σci. This value is based on an empirical 

scale effect relation for intact rock developed by Hoek and Brown (1980) and extended by Yoshinaka et al., 

(2008).  The characteristic block size as defined by the bedding spacing and GSI value has been used to 

determine the reduction. Figure 5 illustrates the UCS response of the 3DEC material with a β angle of 0o, 

which results in a UCS of 81 MPa. 

 

Figure 5 3DEC model of simulated BIF material, ββββ = 0, σσσσ3 = 0 MPa 

A series of UCS and triaxial (σ3 = 2 MPa) tests were simulated with β angles from 0o to 90o. Figure 6 

illustrates the emergent U-shaped strength curve with continuous variability. The strength when β = 90o is 

predicted to be greater than when β = 0o. This phenomena has also been observed in laboratory triaxial 

testing on intact specimens reported by Donath (1972) and McLamore & Gray (1967).  As illustrated, when 

β = 90o a tensile splitting mechanism along the bedding develops, while a sliding mechanism along the 

bedding develops when β = 60o. This behaviour is consistent with the failure mechanisms observed in the 

laboratory with artificial anisotropic rock described by Tien et al., (2006).  
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Figure 6 Strength anisotropy curve for simulated BIF material. Upper, lower and 
average simulation results are shown for the UCS simulations. 

3.2 Calibration of a Ubiquitous Joint Rock Mass (UJRM)  

A systematic procedure has been developed to calibrate the Subiquitous model to the emergent response 

of the equivalent discontinuum numerical experiments presented in Figure 6.  

The underlying assumptions used in the calibration procedure include: 

• The results of the discontinuum analyses more accurately quantify the rock mass anisotropic 

behaviour than equivalent continuum analyses. 

• The actual bedding plane cohesion and friction angle must be used to describe the peak 

ubiquitous-joint strength to provide a close match to the shear strength of the rock mass under 

planar sliding conditions.  

• The matrix strength and deformation response must be calibrated to help compensate for the 

lack of length scale and stiffness parameters in the ubiquitous-joint formulation. 

3.2.1 Subiquitous Model Input Parameters 

3.2.1.1 Orthogonal set of Ubiquitous-Joints  

In order to better represent a naturally occurring anisotropic rock mass, 5 to 20 per cent of the ubiquitous-

joints are rotated to be orthogonal to the dominant joint/bedding fabric. The percentage of orthogonal 

joints represented in the continuum model is determined by the discrete fracture network of the rock mass 

and is consistent with the development of the discontinuum model geometry.  The inclusion of orthogonal 

ubiquitous-joints promote continuously variable strength with increasing average β angles. As discussed 

below, the orthogonal joints help to introduce some bending resistance (i.e., stiffness) within the system 

when the loading direction is parallel to the ubiquitous joints. 

3.2.1.2 Deformation Modulus 

As discussed, the ubiquitous-joints do not consider the effects of joint stiffness. However, some reduction 

in the deformation modulus does occur as ubiquitous-joints are mobilised prior to the peak strength. The 
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matrix bulk and shear modulus must be calibrated to best match the deformation modulus of the 

equivalent discontinuum experiments. The inability of the Subiquitous model to account for joint stiffness 

prevents accurate calibration of the deformation modulus at all β angles.  

3.2.1.3 Matrix Strength and Softening 

The peak strength of a Subiquitous specimen at β angles of 0 o and 90o, is dependent on the matrix 

cohesion, friction and tensile strength. These strength parameters are selected based on a calibration of 

the matrix material response to the discontinuum strength at a β angle = 0o.  

In the interest of simplicity, it is assumed that cohesion and tension soften to zero with accumulated plastic 

strain. The rate at which softening occurs is calibrated to the post-peak response of the equivalent 

discontinuum experiment. It is important to note that when introducing softening into the constitutive 

model, it is important to ensure that the zone size used in the numerical experiment is the same used in the 

subsequent large-scale slope stability simulations. 

3.2.1.4 Ubiquitous-Joint Strength and Softening 

The actual bedding plane cohesion and friction angle are used to describe the peak ubiquitous-joint 

strength to provide a close match to the shear strength of the rock mass under planar sliding conditions. 

Joint cohesion is softened to zero at the same softening rate as the matrix cohesion.  

An iterative process is required to calibrate the response of a Subiquitous material. Table 2 provides the 

Subiquitous material properties derived to represent the discontinuum material described in Section 3.1. 

Table 2 Calibrated Subiquitous mechanical properties 

Matrix Properties Ubiquitous-Joint Properties 

E (GPa) ν    c (MPa) φ (deg.) σt (MPa) �
ps

crit
 (%) c (kPa) φ (deg.) σt (MPa) �

ps

crit
 (%) 

20.4 0.2 14.7 53 1.47 0.016 44 33 0 0.016 

The anisotropic strength response of the calibrated Subiquitous model is illustrated in Figure 7. The model 

provides a close match to the continuously variable strength with increasing β  angles response provided by 

the discontinuum analysis.  
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Figure 7 Comparison of 3DEC and FLAC3D-UJRM anisotropic rock mass strength 
response 

 

The simulated rock mass deformation modulus from the 3DEC and UJRM analyses are presented in Figure 

8. The deformation modulus follows a similar continuously variable U-shaped curve to the anisotropic 

strength response.  Modulus values simulated in the vertical (β = 90) direction reflect the input intact 

modulus (30 GPa).  When the modulus is considered perpendicular to the bedding (β = 0) the simulated 

values are lower than the vertical direction, reflecting the impact of the lower stiffness bedding plane 

joints.  

 

Figure 8 Comparison of 3DEC and UJRM anisotropic deformation modulus response 
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3.3 Simulation of Bedding Orientation in Three-Dimensional Slope Models 

To represent the sometimes extreme folding within sedimentary units exposed in a pit, a routine has been 

developed to assign the orientation of ubiquitous-joints throughout a large-scale pit slope model based on 

any number of dxf wireframes. Figure 9 illustrates an example model that has been used to study slope 

stability in anisotropic rock masses. Within these models, large-scale explicit structures (representing shale 

bands) can be simulated directly with interfaces allowing slip and separation according to a Mohr-Coulomb 

strength criterion. The ubiquitous-joints within each zone have been assigned based upon its proximity to 

the dxf wireframes of the mapped bedding traces.  

 

Figure 9 Assignment of ubiquitous-joint orientation (only 1 in 10 joints have been 
plotted) 

5 Demonstration of Anisotropic Slope Failure Mechanisms 

5.1 Sliding Failure Mechanisms 

The occurrence of slope failure mechanisms controlled by the orientation of weak bedding planes at BHPB's 

Mt Whaleback Mine was first reported by Kale and Trudinger (1975). Figure 10 illustrates a schematic 

design section used to assess slope stability within a BIF material. The overall bedding is favourably 

oriented for stability with exceptions that occur in the synclinal keel areas designated as failure surfaces A, 

B and C.  
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Figure 10 Failure surfaces within design section (after Kale and Trudinger, 1975) 

In order to demonstrate the anisotropic behaviour within the slope a pseudo two-dimensional (1m width) 

FLAC3D model has been constructed to simulate the basic failure mechanisms reported by Kale and 

Trudinger (1975). The calibrated UJRM properties developed within Section 3.2 have been used to 

represent the BIF material. The ubiquitous-joints have been assigned based on a number of conceptual 

bedding traces that match Figure 10. To provide confidence in the continuum modelling results, a two-

dimensional UDEC (Itasca, 2011) model has also been constructed whereby the bedding and cross-joints 

have been simulated explicitly for comparison. The results of the FLAC3D and UDEC simulations of the slope 

are presented in Figure 11. The FLAC3D model predicts failure of the synclinal keel areas within the upper 

portion of the slope providing a close match to the response of the discontinuum model.  

 

Figure 11 Comparison of FLAC3D-UJRM and UDEC sliding response 
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5.2 Wedge Failure Mechanisms 

In order to demonstrate the behaviour of a calibrated UJRM model when applied to a simple three-

dimensional wedge failure mechanism, a FLAC3D model has been constructed with two opposing ubiquitous 

joint sets that form a wedge in a 30 m high vertical bench. Figure 12 illustrates the formation of an unstable 

wedge when the ubiquitous joints are simulated with a cohesion of zero and friction angle less than 30. The 

FLAC3D model provides a close match to the analytical solution provided by the SWEDGE program 

(RocScience, 2013). 

 

Figure 12 Comparison of FLAC3D-UJRM and UDEC sliding response 

5.3 Block Toppling Mechanisms 

The analysis of toppling failure mechanisms present particular challenges in slope stability analysis. 

Discontinuum modelling techniques that can explicitly simulate the rotation, translation and bending of 

individual rock blocks and layers are the most rigorous way to assess slope toppling failure mechanisms. 

However, the UJRM modelling technique does provide a basic assessment of block toppling failure 

mechanisms.  

In order to demonstrate the toppling response of the calibrated UJRM model discussed in Section 3.2, a 

FLAC3D model has been constructed with ubiquitous joints dipping 70o into a pit as illustrated in Figure 13. 

To provide confidence in the modelling results, a two-dimensional UDEC model was also constructed 

whereby the bedding and cross-joints have been simulated explicitly for comparison. The FLAC3D model 

predicts the development of instability within the upper portion of the slope, which provides a close match 

to the response of the instability in the discontinuum model.  
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Figure 13 Comparison of FLAC3D-UJRM and UDEC sliding response 

Failure mechanisms that involve layer bending, such as flexural toppling, require careful consideration 

when using a Ubiquitous-Joint model. As a result of this, it is advisable to conduct parallel discontinuum 

analyses to ensure meaningful results are achieved. 

5.4 Complex Non-Daylighting Wedge Mechanisms 

Complex non-daylighting wedge failure mechanisms occur in pit slopes whereby anisotropic joint fabric 

strikes sub-parallel to the pit slope. Figure 14 illustrates a progressive pit slope failure that is controlled by 

the orientation of shale bedding planes. Observations in situ concluded that low angle bedding 

(approximately 30 degrees dip) striking sub-parallel to the pit face caused a shallow sliding failure that 

impacted on the stability of the bench crests. The sliding failure was bounded by a fault that acted as a 

release surface on one side and a change in bedding orientation on the other. A schematic diagram of the 

conceptual mode of failure are provided in Figure 14b. 
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Figure 14  (a) In situ observations immediately after failure; (b) conceptual model of 
failure 

A three-dimensional numerical analysis of the failure region using an explicit representation of the fault 

structure and anisotropic rock mass strengths represented by a Subiquitous constitutive was developed in 

FLAC3D. The progressive development of the failure mechanism in the numerical model is provided in Figure 

15. 

 

Figure 15  Progressive failure simulated in numerical model as mining advances in 
pit 

6 Discussion of Uncertainties and Limitations 

Artificial kink bands in Ubiquitous-Joint models were first reported by Cundall and Fairhurst (1986). The 

formation of kink-bands and kink-folds are common structures in thinly bedded sedimentary and foliated 

rocks. Due to the inability of the ubiquitous-joint formulation to represent joint spacing and bending 

resistance, kink-band formation will always be more pronounced in Ubiquitous-Joint models.   

7 Conclusions 

A Ubiquitous Joint Rock Mass (UJRM) modelling methodology has been developed to reproduce the 

directional dependant rock mass strength and deformation behaviour exhibited by anisotropic rock mass 
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domains. The intention of the modelling methodology is to allow a robust stability analysis of anisotropic 

rock masses using standard mapping and characterisation techniques. The methodology is based on a 

calibration of a continuum response to the emergent behaviour of discontinuum modelling conducted in a 

simulated laboratory environment through a number of different stress paths. The modelling methodology 

has successfully been applied to demonstrate slope failure mechanisms observed in simple anisotropic 

slope geometries.  
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