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ABSTRACT

The demand for metals combined with diminishing near surface resources has prompted the increasing
development of complex and unprecedented open pit designs to recover deeper resources. These designs
include pushback extensions, intentional over-steepening of toes, or the transition to underground retreat or
mass mining methods. While past designs rarely involved pit depths exceeding 500 m, steeper and deeper
designs approaching or exceeding 1000 m are now considered. Experiences with large open pits

demonstrate that complex failure mechanisms occur with higher propensity within these slopes.

New technologies used to monitor slope displacement, such as radar interferometry, along with increased
real-time data processing have given engineers more data and faster tools to investigate the fundamental
rock mechanics that occur within large slopes. Radar allows for the collection of large amounts of real-time
data with millimeter precision. Emphasis is given in this thesis to the use of radar monitoring in resolving
displacements in proximity to fault damage zones. Research was conducted to develop and execute a first
of its kind 3-D radar experiment involving the simultaneous deployment of two radar systems. This
experiment demonstrates that valuable knowledge, in the form of a 3-D displacement map, was used to
resolve the influence of large fault zones in promoting complex slope deformation kinematics and failure

mechanisms.

In parallel, numerical modelling continues to develop as a key tool in understanding deep-seated rock slope
deformation mechanisms. Research was conducted to investigate the characterization and representation of
key fault properties within sensitivity analyses used to provide guidance on the impact of simplification of
these complex structures. Representative geometries and input parameters based on case studies were used
to show the influence of fault location, orientation and complexity, on stress heterogeneity created by the
interaction between faults and deepening large open pits, as well as the transition to underground mass
mining. These interactions can create zones of plastic shear strain or extensional strain damage not typically
accounted for in most stability analyses. The inclusion of stress heterogeneity and subsequent rock mass
damage is shown to modify the observed mechanisms of slope movement and allow previously unviable

kinematics to develop.
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CHAPTER 1 INTRODUCTION

1.1. Problem Statement

The global demand for base metals combined with a diminishing number of near surface resources has
required the mining industry to develop an increasing number of complex and unprecedented open pit mine
designs to access and recover deeper ore resources. These designs can include pushback extensions
(laterally and to depth) of existing open pits as well as the transition to a variety of underground or mass
mining methods. While past open pit designs rarely involved depths exceeding 500 m, many mining
companies are now considering steeper and deeper designs approaching or exceeding 1000 m (Figure 1.1).
Experiences with large open pits such as Bingham Canyon (Pariseau et al., 2007) and Betze-Post (Rose and
Hungr, 2007) in the U.S.A. and Batu Hijau in Indonesia (Leech and McGann, 2008), demonstrate that slope

failures with complex failure mechanisms are occurring with these deeper pits and higher, steeper slopes.

| Total number of slopes = 82
(including contributions from AGA,
Anglo American, BHP, Barrick,

|| Codelco, Collahuasi, Debswana,

| DeBeers, FMI, Newcrest, Newmaont
RioTinto, Teck, Vale)
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Figure 1.1.  Frequency and depth of current and proposed open pit mines based on contributing
Large Open Pit (LOP) project participating companies. From Robotham (2011).

Simultaneous to the deepening of large open pits, lower cost mining methods such as block, panel, and sub-
level caving are increasingly being favored to target low-grade ore bodies at depth. Several open pits have

transitioned into caving operations; examples include the Palabora Mine in South Africa, Cadia-Ridgeway



Mine in Australia and Grasberg in Indonesia, with others like Chuguicamata Mine in Chile and Udachny

in Russia being in the process of transitioning or are considering similar plans.

As the boundaries of mine design are pushed, the tools which engineers use to review the geotechnical
feasibility of these designs must also advance. Hoek et al. (2000) state that the determination of rock mass
strength was a major deficiency in rock slope design practice. Stacey (2007) echoes this sentiment when he
concluded that conventional approaches for the evaluation of the stability of rock slopes in high stress, hard
rock environments are of questionable validity. As the majority of pit slope designs to date have involved
depths of 300 m or less, geotechnical analyses have generally focused on low stress environments and the
influence of geological structures is considered to be primarily kinematic and on bench to multi-bench scale
stability. Engineers involved in the design of open pits in the past have in large part favoured the use of
empirical design charts and kinematic wedge analyses to assess and design around the day-to-day practical
engineering problems faced on site. Designs are now more commonly checked using a variety of numerical

analyses, including limit equilibrium and finite element analyses.

With pushbacks and expansions to deeper and more complex open pit operations, and transitions to
underground mass mining, the potential for rock deformation to evolve into large pit wall scale failures
gives cause for both safety and economic concerns. Failure mechanisms within the open pit environment
are no longer confined to low stress structurally controlled kinematic failures, but are evolving to
incorporate more complex stress-strain rock damage related phenomena. The transition to an underlying
mass mining operation adds further complexity to the induced stress conditions within and near the bottom

of the large slopes.

Numerical modelling has emerged as a key tool for improving our understanding of slope deformation
processes and can be used to help identify areas or situations where the stability of the slope may be
compromised. Current use of numerical modelling has largely focused on 2-D analyses, requiring
simplification of the geology and geological structures present. Complex 3-D analyses are often conducted
by major mining companies; however, these are often continuum based and the impact of the simplifications
required to conduct such analyses are not well understood. Geological structures, anisotropy and rock mass
heterogeneity can significantly influence the stress field within a large rock slope or around a developing
cave, and therefore the 3-D kinematics of the slope. The exclusion of these features can lead to a misleading
or incorrect understanding of the stability state and potential slope failure mechanisms. A second key
deficiency lies with the constitutive relationships adopted in these models, which in most cases involve

elasto-plastic shear-based yield criteria (e.g., Mohr-Coulomb or Hoek-Brown). How such constitutive



models are used to model the stress path and response of the rock mass to the stress path is a topic that has

not been fully studied.

The current limitations in open pit design are clearly demonstrated by the unexpected pit slope failure at
Palabora in 2004 (Figure 1.2). Poor understanding of the rock mass response to the presence of a developing
block cave beneath the deep pit led to the triggering of a large rock slope failure, and subsequently, to a
situation where dilution from the failed rock entering the block cave from the collapse structure in the
bottom of the pit is severely impacting the economics of the mine. If the failure had developed elsewhere
around the pit, it could have possibly led to the loss of critical infrastructure (e.g., the production and/or

ventilation shafts), which in turn would have led to the shutdown or major re-investment of the mine.
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Figure 1.2.  Quickbird image of 2004 North wall failure at Palabora. Note the proximity of
access shafts to the crest of the East wall to the right of the image.



Palabora represents the deepest open pit (800 m depth) associated with an operating underground block
cave mine. However, similar transitions to underground mass mining are planned or in development for at
least four open pits with greater depths. Based on experiences at Palabora, Brummer et al. (2006) have
emphasized the need to better understand the role of structures, water, and stresses and related deformations
that develop through more complex mine designs to better protect mine infrastructure and minimize

environmental impacts.

1.2. Research Objectives

The research outlined in this thesis aims to address the challenges of mining deeper large open pits with
focus on furthering the understanding of the influence of stress heterogeneity on stability as it arises from
the influence of the open pit geometry, in-situ stress field, and specifically the presence of major geological
structures. Damage related to these stress imbalances is investigated to determine what potential impact the
reduced rock mass strength and the extension and dilation of existing structure (joints, foliation, faults, etc.)
can have on the performance of large open pit slopes. To do so, several research objectives have been
defined, as described below, which investigate the use of state-of-the-art monitoring and numerical
modelling techniques to identify pit slope deformation patterns related to: i) large geologic structures that
transect a large pit slope; and ii) the complex interactions that can develop between these structures and the
development of an underlying mass mining operation. The results from the interpretation of monitoring
data are then used as a basis to understand the corresponding rock mass responses and to calibrate and
constrain advanced 3-D numerical models. As part of this research, a critical investigation of stress path
and rock mass constitutive behaviour is undertaken. These results will then be applied to two case studies
to aid and further the understanding of the influence of geological structures on the rock mass behaviour of

large open pit slopes.
The research conducted in this thesis focusses on the following principal research objectives:

l. Determine if differential behavior of a rock mass, near or separated by faults, can be detected
and/or characterized using both conventional monitoring and new, state-of-the-art techniques in the

form of terrestrial radar.
This objective includes:

e Review data typically collected by current monitoring techniques such as geodetic prisms
during pit deepening, cave start up, and caving operation. This data will be used to identify

and quantify large scale patterns (spatially and temporally) of displacements within the pit



and will be evaluated to determine if any association can be made with large scale

geological structures, such as faults.

Develop and conduct a unique “first of its kind” 3-D radar experiment in a working mine
involving the simultaneous deployment of two terrestrial radar systems to collect
continuous, line-of-sight displacement data and merging these data sets to construct a 3-D

displacement vector map.

Identify the complex 3-D rock mass deformation patterns within two separate pit slopes,
one composed of hard, brittle rocks and another within softer, more deformable tectonically
disturbed rocks, both influenced by large geological structures.

1. Identify the critical factors controlling stress heterogeneity around open pit mines and

determine their effect on the design, stability, and operation of large open pit slopes.

This objective includes:

Identify regional to local scale factors that affect stress distribution around large open pits,
and develop a series of conceptual numerical models that test the relative impact of these

in creating stress heterogeneity around open pits at increasing depths.

Review the current design standards in the mining industry and determine the potential

impact that stress heterogeneity can have on designs.

Test push back strategies to determine which sequencing methods reduce the impact of

stress development, both during mining and at the end of the mine life.

I11.  ldentify the critical fault characteristics which influence the development of stress

heterogeneity and determine the best means to represent these in numerical modelling of rock mass

damage and slope stability.

This objective includes:

Summarize the current industry practice for including rock mass damage associated with
faults within slope stability numerical analyses, and develop a series of numerical models
within increasing depths to determine the impact that faults and select properties can have

on plastic shear and extensional strain damage development.



e Create a novel alternative to stress development and fault evolution within a numerical
model to highlight the potential for stress heterogeneity to develop in the pre-mining

environment (e.g., tectonic damage).

o Apply this knowledge to two detailed case studies, the Palabora mine in South Africa and
Highland Valley Copper mine in British Columbia. These will incorporate the damage
observed in the field and in conceptual models and demonstrate the effect of large,
persistent geological structures on the development of stress heterogeneity and
destabilizing slope damage.

1.3. Thesis Structure

This thesis is presented through six chapters, with Chapters 3, 4 and 5 presenting the main research results
and contributions. The present chapter, Chapter 1, provides an introduction, outlining the research
motivation and primary objectives. Chapter 2 provides an in-depth literature review, given to provide the
reader with the appropriate background information to understand the main methodologies used. Included
within this chapter is a brief discussion of the current state of practice in open pit design involving numerical

modelling for slope stability analyses as typically conducted by mining consulting companies.

Chapter 3 describes the use of monitoring data in the observation and detection of differential behavior of
a rock mass bisected by large geological structures in the open pit environment. The chapter includes a
review of geodetic monitoring data within an open pit excavated in hard, brittle rock mass, but primarily
focusses on a unique experiment that has since been published in Engineering Geology (2014, vol. 181, pp.
202-211) entitled “Development and application of a pseudo-3D pit slope displacement map derived from
ground-based radar”. This published paper describes the experiment and results obtained relative to the

research objectives of this thesis.

Chapter 4 describes numerical modelling undertaken to investigate the impact of various factors that affect
the stress distribution around open pits, in particular major geological structures. The chapter includes a
review of the current state of knowledge with respect to mining induced stresses around open pits and the
impact that geometry and pit depth can have on the mining-induced stresses. The conceptual models
described in this chapter review the spatial and temporal distribution of stresses that are created by varying
the sequencing of the pit excavation relative to the interactions between the faults and open pit slope and
the degree of slope weakening damage generated. A detailed 3-D numerical model of the progressive
deepening of the Palabora Mine open pit followed by the development of the underlying block cave. This

chapter explores the changes in 3-D stress magnitudes and orientations experienced by areas proximal and



distal to the fault zones and demonstrates the effect of changing stress conditions on highly anisotropic

rock.

Chapter 5 describes the applicability of current numerical methods in modelling the potential damage
arising from stress heterogeneity in a large open pit slopes. Several critical aspects of fault representation
are investigated and the potential for developing tectonic stresses within a model prior to pit excavation are
explored. Two case studies are given in this chapter to aid in the explanation of the concepts. A detailed 2-
D model of the Lornex Pit at the Teck Highland Valley Copper is developed which shows the development

of damage and the need to include extensional strain within a numerical model.

Finally, Chapter 6 summarizes the findings provided in Chapters 3 to 5 and lists the key conclusions and

contributions arising from this research, and proposes topics for further research.



CHAPTER 2 BACKGROUND INFORMATION AND
METHODOLOGY

2.1. Open Pit Mining Slope Monitoring Techniques

Monitoring programs are used to record slope displacements in open pit mine slopes and form a key
component of most slope stability programs in modern open pits. These programs are generally geared
toward the tactical objective of identifying slope hazards that pose an immediate threat to mine workers
and equipment, and subsequently, to provide early warning of an impending failure. As a secondary use,
the monitoring equipment can provide strategic insights into quantifying the nature and extent of a hazard
and the kinematics and mechanics of a slope. Issues of uncertainty relating to the geological conditions,
slope kinematics, and failure modes provide obstacles that contribute to a lack of understanding of the
potential for failure. In practice, monitoring data is not routinely used to evaluate slope mechanics and
potential failure modes due to the obstacles listed above, high staff turnover rates lead to a lack of continuity
of the data set, and a generally perceived lack of time to review the data. Often monitoring data is used only
once a large-scale failure has already been identified or as a tool used for back analysis, rather than as a

tool used in future mine design.

Techniques used for monitoring and forecasting impending slope failures are largely reliant on surface-
based point measurements of displacements monitored over time to establish the overall behaviour of the
slope. The use of investigative monitoring has been shown to facilitate a greater understanding of the
behaviour and mechanics of both natural (Willenberg et al., 2008) and open pit mine slopes (Walker et al.,
2006), thus enabling the correct mitigation approach to be chosen or to confirm that the correct approach

has been taken.

Commonly used techniques for open pit slope monitoring are categorized as either involving surveying or
geotechnical methods (Jarosz and Wanke, 2003). Surveying techniques include total station/geodetic
monitoring of prisms, use of GPS receivers, slope stability radar, LIiDAR, etc., used to determine absolute
positions. Geotechnical methods employ specialized instrumentation to measure differential displacements
over a short distance, and include extensometers, tiltmeters, inclinometers, etc. Examples of strategies
employed at different mines based on these methods include those by Logan et al. (1993), Laubscher (1993),
Little (2006), Brown et al. (2007), and Seery (2007), amongst others. The surveying of geodetic prisms
remains the most commonly employed monitoring method in open pit environments, however, emerging
technologies such as real aperture and synthetic aperture radar are quickly becoming commonplace on mine

sites as well.



2.1.1. Geodetic Prism Monitoring

Due to its lower cost, reliability, and ease of collection, the surveying of geodetic prisms remains the most
commonly used slope monitoring method in open pit mining. The geodetic monitoring of numerous prisms
installed throughout the pit is now routinely undertaken using robotic total stations, with more recent efforts
being to combine these systems with global navigation satellite systems (Brown et al., 2007). Monitoring
through GPS receivers has also been considered an answer to large open pit projects where the pit diameter
exceeds 1 km and refraction and pointing errors start to limit the effectiveness of total station measurements.
Bond et al. (2007) list the advantages of GPS monitoring over other geodetic technologies as: i) providing
temporally continuous and high accuracy displacement detection, ii) not requiring line of sight between
stations, iii) providing 3-D position information, and iv) making millimetre-level data possible for baselines
up to 10 km in length.

Most the slopes within an open pit environment are monitored to ensure the safety of workers and
equipment, and to evaluate the effectiveness of any mitigative measures undertaken (e.g. slope drainage).
Figure 2.1 shows some common techniques for visualizing prism data, which include: incremental and
cumulative displacement plots, daily rate plots, and wander plots (movement direction in plan view or
section). Early warning thresholds are usually set by trial and error, or over time, the experience of those
involved. In turn, the data is assessed by extrapolating the measured displacement-time series to detect
accelerations that exceed set thresholds. One such example is the inverse velocity method (Fukuzono, 1985;
Rose and Hungr, 2007). It must be noted that these approaches are generally applied independent of the
acting slope failure mechanism or its kinematic controls. As such, the triggering of faulty alarms or
uncertainty over misleading instrument readings is a frequent problem. Once an alarm is triggered, the mine
will shut down operations in the unsafe area: if a failure is realized, the procedure is deemed a success
(Seery, 2007); if a failure is not realized, the procedure results in costly down time, delays to production

schedules and diminished confidence in the system.
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Figure 2.1.  Examples of typical geodetic monitoring data including: a) cumulative displacement
rate plot, and b) wander (x-y) plot used at the Palabora Mine After Piteau (2005).

As noted by Dunnicliff (1988) and Eberhardt et al. (2008), instrument reliability is of paramount
importance, especially if it is part of a system being relied upon for early warning monitoring. One key
limitation of using geodetic monitoring to interpret slope stability failure mechanisms within the open pit
is that the monitored points are represented by point-based data on the slope surface. These prisms are often
located based on accessibility. Prisms located on benches of limited accessibility are often not maintained
and have a limited operational time frame. Movement and deformation located within the pit wall between
the points must be extrapolated and some key deformation along geologic structures may be missed or
misinterpreted. Slope displacement patterns based on geodetic data can provide a generalized pattern of
slope movement. Although new advancements (as described below) have been made, a well thought out
prism network is fundamental to a slope monitoring program and can further be used to calibrate and

validate other monitoring campaigns.

2.1.2. Radar Monitoring

In the last decade, several terrestrial instruments based on microwave interferometry have been developed
for the monitoring of displacements at large structures and slopes (e.g. Farrar et al., 1999; Tarchi et al.,
2003; Pieraccini et al., 2005; Harris et al., 2006). These instruments provide high-resolution, full area spatial
coverage as opposed to relying on geodetic point measurements. Radar works by continuously scanning
and comparing highly accurate and precise measurements made from up to 4 km from the slope face to
detect sub-millimetre movements (0.1 to 1 mm, depending on distance). The two main methods of
collecting the terrestrial radar data are the use of real aperture radar (RAR) and synthetic aperture radar
(SAR).
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2.1.2.1. Ground-Based Real Aperture Radar (RAR)

A scanning radar system was designed specifically for monitoring mine slopes using differential
interferometry by researchers at the University of Queensland, Australia (2002). The system, known as the
Slope Stability Radar (SSR), commercially available from Ground Probe Pty Ltd., uses real aperture radar
to scan a slope in both the vertical and horizontal directions. Scanning occurs at 10°/second over a range of
+60° vertically and 340° horizontally leading to typical scan repeat times of about 15 minutes. The system
continuously monitors the slope face for deformations. The return signal phase is recorded for each pixel
in the resulting image and phase unwrapping is used to remove ambiguity over deformation changes greater
than the signal wavelength (Reeves et al., 1997). The trailer-mounted unit features a 0.92 m diameter
scanning parabolic dish antenna, mounting, controlling/data collecting computer, remote area power
supply, warning siren and lights, CCD camera, communication links, and internet compatibility. The system
can operate at a range of 450 m from the target slope. Line of sight displacement can be measured to +0.2
mm without the use of reflectors. In operation, the system produces an image showing spatial deformation
relative to a reference image for the entire scanned slope. The displacement history of each point in the
image can be plotted.

2.1.2.2. Ground-Based Synthetic Aperture Radar (SAR)

Interferometric Synthetic Aperture Radar (InSAR) is a radar technique that uses two or more Synthetic
Aperture Radar (SAR) images to generate maps of surface deformation. This is achieved using differences
in the phase of the waves returning to the satellite. Synthetic aperture radars using microwave
interferometry were developed for remote static and dynamic monitoring of rock and soil displacements
and as a means of overcoming the limitations of real aperture radars. The general principle of microwave
interferometry is the detection of amplitude and phase of an electromagnetic wave transmitted by the sensor
and reflected from the slope. The interferometric phase ¢ (i.e. the phase difference between two different

time epochs) of the target slope can only be observed within the range —x to =, and is expressed as:

Equation 2.1

® = Qpisp + Patm T Pdiet T Pnoise — 2% mwxn

with n being the phase ambiguity (i.e. integer number of full phase cycles). The left side of the expression

is the observed value, while the right side contains the unknown parameters:

®  Qpisp: displacements of the target in line of sight (LOS) of the radar;
®  @am: Cchanges of atmospheric properties between sensor and target;

e @giei: Changes in the dielectric properties of the target;
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®  (noise: MeASUrement noise.

For displacement monitoring, only @pisp is of interest which is related to the LOS displacement Arqisp in the

following way:

Equation 2.2
Ppisp = — E * ArDisp

where A is the wavelength of the transmitted microwave.

For the experiment reported in Chapter 3, the IBIS system manufactured by Ingegneria Dei Sistemi (IDS)
was used, which is based on the synthetic aperture radar technique. The IBIS system was originally
developed as a joint research project between the University of Florence and IDS (Pieraccini et al., 2005)

and is offered in two different configurations:

e |IBIS-S: Microwave interferometer
e |IBIS-FM: Ground-based Synthetic Aperture Radar (GB-SAR)

The IBIS-FM is based on: i) Stepped Frequency Continuous Wave (SF-CW), allowing resolution in the
range direction, ii) Synthetic Aperture Radar (SAR), allowing the system to resolve the monitored region
in the cross-range direction, and iii) differential interferometry, which allows the measurement of
displacements by comparing phase information of the back scattered electromagnetic waves collected at
different times. The IBIS-FM sensor can perform real-time, near-continuous (5-minute repeat interval),
line-of-sight (1-D) monitoring of large areas, day or night and in all weather conditions (-50°C to 50°C).
These abilities are helping to establish radar as a key tool for managing unstable pit slopes, quickly
identifying the size and extent of a developing failure (see Harries et al., 2006; Harries and Roberts, 2007;
Seery, 2007).

Range resolution is obtained by sampling in the frequency domain using the Stepped Frequency Continuous
Wave (SF-CW) technique (Taylor, 2001, see Figure 2.2). The sensor continuously transmits a stepped
frequency signal. For each frequency step the returned echo delivers amplitude and phase. By means of an
inverse Fourier Transform the sampled values can be transformed into the range domain. This step is called
focusing and results in a phase and amplitude information for each range resolution cell. The resolution in

the range domain or is related to the bandwidth B of the transmitted stepped frequency signal by:
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Equation 2.3

8 = —
"~ 2B

with ¢ being the velocity of light. With a bandwidth of 200 MHz, the maximum range resolution obtained
is 0.75 m. At each discrete step while moving along the rail, the sensor transmits the stepped frequency
signal and records the echo. Thus, the phase is a function of the sensor position as the distance to each target
is slightly altered. By that the physical radar antenna is synthetically elongated. The cross range (azimuth)

resolution dc is directly related to the synthetic antenna length L by:

Equation 2.4

A

6C=ZT

with A being the wavelength and r the distance. The equation for the cross-range resolution equals the cross-
range resolution of real aperture radar (RAR) except for the factor 2. In the case of IBIS-FM with a rail

length of 2 m, a RAR with the same cross-range resolution would need an antenna of 4 m length.

Cross-range /
azimuth resolution

IBIS-L

Figure 2.2.  Resolution concept of IBIS-L synthetic aperture radar. By moving along the x-axis,
IBIS-M can distinguish targets at the same range and different azimuth.

Rddelsperger et al. (2010) describe the advantages and disadvantages of the IBIS-M unit as compared to

other forms of monitoring; one key disadvantage of the system, as with all radar systems, is that it can only

13



provide line-of-sight displacement meaning that important 3-D information of the displacement kinematics

may be missed (Figure 2.3).
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Figure 2.3.  Comparison of site photo and recorded displacement from radar. a) Photo of IBIS-
L monitoring displacements in a quarry, Dieburg. b) Mean amplitude of observed
scene.

2.1.2.3. Satellite-Based Synthetic Aperture Radar
Satellite-based synthetic aperture radar is similar to that described in the above section; however, the images
used to generate the surface deformation maps are retrieved via satellite. Jaroswz and Wanke (2003) have
shown that satellite-based INSAR can play an important role as an initial method to determine the
subsidence active area and further plan for other monitoring methods employing usually “classical”
surveying techniques. It can be also used as complementary method providing accurate monitoring of

vertical component of rock strata movements.

One of the earliest applications of radar interferometry for change detection was accomplished at the site
of the Landers earthquake of 1992 in the Mojave Desert of California (Massonet et al., 1993; Massonet et
al., 1994). Similar applications of radar satellite data have been used to map and monitor landslides, ice
movement, and volcano deformation (Fruneau et al., 1996), and subsidence caused by the extraction of
ground water, oil and gas, or minerals (Carnec et al., 1996; Stow, 1997; Cigna et al., 2012). These
pioneering studies have generated enormous interest in the Earth science community because they point to

an entirely new way to study the surface of the Earth.
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One major drawback affecting satellite INSAR is the longer repeat frequency related to satellite orbit times,
together with other limitations related to the satellite look angles, path coverage and decorrelation (e.g.,

from snow cover and vegetation).

2.2. Stress Analysis and Stress Distribution
2.2.1. Near Open Pit Excavations

Historically, the investigation of mining induced stresses and stress migration has focused on underground
mining where rock mass failures such as rock bursting and pillar collapses occur where compressive and
confining stresses have been shown to contribute to mine instability. Relationships between in-situ and
mining induced stress have been investigated through analytical techniques (Kirsch, 1898; Love, 1927;
Muskhelishvili, 1953; and Savin, 1961) as well as numerical methods (Lorig and Brady, 1984). Stresses
around open pits are generally considered to be gravity driven and mostly dilationary within a homogenous
rock mass (Read and Stacey, 2009); however, the effect of pit excavation on the redistribution of the in-situ
stress magnitudes and orientations with respect to material properties, such as deformation modulus, and
in-situ stress ratios has clearly been demonstrated by Stacey et al. (2003) and has been observed in the
buckling of laminated rock at the base of the slope in several instances. The mining induced stress field
within a homogenous material is shown for an open pit depths of 300 and 900 m in Figure 2.4a and b,
respectively. Principal stresses wrap around the excavation and the magnitude of the maximum stress
increases near the toe of the slope. The relative increase of stress concentrations is similar between the pit
heights (2x the initial stress condition for 300 m and 2.5x for 900 m); however, the absolute stress increase
becomes important when the open pits reach greater depths. For the case of a 900-m deep pit, the maximum
stress increases from a background stress value of 25 MPa to an induced value of 55 MPa in a geostatic
stress environment. A 30 MPa stress increase may be enough to create damage within even a moderately
strong rock mass. Stress orientation of the maximum principal stress was found to be approximately parallel
to the inter-ramp slope angle in the slope and to progressively rotate to be parallel with the pit floor near
the toe of the slope (Smith, 2013). The excavation of a large open pit has been shown to affect both the

magnitude and orientation of the principal stresses within homogenous rock masses.

Pit geometry has also been shown to affect the stress distribution within the rock mass behind the pit face.
The stress contours around a circular pit within a homogenous rock mass are evenly distributed and highly
affected by the in-situ stress field. Modifying the open pit shape (even to a simplified ellipse), creates a
stress concentration along the short axis of the pit (Figure 2.4c) and corresponding lower stress values along

the long axis where there is less confinement. Regions of relatively high or low stress can be observed
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(Figure 2.4d) with local variations of stress orientation for open pits with irregular shapes like bullnoses or
sharp changes in pit slope direction.
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Figure 2.4.  Generalized distribution and orientation of stress around an open pit: a) section
view of a 300m open pit, b) section view of a 900m depth open pit, ¢) plan section
through an elliptical shaped open pit at mid-slope and d) a kidney shaped open pit.

Stresses around open pits are often depicted as being relatively static with the excavation being the single
source of loss of confinement; however, in practice this is rarely the case. The dynamic nature of principal
stresses was clearly shown during the excavation of the Bjgrnevatn mine in northern Norway (Myrvand et
al., 1993). At Bjgrnevatn, in-situ stress measurements were taken at two locations (at approximately 100
and 300 m below ground surface) in both 1971 and 1990, during which time the open pit had been excavated
by roughly 120 m. The subsequent measurements were taken approximately 1 m away from the earlier
measurements. Readings from the measurements showed that during the 19 years of mining, the magnitude
of the maximum horizontal stress had tripled at the shallower location due to stress concentrations near the
edge of the pit.

Recent investigations of seismicity around open pit mining activities at both the Mt. Keith Open Pit Mine
in Australia (Wesseloo and Sweby, 2008) and the Navachab Mine in Namibia (Lynch and Malovichko,
2006) have highlighted the potential of both the stress state and the response to stress to be dynamic around
pits. The micro-seismic activity is attributed to fracture growth in low stress environments; therefore, the

16



excavation of the open pit leads to the development of new areas that can rupture demonstrating the
migratory nature of stresses. Massive rock slope failure processes have been shown to be largely driven by
the initiation and propagation of brittle fractures driven by extensional strain, which interact with natural
pre-existing discontinuities to eventually form basal and internal shear planes (Eberhardt, 2004).
Determining the interaction between the excavation, in-situ stress, and the faults can help identify regions
of high stress as well as those regions where extensional strain can occur. Lynch and Malovichko (2006)
could demonstrate that a focal point of the seismic activity was near a weak group of geological structures
and that the seismic activity was the result of stress changes brought about by the excavation of rock within
the pit.

Wesseloo and Dight (2009) conclude that stress changes during the open pit mining process are much more
complex with zones of comparatively low and high stresses. Generally, near surface in situ horizontal
stresses are higher than the vertical stress. In the open pit mining environment, horizontal stresses can rotate
and concentrate around the bottom of the pit and the toe of the slope leading to higher stresses. What is
often regarded as a de-stressed slope may in fact be a slope with a comparatively low minimum principal
stress, o3 (aligned vertical) but a comparatively high intermediate, o, (circumferential to the pit) and
maximum, o1 (slope-parallel) principal stresses. Wesseloo and Dight (2009) conclude that the influence of
o, is important under bi-axial loading conditions (such as pit excavation) and is therefore important to

develop appreciation of the true 3-D stress fields around an open pit.

2.2.2. Near Geological Structures

Many of the deposits exploited by large pits and mass mining are low grade porphyries, skarns, and other
large scale deposits. Ore emplacement within these deposits are often associated with existing structures in
the rock mass. Applying generalized tectonic conditions to these deposits is extremely difficult due to the
variety of emplacement methods and geological histories at each individual deposit as well as the potential
influence of post-depositional faulting; however, the presence of faulted rock near the deposit is often
common (Cox et al., 2001; Sibsone, 2001). Deposit extents and the potential weakening of the host orebody
by mineralization processes often means that these large-scale deposits are intersected by a series of
regional to mine-scale fault systems as well as other smaller scale or pervasive geological structures such
as veins and joints. Characterization, mechanics, and fluid flow near faults within the geological context as
well as the petroleum industry have been undertaken for which many summaries exist (Faulkner et al.,
2010; Evans and Chester, 1995). As faults often have a controlling nature on the placement and extent of
ore bodies (Cooke et al., 2005; Sillitoe, 2010), the review of the mining interaction with faults is also

warranted.
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Faults have been shown to damage the rock mass on a regional scale though the development of secondary
faults (Maerten et al., 2002) as well as to create stress pockets (Tanno et al., 2010) in natural systems.
Martin (1990) demonstrated through in-situ stress monitoring and numerical modelling that a
compartmentalization of in-situ stress has occurred within the Lac du Bonnet granite. Distinct in-situ
domains were defined with variance in both magnitude and principal direction delineated by major fault

structures at the underground research laboratory (URL) in the Canadian Shield (Figure 2.5).
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Figure 2.5.  Fault separated in-situ stress domains at the URL (from Martin, 1990) including
changes in a) orientation, b) magnitude and c) stress ratio between maximum and
minimum horizontal stress.

Studies of stress perturbations conducted using discrete element numerical modelling (Su and Stephansson,
1999; Su, 2004, Harrison et al., 2010) have shown that changes in both orientation and magnitude of in-situ
stresses can be expected near fault systems. The key factors which affect the stress variation around a fault
identified from the numerical modelling were the mechanical properties of the faulted rock, such as stiffness
and friction angle, as well as the boundary stress ratio. Sassi and Faure (1997) highlighted that major
structural features can control the local variations of the stress regime and influence the deformation modes

of faulting and fracturing which can take place at a smaller scale.
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These stress regimes or local perturbations have proven to be a controlling factor of stability in many
instances in tunneling (Diederichs et al., 2004) and underground mining (Beck et al., 1996; Martin et al.,

2003) but have largely been ignored in open pit mine designs.

2.3. Relevant Failure Criterion

Many modern mining operations define a geotechnical model for their operations which acts as a
fundamental basis for future mine designs and decisions. This geotechnical model is generally composed
of the local lithological or geology model, a structural geology model, rock mass testing, and a hydrological
model. From the geotechnical model, geotechnical domains are created to group together similar behaving
rock masses and these domains are assigned strengths and associated failure criterion. The most commonly
used failure criteria are the Mohr-Coulomb and the Hoek-Brown shear strength criteria, which are defined
by testing rock strengths under varying confining stress levels to determine at what combination of stresses,
shear failure of the rock occurs.

The strength of rock is often characterized with respect to shear-driven failure. Uniaxial and triaxial
compressive strength testing are used to establish the intact rock strength values. Multiple samples of each
rock type (of significance) are tested, with average or mean values being determined. Scaling of these intact
strength values is then carried out using empirical relationships based on field mapping and various rock
mass rating systems, to determine the field-scale rock mass shear strength properties. These are generally
expressed in the form of a shear-based failure criterion, with the linear Mohr-Coulomb and non-linear

Hoek-Brown relationships being the most common.

The tensile strength of rock is also often tested using methods like the Brazilian indirect tensile test.
However, this is restricted to intact rock, and again, empirical relationships like the GSI-Hoek-Brown
system (Hoek et al., 2002, 2013) are used to estimate the rock mass tensile strength, although the values in
this case are more questionable than those derived for shear strength using the same system. This is
primarily due to the heterogeneous nature of rock masses which include previous fractures (zero tensile

strength joints and faults), which make the direct scaling of the tensile strength more difficult.

In between, and even more problematic (with respect to established experience) is the assessment of
extensional strength. Although this can take the form of tensile strength in the presence of tensile stress
gradients, extensile strength also comes into play in cases of low confinement where the maximum principal
stress may be compressive, but the absence of confinement and the freedom to deform, leads to a Poisson’s
ratio effect where the strains in the direction of low confinement are negative (tensile). This can play an

important role locally where brittle fracture propagation and intact rock bridges are a key factor, and where
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the maximum principal stress is high, for example in the case of large pit slopes. On a rock mass scale, the
extensional strength is determined using the scaled compressive shear strength failure criterion described

earlier. This is due to the absence of an established criteria or methodology specific to extensional strain.

2.3.1. Plastic Shear Strain and Strain Softening

Conventional numerical slope stability analyses generally rely on elasto-plastic yield criteria that assume a
plastic shear failure mode. The post-peak behavior in these cases is often treated as perfectly plastic. Yet
experiences with large rock slope failures often point to a more complex failure mode which can incorporate
or even be dominated by brittle fracture and progressive development of a rupture surface through a
combination of localized slip along non-persistent geological structures and fracturing through intact rock
bridges (Eberhardt et al., 2004; Stead and Eberhardt, 2013). Brittle failure is often used to describe the post-
peak behaviour in a stress strain curve; however, it is also used to refer to the physical process of failure
involving extensional or tensile failure of the rock (Kaiser and Kim, 2015). Shear failure has been noted as
the dominant mode of macroscopic brittle failure in compression with high confining pressures; however,
as confinement in reduced, the failure mechanism transitions to one that is more influenced by extensional
brittle fracturing and cohesion loss (i.e., brittle fracture damage) rather than shear failure and friction
mobilization. These effects cannot be fully modelled employing the shear based Mohr-Coulomb or Hoek-
Brown criteria. A review of the importance of brittle failure has been undertaken with respect to
underground mining and tunneling by Diederichs (2003), Diederichs et al. (2004), Kaiser and Kim (2008,
2015), and Kwasniewski and Takahashi (2010). However, the importance of stress-induced brittle damage

on slope stability has largely gone ignored.

While the conventional application of Mohr-Coulomb and Hoek-Brown is considered appropriate for
estimating the shear strength of rock masses around tunnels and slopes where strength is homogenous and
dictated by friction mobilization (i.e., highly jointed), there is growing evidence that for brittle rock masses
where failure is driven by cohesion loss (i.e., massive to moderately jointed), these shear based criteria are
not suitable for estimating the strength of rocks in high stress settings (Martin et al., 1999). The fundamental
difference in behavior is that in jointed rock, slip along discontinuities dominates the failure process, while
at depth (i.e., high stresses) but under low confinement, the process is controlled by stress-induced brittle
fracturing (Cai et al., 2001). Yet the use of the GSI-Hoek-Brown relationships for scaling rock mass
properties (Hoek et al., 2002) is so prevalent and straightforward to use, notably in the absence of alternative
relationships, that even when using a Mohr-Coulomb constitutive model, many practitioners will first
calculate the scaled rock mass properties using the GSI-Hoek-Brown system and then convert these to

equivalent Mohr-Coulomb properties. The quantitative conversion of Hoek-Brown to Mohr-Coulomb
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parameters is done by fitting an average linear relationship to the non-linear Hoek-Brown envelope for a

range of minimum principal stress values defined by T, < 63 < 6'smax (Eberhardt, 2012).

The modification and application of the Mohr-Coulomb and Hoek-Brown criteria to predict the onset of
brittle failure has met with limited success (Diederichs, 2007). Using Mohr-Coulomb, brittle failure is
modelled to force peak cohesion to mobilize before friction; in doing so, brittle fracturing is simulated as
being dominated by cohesion loss (Martin, 1997; Martin and Chandler, 1994). Under this assumption,
Martin et al. (1999) proposed an adapted version of the Hoek-Brown criterion for representing brittle
behavior. In this form of the criterion, the strength envelope is based only on equivalent cohesion (‘s’
parameter), and the equivalent frictional strength (‘m’ parameter) is assumed to be zero. Specifically, the
extent of brittle failure around underground excavations in massive to moderately fractured rock has been
calibrated through field observations of overbreak as m =0 and s =0.11. This reduces the Hoek-Brown

strength criterion for brittle failure to Equation 2.5.

Equation 2.5

o, = o3 + 0,0.11¢

This brittle Hoek-Brown criterion has shown good agreement with field observations when predicting the
depth of brittle failure and rock mass fracturing around tunnels (Martin, 1997), where the traditional Hoek-
Brown criterion greatly under predicts the occurrence of fractures. However, this approach is not adequate
for representing post-peak behavior since it ignores the increase in frictional strength mobilization with

higher damage levels within the rock mass (Hajiabdolmajid and Kaiser, 2002).

Alternatively, strain softening constitutive models in numerical analyses allow representation of nonlinear
post-peak strength loss with increasing plastic shear strain to simulate strength degradation with increasing
brittle fracture damage. Strain softening behavior is more widely applied based on prescribed variations in
terms of Mohr-Coulomb (i.e., cohesion, friction, dilation and tensile strength) as a function of the deviatoric
plastic shear strain. A reduction of rock strength is applied to the properties after the onset of yielding.
Using this method, additional damage can be accounted for within a numerical model, however, this is an

implicit not explicit representation of brittle fracture.

2.3.1. Extensional Strain and Brittle Fracture Damage

Through research conducted mainly for underground mining and tunneling in brittle rock under high in-

situ stress conditions (Kaiser and Kim, 2015; Kwasniewski and Takahashi, 2010; Kaiser and Kim, 2008;
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Diederichs et al., 2007; Kaiser, 2006; Diederichs et al., 2004; Diederichs, 2003; Martin, 1999), findings
have led to a better understanding of stress driven failure involving brittle fracturing under low confinement.
These have not been fully replicated using standard failure criteria. Diederichs (2007) proposed a composite
s-shaped failure envelope to be used to identify areas of potential spalling in tunneling and underground
mine infrastructure. At lower confining stresses, the failure envelope for damage of massive rocks was
found to be limited in tension by the true tensile strength of the rock (Figure 2.6). Below the lower bound
field strength envelope, damage did not occur within the rock, whereas above the envelope, micro-cracks
began to initiate at the grain scale. The upper bound strength was found to be controlled by shear fractures
formed by micro-crack coalescence. At low confinement, rock that was stressed above the lower bound
envelope incurred spalling damage as new extension cracks and old cracks could propagate.
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Figure 2.6.  Composite failure envelope for damage initiation and spalling (from Diederichs
2007) proposed for tunneling and underground mining environments.

After recognizing the difficulty of estimating rock mass strength in brittle conditions, Stacey (1981)
proposed an extensional-strain criterion based on laboratory testing of intact rock to interpret sidewall
slabbing and tunnel face spalling in hard rock. This criterion states that brittle fracturing of the rock will

initiate when the extension strain exceeds a critical value ecrit which is dependent on the properties of the
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rock. In a numerical analysis, this can be applied as a failure criterion to be compared against an elastic
stress analysis to assess the potential depth of brittle fracture damage. The extensional strain is defined as
the minimum principal strain 63 (in a compression positive convention) and is calculated from the principal

stresses using the three-dimensional elastic equation (Equation 2.6)

Equation 2.6

Ecrit = (03 — v* (0 + 02))/E

In the previous equation, o1, 62 and o3 are the three principal stresses, v is Poisson’s ratio and E is the
modulus of elasticity. The extensional strain magnitude ecrit depends on all three principal stresses,
including the out-of-plane direction in a 2-D analysis. As it can be deducted from Equation 2.2 that strains
can be extensional even in a triaxial compressive stress field. This means that it is not necessary for the rock
mass to be in tension, but simply one in which confinement loss is experienced resulting in extensional
strain in the direction of o3. The onset of extensional strain zones around an open pit implies that the rock
mass has deformed in at least one direction, which can lead to brittle fracturing. The extensional strain
criterion provides an explanation for the development of brittle fractures observed under low confinement
levels, like near an excavation. The criterion seems to work well in predicting fracture initiation in brittle
rocks, where it has shown better agreement with the stress-induced spalling observed in many deep tunnels
and ore passes compared to the Mohr-Coulomb or Hoek-Brown elasto-plastic (frictional) constitutive
models. It can also predict the orientation of induced fractures, which will occur in the plane normal to the
minimum principal stress c3. Stacey’s criterion is only intended to predict potential zones of extension
fracturing representing rock mass damage. It does not account for material weakening due to these fractures,

or attempt to represent post-peak behavior.

Stacey (1981) suggested a critical value of extensional strain was suggested at a stress level of
approximately 30% of the ultimate strength of the rock, which corresponds to very small strains, ranging
from 0.0073 to 0.0175% strain. Further research conducted by Sukurai (1981), Fuji et al. (1994 a, b), Li et
al. (2000), and Kwasniewski and Takahashi (2010) have furthered the definition of an extensional strain

failure criterion primarily focusing on underground mining and tunneling environments.

For rock slopes, although largely ignored, Stacey et al. (2003) introduced the idea of extensional strain as
a control on brittle rock mass failure affecting slope stability, and illustrated the importance of in-situ stress
on the localization of extensional strain behind the pit wall in a homogenous rock mass. Stacey et al. (2003)
also showed that the orientations of extensional fractures are expected normal to the minimum principal
stress. Within a homogenous rock mass, extensional strain was shown to largely occur at the toe of the

slope or with its contact with the pit floor, whereby new fractures align to the free face of the open pit.
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Within the open pit mining environment, much of the near surface rock mass is gradually subjected to low
confinement conditions during the excavation of the pit. As such, it becomes very difficult to determine the
effect of low confinement extensional strain as compared to the gravity driven kinematics and shear strain
along the discontinuities within the rock mass and how far ahead of the excavation face that extensional

strain can have an effect.

Several case examples reviewing the potential damage created extensional strain around open pits were
reviewed by Dight (2006). The results indicate that structures and lithological changes may influence the
location of fracture growth created by extensional strain leading to the breakage of rock bridges or unknown

features within the slope.

2.4. Numerical Modelling — Current State of Practice

Numerical modelling methods are used to investigate numerous open pit and underground mining
operations, and represent the state-of-the-art in geotechnical analysis tools used within the industry.
Hamman and Coulthard (2007) describe the current uses of numerical modelling in the mining industry as
being: 1) a predictive tool, given detailed and accurate input data and appropriate calibration, and 2) a
method to undertake parametric studies, given uncertain or qualitative data on the rock units and geologic
structure. Numerical modelling also serves as an investigative tool to explore and better understand

mechanisms.

Once a numerical analysis is deemed necessary, the user must make several choices which affect the ways
the engineering problem and the inputs used are addressed. These choices include the use of 2-D or 3-D
analyses, limit equilibrium or advanced numerical techniques, use of continuum or discontinuum codes,

etc.

Currently, much of the work done within the industry for open pit analyses is completed using 2-D
numerical analyses. Cross sections through the problem geometry are chosen with representative lithologic
boundaries and geologic structures. Two-dimensional codes generally provide quicker solution times and
are simpler to develop due to the reduced dimensional needs for defining the problem geometry, together
with required inputs regarding the in-situ stresses and geological structures present in the rock mass. Recent
advances in computing technology have allowed for higher-level 3-D analyses to be undertaken; however,
they are mostly conducted by only the md to upper level mining companies and not yet widely used by

smaller or junior companies due to limitations in computing power and time required to set up a problem
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involving complex 3-D geometries. Three-dimensional codes allow the models to incorporate varying

stresses as well as changing slope angles, slope directions and discontinuity orientations within the slope.

Continuum codes, such as RS2 and RS2, formerly Phase2 (by Rocscience) or FLAC and FLAC3D (by Itasca
Consulting Group) involve structured meshes which allow the user to develop detailed numerical models
with respect to mining excavations and major geological changes. Faults can be included within continuum
numerical codes through a variety of methods, the most prominent being through the assignment of
specialized constitutive models (for example the ubiquitous joint model) or reduced input properties to a
grouping of elements representing the fault. Other techniques include the use of interfaces that allow the
mesh to separate, although these are not as commonly used as they negate the simplicity of the continuum
framework. Each of these methods may be used if the geology and slope failure mechanism can be
appropriately represented; however, continuum treatments also come with some major drawbacks that also
need to be considered. For example, the ubiquitous joint method will only allow the user to add a single
plane of weakness within a single element and cannot be made to be continuous through several elements.
While this may be enough to replicate a failure mechanism at the onset of failure, if continued movement
is expected, this method will not appropriately capture the stresses and displacements that will occur.

Discontinuum methods, such as the distinct-element codes UDEC and 3DEC (by Itasca Consulting Group),
model a rock mass as an assemblage of discrete blocks that allows for internal sliding along and
opening/closure between blocks to occur. The discontinuities are treated as boundary conditions between
blocks allowing for large displacements along discontinuities and rotations of blocks are allowed without
severely distorting the entire model. The blocks within the assemblage can be set as rigid or deformable.
Deformable blocks are subdivided into a mesh of finite-difference elements, and each element responds per
a prescribed linear or nonlinear stress-strain law. Linear or nonlinear force-displacement relations for

movement in both the normal and shear directions also govern the relative motion of the blocks.

Discontinuum methods used to analyze the stability of large open pit mine slopes are particularly well suited
to problems involving jointed media or when structures are believed to play a significant role in the stability
of the slope. The approach shows the importance of joints in enabling slip to occur between blocks as well
as yielding and deformation of the blocks in contributing to the kinematics and development of the failure
mechanism (e.qg., flexural toppling). Rose and Scholz (2009) provide four examples of the use of UDEC to
approximate the 2-D stress-strain paths of a large open pit slope by simulating bench-by-bench mining with
a strain softening constitutive criterion. The results attained from this study were compared and calibrated
against geodetic monitoring data to allow for predictive modelling of the pit slope walls. One of the

important limitations of discontinuum modelling, especially in 3-D, is the need to simplify the geometry of
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the fault surfaces. The simplifications chosen by the user may have a significant effect on the stresses,

strains and rock damage produced within a model.

One commonality to both continuum and discontinuum methods as well as 2-D and 3-D models is the
method in which stress is treated within the model. In contrast to analyses involving underground
excavations, the initial in-situ stress conditions in slope stability analyses are thought to be less important
to the eventual result. Within advanced codes, in-situ stresses are applied throughout the model as either
constant boundary conditions assigned to the edges of the model or by applying constant values of stress
within the models based on geodetic loading or generalized tectonic in-situ stress ratios. Generally, in-situ
stresses at the beginning stages of a mine-scale numerical model are set out in a depth-dependent fashion
(i.e., gravity loading) with a stress ratio multiplier assigning either higher or lower horizontal stresses
relative to the gravity dependent vertical stresses. Weaker units within the models will accept a lesser
amount of stress relative to adjacent stiffer units; however, in general, it is only once mining is simulated
within the model that stress heterogeneity begins to develop. This is done for several reasons including: i)
the need to set up the geometry of the problem prior to running the model, ii) the lack of perceived
information on the structural or tectonic history of the site, iii) the low confidence in material properties
and their impact on stress heterogeneity; and iv) budgetary and time constraints in creating practical

numerical models used in decision making.

Due to the expense of collecting appropriate data and the natural variability of geological systems, the fact
that numerical modelling for geomechanical analysis of mining operations suffers from a lack of
information should not be a surprise. This in fact emphasizes the need to use numerical modelling as an
investigative tool to explore potential risks and hazards related to geological uncertainty, constrained for
practical purposes by field observations. Geomechanical characterization of a rock mass is very much
simplified in terms of rock behavior and potential failure mechanisms. Strain-softening of a rock mass is
one method in which the user of the numerical analysis can simulate brittle behavior, test post-peak strength,
and to allow for early on-set of failure if the critical strain limit is set appropriately. In practice, very few
sites have enough information to properly group and characterize the peak or residual strength and behavior
of the rock. With numerical models, the user can explore potential outcomes of mining decisions based on
engineering judgement; however, the properties and behaviors used must be justified to allow decision
makers to have confidence in the potential outcomes they are presented with. As such, most peak strengths

are simplified and post-peak behavior ignored.
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2.5. Research Methodology

For Objective 1, to “Determine if differential behavior of a rock mass, near or separated by faults, can be
detected and/or characterized ...”, the methodology adopted includes first analyzing two unique monitoring
data sets. This entails an in-depth review of historical geodetic prism data collected by the Palabora Mining
Company Ltd. (Palabora), prior, during, and after a massive pit wall failure that occurred in 2004. The type
of data collected at Palabora is typical of that collected at an active mine site; however, a focused analysis
of monitoring data will be performed to determine the influence of large and persistent faults on the
recorded displacements during the mine’s transition from open pit mining to underground block caving.
Results link geodetic displacements to the influence of faults on slope deformations. These demonstrate
that the point measurements require much of the rock mass response to be interpolated.

Based on the limitations experienced during the review of the Palabora data set, a “first of its kind”
experiment was proposed and carried out in which two terrestrial INSAR units are simultaneously deployed
to collect continuous, line-of-sight displacement data for a large, moving open pit slope. The slope selected
for this experiment was at the Teck Highland Valley Copper (THVC) mine near Kamloops, B.C., and
involved a weak rock mass transected by a large fault zone that separates zones of rock mass yielding near
the toe and toppling kinematics near the crest. This experiment was designed to determine if emerging
technologies in slope monitoring can be improved on to provide both full spatial coverage as well as a real-

time 3-D slope displacement map.

For Objective 2, to “Identify the critical factors controlling stress heterogeneity around open pit mines...”,
several potential factors will be investigated with 2-D and 3-D numerical models. The impact of these
factors on slope stability will be evaluated, ranging from regional, pit, and local slope scales. Both
continuum and discontinuum modelling methods, as previously described, and utilized where their
strengths prove advantageous. The model geometries are largely conceptual, but these and the input

parameters used are based in part on actual open pit examples.

For Objective 3, to “Identify the critical fault characteristics which influence the development of stress
heterogeneity and determine the best means to represent these in numerical models...”, several aspects of
geological structures (i.e., faults and fault zones) will be analyzed using detailed 2-D and 3-D numerical
models. These will examine the effect of faults on stress development and rock mass deformation as an
open pit is progressively excavated. The numerical analyses will be used to show that failure mechanisms
can transition from one that is primarily structurally controlled to a more complex mechanism that
incorporates stress-strain rock mass damage near an adjacent fault. Fault aspects to be examined include:

width, representation of faulted rock (i.e. discrete plane or fractured zone), and surface complexity. The
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role of in-situ stresses and 3-D mine geometry, relative to the discontinuities, will also be investigated. A
similar approach as for Objective 2 is used with respect to employing both continuum and discontinuum
modelling methods, and basing models in part on actual large open pit cases. These models will be
calibrated and constrained by the monitoring sets developed from the first objective. A comparative analysis
of linear and non-linear elasto-plastic, bi-modal and strain softening constitutive models is conducted

through numerical modelling of the HVC case study.
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CHAPTER 3 DETECTION OF DIFFERENTIAL PIT SLOPE
DISPLACEMENT NEAR FAULT STRUCTURES

Synopsis

This chapter investigates the ability of current and emerging monitoring technologies to detect differential
behavior of a rock mass within an open pit intersected by large geological structures. Faults within a rock
mass can be expected to control or at least affect the displacement magnitudes and patterns within open pit
slopes. Depending on the rock mass strength and deformability, the faults may act to constrain rigid block
movement or may influence rock mass deformation within a fault-bounded block. This chapter focuses on:
1) typical insights that can be achieved through current and emerging displacement monitoring techniques,
2) the structural control of faults on displacement within large open pits, 3) the advancement of a state-of-
the art monitoring technique, and 4) the ability to assess pit slope kinematics using these techniques. The
primary component of this chapter (Section 3.2) has been published as a journal paper in Engineering
Geology (2014, vol. 181, pp. 202-211). Parts of Section 3.1 have been published as a technical paper
presented at the Caving 2010 Symposium in Perth.

3.1. Structural Control of Slope Displacements in Brittle Rock at Palabora*

* Sections extracted from Severin, J., Eberhardt, E. & Woo, K. (2010). Influence of major fault zones on 3D ground
deformations caused by open pit block cave interactions. In Caving 2010, Proceedings of the 2nd International
Symposium on Block and Sublevel Caving, Perth, 20-22 April 2010. Edited by Y. Potvin, ACG, Perth, pp. 205-216.

3.1.1. Introduction

The Palabora Copper Mine is located approximately 500 km northeast of Johannesburg, South Africa.
Mining commenced in 1964 as an open pit operation, producing a pit measuring approximately 800 m in
depth and 1650 m across by the end of the pit life in 2002. Inter ramp angles ranged from 37 degrees in the
upper weathered rock to 58 degrees in the competent lithology at the base of the pit (Moss et al., 2006).
The mine successfully transitioned to a block caving operation with underground production commencing
in April 2001 and increasing gradually until full production was achieved in May 2005. The geology of the
ore body at Palabora involves a sub-vertical volcanic pipe emplaced within pyroxenite. Late stage dykes
with steeply dipping northeast trends are also present as are several northwest and northeast trending faults.
Figure 3.1 shows the four main faults transecting the pit. Amongst these, the Mica Fault is described as a

60-m wide shear zone comprised of large rock blocks, fault breccia and fault gouge.

29



Mica Fault
(82/093)

Southwest Fault
(87/344)

Tree Fault

(87/344) Central Fault

(89/024)

Figure 3.1.  3-D structural model of the Palabora open pit with regional faults indicated. North
is towards the top. The outline of the 2004 pit wall failure is shaded red.

3.1.2. Interpretation of Geodetic Pit Slope Monitoring Data

Areview of available geodetic monitoring data at Palabora was conducted to investigate how the transecting
faults can affect the spatial and temporal response of a hard, brittle rock mass to mining activities. Slope
behaviour was reviewed using displacement rates, cumulative displacement, and direction of displacement
with respect to these major features. The assessment includes all geodetic data collected between 1984 and
2004, during pit deepening, block cave initiation, crown break through, and eventually, pit wall failure.

Focus was placed on the west wall and northwest wall of the pit.

Generally, both displacement rates and direction of prism movement during pit deepening appear to be
consistent with normal rebound associated with the excavation of the open pit. The displacement vector
directions for the Palabora mine from 1998 to 2005 are plotted in Figure 3.2a), differentiating those before
(green) and those after (red) the initiation of caving. Inspection of the incremental displacements showed
that before caving, displacement rates were constant and in a common direction and the vertical component
was dominant suggesting that both strain relief (rebound) and downward relaxation of the slopes towards
the pit were active components in response to mining. In general, the displacement rates increased with pit

deepening, with the displacement vectors prior to caving pointing towards the bottom of the west wall and
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middle of the pit. Prisms located near the Mica and Southwest faults show movement toward the faults,
likely due to the compression of broken rock within the brecciated fault zones. Minor movements along the

Mica Fault in a strike-slip direction during pit deepening can also be observed in the data.

After the initiation of caving operations in April 2001 and progressing up to the 2004 pit wall failure, the
pattern of displacement in the west wall began to noticeably change. Displacement data collected from most
prisms on the west wall indicate that the rock slopes are being drawn towards a location beneath the
northwest wall (red arrows in Figure 3.2a), roughly corresponding with the location of the eventual failure.
Microseismic data collected at Palabora (Glazer, 2003) supports the displacement data interpretation that

the caving front migrated from beneath the centre of the pit, as planned, to beneath the north wall.

Most prisms located on the west side of the Mica Fault underwent a sharp, distinct movement to the
southwest during January to February 2002. This movement did not correlate well to any pit or underground
development activities and is therefore interpreted as a strike slip motion along the Mica Fault, possibly
induced by the growing caving front. Prisms located on the east side of the Mica Fault did not experience

this movement.

The temporal changes in the West wall resolved from the analysis of the geodetic data further reveal several
important that are key to understanding the 3-D slope kinematics in response to block caving. A review of
the timing at which the prisms began to move toward the base of the north wall show that the displacements
occurred in stages. Figure 3.2b indicates the location of the prisms reviewed and their relative start date of
displacement toward the north wall. The red dots show areas of consistent movement of the surrounding
rock mass as early as January 2003, roughly the same time as the cave breakthrough occurred in the bottom
of the pit, while prisms located to the west of the Mica Fault (main north-south fault) began to displace 3
to 6 months later (green and orange dots, respectively). Prisms to the west of the Mica Fault did not begin
to displace until June 2003, suggesting that the fault may have partially shielded the rest of the west wall
from movement during these early stages of cave migration. The Mica Fault consists of a zone of brecciated
rock, which would allow most of the extensional strains caused by the advancing cave to be diffused through

dislocation and opening rather than transferred across to the west side of the fault.
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Figure 3.2.  Prism data review indicating both spatial and temporal control of faults on rock
mass displacements. a) West wall displacement vectors before block caving (shown
in green) and after (shown in red); b) Relative timing of displacement of prism
toward failure zone (red = crown de-stressing, green = +3 months, orange = +6
months).
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In summary, the analysis of the monitoring data from Palabora relative to the pit wall failure has led to
several important observations that provide insight into the kinematics of the west wall. From these, the
following working findings were derived: a) the caving front acted as the dominant control for the pit slope
movements observed, but the major fault zones crossing the pit also had a notable influence, b) the sub-
vertical nature of the geologic structures tend to promote vertical movements, damp those that are horizontal
and extensional, and have little to no effect on those that are horizontal and compressional, c) the Mica
Fault shielded the West wall from induced strains during breakthrough of the cave and failure of the
northwest wall, d) the location of the cave front along with the vertical nature of the geologic structures
interacted to promote subsidence of the northwest wall with a feedback that promoted migration of the cave
back towards the northwest wall, and e) the cave back does not appear to migrate up and along one of the
major faults, but rather along the dominant joint set in the north wall.

3.2. Development and Application of a Pseudo-3D Pit Slope Displacement Map Derived

from Ground-Based Radar”

* Severin, J., Eberhardt, E., Leoni, L., and Fortin, S. 2014. Development and application of a pseudo-3D pit slope
displacement map derived from ground-based radar. Engineering Geology, Vol. 181, October 2014, pp 202-211.

3.2.1. Introduction

Slope monitoring using radar, geodetic prisms, visual observations, and other geotechnical instruments
forms a key component of modern open pit slope management programs for most mining companies. The
management programs are designed to focus on providing an early warning of an impending slope failure
so that personal risk to mining staff is minimized while mine production is maximized by reducing
downtime of the mine. Standard slope monitoring practices typically involve the periodic measurement of
geodetic prisms by a survey crew or robotic total station to identify and quantify the nature and extent of
pit slope movements. The prism data, being point measurements, are susceptible to uncertainty relating to
the geological conditions and slope kinematics controlling the instability mechanism. The detection of
accelerating behavior may either be an early warning of impending failure or a false alarm related to highly
localized movements in the immediate vicinity of the prism or atmospheric conditions in the pit. Similarly,
the interpolation of slope behavior between prism locations may result in displacements influenced by
large-scale geological structures being misinterpreted or missed all together. Increasingly, the geodetic data
is collected in collaboration with radar instruments to help delineate the region of increased slope

displacement and collect data between the geodetic prisms on the slope. Radar data is collected near
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continuously in real time, which creates a massive amount of data over a short period. Thus, it is often only
used for early warning monitoring using vendor-provided software, even though it also contains useful

information on the slope instability kinematics.

This paper outlines a novel experiment which may be repeated in cases where mine staff is required to
investigate and gain a better understanding of the 3-D kinematics and dynamics of pit slope displacements
which have been identified as representing a threat to mine operations and safety. The experiment involves
the simultaneous deployment of two ground-based interferometric synthetic aperture radar systems which
were used to collect continuous, line of sight displacement data in “stereo” of a large, moving open pit slope
bisected by a large fault. The data and results presented demonstrate that an improved understanding of the
3-D kinematics of the slope and influence of large scale geological structures can be achieved using
advanced state-of-the-art monitoring techniques. This understanding can be used to help mitigate the

current risk presented by a slope or be used to design the next phase of an open pit layout (e.g. pushback).

3.2.2. Slope Monitoring Techniques

Investigative Monitoring

For slope monitoring to be most effective, the data should first be used to gain a baseline understanding of
the slope behavior before using it for predictive purposes and defining early warning alarm thresholds.

Thus, the function of the monitoring network is serving two purposes (Moore et al., 1991):

(i) Investigative monitoring: To provide an understanding of the slope behavior over time and

typical responses to external events (e.g. precipitation and seasonal fluctuations).

(ii) Predictive monitoring: To provide a warning of a change in behavior, enabling the possibility

of limiting damage or intervening to prevent hazardous sliding.

Investigative monitoring has been shown to facilitate a greater understanding of the behavior of both natural
(Willenberg et al., 2008) and engineered slopes (Walker et al., 2006), thus enabling the correct mitigation
measures to be selected or to confirm that the slope is performing as expected. Ultimately, pit slope
monitoring is carried out to ensure the safety of workers and equipment with the added benefit of calibrating
geotechnical models. Alarm thresholds are usually set based on experience, extrapolating measured
displacement time series to detect accelerations that exceed set thresholds. Rose and Hungr (2007)
demonstrated further utility by extrapolating the inverse velocity time series introduced by Fukuzono
(1985). It must be noted that these approaches are generally applied independent of the failure mechanism

or monitoring method (e.g., geodetic point measurement and tension crack opening). As such, false alarms
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or uncertainty over misleading instrument readings is a frequent problem. Once an alarm is triggered, the
mine may shut down operations around potential instability. If a failure occurs, the procedure is deemed a
success (Seery, 2007); if not, the procedure results in costly downtime, delays to production schedules and

diminished confidence in the system.
Geodetic Monitoring

Geodetic monitoring represents the most common method employed in pit slope management due to its
general reliability, relative low cost, and ease of execution. The geodetic monitoring of numerous prisms
installed on multiple benches is now routinely undertaken using robotic total stations, with recent efforts to
combine these systems with global navigation satellite systems (Brown et al., 2007). Monitoring through
GPS receivers has also been seen as an answer to large open pit projects where the pit diameter exceeds 1

km and refraction and pointing errors start to limit the effectiveness of total station measurements.

Outside of potential safety concerns during the deployment of the prisms, an important limitation of data
collected from geodetic monitoring is that movement and deformations between prisms must be
interpolated. This may result in: i) the boundaries of areas with high displacement rates being poorly
defined, ii) smaller scale structurally controlled movements such as wedge or planar sliding to be
overlooked, and/or iii) the kinematics behind larger and more complex pit-scale failures being
misinterpreted. Another major limitation is the interruption of monitoring of prisms due to the physical loss

of the prism or due to dust causing a disruption.
Radar Monitoring

New developments in slope monitoring include the use of remote sensing technologies like terrestrial radar,
which provide high resolution, full area spatial coverage as opposed to relying on geodetic point
measurements. Radar works by continuously scanning and comparing highly accurate and precise
measurements made from up to 4 km from the slope face to detect sub-millimeter movements (with an
accuracy of 0.1 to 1mm, depending on distance). Radar units can collect real-time, near-continuous (5-
minute interval), line-of-sight (1-D) monitoring data of large areas in all weather conditions (Farina et al.,
2012). Such capabilities are helping to establish radar as a key tool for managing unstable pit slopes, quickly
identifying the size, extent and temporal behavior of a developing failure (e.g., Harries et al., 2006; Seery,
2007; Harries and Roberts, 2007). Rddelsperger et al. (2010) describe the advantages and disadvantages of
radar data as compared to other forms of monitoring. The precise measurement of displacement from far

distances allows radar data to be used by researchers in several state-of-the-art applications such as
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monitoring volcanic activity (Di Traglia et al., 2014), concrete dam displacement (Talich et al., 2014), and

natural slope stability (Martino and Mazzanti, 2014).

Ground based synthetic aperture radar was initially applied to measurement of natural slope movements in
the Italian Alps (Tarchi et al., 2003) in 2000 and since has been validated during multiple investigations of
landslides (Noferini et al., 2007; Monserrat et al., 2013) and has been used as a predictive tool to forecast

slope displacement (Herrera et al., 2009; Casagli et al, 2010).

One key limitation of all radar systems is that it can only provide line-of-sight displacement meaning that
important 3-D information of the displacement kinematics may be missed. The collection of large amounts
of data in combination with a shrinking and overly specialized work force has had the unintended effect of

reducing the mine geotechnical engineer to either a radar system trouble shooter or a data archive manager.
3.2.3. Full Spatial Detection of a Slope
Teck Highland Valley Copper Mine

The Teck Highland Valley Copper (THVC) mine is located near Kamloops in south-western British
Columbia, Canada (Figure 3.3). THVC is a truck and shovel operation comprised of several open pits. The
experiment described within this paper was carried out in the Lornex Pit (Figure 3.4).

Highland
Valley Copper
Mine )

Figure 3.3. Geographic location of study site, Teck Highland Valley Copper mine (left) with
aerial view of Lornex and Valley Pits (right) [online image]. Retrieved December 5,
2009 from http://www.trcr.bc.ca/report-33rd-annual-mine-reclamation-awards.
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Figure 3.4.  West wall of the Lornex Pit at the Teck Highland Valley Copper mine, showing the
location of the Lornex Fault Zone, and graben-like backscarps and toe bulging that
has developed with pit wall movements.

The west wall of the Lornex Pit is a 400m high slope with an overall angle of 29° (Figure 3.4). The rock is
relatively competent but is altered near the fault zones. The west wall is bisected by the Lornex Fault Zone
(LFZ), a zone of highly fractured and intensely altered rock ranging between 40 and 80 m that dips
approximately 75° into the slope. The LFZ in conjunction with the other faults in the slope is interpreted as
playing a critical role in controlling the kinematics of the upper slope movement (Rose and Scholz, 2009).

Other moderately to steeply dipping faults that trend northeast—southwest occur intermittently throughout
the hanging wall of the LFZ. Movement within the hanging wall of the LFZ (upper slope) is reported as
being caused by a complex toppling mechanism with a historical maximum daily velocity of greater than
300 mm/day (Rose and Scholz, 2009). At the time of the writing of this paper, the west wall of the Lornex
Pit was well instrumented with over 75 geodetic prisms installed; however, the northwest portion of the pit
wall is relatively void of prisms (Figure 3.5, left), primarily because of safety concerns, lack of access
preventing their installation, or slope displacements that rendered them inoperative. The Lornex Pit is

currently undergoing a pushback around its entire circumference.
Experiment Set-up and Instrument Positioning

The radar system used in this study was an IBIS-M (manufactured by IDS Ingegneria Dei Sistemi). The
system is based on: i) Stepped Frequency Continuous Wave (SF-CW), allowing resolution in the range
direction, ii) Synthetic Aperture Radar (SAR), allowing the system to resolve the monitored region in the
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cross-range direction, and iii) differential interferometry, which allows the measurement of displacements
by comparing phase information of the back scattered electromagnetic waves collected at different times.
The first radar unit (Site A) was located near the top of the northeast pit wall (Figure 3.5, right). The distance

of the monitored points here ranged between approximately 800 and 1500 m.
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Figure 3.5.  Location of operational geodetic prisms on the northwest wall Lornex and the radar
monitoring experiment sites (right) with respect to the portion of the wall
undergoing the highest rates of displacement (within dashed lines).

At this distance, the resolution of the monitored pixels was 1.5 x 4.3 m. This site was chosen for being
roughly parallel to the general direction of slope movement. Site B was located at the top of the southeast
pit wall, providing good spatial overlap with Site A and an oblique angle to the projected direction of slope
movement. The distance of the monitored points ranged between 1200 and 2500 m, which correlates to a
monitored pixel size of 1.5 x 8.6 m. Both monitoring sites were selected as their locations were stable
(minimal displacement) and outside the range of any fly-rock generated from production blasts in the pit.
Power to the radar units was provided by batteries and a portable power generator. The timing of the data
collection scans was set to collect data simultaneously within the internal clock of the radar units with scan

time intervals of approximately 6 min. The data were then collected for a 5-day overlap time. As the
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distances between the monitoring point and the wall of interest were different, the frequencies used to
collect the data were not the same and no interference occurred. A typical radar setup is shown in Figure

3.6. A full description of the IBIS-M system is given by Farina et al. (2012).

Figure 3.6.  Site preparation and installation of the IBIS-M radar unit for the 3-D radar
experiment, showing: leveling and grading of gravel site pad, lifting of concrete
filled drums for radar base, fitting of leveled radar guide rail, and radar positioning
for pit wall monitoring.

3.2.4. Data Analysis
Resolving 3-D Displacement Vectors

The monitoring data was collected and processed using the software 1BIS Controller® and IBIS Guardian®
to remove the atmospheric artifacts, in both range and cross-range, from the phase information with a
mathematical algorithm that can automatically discern stable points from those that are moving. This avoids
the need to manually select ground control points. Two independent displacement maps in raster format for
each of the installation points were created over the selected time frame. Using ArcGIS, the raster data set
were combined with a digital elevation model (DEM) of the mine site and converted into global coordinates

39



with displacement values. The slope was pixelated into a grid of between 30,000 and 40,000 monitoring
points by each radar unit. The locations of the center points of the pixels were compared and matched, and

approximately 25,700 points were found to be common between the two data sets.

Based on the original location common to each raster set (Xa1, Ya1, Za1 = Xg1, Ys1, Zg1), the corresponding
line-of-sight displacement magnitude and the location of each radar instrument, a displacement vector for

each direction of movement was created (Xaz, Y a2, Zaz2 and Xgz, Ygz, Zs2) using the formula:

Equation 3.1
(X2, ¥2,22) = (x1,¥1,21) + R * [(x1,¥1,21) — (X0, Y0, Z0)]

where Xo,Yo,Zo0 is the instrument location, and R is the ratio of the measured displacement and distance from

the instrument.

For each of the new vectors created, the equation of the plane perpendicular to that vector at the new point
(Xaz2, Yaz, Zaz and Xa, Yaz, Zg2) Was determined. The actual displacement of each raster cell must exist on
both planes; therefore, the end of the combined displacement vector exists on the line created by the
intersection of these two planes.

In the absence of a third radar unit to allow for true 3-D triangulation, one of the values of the new vector
was assumed. In this case, an estimated value for the elevation was evaluated by using two techniques: an
average Z value and a weighted Z value based on displacement. For the weighted Z value, the elevation of

the new vector was determined using the following relationship:

Equation 3.2

DispA  AZ,
Disp B AZg

Inspection of the results using this relationship suggested that the weighted Z value (i.e., weighted elevation

values) produced a unique solution for the combined A + B vectors (Xcomb, Y comb, Zcomb).

An idealized example is shown in Figure 3.7. In this example, two vectors are created from the respective
line-of-sight displacements (Sites A and B) with corresponding planes perpendicular to the vectors. The

two planes are plotted with a resultant line of intersection.
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Line of
Intersection

Site B Vector

Figure 3.7  Determination of pseudo-3D vector (green) resolved from the line-of-sight vectors
(A and B) and a weighted elevation assumption along the line of intersection
between planes normal to A and B. Also shown is the average elevation option.

For a given elevation value entered into the equation representing the line of intersection, both X and Y
values can then be determined. In this case, when a larger amount of displacement is recorded by one
instrument, it is assumed that the direction of movement for that cell is more like the direction parallel to
the line of sight of that instrument and a weighted value for the elevation (Equation 2.2) is used. In
individual cases, geological features such as the fault or joints can be used to help interpret the direction of
movement; however, these assumptions would not be able to be used over the entirety of thousands of
points making up the displacement map. Caution should be used when trying to apply specific knowledge
to the displacement map as the precise location of the vector and the digital elevation model may lead to
the interpretation of an incorrect structure.
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3.2.5. Displacement Map Generation

The newly created vectors and corresponding points were imported into the CAD software Rhino© (Rhino
Software, 2010), and sorted by magnitude. These points/vectors were then draped over a DEM of the

Lornex Pit and the Lornex Fault Zone to determine the patterns of movement.

Displacement maps based on the individual instruments (Sites A and B) were also created for individual
comparison. Unfortunately, no geodetic prisms were operational at the time of the experiment to help
calibrate the creation of the 3D displacement map (as seen in Figure 3.5, left). A further validation

experiment was not attempted as the condition of the prisms was not disclosed at the time of the experiment.

3.2.6. Potential Sources of Error

Several potential sources of error during the creation of these maps were identified. Rounding errors may
be introduced as the CAD software used can handle up to 8 significant digits. This error is expected to only

be significant where very small displacements are recorded.

To create a true 3-D displacement map, three radar units would be required; however, with the use of two
units, a pseudo-3D map can be produced. The result of the combination of the two vectors created from
each individual unit is the equation of the line of intersection of the two planes. Therefore, the end
displacement vector direction can be influenced by the end elevation assumed. If the displacements in the
pit wall were predominantly vertical, a larger source of error would be incorporated in the vector direction.
In this case, the two radar units were placed at roughly equal elevations and the direction of suspected
movement was largely horizontal based on site observations, historical prism data and previous numerical
modelling, meaning that the methods for determining the end elevation did not greatly influence the
direction of the vector. If the direction of movement is suspected to contain a larger vertical component,

then a different configuration of radar placement would have been required.

As both radar units were located near the crest of the opposite slope, much of the pit wall being monitored
was below the elevation of the instruments. This means that all movements were recorded in near horizontal
or an upward line-of-sight direction. The principal direction of movement in some areas above the Lornex
Fault Zone is expected to be gravity driven and move downward toward the toe of the pit wall; therefore,

only a portion of the displacement was resolvable.

To achieve a more realistic vector, at least one of the instruments should be located nearer to the bottom of
the pit; however, this presents logistical and safety problems in an operating mine environment and possible

interference with pit operations.
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Another potential source of error was the displacement of the monitoring units during the data collection.
The end and center points of both units were surveyed at the start, mid-point, and completion of the

monitoring period to capture any movement and/or rotation of the radars.

3.2.7. Three-Dimensional Displacement Pattern

Line of Sight Displacement Magnitudes

The pattern of total cumulative displacements observed from Sites A and B during the monitoring period
is shown in Figure 3.8. At Site A, displacement values ranged between +26 and —220 mm/day, while at
Site B, displacement values ranged between +35 and —275 mm/day. Negative values represent movement

toward the instrument, while positive values represent movement away from the instrument.

Although the instruments were focused upon the same slope segment, the displacement patterns recorded
from Sites A and B were found to be similar with slightly different boundaries and, in some cases,
magnitude. This confirms the presence of absolute movement occurring in distinct areas of the pit wall and
that the different perspectives of the instrument can capture different components of that movement. The
comparison between the two displacement patterns highlights the importance of the investigative processes
used in understanding the failure or displacement mechanism within a slope prior to setting thresholds used
to set monitoring alarms. If a single (often arbitrary) position is picked for slope monitoring, the nature of

the pit wall movement may not be observed.
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Figure 3.8.  Measured line-of-sight displacement patterns from experiment site locations. Note
that a minimum cut-off value of 30cm was used to reduce the background noise.

Combined Displacement Magnitudes

The combined displacements measured from the two radar systems lead to the pattern observed in Figure
3.9. Displacement values ranged between 0 and 307 mm/day and as much as 750 mm cumulative
displacement over the monitored 4-day period. As the vectors, have been combined, displacements no
longer must be referenced as being toward or away from the instruments as in line-of-sight monitoring
techniques but rather an absolute value. These results show maximum displacement values that are higher
than the 100 mm/day average reported for the geodetic prisms (Rose and Scholz, 2009). Likely explanations
for this discrepancy include the large number of points being measured, the opportunity to measure near
vertical rock faces and areas moving too rapidly to install stable prisms, and the mining activities at the
time of the experiment which may have influenced activity along the LFZ.
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By creating the pseudo-3D displacement map, a more complete representation of the location and pattern
of displacements in the slope can be achieved. Based on the combined displacement pattern, several distinct
zones of displacement can be observed in Figure 3.9, including: i) below the Lornex Fault near the base of
the pit, ii) just above the LFZ near a former access ramp, and iii) in the upper reaches of the slope. The full
extent of these lobes can be determined as well as smaller zones within the pit wall. The zones of
concentrated displacements resolved by combining the individual radar line-of-sight displacements
highlight several smaller areas of localized displacement otherwise not discernible in either of the individual
displacement plots. These displacement zones can then be used, in combination with the conventional
geodetic data, to aid the creation of a conceptual model used to interpret the measured displacements and
the underlying kinematics of the slope, the limits of movement within the slope, and to help calibrate future
2D and 3D numerical deformation models.

Displacement Vectors

The displacement direction of each monitoring point can be resolved into a vector from the individual sets
of radar monitoring data from monitoring sites A and B (Figure 3.10). The enlarged region in Figure 3.10
shows an example of an area with higher displacement rates in the slope. By plotting the displacement
vectors, several independent lobes of movement within the slope are observed which are likely controlled
by separate structures within the rock mass as well as changes in lithology and constitutive behavior of the

rock mass.

The vectors indicate toppling movements in the upper slope above the Lornex Fault, which agrees with the

presence of a persistent discontinuity set that dips steeply into the slope.
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Figure 3.9.  Displacement pattern of data set combined from Sites A and B. Several distinct
zones are identified (i, ii and iii), as described in the text.
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Figure 3.10. Vector map of the data combined from Sites A and B, with vectors scaled to
displacement magnitudes to show direction of movement. Left diagram shows an
enlarged view of the lower slope (approximately 125 x 125 m).

3.2.8. Pit Slope Kinematics

Review of the combined radar displacement data (magnitude, direction, and plunge) allows for an
expansion of earlier slope kinematic models (Tosney et al., 2004; Piteau Associates Ltd, 2008; Rose and
Scholz, 2009), which were created to describe the observed displacements within the Lornex Pit based on
field observations and geodetic data, complemented by 2-D numerical analyses. Figure 3.11 shows
projections of the 3-D radar data in terms of cumulative displacement magnitude, trend, and plunge taken
directly from the displacement vectors with the mapped geologic structures plotted on the slope (Black
lines) (Figure 3.11 a through c). Each of the aspects of the displacement vectors was reviewed in detail to
identify potential failure mechanisms, abrupt changes in the values were concluded to be controlled by
structural features within the slope.
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Figure 3.11. Oblique view of the Lornex Pit northwest corner, highlighting areas of higher
displacement and movement directions. a) displacement magnitude, b) average
azimuth (trend) of displacement vector, c) average plunge of displacement vector,
and d) interpreted pit kinematics of the northwest corner of the Lornex Pit.
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A bias within the plunge data exists as the setup locations of both radars were placed near the pit rim, giving
rise to an upward plunge in the line of sight displacement. The plunge values should only be used as a tool
to help guide in the identification of possible rock displacement kinematics and to determine areas of
relative upward movement. Figure 3.11d shows the interpreted kinematic modes based on the 3-D radar
data, which were then used to develop the engineering geology model of the interpreted pit wall deformation
mechanisms in Figure 3.12.

Displacement
Magnitude

[:]40— 50 mm
Ws0-60mm
| .60— 70mm
Bo-30mm

1
|

|
|
| Horst and Graben |
I sliding _'=
|
|

Sliding
Shearing
Toppling

| 'T________L__*____

Direction of !
Movement

Minor Faults and
Joints Networks

Figure 3.12. Schematic diagram of interpreted kinematics for the northwest wall of the Lornex
Pit. Note that the measure displacement vectors have been overlaid on the pit slope
surface.

Several key observations with respect to displacement patterns and slope kinematics can be observed within
the plots in Figure 3.11. Within a continuum environment, displacement within the pit arising from the
excavation would tend to show a gradual change in magnitude, azimuth and plunge as the rock responds to
the changes in stress. The discontinuous nature of the measured displacement indicates that rock mass

response can be partially or fully controlled by large scale structures such as faults. Both small variations
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and abrupt changes can be detected within both the displacement data suggesting not only movement or

separation along structures but also yielding of the rock mass in between the faults.

Comparison between the displacement magnitude and azimuth indicates that the areas with the highest total
displacement above the Lornex Fault tend to move toward directions between 120° and 150°. Movement
within the northwest corner between the Lornex Fault and the pit access ramp is interpreted as being
predominantly sliding controlled by a shallow dipping fault(W1-1) sub-parallel to the slope or shear
structures parallel to theW1-1 Fault. The sliding allows for the development of graben-like blocks to form
and drop into the space created by the translational sliding (Figure 3.12). The presence of a basal fault
controlling sliding in the upper slope agrees with the kinematic model developed by Rose and Scholz
(2009). In the western half of the upper slope, these displacements decrease in magnitude and become more
sporadic in terms of direction. Together they suggest that the movement within this region is dominated by
toppling and shearing of the rock mass induced by the dilation of the rock mass and loss of confinement
within the slope. Significant sliding may not be observed within the west wall due to the angle of incidence
between the fault and the pit wall. As the pit wall direction curves toward the south, sliding along the fault
is enabled.

The lower line of sight displacements within the upper portion of the slope and interpretation that these are
being dominated by vertical downward movements of graben-like blocks are supported by geodetic data
that exists outside of the area monitored by the experiment. The lack of directional correlation in the 3-D
radar data below the LFZ suggests that the rock mass below the fault (altered Skeena Quartz Diorite) is
undergoing bulging through shearing and dilation of the rock. Thus, the 3-D radar data shows a clear and
distinct difference in slope behavior from that of the complex sliding—shearing—toppling mechanism
interpreted in the upper slope. This corresponds with the presence of weaker, more tectonically disturbed

rock below the Lornex Fault combined with higher shear stresses at the toe of the slope.

3.3. Radar Experiment Conclusions

A novel experiment involving the simultaneous deployment of two ground-based radar systems was
conducted to collect continuous, line of sight displacement data in “stereo” of a large, moving open pit
slope bisected by a large fault. The simultaneous monitoring with two synthetic aperture radar units has led
to the construction of a high resolution, pseudo-3D displacement map of a large open pit rock slope.
Analysis of the corresponding displacement vector map allowed an interpretation of the overall slope
kinematics to be resolved. The 3-D radar experiment could identify localized movements related to smaller-

scale geological structures and changes in pit wall slope orientation.
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The radar monitoring clearly provided a significant increase in coverage above that possible using geodetic
prism, with over 25,000 common displacement points. The need to extrapolate displacements between
prisms is avoided and small areas of high displacement that may pose potential safety concerns can be better

identified and monitored.

Furthermore, areas which cannot be monitored due to poor or dangerous access can be covered by the radar
without the need to install prisms. For the 3-D radar experiment reported here, the monitoring could identify

localized movements related to smaller-scale geological structures and changes in pit wall slope orientation.

Understanding of the pit slope kinematics was significantly improved with the pseudo 3-D radar data. This
has the potential to add significant value to a mine project where the mine plan is considering a pit wall
pushback to deepen the pit. In such cases, the influence of the controlling nature of any major faults and
smaller structures on the pit wall movements can be investigated and better understood with respect to pit
geometry, slope deformation kinematics, evolving failure mechanisms, and ultimately geo-risk. This is the
subject of ongoing research, and involves the integration of the 3-D slope deformation map with advanced
3-D numerical modeling. Preliminary modeling using the distinct element code 3DEC has been carried out
to further investigate and validate the kinematic model derived from the 3-D radar data. In parallel, the 3-
D radar data is being used to calibrate the model with respect to the controlling influence of important fault
and joint properties, including location, persistence, and strength characteristics. These can then be

projected for future deepening of the pit and pushback of its slopes.

3.4. Chapter Summary

The review of both commonly used and emerging monitoring technologies has shown that large scale
geological structures, such as faults, can affect deep-seated rock slope behaviour within a large open pit.
The potential influences of a fault on pit slope stability observed through the review of monitoring date in

this study include:
e acting as a sliding service and prompting kinematic controls;
¢ influencing the vertical and/or horizontal slope displacements;
e acting as a focal point for damage to occur in the surrounding rock mass (or propagation of a cave);
¢ shielding the rock mass from stress or strain increases generated by nearby mining; and

e creating areas of potential extensional strain and brittle rock fracturing.
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CHAPTER 4 INFLUENCE OF STRESS HETEROGENEITY ON
LARGE OPEN PIT SLOPES

Synopsis

This chapter investigates the development of stress heterogeneity and potential damage at and behind large
open pit rock slopes. Several factors ranging from regional scale, such as stress regime, to more local scale,
such as changes in lithology, are investigated to determine their relative impact on the stability of large
open pits. Of primary interest is the interaction that develops between the existing faulted rock (and/or fault
damage zones) and the incremental deepening of a large open pit. This interaction has the potential to create
pockets of high localized stresses in the adjacent rock mass several times greater than the typical stresses
arising from the mining process or those calculated in numerical slope stability analyses. Similarly, these
damage zones can also produce zones of extensile strain that help to promote brittle fracture propagation
and the development of tension cracks. This stress heterogeneity is amplified as the pit depth increases,
which can influence slope displacements or failure mechanisms especially at critical times in the pit’s
operation where deepening is required to further access valuable ore (e.g., via a pushback) or plans are to
transition to underground mining beneath the pit. This chapter reports the findings for a numerical
investigation examining the potential for and influence of stress heterogeneity, a topic that has received
some attention in the context of underground mining, but has not been addressed yet in research on large
open pits. The numerical analyses within this paper summarizes a series of conceptual 2-D and 3-D
numerical models. The analyses and results highlight: 1) the identification of the key factors in creating
stress heterogeneity within a pit wall, 2) the impact of selected fault properties on mining-induced stress
development, 3) the evaluation of increasing pit depth and mining-induced stresses on amplifying the
damage state around faults and the resulting effects on pit slope performance, and 4) potential
design/mitigation strategies that mines can employ to reduce the adverse effects of stress heterogeneity in

the pit wall. This chapter is in the process of being submitted to a peer-review journal.

4.1. Introduction

Recent mining trends have shown an increase toward the proposal of deeper and more complicated open
pit mine designs either within difficult or unique ground conditions, or incorporating a future transition to
underground mining, via open stoping, sub-level or block caving. Many of these challenging open pit
designs push our empirical knowledge base, which has largely been founded on smaller pits and

structurally-controlled failures. Unexpected multi-bench failures or hazardous acceleration events have
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occurred at several of the largest open pit mines in current operation including Bingham Canyon Copper
Mine (Newcomen and Dyck, 2016), Chuquicamata Copper Mine (Lorig and Calder6n Rojo, 2009),
Palabora Copper Mine (Brummer et al., 2006), Cuajone Pit (Hormazabal et al., 2013), Betze-Post Pit (Rose,
2011), Grasberg Mine (Ginting et al., 2011), and the Gold Quarry Mine (Yang et al, 2011). Within these
deeper open pits, the response of the pit slopes to higher stresses is not well understood, thus significantly
increasing the mines exposure to the consequences of a major pit slope failure. These potential
consequences include worker injury and loss of life, loss of equipment and production, loss of economic
value due to sterilization of ore or increased dilution, and the forced deviation from the mine design, or

ultimately force majeure and closure of the mine.

A key knowledge gap is the importance and influence of the pre-mining in-situ stress state. In-situ stress
has been identified as being a potentially important factor in the development of failure and unexpected
displacement in larger open pits (Sjoberg, 2013; Noorani et al., 2011; Robotham; 2011; Dight 2006). Pre-
mining in-situ stress fields can deviate from simple gravity loading to a highly heterogeneous stress state
due to the presence of tectonic stresses, topography, geological contacts, rock lithology/stiffness contrasts,
rock mass anisotropy, and major faults. This potentially complex pre-mining stress field is then further
altered as the mine is developed and the ore is extracted. As open pits extend to deeper depths and stress
levels increase, the relative importance of deeper seated shear or compressive brittle fracture failures is also
increased, leading to unexpected damage of the rock mass behind the pit face. Both observation and
understanding of these complex failure mechanisms are limited with respect to past experiences, which
instead have primarily focussed on low stress, joint-controlled kinematics. These stress changes may
influence the response of the intact rock at a small local scale, for example intact rock bridges between non-
persistent discontinuities, but also affect larger volumes of the rock mass when the structures contributing

to stress heterogeneity intersect at the mine scale, for example major faults.

Experiences with large open pit slope failures along with awareness that the industry is pushing knowledge
boundaries (as mining progresses deeper), has increased the need to assess potential failure mechanisms
not routinely considered in slope design. Conventional slope design is dominated by limit equilibrium
analyses where the failure mechanism is assumed a priori. In many the recent failures, previously listed,
tectonic faults have been shown to play a key role in the development of failure, either through influencing
slope kinematics or by weakening the rock mass. Damage of rock bridges from brittle fracture propagation
leading to complex step path or progressive failure mechanisms, has also been shown to be a significant
factor affecting the stability of both natural slopes (Eberhardt et al., 2004) and open pit mine slopes
(Sjoberg, 1996; Sainsbury, 2007; Elmo et al., 2007). Localized plastic shear strain and extensional strain,

hypothesized here as being generated in pockets of low and high stresses induced during pit deepening

53



(referred to herein as stress heterogeneity), has been shown to play an important role in the development of
large slope failures (Eberhardt et al., 2003; Stacey et al., 2003; Rose, 2011).

In the sections that follow, a series of conceptual numerical models are developed and presented which
begin by examining the mining-induced stresses that develop in a large open pit slope based on conventional
treatments of the pre-mining in-situ stress conditions. These are then contrasted with models that
incorporate the influence of regional to local scale stress heterogeneity, with a focus on heterogeneity
resulting from the presence of tectonic faults and damage zones. The complex interactions that develop
with increasing slope height and the factors shown to affect local stress heterogeneity are then discussed as
well as possible mining strategies that may reduce the development of adverse stress conditions near faults

within a pit wall.

4.2. Induced Stresses and Open Pit Mining

The pre-mining in-situ stress state is the single most important boundary condition influencing the
calculation of mining-induced stresses. Historically, the investigation of in-situ stresses has largely been
restricted to underground deep mining studies where mining-induced stresses and stress-induced failures
such as squeezing, spalling, and rock bursting might impact mine safety and production. Relationships
between in-situ and mining-induced stress have been investigated through analytical techniques (Kirsch,
1898; Love, 1927; Muskhelishvili, 1953; and Savin, 1961) as well as numerical methods (Lorig and Brady,
1984).

Despite being a fundamental concern in the design of deep underground excavations, in-situ stresses for
large open pit projects are generally treated using simplified assumptions of gravity loading and
homogeneity (Read and Stacey, 2009). An example of the mining-induced stresses calculated for a 600-m
high, 45° slope based on these assumptions is provided in Figure 4.1. Within a homogenous rock mass, the
stresses developed in the model are guided by continuum mechanics and are shown to increase with depth,
redistributing and concentrating at the toe of the slope. Even though the model is highly simplified, the
results provide a useful basis for understanding the impacts of pit excavation on an in-situ stress field for a
continuum-based numerical analysis of slope stability. Smith (2013) gives a detailed account of stress
trajectories around an open pit assuming a homogenous rock mass material and notes that principal stresses
rotate to be approximately parallel to the inter-ramp slope angle and that stresses near the toe of the slope

progressively rotate to be parallel with the pit floor.
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Figure4.1.  Generalized stress distributions and orientations for a 600-m high, 45°,
homogeneous, open pit slope, showing maximum principal stress (top), minimum
principal stress (middle) and principal stress trajectories (bottom).

It is argued here, however, that the in-situ stresses affecting pit slope stability are far from being the simple
homogeneous, gravity driven conditions typically assumed. Instead, several factors have been noted to

affect the in-situ stress field within a rock mass ranging in scale from regional to local effects. Thus, the
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key factors contributing to the development of stress heterogeneity in an open pit slope can be classified

per the scale at which they impact stress development (Figure 4.2).

Regional Scale:
* Tectonic Regime / In-situ Stress

* Topography

Pit Scale:
* Pit Geometry
* Pit Depth

Wall Scale:

* Lithological Boundaries

* Joint Sets / Foliation

* Large Scale Faults and Damage
Zones

*  Mine Plan

Figure 4.2.  Factors identified as contributing to stress heterogeneity near open pits ranging
from regional scale to local wall scale.

Many of these factors are geological in nature and therefore represent the fixed conditions the mine design
must account for. Others, such as global economics, govern the price of the commodity being mined (e.g.,
gold, diamonds, copper, etc.), which when combined with the mine’s development and operating costs,
control the cut-off grades required to make the mine profitable. When combined with the orebody type,
these factors usually determine the shape and depth of the open pit. Mine development plans and local
geometry details are often refined based on operating factors such as equipment selection, pit dewatering
and surface water diversion efforts, mill feed requirements, ore grade variability, and others. Pit slope
designers are often left with only a few options for creating optimization opportunities to improve the mine

economics or reduce geotechnical risks.

Mining companies are required to make a series of compromises which balance operational, geotechnical,
and ore grade considerations in developing their mine plan and slope designs. Some of these are well
understood. For example, if the mill does not receive a specific grade of ore, the economic impact is
immediate and easy to quantify, but also easy to mitigate (e.g., stockpiling of different ore grades). In
contrast, many of the consequences of uncertainty related to pit slope design and stability are poorly

understood or unrecognized. This either introduces risk to the operations, or requires added conservatism
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in the slope design. Chief amongst these uncertainties is the pre-mining in-situ stress state, which despite
its importance as a boundary condition in numerical analyses, or its complete absence in limit-equilibrium

safety factor-calculations, often does not get reviewed in sufficient detail due to time and staff constraints.

It should be cautioned, however, that the assumption of gravity loading and stress homogeneity, as is
commonly adopted in many slope stability analyses, is also the most favorable for returning a stable slope
answer. The influence of stress heterogeneity on slope stability is investigated in the following sections.
Unless otherwise stated, the numerical analyses performed are based on 3-D finite difference modelling
using the commercial code FLAC3D (ltasca, 2012). Also, it should be noted that FLAC3D calculates

stresses with compression negative.

4.3. Investigation of Regional-Scale Stress Heterogeneity Factors
4.3.1. In-Situ Stress Regime

Natural formations of rock have been subject to complex stress histories through various geologic processes
(e.g. plate tectonics, uplift, intrusion emplacement, erosion, glacial loading and unloading, etc.), which
result in an in-situ stress state that is highly heterogeneous and very difficult to measure or predict, both in
terms of magnitudes and orientations of the principal stresses. For this reason, together with skepticism
regarding their importance near surface, in-situ stress measurements are rarely included in most open pit
mine site investigation programmes. Nevertheless, it is a required boundary condition for any numerical
analysis. The input is typically assigned assuming a constant vertical stress gradient and setting the
horizontal stress as a ratio to this. The horizontal to vertical stress ratio is commonly denoted as K. Common
assumptions include: i) gravity loading, where the horizontal stresses are calculated during humerical time
stepping based on the Poisson’s ratio (this typically results in a K of 0.33 to 0.5); ii) an extensional or
normal faulting stress regime (0.5 < K < 1); iii) a hydrostatic stress regime, where the in-situ stresses are
equal in the vertical and two horizontal directions (K = 1); and iv) a thrust faulting stress regime (K>1,
often up to K = 2). During the feasibility and design stages of a proposed mine, the influence of the in-situ
stress assumption is sometimes compared through a sensitivity analyses involving two or more of these in-

Situ stress assumptions.

In contrast to the prevalent modelling assumption that the in-situ stresses are gravity controlled (K =0.3to
0.5), regional stress data compiled by various authors suggests otherwise. Hoek and Brown (1980)
compiling data from several countries with significant mining activity show that the horizontal stresses
down to 1000 m depth tend to be 1.5 to 2.5 times the vertical (Figure 4.3a). A similar example is given by
Mahoney et al. (2006) for the Canadian Shield (Figure 4.3b). The latter further shows that the stress gradient

with depth is not necessarily constant, in this case changing at several hundred metres depth to a less steep
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K ratio. Martin (1990) demonstrated through an intensive in-situ stress measurement campaign at the AECL
Underground Laboratory, supported with numerical modelling, that changes in the in-situ stress field with
depth can be compartmentalized and change in gradient in response to major tectonic features. This
involved the differentiation of distinct in-situ stress domains that varied both in magnitude and principal

stress direction on either side of major sub-horizontal thrust fault structures (Figure 4.4).
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Figure 4.3.  Compilation of measured principal stress magnitudes in terms of: a) horizontal to
vertical stress ratio for several mining-focused countries (Hoek and Brown, 1980),
and b) maximum principal stresses for the Canadian Shield (Mahoney, et al., 2006)
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Figure 4.4.  Fault separated in-situ stress domains at the URL (from Martin, 1990) including
changes in a) orientation, b) magnitude and c) stress ratio between maximum and
minimum horizontal stress.

To illustrate the effect that the in-situ stress ratio has on stress concentrations at the toe of a 45° slope, a
series of FLAC3D models were constructed comparing pit slope heights of 300, 600, and 900 m. The
models assumed elastic properties for a weak rock mass to demonstrate the potential of stress accumulation.

Properties for the models are given in Table 4.1.

Table 4.1. FLAC3D properties used for in-situ stress sensitivity modelling

Pit Slope Host Rock Stress Regimes

Height Erm |_1|,O§t Ro?k Density Tested
o1sson’s
(m) (GPa) Ratio (kg/m?) (Ko)
300, 600, 900 5.87 0.25 2500 0.5,1.0,2.0,3.0
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Figure 4.5 FLAC3D model geometries and finite difference meshes used for in-situ stress
sensitivity modelling with slope heights of 300, 600, and 900m.
Figure 4.6 illustrates the affect of increasing horizontal stress ratios on the development of deviatoric stress
at the toe of the 300, 600, and 900 m high slopes. Deviatoric stresses represent the difference between the
maximum and minimum stresses and are used here to illustrate high stress conditions with low confinement
areas of the pit. In this low confinement condition, deviatoric stress can also be used as a proxy for
maximum shear stress. The results of this sensitivity analysis illustrate that the deviatoric stresses are shown
to increase at a dramatically increased rate for higher in-situ stress regimes as the pit depth increases. This
suggests that deeper pits in high in-situ stress environments would be far more susceptible to yielding and

shear failure at the toe while still being subject to low confinement stress.

Historically, open pit designs have largely been limited to depths of up to 500 m where stresses are generally
lower and those arising from the excavation of the pit are considered dominant. In shallower pits, for
example a 300-m deep pit, the increase in deviatoric stress at the toe of a slope may range in the order of
10 to 20 MPa, depending on the K stress ratio; these magnitudes are generally within the strength capacity
of a moderately competent rock mass. As the horizontal to vertical stress ratio K increases, the calculated
stress concentrations in the toe of the slope similarly increase but with an increasing gradient as the slope
height increases. Thus, the modelling results in Figure 4.6, show that the deviatoric stresses for a 300-m pit
with an initial K stress ratio of 3 is much less than a 900-m pit slope with a K stress ratio of 1, even though
the initial stress magnitudes are approximately the same (note that the difference is in the orientation of the

maximum principal stress).
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Figure 4.6.  Deviatoric stress magnitudes with varying in-situ stress regime and pit depth. Note
that the increase in deviatoric stress is greater with increased pit depth compared to
increased horizontal stress ratios.

4.3.2. Topography

The effect of topography (without the influence of tectonic forces) on the in-situ stress state is significant,
but also straight forward and easily accounted for in numerical analyses. Where the ground surface contains
a series of hills and valleys, the rock stresses under gravity loading will result in principal stresses near the
surface that are parallel and normal to the undulating topography. However, with depth, the influence of
topography on the stress trajectories diminishes and eventually approaches the same orientations as when
the ground surface above is flat. Slopes and valleys create unbalanced stress concentrations in their troughs,
like those at the toe of an open pit slope (Figure 4.1). Figueiredo et al. (2012) demonstrated the effect of
topography on the distribution of in-situ stresses at the Paradela Dam site in Portugal in which the
orientation and magnitude of the near-surface principal stresses were found to deviate significantly (up to

35%) from stresses expected from gravity loading alone.

The effect of local topography was investigated using FLAC3D, comparing a 600 m high pit slope
excavated into a flat lying topography with one involving a sloping topography with an elevation change

difference of 300 m near the pit crest. Elastic rock mass properties are assumed, as outlined in Table 4.2,
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together with hydrostatic stress conditions (K=1). Figure 4.7 shows the two 3-D model geometries
developed (top), together with the continuum mesh along a section cut through the highwall of the pit
(middle), and maximum principal stresses (o1) along the section (bottom). Regionally, the stress contours
follow the topography, however, upon final excavation, the stress contours around the pits for both cases
were found to be generally similar. However, although the highwall, stresses appear to be similar, local
variations of 2 to 5 MPa are present. This example suggests that minor variations in maximum and minimum
stresses can be expected if topography changes exist around the pit. Extreme topographic changes (i.e.
mountainous environments) in which topographic changes are more significant are expected to have a larger

effect on the stress distribution around the pit.

Table 4.2. FLAC3D properties used for topography sensitivity modelling

Host Rock Stress regimes

Host Rock .
Erm Poisson’s Density tested
(GPa) Ratio (kg/m?3) (Ko)
5.87 0.25 2500 1.0

Although the maximum principal stress showed only minor variation in magnitude, the influence of
topography can be observed by examining the deviatoric stress around the pit. Figure 4.8 shows the
deviatoric stresses within the two models using an oblique plan view and a section view along the red line
in Figure 4.7. While the pattern and magnitude of deviatoric stresses at the bottom of the pit remains similar
between the models, the topographic influence is shown to clearly control the deviatoric stress closer to the

surface and may affect potential failure mechanisms that initiate in the upper portions of the pit walls.
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Figure 4.7.
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Figure 4.8 FLAC3D deviatoric stresses for topographic sensitivity analyses, oblique (top) and
section (bottom) views. Note the similarity in deviatoric stress patterns at the bottom
of the pit and the variation near the pit crest. Compression is negative.

4.4. Investigation of Pit Scale Stress Heterogeneity Factors
4.4.1. Pit Geometry

Although many slope stability analyses adopt the simplifying assumption of 2-D plane strain, the geometry
of an open pit has a major impact on the 3-D stress redistribution surrounding the open pit. Stress contours
around a circular pit within a homogenous rock mass are evenly distributed; however, around an elliptical
shaped pit, greater stress concentrations exist along the short axis of the pit with lower stress values
(involving relaxation) occurring along the long axis. Zones of smaller pockets of stress heterogeneity can
be observed locally with small-scale irregularities in the pit shape, for example bullnoses or sharp/tight
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corners. To illustrate this, plan views were cut at mid-slope heights through several different FLAC3D

models analyzing different open pit geometries, as shown in Figure 4.9.
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Figure 4.9.  Modelled stress distributions (in plan) relative to the geometries and in-situ stress

field orientation for several actual open pit geometries. These include: a) HVC’s
Lornex pit, b) preliminary Mine A open pit design, c) Palabora, and d) preliminary
Mine B design. Cooler colors reflect relaxation stresses and the warmer colours
reflect stress concentrations.

These models incorporated variable pit depths (ranging from 300 to 800 m) and rock strengths; however,
the in-situ stress conditions for each model was assumed to be hydrostatic (K=1). The plots show areas in
which low (blue) or high (red) stress concentrations have developed beyond that of the expected lithostatic

condition (white).

Given that the geometry of an open pit can affect the stress distribution behind a pit face, the combination
of pit geometry and in-situ stress regime is expected to drastically affect the distribution of the low and high
stress regions around a pit. To further investigate the impact of high horizontal stresses on the development
of stress heterogeneity surrounding the pit, two end member geometries were selected for further review in
FLAC3D, the roughly circular shaped pit at Palabora in South Africa and the elongated Lornex pit at Teck’s

Highland Valley Copper mine in British Columbia. Each of these pit geometries were subjected to either:
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a) hydrostatic stress conditions (K=1), b) high E-W horizontal stresses (aligning with the model’s x-X axis,
or ¢) high N-S horizontal stresses (aligning with the model’s y-y axis). Rock strength and deformation

modulus input values were kept consistent between the different model simulations (Table 4.3).

Table 4.3. FLAC3D model input parameters for comparative analysis of pit geometries and in-
situ stress ratios
Hosé Rock Host Rock Densit
Pit m Poisson’s y Stress Regime
Geometry (GPa) Ratio (kg/md) (Ko)
Ko=1
Elongated 58 0.25 2500 Ko=2 (xx)
| | Ko=2 (yy)
Ko=1
Circular 58 0.25 2500 Ko=2 (xX)
Ko=2 (yy)

The results for the elongated open pit geometry indicate that relative to pit slope behavior, the presence of
narrow ends or abrupt changes in circumferential pit wall shape will lead to areas more susceptible to
shearing and crushing (in tight corners), compared to kinematic block movements (sliding and toppling) in
the destressed long axes of the pit. For many open pit projects without stress information or with
inconclusive stress data, a stress sensitivity analysis can be run using 3-D numerical modelling to determine
the risk of very high or low stress regions on slope stability. In pits that are elongate in shape, a change in
the in-situ stress ratio and magnitudes (either through tectonic stress or depth) may affect the mining

induced stress more so than pits that are roughly circular in shape.

For the circular pit shape, the 3-D numerical modelling results (plan view) show that the increase in mining-
induced stress is roughly the same for the different pre-mining in-situ stress scenarios, although the location
of the stress concentrations depend on the orientation of the pre-mining maxiumum principal stress axis, as
expected. For the elongated pit shape, the effect on the magnitudes of the redistributed mining-induced
stresses is more significant. This is highlighted in Figure 4.10, where the maximum stress for the elongated
pit shape is 40% greater (28 MPa vs 20 MPa) in the regions of high stress when the maximum principal

stress is orientated perpendicular instead of parallel to the long axis of the pit.
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Figure 4.10. Stress heterogeneity near elongated and circular pits for varying in-situ stress
regimes. The relative increase in stress development is greater for the elongated pit
geometry with changes in the direction of the principal stresses. Compression is
negative.

During back analyses, the interaction between pit geometry and in-situ stress regime is often tested by
changing the boundary conditions in a numerical model; the pit geometry is given and the in-situ stress
ratio K is varied. This often reflects the most important unknown in an open pit mine design and stability
analysis. This was exemplified by experiences at the Palabora block cave mine where detailed 3-D
numerical back analyses first required a modification of the in-situ stress conditions from what was
originally measured (Itasca, 2007), and then only 8-months later, required the maximum horizontal stress

direction be rotated 90 degrees to further improve the model calibration (Itasca, 2008).

4.4.2. Pit Depth

As pit depths continue to deepen, understanding of the in-situ and mining-induced stresses occurring within
the slope become ever more important. A FLAC3D model (as Figure 4.5) of an extruded (2x slope height)
45° open pit slope section was developed to determine the increases in maximum principal stress. For
illustrative purposes, an elastic model is assumed using the properties outlined in Table 4.4.
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Table 4.4.

FLAC3D properties used for pit depth sensitivity modelling

Host Rock Stress regimes
Host Rock .
Erm Poisson’s Density tested
(GPa) Ratio (kg/m3) (Ko)
5.87 0.25 2500 1.0

Figure 4.11 shows the maximum principal stresses under hydrostatic stress conditions (i.e., gravity loading)
at increasing slope heights of 300, 600 and 900 m. and the value of estimated mining induced stress, which

is the maximum stress at the toe of the slope -subtracting the pre-mining value at the same location.
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Figure 4.11.

Maximum principal stresses (o1) calculated for a 300 m (top), 600 m (middle) and
900 m (bottom) open pit slope height. Mining induced stress concentration at the
toe of the slope is shown. Note that compression is negative.
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As the slope height increases, the observed concentration of induced stresses increases in a linear
relationship (Figure 4.12). Concentrated stress increases at the toe of the slope (in this case increasing by
more than 20 MPa) may prove significant in weaker ground conditions or in promoting the progressive
failure of rock bridges that in turn contribute to internal shearing and localization of failure at the toe of the

slope.
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Figure 4.12.  Induced mining stress (i.e., stress change above the pre-mining stress state) located at
the toe of the slope as a function of pit depth.

4.5. Investigation of Wall Scale Stress Heterogeneity Factors
4.5.1. Rock Mass Strength and Lithology Variations

At the pit wall scale, rock mass properties such as deformation modulus have been shown to affect the
mining-induced stresses (magnitudes and orientations), and thus the expected behavior of the rock near the
toe and crest of an open pit slope (Stacey et al., 2003). Stacey et al (2003) varied the Young’s modulus and
Poisson’s ratio for a homogeneous open pit slope, and determined that the magnitude of extensional strain
is inversely proportional to the Young’s modulus and directly proportional to the Poisson’s ratio. However,

the assumption of a homogenous slope is an over-simplification, as most pit slopes contain multiple
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geological or geotechnical units that can be locally significant. The effect of stratification and changes in
lithology on the in-situ stress state has been reviewed by multiple authors and in most cases, vary in
response to contrasts in stiffness in the rock units, with stiffer rocks carrying a higher share of the overall
stress than more compliant rock units (Warpinski et al., 1985; Haimson and Rummel, 1982; Whitehead et
al., 1987).

To investigate the impact that changes in lithology have on stress development within open pit slopes, a
series of conceptual FLAC3D models were created in which a slope of increasing height (300 to 900 m)
includes a lithological unit in the lower half of the slope that is either two to five times more or less stiff
than the adjacent lithological unit (Figure 4.13 and Table 4.5). The models were run with elastic properties
and hydrostatic stress conditions to demonstrate the potential stress build up in the toe (i.e., stress shedding

due to yielding is negated).

~

Weaker Stiffer
he Toe Toe

Figure 4.13. Model set up to determine sensitivity of stress heterogeneity development to relative
lithological stiffness. Models were run with either weaker or stiffer materials in the
bottom half of the slope.
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As expected, the results indicate that higher deviatoric stresses concentrate in the toe of the slope with the
presence of a stiffer lithological unit at the toe (Figure 4.14). As the pit deepens (slope height increases),
the variance in stress concentrations at the toe of the slope increases. For example, the increase in deviatoric
stress is almost double at the toe of a 900-m slope compared to a 600-m slope when the lithological unit is
five times stiffer (24 MPa compared to 13 MPa). With increasing depth, changes in lithology or rock mass
strength are compounded due to the overall increase in mean stress, and for these deeper pits, an increase
of 10 MPa may be the difference between rock bridges failing and shear failure localizing. Many rock
masses exhibit a stiffness and strength anisotropy, and rock mass fabric is known to influence the
distribution of in-situ stresses, both in magnitude and orientation (Amadei, 1996).

Table 4.5. FLACS3D Lithological stiffness sensitivity model parameters

Stress Stress
. Pit Change Change
Em  poisson’s DMWY penths  with Stiff  with Stiff
Pit Geometry  (GPa) Ratio (kg/md) (m) Toe (%) Crest (%)
Stiff Material |, 0.25 2500 600 +43% -22%
(x5) 900
+45% -25%
stiff Material | ;5 55 2500 600 | +17% -10%
(x2) 900
+18% -11%
300 - -
B
ase 538 0.25 2500 600 - -
Material 900

71



o
=]

Homogenous Slope

80 _
. ’I’
70 — — Stiff Toe (x2) "/
R Stiff Toe (x5) /',/’ - -~
— — Stiff Crest (x2) rag ~
50 - -

Deviatoric Stress - adev (MPa)

----- Stiff Crest (x5) - _
40 -
3 e e T e T T
20 -
10 ==
0
200 300 400 500 600 700 800 900 1000

Pit Depth (m)

Figure 4.14. Deviatoric stresses created within slopes containing varying lithological stiffness as a
function of pit depth. Slopes with stiffer material within the toe developed
significantly higher stresses.

4.5.2. Faults and Tectonic Damage Zones

Characterization of individual fault zones show significant variation in complexity along strike or down
dip, even over short distances (Schulz and Evans, 2000; Imber et al., 2008; Faulkner et al., 2010). On a
regional scale, the complexity of tectonic damage includes the intersection of secondary faults (Maerten et
al., 2002), which acts to create areas of low and high stress (Figure 4.15) with the faults effectively bounding
stress domains (Tanno et al., 2010).

Large faults have been shown to create both local stress perturbations (Katterhorn and Marshall, 2006),
preferential paths for strain (Reusch et al., 2009), as well as compartmentalization of in-situ stresses within
a rock mass (Martin, 1990). Wesseloo and Dight (2009) concluded that stress changes during the mining
process (induced stresses) are equally complex, with zones of comparatively low and high stress. What is
often regarded as a de-stressed slope may in fact be a slope with a comparatively low minimum principal
stress, 63 (aligned normal to the slope face), but comparatively high intermediate, 62 (circumferential to

the pit) and maximum, o1 (slope-parallel) principal stresses.
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Figure 4.15. Areas of low and high stress modelled around natural fault systems (after Tanno,
2010).

To investigate the impact of faults and stress heterogeneity damage within an open pit, a series of numerical
models were constructed using FLAC3D involving a 900-m high pit slope with an overall angle of 45°
intersected by a fault dipping into the slope. This was compared to a base model, conducted assuming a
homogenous rock mass. The fault zone was modeled as being 60 m wide, which bisects the slope at 70°

(Figure 4.16). A hydrostatic in-situ stress condition was assumed and the input properties used in the
models are given in Table 4.6.
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Figure 4.16.

Table 4.6.

Model set-up to review stress development with and without the presence of a 60m
wide fault zone bisecting the slope.

FLAC3D Fault model properties

Host Rock Host
E Rock — honsi
rm Poisson’s —C° ty
Material (GPa) Ratio  (kg/m?®)
Host Rock 35.8 0.25 2500
Fault 0.5 0.3 2200
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The models were run assuming an elastic behaviour to evaluate the potential for the development of
extensional strain as defined by Stacey (2003). The effect of the more compressible fault on the distribution
of both the minimum principal stress (o3) and the extensional strain is shown in Figure 4.17. Extensional
strain within FLAC3D was calculated using Equation 2.6 and plotted through the program’s internal FISH
programming language, which allows the user to plot user-defined parameters. The homogenous rock mass
case (Figure 4.17, left) exhibits elevated extensional strains near the base of the slope, which agrees with
the findings from Stacey et al. (2003). The fault zone within the rock mass (Figure 4.17, right) causes the
minimum principal stress magnitudes to be reduced on the footwall side of the fault and elevated within the
faulted rock. The stress response at the toe of the slope is a loss of confinement toward both the free face
of the slope and the fault, which can allow dilation near the fault and the resultant development of
extensional strain in the footwall to occur. The footwall rock would be expected to undergo increased
damage as extensional cracking occurs in directions normal to both the pit face and the fault.

The weak fault zone bisecting the slope has the effect of decoupling the principal stresses, as the pit floor
rebounds from the excavation of the overlying rock (Figure 4.17). At the same time, the largely gravitational
driving force from the upper slope is concentrated within the weaker fault material as it deforms as well as
altering the magnitude and orientation of the stresses in the footwall (Figure 4.18). Plastic shear can develop
within the footwall as the stresses are redistributed near the areas shown to be affected by extensional failure
(Figure 4.17). The combination of increased extensional and plastic shear strain can result in a reduction
in rock mass strength, which may allow for an unplanned rock mass failure or excessive bulging within the
toe of the slope. The conditions created may also have the effect of promoting damage to rock bridges

which can develop into complex failures involving non-daylighting planes or wedges.
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Figure 4.17.

Minimum principal stresses (above) and extensional strains (below) around an open
pit slope for a homogenous rock mass (left) and one bisected by a 60 m wide fault
zone (right). Note that compression is negative.
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Figure 4.18.

Maximum principal stresses (above) and plastic shear strains (below) around an
open pit slope for a homogenous rock mass (left) and bisected by a 60 m wide fault
zone (right). Note that compression is negative.

76



45.2.1. Influence of Fault Zone Stiffness on Stress Heterogeneity
The FLAC3D conceptual models developed to demonstrate the effect of a thick fault zone on pit wall
stresses and damage (Figure 4.16) were modified to test the sensitivity to different fault stiffness relative to
a stiffer host rock mass. The deformation modulus of the fault was varied between 1 and 50% of that for
the surrounding rock mass. The end conditions of the parametric models were set to replicate conditions in
which the contrast between the surrounding rock mass and fault zone is relatively minor (e.g., a weak or
ductile sedimentary or saprolite host rock mass) to conditions where the stiffness contrast strength is
reduced sharply (e.g., a harder more brittle host rock mass). The model was run with elastic properties as

shown in Table 4.7.

Table 4.7. FLAC3D properties used to evaluate stress development near faults for different
fault stiffnesses

Run (GPa) Ratio (GPa) Ratio Rock Erm
1 38 025 17.9 0.3 50%
2 35.8 0.25 8.9 0.3 25%
3 38 025 3.6 0.3 10%
4 35.8 0.25 18 0.3 5%
5 35.8 ‘ 0.25 0.4 0.3 1%

Stress heterogeneity in each of the models was assessed by comparing the maximum principal stress
magnitudes and distributions modelled as well as the measurement of depth of confinement loss into the pit
wall (i.e., minimum stress < 0; see Figure 4.19). Confinement is an important factor in rock failure as it

helps to arrest brittle fracture propagation and the degradation of cohesive rock strength.
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Figure 4.19. Example of minimum principal stresses showing areas of low confinement (purple)
arising due to fault stiffness contrast with surrounding rock mass and excavation of
the open pit. Compression is negative.

Results from these models first show that without the presence of a fault, the mining-induced stresses wrap
around the pit resulting in a homogeneous stress state and a relatively more stable slope condition. In
contrast, the presence of a fault zone within the model de-couples the pit slope and inhibits the wider
redistribution of induced stresses that develop in the toe of the slope. The mining induced stress is
effectively focused at the base of the slope, with an increase in the maximum principal stresses within the
toe of the slope. These stresses were seen to dramatically increase as the deformation modulus of the fault
material was reduced, especially for the case of 10% relative to the deformation modulus of the host rock
(Figure 4.20).
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Maximum Principal Stress vs Fault Deformation Modulus
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Figure 4.20. Maximum stress observed at the toe of the slope for a 600m high pit slope, and its
variation as a function of deformation modulus of a fault zone bisecting the slope
wall.

Similarly, the minimum principal stresses within the modelled slope are significantly affected by the
presence of the fault zone in combination with the excavation of the pit. This creates neighboring regions
behind the pit face of increased compressive stresses, which promote yield and mobilization of the rock
mass in the direction of the fault, and zones of unconfined rock which at depth would otherwise normally
be confined (Figure 4.19). The latter would facilitate kinematic slip of blocks. The depth into the pit slope
of the unconfined zone that develops, where the minimum principal stress is tensile, was determined for

each of the model cases outlined in Table 4.7.

Table 4.7Minimum stresses within the footwall of the fault were found to be particularly sensitive to the
deformation modulus of the fault zone (Figure 4.21). For the modelling results obtained, when the
deformation modulus of the fault is less than 10% of that for the surrounding rock mass, the depth of the

tensile region increases significantly and to depths well below the bottom of the pit. Again, this tensile
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region would promote extensional failure together with the degradation of rock mass strength in the toe of

the slope.
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Figure 4.21. Depth of low confinement stress within the hanging wall and footwall of a 600m
high pit slope as a function of fault zone stiffness. Note the steep slope of the
footwall side indicating that this portion of the slope is particularly sensitive to fault
stiffness.

45.2.2. Influence of Discontinuum Representation of Faults on Stress Heterogeneity
The previous analyses were based on 3-D finite difference representations of a fault zone where the
continuum formulation forces its connectivity with the adjacent lithology. To further investigate the impact
that faults can have on stress heterogeneity within an open pit, discontinuum-based modelling using the
distinct-element software UDEC (Itasca, 2011) was used. The distinct-element formulation allows for the
modelling of slip, opening and closing along interfaces used to represent faults in the model. The model
geometry was based on Teck’s Highland Valley Lornex Pit, and was taken as a 2-D plane cut through the
mid-slope height. Analysis on the plan section included the outline of the open pit excavation with and
without a network of intersecting faults (Figure 4.22). A hydrostatic in-situ stress state was assumed and

the rock mass properties used assumed a Mohr-Coulomb elasto-plastic constitutive model to allow for rock
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mass yield in between fault segments. The faults were modelled using a Coulomb slip model. The input

properties are provided in Table 4.8.

Table 4.8. UDEC plan section model properties (THVC)

Joint Joint
Tensile  Normal Shear
Density RMR/ Oci Cohesion  Friction  Cut-off  Stiffness  Stiffness
Unit (kg/m?) GSI (MPa) (MPa) Angle (°) (kPa) (Pa/m) (Pa/m)
Skeena Quartz 26 43 37.9 0.261 38.4 75 - -
Diorite (SQD)
Bethsaida 26 51 55.5 0.372 46.7 125 - -
Granodiorite
(BGD)
Faults - - - 0.1 30 0.01 1e10 1e9

Maximum Stress (Pa)
-2.000E+06
-1.500E+06
-1.000E+06
-5.000E+05
0.000E+00
5.000E+05

Figure 4.22. UDEC modelled stress contours plotted for a plan section view through the mid-
slope elevation of the Lornex Pit without (left) and with (right) the inclusion of
tectonic faults explicitly included in the model. Compression is negative.

By explicitly including the faults in the model as a discontinuity, the stress patterns are similar to those
where the faults are represented implicitly in a continuum framework. However, localized heterogeneity
within the wall develops as well as local areas of tension between several of the sub-vertical faults and the
pit wall (light green, right). These results further indicate that as the open pit deepens, the magnitude of the
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deviatoric stresses will likewise increase. This would indicate that the zones of stress concentration may
involve higher stresses, promoting yield and shear localization, and that the zones of relaxation will involve
increased unconfined stress conditions around the faults facilitating kinematic block movements and wedge
failures. By including the third dimension within these models, side wall stresses may vary over the pit

height, which may also locally effect the concentration of stress.

4.6. Case History — Influence of Stress Heterogeneity on Palabora Pit Slope Failure

The Palabora Copper Mine, as described in Section 3.1 successfully transitioned into a block caving
operation with underground production with current production level of the underground mine is located
approximately 1,200 m below surface and 400 m below the final pit bottom (Figure 4.23a). Shortly after
breakthrough of the cave into the floor of the mined-out open pit in 2004, the northwest wall experienced
a slowly evolving, multi-bench failure (Figure 4.23b). The failure mechanism likely involved a combination
of slip along existing structures and brittle failure of the rock mass in response to the undermining of the
slope toe by the developing block cave. Prior to the failure, a series of complex slope movements occurred
in 2003 in response to the crown pillar (pit floor) becoming de-stressed. Movement of the pit walls increased
substantially upon cave breakthrough into the bottom of the pit with the largest deformations being observed
in the North wall. Failure of the northwest wall was gradual and continued to develop slowly over a period
of 18 months. Brummer et al. (2006) observed that within the main zone of movement on the northwest
wall, most of the visible deterioration of the rock mass was along the western and eastern boundaries, and

that the central portion of the slide mass appeared to remain relatively “intact”.
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Figure 4.23.  a) 3-D spatial relationship between the underground operations, open pit, and Mica
Fault; and b) 2008 Quickbird image of Palabora northwest wall failure.
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The development of an underlying caving operation or other underground workings adds further complexity
to the induced stress changes observed within a large open pit slope. At the Palabora Mine, there are four
regional faults transecting the pit (Figure 4.24), including the Mica Fault described as being a 60-m wide
shear zone comprised of large rock blocks, fault breccia and fault gouge. The influence of fault structures
in the creation of a heterogeneous stress field and its interaction with the mining induced stress are further
studied using the discontinuum code 3DEC (ltasca, 2013) to develop two similar numerical models, a base
model which included lithological boundaries, and a faulted model which included the four main faults, as
shown in Figure 4.25. The objective of the model was to identify the magnitudes and orientations of the
principal stresses within the north and west pit walls and to study the effect that large faults have on local

stress distributions in the area where a massive pit wall failure eventually occurred in 2004.

A Mohr-Coulomb elasto-plastic constitutive model was used to determine the stresses and stress paths in
the north wall. Estimates of the rock mass and fault properties were based on estimates derived from
laboratory testing and field mapping data (i.e. RMR), as reported by Sainsbury et al. (2008).

Mica Fault
(82/093)

Southwest Fault
(87/344)

Tree Fault
(87/344) Central Fault
(89/024)

Figure 4.24. 3-D structural model of the Palabora open pit with regional faults indicated. North
is towards the top. The outline of the 2004 pit wall failure is shaded red.
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Figure 4.25. 3DEC Palabora model geometry shown as an oblique view (top), and cross-section
(bottom). Shown are the key rock units and structures explicitly included in the
model. Location of plan section view shown in subsequent figures is indicated.
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The cave propagation was projected for each year, between the start of caving in 2002 to 2010 (Figure
4.26). The cave fronts were derived based on: 1) monthly tonnage production data reported for each draw
point adjusted for bulking for localized cave heights; 2) geotechnical monitoring data, such as TDR cables;
3) a series of aerial images detailing the increase in surface expression of the cave break through; and 4)
first-hand accounts from mine staff detailing hydraulic connection between the surface and cave break
through. Table 4.9 and Table 4.10 present the input properties used. Groundwater conditions within the pit
were assumed to be dry in accordance with the semi-arid climate of the region and dewatering work carried
out for the block cave mine (Glazer, 2003; Sainsbury et al., 2008).
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April 2002

Figure 4.26. Cave propagation geometries developed for implementation in the 3DEC Palabora
case study model.
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Table 4.9. 3DEC rock mass and caved rock input properties for the Palabora case study

analysis
Friction Bulk Shear Tension
Density Cohesion Angle Modulus Modulus
Model Units (kg/m3)  (MPa) (degree) (GPa) (GPa) (MPa)
Rock mass 2700 6.1 55 37.2 22.0 1.2
Caved Material 2300 0 30 0.42 0.19 0
Faulted Rock 2500 1.0 35 0.85 0.59 0.1

Table 4.10. 3DEC input properties for the major faults explicitly represented in the Palabora
case study analysis

Dip Friction Normal Shear
Dip Direction  Cohesion Angle Stiffness Stiffness  Tension
Structure  (degree)  (degree) (MPa) (degree)  (GPa/m) (GPa/m) (MPa)
Mica Fault 82 093 0 10 8.0 0.4 0
Southwest 87 344 0.005 25 8.0 8.0 0
Fault
Central 89 024 0 10 8.0 8.0 0
Fault
Tree Fault 87 344 0.005 25 8.0 8.0 0

Figure 4.27 is a plan section view at mid-slope height of the 3-D model (as shown in Figure 4.25) which
shows the influence of major geological features on maximum shear stress distributions in the north wall at
the 2010 cave stage. Both pit excavation and cave propagation were shown to influence the stresses within
the model and an increase in shear stress was shown to extend behind the pit face when the known sub-
vertical faults are included in the analysis. The concentration of shear stresses coincides with the area of an
eventual pit slope collapse in the North Wall. Without faults, the shear stresses around the pit ranged to
approximately 20 MPa. However, with the inclusion of the faults, shear stresses range up to more than 30
MPa around the eventual failure.
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Figure 4.27. Maximum shear stresses (Pa), without and with the inclusion of the mapped faults,
plotted for a horizontal plan view through the upper half of the pit slope (150 m
below surface). The plan section location is shown in Figure 4.25.

The increased shear stress within this portion of the wall is enough to promote shear and fracture of intact
rock, and the stress heterogeneity arising from the fault interaction between the open pit and propagating
cave below the pit combines to promote an adverse stress condition promoting instability. The presence of
shear failure behind the face of the pit is corroborated by the relative intact pit face and quick disintegration
of the rock mass observed in the north wall.

The development of stress heterogeneity around the open pit and block cave mine at Palabora is considered
to have a significant influence in promoting brittle failure behind the pit face leading to the eventual
instability of the north wall. Stresses were reviewed from the end of the pit life to the point of instability
in 2004 and carried onward until 2010. Figure 4.28 shows the confining stresses plotted along a cross-
section cutting through the north wall at the eventual location of the pit wall failure for 3-D modelling
without and with the explicit inclusion of the mapped faults. The faults are shown to reduce the minimal
principal stress (i.e., confinement) adjacent to the pit wall around the failure to a much greater extent than
the base case without faults included. The initiation and growth of the cave further reduces the stress in the
north wall in the upper third of the pit, as well as increases the stresses locally where the fault intersects the
wall. Displacement patterns surrounding the pit were altered significantly, both in the north and west walls
in the location of the thick Mica Fault (Figure 4.29) through both relaxation of the host rock material into

the cave as well as the stress cut-off created by the Mica Fault.
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Figure 4.28  3DEC results for the Palabora case study showing the minimum principal stresses (in
Pa) for a cross-section view, comparing the influence of including the mapped faults
to the base case without faults. Shown are the results for three time intervals from the
end of the pit life, to cave breakthrough in 2004, to the cave extent in 2010. Note that
compression is negative.
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Figure 4.29. 3DEC modelled displacement magnitudes (in m) projected in plan view onto a plane
at 50 m depth (left) and onto a cross-sectional view through the North pit face
(right), for the Palabora case study at its 2010 cave extent. Shown are results for
both the base model without faults (top) and model with faults included (bottom).

Stress heterogeneity created through the interaction between natural stress perturbations and mining
induced stresses has been shown to create both increased shear stress near the faults and a reduced confining
stress near the upper portion of the cave. This creates a highly variable stress condition to which the rock
was subjected. It is postulated that these distinct changes in stresses conditions created an environment in
which extensional and plastic shear damage could occur. This damage enabled a weakening of the rock
mass and the fracturing of natural bridges within the north wall.

4.6.1. Impact of Fault Representation on Scale Stress and Damage at the Pit Wall
Scale

The impact of fault representation on the development of stress in the 3DEC model was investigated through
the development of four mine scale 3DEC models. Figure 4.30 shows three of the model geometries used
to represent the four cases reviewed: A) no faults included (i.e. equivalent continuum), B) faults modelled

90



as discrete contacts, C-1) faults modelled as a 2 to 20 m continuum zone (based on their mapped true
thickness) with properties equivalent to a highly fractured rock mass, and C-2) thick faults (2 to 20 m)
explicitly modelled as distinct broken rocks (i.e. tectonically disturbed, blocky rock mass). This was done
to investigate the variance in stress path experienced by a block of rock (at several chosen locations),

depending on the representation of the faults within the model.

Lithological boundaries were simplified within this model to isolate the effect of the faults on the stress
field and focus the model results on the influence of the major faults; it should also be noted that the range
of properties derived for the two rock masses overlap, and therefore are approximately similar. The shape
of both the pit and the cave were simplified to allow for additional detail within the fault of the blocky fault
model. Cave propagation between the undercut and surface breakthrough was then divided into several

intermediary stages.

Figure 4.30. Section views of the pit, fault and cave geometries modelled in 3DEC for the
following geometries: A) without faults (continuum treatment), B) faults as distinct
breaks, and C) fault zones, either represented by an equivalent continuum of
weaker material or as a discontinuum of multiple fractures.
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Estimates of the rock mass and fault properties were based on estimates derived from laboratory testing and
field mapping data (i.e. RMR), as reported by Sainsbury et al. (2008). Table 4.9 and Table 4.10 present the
input properties used. Groundwater conditions within the pit were assumed to be dry in accordance with

the semi-arid climate of the region and dewatering work carried out.

Several monitoring points were specified within the model positioned along planes parallel to the Mica
Fault at 50, 100, and 200 m distances (Figure 4.31), and at elevations roughly equal to the bottom of the
pit, and one- and two-thirds of the pit wall height. These were used to determine the importance of proximity
to the fault to the source of the mining-induced stress change (i.e. propagating cave). As an example of how
the inclusion of the faults can change the stress paths and states within a numerical model, Figure 4.32
shows the changes observed in the azimuth and magnitude of the principal stresses observed in the models
during the excavation of the pit (in 5 incremental stages) and the propagation of the cave (in 5 incremental
stages). The respective changes in the direction of the principal stresses show that significant differences in
the stress paths generated are obtained simply by changing how the faults are modelled.

stress
history

stress
history
points

Figure 4.31. Stress history location points within north wall of the Palabora mine model.
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Figure 4.32. Response of stress orientation to block cave mining, comparing modelling of the
faults as zones as in Figure 4.30c (above) and as discrete discontinuities as in Figure
4.30B (below) for the 3DEC mine-scale case study models of Palabora. Stress
orientation histories are those for the north wall, showing direction of maximum (e1)
and intermediate (o2) stress, with minimum stress (63) estimated as vertical.

4.6.2. Local Pit Wall Response to Fault Representation

The stress histories achieved from the mine scale model were retrieved from each of the 4 cases; Model 1
— No Faults, Model 2 — Discrete Faults, Model 3 - Thick Continuum Fault Zones, and Model 4 — Thick
Crushed Rock Faults (explicitly modelled). The monitored stress histories were applied to a local scale
3DEC model of a 10 x 10 x 10m block at each of monitored stress history points within the northwest
portion of the pit wall. Each block contained the mapped joint sets, as mapped at Palabora and reported by
Sainsbury et al. (2008) were applied to these blocks to represent the following configurations, A) GSI =75
with random jointing, B) GSI = 50 with random jointing, C) GSI = 75 with anisotropic jointing, and D) GSI
= 50 with anisotropic jointing. The blocks bound by the joint sets were made deformable and given the

properties of the rock mass, as per Table 4.9.

The block models were loosely based on the joint sets mapped in the micaceous pyroxenite host rock at
Palabora, which shows three near-vertical joints with one sub-horizontal set (Figure 4.33). Blocks with

random joints allow a variance of 45° (+/- 10°) to these.
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Figure 4.33. 10x10x10m 3DEC blocks used to estimate the amount of rock damage within the
Palabora Pit north wall for the following joint conditions; A) GSI=75 Random, B)
GSI =50 Random, C) GSI=75 Anisotropic, D) GSI=50 Anisotropic.

To model the rock response, a strain-softening elasto-plastic constitutive model was used to represent the
individual blocks in the model to allow for the brittle failure of rock bridges between the joints. The faults
were assigned a Coulomb slip constitutive model. Estimates of the intact rock and fault properties were
based on estimates derived from laboratory testing and field mapping data (i.e. RMR), as reported by Piteau
Associates (2000; 2005).

The results of the numerical analyses show that if large-scale structures are included explicitly within the
model, the corresponding change in stresses within that model lead to higher percentages of the surrounding
rock mass yielding in shear and tension. As seen in Figure 4.34, the maximum recorded shear stress in each
of the block models is higher with stresses transposed from mine-scale models incorporating a blocky
discontinuum fault zone rather than those with no faults included. This is an expected result as the mine-
scale model also indicated elevated shear stresses. In all block models, up to 20% more volume of elements
is recorded as being yielded in shear for the stresses based on the blocky models. An increase of yielded
elements occurs during the cave stages (7 through 10).

The excavation of rock, whether during open pit or subsequent underground mining, along with the
presence of large scale geological structures, has been shown to significantly affect the stress path
experienced by the rock mass. The extent of the perturbations caused by geological structures is poorly
understood and the features are often simplified in numerical models which can misrepresent the local stress
state of the rock. By including a more complex representation of the Mica and Southwest Faults, an increase
in maximum shear stresses within the north wall of the Palabora pit wall were achieved, and a higher
percentage of rock mass yielding occurred within smaller representative block models. This increase of

yielded units may represent the breaking of intact rock bridges within the highly anisotropic rock.
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Figure 4.34. Maximum shear stress and % volume of yielded elements within the 10x10x10m
blocks (as shown in Figure 4.33). Line graphs are shown with maximum shear stress
observed in the model. Bar graphs are shown for the volume of rock yielded in shear
(bar) for models with faults composed of weakened materials and those including a
thick blocky fault zone.

4.7. Discussion - Implications of Stress Heterogeneity

4.7.1. Open Pit Design

Current industry standards in mine design have clear guidelines as to the inclusion of factors such as
lithological changes, structural geology, hydrological conditions, and rock mass strength in the creation of
a geotechnical model (Read and Stacey, 2009). One of the key considerations that remains unclear is the
inclusion of rock mass strength degradation due to the excavation of the overlying rock. Several methods

have been proposed to account for this effect which generally include the following sequence:

1. Create a continuum model of the slope;
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2. Reduce the rock mass strengths within the model to a limited slope depth to account for blast
damage and stress relaxation (usually done by applying a D = 0.7 factor using the Hoek-Brown
failure criterion);

Excavate the model in stages elastically;

4. Determine a boundary of expected dilation or joint extension;

5. Include this boundary within the final model and reduce the strength in the boundary by the D =
0.7 factor (or similar).

The major limitations of this approach are the justification of Step 4, which leads to issues of repeatability
between practitioners and the appropriate determination of a generally accepted criterion used to model this
boundary. Several different criteria have been used for this purpose including vertical or total displacement,
volumetric strain, extensional strain (Stacey et al., 2003), minimum principal stress (Stilwell and Gonzales
Shand, 2015), and yielded elements within a strain-softening model (Lorig, 2009). Regardless of which of
these methods selected, the induced stress state around the pit will significantly impact the region in which
the strength reduction will occur, which in turn impacts the stability of the slope during the pre-feasibility

to design level review of the slope.

Factors that increase the stresses on a regional or pit scale can be masked by the choice of the boundary
selected to represent the increased damage caused by excavation as the values selected do not have to
conform to an industry accepted limit. The use of yielded elements does not have this restraint; however,
the values of residual parameters and the strain softening rates can be modified to represent the desired

boundary effect.

Pit wall scale factors, for example lithological changes and faults, can have a significant effect on the
expected excavation affected regions. As an example, various criteria were applied to the 900m pit depth
FLAC3D models used to determine the impact of the inclusion of a fault (Section 4.2.3.2). Regardless as
to which criterion is chosen, the inclusion of a fault bisecting the surface is readily observed in Figure 4.35.
In all cases, the impact of the fault can be seen in both the footwall (right) and hanging wall (left) side of
the fault. The footwall side of the fault experiences a reduction in the minimum stress leading to increased
extensional and volumetric strain. This in turn results in yielding of the rock mass, which promotes
increased displacements. The decreased stress on the footwall side results from two sources of confinement

loss (the fault and the pit). The fault acts as a barrier to cut off the stress from the pit bottom.
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Figure 4.35.  Areas of damage caused by excavation dilation within a 900m pit based on selected
criteria in a homogenous material (left) and with the inclusion of a fault (right).
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Based on the results of the numerical modelling. the use of extensional strain is recommended as criterion
to be used to determine potential damage arising from excavation as appear to provide the best fit with the
expected results from the yielded elements and are thus considered to be the more appropriate and

repeatable depth of damage criterion.

The impact of fault damage zones on the expected damage areas associated with excavation of the pit could
lead to increased damage at the toe of the slope. For a circular or oval shaped pit (in plan), the toe would
likely be confined and expected displacements would be minimal. In an elongated pit where confinement
at the slope toe would be reduced, decreased rock mass strength and fragmentation at the toe could allow

for additional deformation and displacements to occur.

4.7.2. Mine Plan / Excavation Sequence

Stability analyses of large open pits often focus on the maximum pit depth (i.e., maximum slope height)
relative to the overall slope angle, for which stability can be assured. However, to reduce computation
times, the mining excavation process is sometimes modelled as a single step in which confinement is
suddenly lost; however, this is not the case. The dynamic nature of the stress path experienced by a slope
was clearly shown through stress measurement studies at the Bjgrnevatn mine in northern Norway
(Myrvand et al., 1993). At Bjegrnevatn, in-situ stress measurements were taken at two locations (at
approximately 100 and 300 m below ground surface), first in 1971 and then in 1990 after the open pit had
been deepened by roughly 120 m. Spatially, the repeat measurements in 1990 were taken within
approximately 1 m of the initial measurements. Readings from the measurements showed that during the
19 years of mining, the maximum horizontal stress had tripled at the shallower location at the end of the

open pit life.

Recent investigations of micro-seismicity around open pit mining activities at both the Mt. Keith Open Pit
Mine in Australia (Wesseloo and Sweby, 2008) and the Navachab Mine in Namibia (Lynch and
Malovichko, 2006) have confirmed that both the stress state and the response to stress is dynamic around
pits. Although the micro-seismicity is attributed to brittle fracture initiation and propagation in low
confining stress environments (with high deviatoric stresses), the development of environments in which
new areas can rupture shows the migratory nature of stresses. Massive rock slope failure processes have
been shown to be largely driven by the initiation and propagation of brittle fractures driven by extensional
strain, which interact with natural pre-existing discontinuities to eventually localize and form basal and
internal shear surfaces (Eberhardt et al., 2004). Determining the interaction between the in-situ stress field,

the presence of stress heterogeneity arising from faults, and the changing stress path due to pit deepening
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can help identify regions of high stress as well as these regions where extensional strain can occur. Lynch
and Malovichko (2006) could demonstrate that a focal point of the seismic activity was a weak group of
geological structures and that the seismic activity was the result of stress changes brought about by the

excavation of rock within the pit.

Final mine design layouts are governed by ore grade locations with pit walls determined by kinematics,
rock strength and economics. While there are opportunities to modify these basic parameters (layout and
pit wall angle), they generally remain constant through the life of the mine unless critical issues arise. In
contrast, the mine sequencing and interim pit wall designs can vary greatly depending on mill requirements
and current ore prices. Mine sequence is often changing and generally thought to be of minor importance
if the pit wall angles do not exceed the final design. To investigate this, a series of FLAC3D numerical
analyses (based on the properties used in Table 4.7 and the FLAC3D mesh in Figure 4.16 and 4.39) was
carried out testing the sensitivity of the mining-induced stress path to mine sequencing in the presence of a
large tectonic fault intersecting the slope. Four open pit sequencing strategies (Figure 4.36) were
investigated using a pit wall geometry of 45°. The large bisecting fault zone was assigned using a strength
of 1% of the host rock from Table 4.7.

Table 4.7with focus placed on determining the transient effect of stress migration near the fault.

c)

Figure 4.36.  Mine excavation strategies modelled to investigate the impact of mine pushback
direction including a) vertical excavation without interim mine phase, b) excavation
perpendicular to fault intersection within interim phases developed away from fault,
c) excavation parallel to fault with interim phases developed toward fault, and d)
excavation toward fault without further deepening.
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The results show that as the pit is deepened, zones of low stress (confinement loss) are created adjacent to
the fault on both the hanging wall and footwall sides in roughly equal amounts (Figure 4.37). As the fault
is increasingly exposed in the floor of the pit, the rock adjacent to the fault in the hanging wall experiences
a decrease in stress level as the weaker fault material becomes unconfined, allowing for increased dilation
and displacements within the fault to occur. Once the pit is further deepened and the dipping fault intersects
the slope, the floor of the pit and rock in the fault’s footwall is then exposed to a loss of confinement due
to both the excavation of overburden and the displacements that concentrate in the weaker fault. Thus, the
rock mass within the toe of the slope experiences both a reduction in minimum stress as well as a change

in the orientation of minimum stress due to the change in the pit geometry as its excavated.

FLAC3D 5.01
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Figure 4.37. Section view of the temporal evolution of open pit mining induced stress
heterogeneity near a fault. Plotted are the minimum principal stresses, with
compression negative. Note purple region denotes area of low confinement.

In a homogenous rock mass, the maximum deviatoric stresses observed within each pushback strategy
generally shows similar values with only minor variations in stresses during pit excavation (Figure 4.38,
right). However, it is hypothesized here that the presence of a large tectonic damage zone that intersects the
final pit wall can lead to important localized stress increases and decreases that depend both on the fault
characteristics and mine sequencing. Figure 4.38 (left) shows the maximum deviatoric stresses for the same
pushback strategies with the bisecting fault zone included. The results indicate that even though the final

stress states may be similar in these elastic models, the variation in stress conditions between the pushback
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strategies as the pit is excavated are significantly different in creating local conditions in which rock may
yield. A clear distinction can be denoted in these mine sequencing scenarios as two of the strategies mine
away from the fault (A and B), which keeps the stress low near the beginning of the mine life, and two of
the strategies were developed to mine towards the fault (C and D), for which higher stresses and potentially
more rock shearing and brittle fracture are observed early on. Mining is shown in Figure 4.38 as a
percentage of full extraction to directly compare the sequencing strategies. As extraction occurs, the
strategies which employed mining away from the fault induce smaller deviatoric stresses within the pit
wall, either at the toe of the slope or near the fault. Strategy D, which employs a final pit depth early in the
design using a series of pushbacks extending the full final pit slope height showed a distinct increase in
deviatoric stress for the interim pit walls suggesting that excessive damage may be expected during mining.
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Figure 4.38. Comparison of deviatoric stresses (61-63) arising due to fault-pit interactions using
previously identified mine sequencing strategies (see Figure 4.36) as modelled in
FLAC3D.

The extensional damage limits observed within the models created by the outlined pushback strategies are
shown in Figure 4.39. Based on the results of the modelling, pushback strategies 3 and 4 were found to
offer the least amount of both plastic shear and extensional strain damage in the hanging wall but much
more damage in the footwall. Pushback strategies A and B created a significant amount of damage in the
floor and in the final pit wall as the pit is excavated, giving rise to the increased amount of damage observed
in the hanging wall. This damage makes the long-term stability in the hanging wall an issue if the rocks are
near their strength limit, as well as would make production blast holes difficult to keep open. Excessive

damage also makes it difficult for the blast engineers to create clean benches close to the design
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requirements. As the pit is excavated below the fault, the amount of damage observed in the slope grows
deeper leading to the development of a possible active-passive wedge. As the pit deepens below the fault,
extensional strain damage continues to develop in the hanging wall. One clear benefit to strategy B is the
reduced damage in the floor during excavation, although this would leave more competent rock in the
bottom of the pit, making it more difficult to efficiently blast and excavate. Strategies C and D are the most
beneficial for the HW as the final wall does not experience the pit floor and fault stress interactions that
occur in Strategies A and B, and therefore less extensional damage. However, the damage in the footwall
is much deeper than strategies A and B.

The results suggest that all other circumstances being equal, the most favourable pit sequencing involves
those that mine away from the fault and the final pit wall. These strategies lead to lower deviatoric stresses
in the pit, which lowers the probability of shear damage and localization, as well as reduces the depth of
extensional stress (confinement loss) near the fault which will help to reduce brittle fracture damage to rock
bridges.

Extensional Strain

s Pushback A
— - =— Pushback B
- = = = Pushback C
Pushback D

Figure 4.39. Comparison of maximum depth of extensional strain arising from fault-pit
interactions using different mine sequencing strategies for a 900-m high pit slope.
Note that the FLAC3D model used to compare these mine sequencing strategies
involved an extruded model with a width of 1800 m.

The results in Figure 4.37 to 4.39 show that pit deepening and its interaction with existing faults has a
pronounced influence on stress heterogeneity, as well as the stress path as the stress state changes with each
excavation sequence. It should be noted that excavation sequencing is dictated by the mine plan and design

layouts, which are governed by the ore grade distribution and pit wall stability requirements. Understanding
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the potential impacts of the faults allows the mine an opportunity to plan for potential conditions and have
options to modify the mine layout or pit wall angles in the early stages of design, whereas current pit
optimization remains as a reactionary response to encountered conditions once critical issues arise. In
contrast, the mine sequencing and interim pit wall designs are more flexible and the lessons learned here
can more easily be implemented. The results presented here indicate that although mine sequencing is
generally thought to be of minor importance, it can create optimization opportunities with respect to
reducing the degree of strength reducing damage a pit slope experiences if intersected by a fault.

4.8. Key Findings and Design Recommendations

Stress conditions behind a pit wall can be affected by several factors, ranging from those present on a
regional scale to wall scale. In-situ stresses, topography, pit geometry, and increased depth can play an
important role in the development of the pit-wide induced stresses experienced by the surrounding rock
mass. This can lead to areas in the pit that are more prone to specific types of kinematic failures or more
complex stress-induced failures requiring shearing through rock or brittle fracturing of intact rock bridges.
Relative to more homogeneous conditions, combinations of fault geometries and stress heterogeneity can
incur stress increases of 40% or more around the pit. As a pit deepens, these localized concentrations of

stress only increase further.

Wall scale factors such as changes in lithology and presence of large structures can influence both kinematic
controls (as potential release planes) contributing to large, multi-bench slope failures, as well as influence
the stresses within the slope. Most the empirical experience in open pit design and the influence of tectonic
faults involves pit slopes that are less than 300 m in height. However, as the next generation of open pits
are designed to greater depths (i.e., higher stress environments), faults and fault damage zones should also
be recognized for their ability to affect the regional and local stress conditions. Numerical modelling results
presented in this chapter have demonstrated that faults can create stress heterogeneity, which when

combined with mining induced stress and relaxation, can promote slope instability.

Based on results from the different 3-D numerical models reported, the following conclusions can be
drawn:

1. Stress heterogeneity around an open pit can be affected by several factors ranging from a regional

to open pit to pit slope scale, particularly once the pit depth is increased past 300 m;
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The plan view geometry of an open pit design can have a dramatic impact on the concentration of
stress around an open pit (up to 40%) which can influence the potential failure mechanisms

observed in these areas;

Deviatoric stresses increase dramatically in deeper open pits, suggesting these designs are more
susceptible to yielding and dilation at the toe of the slope. The increase in deformation should be
evaluated and where applicable, presented to the mining operation to allow for a potential
modification in the design (such as a step-out or buttress), a change in the risk map of the open pit,

or to plan for increased monitoring in this portion of the pit;

Mining induced stresses generated during the excavation of a large open pit are heavily influenced
by faults, whether they are relatively large faults zones or more narrow, discrete structures was the

case for the faults other than the Mica Fault at the Palabora mine;

The stress heterogeneity created during the excavation of an open pit and its interaction with any
fault zones present can extend well behind the immediate face of the open pit slope, up to 75% of
the pit diameter;

Faults with deformation moduli less than 10% of those for the adjacent host rock mass, can have a
significant impact on the principal and deviatoric shear stresses generated within a slope;

Anisotropic rock masses are particularly sensitive to these changes in stress orientation and

magnitude;

Small variations in stress orientations and magnitudes can have a critical effect of the yielding and
shearing in the nearby roc mass, as shown through the modelling of the 10m x 10m x 10m cubes at
the Palabora mine. Additional damage due to changes in stresses can lead to slope failure in some

situations by connecting structures, especially in anisotropic rock;

Stress heterogeneities created by local pit wall conditions, such as faults, can affect the expected
excavation and damage response of the pit. Depending on the pit design, these areas should be
evaluated through numerical modelling to determine the potential effect on pit wall stability and
appropriately designed for within the feasibility and design level review stages of a project if
necessary. This may include reducing the inter-ramp angle of the pit, reduction of bench size, or

the addition of rockfall protection systems; and
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10. Mine sequencing strategies should be employed, where possible, that involves establishing the
ultimate pit wall location which intersects the fault and mining away from that location. This will

help to reduce the amount of stress heterogeneity experienced by the rock mass in the final pit wall.
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CHAPTER 5 IMPORTANCE OF CHARACTERIZATION AND
REPRESENTATION OF FAULTS AND FAULT
DAMAGE ZONES IN LARGE OPEN PIT SLOPE
STABILITY MODELS

Synopsis

This chapter investigates the impact of several key characteristics of major fault zones and the choice of
representation within a numerical model on the resultant stress heterogeneity and associated damage created
during the interaction between the fault and open pit mining. Damage associated with highly localized
plastic shear and extensional strains are reviewed and applied to determine the potential impact on the
failure mechanisms observed within the pit. This chapter will focus on the incremental excavation of a large
open pit through 2-D numerical analyses using the discontinuum-based distinct-element software, UDEC.
These will be supported in part by 3-D continuum analyses using FLAC3D and discontinuum analyses
using 3DEC. The numerical modelling conducted will focus on the implications for rock slope behavior,
displacements, and damage created in response to the inclusion and characterization of the faults within the
models. The numerical analyses within this paper begin with a series of conceptual 2-D and 3-D numerical
models, and then extends to consideration of observations related to faults intersecting the pit walls at the
Teck Highland Valley Copper Mine in Canada and the Palabora Copper Mine in South Africa. The analyses
and results highlight: 1) the identification of the key fault properties in creating stress heterogeneity and
damage within a pit wall, 2) the impact of fault representation within a numerical model on the resulting
mining-induced stress distributions calculated, 3) the evaluation of increasing pit depth and mining-induced
stresses on amplifying the damage state around faults and the resulting effects on pit slope performance,
and 4) potential methods on stress development within numerical models. This chapter is in the process of

being prepared for submission to a peer-review journal.

5.1. Introduction

Many of the world’s largest, deepest open pits, such as Palabora, OK Tedi, Chuquicamata, Grasberg and
Bingham Canyon, have approached or are approaching their original design limit depths. The companies
which run these and similar operations must assess the remaining options to extract any remaining reserves
within the deposit which may include scavenging the ramps and leaving the deeper resources behind,
deepening the pit through pushbacks and over-steepening the toe, or transitioning to underground mass

mining methods (i.e., block and panel cave mining). To fully and properly assess these options, an
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understanding of current and potential mining-induced damage behind the pit face can be invaluable to
considering the viability of future excavations. Pit slope movements arising from unexpected damage can
adversely affect mine infrastructure causing both safety and economic concerns as well as increased dilution

of the target orebody and possibly sterilization of ore in extreme cases.

Large-scale geological structures can control the kinematics and stability of pit slopes as well as subsidence
around block caves (Stacey and Swart, 2001). Depending on the complexity of the fault system, pit slope
deformation patterns can be difficult to interpret with respect to identifying failure kinematics as well as
how it will evolve. This leads to uncertainty in assessing the stability of large pit slopes and establishing
early warning alarm thresholds, and/or determining setback distances for mine infrastructure located near
the crest of the slope. Further complexity is added where new or old underground workings may be present,
or similarly, the transition to underground mass mining. A number of cases exist where sudden collapses
of cave backs, crown pillars, etc., have occurred due to unknown geological structures or unexpected rock
mass behavior, including the hanging wall wedge failure at the Kidd Creek mine in Canada that propagated
from 610-m depth to surface (Board et al., 2000), the 800-m high pit wall failure at Palabora in South Africa
(Brummer et al., 2006), and the fatal air blast caused by the sudden collapse of the cave back at the
Northparkes mine in Australia (Hebblewhite, 2003).

Interactions between mining-induced stresses from open pit mining and geologic structures (faults, damage
zones, etc.) create pockets of very high shear stress as well as regions of tension behind the slopes of these
large open pits. The localized damage created by this stress heterogeneity can weaken the rock mass behind
the pit face leading to complex slope failures previously thought to be kinematically unviable. These are
conceptualized as involving the degradation and localized failure of intact rock bridges (separating non-
persistent structures) through shear or brittle fracture. Anisotropic rock masses with a dominant foliation
are particularly sensitive to changes in stress magnitude and/or orientation with respect to the stability of
rock bridges between existing discontinuities. The evolution of localized damage created due to stress
heterogeneity behind a pit face is investigated within this paper through numerical modelling of conceptual
slope geometries, based in part on actual cases, involving a large open pit slope bisected by a weak fault

Zone.

Lessons learned regarding rock mass behaviour near the fault are then applied to two case studies, which
are used to further explain the potential for unexpected slope displacements. The first example is based on
Teck’s Highland Valley Copper Mine in central British Columbia, Canada, and follows the excavation of
an open pit through a thick and complex fault zone. This example serves as an important lesson of the

complex interactions and rock mass damage that may develop between the progressive deepening of the pit
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floor with mining and the presence of an intersecting major geological structure. The second example is
based on the Palabora Mine in South Africa and illustrates the need to represent key geological features in
a 3-D numerical model to reproduce observed pit wall kinematics and key stress-strain interactions. Results
of a detailed modelling study that compares the stresses generated during the excavation of the open pit and
followed by the response to block cave mining are presented which investigate the effects that large scale
fault systems can have on the smaller scale rock bridge strength which can affect caving-induced subsidence
and pit slope deformations.

5.2. Fault Representation in Numerical Analyses

In practice, the representation of faults in most slope stability analyses and open pit designs tends to be
highly simplified. Implementation is dependent in part on the numerical method used, which generally
involves either continuum-based approaches (e.g., finite-difference and finite-element codes, such as
FLAC3D or ABAQUS), or discontinuum-based approaches (e.g., distinct-element codes, such as UDEC or
3DEC). Continuum codes utilize a structured mesh of connected elements, which forces the user to
represent faults and fault zones in the model as a zone of elements that are assigned weaker or softened
rock mass properties via an elasto-plastic constitutive model (Figure 5.1). Faults in continuum codes can
also be represented as a preferential direction of weakness using a ubiquitous joint model (Sainsbury et al.,
2008), or in some cases as a limited number of discrete interfaces, although the latter partly negates the

numerical efficiencies users are seeking when choosing a continuum-based approach.

The benefit of using continuum codes is the flexibility in creating larger and often more detailed models
which can include more geometric detail, while requiring less computing power and providing faster
solution times relative to discontinuum methods. Depending on the factors influencing the stability of the
rock mass, the inclusion of a weaker zone of elements to represent a fault may be sufficient in assessing the

stability state of the slope and analyzing the expected displacements and behaviour.

108



a) b)

Figure5.1.  Examples of how faults are typically represented in continuum analyses (in this case
using FLAC3D): a) as a zone of weak elasto-plastic rock, or b) as rock with a
preferential direction of weakness via a ubiquitous joint model.

In contrast, discontinuum codes can model faults and other discontinuities as a series of contacts separating
a grouping of rigid or deformable blocks. These contacts can open, close or slide, enabling a range of block
movements and rotations relative to the contacts. In doing so, discontinuum codes can represent a fault as
a single distinct plane that can slip in shear or open in extension, as well as incorporate zones of blocks
assigned as a softer material to simulate adjacent tectonic damage zones of broken rock (Figure 5.2).

Figure 5.2. Examples of how faults can be represented in discontinuum analyses (in this case
UDEC): a) as a zone of contrasting rock mass properties like that used in continuum
analyses, b) as a discrete discontinuity that can open, close or slip, and ¢) as a
combination of discrete fractures and yieldable blocks that represent a central
discontinuity (i.e., fault) and adjacent tectonic damage zones.
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Studies of stress perturbations conducted using distinct-/discrete-element methods show that the key factors
affecting stress heterogeneity around a fault are its stiffness and friction angle (Su and Stephansson, 1999;
Su, 2004, Harrison et al., 2010). Sassi and Faure (1997) further highlighted that major regional-scale faults
can control local stress variations and influence the deformation modes of faulting and fracturing which

can take place at a smaller more local scale.

The added need to track and solve the contact interactions in a discontinuum analysis makes this technique
more computationally demanding. Thus, the choice between utilizing a continuum or discontinuum method
becomes an important decision between balancing computational demand and the importance of modelling
the fault interaction with the open pit with regards to its stability state and deformation response. The
representation of faults in a model using either of these numerical methods is left to the geotechnical
engineer (often without consultation of a structural geologist) on a case by case basis. It is hypothesized
here that the choice of how to represent the fault with respect to its strength, structural complexity, and
material behavior can greatly affect the interaction between the mining induced stress and the natural
perturbations created by the faults. This is demonstrated in the following sub-sections using a series of
conceptualized numerical models based on representative pit slope geometries. It should be noted that the
FLAC3D, UDEC and 3DEC software used calculates stresses with a compression negative notation.;

5.2.1. Fault Characterization and Properties

The effect of faults and fault damage systems on the development of stress heterogeneity in rock is poorly
understood in both the underground and surface mining environments. This is largely due to insufficient
attention being given to the fundamental fault characteristics and nature of the faults present, including not
only the type and architecture of the fault but the underlying conditions required for its development. An
improved understanding on the development of stress heterogeneity around faults can lead to improved
slope designs and reduced risk for mining personnel working in the pits. This section investigates several
critical elements to the representation of fault architecture in numerical analyses and their interaction with
open pit deepening, which can lead to pockets of stress heterogeneity and rock mass damage. These are

outlined in Figure 5.3.
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Figure 5.3.  Critical fault elements investigated with numerical analysis considered as fault
characteristics (as identified in the field), typical numerical simplifications made
during modelling, and potential design changes that can be adapted based on
modelled wall performance.

Large faults have been shown to create both local stress perturbations (Katterhorn and Marshall, 2006),
preferential paths for strain (Reusch et al., 2009), as well as compartmentalization of in-situ stresses within
a rock mass (Martin, 1990). Wesseloo and Dight (2009) concluded that stress changes during the mining
process (induced stresses) are equally complex, with zones of comparatively low and high stress. What is
often regarded as a de-stressed slope may in fact be a slope with a comparatively low minimum principal
stress, o3 (aligned normal to the slope face), but comparatively high intermediate, o, (circumferential to the

pit) and maximum, o1 (Slope-parallel) principal stresses.
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5.2.2. Representation of Fault Zone Composition

In hard rock masses, fracturing associated with the failure process may be more brittle and faults may
present themselves as distinct breaks in the rock or as a zone of broken material. In softer rock masses, the
deformation may be more ductile and a zone of weakened rock may be more representative of the fault.
Fault parameters within numerical modelling are often selected based on averaged properties of faults
interpreted from drilling intersections or from surficial mapping. Field observations are then applied to
appropriately characterize the fault at the mine-scale for analysis purposes.

To investigate the effect of fault composition on the development of stress heterogeneity, several distinct-
element models were created based on faults mapped at the Palabora Mine. The commercial distinct-
element program UDEC (ltasca, 2011) was used. The models depict a horizontal section divided by a
network of faults, each varying in how the fault zone composition of a major north-south fault, the Mica
Fault, is represented. The host rock mass at the mine is characterized as being very strong and brittle; the
Mica Fault is characterized as being bounded by adjacent zones of tectonically damaged rock. The first
model representation of the Mica Fault involved the most commonly used and simplest realization of a fault
in a discontinuum analysis, that of a brittle, distinct break (Figure 5.4, left). The complexity of this fault
was then increased to model it as a zone of weakened material based on a reduction of strength parameters
(Figure 5.4, middle). Finally, the full complexity of the mapped fault was modelled by explicitly including
both the continuous fault and the adjacent zones of tectonically damaged rock represented by a network of
smaller discrete fractures (Figure 5.4, right). The input parameters, based on values determined from the
Palabora mine (Sainsbury et al., 2008, used for the fault composition sensitivity analysis is given in Table
5.1. An initial uniform stress of 20 MPa was assumed, with the horizontal stresses being equal in both

directions which is representative of natural stress state that is expected to occur mid-slope of the Palabora

pit.
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Equivalent Properties Equivalent Zone Broken Zone

Figure 5.4. UDEC model results plotting maximum principal stresses (1), indicating influence
of fault material representation on stress heterogeneity. The example shown here is
from the Palabora Mine. Note that only the representation of the Mica Fault
material was modified in this model. Compression is negative.

Table 5.1. UDEC fault composition sensitivity model parameters
Model Material Properties Fault Properties
Density | Deformation @ Friction | Cohesion = Tension Normal Shear Friction | Cohesion
(kg/m3) Modulus Angle (MPa) Strength Stiffness Stiffness Angle (MPa)
(GPa) (MPa) (Pa/m) (Pa/m)
Host 2700 50 51 4.3 0.6 - - - -
Discrete - - - - - 1e9 1e9 35 0.1
Fault Zone
Equivalent 2400 6.5 27 1.7 0.1
Fault Zone
Broken 2700 50 51 4.3 0.6 1e9 1e9 35 0.1
Fault Zone

The model results demonstrate that how a fault is represented can affect the magnitude and distribution of
stress heterogeneity surrounding the faults, although the general location of high and low pockets of stress
remains somewhat consistent in several places. This suggests a minor to moderate model sensitivity with
respect to how fault zone composition is represented as the stress distribution is similar with magnitudes
being the only variable. This is likely due to the increased number of degrees of freedom in the broken fault
system which dissipates the stress through increased shear displacement within the broken fault (Figure
5.5).
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Figure 5.5.  Shear displacement (in m) along the faults for a UDEC model treating the fault as
an equivalent continuum zone (left) and as a discontinuum zone (right).

5.2.3. Representation of Fault Complexity

In most cases, faults in a numerical analysis are modelled as a single persistent plane (i.e., a single segment).
However, in nature, faults are complex structures that are comprised of multiple segments representing a
non-planar feature. A series of UDEC distinct-element models were constructed to test the impact of fault
shape simplification on stress heterogeneity. The models were created to represent a horizontal section
through the Palabora Mine in which the faults modelled were varied in geometric complexity (Figure 5.6).
These include modelling the different faults present as 1, 3 or 10 segments per fault. The input properties
used for these models are given in Table 5.1 as Host and Discrete Fault Zone. Similarly, to the model above,

a constant boundary stress of 20 MPa was applied, with the horizontal stresses being equal in the x and y
directions.

The model results indicate that the number of fault segments used to represent the fault can create local
variations in the maximum principal stress distribution and increased magnitudes. These stress
perturbations surrounding the faults can in turn influence the variation of strain and damage, and therefore
stability state of the modelled rock slope. This suggests a moderate to high model sensitivity with respect

to representation of the fault shape as the location, magnitude, and orientation are all greatly affected by
the shape and location of the faults.
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Figure 5.6.  Influence of fault shape complexity (non-planarity) on maximum principal stress
(o1) perturbations developing around a network of faults. Example shown here is
from the Palabora Mine. Note that all faults were modified in this model.
Compression is negative.

5.2.4. Influence of Fault Strength Contrast with Host Rock

Characterization of a fault’s strength is often assessed through pit wall mapping and drill core evaluation.
The intact strength is combined with a rating determined from the mapping (e.g. GSI) or drill core
evaluation (e.g. RMR) and a rock mass strength is determined. In very weak or highly fractured faulted
rocks, GSI values are usually estimated at around 15 to 20 while in harder, more competent rock, GSl in a
fault can range up to 45 to 55. To test the sensitivity of this field estimate, a series of FLAC3D numerical
models were constructed for a 600-m high slope with a 45-degree angle (Figure 4.13) using a mesh as
outlined in in which the elastic and Mohr-Coulomb input values for the fault rock mass were varied relative
to those for the host rock assigned an intact Young’s Modulus of 49.5 GPa, a UCS of 50 MPa and a GSI of
65. The same intact properties were used for the fault, but these were scaled using different GSI values in
a range encompassing typical values (Table 5.2). The fault zone in this case is modelled as dipping into the

slope.

The depth of plastic shear damage within these models was estimated by recording the depth of elements
which have yielded in shear behind the pit face. Extensional damage was determined by calculating the
extensional strain using Equation 2.6 with a cut-off value of 5e-5. This value was chosen based on Stacey’s
(2003) recommendations and by reviewing the patterns observed within the models. The results from this
sensitivity analysis are presented in Table 5.3, which shows that for a 600-m high slope, the depth of plastic
shear damage in the footwall of the fault ranges between 130 m behind the pit face for the stronger fault
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(GSI 55) to 205 m for the weaker fault rock (GSI 15). Extensional damage in the footwall side of the fault
ranges between 265 to 300 m for the same fault strength values. Figure 5.7Error! Reference source not
found. illustrates the minimum principal stress distributions around Fault Run Models 2 through 5
corresponding to GSI values of 55, 45, 35, and 25. Stress patterns and corresponding depths of extensional

yield appear to be unlikely to change below a critical deformability of about 1% of the host material.

Table 5.2. FLAC3D input properties used in sensitivity analyses investigating fault strength

contrast
GSI Erm Fault Em
Material Estimate (GPa) Host Erm Cohesion (MPa) Friction Angle
Host 65 40.7 100% 7.3 48
Fault Run 1 15 0.18 0.4% 1.8 25
Fault Run 2 25 0.31 0.8% 2.4 28
Fault Run 3 35 0.53 1.3% 2.9 31
Fault Run 4 45 1.09 2.7% 3.5 34
Fault Run 5 55 2.03 5.0% 4.0 37

Table 5.3. FLACS3D fault strength sensitivity results

Maximum Maximum
Maximum Depth of Maximum Depth of
Depth of Plastic Depth of Extensional
Plastic Damage Extensional Damage
Fault Erm Damage (% of slope Damage (% of slope
Model Host Erm (m) height) (m) height)
Fault Run 1 0.4% 206 34% 300 50%
Fault Run 2 0.8% 199 33% 300 50%
Fault Run 3 1.3% 166 28% 286 48%
Fault Run 4 2.7% 145 24% 274 46%
Fault Run 5 5.0% 130 22% 265 44%

Figure 5.7 shows the zones of potential extensional strain damage behind the pit wall face in the rock
adjacent to the fault for the upper bound (GSI 55) and lower bound (GSI 15) cases. The distribution of
extensional strain is similar within the hanging wall for the strength range tested. The region of the footwall
adjacent to the fault undergoes a significant amount of extensional damage parallel to the fault face as the

weaker material compresses and stress is cut-off within the pit toe.
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When compared to the amount of damage observed within a similar pit wall without a fault, the depth of
potential plastic shear and extensional strain damage was shown to increase by 13 to 26% and 21 to 26%,
respectively. This suggests a moderate to high model sensitivity with respect to fault strength relative to the
host rock strength.

=== Extensional Damage FLT GSI 15
—— Extensional Damage FLT GSI 55

Figure 5.7.  Potential extensional damage area within a 600-m high pit slope, for the bounding
cases of a strong fault (GSI =55, light blue trace) and weak fault (GSI = 15, dark
blue trace).

These results were further extended to consider modelled slope heights of 300 and 900 m to test the
sensitivity of fault strength relative to the recent trend in designing deeper open pits (Figure 5.8). Damage
depths were normalized by the overall pit depth (i.e., slope height) to return a relative percentage of
expected depth of damage. This was done to determine if the larger damage depths observed in deeper pits

could simply be scaled from smaller pit depth experience.
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900m pit

| — GSI 15
— GSI 55

600m pit

300m pit

Figure 5.8. Side by side comparison of extensional damage regions, for pit slope heights of 300,
600, and 900 m, associated with upper bound (GSI = 55, blue) and lower bound
(GSI =15, red) fault strengths.

The model results shown in Figure 5.9 lead to several key observations, including:

e The maximum depths of plastic shear and extensional damage from pit surface can be shown to

increase with slope height;
e The area affected by the pit excavation grows relative to the slope height and is not linearly scaled,

e The relative increase of plastic shear damage is far less than the extensional damage within the

model;
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e The increase in plastic shear damage is greater for slope heights extending above 600m, whereas
the extensional damage increase is larger as the slope height extends above 300m. This suggests
that increased extensional strain damage should be expected at an earlier stage of pit deepening;

and

e The recognition that a fault zone is present and intersects the slope is critical (i.e., of primary
importance). Only a general or rough characterization of its properties is required to gain an
understanding of its importance with respect to interacting with the pit slope geometry to induce
damage to the rock mass adjacent to the fault zone. Proper fault characterization is however
required when the failure mechanism is believed to be influenced by the kinematics enabled by the

presence of the fault.
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e Plastic Damage - 300m
40%
= = = Extensional Damage - 300m
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20%

Plastic Damage - 900m

Depth of Damage
Height of Pit Slope

Extensional Damage - 900m
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Fault Deformation Modulus
Host Rock Deformation Modulus

Figure 5.9.  Depth of potential extensional (dashed line) and plastic shear (solid line) damage
areas with respect to pit height as a function of relative fault strength and pit height.

5.2.5. Influence of Fault Thickness

Faults can be incredibly complex structures with many splays, a fault core comprised of gouge, or simply

involve a highly localized discrete structure. Determining the shape, structure and thickness of faults
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requires specialized geologic knowledge and field experience in pit wall mapping. Most engineers charged
with operational pit face mapping and subsequent slope stability evaluations do not possess this specialized
knowledge, which leads them to assume highly simplified structures. Outside of the kinematic implications
this has, the simplification of fault complexity may also affect the strains observed within the slope. First,
the boundaries of a fault are often difficult to determine exactly when face mapping. These boundaries are
then further simplified in advanced numerical analyses. The question arises as to how important these fault
boundary limits are in terms of slope behaviour. To test the sensitivity of the modelled stresses, strains and
damage to fault thickness, a series of continuum models were run in which the thickness of a fault that

bisects a 45-degree pit slope wall is increased using values of 10, 20, 40, 60, 80, and 100 m relative to slope
heights of 600 and 900 m (Figure 5.10). Model parameters used are outlined in Table 5.4. FLAC3D
input properties

Figure 5.10. FLAC3D model set up for sensitivity analysis of fault zone thickness.
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Table 5.4. FLAC3D input properties for investigation of model sensitivity to fault zone

thickness
Host Rock Host
E Rack Densit
m Poisson’s y
Material (GPa) Ratio  (kg/m?®)
Host Rock 35.8 0.25 2500
Fault 0.5 0.3 2200

The fault zone is modelled as dipping into the slope. In the results presented, the fault thicknesses are
expressed as a percentage value of the slope height. Example stress distributions for minimum principal
stress and maximum shear stress are given for pits with 600 (Figure 5.11) and 900 m slope heights (Figure
5.12)
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Figure 5.11. Minimum principal stresses (top) and maximum shear stress (below), in Pa, for a
600 m high pit slope comparing different fault thicknesses (10, 40m and 80m). Note
that compression is negative.

Results from this parametric study indicate two very different behaviours within the footwall and hanging

wall of the fault (Figure 5.13). Within the hanging wall, both extensional strain and plastic shear damage
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increase with fault thickness, although this rate diminishes after a critical fault thickness of 2-3% of the
slope height is reached. The thicker faults allow for increased and deeper compression of the weaker
materials in the fault. The compression allows gravity driven expansion into the faulted rock. As slope
height increases, the larger area and greater mass allow for more movement deeper into the weaker rock
and can affect a larger portion of the slope.

In the footwall, gravity does not overly affect either the extensional or plastic shear damage process. Thus,
once the critical fault thickness is reached (approximately 2-3% slope height), the effect of a thickening
fault is reduced. Within the models, a slight reduction in damage depth was observed in the footwall as the
fault thickened. This may be due to the fault being thickened toward the toe of the slope, which reduces the

amount of damage observed. This suggests a low to moderate model sensitivity with respect to fault zone

thickness.
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Figure 5.12.  Minimum principal stress (top) and maximum shear stress (below), in Pa, for a 900
m high pit slope comparing different fault thicknesses (10, 40m and 80m). Note that
compression is negative.
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Depth of potential extensional strain (dashed line) and plastic shear (solid line)
damage zones with respect to fault thickness for 600 and 900 m slope heights. Depth
of damage values are reported for both the hanging wall and footwall sides of a fault
dipping into the slope.

5.2.6. Influence of Fault Location Relative to its Intersection with the Pit Wall Face

Orebodies, especially large scale porphyry deposits, are often directly associated with large scale fault

systems. The complex geological histories which have allowed for the deposition of the ore can lead to any

number of geometric configurations. Orebodies can be either directly adjacent to a major fault or range up

to several hundred meters away, which can lead to the fault zone intersecting the pit anywhere from the toe

of the slope to its crest. To investigate the potential damage associated with a fault zone, continuum

numerical modelling was conducted in which the fault intersection with a 45-degree slope was varied

between its toe (0% of slope height) to near its crest (75% of slope length) as depicted in Figure 5.14.
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Figure 5.14. Model geometry for the FLAC3D fault intersection sensitivity analysis, showing the
locations of the intersecting fault at either 0, 25, 50, or 75% of the slope height.

As before, the model slope height was also varied at 300, 600 and 900 m with the same geometry of a fault
dipping into the slope. Damage depths were again normalized to the overall pit slope height to return a
relative percentage of expected damage. Example stress distributions for minimum principal stress and
maximum shear stress are given for a pit with a 600 m slope heights and fault intersections of 75% (top),
50% (middle) and 25% (bottom) of the slope are given in Figure 5.15.
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Figure 5.15. Minimum principal stress (left) and maximum shear stress (right) distributions, in
Pa, with respect to fault intersection location (75, 50 and 25%b slope height) for a
600m high pit slope.

The results from these models are summarized in Figure 5.16 and Figure 5.17, and lead to several key

observations:

e The maximum extensional strain in the footwall occurs when the fault intersects mid-slope height

(at 40 to 50% of the slope height measured from the toe);

e The maximum plastic shear damage in the footwall occurs when the fault intersects closer to the

toe (at approximately 30% of the slope height);

e The pattern of extensional strain damage in the footwall is greater than the hanging wall after a
slope intersection height of 10%. This contrasts with the modelled plastic shear damage, which is

always greater in the footwall; and

e As the slope intersection height increases, the ratio of footwall to hanging wall damage likewise

increases. This is primarily due to the increased damage that develops in the hanging wall.
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Figure 5.16. Depth of potential extensional strain (dashed line) and plastic shear (solid line)
damage areas with respect to fault intersection location sensitivity and pit depth.
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Of primary importance is that the results suggest that the rocks adjacent to the fault may undergo different
types of failure (plastic shear or extensional brittle fracturing) as the location of the fault’s intersection with
the slope face varies, first being intersected in the toe of the slope and then migrating to the crest of the
slope as the pit deepens. This migration of damage and localized failure can in turn impact the progressive
failure of the slope. This suggests a moderate to high model sensitivity with respect to fault location relative

to its intersection with the slope face (as well as its subsequent migration with pit deepening).

5.2.7. Influence of Fault Angle

The importance of fault angle was investigated through a FLAC3D sensitivity analysis using the parameters
outlined in Table 5.4. The structural model and understanding of the structural history of a deposit can be
a very difficult process, however, understanding the basic structural characteristics of the fault (trace, dip
angle, etc.) can be highly beneficial to understanding the potential pit wall response and rebound effects.
Continuum modelling was conducted to test the sensitivity of the model results to fault angle dips ranging
from 50° to 110° in 10° increments. A pit wall angle of 45° was assumed, and slope heights of 300, 600
and 900 m were modelled. Example stress distributions for minimum principal stress and maximum shear

stress are given for a pit with a 600 m slope heights and fault angles of 50°, 80°, and 110° in Figure 5.18

The results indicate that although the model trends were not as clear with respect to the influence of
increasing pit depths (for similar fault angles), several clear trends can nevertheless be established (Figure
5.19):

e Plastic shear and extensional strain damage increases within the hanging wall as the angle of
incidence between the fault and slope face increases to 90°; i.e., as the fault zone becomes more
perpendicular to the pit face, the amount of damage in the hanging wall increases. This is likely
due to a larger proportion of the hanging wall being underpinned by the weaker rock of the fault

zone, which accommodates compression and additional gravitational loading;

e Plastic shear and extensional strain damage decreases within the footwall as the angle of incidence
increases to 90°; i.e., as the fault zone becomes more perpendicular to the pit face, the amount of
damage in the footwall decreases. This is likely due to the loss of confinement and the thinner

wedge of rock mass remaining;

o Footwall and Hanging wall damage depths converge when the angle of incidence is around 90°;
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These results suggest a high model sensitivity with respect to the angle of incidence between the fault angle

dipping into the slope and the face of the pit wall.

5.2.8. Summary of Sensitivity Analyses

The impact of the key fault characteristics and properties investigated in the previous sections on the

development of stress heterogeneity is summarized in Figure 5.20. Of primary importance in the

development of stress heterogeneity with respect to numerical analyses are, in order of importance:

the angle in which the fault intersects the pit wall;
the strength (or stiffness) contrast between the fault rock and adjacent host rock;

the complexity (or sinuosity) of the fault zone including its irregularity relative to planarity, and

the magnitude of the orientation change at these departures from planarity;

the location of the fault intersection with the face of the slope, and its variation as the pit is

deepened; and

the composition and thickness of the fault.

Impact on Stress Heterogeneity

Thickness *—e
Angle of Incidence
Strength
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Composition *~—e
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Fault Properties

Figure 5.20. Relative impact of key fault properties on the development of stress heterogeneity

within a pit slope intersected by a fault.
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5.3. Modelling of Fault Development within a Numerical Slope Stability Analysis

The tectonogenesis of an ore deposit can play an important role in the distribution of in-situ stresses,
including the stress heterogeneity owing to the presence of fault zones (Dight and Bogacz, 2009). Most
geological environments are extremely complex with multiple deformation events, both ductile and brittle.
These are not accounted for in stability analyses as the modelling of the tectonic history of a rock mass
would be very time consuming and somewhat speculative due to the multiple geological interpretations
possible. However, if the tectonic overprinting of an event (either recent or dominant in the local geology)
is thought to be of a controlling nature to the behavior and stability of the pit slope, the analysis of the stress
field generated during key tectonic events might prove valuable. This would require a numerical analysis
procedure where first the initial (pre-mining) stresses are modelled relative to the tectonic event, followed
then by modelling of the mining induced stresses.

In practice, this first step is replaced by assuming a highly simplified, uniform initial stress gradient.
Conventional analyses will typically include the presence of a major tectonic fault zone, representing it in
the model by defining the spatial limits of the fault and assigning weaker properties to the corresponding
zones. Stress boundaries are applied and allowed to equilibrate resulting in a pre-mining in-situ stress state
that includes reduced stresses within the weaker fault materials. However, these are very minor and the in-
situ stress state is otherwise homogenous. Numerical studies do exist in which the initiation and
development of faults have been modelled explicitly, with calculated shear strains being used to gain further
understanding of fundamental fault processes (Cundall, 1990, Poliakov et al., 1993; Donze et al., 1994;
Schopferet al., 2006). These seem promising to use fault mechanics to better represent the complexity of
fault geometries and the resulting stress heterogeneity that can subsequently influence the stability and

modelled response of a large open pit slope.

5.3.1. Modelling Procedure

To investigate the potential of this hypothesis, a detailed continuum analysis was carried out using the 3-D
finite-difference code FLAC3D to first model the development of a major fault before analyzing the
stability of the pit slope. Recent developments in pre-processing algorithms, as implemented in several
industry-favoured commercial numerical-modelling codes, were exploited that allow geological units to be
spatially defined using 3-D wireframe models (to be imported as .dxf files). Through this method, the
staging of excavations simulating the deepening of the open pit do not have to be included within the initial
model set-up but can be applied at later stages, allowing for the influence of tectonic faults and the

surrounding stress field to be modelled first.

130



The modelling procedure and sequence developed, implemented techniques reported by Cundall (1990) in
his analysis of tectonic fault processes. These were applied to explicitly model the pre-mining stress and
strain state related to the presence of a complex fault system in a large open pit mine slope, which was then
extended to simulate the mining of the open pit. The example used in the analysis was based on the Lornex

Fault Zone in the Lornex Pit at the Teck Highland Valley Copper Mine.

5.3.1. Stage 1: Modelling of Fault Development

Figure 5.21 shows the results from the first stage of the procedure. For this model, the extensional
environment responsible for the development of the Lornex Fault zone is replicated by the movement of a
rotating boundary at the edge of the model. Velocities were assigned to the left side of the model as a
gradient (maximum = 1e-5) and the material properties of the block were modified until a reasonable fit
was achieved with reported geological and geotechnical cross sections (Figure 5.22). The input properties
used are reported in Table 5.5. Figure 5.22 shows that a close fit was obtained that reproduces much of the
complexity of the Lornex Fault structure. Once the various shear zones initiate, localize and fully develop,
material properties more representative of the present-day faults are assigned before then proceeding with
initialization of the pre-mining stress state and modelling of the open pit excavation.

Free Surface

Gravity
) -

S .
P Stable Rigid

\ Rotating Boundary
Boundary

Figure 5.21. Procedure and fault generation results for modelling of fault development within
the model prior to stress initialization and modelling of the open pit
excavation.Contours shown are shear strain rate contours (relative contour interval
2.5 units).
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Figure 5.22. FLACS3D results of modelling of initiation and development of fault zones present in
the west wall of the Lornex Pit (above), and comparison to the interpreted
geotechnical section (below) reported by Piteau Associates (2005). Note that the two
main faults, the Lornex and W1-1, are clearly reproduced in the modelling of fault
initiation and development carried out here.

132



Table 5.5. FLAC3D model properties used in modelling of tectonic structures present in the
Lornex west wall, and subsequent modelling of fault interaction with pre-mining
stress initialization and pit slope excavation

Property Host Rock Fault
Deformation Modulus E,, (GPa) 2.67 0.22
Host Poisson’s Ratio 0.25 0.3
Cohesion — Peak (MPa) 0.681 0.112
Cohesion — Residual (MPa) 0.31 0.03
Friction — Peak (°) 55 40
Friction — Residual (°) 42 33
Tension (MPa) 0.05 0.01
Critical Strain Value 0.001

5.3.1. Stage 2: Modelled Stress Heterogeneity and Influence on Modelled Slope
Performance

The successful modelling of the fault development in the previous section can also be seen to have generated
a complex stress field. Stress heterogeneity is generated during initialization of the pre-mining stress state
based upon movements along the weaker faults. The resulting pre-mining stress field is significantly more
complex than that based strictly on gravitational loading as would be the starting point for a conventional
numerical analysis following the current state of practice. A comparison of numerical models of the stress
state for the West Wall of the Lornex Pit is shown in Figure 5.23 using both the conventional approach and
that where the initiation and development of the tectonic faults are first modelled. Each of the models has

undergone a typical mining sequence of pushbacks to allow for stress to develop with excavation of the pit.

Of interest is the creation of low stress regions extending from surface near the faults, and of areas of
relatively high stress concentrated between the faults. Near these low and high stress areas, additional
damage behind the pit face can be expected, which in turn can have a significant influence on the slope

deformation response and potential failure mechanism modelled.
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Figure 5.23. Modelled maximum principal stress field generated using a conventional numerical
stress initialization approach (upper), and that where the tectonic faults are first
explicitly modelled as part of the stress initialization procedure (lower).Note that the
location of the Lornex Fault Zone is outlined in black for reference in both models.
Compression is negative.

Stability analyses using the Shear Strength Reduction Factor method were undertaken for both the
conventional gravity driven stress initialization procedure and the tectonic stress initialization procedure
(as above). The models were run as strain softening with a critical strain of 1e® and properties for the
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models are provide in Table 5.6 with fault properties within the tectonic model allowed to range between

the Bethsaida Granodiorite (BGD) to the fault properties based on strain increments of 1e™.

The model results indicate a stable slope in both cases, however, the Factor of Safety for the tectonic
modelled initial stress field was calculated to be 1.75 and that for the conventional gravity driven model
was 3.35 (Figure 5.24). This is a significant difference. This is likely due to the lack of a toe break plane
within the continuum model, which requires the footwall material, the Skeena Quartz Diorite to be softened
further for a rupture surface to localize and develop. The distinction between the results however does
highlight that the level of detail in representing faults affects the outcome of the models and the stability
results. The failure mechanism observed in the gravity driven model can be interpreted as a rock mass
slump; however, that in the tectonic-based model shows a more significant control from the presence of the

fault structure, which serves as a release surface as well as facilitating a more pronounced toe break out

mechanism.
Table 5.6. FLAC3D model rock mass parameters used in the tectonic stability models
Residual
Tensile  Residual Residual  Tensile E
Density ~ Cohesion  Friction  Cut-off Cohesion  Friction  Cut-off m
Unit (kg/m?3) (MPa) Angle (°)  (kPa) (MPa) Angle (°) (kPa) (GPa)

Skeena Quartz 2700 0.261 38 100 0.20 30 0 25
Diorite (SQD)
Bethsaida 2700 0.372 47 100 0.29 38 0 5.8
Granodiorite (BGD)
Fault Zone 1 2530 0.156 35 100 0.138 30 0 0.92
(Tectonic Only)
Fault Zone 2 2467 0.138 30 50 0.12 22 0 0.55
(Tectonic Only)
Fault Zone 3 2400 0.12 22 10 0.1 20 0 0.17
(Tectonic / Gravity)
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Figure 5.24. FLAC3D shear strength reduction comparative analysis of fault implementation
methods. Factor of Safety (FOS) results for the THVC Lornex pit when using a
conventional fault representation (above) and when using a more complex fault
structure based on one that is first modelled (below).

5.4. Case History - Teck Highland Valley Copper Mine
5.4.1. Background and Pit Slope Behaviour

The Teck Highland Valley Copper (THVC) mine, as described in Section 3.2.3, is located near Kamloops
in south-western British Columbia, Canada (Figure 5.25). Between 1989 and 1995, the west wall of the
Lornex Pit had experienced up to 45m of displacement in the upper portion of the slope through a complex
deep-seated toppling mechanism (Tosney et al., 2004). Early on, the toppling displacement was shown to
occur along a set of steep faults dipping into the slope and was thought to be accommodated as the result
of reduced confining stresses. Detailed numerical modelling of the west pit wall was undertaken by Rose
and Schulz (2009), and they highlighted the importance of the pervasive structure and faults to the stability
of the slope. A review of the slope displacement mechanism of the west wall to compare to the results of a
pseudo-3-D radar monitoring experiment (Severin et al., 2013) generally agreed with Rose and Schultz’s
(2009) previous interpretation of the displacement mechanism. However, the new monitoring data and

136



interpretation highlighted the occurrence of significant bulging of the rock mass at the toe of the slope
below the fault. This bulging of toe material is believed to be necessary to allow for the significant
displacements observed in the upper sections of the slope which was not reflected in the earlier analyses

conducted.

Highland
Valley Copper

Mine )

Figure 5.25. Location of Teck Highland Valley Copper mine (left) and a view of the north and
west walls of the Lornex pit with the trace of the Lornex Fault Zone superimposed

(right).

5.4.2. Fault Properties and Potential Damage

To examine the impact of the Lornex Fault Zone on stress and strain distribution of the slope and the
potential associated damage, several 2-D distinct-element numerical models were constructed using the
commercial software UDEC (Itasca, 2011). Within the models, the LFZ is represented as a 60m thick zone
(comprising 7% of the overall slope height) and intersecting the slope face at approximately 25% of the
slope height (measured from the toe) at an angle of incidence of 70°. The in-situ stress conditions were
assumed to be hydrostatic (K=1) based on previous site investigations conducted on site (Piteau, 2005).
The mining sequence used within the models included a series of 5 pushbacks with benches being excavated
in 50 m intervals.

The properties for the numerical model, shown in Table 5.7, were determined through geotechnical
characterization by Piteau Associates (2005). The fault deformation modulus used in the modelling was
roughly 20% of the host rock material. A strain softening constitutive behaviour model was used which
allows the post-peak strength to be reduced as a function of plastic shear strain. To model a brittle response,
the rock mass cohesion was set to degrade sharply (friction was not softened) and the residual tensile
strength was set to zero. To evaluate both the plastic shear and extensional strains, the values of each were
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compared to find appropriate thresholds of plastic shear strain that would allow damage to initiate. Based
on the results from the initial models, a value of 1e-3 plastic shear strain was chosen to represent the post-

peak damage threshold.

Table 5.7. UDEC model input rock mass parameters for the THVC Lornex pit case study
(based on Piteau, 2005)

Tensile  Residual

Density RMR/ G Cohesion  Friction  Cut-off  Cohesion
Unit (kg/md) Gsl (MPa) m; (MPa) Angle (°) (MPa) (MPa)
Skeena Quartz 26 43 37.9 28 0.261 38 0.1 0.12
Diorite (SQD)
Bethsaida 26 51 55.5 28 0.372 47 0.1 0.17
Granodiorite (BGD)
Fault Zone 22 25 200 28 0156 22 0 -

Based on the conceptual sensitivity modelling presented earlier (section 5.3), the following damage
states/responses might be expected. It should be noted that because the conceptual modelling was based on
a 45-degree slope (the Lornex pit is a 30-degree slope), the estimated values based on these should be

thought of as upper bounds.

e Fault Intersection Location: Conceptual modelling results suggest plastic shear and extensional

strain damage limits of 25% and 30% of the slope height into the slope, respectively. Given the
Lornex Pit slope height of 500 m, the plastic shear damage limits would extend 125 m and the

extensional strain damage would extend 150 m into the slope;

e Fault Angle: Conceptual modelling results suggest a depth of plastic shear damage of
approximately 15% (75 m) in the hanging wall and 25% (125 m) in the footwall. The depth of
extensional strain damage would be expected to extend to 25% (125 m) in the hanging wall and
30% (150 m) in the footwall;

e Fault/Host Rock Strength Contrast: Given the relatively low contrast in deformation moduli

between the fault and the host rock (0.27), plastic shear damage would be expected to extend
approximately 15% (75 m) into the slope, while the extensional strain damage would be expected

to extend approximately 35% (175 m) into the slope;
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e Fault Thickness: The LFZ has been mapped as approximately 60 m thick, which is approximately

12% or the slope height. Expected plastic shear and extensional strain damage would be 25 and
35% in the hanging wall and 35 and 45% in the footwall.

5.4.3. Lornex Modelling Results

The results from the initial modelling of the Lornex pit are shown in Figure 5.26. These indicate the
presence of zones of increased plastic shear and extensional strain in the footwall adjacent to the Lornex
fault. This agrees with the conceptual sensitivity models presented previously. The volume of yielded
elements within the model was determined for the final pit geometry after following the pit excavation
sequencing, carried out in 9 steps. A comparison of the results without and with the fault, and in the hanging

wall and footwall are provided in Figure 5.27.

——————————
NS A o >
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O Tension
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Figure 5.26. Initial UDEC model results indicating increased damage in the footwall of the fault
during excavation at THVC Lornex west wall.
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Figure 5.27. Damage (represented by yielded elements) with respect to mining stage for the
footwall (above) and hanging wall (below) of the UDEC modelled Lornex Pit west
wall. Results compare models that include the Lornex Fault (solid line) and those
assuming a homogenous rock mass (dashed line).

A uniform mesh was used in which the elements were discretized with equal areas. This allows for the total
number of elements to serve as a proxy for volume of yielded/damaged rock. Within the hanging wall, the
presence of the fault allowed for a significant increase in the number of yielded elements to occur prior to
the fault intersecting the pit bottom. Other than the yielding of rock in the pit floor, due to the stress
concentration where the slope toe intersects the pit floor, the hanging wall appears to undergo a localized
increase of yielding near the fault, but this yielding does not seem to increase as the pit continues to deepen.
The rock mass within the footwall undergoes significantly more yielding when the fault is present than
without the fault (200 to 300% more, both in tension and shear). The damage that initially occurs within

the pit floor subsequently extends below the depth of the final pit floor elevation and the fault. The rock
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mass and stress interactions that cause this increased damage situation are not well understood and are

dependent on localized factors such as jointing patterns and the variation of intact rock strength.

To further evaluate the Lornex Pit west wall, a set of UDEC models were constructed in which the Lornex
Fault structure was first modelled based on the findings presented in Section 5.4. Model properties were
varied until a Lornex Fault with similar width developed together with splays such as the W1-1 fault defined
by Rose and Scholz (2009). To this model, the detailed joint set geometries mapped in the pit (Piteau
Associates, 2005) were added. A Voronoi overlay was also added to represent random degrees of freedom
for potential brittle fracture paths to allow the joint-bounded blocks to fracture further. The model geometry

is shown in Error! Reference source not found..

The resulting stresses and development of the faults was then used as the initial pre-mining stress state and
geometry for the simulation of the excavation of the open pit. The Lornex Pit was excavated following a
mining sequence of 5 pushback stages with 50 m excavation steps to reflect the stress path experienced by

the actual slope. 50m pushback steps were chosen to best reflect the mining history of the pit slopes.

Two constitutive models were considered to evaluate the effect of plastic shear strain and extensional strain
resulting from interactions with the Lornex Fault zone on the overall stability of the west wall. These

include:

e Strain-Softening Model — properties were developed by first scaling Hoek-Brown rock mass properties
based on GSI and UCS properties outlined in Table 5.8 (Piteau, 2005), using the empirical relationships
in Hoek et al. (2002). These were then converted to Mohr-Coulomb values, for which both upper and
lower bound limits were established. The strain-softening behavior was then implemented by defining

residual strength properties associated with increasing plastic shear strain values.

e Strain-Softening with Extensional Damage Model — using the same properties as those above but
including weakening for areas in the model exceeding the extensional strain damage threshold. At each
mining stage, extensional strains around the pit and faults were evaluated. If the value of the extensional
strain was found to be greater than 5e*, the rock mass strength in that area was weakened by applying
a ‘D’ damage factor using the H-B criterion (see Hoek et al. 2002 for details). A ‘D’ factor of 0.7 was
used. The value of 5e* was chosen to reflect a similar pattern and magnitude of extensional strain
observed in the previously run Lornex models. This was implemented using a series of user-defined
functions (using the program’s internal language FISH), for which extensional strains are calculated

and post-peak strength and deformation modulus values reduced where extensional strains exceed a set

141



limit. This limit and the rock mass strength reduction factors were then calibrated against the slope

kinematics determined from the radar slope monitoring conducted on site.

Table 5.8 and Table 5.9 present the input properties used for the model shown in Figure 5.29. Groundwater

conditions within the pit were assumed to be dry.

Table 5.8. UDEC rock mass properties for blocks in the Voronoi modelling of the Lornex Pit
(THVC) case study
Friction Bulk Shear Tensi
Density  Cohesion Angle Modulus  Modulus ension
Model Units (kg/m3) (MPa) (degree) (GPa) (GPa) (MPa)
Bethsaida Granodiorite 2600 0.372 47 10 7.5 0.1
(BGD) — Peak
Skeena Quartz Diorite 2600 0.498 55 1.56 0.93 0.1
(SQD) - Peak
Skeena Quartz Diorite 2600 0.261 38 0.37 0.22 0.1
(SQD) - Residual
Skeena Quartz Diorite 2600 0.174 29 0.29 0.17 0.01
(SQD) — Reduced for
extensional strain
Faulted Rock 2200 0.156 22 0.85 0.59 0

Table 5.9. UDEC joint properties for discontinuities in the Voronoi modelling of the Lornex Pit
(THVC) case study. The random discontinuities represent VVoronoi segments along
which intact rock bridge fracturing can be simulated

Dip Friction Normal Shear
Dip Direction  Cohesion Angle : Stiffness  Tension
Stiffness
Structure (degree)  (degree) (MPa) (degree) (GPa/m) (GPa/m) (MPa)
Joint Set 1 75 270 0.01 25 ‘ 1 0.5 0
Joint Set 2 67 90 0.010 25 1 0.5 0
Joint Set 3 5 270 0.01 20 ‘ 1 0.5 0
Random - 0.1 35 1 0.5 0.0001
Extensional 0 15 0.1 0.05 0
reduction
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Figure 5.28 UDEC model set-up showing joint sets (red and blue) including random joints
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representing intact rock bridges (i.e., potential brittle fracture pathways) using voronoi

tessellation (black).

The model results show that as the pit is excavated, stress interactions between the deepening toe of the

slope and the complex, heterogeneous initial stress state arising from the 