Slope Stability 2013 — P.M. Dight (ed)
© 2013 Australian Centre for Geomechanics, Perth, ISBN 978-0-9870937-5-2
doi:10.36487/ACG_rep/1308_04_Elmoulttie

Rapid characterisation of potentially hazardous
blocks in open pit mining

M.K. ElImouttie CSIRO Earth Science and Resource Engineering, Australia
G.V. Poropat CSIRO Earth Science and Resource Engineering, Australia
G. Krahenbiihl CSIRO Earth Science and Resource Engineering, Australia

P. Dean CSIRO Earth Science and Resource Engineering, Australia

Abstract

The management of open pit mine slope stability analysis can be optimised by using all available data
ranging from qualitative assessment of rock mass properties through to the results of sophisticated
computer-based analyses. The choice of approach is typically based on both technical and resource
constraints. In this paper we propose a practical method to manage design risks by understanding the
potential structure-controlled failure mechanisms of a slope. In particular we emphasise that an
understanding of the trustworthiness or level of confidence associated with the stability analysis is essential
to manage the rock mass and to determine the appropriate amount of resources required.

The example discussed in this paper involves consideration of the potential formation of kinematically
hazardous blocks on a mine highwall or bench face, where it is not clear from the outset what approach is
required. The proposed method provides a quick assessment based on the spatial location of structure data
and the practical uncertainties resulting from variation of key input data. In this paper, we will present new
methods to provide this guidance based on recent advances in the use of digitally mapped structural data,
first pass rigid block stability analysis and analysis of the confidence of the stability analysis undertaken.

1 Introduction

As open cut mining operations become deeper, so increases the need to quantitatively evaluate the risk
associated with potential geotechnical hazards. For instance, failures in deep pits can occur at a number of
scales (i.e. single bench, inter-ramp scale or entire slope). Sophisticated slope monitoring technologies
provide mine operators with the ability to continue mining as the behaviour of a slope deteriorates, prior to
an eventual failure. However this does not diminish the need to characterise in advance the nature of the
failure mechanism. In fact, a better understanding of the mechanism can greatly improve its management
as well as design and influence the operational decisions to be made during the evolution of the mine.

Potential slope failure mechanisms can be divided into several broad categories: weak-rock shear failure
(heavily jointed or weak intact rock), structurally controlled translational failure, complex translational
failure including step-path failure and complex translational/rotational failure including yielding (Stead et
al., 2006). The properties of the rock material (stress concentration, fracture properties, etc.) are not static
but time dependent and can respond to factors such as heavy rainfall, mining-related stress change and
blasting operations. Clearly, the prediction of hazard location, likelihood and significance is a complex
problem requiring an understanding of the underlying physics, scale, and uncertainty associated with the
rock mass, rock material, and potential failure mechanisms.

Figure 1 illustrates the ‘parameter space’ for modelling complex problems. The practitioner is required to
use ‘expert judgment’, appropriate design methods and sensitivity analyses to determine how to cover this
parameter space in a way that is optimal in terms of model accuracy (i.e. how well it replicates reality) and
trustworthiness (how certain the predictions obtained from the model are believed to be) versus resources
(time and money). However, too often the uncertainty parameter (trustworthiness) is neglected because

Slope Stability 2013, Brisbane, Australia 151


https://doi.org/10.36487/ACG_rep/1308_04_Elmouttie

Rapid characterisation of potentially hazardous blocks in open pit mining M.K. Elmouttie et al.

the tools used by the practitioner do not easily allow its interrogation or because characterisation of the
uncertainty is deemed to be too resource intensive.
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Complexity of
Physics

Model Size &
Resolution

Figure 1 Parameter space for modelling large, complex problems with uncertainty

In this paper, the uncertainty associated with characterisation of structurally controlled hazards is
discussed. A method is described to provide guidance to the practitioner regarding the variance in the
scope of the parameter space (scale versus physics versus uncertainty) requiring investigation. Recent
advances in the use of digitally mapped structural data and statistically based rigid block stability analysis
are drawn upon and examples of application of the proposed method are described. Although the scope of
the paper is constrained to structurally controlled failures, application of the method to other failure
mechanisms is described.

2 Hazardous blocks

In this paper, the term ‘hazardous block’ is used to describe a kinematically free block of rock of significant
mass that has the potential to collapse or move in an unplanned manner. Characterisation of blocks, let
alone ‘potentially hazardous blocks’, is not a trivial task. Several questions must be addressed, such as: are
blocks in the rock mass defined almost entirely by structures (i.e. blocky rock mass) or is step-path
formation of blocks more likely; if the latter, can geometrical methods be used to estimate the properties
of the block formation.

The term ‘rapid characterisation’ is used in this paper to describe a method which allows quantification of
the block properties and their stability characteristics within a time frame that is potentially suitable for
regular use in mine operations.

3 Techniques

Depending on operational considerations the practitioner may be able to use one or more techniques that
support rapid characterisation of hazardous blocks. Their relative merits are discussed below.

3.1 Stereonet analysis

The most basic, but widely used characterisation technique is kinematic analysis using a stereonet.
Traditional analysis using a stereonet is typically applied to the analysis of planar, wedge or toppling failure
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modes. The stereonet can provide the practitioner with an indication of the existence and stability of
wedge formation given a bench orientation and the orientation of intersecting structures. However, the
analysis assumes persistent structures and takes no account for the relative location of structures and is
therefore very conservative in that it essentially may identify blocks that can never exist.

3.2 Simple wedge analysis

If a maximum of two dominant structure sets are being considered, and the most geometrically complex
block formation under consideration is believed to be a tetrahedral wedge, then a ‘simple wedge analysis’
can be used. Statistical parameters and probability distribution functions (pdf) can be estimated (but often
are assumed) to represent the orientations and surface properties of the sliding planes forming the wedge.
A statistical sampling method (e.g. Monte Carlo simulation) can be used to generate multiple wedge
realisations. Added data such as excavation geometry and the presence or absence of tension cracks can be
used to further constrain the analysis. Such analysis allows the estimation of statistical parameters for
Factors of Safety (or probability of failure), volumes (or masses) and other failure parameters.

3.3 Wedge analysis constrained by digitally mapped structures

Digital mapping of the excavation allows the spatial location and the observed persistence of structures to
be used as further constraints for the wedge analysis. A combinatorial analysis can be used in combination
with user inputs defining persistence and surface properties to predict potential wedge formation and
stability (Figure 2). Although the statistical significance of such an analysis will be determined by the
numbers of structures mapped, this can highlight the inherent uncertainty present in characterising rock
mass discontinuities. This uncertainty is also present in the analysis technique discussed in Section 3.2 but
may not be apparent to the practitioner because of the use of predefined pdfs.

w2

Figure 2 Screenshot showing automated wedge analysis for a popular photogrammetric based
geotechnical software package. Sliding planes are shown as red discs and sliding
vectors as dotted lines
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3.4 Polyhedral stability analysis constrained by digitally mapped structures and
discrete fracture networks

For more accurate representation of the in situ blocks in the rock mass, more sophisticated methods are
required. Polyhedral stability analysis using discrete fracture networks (DFN) constrained by digitally
mapped structures can accommodate any number of structure sets and the polyhedra analysed can have
arbitrary numbers of facets. Details of the use of these methods are presented in the following sections.
These methods are not as commonly employed as those discussed in previous sections and some
understanding of these methods may be required to appreciate the improved hazard assessment they can
achieve.

34.1 Discrete fracture network

The use of discrete geometric representations of fracture/joint networks to model the heterogeneity of a
rock mass has greatly increased in recent years. The acceptance of this method has been a function of both
the availability of software based DFN generators as well as the widespread availability of suitable
computing resources. DFN provide a more realistic simulation of rock mass heterogeneity than do the more
established equivalent continuum medium (ECM) methods (such as finite element methods — see Jing, 2003
for a review). ECM methods often rely on assumptions of parallel fractures within a given set, fracture
ubiquity, and assumed infinite persistence of fractures.

DFN techniques do not require such unrealistic assumptions and therefore better represent individual
fracture properties such as position, size and aperture and (potentially) shape. However, while DFN
methods improve the model capability the potential of the DFN approach can only be fully realised if the
geometry of the discontinuity network being generated is statistically similar to the in situ network of rock
mass defects being simulated. The DFN should also honour the geological history of the structure formation
by accurately representing the termination and truncation of structures. If similitude is not achieved, the
DFN approach can be considered, at best, to be an inefficient and overly complicated alternative to the
ECM approach. At worst, the DFN can misrepresent the characteristic of the network, which has significant
implications for the results from stability, fragmentation, hydrogeological and other analyses.

A DFN is developed using both the deterministic structures that have been explicitly measured (e.g. larger
structures such as faults or fractures that have been mapped on an exposure) and the stochastic or inferred
structures. It is particularly important to include large structures deterministically in a DFN because
stochastic generation of large fractures can severely alter the geometries (and subsequent hydrological,
stability and other analyses).

The DFN generation process for stochastic structures relies on the ability of the practitioner to create
probability distribution functions representative of the fracture parameters such as density, orientation and
size. These can only be generated after the statistical parameters of the discontinuity matrix observed in
the field have been quantified. Assumptions must also be made regarding the fracture shape (Dershowitz,
1984; Billaux et al., 1989).

A commonly adopted DFN model for the simulated rock mass is the Baecher model (Baecher et al., 1978).
This model assumes discontinuities are randomly distributed spatially (i.e. Poisson process), the sizes
(persistence) of discontinuities can be described by lognormal or negative-exponential distributions and the
spacings between adjacent discontinuities from the same set (as measured by projecting discontinuity
centroids along the mean set normal vector) can be described by negative-exponential distributions.

The assumptions used to create any given fracture model may only be adequate for generic studies. When
the characteristics of a particular site are being investigated, the individual fracture properties must be
estimated. These properties are represented as random variables and therefore statistical methods must
be used to generate simulated fracture networks (known as realisations). The method adopted in the
research described here is known as Monte Carlo sampling or simulation.
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3.4.2 Polyhedral modelling

Identification of the polyhedra or rock blocks present in a rock mass is an important tool in the application
of block theory and numerical studies of rock mass stability. Polyhedral modelling does not provide the
same level of physics sophistication as numerical stress—strain modelling however it is extremely useful for
several reasons. It is compatible with fast, first pass analyses; more advanced than the more traditional
analyses described in the preceding sections; compatible with statistical sampling schemes such as Monte
Carlo; and is able to provide estimates of in situ block size distribution, slope stability, rock mass
fragmentation, etc., when coupled with accurate structural representations.

Used in isolation from numerical techniques, polyhedral modelling will provide an estimate of the 3D
fragmentation of a rock mass but will not account for stress induced fracture propagation. Numerous
polyhedral modellers have been described in the literature and used for estimation of block size
distribution (e.g. Wang et al.,, 2003; Rogers et al., 2007, Menéndez-Diaz et al., 2009). Traditionally,
polyhedral modellers have required simplifications such as cubic or hexahedral representations of the
simulation volume; very small numbers of discontinuities; the assumption of planar topologies for the
discontinuities; and the assumption of infinite persistence.

The third and fourth simplifications impose a critical limit on the ability to represent a rock mass comprising
irregular shaped blocks or polyhedra. In particular, infinitely persistent discontinuities disallow the inclusion
of concave extremities and can only yield convex polyhedra. These limitations may result in significant
errors when assessing the stability of an excavation (Elmouttie et al., 2008) and in situ block size
distribution (Elmouttie et al., 2009). The polyhedral modeller utilised in this project represents an evolution
of modellers outlined in (Lin et al., 1987; Jing and Stephansson, 1994; Jing, 2000; Lu, 2002) and is described
in detail in Elmouttie et al., 2010. Examples of polyhedral models are shown in Figure 3.
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Figure 3 Example of polyhedral models (taken from Elmouttie et al., 2010). Shown are (a) open
pit benches;
(b) bowl shaped excavation; (c) underground excavation; and (d) pillar

This form of analysis is sophisticated yet rapid enough to allow interrogation of the trustworthiness of the
assumptions on which a model is based. For example, Figure 4 shows two differing predictions of
potentially hazardous blocks in a coal mine high wall. Both predictions were based on identical structural
mappings however one prediction assumes persistence of structures in the direction of bedding is twice
that of the other. The difference in results is significant. Polyhedral modelling provides flexibility not
available via simple wedge analysis to support interrogation of the effect of such assumptions on the
mechanisms of block formation.
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Figure 4 Differing predictions from rigid block stability analyses. Analysis shown in (a) assumes
persistence of structures into the wall is half of that assumed in the analysis shown in

(b)

3.5 Quasi-stochastic analysis of uncertainty in digitally mapped structures

Structures generated using the DFN method are typically defined in terms of being either deterministic (i.e.
mapped) and stochastic (i.e. inferred). However, digital mapping methods provide the practitioner with the
ability to quantify both the measurements as well as the model uncertainty associated with the mapped
structures. This can be considered to be a quasi-stochastic analysis. The uncertainties associated with the
mapped discontinuity properties can be significant, including orientation uncertainty (one to several
degrees depending on the quality of the 3D data, structure curvature and the amount of exposure mapped)
and size uncertainty (can be significant, particularly in sedimentary structures where persistence along
bedding may differ significantly to that measured across bedding).

In Figure 5, the results of both a deterministic analysis and quasi-stochastic analyses for several scenarios
considering differing amounts of orientation uncertainty are presented. These ‘hazard maps’ represent the
likely location of daylighting blocks as predicted in the analysis shown in Figure 4. The data corresponds to
structural mappings on a coal mine highwall with bedding represented using stochastically generated
weakness planes (see Elmouttie et al., 2013 for details). Uncertainty in the structure orientations has been
gradually increased to determine the effect on the centre of mass of the daylighting blocks (hazards) and
for each scenario, one hundred DFN realisations have been used to study the influence of this uncertainty.
The colour scale used in the maps represents the percentage of realisations predicting daylighting blocks at
particular locations. Even after 1° standard deviation (normally distributed) as shown in the (b) map, the
hazard maps begin to look markedly different, a reflection of the changing three-dimensional character of
the block shape. The map shown in (d) corresponds to the scenario where the uncertainty in individual
structure orientations is that of the structure sets themselves. The final map shown in (e) is presented for
reference as it represents the most pessimistic scenario where almost no knowledge of the structure
orientations is available. This type of analysis can therefore be used quantify the uncertainty associated
with hazard characterisation based on the level of confidence one has in the input parameters.
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Figure 5 Hazard maps for orientation uncertainties in dip and dip direction of (a) [0° 0°]
(deterministic analysis);
(b) [1° 1°] (most optimistic scenario); (c) [2.5° 5°]; (d) [5° 10°] (set variance scenario);
and (e) [40° 80°]
(most pessimistic scenario). Taken from EImouttie et al. (2013)
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Of course, traditional DFN analysis can also be undertaken for more extensive characterisation of the
uncertainty in the rock mass. However, depending on the scope of the work, such investigations may not
necessarily satisfy the criterion of ‘rapid characterisation’. The example shown in Figure 6 shows the
analysis of predicted crest damage on a section of an open pit mine. Four structure sets were included in
the DFN generation, with each realisation containing around 100,000 fractures. One hundred realisations
were generated and the location and frequency of daylighting blocks was compiled in a hazard map. The
colour scale used in Figure 6(b) represents the percentage of realisations predicting crest damage in the
shear zone and therefore the reliability associated with this analysis.
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Figure 6 A DFN (a) and statistically based hazard map (b) for 15 benches of an open cut mine

3.6 Summary

A comparison of the relative merits of the techniques discussed is shown in Table 1. Only digital mapping
combined with polyhedral modelling is sophisticated enough to adequately represent hazard frequency and
location.
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Table1 A comparison of stability analysis techniques

Stereonet Simple Digital Mapping Digital
Analysis Wedge with Simple Mapping with
Analysis Wedge Polyhedral
Detection Modelling
Accounts for structure v v v v
orientation
Accounts for structure size v
Uses georeferenced data v
Captures spatial distribution v
of hazards across different
parts of the highwall
Adequately captures v
frequency of hazards
Represents more realistic v
block geometry (not just
simple wedges)
Unlimited numbers of v
structure sets used to
predict block formation (not
limited to two)
Represents intersections of v
minor structures (joints)
with major structures (e.g.
faults)
Non-planar structures (e.g. v
curved faults)
Represents excavation, v
geological and geotechnical
constraints

4 Implementation

In the following section, an approach that can be used to integrate the previously described methods with
analysis of more complex failure mechanisms is discussed. A brief discussion of the use of multi-criteria
evaluation (MCE) for more reliable hazard characterisation is then presented.

4.1 Integration with more complex modelling

Analysis of potential complex failure mechanisms requires more computationally intensive modelling
techniques to capture rock mass failure. In the work reported in this paper, statistically based modelling of
structurally controlled failures has been used to characterise the uncertainty associated with these hazards.
Integration of these techniques can provide a means of quantifying uncertainty associated with more
simplistic approaches as an approximation. A schematic representation of this approach is shown in
Figure 7. Although modelling complex failure modes for a multitude of DFN realisations may not be
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computationally possible, using the polyhedral rigid block stability analysis to quantify the uncertainty
associated with the rock mass characterisation and then analysing selected DFN realisation may be
tractable (Elmouttie and Poropat, 2011).

* Map observed structures and geology
DIGITAL * Include other data (e.g. borehole)
MAPPING

* Make assumptions about structures
(e.g. shape)
* Make assumptions about population

e Construct discrete fracture networks
(DFN)

e Construct polyhedral model (‘blockiness’)
e Interrogate properties and stability

POLYHEDRAL
MODELLING

* Repeat above multiple times
e Concatenate results for analysis

¢ Detailed numerical analyses of rock mass
failure of selected DFN realisations

Figure 7 A schematic representation of the approach - integrating polyhedral based stability
analysis with detailed analysis of complex failure mechanisms

4.2 Multi-criteria evaluation

The discussion presented in this paper has focussed on the use of structural data acquired via digital
mapping of exposures. A variety of other data pertaining to characterisation of geotechnical hazards may
be available (e.g. borehole data and geophysics, expert knowledge, inspection checklists etc.) and
integrating these data is clearly desirable to mitigate model limitations, biases in data and ‘blind-spots’.
Combination of this data can be accomplished by using a MCE approach. Formal MCE methods originated
in the 1960s and MCE has been integrated with geographic information systems (GIS) to assist decision
making with the means to evaluate various alternatives on the basis of multiple and conflicting criteria or
objectives (Carver, 1991).

MCE approaches are available in several software packages used in mining and civil engineering. Choosing
appropriate weightings for the individual data ‘layers’ is a problematic part of this approach but this can be
accomplished in different ways and formal methods for choosing methods have been defined in the
literature (e.g. Malczewski, 1991). Figure 8 shows a schematic representation of this approach for hazard
characterisation. Currently, the authors are investigating the use of MCE and similar methods for rapid
characterisation of geotechnical hazards.
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Figure 8 Integration of data from numerous sources to rapidly characterise hazards

4.3 Field based implementation

Field data and observations should be referenced continually during any computational analysis of
potential failure mechanisms to ensure that the results of simulations align with reality as it may have been
or is currently observed. Performing analysis whilst in the field is not always a practical option, however the
algorithms described in this paper are suitable for implementation on field based computers (e.g. tablets).

With appropriate interface design, the practitioner can quickly interrogate scenarios and perform
sensitivity analyses for identified hazards whilst observing those structures. This presence in the field can
provide the practitioner with better understanding based on visual interpretation than can be achieved
through digital photographs and is expected to stimulate a better appreciation of simplifications and
uncertainties associated with the modelling process.

5 Conclusions

Rapid characterisation of hazards in open pit mining can be used alongside slope monitoring technologies
to improve management and design decisions. Statistically based techniques can allow quantification of the
uncertainty associated with predictions of structurally controlled failure mechanisms. These uncertainties
can guide the practitioner as to the trustworthiness or reliability of analysis of more complex failure
mechanisms.
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