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Abstract

Geomechanical risk in mining is universally understood to depend on many apparently disparate factors acting
together such as stress, stiffness, mine geometry, rock mass character, rock type, structure, excavation rate and
volume, blasting, and seismicity. We have worked on many case studies over the years in both underground and
open pit mines with the objective of discovering and documenting the correlation of such factors with the
experience of geomechanical failure. Whether that failure is slope failure, strainbursting, fault slip-induced
rockbursting, roof fall, or any other of many possible failure types, statistical correlations among the different
classes of data can be found, and predictive rules for understanding geohazard based on their quantitative
combination can be established and deployed in day-to-day operations. This data-driven approach requires
application of methods and avoidance of pitfalls that can be standardised into a universally applicable workflow.
We discuss the workflow and the pitfalls in analysis to be avoided through case study examples.

Keywords: geomechanical hazard assessment, data-driven analysis, data fusion, machine learning, artificial
intelligence (Al), predictive analytics, rockburst, roof fall, slope failure

1 Introduction

An obviously essential factor in successfully understanding, assessing, and acting upon mining geomechanical
risk is the ability to forecast with some assurance the likelihood of experiencing geotechnical hazard incidents
in location and time. It is uncontroversial to state that geotechnical hazard incidents, from rockbursts to roof
falls to slope failures, are complex phenomena with multiple contributing factors. If this were not the case,
the timing and location of their occurrence would be predictable and therefore avoidable.

Expert, knowledge-based combinations of contributing factors into an overall hazard score for particular classes
of failure has often been applied by domain experts (e.g. Heal et al. 2006), particularly in mine design
(e.g. Castro et al. 2011). However, expert knowledge also has real human constraints; consensus among
experts, particularly when there is a need to apply quantitative weightings to multiple factors, is elusive; and
more importantly, the multiple factors that contribute to geotechnical hazard incidents have both complex and
site-specific interdependencies. Similar issues of complexity have led to the rise of artificial intelligence (Al)
systems relying on machine learning (ML) algorithms or ‘predictive analytics’ in other fields to understand how
to relate patterns in input data to the prediction of specific outcomes. The phrase ‘data-driven geotechnical
hazard assessment’ in the title of this paper means using the history of geotechnical hazard incidents at a site
to predict the likelihood in location and time of future incidents of the same class. We have undertaken such
studies at many sites for many types of geotechnical hazard, and incorporated the methods into a working
system for automated hazard assessment and reporting now implemented at several operations (McGaughey
2014; McGaughey et al. 2017). The subject of this paper is not the operational systems or methods of
automated hazard assessment and reporting, but rather what we have learned in terms of the practices and
pitfalls of applying data-driven methods to the problem of geotechnical hazard assessment.

We present a general workflow for analysing relationships among multiple input data streams and a site
history of geotechnical hazard incidents, based on similar workflows in other application domains of ML. The
goal of these algorithms, regardless of application domain, is to develop general rules based on historical
data and then apply those rules to new data. This is an intensive general area of research in computational
science and applications in other domains abound, from finance to marketing to the life sciences. The goal
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of our workflow is to develop a quantitative model that combines weighted inputs of raw or transformed
data available on the mine site into an optimum estimation of geohazard probability in location and time in
the mine, and then use that model to provide routine automated computation and reporting to update the
hazard assessment in response to new data.

There are many ML methods available to tackle this problem, but choice and application of particular ML
algorithms is not the subject of this paper. For a useful, short introduction to the general application of ML,
see Domingos 2015. The workflow described here concerns setting up the mining geohazard problem
specifically for application of these techniques. Most of the examples we describe here used a standard
‘weights of evidence’ (WOE) or ‘naive Bayes’ approach, which has several advantages including conceptual
simplicity and ease of implementation. It also has the benefit of a long history of acceptance in the mining
industry, although primarily in mineral exploration applications (e.g. Agterberg et al. 1990; Agterberg &
Cheng 2002; Bonham-Carter et al. 1989).

WOE describes the relationship between predictive variables such as stress, seismicity, rock type, or rock
quality designation, and a binary target variable, such as hazard occurrence at a particular location and time
in the mine (binary meaning the hazard happens at that location and time or it does not). “Binary
classification models are perhaps the most common use-case in predictive analytics. The reason is that many
key client actions across a wide range of industries are binary in nature, such as defaulting on a loan, clicking
on an ad, or terminating a subscription” (Larsen 2015). These are examples to which we could add
‘experiencing a geotechnical hazard incident.” Larsen (2015) goes on to list advantages of the WOE method
generally, all of which are relevant to the mining geohazard case:

e Considers each variable’s independent contribution to the outcome.

e Detects linear and non-linear relationships.

e Ranks variables in terms of ‘univariate’ predictive strength.

e Visualises the correlations between the predictive variables and the binary outcome.

e Seamlessly compares the strength of continuous and categorical variables without creating dummy
variables.

e Seamlessly handles missing values without imputation.
e Assesses the predictive power of missing values.

Use of WOE also has drawbacks, such as an assumption of conditional independence of input predictive
variables, which is never fully met in practice and must be kept in mind when interpreting results.

Most importantly, whatever the chosen method of ML or predictive analytics, it is imperative that we use
systems that provide rules that are understandable by domain experts. Deep learning or other methods that
rely on neural networks or other algorithms with ‘hidden layers’ between input and output may (or may not)
provide more robust prediction, but in the mining case, prediction accuracy must be accompanied by an
answer to the question ‘why?’ because site engineers have to act on the output. Depending on why a
prediction of high probability of geohazard incident has occurred, actions taken may range from dismissing
the prediction for site-specific reasons, investigating underground or in the pit, reinforcing support, adjusting
operations, or abandoning an area. A ‘black box’ prediction will not provide the required engineering
confidence in the output. Furthermore, the system must provide a foundation for a routine, automated
computation and reporting system to update hazard assessment in response to new data as described in
McGaughey et al. (2017).
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2 Workflow overview

Although each site is unique, over many case studies with different mining methods (both underground and
open pit), different ore types, and different types of geotechnical hazard, we have developed a standard
workflow for tackling the data-driven geotechncial hazard assessment problem. In this section, we provide a
brief overview of the workflow, and in the following section, describe how we carry out each step as well as
some of the issues to be aware of.

The major steps of the workflow are:
e Establish target hazard incident type.
e Establish hazard criteria and data sources.
e Establish geometrical mine model.
e Establish mapping from data sources to hazard criteria.
e Establish list of hazard incident occurrences for back-analysis.
e Create mine model snapshots.
e Data fusion.
e Training and validation.
e Implementation.

The practice and pitfalls of undertaking each step in the workflow are discussed in the following section.

3 Practice and pitfalls

In this section, we describe how we carry out each step of the workflow, using examples from case studies.
From the initial site brainstorming to completion of the analysis, we follow a now standardised step-by-step
process that we have continually refined over the past decade. The steps, in hindsight, now seem obvious
but in fact, there was much trial and error in refining the workflow, which could not have been done without
the experience of analysing many hazard types in underground and open pit coal, metal, and potash mines.

3.1 Establish target hazard

The first step is forming consensus among stakeholders as to the ‘target’ hazard incident type in question
that we are attempting to model and understand. Sites may have different types of geotechnical hazard
incidents and it is important to recognise each of them as separate problems to be solved, even if they are
later combined into a holistic assessment of all hazard types. This workflow is to be applied to each hazard
incident type separately. This step requires brainstorming-style discussion with site personnel. Examples
from discussion with sites from our own work include recognition of the necessity of separating rockbursts
into multiple types such as strainbursts (pillar bursts or development bursts) and fault slip induced
rockbursts, which are distinguished interpretationally using site-specific criteria; strainburst-type rockbursts
that occur during development versus strainburst-type rockbursts in older ground; slope failure in pits at
different scales (e.g. face, inter-ramp, total slope); and water inflow hazard due to salt dissolution versus due
to structural anomaly. We have worked on cases where multiple examples of what was believed to be a
single type of hazard were revealed through the analysis to be separable types. The practice is to carefully
think through what hazard type you are attempting to understand and ensure that all historical examples of
it are truly of the same type, as success of the data-driven approach relies on consistent underlying statistics
that will enable pattern recognition. Expect to revise your understanding of the hazard class as you carry the
analysis through and possibly find unexpected or contradictory results. The potential pitfall is mixing multiple
types of target hazard incident populations with different underlying statistical correlations to the input
predictive variables, which will ultimately yield poor results.
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3.2 Establish hazard criteria and data sources

The hazard criteria are a list of input variables that are recognised as possibly having predictive value,
meaning a useful correlation to the geotechnical hazard in question. In practice, we approach the listing of
hazard criteria through a combination of our own past experience with sites having some degree of similarity
and brainstorming with stakeholders who know the site and its hazard experience well. In typical studies, we
will list several tens of hazard criteria types. This is the key initial step toward quantification of the problem.
Tables 1 and 2 show actual hazard criteria used in a couple of case studies, grouped by category.

We group hazard criteria into general categories appropriate to the target hazard, and organise them into a
table in which each row corresponds to one candidate hazard criteria. The columns are hazard criteria name,
quantification metric, data required to model the hazard criteria spatially and temporally, and how we will
represent the hazard criteria in a 3D model of the mine at a given snapshot in time. Figure 1 is an image of a
fragment of such a table from one of our first data-driven case studies, analysing the factors related to fault
slip rockbursts in a deep underground mine in Canada.

Table1 Sample candidate hazard criteria for fault slip rockbursting, adapted from a case study

Hazard criteria category Example candidate hazard criteria

Mine development Age of development, development rate, ground support
category, age of support, span, orientation, proximity to
intersections, depth.

Rock mass Joint orientation, joint spacing, uniaxial compressive
strength, fracture frequency, rock mass rating, rock quality
designation.

Geology and structure Rock type, proximity to contacts, proximity to waste gaps

between ore zones, proximity to major structures, proximity
to structural intersections, orientation of major structures,
fault category, proximity to dykes.

Stress Maximum principal stress, deviatoric stress, excavation ratio
(as a local stress proxy), fault slip tendency.

Seismicity Seismic event density, proximity to seismic cluster, local
magnitude, Es/E, ratio, static stress drop, seismic moment,
energy index.

Monitoring Deformation from extensometers, convergence stations.
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Table2 Sample candidate hazard criteria for open pit slope failure, adapted from a case study

Hazard criteria class Example candidate hazard criteria

Rock mass rating Fracture frequency, rock quality designation, joint spacing,
intact rock strength, rock mass ratings (Laubscher, Bieniawski
rock mass rating, Q), alteration on joints, joint roughness,
joint infill type, joint infill thickness, joint aperture, joint
moisture, blasting.

Other geotechnical criteria Core recovery, rock type, geotechnical zones; based on rock
type, rock mass rating, structural orientation, and orientation
of pit, failure mechanism; defined per geotechnical zone, but
a zone may have more than one failure mechanism, rainfall,
groundwater.

Pit geometry Interaction of pit geometry with joint orientation,
intersection of pit geometry with major structure
orientation, overall slope angle, stack slope angle, bench
angle, overall height of slope, height of stack, berm width,
bench height.

Structure Interaction between structures, continuous joints (no
displacement), faults, folds, shears, dykes, veins, shear zones,
water-bearing versions of above.

Mining operational Quality of clean-up, limit blasting performance, achievement
of limit (design), time since last blast.

Monitoring Radar monitoring, laser scanning, survey prism monitoring,
wireline extensometers, visual inspections.

. Quantification . Representation
Criteria Metric Data Required [objects/properties/resolution )
Mine Development
- ground support type support code support code legend classification as discrete variable on
definition and specification | development wireframe surfaces;
for actual development at resolution requirement on order of 10m
Craig Zones 10 and 11
- ground support stiffness | stiffness code support code legend classification as discrete variable on
definition and specification | development wireframe surfaces;
for actual development resolution requirement on order of 10m
- age of development age in days development history stored as continuous property on
development surfaces
- age of support age in days support placement history stored as continuous property on
development surfaces
- geometry 3D geometric 3D dxf or 2D dxfwith representation as 3D wireframe
model guidelines on how to surfaces, resolution requirement on
extend to 3D order of 1m
- orientation strike of none; can be computed stored as continuous property on
development from modelled development | development surfaces
axis
-intersections proximity to drift | none: can be computed create point set defining all
intersections from modelled development | intersections of the centerlines and
compute proximity to this point set on
voids surface
- development rate rate development rate historical | stored as continuous property on
records or possibly derived | development surfaces
from “age of development”
variable
- hydraulic radius largest span approximated from stored as continuous property on
length modelled development development surfaces
- depth metres depth reference property on voids surface
Mining Method mining method mining method legend classification as discrete varable on

Figure 1 Section of a table used in a case study to document hazard criteria, required source data, and
model representation. Such tables are invaluable for organising and tracking project activity. The
purpose of the figure is to exemplify useful process documentation rather than to prescribe
criteria that should be used in any particular case

Mining Geomechanical Risk 2019, Perth, Australia 223



Data-driven geotechnical hazard assessment: practice and pitfalls WJ McGaughey

33 Establish geometrical mine model support

Geotechnical hazard incidents occur at the mine-rock interface, whether that is in development, a stope, or
on the pit surface. We are therefore always conceptually modelling hazard on a surface and never in the
3D rock mass volume away from the mine workings. This is true even though many of the hazard criteria
themselves are fundamentally of the 3D rock mass volume, e.g. seismicity or faults that do not intersect the
mine workings, yet still pose an important geotechnical risk at the workings.

In our first attempts at this type of hazard analysis, we modelled hazard explicitly on wireframe surfaces;
either the underground mine workings or pit shells as 3D wireframes. We modelled hazard as a property of
the vertices of the wireframes (Figure 2). Wireframe surfaces are typically supplied to us as 3D DXF files
output from mine planning software systems, and they are, as often as not, a mess, i.e. meaning highly
irregular triangle density, many instances of collapsed or unstable triangles (two out of the three vertices
co-located or nearly so), repeated vertices, missing segments, etc. These wireframes may look fine visually
in a 3D viewer but are not appropriate for a mathematical hazard model. We spent a lot of time in early
studies manually repairing wireframes. Eventually we gave up, replacing wireframes with a point model in
which the mine is digitised as a series of points with a nominal spacing typically in the range 1-10 m. The
points can exist on any rock interface where hazard is to be modelled, but typically it is drift centrelines if
underground or bench and face centrelines if open pit. Figure 3 is a screenshot from the interface of our
hazard reporting system, illustrating points digitised along development centrelines for one mine level, each
point holding values for the many hazard criteria modelled at that point.
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Figure 2 Rockburst hazard shown in a colour scale (warmer colours being more hazardous, in units of
log{probability}) from one of our early underground case studies. Rockburst locations are shown
as white spheres. We have since abandoned modelling hazard directly as a property of
3D wireframes because of the low quality wireframes typically available on mine sites, requiring
great effort in manual clean-up

224 Mining Geomechanical Risk 2019, Perth, Australia



Risk management, monitoring and integration

e_lo_drift_intersection (instant)
area (instant)

rsize_blast instant)

production_blast_6w (instant)

_zone (instant)

_trace_vertical_projection (instant)

sub level 250
¥ (m)

@ Geohaz

g _6w (instant)
eismic_magnitude_nev
oversize_blast_sum_log10en
rockburst confidence index (instant

rockburst hazard index (instant v

Threshold

20

P ° B P &

/,g/—' ‘ - o Radius value (only used if a radius is selected)
1 L ® Highest value - highest radius
Highest value - lowest radius
As of this date (only
used for instant or interval
properties) h m

1
-

3

«

Zoomed for clarity

Figure 3 Screenshot of the web browser interface for our hazard management and reporting system,
‘Geoscience INTEGRATOR, illustrating for one mine level the digitised centreline points which
hold the values of both the individual hazard criteria and the computed hazard index based on
them. Part of the interface has been zoomed into for clarity. The zoomed area shows the part of
the interface where the user selects which value, and at what date, to display on the mine model
points. In this case the ‘rockburst hazard index’ is shown, with values above a given threshold
shown with larger radius for quick identification of hazardous areas

34 Establish mapping from data sources to hazard criteria

The transformations required to represent hazard criteria, such as shown in Tables 1 and 2, are the most
complex step in the workflow. For each of the criteria we ask ourselves, ‘How do we know the value of the
criteria at any point in the mine model?’ Many criteria have natural representations at the location of the
digitised model points, such as rock type, rock quality, berm width, and drift orientation. Rock type and rock
quality parameters are typically mapped directly from block model cells to the points. Drift orientation must
be computed from the segment orientations of the centrelines. These are the easy ones.

More challenging are criteria we know to be important conceptually, but their mode of representation on
the digitised mine model points is far from straightforward. Take, as an example, fault slip tendency (see
Morris et al. 1996 for a useful description), which intuitively should find a correlation with fault slip induced
rockbursting. Fault slip tendency is a property of fault surfaces, varying according to local ratio of shear to
normal stresses as both the stress field and orientation of the fault varies across its surface geometry. As the
natural representation of this criteria is a spatially varying property on a fault surface that may not intersect
the mine workings at all, how do we represent its varying potential contribution to hazard on each of the
mine model points? There is no definitive answer to this question. Our approach for any such variable has
been to take a common sense view and try something we think is reasonable. In the specific case of fault slip
tendency, we look at the statistical distribution of values over all faults in the model, and then compute
proximity of the mine model points to sub-areas of the fault surfaces with fault slip tendency Z-scores above
a chosen threshold. In practice, over several case studies in deep rockbursting mines, we have found this
specific criteria, computed this way, to be very useful, although it is certainly possible that further research
could reveal improved methods of its calculation. There are many other such properties (e.g. extraction ratio)
for which the mapping from data to hazard criteria is intrinsically complex with no obvious right way to do it,
but for which a common sense approach has consistently yielded good results.
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In the ML community, the computation of such predictor variables (the hazard criteria in our case) is known
as ‘feature engineering’. A survey of the ML literature quickly reveals that feature engineering is an essential
component of any ML workflow, and how it is done often marks the difference between success and failure:

“At the end of the day, some machine learning projects succeed and some fail. What
makes the difference? Easily the most important factor is the features [hazard criteria]
used. If you have many independent features that each correlate well with the class
[hazard incidents], learning is easy. On the other hand, if the class is a very complex
function of the features, you may not be able to learn it. Often, the raw data is not in a
form that is amenable to learning, but you can construct features from it that are. This is
typically where most of the effort in a machine learning project goes. It is often also one
of the most interesting parts, where intuition, creativity and “black art” are as important
as the technical stuff. First-timers are often surprised by how little time in a machine
learning project is spent actually doing machine learning. But it makes sense if you
consider how time consuming it is to gather data, integrate it, clean it and pre-process it,
and how much trial and error can go into feature design” (Domingos 2015).

It is in this mapping of data sources to hazard criteria (the feature engineering) where the crux of the data
integration lies. The lack of reported back-analysis studies that are both quantitative and multi-disciplinary is
testament to its difficulty. How can one get beyond seismic data in studies of seismically-induced hazards to
quantitatively include the contributing influence of mine geometry, structure, stress, deformation, and rock
mass properties? The answers are all in the mappings from the raw data sources to the representation of
hazard criteria on the mine model points.

In practice, a powerful combination of spatial analysis, interpolation, statistical analysis, geological and mine
modelling is required. For this, we use GOCAD® Mining Suite (Mira Geoscience Ltd 2017), as illustrated in
Figure 4, both in the back-analysis and as run-time engine in our automated systems to compute features
and update them automatically as new data become available in an operating mine.

Figure 4 A screenshot from GOCAD Mining Suite (Mira Geoscience Ltd 2017) showing feature engineering
for the computation of hazard criteria. In this case, mine seismic events over a time window are
shown as spheres, the cyan bubble is an isosurface enveloping a volume of high seismic density,
and the coloured sections show proximity to the edge of that isosurface, which can be projected
onto mine development
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3.5 Establish list of hazard occurrences for back-analysis

Care must be taken in compiling the list of hazard occurrences to be used in the back-analysis. Because we
are attempting to find a method of predicting the probability of hazards occurring based on a statistical
treatment of past experience, we must be as certain as we can that the hazards used in the model are all of
the same type; that is, have similar statistical relationships to the modelled hazard criteria, as discussed in
Section 3.1.

We want the list of hazard incidents used in the back-analysis to be as extensive as possible, not only to
improve the modelling statistics, but also because we have to hold some of the incidents back in testing to
validate the model. On the other hand, as discussed in the next section, for each calendar date for which we
have a hazard incident we have to create a separate mine model. The more calendar dates, the more mine
models and therefore, more modelling time is required. The project time can increase significantly as the
number of hazard incidents used in the back-analysis increases.

There are statistical tests that we normally carry out in a phase of exploratory data analysis at this point in
the workflow. It is advisable to carry out unsupervised ‘cluster analysis’ on a population of historical hazard
occurrences believed to be of the same class. Most cluster analysis algorithms (e.g. k-means clustering or
self-organising maps) allow experimentation with selection of the number of natural sub-populations in an
attempt to find the most natural true groupings. The example shown in Figure 5 illustrates isosurfaces drawn
as envelopes around sub-populations of strainbursts showing statistical similarity in an underground mine. It
becomes an interpretive decision as to whether sub-population groups should be split into separate
problems (meaning separate runs through this workflow), depending on degree of similarity and necessity of
maintaining a statistically significant population of target hazards for the analytics step of the workflow.

(a) (b)

Figure 5 Unsupervised classification of target hazards. In this case, a population of strainbursts was
submitted to two different unsupervised classification methods. (a) HyperCube™ (BearingPoint
France SAS 2015); (b) k-means clustering. Both methods appear to show at least three distinct
populations
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3.6 Create mine model snapshots

Geohazard assessment is fundamentally a 4D problem; hazard incidents occur at a location and a time. The
individual hazard criteria represented on the digitised mine model points are either static or dynamicin time.
For example, geology does not change with time as the mine evolves, but criteria related to development,
stress, seismicity and other monitoring data do change in time.

In practice, we create a version of the mine model for each date on which a geotechnical hazard incident
occurred to capture the state of the mine at a snapshot in time associated with a hazard incident. Each
snapshot is created by duplicating the mine model points from the previous snapshot, adding or removing
points where necessary to account for loss of mine development (where it has been removed by the mining
process) or new development, and copying the static criteria such as rock type or proximity to structure to
the points representing the mine model at the next snapshot in time. Dynamic criteria, such as those related
to stress, seismicity, or other monitoring data, must be recomputed. For seismic data we typically create
numerous hazard criteria on the mine model points by analysing windows in time prior to the incident. For
example, if one of our criteria is ‘microseismic event density in the previous 10 days’, we have to interrogate
the microseismic database for the events that correspond to the 10-day windows prior to each of our mine
model snapshots and repeat the event density computation for each of the snapshots.

This process is time consuming in proportion to how well the data are organised. Structured data
managements systems such as Geoscience INTEGRATOR (McGaughey et al. 2017), built expressly for this
purpose, make the problem of creating multiple mine model snapshots tractable.

3.7 Data fusion

Although an important level of integration or ‘data fusion’ is achieved simply by compiling the mine model
snapshots, each of which contain numerous criteria derived from disparate data sets on each of the mine
model points, we still must combine the snapshots with the hazard incident history in a structured way,
suitable for application of ML or any other type of statistical analysis. There are many ML algorithms and
codes available and virtually all of them expect data to have the same input structure. That structure is a flat
table, in practice typically a csv file. The rows correspond to observations and the columns correspond to
‘features’, the individual hazard criteria in our case. In supervised learning algorithms where the goal is to
‘train’ the system to learn the relationships among features that can be used to generalise predictions, an
additional ‘training’ or ‘target’ column records the prediction class, which in our case is a simple binary flag
indicating whether or not a hazard incident occurred for that observation. We refer to this flat table as the
‘data fusion table’.

The structure of the data fusion table is illustrated in Figure 6.

We construct the data fusion table by first constructing a version of it for each of the snapshots in time, one
table per calendar date when an incident occurred, documenting the state of the mine on that date. In
practice we use the Geoscience INTEGRATOR data management system to carry this out automatically. The
mine model point(s), corresponding to rows of the table, where the hazard occurred are flagged in the final
training column of the table with the value X and rows corresponding to points where the hazard did not
occur are given the value O. The tables for each snapshot are then appended, resulting in a single csv file that
corresponds to a flat table in which each row represents a mine model point at a certain date (x, vy, z, t) with
its associated hazard criteria values as the columns, plus a final training column with the value X or O
depending on whether a hazard incident occurred at that location and time (x, y, z, t).
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Figure 6 Structure of the data fusion table. Each row (‘feature vectors’ in machine learning parlance)
corresponds to a single (x, y, z, t) observation, in practice a single digitised mine model point at
a snapshot in time when a hazard incident occurred. All mine model snapshots are concatenated
into this single table. Each table column contains the values of one hazard criteria on the mine
model points over all snapshots in time (x, y, z, t). The final ‘training’ column, labelled ‘hazard’,
records whether a hazard incident was experienced (X) or not (O) at the observation point (x, y,
z, t) corresponding to that row. The data fusion table, in an ASCII (csv) representation, is nearly
universally applicable as input to machine learning or other statistical analysis algorithms. Its
construction is a key achievement of our work and the principal subject of this paper

3.8 Training and validation

Training is the process through which ML methods analyse relationships in the data fusion table and
generalise rules based on the hazard criteria from the specific examples of hazard incidents. It is not the
purpose of this paper to discuss the analysis of the data fusion table, i.e. the running of the ML algorithms,
in detail because the most important and difficult parts of the entire exercise are all the steps leading up to
the creation of the data fusion table.

Nevertheless, there are a couple of general points worth discussion. The size of the data fusion table is
approximately (number of points in the mine model) x (number of calendar dates from which hazard
incidents have been represented) rows by (number of modelled hazard criteria) columns. Typically, we have
a few thousand mine model points, perhaps a couple of dozen calendar dates of historical hazard incidents,
and a few tens of hazard criteria, i.e. hundreds of thousands of rows by twenty or thirty columns. Over the
hundreds of thousands of rows, perhaps only one row per 1,000 or one per 10,000 will have an X and the
remainder will be Os, corresponding the reality that hazard incidents worth modelling are relatively rare
events in time and space. This needle-in-a-haystack problem is known as ‘biased’ or ‘unbalanced’ training
data in ML jargon. It is not uncommon. For example, banks wanting to predict which customers are more
likely to fraudulently misuse a credit card (like hazard, a binary target class—it happens or it does not happen)
must also work with unbalanced data. There are several techniques for dealing with this, for example
undersampling the Os or oversampling the Xs, both of which have established methods described in the
literature (e.g. Chawla 2010). Another important issue to consider in the analysis is correlation among
predictor variables. Correlations among all variables are examined prior to analysis. If any variables are highly
correlated, only one is kept. Post-analysis output ‘rules’ are also examined for correlation, to avoid
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over-weighting individual components in the final hazard function. There are a host of other detailed issues
that must be considered when doing this type of analysis, all of which are general issues of ML, and not
specific to geotechnical hazard.

Figure 7 illustrates the general approach of the ML algorithms we employ. The Xs and Os from the data fusion
table are investigated in the multi-variate hazard criteria space (two of many hazard criteria dimensions being
shown in the figure for simplicity) for areas of ‘over-concentration’ of Xs. Or to put it another way, what
combinations of hazard criteria values, such as local fault slip tendency and excavation ratio, have historically
been associated with the occurrence of hazards such as rockbursts? Searching for such tell-tale associations
in high-dimensional spaces (each hazard criteria being a dimension) cannot be readily done with traditional
statistical, visual, or observational approaches. However, ML algorithms can effectively comb through the
multidimensional space using brute force or many other approaches to discover relationships otherwise
easily missed. Once ML has revealed the associations among predictor variables that correlate to the history
of hazard incidents (the ‘rules’), we establish the final hazard function at each mine model point as a weighted
sum of scores (positive scores for each rule that a mine model point matches, and negative where it does
not). The scores for each rule are computed using conventional Bayesian statistics based on binary
membership classification, with the sum presented as a hazard incident probability estimate as illustrated in
Figure 2. It is important to note that, unlike with neural network or similar systems, users can always see why
an overall hazard score is high, i.e. what hazard criteria value and hazard incident rules contributed to it.

rule 2
rule 3
o |
ruel | . 0o o 00./~70. o
oA |
X Xx X
fault-slip © OOXE
tendency o________o__:,
o
X 0 |
o |
go |

excavation ratio

Figure 7 Machine learning discovery of ‘rules’ as bounded ranges of multiple criteria (only two in this
example) in which there is a relatively high concentration of Xs versus Os, i.e. in which there is a
relatively high probability of geohazard

Validation is essential when using these techniques. It is accomplished by withholding a subset of the hazard
incidents from the analysis and testing the effectiveness of the rules generated with the remaining hazard
incidents on the subset withheld. If all the hazard incidents available are used to develop the rules, there is
a likelihood of overfitting the data. A common strategy is to withhold a randomly-selected fraction (typically
a quarter or a third) of the training data, and repeat the analysis several times withholding different
randomly-selected subsets, in each case measuring the effectiveness of predicting the withheld data. There
are several standard tests available to provide metrics of success or failure in generalising predictive rules. In
practice, we have found that in all cases these methods yield demonstrably superior results to knowledge-
driven approaches.
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3.9 Implementation

In practice, we implement the results of data-driven geotechnical hazard assessment through a data
management system called Geoscience INTEGRATOR. It holds a representation of the discretised points of
the mine model, updating each of the time-dependent hazard criteria as new data becomes available. It does
this by using a run-time version of the SKUA-GOCAD geological and spatial modelling system that is contained
within it and capable of carrying out complex spatial calculations under the automated control of the system.
For example, as new seismic data becomes available, Geoscience INTEGRATOR can automatically send an
updated time window of data to the modelling engine to compute updated values for hazard criteria such as
microseismic event density. After the modelling engine updates the values on the mine model as required,
the rules developed in the data-driven training are applied and new values of hazard are computed and
reported. The system (Figure 8) for operational deployment was discussed at greater length in McGaughey
et al. (2017).

— — — —\ — —
Geological Block Micro- Stress Mine Etc.
Surfaces Models seismic Models Model
1
INPUT
e 2 Geoscience INTEGRATOR calls

.1 N I h(l [{ AIO l{ spatial modelling system to

populate mine model with
; updated hazard criteria in
| response to data updates

3 OUTPUT
Updated Mine Model

GOCAD® run-time

5 OUTPUT 4 \npPUT engine on server
Hazard CSV of mine
model with new

ratings/weightings
for each identified
hazard

properties

~—"

-

machine learning

Figure 8 The flow of data between components of the Geoscience INTEGRATOR system for operational
implementation of data-driven geotechnical hazard assessment

4 Conclusion

After several years of research and development, we have successfully brought together several methods
and technologies for operational deployment of automated, data-driven geotechnical hazard assessment:

1. Methods of quantitatively integrating disparate geological, geotechnical, and mine-operational
data streams.

2. Methods of representation of hazard criteria and hazard incidents to data-driven approaches such
as ML to document the underlying correlations and optimally estimate hazard probability.
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3. The technologies of data management and real-time connection to mine data sources to support
automated computation and reporting to operators as new data becomes available. Standardising
the workflow, documenting, and continually paying attention to the potential pitfalls in this type of
analysis has demonstrated enormous value in its now routine application.

Acknowledgement

Research and development funding contributions from the Ultra-Deep Mining Network, the Centre for
Excellence in Mining Innovation, and industry sponsors Glencore, Vale, and Rio Tinto are gratefully
acknowledged. This work was further made possible through the technical project and software
development support from many colleagues at Mira Geoscience Ltd.

References

Agterberg, FP, Bonham-Carter, GF & Wright, DF 1990, ‘Statistical pattern integration for mineral exploration’, in G Gaal &
DF Merriam (eds), Computer Applications in Resource Estimation Prediction and Assessment for Metals and Petroleum,
Pergamon Press, Oxford.

Agterberg, FP & Cheng, Q 2002, ‘Conditional independence test for weights-of-evidence modelling’, Natural Resources Research,
vol. 11, no. 4, pp. 249-255.

BearingPoint France SAS 2015, HyperCube, computer software, BearingPoint France SAS, Paris, https://www.hcube.io/en

Bonham-Carter, GF, Agterberg, FP & Wright, DF 1989, ‘Weights of evidence modelling: a new approach to mapping mineral potential’,
in FP Agterberg & GF Bonham-Carter (eds), Statistical Applications in the Earth Sciences, Geological Survey of Canada, Ottawa,
pp. 171-183.

Castro, L, Cottrell, B, Barker, P & Sintim, K 2011, ‘Application of geohazmap to the pit slope design for the Detour Lake project’, in
E Eberhardt & D Stead (eds), Proceedings of the 2011 International Symposium on Rock Slope Stability in Open Pit Mining and
Civil Engineering, Canadian Rock Mechanics Association.

Chawla, NV 2010, ‘Data mining for imbalanced datasets: an overview’, in O Maimon & L Rokach (eds), Data Mining and Knowledge
Discovery Handbook, Springer, Berlin, pp. 875-886.

Domingos, P 2015, A Few Useful Things to Know About Machine Learning, viewed 1 October 2018, https://homes.cs.washington.edu/
~pedrod/papers/cacm12.pdf

Heal, D, Potvin, Y & Hudyma M 2006, ‘Evaluating rockburst damage potential in underground mining’, Proceedings of the 41st US
Symposium on Rock Mechanics, American Rock Mechanics Association, Golden.

Larsen, K 2015, Data Exploration with Weight of Evidence and Information Value in R, viewed 1 October 2018, MultiThreaded,
https://multithreaded.stitchfix.com/blog/2015/08/13/weight-of-evidence

McGaughey, WJ 2014, ‘4D data management and modelling in the assessment of deep underground mining hazard’, in M Hudyma &
Y Potvin (eds), Proceedings of the Seventh International Conference on Deep and High Stress Mining, Australian Centre for
Geomechanics, Perth, pp. 93—106.

McGaughey, W, Lafleche, V, Howlett, C, Sydor, JL, Campos, D, Purchase, J & Huynh, S 2017, ‘Automated, real-time geohazard
assessment in deep underground mines’, in ) Wesseloo (ed.), Proceedings of the Eighth International Conference on Deep and
High Stress Mining, Australian Centre for Geomechanics, Perth, pp. 521-528.

Mira Geoscience Ltd 2017, GOCAD Mining Suite, version 17, computer software, Mira Geoscience Ltd, Montreal,
http://www.mirageoscience.com/our-products/software-product/gocad-mining-suite

Morris, A, Ferril, D & Henderson, D 1996, Slip-tendency Analysis and Fault Reactivation, viewed 1 October 2018,
https://www.researchgate.net/publication/252699966_Slip-tendency_analysis_and_fault_reactivation

232 Mining Geomechanical Risk 2019, Perth, Australia




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


