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ABSTRACT

Open access to forecasts of mine performabgeall members of the mine planningam, in the form of

open databases dfechnical or financial simulatioresultshas been considered risky in the past, with a
concern that the results will not be understood or will be misused. However, soguelingtechniques

allow very high similitudéorecasting of performancand the results capotentiallybe presentedn a form

that is unambiguous and which all engineers can be more easily trained to understand. With some effort,
sufficient reliability and quantifications of error are possible termome many of the issues.

Allowing more members of the planning team to have direct access to forecasts ofpeifc@mance-
acrossrock mechanigseconomis, geoloy and production- will promote awareness dhe issues across
disciplinesand will act & a mechanism for improving mine designs. The models will also be more easily
integrated into quality assurance programs, by providing a framework for understanding measurement
results.

The sufficiency requirements for undertaking Simulation Aided Mirgngineering will be presented,
included some conclusions about requirements for training, quality standards and software development.

1 INTRODUCTION

Endeavorsin the field of mining engineering are effectively divided into two broad categories: design
(including research and development) and operations. Frequently, these roles occur in isolation, or with
insufficient feedback. A first great opportunity exists to merge design and operations, so that the entire life
of a mine becomes an ongoing design pragaeontinuously evaluating performance and conceptualizing
and implementing improvements.

Both processes design and operations start with an objective to achieve some mining outcome using
limited resources, so necessarily include constraints arisiogn fthe particular circumstances and the
environment. The solution always involves compromise, but if the compromises violate essential
constraints such as safety or stability requirements, the mine will eventually fail. No unsafe mine is
economic.

The jobof the engineering team geologists, surveyors, engineem@ccountantsand managers is to
properly appreciate the objective and the constraints, while taking full advantage of the remaining design
freedom to achieve the best bottom line. The art is tamage compromise within the constraints, while
still achieving the essential elements of the objective.

There is second great opportunity for any engineering team who can better manage the compromise
between our objectives for economic returns and the deoaists imposed by the physics of the real world
to arrive at a better design.

2  WHATISSIMULATION AIDED EINGERING?

Ideally, the process of 'scientifically measured compromise' (design) would rely on exact, accepted
calculations and field measurements of sufficient resolution and there would be a readily identifiable,
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optimal engineering and economiautcome: for everyresource there would be one ideal answer. If the
answer were found to be subptimal during operations, by comparison of expected with actual
performance, quality control process would ensure the design would be adjusted appropriately.

Unfortunately, thee are some complications:

- There is much uncertainty about the environment and even sometimes the objective and this
uncertainty persists for the life of any mindt is only the resolution of our uncertainty that
changes.

- Initial design takes place bk all facts are known and before the complexity of the environment
is measured. Operations always proceed in a data limited fashion

- Design decisions, especially those made rapidly without a complete appreciation of the
environment, are easily compromiség empirical biases.

- Typical mine planning workflows tend to be based on empirical tools and too often, design
templates from other operations. This has some benefits, in that sdm® | NJ/can/#®Q &
transferred, but relies on considerable homogenizatiomeasured field data is averaged and
reduced until mines fit the empirical norms.

- The generic designs that sometimes result may fail to adequately target the site specific
vulnerabilities, while enlightened designs that target local circumstances drunimgeneity are
often penalized during concept selection stages for being unlike the 'norm'.

- Most tools - numerical and empirical- for assessing performance cannot quantitatively
differentiate between mining optionsvith much certainty, so the differenseare dealt with
gualitatively. A qualitative design disadvantage is easily traded off against other qualitative
advantages. A quantitative measure of performance is usually harder to dismiss.

The uncertainties, complexity and biases mean that in anyngiengineering design problem, there is a
large number of differentiable, potentially feasible solutions. The engineering team must consider these,
having first imagined them, and select from among them by balancing the compromises necessary to
achieve theobjective within the constraints.

Simulation Aided Engineering is a concept for leveraging computer based design tools to improve the
engineering and design work flow.

For complex mines, it can be thought of as providing the virtual test laboratory for testingptt@m-line
performance of various courses of action at every stage in the engineering process, using the best available
information, constrained by the knowphysics at the time. It should also ensure that impossible, fatally
flawed designs and decisions do not progress.

Its purpose is to ensure:

- that the constraintsof the physicabnd fiscalworld are properly appreciated at every stage from
planning to oper&ions, while

- considering uncertainty and
- promoting rapid progres®wards a more optimal outcome

In concept, SAE, using high similitidehysics based predictive tools differs little from bpsactice non
SAE engineering which would have always usest pessible information and tools to constrain design.

! Similitude is a modelling term that means 'similarity’ in terms of scale, dimensionality and physical response. In
essence, compatibility between modelled and measured behaviour that is reproduceable, propestyained and
emergent consequent to the composition and inner workings of the modelling analysis.



SAE is simply an update to account for the rapidity with which computations can now take place and the
complexity which can now be captured with very high similitude.

If integrated to its fullest exdnt, SAE for mining should result in more reliable mines and better trained
personnel.
2.1 SAE and PLM

SAE may be especially successful if implemented as part of a greater package of Product Lifecycle
Management (PLM) and Change Management (CM).

Product Lifegcle Management is a business concept to develop a product or design, to manage it and its
lifecycle including analysis results, measurements, quality standards, change, production information and
uncertainty. It is essentially a systematic, controlledaapt for managing designs and related information,
especially relating to the use of computers to aid fast, easy and trouble free finding, refining and utilization
of data for daily operations (Saaksvuori and Immonen, 2008).

For mines, SAE is a tool fategrating coupled information (such as strength, stress, strain and structural
information for rock mechanics problems) while PLM is the process of collecting, sharing, storing, utilising,
evaluating and acting on that information.

The parts go togetherSAE ensures the data is considered in a rational way, PLM ensures the data is
available and considered, CM ensures that the continuous process of design improvement is reflected in
the mine.

In this paper, SAE is the main focus but it would rely orctffe PLM and CM.

3 SAE IN THE LIFECYQER MINE
There are several classes of SAE tools for mining:

- Stressstrainhydrology simulation tools: primarily numerical tools that evaluate the connected
nature of different aspects of the environment, to quantifie effects on the mines performance,
and to estimate the effect of the mine on the environment.

- Productivity and scheduling tools: tools for generating and maintaining mine designs.
- Geologicamodellingtools.
- Integrated financial modelling tools.

In eacharea, technological advances have enabled rapid, high similitude simulation of mine performance
with fewer assumptions.

Conceptually, given the pace of bgstactice modern simulation, design scenarios should be able to be
tested in real time, or acrosshifts without significant modification to existing planning procedures if there
is a sufficient investment in training and hardware.

During the mine lifecycle, these rapid simulation tools can typically be used as follows:

- When there is more than oneifterentiable, potentially feasible course of action (for example,
different methods) or scenario (is there a large fault transecting the orebody?), the effects on
design performanceand the bottomline can be assessed quickly

2 Complexity in the context of SAE for mining can be thought of interconnectedness. Disparate length scales, parts of
problems and physical processes cagpin some way evolve complexity. The physics of these couplings in most cases
is well understood, though computing the equilibrium or-dguilibrium that results has sometimes been too difficult.

With increasing computer power, many of these complex fenis can now be simulated with high similitude.



- The simulation and experience based process should identify or quantigntfieeering, financial
or othervulnerabilities of the design or the scenario and the range of expected performance for all
options (probabilistic analysis is best of .all)

- The posible plans should be modifiegithin constraintsincluding financial considerationdy
adjusting the concept to manage vulnerabilities, or else by adding control measures

- The bottom line range of outcomes, including potentially extreme events can bparech to the
project objectives and the higher objectives of the organization to determine the best course of
action.

- The concept or scenario can betested and modified iteratively until gechnically, socially and
economicallyfeasible option is achieed or theparticular scenarigs exhausted and rejected

Using modern computational capacity, this process can be repeated hundreds of times throughout the
design process to iterate towards an optimal design, schedule and field measurement pradyisnm
ensuring thatat each stagethe governing physicand economic realitie®f the situation are properly
considered. In a standard, né8AE workflow, much fewer design iterations are possible and the precision
of forecasting is generally lower, so such deibptimization is not usually possible.

An example of prdeasibility stage design optimization using SAE is shown in Figure 1. The figures shows
key design milestones in the evolution of a potentially feasible concept. At each indicated step, a
vulneralhlity was identified that was targeted in a subsequent design iteration, with strain softening,
dilatant Finite Element modelling (stress and deformation modelling) used to assess improvement.
Sufficiency requirements for stress and deformation modelling discussed briefly in a subsequent
section.

Figurel Iterations of a design concept for trough caving




Between the first and second design step in the example, changes to the undercut were made to promote
undercut pillar stability and between steps 2 and 3 the ring design was simplified to improve blast
reliability and flow. Final stages were to improve the blast design until eventually, the calibrated simulation
tools indicated performance and reliability within pdetermined limits.

Without SAE tools, the process may have been stopped at stage 1 as the first proposal was qualitatively
sound, without fatal flaws. The end result of the more detailed SAE process was a design much closer to
production readiness and for whidhere was a bespoke field measurement program, designed specifically

to target particular vulnerabilities and finalise the design.

Only some of these potential issues would have been clear to the mine had the process not been rigorously
followed, even hough they would have had more impact on the performance of the original design than
the more reliable SAE desigim particular, there were subsequent design elements that were able to
emerge much earlier and in a more considered way, owing to the ragudldpment of the design rules for

the undercut and extraction level facilitated by SAE.

The effect on the schedule was probably -4Z month reduction in the time taken to realize the final
design, and the key benefit of SAE in this case is thus eaityipation through therigorousconsideration
of more aspects of the problem.

A second example of an SAE process is where more information will be needed to finalise a design decision.
This is actually the more common scenario in mining.

In these cases, thbenefit of the rigorousphysics based SAfocesswill be that the particular decision
should be able to be framed around something that can be measaratia last safe moment to commit to
one plan or the other. The SAE process shaslksist inidentifying the particular measurements that are
required to make an optimal decision.

If sufficient data can be collected to justify a less conservative course of action before the last safe moment
to make a decision, then this information can be sought and daet to follow an optimal course of
action. If not, the option that is safe regardless of the circumstant®s base caseis selected.

This kind of decision making fdata limited mine planning and design problems consists of several steps,
discussd in detail in Beck 2006:

- Identification of strategic vulnerabilitis and environmental variables for all options. This phase
involves identifying things that might go wrong, or data that still needs to be collected, that may
influence the plan that is tde selected.SAE tools camassist inidentifying, or quantifying the
vulnerabilities of each option.

Forvulnerabiliieslikely to affect the feasibility of a concept, a most dangerous, most likely and a
safest outcome should be identified. Alternateifysufficient information is available, the range of
outcomes should be defined statistically.

- Once vulnerabilities are identified for a concept, the range of outcomes for that vulnerability
should beassessed using the sufficient SAE téoldetermine wlether the concept can inherently
manage the problem. If thaffected concept can be modified, this should ocdoefore prior
consideration

- If more information is required to enable the decision to made, or if a decision is to become part of
the concept,then control measures, decision points (DPs) and implementation schedules must be
developed. A decision point is a set time when a decision will be made based on incoming data. The
LSM is thdast Safe Moment to make that decision before the opportunity thange to avoid the
problem is no longer available.

- Gererally, alldesignconcepts in mining require a schedule of DPs and LSMs in order to manage
vulnerabilities within acceptable levels. A classic example is from slope monitoring. The slope must
be moritored regularly enough to allow the modified plan to be implemented should the slope



become unstable. If the slope monitoringinérequent, the pre-cursors to failure occur too close in
time to the failure for contingencies to be implemented or ihere is insufficient time to
implement the design change before the slope failure becomes inevitable, the objective for the pit
may not be reached.

- The LSM for the implementation of the design change becomes the DP, by which time all data must
be selected tomake a good decision. Rather thavait for the data, the planning process can
continue,and these requirementsimply become a part of each concept.

3.1 Sufficiencyrequirements for SAE tools

The main sufficiency requirement for SAE towmisthat they sufficiently quantify the problems being
assessed: the design options need to be able to be differentiated accurately and quantitatively using the
tools in a planning timeframe. For rock mechanics simulations for example, the hazards of complex rock
mass [penomena such as induced seismicity, excavation instability and potentially extreme deformation
phenomena need to be properly quantified before the time when a design decision must be made. For the
example in Figure 1, the tools were first tested agathsir ability to replicate current mine conditions to
ensure that they were sufficient.

For general SAE, including aamtk mechanics issues, the tools must be quantitative, field validated and
the hazardous phenomena or rare and occasional adverse events must emerge, or at least the factors that
contribute to them must be accurately forecasmergent from the model as fanction of properties and

inputs that can be measured or engineered.

SAE tools for mine design must therefore have the following characteristics:
- They must be quantitative.
- They must capture the governing physics of theimmment they are simulating

- Must be fieldvalidatedto replicate the extent, magnitude and timing of deformation and energy
changes with a verified level of precisiohhis means that theaccuracy of forecastsf physical
phenomena that can be measurad the real world should be quantitatively correlated with the
equivalent phenomenon in the model or software

- Outputs must have a resolution matched to the decision being made
- Field validated

- Hazardous phenomena must emerge in these models as a furmfitire measured properties of
the deeper mining environment.

- The outputs of the analysis must be able to be integrated into the mine planning and operations
this means that the forecasts of performance have to be transparent, rapidly produced and
commuricated.

- Results should be reported in quantities that the rest of the engineering team can understand and
use, for example tomes per day, time, rehabilitation rates or event probability. The common
feature of these particular examples is that they ardha same units as the mine would use to
report its performance.



Figure2 Example of data from multiple sources visualised in a 3d collaborative workspace




