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Abstract

In the mining business, mine planning is the activity that determines the exploitation of a
mineral resource with the aim of maximising its intrinsic value. The number of variables
that are required to carry out this activity and the complexity of dealing with a finite, nonrenewable resource make it difficult to find an optimum solution. This problem is managed
by breaking it down into stages and by making assumptions, which are then refined as the
problem becomes clearer. One of these assumptions, which is deeply ingrained in the
mine planner’s mind, is that the mine equipment should be utilised in such a way that the
mine’s operational costs are kept down. The main contribution of this thesis is the finding
that a low, mine operational cost does not always lead to value creation. This thesis
highlights the concept called ‘schemes of exploitation’ into the mine planning activity. This
concept refers to the deployment of the loading equipment within each pushback of an
open pit mine and which ultimately determines the amount of material that will be extracted
in each period. If the adopted schemes of exploitation are designed to fulfil this
requirement of higher productivity and utilisation of the loading equipment, then the result
can be lower mining costs. This thesis argues that this does not always lead to the
creation of value for the business. This thesis explores different schemes of exploitation
where the mine planners will, in their design, be motivated by a consideration of the impact
of other variables such as productivity, efficiency, utilisation, deepening rates, mining rates
and, ultimately, by Net Present Value (NPV). A case study has also been developed to
demonstrate that alternative schemes of exploitation, which have not previously been
considered in the mine design due to higher mining costs and lower shovel productivities,
can actually generate a higher NPV.
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Chaper 1
1.1

Introduction

Introduction

The main asset for the mining industry is the mineral deposit. This is finite and non-renewable,
which imposes a very distinctive constraint on mining by comparison to other businesses. The
projected mining lifetime thus becomes a decision variable that needs to be carefully determined
when planning the development of the mine (Cavender, 1992). The exploitation phase of each
mineral deposit has a beginning and an end, which is largely determined by the characteristics of
the mineral deposit (size, shape and grade) and by its depletion strategy. Additional considerations
should be taken in account to estimate the life of the mine such as environmental permissions and
infrastructure developments (Cavender, 1992). The primary objective of mine planning is to select
the best alternative that will create the highest value for the defined level of risk. This value can be
quantified by the Net Present Value (NPV) of the project; this is widely used by the majority of
mining and other companies (Runge, 1998).

Planning the exploitation of a mineral deposit is a complex activity. This is not only due to the
exhaustible character of the deposit but, also, to the uncertainties that are associated with its real
size, shape and quality. The knowledge of the mineral deposit at the beginning of a mining project
is estimated from the scattered information that has been obtained during exploration. This aim is to
search for and to investigate the mineral deposits (Hustrulid and Kuchta, 2006). This information
allows estimations for developing the deposit but the real characteristics of the deposit will,
however, only become known during the extraction of the material throughout the life of the mine
(Camus, 2002).

The problem posed by this reality is that the main decisions regarding the

exploitation of the deposit have to be made before the beginning of the extractive activity when the
characteristics of the deposit are still only partially known. The evaluation of the available options
is also based on economic inputs such as prices and costs, which are only estimations of the future,
economic parameters that the company will face when the exploitation phase begins (Groeneveld
and Topal, 2011).
The finite and non-renewable character of the ore body, together with the uncertainties in the
mineral resource and in the economic inputs, distinguishes the mining business from other
industries (Camus, 2002). Mining is also usually characterised by having high, up-front, capital
investments. According to Runge (1998) “most large scale mining is capital intensive”. This
investment is associated with all the stages of the mining project such as the exploration phase, the
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engineering studies and the construction phases: an important component of these is also related to
the beneficiation plant and to the mining equipment. Each investment has to be economically
justified during the planning stage and in the extractive stages using key performance indexes,
which include utilisation and productivity (Runge, 1998).

The objective of the mine planning activity is to develop the best exploitation strategy that will
maximise the value of the business. In some cases, this main objective may be over shadowed by
other objectives, which have come from misconceptions about the true drivers for value creation in
the mining business. Some examples of these pseudo-objectives include: maximising the recovery
of the deposit, increasing the life of the mine and reducing the mining costs (Whittle, 2009). These
strategies seem to be beneficial in obtaining higher returns and values when considering the finite
and non-renewable character of the deposit. This view, however, overlooks the fact that time is also
a key input in the estimation of the final value of the business (Camus, 2002).

According to Rosenqvist (1983) most metals are produced from impure ores. The percentage of
metal that can be obtained after the processing stage to remove the impurities is called the
percentage of recovery. For example, a recovery of 85% from 100 tonnes of copper ore means that
only 85 tonnes of metal copper can be obtained after the processing stage. An increase in the
recovery rate thus increases the amount of final product that can be sold into the market from any
amount of ore. An increase in the recovery rate requires, however, an extension in the processing
time. The amount of throughput and final product that can be obtained in a year base could thus
decrease. This strategy can ultimately increase the total amount of final product that can be obtained
from the ground but only over a longer period of time. From the perspective of the time value of the
money, this increase in the time can be more detrimental than are the benefits of the additional
metal that may be obtained from the mine (Camus, 2002).

Maximising the life of a mine may be seen as a desirable objective since this increases the number
of years that the mine will operate and will also increase the returns. This also has a social benefit
for the community which is related to the mine. The employment opportunities of the region where
the mine is located can, for example, be extended over a longer period of time (Whittle, 2009). It
may also be beneficial if the extension of the mine life is based on the development of new,
mineralisation areas, which had been previously unknown, but the final value may diminish if the
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increase in the mine life is based upon a change in the depletion rate of the same deposit (Whittle,
2009).
There are also various misconceptions in the mining industry about the reduction of costs. In the
commodity business, where prices remain stable, the careful management of costs can create
competitive advantages for different suppliers. It can also guarantee the viability of a mining
company in times of recession when the price of the final product tends to fall. From an operational
point of view, initiatives for reducing costs are important for value creation since this increases the
profit margin with respect to the income (Whittle, 2009). The problem is that, from a strategic point
of view, the reduction in costs as an objective may also destroy value.

These ideas also have validity beyond the mining industry. The theory of the firm expounds the idea
that the optimum level of production is where there is a maximum difference between the total
revenue and the total costs. This point is indicated by the production level Qc in Figure 1.1 and
corresponds to the point where the marginal cost equals the marginal revenues as illustrated by Qc
in Figure 1.2 (Camus, 2002). It can be seen from Figure 1.2 that the minimum, average cost, which
is represented by Qb, is not the optimum production level that maximises the output per year. There
is, generally, a misunderstanding of the real relevance of costs in the mining industry, and this can
induce the decision-maker to make the wrong decisions.

Within Whittle’s 2009 list of objectives that can destroy value during the planning stage, the
maximisation of the recovery objective has been addressed by several authors such as Wooller
(1999), Camus (2002), Whittle (2009) and Yap et al. (2013). Less attention has, however, been
placed on the others. The minimisation of costs strategy still seems to be considered to be the value
driver for many people who are currently in charge of mining operations and of strategic mine
planning.
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Figure 1.1 Total Cost and Total Revenues

(Camus, 2002)

Figure 1.2 The optimum production level

(Camus, 2002)

The estimation of the mining rate is an example of this strategy, which is focused on the reduction
of mining costs. The mining rate is a variable, which is estimated in the iterative process of the
strategic mine planning (Smith, 1989).

5
The mining rate represents the amount of ore and waste materials extracted from the mine. The
estimation of this rate is closely related to the selection of the optimum exploitation rhythms. The
mining rate must be sufficient, not only to supply the ore as required by the processing plant. But
also to allow the extraction of the waste that overlay the ore that is located in the deeper zones of
the ore body. At the beginning of the extractive phase, only waste is removed from the open pit
mine. This stage is called stripping and the idea is to create an access to the ore body. Once the ore
body has been reached, the mining stage begins. During mining, the ore and the waste are extracted
from the mine in a relationship, which is called the stripping ratio (Hustrulid and Kuchta, 2006).

The extractive activity in open pit mining is carried out by equipment such as excavators, front-end
loaders, shovels, draglines and bucket-wheel excavators amongst other equipment. In large, open
pit, metallic mines, shovels may be mainly employed in the loading stage. The mining rate is thus
also determined by the performance of that equipment (Runge, 1998).

The strategic mine plan must also be “operative”. For the mining rate, this means that the equipment
has to be carefully selected and distributed throughout the mine to best achieve the pre-determined
extraction rates. During this stage, the mine planner will choose different configurations for placing
the shovels in the different benches of the pushbacks. This configuration is called the schemes of
exploitation; it depends not only on the characteristics of the benches but also on the characteristics
of the equipment. In general, the aim of the design of the schemes of exploitation is to best deploy
the equipment in order to achieve higher performance indexes. A scheme of exploitation is thus
preferred if it meets the high, equipment performance constraint or, in other words, it is only chosen
if the shovels can achieve higher levels of productivity and utilisation. Runge (1998) highlighted the
importance of the utilisation for high-capital-cost equipment where the shovels can be thought of as
an example. He recognised, however, that this focus on the equipment utilisation could be
misinterpreted.
There are generally many mine planning constraints that have to be considered during the design
stage. For example, once the pushback design has been completed, it will be necessary to include an
access ramp to the different benches. This operative constraint is a requirement that allows the
normal extraction of the material from the mine but which also affects the design of the pit. It
increases the pit angle and the amount of waste that is required to be extracted per pushback to
reach the ore. According to Sjoberg (1996), small changes in the slope angle will have large,
economic consequences for the mining project.
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Geotechnical restrictions can also provide another example. The Geotechnical Considerations in
Open Pit Mines Guideline (1999) points out the potentially hazardous nature of open pit mines and
the geotechnical issues of this field, such as the depth of the mine, its operating life, its production
rate, the location of major working benches and transportation routes, the size, shape and
orientation of the excavations, the potential for surface water and groundwater, the equipment to be
used, the excavation methods, and the handling of ore and waste.

The access ramps and considerations related to geotechnical issues respond to technical constraints
that are specific to the operation. The designs of the schemes of exploitation for achieving the
higher equipment performances respond, alternatively, to an economic constraint. The idea of
higher shovel productivities and utilisations is based on a desire to create a design that minimises
the mining costs and which, therefore, improves the economics of the mining project.

There thus seems to be an opportunity for analysing whether the current strategy for determining
the mining rate does always generate a real, economic benefit for the mining business or not. Figure
1.3 illustrates both strategies for the determination of the mining rate during the strategic, mine
planning phase. Shovel productivity and utilisation are considered to be a constraint in the current
practice during the estimation of the mining rate. The importance of the utilisation is recognised by
Runge (1998) An alternative view considers the calculation of the mining rate without the
constraint, which is based on the equipment performance. It may also be considered that these
performances indexes are a result of the optimisation process rather than being a constraint. In
experience of this author in copper mines in the north of Chile, the use of mining rates without the
equipment performance constraint may be used in special cases. An example could be: when the
mine has to accelerate the extraction of material to reach a specific type of ore with the aim of
keeping continuity in the operation of the processing plant. Mining rates that do not consider the
utilisation of the loading equipment in their calculation correspond to a possible option the planner
during the mine planning stage (Pinochet, 2004). It appears that this proposal could create value for
the business if it were to be used right from the beginning of the project, when the strategies for
exploiting the deposit were created, rather than in emergency situations during the mining
operation.
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Figure 1.3 The minimisation of costs and the maximisation of the value

1.2

The importance of the cut-off grade in the mining business

A change in the mining rate will affect all the main decisions, which are involved in the strategic
mine plan. One of the five main decisions of the mine planning activity is the estimation of the cutoff grade (Camus, 2002). The cut-off grade corresponds to the grade that defines a path for the
material, which is to be removed from the mine. Once the ultimate pit has been defined, the cut-off
grade will define the amount of material that is considered to be ore and the material that is
considered to be waste. The waste is sent to the dump although some part of this material might also
be stockpiled for future processing.

The calculation of the mine’s cut-off grade is based on concepts, which were introduced by (Lane,
1964). Lane (1988) proposed a detailed model whereby the maximum mine capacity, which is given
by a certain mining rate, is fixed and is considered as a parameter in the equations. Lane first
introduced a robust, economic background for the calculation of the cut-off grades’ policy. The
estimation of the cut-off grade was previously based on non-economic considerations. An article
byTaylor (1972) critiqued, for example, the estimation of the cut-off grade based on the break-even
principle. This corresponded to the point where the revenues exactly balanced the cost of mining,
treatment and refining. Other practices in the estimation of the cut-off grade were outlined by Lane
(1988) and these included a fixed cut-off grade, whose value could also be used by other mines in
similar projects, or as just a cut-off grade, which allowed the determination of a certain amount of
mineral at the end of the productive value-chain.
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Lane proposed the estimation of a cut-off grades’ policy, which optimised the NPV of the project in
a process whereby the mine capacity, the processing capacity and the market capacity might restrict
the operation and the calculation of this cut-off grades’ policy. His approach divided the finite
mineral resource into various parcels or sections; he then calculated an optimum value for each
using the premise that the optimisation of each part would result in the optimisation of the whole
deposit.

This calculation of the economic value of each section in Lane’s model depended upon the cash
flow of the section, and upon the optimum, economic value of the remaining part of the mineral
deposit. This approach considered the mineral deposit as a financial asset with a certain value even
when it was still in the ground. This meant that there was an opportunity cost that had to be paid if
the decision aimed at either exploiting the deposit instead of waiting for the future, or, at selling the
deposit and investing the proceeds in a similar risk portfolio (Lane, 1964).

Lane’s calculation of the cut-off grade used a dynamic approach because the value of each section
depended on the value of the deposit that was unknown in the beginning. A preliminary assumption,
with respect to this optimum value, had to be done to start the iteration until the real, optimum value
of the deposit was found in addition to the development of a suitable cut-off grades’ policy, which
would allow the achievement of this value.

Lane’s model also considered the mine capacity and the mill capacity as fixed parameters, which
acted as a constraint in the calculation of the NPV. Camus (2002) used that model to study the
relationship between throughput and the metallurgical recovery at the mill for a metallic deposit.
His research concluded that the mill capacity, as represented by the throughput, can be modified for
the same, mill configuration. His research was based on the determination of the optimum treatment
rate, whereby an increase in throughput was associated with a reduction in the metallurgical
recovery rate. His proposal sought to calculate the cut-off grade for the grinding stage, which was
represented by the particle size in the mill, with the objective of simultaneously optimising the
throughput and the mine’s cut-off grade.
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1.3

Objectives and scope

1.3.1

Objectives

The objective of this research is to demonstrate that the current way of treating mining costs in the
mine planning process may destroy value. This demonstration will be carried out for the particular
case of estimating the mining rate; this refers to the rate at which the exploitation progresses and the
mineral resource is depleted. This analysis will also include the impact of the mining rate on the
estimation of the cut-off grades’ policy in an open pit mine.

The latter analysis is especially important because the estimation of the cut-off grade is one of the
most, important decisions in the strategic, mine planning process, for it is in the planning stage that
it is possible to create most of the value that the company will achieve during the exploitation of the
mineral deposit (Camus, 2002).

The determination of the mining rate is also closely related to the selection of the mining
equipment. The selection of the loading equipment and the estimation of its operating costs are
generally made using the premise of optimising the performance of the equipment. This means that
there is a need to ensure that the loading equipment will have ample space in which to operate by
avoiding configurations that involve having several pieces of loading equipment per pushback.
There appears to be an ingrained belief that an optimum mine plan must consider high levels of
utilisation and productivity for each unit of the loading fleet with the aim of minimising the mining
costs to guarantees an appropriate level of investment in the mining equipment. This reasoning is
aligned with the idea that had previously been presented by Camus (2002) and Whittle (2009),
(Camus, 2002) highlighted a current practice in mine planning that privileged the minimisation of
costs over the maximisation of value during the planning stage.

The problem with this approach is that it limits the maximum mining rate to a certain level of
equipment performance and so excludes the more aggressive mining rates, which could be useful
for analysis in the optimisation process. The result is usually a fixed sinking rate (that is, the
number of benches depleted per year), which is given by the size of the pushback and by the
expected equipment performance. This sinking rate is included as a fixed parameter in the planning
stage (Menabde et al., 2007).

10
This thesis will consider whether more aggressive mining rates, including those associated with
poorer, equipment performances, can add value when the market is booming, and whether this may
then challenge the widely-held view that ‘the lower the costs, then the better the business!’

An increase in the mining rate as a result of an increase in the number of shovels in a pushback will,
for example, increase the productivity of the pushback. If the space is limited, however, it may
decrease the productivity and the utilisation of the whole loading fleet.

1.3.2

Scope

This thesis will also be aligned with the previous research of Lane (1964) and Camus (2002). One
of the proposals of this study is to change the mine capacity parameter into a decision variable.
Changes in the mining rate are generally tested in the estimation of the cut-off grades. This proposal
seeks, however, to introduce mining rates that are not currently considered because they represent
configurations with poor equipment performance.

This proposal will thus consider variable sinking rates, which may be higher for a specific pushback
when the number of shovels is increased without modifying the pushback design. It is expected that
an increase in the number of shovels will increase the productivity of the pushback but will reduce
the productivity of the shovels if the space is limited for loading.

The benefit of this latter strategy would be that it uses the concept of the time value of money and,
when the market is ready, it may bring forward the extraction of the ore and the associated income.

1.4

The thesis hypothesis

The hypothesis for this thesis is that the current practice of estimating the mining rate, only on the
basis of reducing the mining costs, may be detrimental to the creation of value during the
exploitation of a mineral deposit.

A number of research questions will be addressed in support of this hypothesis as follows:
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•

Will the strategy of changing the mine capacity parameter into a decision variable allow the
mine planner to simultaneously optimise the cut-off grade at the mine, the throughput at the
mill and the mining rate?

•

Will the strategy of having higher sinking rates result in higher mining costs, lower
equipment performance indexes and still create value?

•

Can it be demonstrated that the productivity of the pushback in open pit mining is as
important as the productivity of the equipment when estimating the optimum mining rate?

•

Can it be established that the mining rate optimises the value of the business rather than just
minimises the mining costs?

1.5

The thesis structure
•

Chapter 1 provides an introduction to the thesis topic, a brief outline of relevant past
research and the context for the current research. It also lists the research objectives and
scope, states the thesis hypothesis and research questions and outlines the thesis structure.

•

Chapter 2 presents a literature review that provides an overview of the strategic mine
planning activity, the resource view of the mining business and the cut-off grade theory.

•

Chapter 3 introduces (with illustrations) the concept of the schemes of exploitation for open
pit mining; this begins with an exposition of the different benches and of the different
regions that are part of each bench. The optimal deployment of the equipment is then
discussed. The concepts presented in this chapter will enable the calculation of the new
performance indexes for the loading equipment.

•

Chapter 4 describes the methodology used in this research. The selected design of the
schemes of exploitation and the positioning of the shovels will be described for this study.
The method for the determination of the key indices will be explained in relation to two
factors – productivity and utilisation. The formulae for the subsequent analysis will also be
presented.
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•

Chapter 5 provides the results and analysis of a case study of a hypothetical copper mine.
Three different mining schemes will be explored. The key performance indexes will be
calculated for each case and an evaluation of all strategies will be carried out to estimate the
optimal mining rate.

•

Chapter 6 consists of a discussion of the findings from the case study, in relation to the
evaluation of the supporting research questions; a risk assessment will also be employed to
consider the impact of possible changes in the price of the metals. This chapter also
considers the validity of introducing the mining rate as a variable into the Lane model for
defining the cut-off grade.

•

Chapter 7 presents the conclusions, including the evaluation of the thesis hypothesis in
relation to the research questions, and the contribution of this study to original research is
also defined. The limitations of this study and an indication for further research are also
included in this chapter.
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Chaper 2

Literature review

2.1

The context of the mineral resource business

2.1.1

Minerals in the earth crust: their abundance and concentration

Each of the chemical elements is distributed in different proportion over the Earth’s crust. The most
abundant is Oxygen and the most scarce are precious metals and gems like gold, silver and
diamonds (Casper, 2008). Nevertheless, the aspect that is more relevant for a future exploitation is
not the abundance of the mineral, but its concentration (Camus, 2002). Concentration is a natural
process that is facilitated by the natural forces that are continuously changing the earth. This
enrichment process also depends upon the properties of the minerals, which will define the
behaviour that it will have under the afore-mentioned forces.

2.1.2

The grade distribution and the cut-off grade concepts

Each mineral deposit has particular characteristics that reflect the concentration process. This
process may occur in steps through different periods of time. These stages are called primary,
secondary or tertiary enrichment. The result of these processes is a deposit with a certain shape, size
and quality that may be variable throughout the extension of the resource.

In metallic deposits, the quality may be represented by variables such as the grade, by the amount of
sub-products and by the presence of impurities. The grade is one of the main characteristics of the
deposit and this represents the amount of the valuable element that is present in a certain amount of
material from the deposit. It can be measured using a percentage in metals such as copper and iron
ore or in other units such as grams per tonne in the case of gold.

The grade in metallic mines may vary throughout the extension of the ore body, so then the deposit
is characterised by a distribution of grades and is not a unique grade. The definition of ore
corresponds to that part of the deposit where the grade is over a certain grade-limit, which is called
the cut-off grade. The material whose grade is below the cut-off grade is considered to be waste,
which may be extracted and sent to waste disposal or it may be left it in the ground. The definition
of the cut-off grade should be based on economic considerations where the final objective is to
maximise the net present value (NPV) of the future cash flow that is achieved by the strategies for
exploiting the deposit.
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2.1.3

The mining business: exploiting a finite and non-renewable resource

Technically, all natural resources are renewables (Casper, 2008). The distinction between renewable
and non-renewable is made, however, as a function of the time in which these resources are
renewed. Natural resources such as land, animals or trees have renewal cycles of years but the
enrichment process of the mineral resources occurs over millions of years. Mineral resources, for
this reason, are considered to be finite and non-renewable. A mineral deposit can thus only be
exploited once.

This characteristic provides a relevant distinction between mining and the rest of the industries.
Mining activity depends on a resource that is exhaustible whose depletion strategy plays a crucial
role in the final value that will obtain with its exploitation. Runge (2012) has noted other
differences between the mining and other industries, which include:
•

Every mine is different, because every ore body is different.

•

Mining is a capital intensive industry, with high sunken costs.

•

Large scale mining require continual injections of capital.

•

Knowledge is associated with high costs. Decisions are made on imperfect
information.

•

As a primary industry, returns are very sensitive to cycles of booms and busts.

The economies of exhaustible resources are been studied for years. An important contribution was
made by Hotelling (1931) and his r per cent rule. Hotelling stated that exhaustible assets cannot be
analysed by following the same economic principles of other industries for, in the case of
exhaustible assets, the production cannot be indefinitely deferred.
According to Hotelling, the depletion rate of the deposit should be planned in such a way that the
present value of the cash flow should grow at the same rate as the discount rate.

2.1.4

Uncertainties

Uncertainties in the resource
Planning the exploitation of a finite mineral resource requires the creation of a mine plan that
encompasses the whole resource. It can extend over twenty or thirty years in the case of medium
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and large mineral deposits. Large copper mines in the north of Chile, for example, can be planned
for in periods that exceed 40 years, as is the case with the Chuquicamata and Escondida mines.

At the outset, information regarding possible extensions of the resource is limited and estimations
are made with the information that is derived from exploratory stage (Lerchs and Grossmann,
1965). This data will be continuously updated by the exploitation and future exploration campaigns.
The main decisions are, however, made at the early stages and with uncertain information (Basu
and Belohlawek, 1997). Several authors have focused on planning the resource by considering these
uncertainties in an effort to reflect, in the future mine plan, the possible variations that are coming
from differences between the estimation of and the real distribution of the grade in the ore body.

Rolley and Johnson (1997) highlighted the relevance of the geological uncertainty and the impact of
this in the profit of under-estimation of tonnage and grade with respect to a certain location. These
authors also stated that the main cause of dilution is the uncertainties in the location of ore and that
this occurs more than for other causes such as those from the drilling and blasting methods.

Van Brunt and Rossi (1999) recommended the use of a conditional simulation to address the
inherent variability of the grade and of the associated risk to achieving the expected cash flows from
the exploitation of the resource.

In an optimisation model, Godoy and Dimitrakopoulos (2004) incorporated the geological
uncertainties to estimate the mining sequence. The main difference of this proposal with respect to
the traditional approach was the inclusion of several and different ore body models that were
estocasticly simulated. Their objective was to increase the NPV through the incorporation of the
unceratinties of the ore body into a multi-stage optimisation model that sought to create a sequence,
which minimised the risk of not matching the production target.

(Godoy and Dimitrakopoulos)’s model generated a domain of solutions that were unique for all the
models of the ore body that had been simulated. The optimum mining rates were then calculated for
the selected equipment. The next stage that was undertaken was to determine if the mining sequence
that was restricted by the those mining rates and by that equipment utilisation was physically
feasable. Finally, a unique sequence using simulated annealing was sought with the idea of
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choosing the sequence that best minimised the risk of not achieving the production target. In their
proposal, these authors mentioned the equipment utilisation as the mining factor to consider in the
execution of an operative mine plan. The mining rate was thus restricted by this operative constraint
from reaching a certain value of utilisation for the fleet.

The mine planning activities represent, therefore, a challenge because the main decisions that define
the value can only be obtained in regard to the exploitation of the resource being undertaken with
uncertain information. A common practice is to develop a more-intensive exploratory campaign in
those areas, which will be first exploited. This is more costly and, therefore, the company will need
to decide what level of certainty that they wish to have and what level of cost that they are willing
to assume for that information (Camus, 2002).

Uncertainties in the economic variables
Another source of uncertainty and complexity is introduced by the estimation of the economic
parameters across the life of the project. Projections of prices and costs are based on the estimations
of future supply and demand for the mineral resource. Making estimations over a long period of
time is complex, however, so distant estimations for prices and costs are less significant for the
project valuation because of the time value of money. Future and far cash flows are less affected by
the discount rate when the Net Present Value (NPV) is calculated.
Prices are the result of the economic conditions of the market and cannot be known in advance. The
estimation of the price considers the projections of the supply and demand for the minerals. The
supply is estimated as a function of the mines in production, its life and the future mining projects.
The demand considers indices like the economic growth and the different uses of the minerals for
those industries where such minerals are considered to be resources of production.

The cost also introduces a degree of uncertainty into the process. In general, and similarly to the
prices, the costs change according to the economic conditions of the market. The same law of
supply and demand can be applied to fixed and variable costs but its final value cannot be known in
advance with any precision.

Dimitrakopoulos and Sabour (2007) compared the real option valuation method (ROV) with the
conventional NPV. These authors hightlighted the advantages of ROV in businesses such as mining
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where incertainties are a intrisic characteristic of the industry. According to them, the ROV method
may be more precise in mining project valuations and this is mainly because this method
incorporates the advantages of managing this flexibility in the evaluation if the economic conditions
change.

These authors recommended exploring the possibility, for example, of expanding the size of the
mine if the price of the product rises. They did not, however, include any suggestions about the
implications of this change for the mining rate in the design of the pushback or in the productivity
of the equipment.

The same authors recognised that the main problem of the ROV methodology is that it assumes a
constant production rate throughout the life of the mine. This could be far from the reality of a
mining project where the geological uncertainties can produce a variable output of metal. Finally,
while they recognised the advantages of ROV with respect to the NPV, they also acknowledged that
the solution given by ROV was also not the best solution for creating a mine design. They
recommended exploring this methodology by undertaking further case studies.

Cardin et al. (2008) presented a method for evaluating the flexibility in the exploitation of a mineral
deposit under conditions of change in the prices and in the operational conditions. Those authors
highlighted the point that there is not an analysis with respect to the operational changes in response
to changes in the prices during the conceptual study-stage of the mining project.

According to Cardin et al. (2008), the professionals in charge of the evaluation of the mining
projects have always known that the prices might fluctuate but they do not, however, use this
information in the evaluation of such projects. The current practice thus only considers the long
term price as the basis for performing sensitive analysis. The proposal of these authors was to
include the changes, which occur as a result of a change in the price in the evaluation, in the
operational plans.

The method that was proposed by Cardin et al. (2008) calculated the NPV of each operational plan
where each plan was associated with an individual scenario of a future price. At the end, the
expected value for the project or ENPV could then be calculated from the NPV of each plan.
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This method mainly consisted of four steps. In the first step, a price profile was created and then,
other possible scenarios were generated via simulations. For example, in three difference scenarios,
the price might rise, the price might keep fluctuating in a determined range or the price might
decrease. The second step was to seek for flexibility options such as changes in production capacity
(at the crushing mill or in the size of the truck fleet), which could be used after the first five years of
operation. The third step was to create plans for responding to the changing price profiles by
increasing, by keeping or by decreasing the level of production. Finally, the last step corresponded
to the evaluation to calculating the NPV of each option.

The value of this proposal, which was introduced by Cardin et al., lay in the inclusion of the options
in the evaluation, which allowed a more realistic calculation of the NPV by recognising the
flexibility in the operation and the associated responses to changes in the price.

Groeneveld and Topal (2011) and Camus (2002) recognised the relevance of the uncertainties,
which are associated with the characteristics of the resource and with the economic variables of the
business throughout the life of the project. Those authors highlighted both the benefit and the cost
of reducing the level of uncertainty in those variables.
Groeneveld and Topal (2011) also assessed the uncertainty issues by proposing to incorporate the
flexibility of the design as a source of value in uncertain scenerios. Their proposal was to evaluate
distinct, design options that would incorporate different, flexibility options through a mixed-integer
linear programming model where different scenarios were created via the Monte Carlo simulation.
Their idea was to include, in the evaluation of the mining project, the benefits and cost of a flexible
design that assessed those uncertainties, which were part of the business.

In this approach of Groeneveld and Topal (2011), each design option had a different cost that was
estimated according to the options that it offered. For example, in the case of a processing plant, a
design without growing options was compared with another one that offered growing options but
had a higher cost. In future scenarios with advantageous economic conditions in favour of an
expansion, the second option could bring higher returns because it considered intallations with the
option to grow. The first alternative, however, did not have growing options and so expansion
would only have been possible with an additional processing line and with a higher cost.
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2.1.5

The mining business: a high initial investment

The main decisions that define the strategy to exploit a mineral resource are taken with uncertain
information. The mining industry is also characterised by high, capital investments (Runge, 1998),
which have to be made at the beginning of the project and which are based upon estimations that are
under-pinned by information, which is uncertain. For this reason, the business was considered to be
risky and the capital recovery was principally considered to be relevant at the beginning of the
project, when it was necessary to recover the money that was invested in the construction of the
plant, in the installations and in the equipment in the mine.

With the high cost of the installation and of the equipment, full utilisation and efficiency began to
become objectives by themselves; these had to be accomplished as a requirement for the high
performance of a profitable business. These objectives also always aided in the creation of value.
An efficient operation was thus seen as the one that minimised the mining costs (Whittle, 2009)

2.1.6

The mining business challenges

A commodity is a product or a service whose characteristics do not change between different
producers. The mineral resources lie within the grouping of commodities. The price of a commodity
is determined by the market conditions. The copper price, for example, follows a cycle that
responds to different economic conditions.

An example is the boom in the prices; this is described as that period of time where the market
conditions facilitate a sustainable increase in the price of the minerals. This condition may be the
result of a steady demand that outstrips the production capacity of the mineral suppliers all over the
world. In such a boom, the final price of the mineral rises and the mining companies then change
their strategies to raise their production rate so as to take advantage of these higher prices.
Similarly, the production costs also rise as a natural reaction to this increase in the value chain
where the mining company’s suppliers also create strategies for increasing their revenues at a time
when the mining company is willing to spend more to increase the production.

In this scenario, where there is not a differentiation in the final product and where the final selling
price cannot be modified, the mining companies have focused on the reduction of costs to increase
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the profit margin of the business (Camus, 2002). Efficient production at a lower cost is, therefore,
seen as a fundamental strategy in having a strong position as a producer of mineral resources.

The challenge that has been adopted is to produce more at a lower cost whilst optimising the usage
of scarce resources such as water and energy. The idea is also to exploit the mineral resource with a
low impact on the environment, and to consider the effect of this exploitation on the communities
and on the safety and health of the employees.

In conclusion, it seems that the mining business has several and different objectives that must be
achieved along with the exploitation of a mineral deposit. Only one objective can, however, be the
principal one; the objective of the mining company is to create the best possible value via the
exploitation of the mineral resources. This value corresponds to the economic benefits, which are
obtained as a result of the mining activity.

2.2

Mine planning

2.2.1

Introduction

Camus (2002, p. 45) defined planning as “the process of determining how an organisation can get
where it wants to go”. The first step in the definition of a plan is thus to set the organisation’s
objectives. King (2006) pointed out that the objectives of a modern mining company should be:
•

To act responsibly as a steward of the resources in its care so that they benefit both
the countries in which they are founded and the world at large, which depends on
them

•

To create long term wealth for its own shareholders
(King, 2006, p. 17)

Lane (1999) noted that mine planning involves a compromise between conflicting requirements. In
his proposal, he compared the example of the activity of increasing the value of the mining business
(through an increase in the size of the operation) against the second requirement of preparing a mine
plan with a minimum risk. Increasing the operation’s size and minimising the risk are at opposite
ends of the strategic scale due to the increment in the investment at the beginning of the project.
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Mine planning involves the creation of a plan for exploiting a mineral resource. Like other
economic activities, the mine plan seeks to be able to exploit the resource in such a way that the
selected alternative then creates the highest possible value. This value can be reflected in economic
indicators such as the NPV, which is the sum of the present value of all future cash flows (King,
2006).

The NPV is used in project valuation as a decision tool for comparing different alternatives. Other
indices such as the size of the investment, the return over the investment or the capital recovery
among others, can also be considered. This definition of value was discussed by Hall and Vries
(2012). Those authors noted that the value may well be represented by the NPV, but they also
pointed out that problems can arise when the mining companies include conflicting goals such as
unit operating costs and other indicators such as undiscounted cash flows.

Whittle et al. (2007) pointed out that an understanding of the drivers, in the processes of value
creation and of the definition of the risk, have high relevance in the project valuation stage.
Mathematical optimisation techniques may be used in mine planning to find the maximum
economic value. This optimisation process is represented by an objective function and by a number
of constraints where the variables, parameters and equations model the mining activity and a predetermined extraction strategy. Lane (1999) suggested that there is a distinction between these two
concepts. According to Lane, planning is a creative activity and the principal one, whilst
optimisation is only an analytical, secondary activity.

2.2.2

The mine planning model

The cyclical nature of the mine planning activity has been highlighted by several authors such as
Runge (1998), Camus (2002), Basu and Belohlawek (1997) and King (2006) amongst others.
Lerchs and Grossmann (1965) also highlighted the mine planning activity in terms of the definition
of the ultimate pit but those authors also recognised other variables of interest and the interrelation
between them. This included: the selection of the market, the processing plant upgrade and
installation, the definition of the quantities for extraction and the respective time, the mining
method and the selection of the transportation facilities.
Figure 2.1 shows the planning process that was introduced by Runge (1998). In this figure, the
cycle is repeated only three times as an example of the exercise. Runge (1998) also proposed to
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develop more phases if it was necessary to obtain a higher level of precision in the determination of
the variables.

Camus (2002) further proposed another model for describing the planning process and introduced a
new definition for the mine planning activity. This could be divided according to the degree of
breadth, which was required in the strategic and tactical mine planning. In his approach, strategic
mine planning was the activity that involved the decisions that were more relevant to the value
creation whilst tactical mine planning corresponded to the routine activities that were focused on the
tasks that are necessary for achieving this value.

Figure 2.1 The planning process

(Runge, 1998)

Figure 2.2 illustrates Camus’s model where the core represented the most relevant decisions that
defined the value that was coming from the exploitation of the mineral resource. The principal
decisions were related to the selection of the mining method, to the processing method, to the
mining sequence, to the selective cut-off and to the scale of the operation. Each of these decisions
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was interrelated and, therefore, the solution was found through an iterative process where some
variables were set with initial values, which then had to be modified to search for the optimum
values. There were another five models around the core that represented the characteristics of the
mineral resource and of the market. The characteristics of the mineral resource were represented by
the geological model, the geotechnical model, the metallurgical model and by the environmental
model. The characteristics of the market were referred to as the price structure for the final product
and the cost structure was associated with the mine and with the mill.

Figure 2.2 The strategic mine planning model
(Camus, 2002)

2.2.3

The mining rate in mine planning

The mine plan, which is obtained as a result of this iterative process, included a rate for the
production at the mine, a rate for the processing at the mill and a rate of output for the final product.
The rate of production at the mine is called the mining rate and this includes the ore and the waste.
Figure 2.3 ilustrates this concept.
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Figure 2.3 The mining rate

The optimisation process starts with the selection of the mining method and the processing route. If
the decision is made to exploit the resource using an open pit mine, the next step will be to estimate
the size of the ultimate pit. The sequence program for the nested pits will then deliver the order in
which the material has to be mined. The selection of a cut-off grade policy has, as an objective, the
estimation of the tonnes of ore and waste that will have to be removed each year during the life of
the mine. The estimation of the size of the equipment at the mine and at the mill will then define the
scale of the operation. The definition of the equipment that will be used in the mill is developed in
advance because this will also define the processing capacity and, finally, the output that will be
sold. The equipment that will be used in the mine is then selected to match the throughput
requirements of the mill and to match the output-plan.

The mine planning process is an iterative and recursive procedure and so, the order of the steps that
is illustrated here is only a proposal and is not necessarily, a representative of the order of the steps
that must be followed to define the final mine plan .

2.2.4

The time value of money

The basic definition of the time value of money is commonly represented by the statement that one
dollar today is worth more than one dollar tomorrow. Having the money before or after the cash
flow is brought forward offers more possibilities than it does for receiving it at some future date
(Runge, 1998). Money today is thus more valuable than receiving the same amount in the future.
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Thinking both in terms of an ideal strategy for exploiting a mineral resource and of extracting the
richer part of the resource first could bring more benefits than by leaving it for the future.

2.3

The cut-off grade

2.3.1

Introduction

Several authors, such as Lane (1988), Taylor (1972), and Dagdalen (1992) have agreed, in their
definition of the cut-off grade, that it is a grade that separates two courses of action. In an
operational, mining context, this defined the ore as being quite distinct from waste. In this context,
the ore is mined and is sent to the processing plant whilst the waste can be mined and then sent to
the dump or can be left in the ground.
The estimation of the cut-off grade can, however, be done by different methods and this can result
in different cut-off grades. Taylor (1985) included some definitions of different cut-off grades, but
King (2006) described a more complete list of these cut-off grades that had been taken from the
literature. Those included: geologically-based cut-off grades, planning-based cut-off grades,
budgeted

cut-off

grades,

accounting

cut-off

grades,

breakeven

cut-off

grades,

concentrator/mill/dump cut-off grades, cut-off grades from balancing and optimal/economic cut-off
grades.

The strategic mine planner considers the cut-off grade to be one of the main variables of the process
(Camus, 2002). Its definition will thus have a high impact on the valuation of the business. There is
an extensive literature that is available with respect to the estimation and to the relevance of the cutoff grade. This literature is focused on diverse areas that have included: the optimisation technique
for dealing with the problem, the behaviour of the cut-off with changes in the economic constraint
such as: the price, the analysis of the constraints and the development and use of software in the
analysis of the cut-off grade (Whittle and Wharton, 1995); (Palma, 1999).

An important contribution to the theory of the cut-off grade was first introduced by Lane (1964) and
was completed by the same author in 1988. His proposal considered a mining system that was
composed of three main activities: mining, processing and marketing. Each of these activities
introduced capacity constraints into the calculation of the cut-off grade. His approach had the
objective of finding the optimum and the economic cut-off grade(s) and was based on the
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maximisation of the net present value (NPV) of the mining project. The optimisation tool, which
was used by Lane, was the dynamic programming model.
2.3.2

Lane’s model of the cut-off grade

The cut-off grade defines the limit separating the ore from the waste (Lane, 1990). One tonne
extracted from the mine will be considered ore if the grade of the mineral contained in this tonne is
higher than the cut-off grade; if its grade is lower, then this tonne of material must be considered as
waste (see Figure 2.4). If the mine considers stockpiles, the low grade material, whose grade is
under the cut-off grade, could be sent there on the assumption of future treatment options (Lane,
1988).

Figure 2.4 The cut-off grade and the classification of the material extracted from the mine

Lane’s model considered the technical characteristics of the deposit as an input, that is, the size of it
and its quality. Both were reflected in the tonnage versus grade curve and, moreover, the model also
considered the economic conditions as an input, that is, the price of the final product and the cost
structure that was associated with the exploitation, treatment and sale of the mineral.
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This proposal, as presented by Lane, assumed that the optimum cut-off is obtained as a result of the
optimisation that maximised the value of each fraction of material removed from the mine or v*.
See Figure 2.5. This value is calculated as the cash flow less an opportunity cost such that.
∗

=

= max

−

where:
V* was the optimum value of the deposit and v* was the optimum value of each fraction of the
deposit,

was the change in the value of the whole resource with its depletion,

corresponded

to the time that was necessary to extract a unit of the resource, C corresponded to the cash flow and
F corresponded to the opportunity cost.

The opportunity cost was composed of two parts. The first one corresponded to the cost that must
be paid for being the owner of the resource, and its value was dV where d is the discount rate and V
is the optimum value of the deposit. This value changed with the depletion of the deposit because
the size of the remaining section was decreased by the exploitation.

The second one corresponded to the cost that was associated with changes in the condition of the
market. If the price of the final product increased, then the resource increased its value.
Alternatively, a decrease in the price of the final product meant a decrease in the value of the
resource.

Any investment decision carries an opportunity cost with it. This represents the money that would
have been obtained by investing the same amount of money in other alternatives. As Runge (1998)
notes, the opportunity costs are the “lost revenues from alternative scenarios”. Being an owner
with the right of exploitation for a mineral deposit implies that there is an opportunity cost that is
associated with the resource, which must be considered in the project’s decision-making process
and in the strategic mine planning.
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Figure 2.5 Lane's model to calculate the cut-off grade

(Lane, 1988)

This incorporation of the opportunity cost had high significance in Lane’s model. It was assumed
that the ore body had a value even when it was still in the ground and that such value would change
as a result of the depletion of the deposit; this changed the size of the remaining ore body and, as
result, changed the economic parameters such as the price of the metal.

The method proposed by Lane (1964) corresponded to a dynamic programming problem that had to
be solved with iterations that assumed an initial optimum value for the deposit. This initial value
could be obtained by a policy of fixed cut-off grade during the life of the mine of the deposit.

2.3.3

Camus’ model for the estimation of the cut-offs

Camus (2002) extended the model of Lane (1988) to find the cut-off particle size for the mill
because a second separation occurs at the mill as a result of the process that reduces the size of the
ore in the crusher. See Figure 2.6 below.
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Figure 2.6 The cut-off at the mill

(Camus, 2002)

Camus further suggested that, for a n-1 processes at the mill, the cash flow C can be defined as:
=
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where:
In this case, rn corresponded to the final product, r2 and r1 corresponded to the amount of material
as a result of the processes 2 and 1 respectively, and r corresponded to the fraction of the resource
that was extracted from the mine. The fixed or time cost was represented by f.
(Camus, 2002, p. 58)
In this model, a cut-off grade at the mine defined the ore r1 that was sent to the mill. This author
proposed, however, that the throughput for a determined mill-configuration could be variable as a
result of changes in the expected recovery and in the residence time of the material at the mill.

The equations for optimisation in the model of Camus for each section of the deposit were:
"=
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Qm corresponded to the maximum mining rate if the process is limited by the mine such that:
ℎ=

2−ℎ

1−"

−

%# + '
(ℎ

And with Qh, that corresponded to the maximum mill capacity if the process is limited by the mill.
Where:
vm represented the value that was calculated when the mine constrained the operation, vh
represented the value that was calculated when the plant constrained the operation, F corresponded
to the opportunity cost, f was the fixed cost, m corresponded to the mining costs and h to the
processing costs.
(Camus, 2002, p. 62)

In these equations, r1 also represented the throughput, which was a variable. Thus, for a specific
section of the resource, which was defined by r, the different options for the throughput r1 and the
cut-off grade had to be explored to find the optimum value.

2.4

Open pit mining

2.4.1

The main characteristics of an open pit mine

An open pit mine is a superficial excavation that is developed with the aim of extracting ore
(Calder, 2000). In open pit mining, the surface of the ground is continuously deformed (Lerchs and
Grossmann, 1965). In general, open pit mines are characterised by a large amount of waste that has
to be removed before the beginning of the ore extraction. According to Calder et al. (1997), the
major factors that govern the open pit mine include:

•

The ore grade and tonnage

•

The topography

•

The physical size, shape and structure of the deposit

•

The capital expenditures

•

The economic factors associated with the operating costs

•

The profit

•

Pit limits, cut-off grades and stripping-ratios
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•

The mining equipment

•

The rate of production

•

The available access

•

The mine design (the bench heights, the road grades, etc.)

•

The geotechnical aspects

•

The hydrological conditions

Arteaga et al. (2014) also included some additional factors. These included: the location and
proximity to communities, the regulations and taxes of the host country, the environmental
conditions and the availability of supplies such as water and energy. Figure 2.7 illustrates the
terminology, which is used in open pit mining.

Figure 2.7 The terminology of open pit mining

(Calder et al., 1997)
The final outline in Figure 2.7 corresponds to the ultimate contour of the pit, which will be reached
after the extraction of the last pushback of the mine.
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2.4.2

Unitary Operations

The main operational activities in an open pit mine, which are called unitary operations, correspond
to: drilling, blasting, loading and hauling. These activities follow a sequence that begins with the
drilling of the rock and which is performed by drilling rigs, and finishes with the hauling that is
performed by the mining trucks. Figure 2.8 below illustrates the sequence of the unitary operations
in an open pit mine.

Figure 2.8 The unitary operations in an open pit mine

The loading activity can be performed by equipment such as shovels, front-end loaders, excavators
and draglines amongst others. Electric or cable shovels are commonly used in large, open pit,
metallic mines whilst draglines are commonly used in massive non-metallic open pit mining such as
in coal mines.

2.4.3

Shovel mining methods

Calder et al. (1997) distinguished four, major, shovel mining methods on the basis of the shovel setup relative to the bench face, the position of the truck when being loaded and the truck travel routes
to and from the shovel. These shovel mining methods are:
•

The double. back-up method

•

The single. back-up method

•

The drive-by method

•

The modified, drive-by method

Figure 2.9 illustrates the double, back-up method. The tracks of the shovel are aligned towards the
muckpile. The trucks can be loaded from each side and thus a cable bridge is required. The truck
routes are signed by arrows. The numbers in Figure 2.9 represent a possible loading sequence for
the shovel. This is a highly productive method that is commonly used in metallic open pit mines.
The shovel’s waiting-times are minimised and the position of the shovel offers safe operational
conditions. This method is recommended for high bench-heights because the shovel must move to
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the sides continuously and this demands a high expertise from the shovel operator, who has to load
on the blind side (Calder et al., 1997).

Figure 2.10 represents the single, back-up methods. These methods are used when the space for
loading is limited. Figure 2.11 and 2.11 show two cases that are suitable for this method. Single,
back-up methods do not need a cable bridge system because the shovel only loads from one side.
The numbers in Figure 2.10 represent a possible loading sequence for the shovel. The position of
the shovel offers a safe operational condition and does not require a high level of expertise for the
operator because the shovel does not load on the blind side; it is also a more selective method
compared to the double, back-up method. This method is, however, less productive and major
delays can occurs to perform the cleaning activities in the loading area (Calder et al., 1997).

Figure 2.9 The double back-up method

(Calder et al., 1997)
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Figure 2.10 The single back-up method

(Calder et al., 1997)

Figure 2.11 A bench slot-blast

(Calder et al., 1997)

Figure 2.12 A berm blast

(Calder et al., 1997)
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The drive-by methods were developed for early haulage alternatives such as tractor trailers. This
method is used in coal mining via the use of draglines. The tracks of the shovels in these methods
are positioned parallel to the bench face, and they thus have a major risk of damage to the shovel
and cable, which may be caused by falling rocks. Long swing angles and one sided loading are the
major reason for the low productivity of this method. The modified drive-by method incorporates
trucks and this can improve the productivity of the system because they can be positioned in such a
way that the swing angle is reduced with respect to the drive-by method. The modified drive-by
method can, however, reach similar productivities as the double back-up method, for it considers
the loading from only one side and has a cable that is parallel to the bench face. Both conditions
have the risk that the operation will be totally stopped if the cable is damaged by a falling rock or if
the loading requires cleaning activities (Calder et al., 1997). The following Figures 2.12 and 2.13
show both the drive-by and the modified drive-by methods.

These different, shovel mining methods offer advantages and disadvantages, which have to be
evaluated by considering the shape of the pushback, the space available for loading and the
characteristic of the loading and hauling equipment (Calder et al., 1997).

Figure 2.13 The drive-by method

(Calder et al., 1997)
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Figure 2.14 The modified drive-by method

(Calder et al., 1997)

2.5

The resource view of the business

The above description of the mining business and of its production cycle gave a general overview of
the topics, which are addressed by the mine planner in the development of the strategies for
depleting a mineral resource and to define the final value of the mining project.
A different point of view of the business is presented in this section. The resource-based view of the
firm is an approach that finds, in the resources and in the competences of the firm, the sources of
sustainable and competitive advantage.
Wernerfelt (1984) proposed a new theory for analysing the performance of the business; he called
this the Resource-based View of the Firm. Authors such as Mahoney and Pandian (1992), Peteraf
(1993), Kor and Mahoney (2004) and Wernerfelt (1984) also anticipated the later work of Penrose
(2009) and provided an important basis for this new theory. In his article of 1984 Wernerfelt
developed his argument with four aspects:
•

Seeing the firm with a perspective on its resources (tangibles and intangibles) instead of on
its products.

•

Identifying the valuable resources of the firm and the barriers to maintaining it within the
company.

•

Looking for a balance between the actual resources and the development of new ones.

•

Discussing the acquisition of new resources.
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This new vision of the business, therefore, highlighted the relevance of the resources in the
determination of a sustainable competitive advantage.
Wernerfelt (1984)

Within the literature of the last three decades with respect to the resource-based view of the
business, it is also relevant to mention the contributions of Barney (1991), Peteraf (1993) and
Galbreath (2005).

Barney (1991) proposed a model that was characterised by the identification of those resources,
which were capable to creating a sustained, competitive advantage. He identified the four, principal
characteristics of these resources as: value, rareness, imitability and sustainability.

Peteraf (1993) based her central argument on the existence of a heterogeneous distribution of the
resources. If the purpose was to maintain this performance in the time then it necessitated an
imperfect mobility, an imperfect substitutability and an imperfect imitability in these resources. Her
model of the four cornerstones of the competitive advantage illustrates the importance of the
resource-focused approach to explain a sustainable and competitive advantage for the firm.

Galbreath (2005) developed a study to recognise the most relevant resources in the definition of a
sustainable, competitive advantage. This author first categorised the resource into three types: the
tangible resources, the intangible resources, which are assets, and the intangible resources that are
skills or capabilities. He then developed and applied a survey to a group of executives with different
backgrounds to try to understand their perceptions. The results showed that capabilities were
considered to be the principal component of success. The tangible resources were, however, also
valued and the intangible resources were valued even more so than the intangible resources, which
were assets.

Teece et al. (1997) proposed a new approach, which was an extension to this resource-based view
of the business. This was called the Dynamic Capabilities approach, which identified those factors
that will generate the competencies and capabilities for achieving a sustainable and competitive
advantage. These competencies were related to the capacity of the firm to change and to adapt to
new environments. In this approach, the authors focussed their attention on those competencies and
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capabilities which are inherent to the companies that are internally developed and which cannot be
traded in the market.
According to this argument, the development of dynamic capabilities can be understood within the
framework of three aspects as follows:
•

The organisational processes of the firm, which comprise the roles of coordination, learning
and of reconfiguration and transformation

•

The position of the company, which is characterised by the specific asset that the company
owns

•

The path that was followed or the history and development of the company during that time.
(Teece et al., 1997)

In recent years, the resource-based view of the business has become a robust approach to explaining
the success of the company. Some authors have even changed this name by calling it the Resourcebased theory or RBT (Barney, 1991). The majority of the critics of the RBT have associated their
criticism with the difficulty of finding empirical evidence to demonstrate its proposals; this has
probably been caused by the difficulty of measuring ‘no tangible assets’ as indicators of a high
performance (Galbreath, 2005). Lockett et al. (2009) suggested that the relevance of the RBT in the
performance of the company and its possibilities of development would give a value to the
combination of the resource and the capabilities which are more than the value of each one by itself.

Following this reasoning, the selection of the ore body and its depletion strategy as core resources
could be a valuable combination that can add value for mining companies. Examples are illustrated
in the mission of the larger mining companies in the world. The discovery, acquisition and
development of natural resources are key element in the long term value creation according to BHP
Billiton, the largest mining company in the world. Rio Tinto, another large mining company seeks
to maximise shareholder return through finding, developing, mining and processing natural
resources with a focus on large, long term and cost competitive mines.
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Chaper 3
3.1

Schemes of exploitation

Introduction

This chapter describes the various designs of schemes of exploitation that might be used today in
open pit mines. This concept of the scheme of exploitation has been widely used in the mining
industry but it has been poorly represented to date in the mining literature. A possible reason for this
is that, until now, there has not been a requirement to use complex configurations, which might
challenge the currently accepted view of the available dimensions of the pushback and of the
productivity of the mining equipment. This chapter thus introduces, with illustrations, the concept
of schemes of exploitations; this begins with an exposition of the different benches and of the
different regions that are part of each bench. These descriptions represent examples from the
literature as referenced and descriptions of actual examples, which were derived from this
researcher’s field experience as a mining engineer in Chilean mines over the past five years.

Figure 3.1 illustrates the shape of a typical bench in an open pit mine. This example has a halfmoon shape that is typical in open pit copper mines in northern Chile. The access ramp for the
bench is located in the central area, which is close to the wall of the pit. It could, however, be
located close to the end of the bench; sometimes the access to the bench is through an auxiliary
ramp, which can facilitate access to the lower bench whilst the upper one is still in operation. The
number of shovels required to exploit a pushback is variable and depends upon the strategy that has
been designed by the mine planner.

Figure 3.1 A bench in an open pit mine
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3.2

The bench types

There are different bench shapes depending on the design of the pushback to be extracted. At the
beginning of a mining operation, the deepening activity is achieved by having benches without a
free face. Pinochet (2004) called them sunken cut. He also proposed another four bench types where
a classification is made on the basis of their shape. These were: the expansion of the sunken cut, the
hillside expansion, the deep hillside expansion and the top cut. Figure 3.2 illustrates four of these
bench types. The difference is principally in the presence and extension of a free face. The hillside
expansion bench will be used in this research to illustrate the different schemes of exploitations.

Figure 3.2 The different types of benches

(Pinochet, 2004)
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3.3

Macro zones

This author has depicted a half moon or hillside expansion bench in Figure 3.3. It is generally
possible to distinguish four regions using a geometric point of view:
•

The ramp is developed to connect two or more levels. There are different kinds of
ramps. The final ramp or the design ramp is the one that will allow access to all of the
benches of the pushback. It will thus remain until the exploitation of the next pushback.
The auxiliary ramp can be developed as a temporary access to an inferior level. It can be
designed for access by trucks and by auxiliary equipment like drill machines and
bulldozers.

•

The control area extends along the pit wall. The drill and blast design of this area is
developed to maintain the stability of the latter. The loading of material in this area is a
challenging activity, because the cut line must be precisely achieved to allow the lower
benches to maintain their design shape and size.

•

The end areas are smaller than the others and are thus considered to be a restrictive space
for the loading activity. In general, the swing angles of shovels increase considerably in
this area and the productivity of the loading equipment is thus reduced.

•

The central production area is the location that presents no restrictions on the loading
equipment from a geometric point of view. The loading equipment can achieve its
highest level of productivity in this area.

Figure 3.3 The areas in an open pit bench

(Arteaga, 2007)
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Not only will the bench geometry and its singularities determine the productivity of the loading
fleet but, also, the particle size, the drilling and blasting design and its performance, the rock type
and mineralisation, the presence of water and fractures and the performance of operators amongst
other variables.

This author studied the utilisation and productivity of the shovel fleet in a copper mine in Northern
Chile (Arteaga, 2007). He overlapped the drilling and blasting pattern, the rock type and the
geometry of the bench to define macro zones or regions in a sunken cut and in a hillside expansion
bench. His analysis demonstrated the existence of significant differences in the productivity of the
shovel fleet in each region. His study also highlighted significant differences in shovel productivity
when comparing the performances of different operators.

3.4

The scheme of exploitation with one shovel

This thesis focuses on other variables, which are the mining and the sinking rates, which are a result
of the schemes of exploitation; these impact upon the productivity of the loading equipment.

Schemes of exploitation correspond to the deployment of loading equipment in mine pushbacks. If
only one shovel is positioned to extract the bench, it might follow a sequence illustrated in Figure
3.4, where the numbers represent the regions to be extracted. The exploitation of the bench begins
with the ramp that is associated with number 1. This is followed by control region 2 and then
production region 3 and so on.

Figure 3.4 A representation of a sequence for extracting a bench in an open pit mine
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3.5

The scheme of exploitation with two loaders

In another situation, the mine design that has more than one piece of loading equipment per bench,
could have a scheme of exploitation represented in Figure 3.5. In this case, both shovels will follow
the sequence illustrated by arrows; these indicate that both shovels will extract the bench in
opposite directions at the beginning of region 3. An alternative scheme of exploitation could
consider having both shovels working in the same direction. This configuration would give rise to a
different scheme of exploitation, although the number of shovels would remain the same.

Figure 3.5 A sequence for extracting a bench with two shovels

3.6

The strategy with simultaneous benches

In schemes with more than one shovel, the simultaneous extraction of two or more benches can be
considered. This can be achieved by connecting the benches via auxiliary ramps. In the case of a
hillside expansion, the benches are generally the same width and are smaller than the width of
sunken-cut benches. A separation between the equipment in the different levels is thus necessary to
avoid safety problems associated with falling rocks from higher levels.

3.7

The design of the schemes of exploitation

Once the ultimate pit has been determined, the next step is to develop a strategy for extracting each
part of the ore body. The mineral resource is then divided into sections called pushbacks where the
geometry of the ore body dictates the geometry of the mining activity (Hustrulid and Kuchta, 2006).
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The order in which each portion of the mineral resource or pushback is mined is called sequencing
and the objective is to achieve the highest NPV. Generally, the first part to be extracted will be that
part, which provides the highest cash flow (Hustrulid, 1998), and the selection of the next pushback
will follow the same criterion.

The pushback design, the selection of the mining equipment (size, type and quantity) and the design
of the schemes of exploitation are interrelated activities. Ahumada (1980) pointed out that different
configurations of these three variables have to be evaluated in order to determine the material
requirements of the deployment strategy. See Figure 3.6.

Ahumada (1980) proposed two new schemes of exploitation for the Chuquicamata mine in Chile.
Her study provided an example of the interdependence of these variables. The objective of her
research was to solve the problem of the introduction of new and bigger trucks. The original design
had considered schemes of exploitation with only one shovel per bench and a route that had been
designed in accordance with the size of the trucks in operation. Her analysis provided a technical
and economic evaluation of two alternative schemes of exploitation which considered a
modification of the pushback design at the same time. Her first proposal was to change the sizes of
the pushback and the number of shovels per bench; her second proposal considered maintaining the
size of the benches but changing the pit angle to adjust to the change in the haul route dimensions.

In general, when a scheme of exploitation is designed, the idea is to try to maximise the use and
productivity of the loading equipment. Marek and Welhener (1985) have noted that a mine plan has
to allow an appropriate space for the operation of the loading equipment. The design of the scheme
of exploitation must thus consider the dimensions of the loading and hauling fleet (size and
quantity) and the mechanical behaviour of the rock (Ahumada, 1980).
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Figure 3.6 The variables in the design of the schemes of exploitation

(Ahumada, 1980)

With this information, it is possible to determine the minimum working width for the loading
equipment in order for it to carry out its activities without restrictions. See Figure 3.7.

Figure 3.7 The variables for the determination of the minimum space available for loading

(Ahumada, 1980)

Figure 3.8 corresponds to an example that was previously presented by Ahumada (1980); this
illustrated the minimum, operational width for a shovel in a bench. In this case, the shovel is facing
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the muckpile and a specific space should be considered for loading for the truck operation in the
area. Figure 3.8 also illustrates that the mechanical behaviour of the rock on the side of the road
could limit the space for the circulation of the truck in this bench.

Figure 3.8 An example of the width of the mining operation

(Ahumada, 1980)

Pinochet (2004) provided some alternative examples of schemes of exploitation for open pit mining
by presenting three schemes that had different pushback extraction rates. The extraction rate of the
mineral material is highest in an aggressive case with more shovels. He also proposed two other
cases with a medium and a lower extraction rate. That author pointed out the options for extracting
a bench with different schemes; he did not, however, mention the possible advantages or
disadvantages in the selection of the appropriate scheme for exploiting a pushback.

3.8 Conclusion
This research will be focused on the valuation of new and different mining rates, which will have
resulted from the design of new schemes of exploitation. These mining rates will be related to
different deepening rates. The optimisation of the mine capacity is generally developed in
conjunction with the design of the pushback but the deepening rate of the pit, which is illustrated in
the number of benches per year, remains as a parameter or constraint in the process. From this
perspective, the optimisation of the mining rate thus does not consider the possibility of aggressive
schemes, which may cause a more significant change in the sinking rate of the pushback. The
pushback design will, thus, not be changed in this research with the aim of illustrating the real
impact of a strategy that is focused on a change in the sinking rate of the mineral deposit.
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The literature includes cases where the schemes of exploitation are mentioned. The information
presented in this chapter has illustrated the main features that have been considered in their design.
The existence of different schemes of exploitation during the mine design stage has been noted by
Pinochet (2004) and an example of the use of the scheme of exploitation design was presented by
Ahumada (1980). These were, however, not addressed in depth despite the importance of the
schemes of exploitation as a source of value creation in the planning stage.

The principles, which have been presented here for the design of the schemes of exploitation, are
valid for the common cases where the shovels can work without space restriction. They are also
valid for the less common cases of aggressive schemes where the space, which is available for
loading, is limited.
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Chaper 4
4.1

Methodology

Introduction

The introduction of aggressive schemes of exploitation challenges the current practice, which is
based in a design that maximises the utilisation and productivity of the shovels. The idea behind the
current strategy is to minimise the mining costs in order to achieve a higher value during the
exploitation of the deposit.

The design of schemes of exploitations demands knowledge of the technical constraints in the
mining activity. The aim is to place the shovel in an intelligent way so as to efficiently deplete each
pushback. Aggressive schemes introduce an additional constraint that is related to the space for
loading. A lack of space may be detrimental for the performance indexes of the shovels.

A better understanding of the performance indexes in these new scenarios was a major objective of
this thesis because these indicate the final amount of material than can be moved in each case.

It was, therefore, necessary to first determine the performance of the loading equipment for the
proposed schemes of exploitation (Stage 1). In accordance with the concepts, which were set out in
Chapter 3, this research was designed to consider the different schemes of exploitation for four
mining strategies that were associated with 1, 2, 3 and 4 shovels in a pushback. The calculation of
the key performance indexes was based on these designs.

The second stage of this research used those performance indexes, which had been calculated in
stage 1, to evaluate the different mining rates in a case study of a hypothetical copper deposit. Only
three mining strategies were selected for this economic valuation. The strategies with two shovels,
three shovels and four shovels were compared using the Net Present Value (NPV) as an economic
index.

The strategy with one shovel represented the same principles as the strategy with two shovels that
was a maximisation of the key performance of the equipment without the restriction of the space.
Therefore, the case with one shovel was not evaluated. During the activity of sizing the mine,
different configurations of equipment and pushbacks are tested with the aim of finding the optimum
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mine size. In this thesis, a different idea was adopted; this idea sought to evaluate new mining rates,
which were expected to originate from innovative schemes of exploitation, rather than to simply
evaluate different mining rates that might be expected to result from the current practice of
deploying the shovel in the pushbacks.

The strategy with one shovel was, however, considered in the scheme of exploitation design. The
aim was to understand the differences in performance when the increase in the number of shovels
was made with enough space for loading and the cases when the space was limited.

According to Del Sol (2000), the NPV criteria in project valuation indicates that the project should
be accepted when the NPV is positive. That author referred to the NPV as a basic, useful and
reliable method but he recognised, however, possible limitations such as: a misapplication of the
technique, an inability to quantify benefits and costs, a missed evaluation of the flexibility under
uncertainty and a lack of consideration of the competitors. Some examples of a misapplication of
the technique include the erroneous treatment of the inflation where real cash flow are discounted
using nominal rates, excessive adjustments based on risks and when accounting assignation only
affect tax flows.

4.2

The design of the schemes of exploitation

The designs of the schemes of exploitation were based on a hypothetical, but realistic, pushback.
The selected pushback type corresponded to a hillside expansion bench that had a rectangular
shape; the design included the depletion sequence for each case. According to Pinochet (2004), the
hillside expansion corresponded to the most representative bench in an open pit mine and further
proposed that the extraction of material from hillside expansion benches should correspond to 71%
of the total. A diagram of the chosen pushback for this research is illustrated in Figure 4.1. A
change in the density of the rock could, however, affect the productivity of the equipment (Arteaga,
2007) and so a constant density was assumed. This had the aim of emphasizing the effect of the
selected scheme and the lack of space in the productivity of the pushback rather than the effect of
other variables.
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The density assumed for this exercise was 2.5 tonnes/m3. This value was considered to be suitable
for a copper deposit in Northern Chile from this researcher’s own practical field experience as a
mining engineer in a Chilean copper mine.

Figure 4.1 The pushback for the design of the schemes of exploitation

4.2.1

The dimensions of the pushback

Figure 4.1 shows nine of the 30 benches of the pushback that were used in the design of the
schemes of exploitation. That number of benches was also selected on the basis of this author’s
previous experience as a mining engineer in a Chilean copper mine to ensure different switchbacks
and a change in the position of the access ramp. The position of the access ramp affects the amount
of equipment that can be placed at the beginning of the extraction of the bench; this thus affects the
productivity of the loading equipment and, consequently, of the productivity of the pushback
(Pinochet, 2004).

It was assumed for this research that each bench had an area of 360,000 m2 and was 10m high with
a total tonnage of 9 million tonnes.

4.2.2

The equipment selection

The schemes of exploitation, which were designed for this research, incorporated shovels (PH 4100
XPC) and trucks (Caterpillar model 793 F) whose dimensions are shown in Figure 4.2. The
assumption was that each shovel could reach a short term level of productivity of 4200 tonnes/hr.

51

Figure 4.2 The Shovel (PH 4100 XPC) and the trucks ( Cat 793F)

4.2.3

The shovel mining method

The shovel mining method that was selected for this research was the double back-up. This method
is commonly used in the highly productive, open pit mining of a massive mineral deposit. It had the
advantage of allowing double-loading, because the cable that supplied energy to the shovel was
positioned perpendicular to the loading surface (Calder et al., 1997). Figure 2.9 in Chapter 2
illustrated this shovel mining method.

4.2.4

The macro-zones

The productivity of the shovels in the different areas of the bench can be affected by the geometry
of the loading area (Pinochet, 2004). For this research, three macro-zones were identified. These
were: the ramp, the control area and the production area. The productivity of the shovel in the ramp
macro-zone was set to be 18% less than the productivity of the shovel in the production area. In the
latter area, the shovel did not have geometric restrictions and could reach higher productivities. The
study by Arteaga (2007) seems to suggest that the control area presents geometric characteristics
that can affect the productivity of the shovels. This previous study was not, however, conclusive;
this was because, for certain types of rock, the productivity that was reached in the control area was
similar to the productivity in the production area. In this research, a decrease in the productivity of
the control area with respect to the productivity of the production area was not considered.
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4.2.5

Other assumptions

In the case of multiple benches per pushback, two main assumptions were applied to guarantee the
safety of the operation and to ensure the correct sequence of the unitary operations for an open pit
mine.

With respect to the safety consideration, it was assumed that two shovels could not be located for
loading in the adjacent areas of different levels. This would have allowed rocks from the upper level
threat the safety of the personnel and integrity of the equipment in the lower levels.

With respect to the sequence of the unitary operations in open pit mining, it was assumed that
loading could only be performed after drilling and blasting. Therefore, once that the loading activity
of the upper level had released the material of the lower level, it could not then be loaded until the
time assumed for the drilling and blasting had past. Such time can be variable, and depended upon
the drill rigs used in the operation and upon the quality of the rock. In this example, the time for
drilling and blasting was considered to be equal to the time required for depleting the area.

4.3

The key performance indexes

The definitions of the key performance indexes that were used in this study are presented below in
accordance with the concepts, which were presented by Arteaga (2007). The formulae are as
follows:
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The Production time corresponded to the time when the shovel was carrying out its main function,
that is, when loading the trucks. The Available time corresponded to the time when the shovel was,
mechanically, in operating condition. The Stand-by time corresponded to the time when the shovel
was shut down for external reasons to the operation or because of the long term mine plan.

4.3.1

The assumptions

Figure 4.3 provides an example of a typical, production-per-hour graph for a shovel in an open pit
mine; it is included to illustrate the main, assumed operational delays and the assumed changes in
the productivity of the equipment as a result of these delays.

Figure 4.3 The production profiles for shovels in open pit mining

The x-axis in both graphs represents the 12 hours of a day and night shift. The productivity
decreases to 0 at the middle of the each shift as a result of the break in operations at lunch time. In a
similar way, the reduction in the productivity at the beginning and at the end of each shift results
from the change in the roster.
The main delays and the reasons for them are indicated in Table 4.1.
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Table 4.1 The reasons for major delays in the calculation of shovel utilisation

Day shift (minutes)

Night shift (minutes)

Delay name

10

10

Shift crew change and inspection

60

60

Lunch

15

15

Ramp up after lunch

10

10

Shift crew change

0

15

Safety detention

95

110

Total

The times indicated in Table 4.1 are given on the basis of an utilisation rate of 86% of the available
shovel time. For the scheme design, however, an utilisation rate of 85 % was assumed and that
included other possible delays such as the need for long time movements before blasting or for the
cleaning of the loading area.

4.4

A design example

Figure 4.4 illustrates an intermediate bench, which is being extracted using schemes of exploitation
that utilise four shovels.

This bench was divided into regions, which were based on the geometry of the different areas inside
the bench. These regions represented the drilling and blasting designs. The cells in red represented
the access ramps to the bench in operation. The deep blue cells corresponded to the final ramp of
the pushback that was part of the pit wall.
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Figure 4.4 The Scheme of exploitation with utilising 4 shovels

The production area was further divided into sub-regions of different shapes and sizes. In this case,
the smaller squares represented the minimum space available for loading. Some blocks, such as the
ones in orange and blue that were labelled 7, were smaller but they had faces that corresponded to
the minimum space that was available for loading. The depletion of these blocks was designed so
that the loading equipment would face the larger face in order to retain the selected shovel mining
method.

The number inside the blocks represented the sequence that each shovel must follow in the
depletion of the bench. The strategy with four shovels involved different schemes of exploitation.
The initial access to the bench was developed by shovel 3 and that began with the extraction of the
ramp that is located at the red block, which is labelled 1. The access ramp will always be close to
the wall of the pit.

The extraction of blocks 3, 4 and 5 will create the access to the bench. In this case, the access was
through the middle of the bench. This position is favourable for adding more loading equipment,
which can then load in different directions. When shovel 3 begins to load, pink block, number 6 shovel 1 can also begin to extract green block - number 6. In this case, the scheme of exploitation
was able to utilise two shovels in the same bench. The other two shovels were being used in the
loading of previous benches or were in stand-by mode due to a lack of loading space.
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The scheme that utilised four shovels in the same bench occurred during the extraction of the blocks
that are labelled 7. When shovels 3 and 1 began the extraction of block 7 (coloured pink and green),
the shovels 2 and 4 (coloured orange and blue) were designed to begin the extraction of these
blocks labelled 7, which were close to the free face of the bench.

The incorporation of shovels 2 and 4 had to wait until there was enough safe space for loading. In
this example, the separation between shovels 3 and 1, which were working in different directions,
corresponded to one block that was equivalent in size to the minimum space available for loading.
Shovel 2 and 4 did not have this separation during the extraction of blocks labelled 7 because they
were placed in the same direction. The safety regulations between operations may also have
changed, thus adding new restrictions to the design of the designated schemes of exploitation.

4.5

The valuation of the different mining scenarios

The evaluation of the different mining rates for exploiting a mineral deposit is best explained by an
example. Figure 4.5 illustrates a hypothetical copper deposit. For this example, it was assumed that
the exploitation method would be open pit mining because this offered higher productivities by
comparison with underground methods (Bakhtavar et al., 2009). A challenge for the open pit
mining industry is presented by the need to gain access to the ore body and for the removal of the
waste that overlies the deposit (Chen et al., 2003). In this example, the deposit was placed in a deep
zone with the aim of illustrating the current challenges for the industry in dealing with deep mineral
deposits.

Figure 4.6 provides a block model representation in two dimensions of the mineral deposit that is
depicted in Figure 4.5. The extraction of the yellow blocks corresponds to the pre-stripping activity.
The first pushback corresponds to the blocks in purple and the blocks with the label 1 correspond to
the two ore blocks of pushback 1. The other pushbacks are represented by different colours in the
diagram.
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Figure 4.5 The Mineral deposit
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Figure 4.6 The block model that represents the mineral deposit of Figure 4.5

A comparison of three, different mining rates for exploiting the deposit was then made. These
alternatives analysed a mining rate that optimised the utilisation of the shovels and two other
mining rates, which optimised the production of the pushback. These alternatives are amongst the
options that the mine planner considers during the creation of the mine plan (Pinochet, 2004).

In this thesis, the three strategies were based on the same pushback design but with different
numbers of loading equipment. Keeping the pushback design was relevant for analysing the
different shovel productivities that resulted from a lack of space. It can be also part of a mine plan
optimisation where the pushback design has already been set.
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Figure 4.7 illustrates a strategy with three shovels that uses a scheme of exploitation with the
benches in parallel. In this three-shovel strategy, it is possible to use the three shovels in a scheme
of exploitation when there is sufficient space to adequately place the equipment. It is, however, only
possible in certain situations to have schemes of exploitation that use just one or two shovels and
where the shovels that are not in operation have to wait in stand-by mode until a position is freed up
to allow them to load.

Figure 4.7 A Scheme of exploitation with three shovels

(Arteaga et al., 2014)

The three exploitation strategies that were analysed in this research are:
•

A strategy with two shovels

•

A strategy with three shovels

•

A strategy with four shovels

Each mining strategy considered a different number of shovels that were placed in the same
pushback using different schemes of exploitation. For example, a strategy with two shovels implied
that it was also possible to extract the material with schemes of one shovel and schemes of two
shovels. The decision regarding the more appropriate scheme depended upon the available space for
loading. Therefore, a strategy with four shovels meant that the extraction would use schemes with
four shovels or less to extract the material.
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4.5.1

The technical assumptions

Mineral: Copper
Block size: 100,000 tonnes
Grade: 1.2%
Recovery: 73% for a Leaching SX EW operation

4.5.2

The economic assumptions

The economic assumptions were hypothetical but also realistic for a copper mine in the North of
Chile.

Price: 3.9 US$/tonne
Mining cost: 1.5 US$/mined tonne
It was assumed that the mining activity for the strategy with two shovels was carried out by a base
of two shovels (PH 4100 XPC) with a productivity of 4200 tonnes/hr. The operation was also to
utilise: 16 trucks (793F), 3 bulldozers (D10), 2 drill rigs Atlas Copco Pit Vipers (270), 2 wheel
dozers and 2 water trucks. The strategy with 3 and 4 shovels include the capital that is proportional
to the capital expenditure of the strategy with two shovels. Therefore, the strategy with four shovels
considers the double of the capital expenditure considered in the strategy with two shovels.

Processing cost: 10 US$/tonnes of ore
Discount rate r = 10%
4.5.3

The economic valuation

The method that was used for this economic valuation was the calculation of the Net Present Value
of the cash flow (NPV) using the following formula:

<

6. = 7
;=>

, ℎ #* 8 [ ]
%1 + ';
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(Del Sol, 2000)
where: the cash flow was calculated for each period of time t via the following formula:
, ℎ #* 8 =

/ −
(Del Sol, 2000)

The annual cash flow depended on the annual production profile, which was given by the different
schemes of exploitation for each strategy that defined the mine capacity for this research. It was
assumed that the processing capacity was constant and that it was equal to 20 million of tonnes of
ore per year.
4.5.4

Plant facilities

It was assumed that the mining company have a plant facility that can operate at a maximum
throughput rate of 20 million tonnes per year. This capacity is filled with material from low grade
stockpiles with an average grade of 0.4% of copper and a recovery of 58%. The exploitation of the
copper deposit show in Figure 4.5 has an opportunity cost given by the operation of the plant with
the material from the stockpiles. A major overhaul is considered in year 8 to keep the plant facilities
operative until the year 16. It was assumed a capital expenditure of 200 MUS$ and it was
considered for all the alternatives.
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Chaper 5
5.1

Results

The schemes of exploitation design

The results that correspond to the design of the schemes of exploitation are divided into three
sections. The first section lists the key performance indexes for the shovels in the four cases when
these were analysed in terms of their productivity and of their utilisation of the equipment. The
second section corresponds to the performance of the pushbacks as a result of each mining rate.
Finally, the last section presents the sinking rate or the number of benches, which are depleted per
year for each case, with the aim of comparing the different mining rates and the extraction speeds.

5.1.1

The key performance indexes

Table 5.1 shows the key performance indexes for the schemes of exploitation with 1, 2, 3 and 4
shovels.

Table 5.1 The key performance indexes

Strategies

Average shovel productivity
Million of tonnes/year

Shovel Utilisation
%

Exploitation with 1 shovel

26.2

85

Exploitation with 2 shovels

26.0

85

Exploitation with 3 shovels

24.2

77

Exploitation with 4 shovels

19.6
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There was an inverse relationship between number of shovels included in the mining strategies and
percentage utilisation as illustrated in the above key performance indexes. The highest utilisation
rates (85%) were associated with the schemes of exploitation that used only one or two shovels.
The lowest utilisation rate (59%) was associated with the scheme of exploitation that used four
shovels. This was a similar pattern as was found for the average shovel productivity rate where the
highest the number of shovels in the pushback corresponded to the lowest average shovel
productivity.
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5.1.2

The production profile and the life of the mine

Table 5.2 shows the production per shovel in a year base for each of the strategies that were used to
deplete the pushback. In Table 5.2, each shovel was labelled with the word SHE and a number to
distinguish the different equipment. The life of the mine for the case with one shovel was nine years
with an average extraction rate in the first eight years of approximately 26 million tonnes. The
strategy with four shovels had a mine life of only three years. In this case, the production of each
shovel was different because their pattern of utilisation was different. Shovel 4 also only operated
when it had sufficient space for loading.

Table 5.2 The material extraction per year (millions of tonnes)
1

2

3

4

5

6

7

8

9

Strategy 1 SHE1

25.9

26.1

26.4

26.1

26.2

26.3

26.0

26.3

20.0

Strategy 2 SHE1
SHE2
Total

26.1
25.1
51.3

26.1
26.3
52.4

26.1
25.9
52.0

26.3
26.4
52.6

10.3
10.8
21.0

Strategy 3 SHE1
SHE2
SHE3
Total

25.1
24.4
23.1
72.6

25.1
24.3
23.8
73.3

23.6
23.8
24.2
71.6

3.9
4.0
3.9
11.8

Strategy 4 SHE1
SHE2
SHE3
SHE4
Total

22.3
19.8
20.1
16.2
78.4

20.3
20.8
20.2
17.4
78.7

20.0
16.5
17.9
17.4
71.8

5.1.3

The sinking rate

Table 5.3 shows the sinking rate or the number of benches, which were depleted per year, for the
four adopted strategies. The sinking rate increased when additional shovels were added to the
schemes of exploitation. The sinking rate of strategy 2 was exactly double the sinking rate for
strategy 1 because those shovels operated without space restriction and the production per year for
each shovel remained the same. This represented an increment in the sinking rate of 100%.

The strategies 3 and 4 were, however, subject to a restriction in the loading space; this reduced the
production of the associated shovels. The result was an increase in the sinking rate but with a
different proportion. The increment in the sinking rate from the strategy with two shovels to the
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strategy with three shovels corresponded to 41.1%. The increment in the sinking rate for the last
two mining alternatives was 7.3%.

Table 5.3 The pushback productivity and the sinking rate
Million of tonnes/year

Benches/year

Strategy 1

31.2

3.4

Strategy 2

62.4

6.8

Strategy 3

86.6

9.6

Strategy 4

93.6

10.3

The productivity of the pushback followed the same trend as that of the sinking rate. An increase in
the number of shovels needed to deplete the pushback increased the pushback productivity from
31.2 millions of tonnes in the case with one shovel to 93.6 millions of tonnes in the case with four
shovels. From Strategy 1 to Strategy 2, the increment in productivity was 100 %. From Strategy 2
to Strategy 3, it was 38.8 % and from Strategy 3 to Strategy 4, it was 8.1%.
Adding more shovels to the system accelerated the extraction of the material from the pushback this
addition was, each time, less effective.

5.2

The valuation of the different mining scenarios

The results presented in this section pertain to the example that was outlined in Chapter 4. The
results, which were listed previously in section 5.1, were incorporated as inputs into the calculations
in order to study the impact on project value of the changes to the mining rates that were associated
with the different schemes of exploitation. The example in Chapter 4 compared three strategies for
depleting a mineral deposit. Each strategy was based on the different mining rates that resulted from
the different schemes of exploitation and from the different number of shovels.
Section 5.2.1 includes a comparison of the mining strategies during the pre-stripping activity. The
same comparison will also be developed in section 5.2.2 for the eight pushbacks that were
considered for exploiting the mineral deposit. Section 5.2.3 will further include an economic
valuation of each alternative.
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5.2.1

The pre-stripping phase

The pre-stripping phase involved a total of 770 million tonnes. The blocks in yellow on Figure 5.1
correspond to the waste that was removed in the pre-stripping activity.

Figure 5.1 The pre-stripping activity

The following Table 5.4 shows the pre-stripping activity for each of the exploitation strategies,
which were analysed in this example.

The scheme of exploitation with two shovels considered a mining rate of 100 million tonnes per
year. This strategy maximised the utilisation of the shovels and minimised the mining costs. The
waste, which was considered in the pre-stripping phase, was depleted in eight years using this
mining strategy.
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Table 5.4 The pre-stripping phase
Strategy with two shovels

Strategy with three shovels

Strategy with four shovels

Year

Million of
tonnes/year

Million of
tonnes

Million of
tonnes/year

Million of
tonnes

Million of
tonnes/year

Million of
tonnes

0

0

-770

0

-770

0

-770

1

100

-670

140

-630

150

-620

2

100

-570

140

-490

150

-470

3

100

-470

140

-350

150

-320

4

100

-370

140

-210

150

-170

5

100

-270

140

-70

150

-20

6

100

-170

70

0

20

0

7

100

-70

8

70

0

The strategies with three and four shovels had faster designated mining rates of 140 and 150 million
tonnes per year, respectively. Table 5.4 above shows that the time for depleting the associated waste
of the pre-stripping phase was six years for both these cases. The remaining waste of the prestripping in the sixth year was, however, different. This consisted of 70 million tonnes for the
strategy with three shovels and 20 millions of tonnes for the strategy with four shovels.

5.2.2

The annual production

Figure 5.2, 5.3 and 5.4 represent the annual extraction amounts of ore and waste for each mining
strategy. The following saw graphs allow one to visually understand the material movement of each
pushback in each year. In Figure 5.2, for example, pushback 1 corresponds to the green line. The
waste for pushback 1 was removed in years 8 and 9 and the ore of pushback 1 was removed in year
9 after the associated waste had been extracted from the mine.
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Figure 5.2 The saw graph for two shovels

Figure 5.3 The saw graph for three shovels

Figure 5.4 The saw graph for four shovels
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Figure 5.2, 5.3 and 5.4 illustrate the production profile for each loading strategy. The first case
corresponds to Figure 5.2 - the strategy with two shovels. In this case, the waste extraction began
with pushback 1 in year 8 and finished with pushback 8 in year 16.

Figure 5.3 and 5.4 show the profiles of the strategies that have higher mining rates. In these cases,
the extraction of waste was increased with the aim of releasing the ore more quickly to begin the
processing of the material in a shorter time. The waste extraction lasted for six years for the
schemes with three shovels and for five years for the case of the schemes with four shovels.

In these three scenarios, the production of ore lasted nine years and was equal to 20 million tonnes
per year. The difference in the three saw graphs occurs in the first year of ore production. The
strategy with four shovels was the first to begin the processing of the ore in the sixth year. This
resulted from an acceleration in the extraction of the waste of pushback 1 and of the waste from the
pre-stripping activity.

5.2.3

The annual cash flow and the NPV

Table 5.5, 5.6 and 5.7 show the cash flows for the mining strategy, which considered schemes of
exploitation with two shovels. This represents the optimised base case. The life of the mine for this
strategy was sixteen years and positive cash flow began in year 9. The PV for this case was MUS$
920.
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Table 5.5 Cash flow for the two-shovels strategy for years 1 to 5
Year

1

2

3

4

5

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

100,000

100,000

100,000

100,000

100,000

Metal (ktonnes)

44

44

44

44

44

Revenue (MUS$)

349

349

349

349

349

Capex

-309

-15

-15

-15

-15

Mining Costs waste (MUS$)

-150

-150

-150

-150

-150

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

0

0

0

0

0

Cash Flow (MUS$)

-340

-46

-46

-46

-46

Discounted Cash Flow Factor

0.91

0.83

0.75

0.68

0.62

Cash Flow Discounted (MUS$)

-309

-38

-34

-31

-28

Tax (MUS$)

Table 5.5 and Table 5.6 show the negative cash flows for the first eight years of operation. They are
the result of the pre-stripping activity and of the waste extracted from pushback 1. In this case, ore
and waste were extracted until the end of the life of mine. Table 5.7 includes the positive cash flows
of the last years of operation. The discounted cash flow factor decreased with time and therefore,
the latest cash flow has a lower impact in the estimation of the Present Value. This is the effect of
the time value of the money.
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Table 5.6 Cash flows for the two- shovel strategy for years 6 to 10
Year

6

7

8

9

10

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

100,000

100,000

100,000

80,000

80,000

Metal (ktonnes)

44

44

44

175

175

Revenue (MUS$)

349

349

349

1,390

1,390

Capex

-15

-15

-215

-15

-309

Mining Costs waste (MUS$)

-150

-150

-150

-120

-120

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

0

0

0

-363

-363

Cash Flow (MUS$)

-46

-46

-246

662

368

Discounted Cash Flow Factor

0.56

0.51

0.47

0.42

0.39

Cash Flow Discounted (MUS$)

-26

-23

-115

281

142

Tax (MUS$)

Table 5.7 Cash flows for the two- shovel strategy for years 11 to 16
Year

11

12

13

14

15

16

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

80,000

80,000

80,000

80,000

80,000

20,000

Metal (ktonnes)

175

175

175

175

175

175

1,390

1,390

1,390

1,390

1,390

1,390

Capex

-15

-15

-15

-15

-15

-115

Mining Costs waste (MUS$)

-120

-120

-120

-120

-120

-30

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

-200

Tax (MUS$)

-363

-363

-363

-363

-363

-399

Cash Flow (MUS$)

662

662

662

662

662

616

Discounted Cash Flow Factor

0.35

0.32

0.29

0.26

0.24

0.22

Cash Flow Discounted (MUS$)

232

211

192

174

159

134

Revenue (MUS$)
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Table 5.8, 5.9 and 5.10 correspond to the cash flows of the mining strategy with three shovels. The
pushback, for this strategy, was extracted in 14 years and positive cash flow began in year 7. The
PV for this case was MUS$ 939, the NPV was MU$ 19, the IRR 13% and the capital efficiency was
0.1.
Table 5.8 Cash flow for the three-shovel strategy for years 1 to 5
Year

1

2

3

4

5

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

140,000

140,000

140,000

140,000

140,000

Metal (ktonnes)

44

44

44

44

44

Revenue (MUS$)

349

349

349

349

349

Capex

-456

-23

-23

-23

-23

Mining Costs waste (MUS$)

-210

-210

-210

-210

-210

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

0

0

0

0

0

Cash Flow (MUS$)

-547

-113

-113

-113

-113

Discounted Cash Flow Factor

0.91

0.83

0.75

0.68

0.62

Cash Flow Discounted (MUS$)

-497

-94

-85

-77

-70

Tax (MUS$)
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Table 5.9 Cash flow for the three-shovel strategy for years 6 to 10
Year

6

7

8

9

10

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

140,000

120,000

120,000

120,000

120,000

Metal (ktonnes)

44

175

175

175

175

Revenue (MUS$)

349

1,391

1,391

1,390

1,390

Capex

-23

-23

-223

-23

-309

Mining Costs waste (MUS$)

-210

-180

-180

-180

-180

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

0

-333

-324

-324

-330

Cash Flow (MUS$)

-113

625

434

634

341

Discounted Cash Flow Factor

0.56

0.51

0.47

0.42

0.39

Cash Flow Discounted (MUS$)

-64

321

203

269

132

Tax (MUS$)

Table 5.10 Cash flow for the three-shovel strategy for years 11 to 14
Year

11

12

13

14

15

16

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

60,000

0

0

0

0

0

Metal (ktonnes)

175

175

175

175

44

44

1,390

1,390

1,390

1,390

349

349

Capex

-23

-23

-23

-23

-23

-123

Mining Costs waste (MUS$)

-90

0

0

0

0

0

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

-200

Tax (MUS$)

-366

-402

-402

-402

0

0

Cash Flow (MUS$)

682

736

736

736

97

-3

Discounted Cash Flow Factor

0.35

0.32

0.29

0.26

0.24

0.22

Cash Flow Discounted (MUS$)

239

234

213

194

23

-1

Revenue (MUS$)
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The extraction of waste for the strategy with three shovels finished in year 11. The negative cash
flow, however, finished in year 6 because that strategy was associated with a quicker access to the
ore. The positive discounted cash flow began in year 7 and decreased until year 14. This strategy
reduced the years of negative cash flow to only six but it resulted in higher costs as result of a
higher production of waste in these years, and because of the decrease in the key performance
indexes of the shovels.

Table 5.11, 5.12 and 5.13 correspond to the cash flows of the mining strategy with four shovels.
The life of the mine in this case was thirteen years and positive cash flow began in year 7. The PV
for this case was MUS$ 966. The NPV was MUS$ 46, the IRR 16% and the capital efficiency 0.2.

Table 5.11 Cash flow for the four-shovel strategy for years 1 to 5
Year

1

2

3

4

5

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

150,000

150,000

150,000

150,000

150,000

Metal (ktonnes)

44

44

44

44

44

Revenue (MUS$)

349

349

349

349

349

Capex

-603

-30

-30

-30

-30

Mining Costs waste (MUS$)

-225

-225

-225

-225

-225

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

0

0

0

0

0

Cash Flow (MUS$)

-709

-136

-136

-136

-136

Discounted Cash Flow Factor

0.91

0.83

0.75

0.68

0.62

Cash Flow Discounted (MUS$)

-644

-112

-102

-93

-84

Tax (MUS$)
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Table 5.12 Cash flow for the four-shovel strategy for years 6 to 10
Year

6

7

8

9

10

Ore (ktonnes)

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

130,000

130,000

130,000

130,000

110,000

Metal (ktonnes)

175

175

175

175

175

1,391

1,391

1,391

1,390

1,390

Capex

-30

-30

-230

-30

-309

Mining Costs waste (MUS$)

-195

-195

-195

-195

-165

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

Tax (MUS$)

-320

-320

-311

-311

-336

Cash Flow (MUS$)

615

615

424

624

350

Discounted Cash Flow Factor

0.56

0.51

0.47

0.42

0.39

Cash Flow Discounted (MUS$)

347

316

198

265

135

Revenue (MUS$)

Table 5.13 Cash flow for the four-shovel strategy for years 11 to 16
Year

11

12

13

14

15

16

20,000

20,000

20,000

20,000

20,000

20,000

Waste (ktonnes)

0

0

0

0

0

0

Metal (ktonnes)

175

175

175

44

44

44

1,390

1,390

1,390

349

349

349

-30

-30

-30

-30

-30

-130

0

0

0

0

0

0

Mining Cost Ore (MUS$)

-30

-30

-30

-30

-30

-30

Processing Costs (MUS$)

-200

-200

-200

-200

-200

-200

Tax (MUS$)

-402

-402

-402

0

0

0

Cash Flow (MUS$)

728

728

728

89

89

-11

Discounted Cash Flow Factor

0.35

0.32

0.29

0.26

0.24

0.22

Cash Flow Discounted (MUS$)

255

232

211

23

21

-2

Ore (ktonnes)

Revenue (MUS$)
Capex
Mining Costs waste (MUS$)
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The strategy with four shovels had negative flows only for the first five years. It also had a
declining, positive cash flow, from year 6 until year 16, as a result of the effect of the time value of
money.

These three cases had negative cash flows at the beginning of the operation as a result of the prestripping activity. The strategies with three and four shovels had, however, higher, negative cash
flows because they had accelerated the extraction of the waste and had concentrated it in the early
years. These strategies also had higher mining costs as a result of a higher material movement per
year.

These results will be further discussed in Chapter 6 to derive the thesis conclusions.
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Chaper 6

Discussion of results and risk assessment

6.1

Discussion of the results

6.1.1

The design of the schemes of exploitation

The design of the schemes of exploitation is an activity that considers the technical elements of
mine planning and is related to the dimension of the pushback and to the characteristic of the
loading fleet. The current practice is represented by the strategies that use just one and two shovels.
The main consideration in these strategies is the need to have enough space for loading to maximise
the utilisation of the shovels. The incorporation of the second shovel is considered to increase the
productivity of the pushback and, also, to increase the sinking rate without affecting the key
performance indexes of the shovels.

The design of more aggressive schemes of exploitation, as presented in this thesis, followed the
same principles that were considered for the other cases. The activity that was associated with these
more aggressive schemes was, however, more complex because it was not possible to have the
shovels loading at all times. In these examples, the reduction in the shovel productivity was the
result of a lack of space for loading. This reduction in productivity as a consequence of a lack of
space was considered in this thesis but a complex analysis could also have included an additional
reduction in productivity as a result of having major traffic in the area and, also, as a result of topics
related to the interaction between shovels. The latter refers to situations where it is necessary to
move cables and delay times are related to the drilling and to blasting activity.

6.1.2

An economic valuation example – the cash flow for each mining example

The economic valuation process considers both the productivities of the pushbacks and of the
shovels and also the economic parameters, which are related to the costs of each strategy. The cash
flow for each mining alternative shows the difference in the costs of each strategy. In the first years
of operation, these costs are mainly associated with the waste mining activities, which correspond to
the pre-stripping and to the waste of pushback 1. Tables 5.1 to 5.13 have previously depicted the
differences in the costs for these first years. The more aggressive strategies for mining the mineral
deposit considered the higher mining costs. These reflected the double effect of, not only an
increase in the number of shovels and mining equipment, but also, a decrease in the productivity of
this equipment.
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6.1.3

The final PV of each mining alternative

The benefits of an aggressive mining rate as represented for the last two strategies are based on the
premise that these alternatives, by bringing forward the extraction of the ore, would create positive
cash flows in advance of those associated with the first case. These strategies would also reduce the
life of the mine so that the positive cash flow would then be less affected by the effect of the time
value of money.
The Present Value for three adopted strategies is presented in Figure 6.1. This diagram clearly
illustrate how the exploitation strategy that employed four shovels had a higher present value
(MUS$966).

Figure 6.1 The PVs for each exploitation alternative

The maximum NPV corresponded to the schemes of exploitation with four shovels that had a
shovel utilisation of only 59% and, thus, higher mining costs than the strategy with two shovels.
These results demonstrated that an increase in the mining costs can result in a higher NPV when the
benefits of bringing forward the positive cash flow and of reducing the life of the mine are higher
that the dis-benefits of the increase in costs.
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The design of the schemes of exploitation, which changes the number of shovels in the same
pushback, thus modifies the mining and the sinking rate. A higher number of shovels in the
pushback will increase the sinking rate and the mining costs. The addition of more loading
equipment could be no possible to implement because a major decrease in the equipment
performance. The benefits of accelerating the extraction may thus not enough to pay the extra
mining costs of an additional shovel. The higher sinking rate, with higher mining costs and lower
equipment performance does not, therefore, always create value.

The results previously presented in Chapter 5 in Table 5.5 to 5.13, also illustrated the cash flow of
two, different mining strategies. The strategies with two shovels corresponded to the current
practice that optimises the equipment performance and the strategies with three and four shovels
optimised the pushback performance instead. Figure 6.1 above shows that the mining rate that best
optimised the associated value was one of the strategies that were focused on the pushback
performance. This result thus demonstrates that a focus on the pushback performance can generally
offer a different result (in terms of value) than does a methodology that focuses solely on the
equipment. The value that is associated with mining rates and is calculated with a focus on the
pushback productivity can be higher than the value estimated by the current practice, where the
mining rate is constrained by the reduction of the mining costs.

Figure 5.2 to 5.4 in Chapter 5 also showed the different production profiles for each of the mining
alternatives being analysed in this thesis. The focus on the value for finding the optimum mining
rate led to the development of alternatives by way of the cases illustrated by Figure 5.3 and 5.4.
These were associated with higher mining costs as a result of the decrease in the performance of the
equipment by comparison to the case illustrated in Figure 5.2. The results of the previous economic
valuation, as illustrated in Table 5.5 to 5.13 and combined with the NPV result in Figure 6.1 above,
provides suitable evidence that the mining rate that optimises the value can be different from the
mining rate that minimises the mining costs.

6.2

The risk assessment

The above discussion of the thesis results demonstrates that a more costly option for exploiting a
deposit can still increase the value of the business. In this respect, mining costs and value can go in
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different directions. An analysis of risk for this strategy can aid in determining what variables in
the model add or detract value from the final valuation of the project. The first variable of interest is
the metal price. Figure 6.1 previously compared the value of the three alternatives by considering a
price of 3.6 US$/lb of copper. It should be noted that this can be considered to be a high price and,
therefore, was not necessarily a representative long term price structure. Figure 6.2 below shows the
results when using a copper price of 3 US$/ton. In this case the cheaper alternative that
corresponded to the mining rate which was associated with the schemes with two shovels was now
the alternative that created the highest value for the business.

Figure 6.2 The PVs for three exploitation strategies using a copper price of 2 US$/lb

The copper grade can be a second key variable that drives the value of the project. Figure 6.3 shows
another result for a copper grade of 1%.

The strategy of accelerating the mining rate in order to create a higher value can create value for the
project under certain economic and technical conditions. A change in other variables such as: the
discount rate, the recovery rate and the mining costs could produce different results. The
preliminary results show that, while this evaluation can give positive results for the new strategy,
the final decision must consider its risk and benefits.
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Figure 6.1 showed a benefit of around MUS$46 between the strategy with four shovels and the
strategy with two shovels. This might not be enough to justify the more costly strategy for
exploiting the mineral deposit. The reason is that this extra NPV has to pay the extra cost to bring
forward the investments related extra equipment and, also, it has to be sufficient to generate a
positive return in different scenarios for each of the key value drivers. Therefore, under a situation
of capital restriction this benefit could not be enough to justify this decision.

Figure 6.3 The PVs for three exploitation strategies using a copper grade of 1%

This risk assessment provides further evidence that the strategy of calculating the mining rate while
focused on the value creation has a positive NPV when the ore body that is place in the ground has
a high value. This high value can be the result of conditions of higher prices as, for example, in a
booming market, but may also be the result of the characteristics of the deposit as, for example, in
the case of a deposit with a high grade.

6.3

The cut-off grade and the mining rate

Any change in the mining rate such as the change proposed in this thesis will affect the other
variables of the mine planning model. The Lane model, which was discussed in Chapter 2,
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considered the mining rate, the processing rate and the marketing rate (refinery or smelter capacity)
as parameters in the calculation of the cut-off grade.

The model of Camus (2002) introduced the processing rate or throughput as a variable after
modifying the model of Lane. His approach calculated the new cut-off grade in scenarios where the
throughput can be dynamic.

The proposals of Lane (1988) and Camus (2002) addressed the estimation of the cut-off grade by
utilising a dynamic programming approach. Their model was applied to a problem with two
variables the cut-off grade and the throughput. The introduction of the mining rate as a variable has
changed the problem, so that it is necessary to find a solution where the model now has to
incorporate all three variables. Figure 6.4 below represents the new model where M1, G1 and T1
correspond to the mining rate, the cut-off grade and the throughput, respectively; these optimise the
value of the project represented by v.

Figure 6.4 The cut-off grade, the throughput and the mining rate

In the case study that was presented by Camus (2002), the optimisation of the cut-off grade
following the Lane model gave the results listed in Table 6.1. According to this optimisation, the
optimum cut-off grade was 0.7% with a throughput of 31million tonnes/year.
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This incorporation of the throughput as a variable in the model corresponds to the optimisation of
two variables as it is represented in Figure 6.5.

Table 6.1 The optimisation of the cut-off grade as per the Camus model

cut-off grade
% Cu

Avg grade
% Cu

Ore
Tons

Throughput 1
31 Mt/year

0

0.59

62.5

-274.5

0.1

0.86

55

-25.6

0.2

0.87

50

-19.8

0.3

0.88

48

-13.6

0.4

0.9

46

-1.1

0.5

0.93

42

14.0

0.6

0.97

33

21.4

0.7

0.99

31

26.7

0.8

1.03

22

19.5

0.9

1.08

15

10.8
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Figure 6.5 Optimisation of the cut-off grade and the throughput

The results of this model are also illustrated further in Table 6.2 below
Table 6.2 The optimisation of the cut-off grade and of the throughput as per the Camus model
cut-off grade
% Cu

Avg grade
% Cu

Ore
Tons

Throughput 1 Throughput 2 Throughput 3 Throughput 4
31 Mt/year
34.5 Mt/year 40.2 Mt/year 47.8 Mt/year

0

0.59

62.5

-274.5

-222.1

-159.1

-104.4

0.1

0.86

55

-25.6

16.7

66.2

106.2

0.2

0.87

50

-19.8

18.6

63.3

99.5

0.3

0.88

48

-13.6

23.1

65.9

100.3

0.4

0.9

46

-1.1

33.8

74.5

107.0

0.5

0.93

42

14.0

45.6

82.2

111.2

0.6

0.97

33

21.4

45.9

74.1

96.2

0.7

0.99

31

26.7

49.5

75.8

96.2

0.8

1.03

22

19.5

35.5

53.8

67.8

0.9

1.08

15

10.8

21.5

33.6

42.8
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The optimisation of the two variables resulted in a cut-off grade of 0.5% and a throughput of 47.8
million tonnes/year.

Using the same data as that presented by Camus, it is thus possible to introduce the third variable in
the solution of the cut-off grade problem. The introduction of the mining rate in the optimisation
process assumes that it can be restricted by this variable.

Assuming that an increase in the mining rate to reach the 0.5% cut-off grade and a throughput of
47.8 million tonnes/year, is only possible with more aggressive schemes of exploitation such as
those outlined in Chapter 3, the value of MUS$111, which was listed in Table 6.2 for the first
iteration, cannot be feasible; this is because the mining costs are higher as a result of the reduction
in the utilisation and in the productivity of the shovels.
In this case, the equation that can predict the value now becomes:
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where:
f represents the fixed costs
F is the opportunity cost
Qm is the maximum mining rate when the process is limited by the mine

Keeping the cut-off grade of 0.5% and the throughput at 47.8 million tonnes/year and assuming the
use of aggressive schemes of exploitation, the value and the NPV is reduced to MUS$100 for the
increase in the mining costs.

For the same example and assuming that aggressive schemes are not allowed because of the high
cost, it is possible to keep the throughput at 47.8 million of tonnes per year, but only when the cutoff grade is reduced to 0.3%. This reduction in cut-off grade is caused by the constraint that is
imposed by the mine and that limits the production to the optimum shovel productivity. In this case,
the maximum value for the first iteration would be MUS$105.
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The differences between both cases are in the order of MUS$5. This would not be sufficient to
justify the use of more shovels to accelerate the extraction of the material. This case, however,
illustrates the fact that the optimisation process gives rise to a different result when there is not a
restriction in the design on the basis of a reduction of the cost and on the maximisation of the
utilisation of the loading equipment.

6.4

The research questions in relation to the research findings

The discussion now leads to a consideration again of the research questions, which were listed in
Chapter 1. The previous comparison between the productivity of the shovels and the productivity of
the pushback indicates that these strategies can give a different result in the estimation of the mining
rate that optimises the value of the business.
In the example presented in this thesis, the focus on the pushback productivity offered better results
in terms of value creation. In Figure 6.1, the NPV of the strategy with four shovels, that is, the one
that was focused on the pushback productivity, was higher in comparison with the NPV for the
strategy that was based on the case of two shovels, which focused on the shovel productivity.

The results also demonstrated that the productivity of the equipment is also relevant in the
estimation of the optimum mining rate. The performance of the equipment thus becomes relevant to
the estimation of the value and to the optimum mining rate. A qualification might, however, be
made that, after a certain level of mining rate, a decline in the productivity rate of the equipment
may become detrimental to the value creation; this may be caused by the acceleration in the mining
rate of the pushback then decreasing the value or NPV of the project.

From this discussion, it is also possible to state that the productivity of the pushback and the
productivity of the loading equipment do have a high degree of importance in the estimation of the
optimum mining rate. The research question from Chapter 1 “Can it be demonstrated that the
productivity of the pushback in open pit mining is as important as the productivity of the equipment
when estimating the optimum mining rate?” can, therefore, be answered in the affirmative.

The focus on the value as presented in this thesis offers a feasible, alternative option for estimating
the required mining rate for any given mineral deposit. The results demonstrated that the focus on
the value gave a different and better result that did the technique of just focussing on the
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minimisation of the costs. The optimum mining rate can thus be estimated with the aim of
maximising the value instead of minimising the mining costs. The research question from Chapter 1
“Can it be established that the mining rate optimises the value of the business rather than just
minimises the mining costs?” can, therefore, be answered in the affirmative.

The exploitation strategies with three and four shovels have sinking rates that are higher than the
strategy with two shovels as it is illustrated in Table 5.3. In addition, these cases present higher
mining costs in comparison with the alternative with two shovels as it is illustrated in the cash flow
of the Table 5.5 to 5.13. The results presented in Figure 6.1, finally demonstrate that the final value
represented in terms of the NPV is higher for these alternatives than the case with two shovels. The
research question from Chapter 1 “Will the strategy of having higher sinking rates result in higher
mining costs, lower equipment performance indexes and still create value?” can, therefore, be
answered in the affirmative.
The analysis presented in the section 6.3 of this Chapter adds the mining rate to the calculation of
the throughput and cut-off grade. The approach is developed to analyse if the optimum value for the
throughput and the cut-off grade in an intermediate iteration could be affected by the incorporation
of the mining rate as a variable. The results show that the optimisation of the three variables, for the
particular iteration, give rise to a different solution with respect to the case when only throughput
and cut-off grade are considered decision variables. The research question from Chapter 1 “Will the
strategy of changing the mine capacity parameter into a decision-variable allow the mine planner to
simultaneously optimise the cut-off grade at the mine, the throughput at the mill and the mining
rate?” can, therefore, be answered in the affirmative. However, it appears that the optimisation
method of the dynamic approach can be difficult to implement to solve all the iterations of the
problem.
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Chaper 7
7.1

Conclusions

Introduction

Mine planning is a complex activity that has the objective of creating value via the exploitation of
the mineral resource. The complexity is derived from three factors. The first factor is the
uncertainties associated with the delimitating of the resource and with the estimation of the
economic parameters. The second factor arises from the process itself, which involves variables that
are interrelated and whose optimum value is difficult to find. The last factor is related to the
exploitation of a finite and non-renewable, mineral resource.

Within this context, mine planning is a challenging activity that requires extensive planning periods
and high capital investments. The use and productivity of the equipment in the mine is important for
maintaining lower exploitation costs and for increasing the margin with respect to revenues. The
minimisation of cost is thus one of the principal, operational objectives and numerous activities are
aligned in this direction to an endeavour to achieve it.

From a strategic point of view, mine planning with the objective of minimising costs can lead to
sub-optimal solutions, which can destroy value. This thesis has, however, presented an example
where the design of the schemes of exploitation can actually provide an opportunity for improving
the revenues of the mining company, and where such a design is developed with the main objective
of creating value.

The potentially beneficial schemes of exploitation, which are presented in this thesis, correspond to
the effective deployment of the equipment in each pushback. Such schemes will determine both the
mining rate and the sinking rate of the pushback. The actual design of these schemes of exploitation
considers the utilisation and the productivity of the loading equipment as a constraint. The mining
rate is, thus, the result of a deliberate strategy that optimises the performance of the equipment and
reduces the mining costs.
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7.2

The thesis hypothesis and the associated research questions

7.2.1

The thesis research questions

Four research questions were considered in this thesis:
•

Will the strategy of changing the mine capacity parameter into a decision-variable
allow the mine planner to simultaneously optimise the cut-off grade at the mine, the
throughput at the mill and the mining rate?

•

Will the strategy of having higher sinking rates result in higher mining costs and
lower, equipment performance indexes and still create value?

•

Can it be demonstrated that the productivity of the pushback in open pit mining is as
important as the productivity of the equipment when estimating the optimum mining
rate?

•

Can it be established that the mining rate optimises the value of the business rather
than just minimises the mining costs?

These research questions were all answered in the affirmative in the concluding discussion of
Chapter 6.

The analysis of the results, as presented in Chapter 6, incorporated the mine capacity as a variable
instead of as a parameter in the optimisation of the cut-off grade. The complexity in a real case
scenario calls for more complex mathematical models to solve the optimisation problem. This
dynamic approach may be used for simple scenarios but, in a real case scenario, it may be more
complex to derive a final value for each of the three variables that stop the iterations required to find
the optimum value of the deposit.

This thesis has presented a case where higher sinking rates, combined with higher mining costs and
lower equipment performances, can create higher value by comparison to the current strategy,
which optimises the key performance indexes of the loading equipment and reduces the mining
costs. This thesis has, however, also demonstrated that there are situations where these conditions of
sinking rates, mining costs and equipment performance can also be detrimental to value creation.

It has been demonstrated that the productivity of the pushback and the productivity of the shovel are
relevant to the estimation of the optimal mining rate for the mineral deposit. However, the focus
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solely on the equipment productivity can also lead to sub-optimal cases. Figure 6.1 showed that a
strategy that privileges the equipment performance could lead to accepting the strategy with two
shovels as the best alternative for exploiting the deposit. Figure 6.1, however, also indicated that the
optimum mining rate was actually associated with the strategy with four shovels; this strategy had
been created with a focus on the productivity of the pushback. Therefore, according to the results,
which have been presented in this thesis, the productivity of the pushback is actually more
important in the estimation of the mining rate than is the productivity of the loading equipment.

This thesis has further demonstrated that mining rate that optimises the value can be different to the
mining rate that minimises the mining costs. From the analysis of the cases that were presented in
Chapter 6, it can be concluded that this proposal would be most likely to generate major value for
the business when the value (price) of the ore body in the ground is high or when the grade of the
deposit is high.

7.2.2

The thesis hypothesis

This thesis has thus produced strong, supporting evidence that the hypothesis:
The current practice of estimating the mining rate, only on the basis of reducing the mining
costs, may be detrimental to the creation of value during the exploitation of a mineral
deposit.
should be accepted.

7.3

The benefits of the research

This thesis proposed a different way of designing the schemes of exploitation in mine planning. Its
objective was to select the best scheme of exploitation where the associated mining rate would add
more value. The equipment performance in this new design is, thus, now a result of a deployment
strategy rather than being a constraint in the process. This then allows the schemes of exploitation
to be designed with a focus on the productivity of the pushback and not on the productivity of the
shovel.
Schemes of exploitation that are non-productive for the equipment can have a higher NPV. This can
occur when the increment in the revenues is higher that the increment in the costs. If the mineral
extraction process is forwarded, the revenues can be higher because of the time value of money.
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This implies, however, an increase in the mining cost and in other costs such as those extra costs
that will result from the necessary investment in the construction of the plant, which has to be made
in advance.

Without the restriction that is imposed by a certain level of equipment performance, the result can
be a dynamic mining rate and a variable deepening rate. This requires periods of higher extraction
rates and with either lower equipment utilisation and productivity, or with lower extraction rates
and higher utilisation and productivity rates for the equipment fleet.

7.4

Further considerations arising from this thesis

This thesis has introduced more aggressive, schemes of exploitation to the mine planning activity as
an alternative, which can improve the returns of a mining business. These aggressive schemes will
have higher productivity in terms of the mining and deepening rate but with lower equipment
performance. Four, important benefits are outlined below.

7.4.1

Flexibility

Although the mine production and the mill processes are designed to be in balance, different
problems can change this balance, thus limiting the amount of material that is coming from the
mine. Some causes can be attributed to mechanical problems, to deficits of operators and to adverse,
climate conditions amongst others. A solution can be a modification to the cut-off grade strategy of
the mine, or to the cut-off in the mill or to the metallurgical parameters. The reduction in the
material will, however, have consequences for the production of the final product. Planning the
mine with the schemes of exploitation, which have been proposed in this thesis, give a loading
equipment capacity to the operation, which can be re-organised to increase the mining rate and, so,
to mitigate such problems. This operational flexibility will help to maintain the balance between the
output of the mine and of the mill and, thus, will avoid a lack of continuity in the extraction of the
mineral deposit.

7.4.2

Improvements in the maintenance strategy

Downtime is generally used for maintaining the equipment. It is usual to have equipmentprogramed assistance during the operator’s lunch-hour or at the time when the roster changes. A
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programmed, low level of utilisation of the loading equipment can be useful for developing more
complicated maintenance activities and for improving the reliability of the fleet.

7.4.3

An accelerated, capital recovery

The exploitation of mineral resources requires the use of high-cost equipment in the mine and in the
mill. These investments are generally high at the beginning the operation. The mining project
valuation considers the NPV as an indicator for comparing different projects but it is not the only
indicator. The capital recovery-time is also valuable and can be a factor in the decision if the
investment is made, for example, with a bank loan. This proposal to emphasise the use of the NPV
provides an opportunity for those mines, which require massive amounts of pre-stripping, and
where the reduction in the recovery time of the invested capital is important for the development of
the whole project.

7.4.4

Managing the boom market

An increment in the demand for a product can produce a corresponding increment in the price of the
mineral if the capacity of the market to react to these changes is low. Within the mining industry,
the time to develop a new project - to find the investment resources and for its construction, makes
it difficult for the projected venture to take advantage of good, but not predicted, market conditions.

Such positive economic conditions are called boom markets. If the prices remain high for a
relatively, long period and the economic predictions are positive for the immediate future, then
there are some alternatives that the mining companies can employ to take advantage of such a
situation. One example would be to change the pushback design to include thinner pushbacks. This
would allow a quicker access to the ore, but reducing the size of the pushback would also reduce the
amount of reachable ore for possible exploitation. Another alternative could be to modify the pit
angle. A modification to the pit angle is difficult without affecting the stability of the pit wall. An
improvement in the pit angle can, however, increase the amount of ore that can be exploited from
any particular pushback. Another alternative would consider forwarding a pushback or exploiting a
satellite resource in parallel with the current operation. This last alternative can, however, face
additional delays such as those that will be associated with acquiring the legal permission to exploit
a new area and, also, that are associated with the necessity of carrying out the environmental
studies, which must be approved by the competent authorities.
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The proposed new designs for these schemes of exploitation, as presented in this thesis, will provide
a useful alternative option; this will enable the mining operation to accelerate its access to the ore at
times when the economic conditions are positive and, thus, to increase the value of the operation by
taking advantage of the time value of money. This alternative, however, needs to be compared with
the other possible alternatives so as to select the one that will add the most value to the business.

7.5

Limitations of this research

The design of the schemes of exploitation was made for this thesis, by considering the changes in
the productivity of the equipment and of the pushback as result of changes in the utilisation of the
shovels. These changes in the shovel utilisation were limited to the reduction of the space for
loading, and which leads to the shovel being in stand-by mode. This research did not include other
reasons for changes in the key performance indexes than can lead to a more accurate estimation of
the productivity of the shovels and pushbacks such as extra shovel moves and higher truck traffic.
This was due to the restricted scope of the thesis in relation to the allocated time that was available
for this research.

Some factors that can affect the productivity are associated with the technical aspect of the mining
operation, such as changes in the density of the rock, and the presence of fractures or other factors
such as weather conditions or environmental restrictions, have also not been included for the same
reason. Similarly, the aggressive schemes of exploitation considered the adverse effect of major,
truck traffic in the loading area that can affect the productivity of the shovels but other activities
such as cable movements and drilling and blasting activities, which can also cause further reduction
in the key performance indexes of the equipment, were also deferred to a later study.

Another limitation of this research corresponded to the inclusion, in the calculation of the NPV, of
the costs related to the investment in the processing plant. The change in the investment date for a
processing plant can increase or reduce the cash flow and so, can effect of the time value of money
of an investment that occurs over different periods of time. This may be a factor to include in the
optimisation of new operation. In this research, the assumption was that the processing plant was
currently in operation but with a low grade material from a stockpile, therefore, the incorporation of
material from the pushback represents an improvement opportunity to fill the plant with higher
grade material.
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7.6

Recommendations for future research

7.6.1

The optimisation tools in complex scenarios

The design of the schemes of exploitation was performed manually for this thesis by following the
principles as stated in Chapter 3. A more realistic case-scenario might include the use of more
equipment or the imposition of other technical constraints on the loading activity; these could
include such constraints as the type of rock, and the presence of fractures and water amongst others.
In such cases, it may often be difficult to manually calculate the rate of productivity and to
determine the best utilisation of the shovels. It is recommended that these future scenarios should
include optimisation tools with the aim of devising more intelligent designs that will better optimise
the resources and better accelerate the extraction of the mineral material.

7.6.2

Optimisation tools for the solution of the cut-off grade problem

The incorporation of the mining rate as a third variable in the optimisation of the cut-off grade gives
rise to a complex, optimisation problem with several constraints and parameters. The dynamic
approach that was used by Lane (1988) and Camus (2002) is not easy to implement in deriving a
solution to this problem. The analysis, which was outlined in Chapter 6, corresponded to a first
iteration for only one case study of cut-off grade and throughput. Network nodes, optimum paths or
mixed-integer programming could also be usefully employed in any analysis. It is recommended
that research in this area should continue to endeavour to focus on the need to obtain the best
solution to the optimisation problem for these three variables.

7.6.3

Including real options when evaluating this new strategy

This thesis has proposed the adoption of more aggressive schemes of exploitation to accelerate the
extraction rate at the mine and to bring forward the access to the ore. This strategy could also be
incorporated as an operational response to positive changes in the price of the metal. Such an
analysis of these kinds of flexibilities could be included in any evaluation with real options. This
analysis would seek to evaluate, in any calculation of the value of a mining project, the possible
responses of management to changes in the inputs of parameters such as the prices. It is
recommended that any future research should endeavour to explore the benefits in value for such an
evaluation strategy.
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