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ABSTRACT

Over recent years Australia, and in particular Western Australia, has been insulated from the global financial crisis by China’s continuing insatiable demand for minerals, in particular iron ore.

In Western Australia the demand has led to a number of new mine prospects being evaluated. This paper discusses the evaluation process for a projected new mine.

When samples from a grid of drill holes have identified a potential iron ore prospect, a block model of the ore body is prepared by statistical interpolation of the drill hole data, and is used to plan the mine. The first requirement is to identify ore to be extracted, leaving behind waste, so as to meet target grade, generally in multiple analytes. Commonly this is done by setting cut-off values on each analyte to distinguish ore from waste: it will be shown that, if more than one analyte is important, this procedure is wasteful of ore and a composite cut-off function is preferable.

A second requirement is to sequence the ore extraction so that the variability in ore grade is controlled: failure to do so will result either in low-quality ore being marketed, or excessive re-handling being required to blend the ore to reduce the grade variability.

A third requirement is that the extraction sequence should be such as to control the amount of equipment movement required, enhancing the equipment productivity.

The overall objective, to optimise the Net Present Value (NPV) of the mined ore, is simply stated but complex in realisation, since so many factors, such as target grade, grade variability, equipment choice, equipment movement, and downstream blending all have alternatives which can be traded off against each other, and all of which contribute to the costs and benefits making up the total NPV. 

This paper discusses some of the issues involved. The discussion will be illustrated specifically by reference to the mining of iron ore, but the issues are relevant to a wide variety of mining situations.

INTRODUCTION

The work to be described here relates specifically to the planning of an open-pit iron ore mine, but can be readily applied to the planning of any open-pit mine where the product quality depends upon the maintaining the percentage of one or more minerals and controlling the percentage of one or more contaminants.

Iron ore is produced to a grade of about 60% iron, and contains contaminants, especially silica, alumina and phosphorus, each of which must be controlled to within an acceptable percentage. The suite of analyte grades will be referred to as the grade vector, with components expressed as percentages in each analyte. Delivering ore with an iron content higher than specified, or with contaminant content lower than specified, involves an opportunity cost, since the ore could have been blended with otherwise unsaleable ore. Accordingly, the mine’s product will have a negotiated target and tolerance for iron and for each major contaminant, defining an acceptable band for the grade vector.
The example on which this paper is based comprised seven different pits, mined concurrently to be blended into a single crushed product whose grade needed to be of consistent marketable quality, not only in iron, but also in the contaminants.
The planning and development of an iron ore mine begins with exploration drilling, producing down-hole samples which are analysed. Given promising results, a finer grid of development drilling provides more sample information. A “block model” of the prospect is then created by interpolation to a set of rectangular blocks, on a regular grid interval (for example, spaced at 50 by 50 metres horizontally and 4 metres vertically), as illustrated in Figure 1. The blocks will thus each have estimated grades, interpolated from the surrounding drill hole assays. Each block grade is a vector for the key analytes {Fe, SiO2, Al2O3, P}, plus other analytes of interest.

The statistical interpolation from drill hole samples to block grades can be carried out either by “kriging” or by “conditional simulation”. Kriging aims to give the expected grade at each location, but underestimates the random variation. Conditional simulation includes an estimate of the random variability, but each simulation therefore gives only a single manifestation of the possible population of ore distributions (although this problem can be lessened by running and analysing multiple conditional simulations). Smith, Goodchild & Longley (2009) provide a helpful discussion of kriging and conditional simulation.
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Figure 1: The block model
Planning Stages
With either method of interpolation, the resulting block model provides data to plan the mine operation. The planning can be considered in three stages:

Defining the pit boundary

The edges and bottom of block model may include blocks of too low grade to mine, so it is necessary to identify an economically defined boundary to the pit.
Distinguishing ore from waste

Within the pit boundary, some blocks may be of too low grade to be included in the product, but must still be mined and consigned to waste, as indicated in Figure 1.

Establishing the mining sequence

The sequence in which the ore blocks are to be mined must be both feasible and economical. 

The design and application of analytical and simulation approaches to each of these three steps will be considered, with particular emphasis on the problem of mine sequencing, which is essentially an NP-hard, heavily constrained, Travelling Salesman problem.
The method used here has been previously described by Everett & Rimes (2007), but has here been developed further to control equipment movement as well as grade variability.

MARKETING AND ECONOMIC CRITERIA
Our example project comprises seven different pits. Ore from the seven pits is mined concurrently, fed into a crusher, railed to port, stockpiled and then loaded onto ships for export. These steps generate a blended product, whose grade vector must be marketable, lying within acceptable limits not only in iron, but also in the contaminants: silica, alumina and phosphorus. This study is concerned only with the mine-planning phase, up to the point where the ore is mined. Everett (2007), Bodon, Sandeman & Stanford (2009) and Everett, Howard & Jupp (2010) discuss subsequent grade control through crusher, transportation, stockpiling and ship loading.
Targets and Tolerances
The marketing staff will negotiate with customers, to agree on a target grade vector, with allowable plus or minus tolerance on each mineral. These tolerances are symmetric around the target because, although the customer might welcome ore higher in iron or lower in contaminants, such ore represents an opportunity cost to the producer, who could otherwise have blended it with ore unsaleable on its own. The target grade should correspond to the long-term average grade to be produced by the mine.
Let the grade of a batch of ore be X = {Xfe, Xsi, Xal, Xp}, and the target and tolerances be similarly defined as T and t.

For example, the tolerances might typically be t = {tfe, tsi, tal, tp} = {0.24, 0.10, 0.18, 0.007}.

The targets will depend upon negotiation and the average product grade obtainable from the mine, but could for example be T = {Tfe, Tsi, Tal, Tp} = {59.50, 3.00, 5.50, 0.070}.

At the margin, the tolerance interval for each mineral causes equal financial discomfort (though in opposite direction for Fe compared to that for the contaminants). So we can define a stress vector S whose components are the departures from target, divided by the tolerances:


S = {Sfe, Ssi, Sal, Sp} = {(Tfe-Xfe)/tfe, (Xsi-Tsi)/tsi, (Xal-Tal)/tal, (Xp-Tp)/tp}
(1)
Note that the stress calculation for iron is reversed in sign, compared to that for the contaminants.

Cost and Value

Payment for the iron ore is based upon the percentage iron. Let the payment per tonne be “v” per Fe per cent.

We can therefore ascribe the marginal value “V” of a tonne of ore of composition X as:


V 
= v(Xfe – tfe[(Xsi - Tsi)/tsi + (Xal – Tal)/tal + (Xsi - Tsi)/tal]



= vTfe - vtfe(sfe +ssi + sal + sal) 
 (2)

We shall see below how equation (2) can be used to determine whether a marginal block is worth mining, by comparing V with Cm and Cp, where Cm is the cost of extracting a tonne of ore from a mine, and Cp is the cost of crushing, railing, and handling a tonne of ore.
Responsibilities
Responsibility for avoiding long-term fluctuations from target grade lies in mine planning, particularly in the mine sequencing, and will be considered in this paper.

Responsibility for avoiding short-term variations rests with grade control, which covers the day-to-day handling of iron ore, short-term stockpiles, blending to crusher, railing, stockpiling at port and loading the ships. It should be recognised that short-term grade control cannot correct long-term grade fluctuations, which have to be controlled by appropriate mine planning (or by long-term stockpiling, which can be a costly alternative). Short-term grade control is outside the scope of this paper, but is discussed by Everett (2007) and Everett, Howard & Jupp (2010).
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Figure 2: Portion of a block model, before and after a block is mined
Live Blocks and Dead Blocks
We can define a “Live Block” as an ore block that can be mined without mining any other ore block first. A “Dead Block” is an ore block that cannot be mined until another block is mined. An ore block A “constrains” block B if B will be dead until A is mined.

Figure 2 shows a part of the block model. Ore lying under a live block is dead, as is ore whose removal would make a pit wall greater than a specified limit (in this case, the pit wall limit is one block height). After one block has been mined, one of the dead blocks becomes live.
DEFINING THE PIT BOUNDARY
The edges and bottom of block model may include blocks of grade too low to mine. If a block constrains no other blocks, and its marginal cost of mining, crushing, railing, and handling exceeds its marginal value, then it is uneconomic for mining and is removed from the block model. Elimination of uneconomic non-constraining blocks can continue iteratively, successively reducing the pit boundary. Then, moving inward, we revise the pit boundary to exclude each non-economic constraining block that is also uneconomic when combined with all the blocks it constrains. Blocks excluded from the pit boundary can be left in the ground, being neither waste nor ore.
If a tonne of ore is to be included within the pit boundary, then the marginal cost incurred in mining and processing it is Cm + Cp. Such ore is therefore worth including within the pit boundary if:


V = vTfe - vtfe(sfe +ssi + sal + sal) > Cm + Cp
 (3)

The pit boundary can therefore be established by whittling away the potential pit volume, excluding from the boundary any blocks (or sets of contiguous blocks) that fail to satisfy equation (3).
DISTINGUISHING ORE FROM WASTE
Having established the pit boundary, a block lying within it is now uneconomic if the marginal cost of crushing, railing, and handling it exceeds its marginal value (since it will have to be mined anyway). Such blocks are identified as “Waste”. 
The criterion for treating a block within the pit boundary as ore is therefore:


V = vTfe - vtfe(sfe +ssi + sal + sal)  > Cp
 (4)

It should be noted that the criterion for accepting a block as ore is less stringent if it lies within the pit boundary. Its marginal cost is less because it has to be extracted anyway to permit access to blocks constrained by it.

A Currently Used Method for Defining Ore
It is common in the industry to distinguish ore from waste by applying a set of cut-off values on each of the minerals of importance. For example, a block may be defined as ore if it has iron above 56% and alumina below 4.5%, as illustrated in Figure 3 below.
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Figure 3: Cut-off criteria to distinguish ore from waste

In Figure 3, ore satisfying the cut-off criteria Fe > 56, Al2O3 < 4.5 occupies the top left hand quadrant of the graph. This excludes the solid small blue dots of ore outside the quadrant but above and to the left of the slanting line. Combining the ore for the blue dots gives an aggregate grade represented by the large blue circle, whose grade lies well within the cut-off criteria.
In practice, cut-off criteria are generally applied also to the other two analytes, silica and phosphorus. Restricting selection to points that lie within the acceptable quadrant of the four dimensional space wrongly eliminates even more ore.

A Better Method
The amount of ore recovered can be chosen with optimal economic value by using a single cut-off criterion, as defined by equation (4), instead of the four individual criteria commonly used. Applying the two methods to a number of sets of real data shows that the suggested approach can increase the tonnage of ore recovered by up to 20%, while retaining the same aggregate total grade.
ESTABLISHING THE MINING SEQUENCE
The Available Block List and the Trimmed Block List

It is convenient to define some terms:

The “Available Block List” (ABL) is the set of all blocks that are currently live. The ABL is likely to have an unacceptable aggregate grade and tonnage greater than is required in a single planning period. The problem is to select a suitable subset of the ABL, of the required tonnage and acceptable grade. It is also desirable that this subset is not too widely dispersed, so as to control the amount of equipment movement required in a planning period.
A “Trimmed Block List” (TBL) is a selected subset of an ABL, selected so that it has tonnage that can be mined in some required period, with aggregate grade of acceptable quality and reasonable span.

The “Span” of a block list is the maximum distance of any block from the centroid of the blocks contained in the block list. When the mine comprises multiple pits, mined concurrently, then the span is the maximum distance of any block from the centroid of the blocks contained in the block list from the same pit.
In planning the mining sequence, we need to establish a series of TBLs such that each TBL yields the amount of ore to be mined in a time period, such as one week, with each TBL having acceptable average grade and acceptable span (so that the mining equipment does not have to move to far in any TBL period). 

A simulation model was written to emulate mining the ore blocks in an iterative sequence. The first ABL is identified, and from it a TBL is selected and mined according to the grade and span criteria. The next ABL is then identified from the remaining unmined ore, and used to select the next TBL using the same criteria. The process repeats until the ore body is exhausted, or the selection criteria can no longer be met.

Selecting each TBL from within the current ABL ensures that the mining sequence is feasible.  
The grade criterion requires the grade vector of each TBL to lie within a tolerance band, so that the product is acceptable when the sequence of TBLs processed. The analytical procedure for selecting each TBL will now be described.
Selecting the Trimmed Block List from the Available Block List
The ABL is trimmed to the TBL in a series of stages:
Stage 1

From within the ABL, the block is selected whose removal would best improve the grade quality of the remaining blocks.

Following equation (1), we can establish the stress vector Si of the ith block, and the aggregate stress vector ST of the entire set of blocks. The Total Stress ST2 = ST.S’T (where S’T is the transpose of ST) provides an objective function to be minimised, optimising the ore quality.
It can be shown that the objective function ST2 can be most reduced by removing the block for which Si.S’T is largest, provided Si.S’T > ST2.
Having removed the block so identified, ST is recomputed and the process is repeated until ST2 has been reduced to an acceptable level of 1.0 (ST2 < 1.0 means that each of the four analytes lies within its tolerance range of the target grade). 
Stage 2
The second stage of the simulation concentrates on reducing the span. The block with greatest span is removed, and the centroid for its pit recomputed. So long as ST2 < 1.0, the next block with the greatest span is removed. If ST2 > 1.0, then the method of Stage 1 is applied to reduce the stress to ST2 < 1.0, and then the Stage 2 method is again applied.
This procedure continues, reducing the span while keeping the aggregate stress to the acceptable level, until the remaining tonnage has been reduced to the amount required for a TBL.
Stage 3
Because the centroid in each pit continually changes while the ABL is being trimmed, it is likely that, at the end of Stage 2, some of the blocks lying within the current span have been eliminated.
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Figure 4: Trimming the available block list

Stage 3 starts by restoring to the block list any such eliminated blocks that lie within the current span. Stages 1 and 2 are then repeated, trimming the stress and span until the tonnage has again been reduced to the required amount.
The remaining block list is used as the TBL.
The TBL is removed, being mined in the simulation. The unused live blocks, plus those blocks made live by the removal of the TBL, comprise the next ABL. The next TBL is extracted from this ABL as before, and the process repeated until the ore body is exhausted, or the selection criteria can no longer be met.
Long-term stockpiles
A further option is included, to remove blocks with extreme grade that could otherwise be left as islands blocking further ore removal. If this option is used, then when each TBL block has been established, all the excluded blocks lying within its span are examined. Any with total stress Si2 = Si.S’I above a nominated threshold are removed to a long-term stockpile.
TBL extraction
Figure 4 shows the process of trimming an ABL, reducing the tonnage, span and grade variability down to the final TBL. As discussed above, the grade variability is expressed as the Total Stress = ST2. 
Figure 5 shows part of the plan and section views for one of the pits, showing the tightly clustered TBL extracted from the ABL
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Figure 5: Plan and section views of a TBL and its source ABL
RESULTS
The methods described have been used in planning an iron ore mine, with ore from seven pits being fed into a single product stream. The TBLs were set at 600 kt each, corresponding to the amount of ore that would be fed into the crusher each week. The graphs in Figure 7 below show the simulated TBL grades obtained for the first 350 Mt, or more than eleven years, of production. The grade axes are not labelled, because of commercial confidentiality. The horizontal “tram lines” show the targets and tolerances, so it is clear that the ore grade has been controlled satisfactorily.   
Figure 6 shows the span for each TBL. For the first 300 Mt (or nearly ten years) the span is well controlled, to within one to two hundred metres of each pit’s centroid. After that the span increases rapidly to a kilometre or more, because each TBL has to search more widely for suitable grade ore as the mine nears exhaustion.

The sequence of TBLs provides a feasible mining sequence to be input to a subsequent simulation of the crusher to ship processes (as described by Everett, Howard & Jupp, 2010).
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Figure 6: Span for the simulated TBLs
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Figure 7: Simulated mining of 600 kt weekly TBLs over 11 years

CONCLUSION

The simulation model for establishing the mining sequence has proved especially useful in comparing alternative development scenarios. The application of operations management methods and simulation to a mining problem has provided insights into a problem whose treatment commonly lacks rigour. The simulation model (written in VBA using Excel as a front-end) provides a useful tool enabling the practitioner to explore potential alternative criteria and scenarios.

The simulations described use as input a block model derived from interpolation of the drilling data available at the time. This provides useful input for the mine planning stage, but it should be recognised that, as further development drilling and production data successively become available, the simulation needs to be re-run to update the mine planning.
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