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Pit Optimisation By P L McCarthy 1



Introduction For any deposit which can be fully or partially mined using open pit methods, there is one pit design which will maximise the NPV of the project at the designed mining rate. Several methods are available to optimise the design of the open pit to approach this ideal. It should be noted that all optimisation techniques produce a theoretical pit limit design which then must be subject to detailed design. The incorporation of catch  benches, working face angles and/or roads leads to a practical mining design which may not provide the idealised NPV  produced by the optimisation method. However, with careful  planning, the variation from optimum will not be substantial.



Manual Manual Methods To perform a manual design it is important to understand the difference between the overall stripping ratio for the pit and the incremental stripping ratio for the last bench or block of ore. In optimising the pit, the overall stripping ratio is irrelevant and is simply a property of the final pit design. The incremental stripping ratio is the ratio of the volume or tonnage of waste which must be moved to access the next increment of ore to the mass of ore that will be accessed. Expected costs and revenues are then used to calculate a minimum acceptable stripping ratio for the last increment. The  pit design is then produced by drawing increasingly large pit shells on cross section such that the last increment has a strip ratio equal to the design minimum. This is a very labour intensive approach and can only ever approximate the optimal  pit. The design must be done on a large number of cross sections and is still inaccurate because it treats the problems in only two dimensions. In cases of highly variable grade the  problem becomes extremely complex.



The Floatin Floatin g Cone Metho Metho d The floating cone method was developed at Kennecott Copper Corporation during the early 1960s. The method requires a three dimensional computerised block model of the mineral deposit Figure 1. The projected ultimate pit limits are developed by using the moving cone technique. The technique generates a series of interlocking frustum shaped removal increments. Figures 2 and 3 show a typical removal increment, as well as a series of interlocking increments.



1.
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The economic model is generated by determining the projected value of each block in the mineralisation model. The relationships between grades, metallurgy, stripping ratio, costs, etc., involved in the pit limit analysis are dynamic throughout the pit design. Geotechnical studies are required to design the final pit wall slope angles. The pit is usually divided into a number of zones in plan. The slab zones are defined by vertical  planes extending radially from the projected centre of the pit design bottom. A horizontal plane may be placed within the sectors to modify the slopes due to the water table or other elevation controlled characteristics.



The optimisation process consists of: Data input and conversion Economic block evaluation Removal increment selection Mining simulation (which generates pit limit designs) Data output including level by level summaries and plots. The floating cone technique is generally considered to be inferior to the Lerchs Grossmann method. Floating cone methods were developed first and are easier to program at a machine level but can give erratic results. It is necessary to do a number of runs with variable input parameters in order to test the model.



The Lerchs Gros smann Metho Metho d This was a mathematical technique which was unusable in  practice until a practical optimisation programme called Whittle Three-D was developed by Jeff Whittle of Whittle Programming Pty Ltd in the mid 1980s. The Whittle  programme and a more recent development called Four-D are now in worldwide use and are the best available pit optimisation programmes.



The following discussion is based on notes prepared by Jeff Whittle. Consider the idealised situation shown in the east-west section in Figure 4 where there is a flat topography and a rectangular orebody of constant grade. We will assume that the orebody has a long north-south strike so that the effects of the ends of the pit are small and we can design on a sectional basis. The horizontal lines represent bench levels and there are eight possible pit outlines.
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Figure 1 – Three dimensional representation of an ore bo dy.



Figure 2 – Typical Removal Increment
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Figure 3 - Defining pit limits of a hypothetical ore body with a series of removal increments



Figure 4
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If each bench contains 500 tonnes of ore and each diamond shaped block of waste represents 100 tonnes, the totals in Table 1 apply.



Table 1 – Tonnages and values for the possible pit  outlines 7



8



  Ore



500 1,000 1,500 2,000 2,500 3,000 3,500



4,000



  Waste



100



6,400



Pit



  Total Value



1



2



400



3



4



5



6



900 1,600 2,500 3,600 4,900



600 1,400 2,400 3,600 5,000 6,600 8,400 10,400 900 1,600 2,100 2,400 2,500 2,400 2,100



1,600



If ore is worth $2.00 per tonne after all ore mining and  processing costs have been paid, and if waste costs $1.00 per tonne to remove, then we have the total values shown in Table 1 in today's dollars. If we plot pit value against pit tonnage we get the graph shown in Figure 5. Whether pit 5 is in fact the optimum pit depends on the mining sequence and on the mining and processing capacities.



Figure 5



Table 2 –  Discounted cash flows for the pits using ‘flat’  or ‘incremental’ mining, and with milling and mining  capacity limited



To illustrate this, Table 2 shows the results of two idealised mining sequences with each of two different tonnage limits for each of the eight pits. These use flat mining, where each bench is completed before the next is started and also incremental mining, where pit 1 is mined out before pushing back to pit 2 etc.
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4



5



6



7



8



900 1,530 1,917 2,085 2,057 1,851 1,486 978



Incr. Mill



900 1,530 1,935 2,154 2,220 2,161 2,002 1,763



Flat Mine 1,000



900 1,520 1,868 2,011 1,956 1,552 1,049 499



Incr. Mine 1,000



900 1,520 1,898 2,068 2,105 1,993 1,790 1,540



For each mining sequence two cases are considered: •



•



•



•



On the other hand, if the mining and ore processing capacity are limited and the mine is going to take five years to complete, then the mining sequence can not only affect the total cashflow, it can affect the size of the optimal pit. If we mine the pit in strict bench order, (i.e. we complete the mining of each bench  before starting the next), then in the early years we will be mining waste at the edge of the pit and paying the cost in today's dollars. However, the ore that this eventually releases will not be reached until four or five years later, and because of discounting, its value will be much less than is required to pay for the earlier waste removal. In short we would have been  better off not mining the edge waste in the first place, so the optimal pit is no longer correct. On the other hand, if we first mine pit 1 and then incrementally mine out pits 2, 3, 4, etc. the effect is much smaller.



2



Flat Mill 500



•



If the mining and processing capacities are such that we can mine the whole pit out within a few months, then the sequence in which we mine has little effect on the total cashflow, and pit 5 is still the optimum pit.



1



Pit



Where processing is limited to 500 tonnes per year, the total mining capacity is unlimited. Where processing capacity is unlimited, but the mining capacity is set at 1,000 tonnes per year, based on the cashflows and a discount rate of 10% per annum. The value of the optimal pit is underlined in each case and two things are clear. Unless incremental mining costs are very much higher than flat mining costs, incremental mining will make more money for us than flat mining. From the cashflow point of view, incremental mining is optimal. If we mine a pit in a sub-optimal sequence (i.e. by flat mining) the optimal pit gets smaller.



 Note that any practical mining sequence for a particular pit outline will produce a value, which is between the two extremes. Unless you mine waste and leave exposed ore untouched, it is not possible to produce a worse value than that  produced by flat mining, and it is not possible to produce a higher value than that produced by incremental mining. Optimisation works from a block value model and true threedimensional optimisation finds the optimum list of blocks to mine. Thus block size may be thought to be important. Four different block sizes are relevant in pit design. 1.



There is the block size used for orebody modelling. It has to be small enough to outline the orebody clearly. This can lead to block models consisting of millions of blocks. Some systems reduce this number by allowing subdivision of blocks as required. Some systems use outlines directly rather than blocks.



2.



There is a block size which represents the minimum volume which can be selectively mined. This is the size at which block values should be worked out.



3.



There is a block size which is suitable for pit optimisation for design. This is a compromise  between the full detail of the orebody model and the  production of a realistic computation time for the optimisation process. The shape of the curve given in Figure 5 suggests that providing you get reasonably close to the optimal pit volume, you will get very 4
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close to the optimum value. Thus larger blocks can be used in the optimisation process. Typically, 100,000  blocks is sufficient for design work. More blocks may  be used for larger pit s with more complex geology or when computing power and speed is not a limitation. 4.



There is a block size which is suitable for doing sensitivity studies using optimisation. That is, a coarser block model may be appropriate if the speed of optimisation is limited by the processing power. For example, it may be necessary to run several optimisation runs during the working day rather than run one final optimisation overnight. However, with modern computers and particularly using 4D, the optimisation process is very fast or is carried out as  part of the primary optimisation. Thus it is less common these days to produce a separate optimisation model.



It should be noted that apart from any obvious incremental costs, any overhead expense, which would stop if the mining was stopped, must be included in the cost calculations. This is because, when an optimisation programme is deciding whether to mine a block it is, in effect, deciding to extend the life of the mine, and must therefore take account of the costs involved in that. If overheads are not included in the costs, the programme will  probably design a pit, which will not support the overheads in its final years. Overheads should be divided between mining and processing. It can distort the pit if all overheads are added entirely to  processing costs or entirely to mining costs.



The Steps Involved i n Desig nin g a Pit To design a pit you should carry out the following steps: •



•



•



•



•



•



•



Develop a model of the orebody, the waste and the air. Produce a block model with blocks no smaller than the selective mining unit. Carry out the sensitivity work for a range of economic conditions. This work will sort out the general scale of mining and hence the costing details. Also decide approximately where the roads are to go and adjust the slopes in those places to reflect the average slope required.



evaluate each pit subject to your mining sequence and select the one with the highest value. •



Do the detailed design using the highest valued pit as your guide. Note that only one detailed design will be done and that that is easy because the shape and size of the pit has been established.



Detailed Desig n Pit optimisation produces a jagged outline from the block model. This outline must be smooth and all roads and safety  beams must be put in. To smooth the outline by hand, you merely draw a smooth curve approximately through the mid  points of the block edges. If you are using computer aided design, you contour the surface defined by the centre of the  base of the lowest block in each column. By doing this, tonnage is added and subtracted alternately along the outline in almost identical quantities. If a particular part of the outline is entirely in ore, or entirely in waste, then these  balanced additions and subtractions have no effect whatever on the value of the pit. Losses in one part of the pit are likely to be gained in another. Provided the optimal blockout line has been generate with average required slopes, then similar balanced additions and subtractions occur when all roads and safety berms are incorporated into the pitwalls. It should be noted that optimal pit outlines are very robust in the face of dimensional change. Refer to the curve linking pit values and tonnage in Figure 6. If detailed design starts from  point A, which is not optimal, then small changes to the design can make significant changes to the value of the pit. Historically this was the case and pit designers spent days or weeks assessing the effects of detailed changes to designs. With an optimal outline, the curve is approximately horizontal at point B and small changes have almost no effect on the value of the pit. Provided you follow the spirit of the optimal outline without tidying it up too much, the resulting design will remain very close to optimal.



Figure 6



Having fixed the economic parameters, generate a value model. If necessary, reblock the model to optimise the number of blocks. Carry out the optimisation using the required slopes.



Calcu lation of Revenue



If you think that the mining sequence you propose will significantly effect the size of the optimal pit, then repeat steps 4, 5 and 6 with progressive reductions in product price so as to produce a set of nested pits. Two or three should be sufficient. Then



In a simple single product case the revenue can easily be calculated from the metal price and the metallurgical recovery.
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E.g.: Gold Price $370/oz Metallurgical Recovery 95%
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For a 100 t block with a grade of 2.5 g/t Au the revenue is given  by: Grade x Metal Price x Recovery 2.5 x 370/31.1035 (grams per ounce) x 0.95 x 100 = $2,825 In a more complex case where there may be several products with different treatment routes the revenue calculation becomes more complex. In these cases it is often easier to work in equivalent grades, that is calculate the grade of one element which would yield the same revenue.



Revenue = Equivalent Cu grade x Cu recovery x Net commodity price = 0.43457 x 0.766 x 1338.39 = $445.524 We could of course have calculated the revenue for each  product separately and totalled them, however where there are many calculations to be performed the use of equivalent grades simplifies calculation. However, it is essential to thoroughly check and frequently recheck the formulae, because relativities change and are very often overlooked.



Take the example of a deposit with four products, Cu, Au, Ag and S. For each commodity we know the market price we will receive and the costs incurred in extracting that product measured in $/unit of product. We can therefore calculate a net commodity price:



The concept of equivalent grades is also useful in considering cut-off grades in a polymetallic deposit.



From the standardised net commodity price and the metallurgical recovery we can calculate any equivalence factor to convert the grade of any product to an equivalent copper grade.



Pit optimisation provides us with a tool to calculate the ultimate  pit which will generate the greatest operating surplus. It also allows us to conduct "what if" investigations quickly and efficiently.



Equivalence Factor = Product Price x Product Recovery



However these are complicated tools and must be treated with caution, the old adage "Garbage in, Garbage out" was never truer. When conducting optimisations it is important to maintain a practical footing and not lose sight of what can be achieved.



Using these equivalence factors the Copper Equivalent grade of a block can be calculated.



Summary



The commodities in this block have a combined value equivalent to a block only containing copper but at a grade of 0.43457%.



Having determined an optimal pit outline a design should always be prepared to ensure that that shell can be mined.



We can now calculate a revenue from this equivalent copper grade.



Optimisers also tend to be "computer resource hungry" They can be run on 486's upwards but tend to create very large arrays and so large amounts of disk space are required.
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