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ABSTRACT 

Strategic mine planning is the process of determining the configuration that will optimise 

project objectives. These objectives may be value-based, risk-based or based on some 

other goal, depending on the company and the situation. Current methods for ensuring 

that objectives are optimised, for a given project configuration, contain a number of 

limitations. In particular, the strategic mine planning process for a given configuration is 

often completed by the sequential optimisation of key decisions. This approach does not 

allow for relationships between decisions to be measured accurately. As such, sub-optimal 

mine plans are often produced.  

The ability to model and optimise key decisions simultaneously (for both open pit and 

underground projects), in attempting to achieve greater value, is investigated in this thesis. 

The optimisation models created through this research employ mixed integer programming 

(MIP). The most appealing property of MIP is the guarantee of finding the optimal solution 

to the optimisation model, subject to computer hardware constraints. Hence, solutions are 

able to be compared consistently.  

Some of the areas where advances are made include time cost modelling, cut-off grade 

and stockpile optimisation for open pit operations, and schedule and cut-off optimisation 

for underground operations. This thesis describes methods to enable the efficient 

determination of optimal mine plans for a given project configuration. Case studies show 

that the methods developed can lead to meaningful increases in value and reductions in 

risk. 

 

  



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
  The University of Western Australia 

 

 

  iii 

ACKNOWLEDGEMENTS 

I could not have gone through this process without the support of many special people and 

organisations, to whom I am extremely grateful.  

Firstly, I would like to thank my supervisor, Professor Richard Durham, who not only 

supported my work and gave me the freedom to explore areas of interests, but is 

somebody I greatly respect as a mentor and person. Many hours have been taken from his 

busy schedule to provide important advice.  

My research would not have been possible without the financial assistance provided by the 

Gledden and MERIWA scholarships. I hope that the work completed in this research 

serves to justify this financial commitment.  

I would also like to thank Snowden Mining Industry Consultants for providing employment 

over the duration of my research, and for employing my work in a number of important 

mining studies. In particular, I would like to thank Allan Earl and Karl van Olden for their 

time spent in mentoring and providing opportunities to this unproven engineer. 

I would like to thank my family for their patience and support throughout this process. My 

father, John, provided my start in the mining industry and continues to be a very important 

counsel in my life. My mother, Lynne, has continued to support me unconditionally in 

whatever direction I choose to take in life, and for this I am forever grateful. Also, my sister 

and brothers have continued to provide good friendship and humour to my life. 

Finally, I would like to thank Emma, who has been, and continues to be, my rock and my 

best friend. I look forward to providing the same support to her in fulfilling all of her 

dreams. 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
  The University of Western Australia 

 

 

  iv 

TABLE OF CONTENTS 

DECLARATION .............................................................................................................................. I 

ABSTRACT ....................................................................................................................................II 

ACKNOWLEDGEMENTS .............................................................................................................. III 

TABLE OF CONTENTS ............................................................................................................... IV 

LIST OF TABLES ........................................................................................................................ VII 

LIST OF FIGURES ..................................................................................................................... VIII 

CHAPTER 1 INTRODUCTION ............................................................................................... 1-1 

1.1 BACKGROUND .............................................................................................................. 1-1 

1.2 STRUCTURE OF THE THESIS .......................................................................................... 1-4 

CHAPTER 2 OPEN PIT OPTIMISATION LITERATURE ......................................................... 2-1 

2.1 PIT OPTIMISATION ........................................................................................................ 2-1 

2.2 PUSHBACK SELECTION ................................................................................................. 2-2 

2.3 SCHEDULE OPTIMISATION ............................................................................................. 2-3 

2.4 CUT-OFF GRADE OPTIMISATION .................................................................................... 2-7 

2.5 STOCKPILE UTILISATION .............................................................................................. 2-10 

CHAPTER 3 OPEN PIT OPTIMISATION METHODOLOGY ................................................... 3-1 

3.1 SCOPE ........................................................................................................................ 3-1 

3.2 OPTIMISATION MODEL................................................................................................... 3-2 

3.2.1 Activity Resolution .................................................................................................. 3-2 

3.2.2 Grouping Data ....................................................................................................... 3-4 

3.2.3 MIP Formulation ..................................................................................................... 3-8 

CHAPTER 4 OPEN PIT CASE STUDY .................................................................................. 4-1 

4.1 PROJECT OVERVIEW .................................................................................................... 4-1 

4.2 PARAMETERS ............................................................................................................... 4-3 

4.3 PIT OPTIMISATION ........................................................................................................ 4-4 

4.4 GRADE DESCRIPTOR .................................................................................................... 4-7 

4.5 CONFIGURATION 1 – FLOTATION .................................................................................... 4-8 

4.5.1 Optimisation ........................................................................................................... 4-8 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
  The University of Western Australia 

 

 

  v 

4.5.2 Applications .......................................................................................................... 4-25 

4.6 CONFIGURATION 2 – BLEND FOR BETTER RECOVERIES .................................................. 4-28 

4.6.1 Optimisation ......................................................................................................... 4-29 

4.7 SUMMARY .................................................................................................................. 4-34 

CHAPTER 5 UNDERGROUND OPTIMISATION LITERATURE ............................................. 5-1 

5.1 CUT-OFF GRADE OPTIMISATION ..................................................................................... 5-1 

5.2 STOPE BOUNDARY OPTIMISATION .................................................................................. 5-3 

5.3 DEVELOPMENT DESIGN OPTIMISATION ............................................................................ 5-4 

5.4 SCHEDULE OPTIMISATION .............................................................................................. 5-5 

CHAPTER 6 UNDERGROUND OPTIMISATION METHODOLOGY ........................................ 6-1 

6.1 SCOPE ........................................................................................................................ 6-1 

6.2 APPROACH .................................................................................................................. 6-2 

6.2.1 Activity Resolution .................................................................................................. 6-3 

6.2.2 Cut-Off Grade Options ............................................................................................ 6-5 

6.2.3 MIP Formulation ..................................................................................................... 6-9 

CHAPTER 7 UNDERGROUND CASE STUDY ....................................................................... 7-1 

7.1 APPROACH .................................................................................................................. 7-2 

7.2 CUT-OFF POLICIES ........................................................................................................ 7-2 

7.3 PARAMETERS ............................................................................................................... 7-2 

7.4 STOPE BOUNDARY OPTIMISATION .................................................................................. 7-3 

7.5 DEVELOPMENT DESIGN ................................................................................................. 7-6 

7.6 SCHEDULING ACTIVITIES ............................................................................................... 7-8 

7.7 SEQUENCING ............................................................................................................... 7-8 

7.8 OPTIMISATION .............................................................................................................. 7-9 

7.8.1 Single Cut-Off Grade ............................................................................................ 7-10 

7.8.2 Spatially Varying Cut-Off Grade ............................................................................ 7-13 

7.8.3 Computational Experience .................................................................................... 7-16 

7.9 APPLICATIONS ............................................................................................................ 7-17 

7.9.1 Production Rate Optimisation ............................................................................... 7-17 

7.9.2 Strategy Sensitivity to Price .................................................................................. 7-18 

7.10 CONCLUSIONS ....................................................................................................... 7-19 

CHAPTER 8 DISCUSSION..................................................................................................... 8-1 

8.1 LIMITATIONS ................................................................................................................. 8-1 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
  The University of Western Australia 

 

 

  vi 

8.1.1 Modelling ............................................................................................................... 8-1 

8.1.2 Constraints ............................................................................................................ 8-2 

8.1.3 Solutions ................................................................................................................ 8-2 

8.2 WHERE THESE OPTIMISATION FORMULATIONS SHOULD BE APPLIED ................................... 8-4 

8.3 WHERE THESE OPTIMISATION FORMULATIONS HAVE BEEN APPLIED ................................... 8-5 

8.4 POTENTIAL IMPROVEMENTS ........................................................................................... 8-6 

8.4.1 Widening the Scope for Open Pit Optimisation ....................................................... 8-6 

8.4.2 Additional Constraints ............................................................................................ 8-6 

8.4.3 Solving the Intra-Period Linear Programming Problem ........................................... 8-7 

8.4.4 Global Optimisation ................................................................................................ 8-7 

8.4.5 Optimisation under Uncertainty .............................................................................. 8-8 

CHAPTER 9 CONCLUSIONS ................................................................................................ 9-1 

CHAPTER 10 REFERENCES ............................................................................................ 10-1 

 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
  The University of Western Australia 

 

 

  vii 

LIST OF TABLES 

TABLE 3-1 GROUP PROPERTIES FOR SINGLE ELEMENT EXAMPLE ................................................................................. 3-5 

TABLE 3-2 ALLOCATING “WASTE” GROUPS TOGETHER AND MAINTAINING “POTENTIAL ORE” GROUPS ............................... 3-6 

TABLE 3-3 ALLOCATING “WASTE” GROUPS TOGETHER AND ADDING “POTENTIAL ORE” GROUPS ....................................... 3-6 

TABLE 3-4 DECISION VARIABLES .......................................................................................................................... 3-9 

TABLE 3-6 SET DEFINITIONS ............................................................................................................................. 3-11 

TABLE 3-7 CONSTRAINT COEFFICIENT DEFINITIONS................................................................................................ 3-12 

TABLE 4-1 CONFIGURATION PARAMETERS ............................................................................................................. 4-3 

TABLE 6-2 OBJECTIVE FUNCTION COEFFICIENTS .................................................................................................... 6-10 

TABLE 6-3 SET DEFINITIONS ............................................................................................................................. 6-11 

TABLE 6-4 CONSTRAINT COEFFICIENT FIELDS ........................................................................................................ 6-11 

TABLE 7-2 PROBLEM SIZE AND SOLUTION TIME PROPERTIES .................................................................................... 7-17 

TABLE 8-1 OPERATIONS THAT HAVE USED EVALUATOR ............................................................................................ 8-5 

 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
  The University of Western Australia 

 

 

  viii 

LIST OF FIGURES 

FIGURE 3-1 OPEN PIT OPTIMISATION CONCEPT .................................................................................................... 3-1 

FIGURE 3-2 OPTIMISATION MODEL CONCEPT ..................................................................................................... 3-3 

FIGURE 4-2 ORE LODE ORIENTATION LOOKING NORTH-EAST (WHITTLE ET AL, 2007) ................................................. 4-2 

FIGURE 4-3 RESOURCE SUMMARY BY GRADE ...................................................................................................... 4-2 

FIGURE 4-4 PIT SHELLS FOR REV. FACTORS OF (A) 65%; (B) 100%; AND (C) 200%. (CONTAINED COPPER SHOWN) ......... 4-5 

FIGURE 4-5 PIT-BY-PIT ANALYSIS SHOWING ORE, WASTE AND VALUE FOR 37 POTENTIAL ULTIMATE PIT SHELLS ................. 4-6 

FIGURE 4-6 VIEW OF PIT PUSHBACKS IN (A) PLAN; AND (B) SECTION ........................................................................ 4-7 

FIGURE 4-7 RELATIONSHIP BETWEEN NUMBER OF GROUPS AND NPV/TONNAGE ....................................................... 4-9 

FIGURE 4-8 CUT-OFF GRADE SCHEDULE FOR SELECTED NUMBER OF GROUPS ........................................................... 4-10 

FIGURE 4-9 SOLUTION TIME AS A FUNCTION OF THE NUMBER OF GROUPS............................................................... 4-11 

FIGURE 4-10 PROBLEM SIZE AS A FUNCTION OF THE NUMBER OF GROUPS ................................................................ 4-12 

FIGURE 4-11 OPTIMISED CUT-OFF GRADE AND SCHEDULE ..................................................................................... 4-13 

FIGURE 4-12 COMPARISON OF OPTIMISED CUT-OFF GRADE SCHEDULE WITH PROCESSING AND MINING LIMITED BOUNDS ... 4-14 

FIGURE 4-13 VIEW OF SCHEDULE (COLOURED BY MINING YEAR) FOR (A) PLAN; AND (B) SECTION .................................. 4-15 

FIGURE 4-14 MARGINAL CUT-OFF GRADE OPTIMISED SCHEDULE – MINING LIMITED ASSUMPTION ................................. 4-16 

FIGURE 4-15 MARGINAL CUT-OFF GRADE OPTIMISED SCHEDULE – PROCESSING LIMITED ASSUMPTION ........................... 4-16 

FIGURE 4-16 OPTIMISED CUT-OFF GRADE AND SCHEDULE – MINING LIMITED ASSUMPTION .......................................... 4-18 

FIGURE 4-17 OPTIMISED CUT-OFF GRADE AND SCHEDULE – PROCESSING LIMITED ASSUMPTION .................................... 4-18 

FIGURE 4-18 RELATIONSHIP BETWEEN NUMBER OF GROUPS AND NPV/TONNAGE FOR STOCKPILE CASE ......................... 4-20 

FIGURE 4-19 OPTIMISED WITH STOCKPILE SCHEDULE............................................................................................ 4-21 

FIGURE 4-20 DIRECT ORE CUT-OFF GRADES FOR OPTIMISED WITHOUT STOCKPILE AND WITHOUT STOCKPILE CASES ........... 4-22 

FIGURE 4-21 NPV COMPARISON OF CASES......................................................................................................... 4-23 

FIGURE 4-22 CUMULATIVE NPV COMPARISON BETWEEN CASES ............................................................................. 4-25 

FIGURE 4-23 NPV CONTOUR FOR RANGE OF MINING AND PROCESSING CAPACITIES .................................................... 4-27 

FIGURE 4-24 NPV CONTOUR FOR RANGE OF MINING AND PROCESSING CAPACITIES (WITH STOCKPILE) ........................... 4-28 

FIGURE 4-25 EXAMPLE OF GROUPING WITH 10 GROUPS FOR BLENDED CASE ............................................................. 4-29 

FIGURE 4-26 RELATIONSHIP BETWEEN NUMBER OF GROUPS AND NPV/TONNAGE FOR BLEND CASE ............................... 4-30 

FIGURE 4-27 OPTIMISED NO STOCKPILE SCHEDULE FOR BLEND CASE ........................................................................ 4-31 

FIGURE 4-28 GRADES AND RECOMMENDED DESTINATION FOR NO STOCKPILE CASE, YEAR 2 ......................................... 4-32 

FIGURE 4-29 OPTIMISED WITH STOCKPILE SCHEDULE FOR BLEND CASE ..................................................................... 4-33 

FIGURE 4-31 CUMULATIVE NPV COMPARISON BETWEEN CASES ............................................................................. 4-35 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
  The University of Western Australia 

 

 

  ix 

FIGURE 6-1 CURRENT STANDARD UNDERGROUND MINE PLANNING PRACTICE ........................................................... 6-1 

FIGURE 6-2 PROPOSED UNDERGROUND OPTIMISATION METHOD ............................................................................ 6-2 

FIGURE 6-3 UNDERGROUND OPTIMISATION MODEL CONCEPT ................................................................................ 6-3 

FIGURE 6-4 PLAN VIEW OF (A) RESOURCE MODEL AND (B) MINING OUTLINE (COLOURED BY CUT-OFF) ........................... 6-6 

FIGURE 6-5 RESOURCE – MINING INVENTORY COMPARISON (ANNOTATED BY CUT-OFF GRADE) .................................... 6-7 

FIGURE 7-2 RESOURCE – MINING INVENTORY COMPARISON ................................................................................. 7-4 

FIGURE 7-3 RESOURCE (A) AND MINING INVENTORY (B) AT 1 G/T AU CUT-OFF ON 1440MRL LEVEL ............................. 7-5 

FIGURE 7-4 RESOURCE (A) AND MINING INVENTORY (B) AT 10 G/T AU CUT-OFF ON 1440MRL LEVEL ........................... 7-5 

FIGURE 7-5 1440MRL LEVEL DEVELOPMENT DESIGN FOR (A) 1 G/T CUT-OFF AND (B) 7 G/T CUT-OFF ........................... 7-6 

FIGURE 7-6 TONNES / DEVELOPMENT METRES RELATIONSHIP FOR (A) 1760MRL LEVEL AND (B) 1180MRL LEVEL .......... 7-7 

FIGURE 7-7 SPATIAL REPRESENTATION OF PRODUCTION FRONTS ............................................................................ 7-9 

FIGURE 7-8 NPV CURVE .............................................................................................................................. 7-10 

FIGURE 7-9 5 G/T CUT-OFF GRADE PRODUCTION SCHEDULE ................................................................................ 7-11 

FIGURE 7-10 3.5 G/T CUT-OFF GRADE PRODUCTION SCHEDULE ............................................................................. 7-12 

FIGURE 7-11 5 G/T CUT-OFF GRADE DEVELOPMENT SCHEDULE .............................................................................. 7-12 

FIGURE 7-13 SPATIALLY VARYING CUT-OFF GRADE PRODUCTION SCHEDULE .............................................................. 7-14 

FIGURE 7-14 SPATIALLY VARYING CUT-OFF GRADE: OPTIMAL SOLUTION ................................................................... 7-15 

FIGURE 7-15 RELATIONSHIP BETWEEN START TIME AND CUT-OFF GRADE (ONE SAMPLE FROM EACH LEVEL) .................... 7-16 

FIGURE 7-16 INTERPOLATED NPV ................................................................................................................... 7-18 

FIGURE 7-17 INTERPOLATED NPV (RELATIVE TO THE MAXIMUM NPV AT EACH PRICE) ............................................... 7-19 

 





Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
Introduction  The University of Western Australia 

 

 

  1-1 

CHAPTER 1 INTRODUCTION 

1.1 Background 

Strategic mine planning is the process of determining the configuration that will optimise 

project objectives. These objectives may be value-based, risk-based or based on some 

other goal, depending on the company and the situation. A value-based, specifically net 

present value (NPV), objective is most often applied. 

The configuration of an operation consists of a number of key components, generally 

categorised into geology, mining, processing and sales components. The geology 

component describes the orebody orientation and grade distribution. The mining 

component describes the mining method, haulage plan, development concept, and mining 

capacity. The processing component includes the method of processing and the 

processing capacity. The sales component considers the nature of the product and how it 

is sold. These components have a series of associated parameters, such as 

grade/tonnage relationship, costs, recoveries, and revenues. 

The analysis of each project configuration requires the development of a strategic mine 

design and plan, which can be represented by a number of aspects. These aspects differ 

between open pit and underground operations. The aspects of an open pit design and plan 

include pit optimisation, pushback selection, production scheduling, cut-off grade policy 

selection and stockpile utilisation (if applicable). An underground mine design and plan is 

generally characterised by cut-off grade selection, stope design, development design, and 

production and development scheduling. 

Currently, there is no tool or algorithm available to optimise each of these aspects 

simultaneously. Typically, these plans are completed with the sequential determination of 

each aspect. Consequently, errors (although potentially never recognised) may compound. 

This process may produce a feasible solution, but is highly unlikely to find the optimal 

solution. 
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Optimising multiple aspects simultaneously increases the number of possible solutions to 

choose from. This increases the likelihood of finding the optimal or near optimal solution, 

given an efficient means to convergence. Hall (2006) found that projects that are 

“optimised” at any point in time are more resilient to changes in conditions. These 

operations are less likely to need to make major changes to its configuration in response 

to changing conditions. Hence, there is a need to development efficient processes to find 

what is “optimal”. 

The optimisation technique applied in this research is mixed integer programming (MIP). 

MIP is a part of the linear programming (LP) family. This mathematical optimisation 

technique solves a number of decision variables, each of which are given a value and are 

incorporated within linearly expressed constraints. The most appealing property of this 

technique is the guarantee of finding the optimal solution to the optimisation model, subject 

to computer hardware constraints. Hence, solutions are able to be compared consistently. 

The ability of the approaches outlined in this thesis to provide efficient solutions enables 

the consideration of additional scenarios to identify value adding opportunities and lead to 

a greater understanding of uncertainty on optimal strategy. 

Additionally, MIP formulations have the ability to optimise over multiple periods and model 

complex relationships between aspects. This is important for two reasons. Firstly, multi-

period optimisation allows potential bottlenecks to be identified and addressed. Rules-

based optimisations tend to focus on the short-term, potentially creating operational 

problems later in the life of the project. Secondly, multi-period optimisations are able to 

optimise the discounting complications of the mine plan. This is useful in the optimisation 

of cut-off grades and stockpiles. 

MIP is currently applied in a number of commercial mine planning packages, and many 

other formulations have been provided in the literature. However, the current algorithms 

available in this area suffer from a number of general and specific deficiencies.  

Most of the published MIP formulations for open pit scheduling are not practical for 

problems on a “real world” scale, and are applicable only to smaller, hypothetical 

problems. While these formulations may be theoretically valid, current computer hardware 
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technology limits the size of problems that can be solved efficiently, if at all.  MIP, or 

similar, formulations applied in commercial software are usually proprietary.  

Optimisation methods have been focused on single element operations, and often require 

substantial simplifications when addressing multiple element operations, where there is 

commonly complex blending or metallurgical constraints. This thesis proposes a flexible 

grade clustering procedure, scalable to many elements, to efficiently and accurately 

address this problem. 

The strategic stockpiling of material to improve value has not been explored in the 

literature. Stockpiles are typically treated as tactical, rather than strategic, components of 

scheduling. In particular, the impact of stockpiles on optimal cut-off grade policy has not 

been addressed. Depending on the project configuration, strategically focused stockpile 

planning may substantially increase value by redistributing grade throughout the 

processing schedule. Current methods for stockpiling either see stockpiling as a result of 

applying cut-off optimisation, or require iterative procedures to implement stockpiling within 

an optimisation environment. 

Time costs are an area that impacts on schedules and cut-off grades, and is overly 

simplified within published and commercial approaches. The typical method is to allocate 

the costs to the limiting component of the operation. This does not fully reflect the time 

cost if the limiting component differs over the life of the operation, or if the limiting 

component assumption is incorrect. As a result, sub-optimal solutions may be returned. 

There has yet to be a published generalised MIP formulation for optimising production and 

development scheduling of underground mines. Neither is there a commercially available 

tool to optimise underground cut-off grades. The development of an algorithm to 

simultaneously optimise mine schedules and cut-off grades, as well as development rates, 

would be a significant advance in strategic underground mine planning. 

This thesis focuses on developing state of the art approaches for optimising value for a 

given project configuration. In doing so, the above stated deficiencies will be addressed in 

detail. 
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1.2 Structure of the Thesis 

This thesis is separated into three major parts. The differences in the characterisation of 

open pit and underground mine optimisation problems dictate that unique approaches be 

developed. The first part (Chapters 2-4) of this thesis is dedicated to open pit optimisation 

and the second part (Chapters 5-7) to underground optimisation. Each of these parts 

includes a literature review, methodology and case study chapter. The third part (Chapters 

8 and 9) contains a discussion and conclusions. 
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CHAPTER 2 OPEN PIT OPTIMISATION LITERATURE 

As mentioned in the introduction, there are five key aspects of an open pit mine plan and 

design. These are pit optimisation, pushback selection, production scheduling, cut-off 

grade policy selection, and stockpile utilisation. The current state of the art in these 

aspects is discussed in the following sections. 

2.1 Pit Optimisation 

Pit optimisation refers to the selection of the optimal pit outline, or ultimate pit limit, of an 

open pit mine, given economic, technical, and geotechnical parameters and constraints. It 

is usually based upon on a block model, coded for value. The purpose of pit optimisation is 

to ensure that all waste mining is paid for by the ore that it uncovers, on a marginal basis. 

The “Floating Cone” method was an early heuristic approach to pit optimisation. This 

method is based on the concept of “floating” an inverted “cone” over a value model and 

including in the pit outline those “cones” that have positive value. Whilst this algorithm is 

relatively simple, it will usually result in sub-optimal results (Whittle and Rozman, 1991). 

Additionally, the bias of the solution is not consistent. The method can either suggest 

mining too much or too little. The errors stem from the inability to incorporate incremental 

value concepts. 

Lerchs and Grossman (1965) recognised that the pit optimisation problem conformed well 

to the application of graph theory. This method is guaranteed to find the optimum 

undiscounted value pit outline and most current commercial pit optimisation software 

packages are based upon adaptations of this algorithm. Johnson (1968) used a network 

flow method to optimise the pit outline. This method is also guaranteed to find the optimal 

pit outline.  

The previously mentioned approaches to the pit optimisation problem are based upon the 

maximisation of undiscounted cashflows. Whittle and Rozman (1991) recognised that the 

common corporate objective is to maximise discounted rather than undiscounted 

cashflows.  Incorporating discounting into the pit optimisation problem requires the timing 
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of each block’s extraction to be known. This cannot be determined without knowing the 

ultimate pit outline, creating a circular problem. This problem was addressed by creating 

“nested pit shells” within the ultimate pit. These pits are based upon the concept of 

parameterisation. Solving a series of pit optimisations over a range of different parameters 

sets, with differing price assumptions, provides a series of differently sized pits, or pit 

shells. These pit shells form the basis for scheduling and incorporating discounting into the 

analysis. Smaller pits, based on low prices, can act as “starter pits” and larger intermediate 

pits are candidates to be pushbacks. Pits larger than the optimal outline can be used for 

sensitivity analysis. Mining the inner pits early gives a “high-grading” solution. As initial pits 

have positive value at low metal prices, they must contain a reasonable amount of high 

grade material. This will tend to maximise early cashflows that are not heavily discounted, 

potentially improving NPV.  

These methods assume that the grade of each block is known with certainty. This is not 

the case in practice, as resource block models are estimated with incomplete information. 

Gholamnejad and Osanloo (2007) adapted the parametric method of pit shell generation 

by incorporating a penalty cost for downside grade uncertainty within the value model. Pit 

shells are generated by optimising the model under varying penalties for uncertainty. It is 

argued that this method helps to reduce the “gap” problem (where the starter pit is very 

large) and biases the optimisation towards blocks with less chance of being beneath the 

specified cut-off grade. 

These pit optimisation techniques are inadequate for projects that require blending, 

particularly iron ore and coal. Stone et al (2004) described the “Blasor” software package, 

which uses an MIP formulation to optimise the NPV for the Yandi iron ore project. The 

approach involves creating accumulations of blocks based on grade, and slope 

constraints. The timing of extraction of these accumulations is optimised under various 

production constraints.  

2.2 Pushback Selection 

Pushbacks (otherwise known as cutbacks or phases) are intermediate pits contained 

within the ultimate pit. Each pushback targets the extraction of an increment of the 
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orebody. They are used to reach ore at the earliest possible time, whilst deferring waste 

extraction. There is a practical limit to the number and frequency of pushbacks, due to the 

disruption and cost caused by moving infrastructure. 

The selection of pushbacks is not an aspect of the strategic open pit planning process that 

is usually “optimised”, rather selected based on practicality and “rules of thumb”. These 

pushbacks could be chosen to provide necessary mining width, contain a certain tonnage 

of material, or provide a desired mix of ore and waste to balance equipment utilisation. The 

costs associated with disruptions to operations caused by pushbacks are not often 

incorporated within the optimisation value model. 

Whittle 4X software provides a “Pushback Chooser” module (Gemcom, 2006) that allows 

the user to select a certain number of pushbacks. A search algorithm attempts to find the 

optimal combination of intermediate pit shells that should form the extents of each 

pushback. A sub-routine generates a schedule, with corresponding NPV, for a combination 

of pushbacks. The algorithm searches through these combinations to converge on the 

optimal solution. Due to the mathematical nature of the solution, very small or very large 

pushbacks may be selected. Additionally, there is no guarantee that mining equipment 

would be able to navigate the selected pushbacks, often requiring manual modification.  

2.3 Schedule Optimisation 

Scheduling is the process of determining the timing of activities. With the widespread use 

of discounted cashflow as a value measure, the ability to optimise value through 

strategically focused scheduling is very important. Cash received earlier in the project is 

worth more, in present value terms, than the same amount of cash received later in the 

project. This encourages the mine planner to bring forward positive cashflows and defer 

negative cashflows. The common methodology is to access ore as early as possible whilst 

mining as little waste as necessary.  

The problem of generating optimal mine schedules was raised by Johnson (1968), who 

developed an LP formulation for optimising the timing of extraction of regularised resource 

blocks within a mine, with a maximum NPV objective. Johnson’s LP formulation employs 
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decision variables that represent the portion of each block extracted in a given time period. 

The value of a block in a time period is determined by the grade and tonnage contained 

within the block, the economic and technical parameters, and the discount factor 

associated with that time period. However, Johnson’s LP formulation was found to mine 

partial blocks (Gershon, 1983), producing infeasible solutions as sequencing constraints 

are violated. Due to the fractional solution provided by the LP formulation, integer 

constraints are needed to produce feasible solutions (Gershon, 1983). While the MIP 

formulation is theoretically robust, the solution of large scale problems was not practical 

with the computer hardware of the time (1983).  

With computer technology advances over subsequent years, Ramazan and 

Dimitrakopoulos (2004a) revisited the MIP formulation, experimenting with extraction and 

slope constraints. The authors found that, even for a small model (1,060 blocks over 3 

periods), the solution to the MIP was still beyond computing hardware of the time (2004). 

However, many adjustments to the formulation were tested in attempting to improve 

solution efficiency. Caccetta and Hill (2003) proposed a specialised branch and cut 

procedure to improve solution times for the MIP formulation. 

Caccetta et al (1998) presented a Lagrangian relaxation of the MIP formulation, whereby 

the mining and processing constraints are moved into the objective function as “soft” 

constraints. Costs are applied in the objective function to penalise violations of these soft 

constraints. This formulation allows the constraint matrix to become unimodular (all of the 

coefficients are 1, 0, or -1). When this is the case, the LP will produce binary results. As 

such, integer variable constraints are implied, and solutions can be found rapidly. This 

method does not guarantee to produce feasible solutions to a practical problem. 

Adjustments of artificial costs are required to find a feasible solution. A heuristic procedure 

for this was proposed.  

This concept was extended by Winkler (1998), who described a method known as multiple 

objective linear programming (MOLP). The author recognised the fact that some 

constraints were more important that others, and should be assigned priorities. This 

system involves solving a series of MIP formulations. Initially, only the absolute constraints 

are made “hard” constraints, with the remainder being “soft” constraints. If there is no 
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feasible solution to this problem, there is no solution. If there is a feasible solution, it is 

stored. The MIP is solved again, moving the next highest priority constraints from being 

“soft” to “hard” constraints. This represents a further tightening of the problem. If there is 

no solution, the previous feasible solution is returned. Otherwise, the process continues 

until all constraints are “hard”. This allows some feedback to be provided to the engineer 

regarding the source of any infeasibility.  

Reducing the scope of the mine scheduling problem to a reasonable size, through the 

grouping (or aggregation) of blocks, has enabled optimisation approaches to be utilised for 

“real world” mining operations. The Milawa scheduler (Jourkoff et al, 2004; Smith, 2001; 

Hall, 2004) creates aggregations based on blocks in each combination of pushback and 

bench, known as “panels”. This heuristic scheduler has the objective of balancing mining 

and processing rates, or optimising NPV.  

Ramazan (2007) outlined a “fundamental tree” approach to block grouping. A series of 

pre-processing LP’s are used to determine those blocks that are most likely to be 

scheduled together, due to slope constraints and block values. The resulting “fundamental 

trees” are then scheduled as aggregations of blocks. The solution for the paper’s case 

study represented an NPV improvement of 7% over three commonly used commercial 

scheduling packages.  

There have been a number of other optimisation methods used to generate open pit mine 

schedules. These methods include dynamic programming (King, 2001; King, 2004; 

Wooller, 2004) and graph theory (Fan et al, 2003). 

While the above methods focus on maximising the NPV of a single deterministic block 

model, a number of other proposed methods incorporate grade uncertainty through 

varying applications of conditional simulation. 

Dimitrakopoulos and Ramazan (2004) outlined an MIP formulation that includes grade 

uncertainty. The objective of the formulation is to minimise the penalty costs associated 

with the probability that a block will have a grade less than required. These probabilities 

are determined in pre-processing through conditional simulation. A different penalty cost is 

applied to each period, with the cost in year 1 typically being the highest. Where possible, 
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more “grade-certain” blocks would be prioritised. Extracting “grade-certain” blocks early 

allows more time to gather information regarding the “grade-uncertain” blocks for 

scheduling in later periods.  

The robustness of a schedule under grade uncertainty was addressed by Ramazan and 

Dimitrakopoulos (2003), with an alternative MIP model. In this approach, a traditional MIP 

is applied to a number of simulations of the same orebody. These schedules are used to 

determine the likelihood of a block being extracted in each period. A new MIP is 

formulated, with the objective of maximising the likelihood that each block is scheduled in 

the period predicted by the simulations. The NPV objective is not directly incorporated into 

the final optimisation, but is used in determining the likelihood that a block will be 

scheduled in a given period.  

A stochastic integer programming (SIP) formulation was proposed by Ramazan and 

Dimitrakopoulos (2004b). This method accounts for the risk of violating tonnes and grade 

constraints when considering multiple orebody realisations. All tonnes and grade 

constraints are made “soft” for the analysis. The objective incorporates costs that penalise 

deviations from the planned mining capacity and grade targets into the traditional value 

model. Penalty costs are adjusted according to specific risk profiles to generate a range of 

possible schedules. These costs bias the optimisation toward selecting blocks that are 

most likely to produce the planned targets whilst still attempting to maximise NPV. 

Menabde et al (2004) included “simulation” as an additional dimension in the SIP 

formulation. The objective of the approach is to maximise the average NPV of the mine, 

thereby potentially reducing the risk of the operation. By using the information from each of 

the conditional simulation realisations, they were able to add 4.1% to the average NPV of 

the case study operation when compared to an “average grade” model optimisation (where 

the grades from each realisation were averaged to form one deterministic grade model). 

The model analysed in the case study exhibited a low relative grade variance, with the 

expectation that greater NPV improvement would be found when applying this method to 

models with higher variance. 
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2.4 Cut-Off Grade Optimisation 

Berry (1922) was the first author to establish the concept of using cut-off grade as a 

variable in the mine planning process. It was noted that working to an average grade 

strategy often encouraged mine managers to mine non-payable material as ore. It was 

recognised that, particularly for long life operations, later cashflows are worth very little in 

present value terms. The present value of the operation may be improved if the reserve 

could be divided into two or more portions by grade. Mining higher grade material earlier 

may improve value.  

The following work in the area focused on the concept of all material needing to be 

“payable”, and the parameters that contribute to the “payability” of ore. Callaway (1954) 

was the first to create a formula for a “break-even” cut-off grade.  This was defined as the 

grade for which the total revenue derived from a tonne of material is equal to the total 

direct cost of production attributable to that tonne. Callaway (1958) expanded on this 

theory by addressing the issue of time and variable costs. This theory allocated time costs 

to a tonne of material on the basis of milling capacity. Also, material must only pay for the 

apportioned time cost until all of the time cost has been paid for. After this point, material 

need only pay for the variable cost associated with it.  

The most widely accepted literature of cut-off theory was provided by Lane (1964; 1988), 

who created a generalised mine model which comprises three major components: mining, 

processing, and selling. Each component has associated costs and limiting capacity. This 

model continues to be employed in most current strategic mine planning structures and 

software. 

Lane provided rigorous mathematical integrity to the field of cut-off grade theory. Lane was 

the first to recognise that, for open pit projects, mining costs should not impact on the cut-

off grade decision. The cut-off grade decision for open pit mines is a “waste/ore” decision, 

not a “mine/do not mine” decision. Only the incremental ore costs should be considered.  

Lane’s work provided clear reasoning for the impact of time costs on cut-off grade. The 

author suggested that the total time cost is driven by the length of the operation. Any 

decision that extends the life of the mine should have to pay for the additional time cost. 
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The application of time cost depends on the limiting component of the operation: mining, 

processing, or selling. If the operation is mining limited, mining any additional material, 

regardless of whether it is ore or waste, would add to the life of the mine and total time 

cost. In this situation, time costs would not impact on cut-off grade. However, if the life of 

the operation is extended by processing ore or selling metal, the classification of ore and 

waste would impact on mine life. In this case, time costs must be incorporated in the cut-

off grade decision. 

A key result from Lane’s work is in the area of opportunity costs. Opportunity cost 

represents value forgone from an alternative. If the cut-off grade decision impacts on when 

future blocks are mined (if the operation is processing or selling limited), those blocks may 

change in value. For example, decreasing the cut-off grade may defer the processing of 

future blocks. Those future blocks would then have greater discounting applied to them; 

reducing their value. This reduction in value should be incorporated in the current cut-off 

grade decision, as a time cost. The further into the life of the operation, the less blocks are 

delayed by the cut-off decision. Hence, the opportunity cost decreases over time. This is 

the origin of Lane’s “declining cut-off” strategy. Unfortunately, opportunity cost cannot be 

calculated until the mine plan is completed. This, in turn, relies on the cut-off grade 

strategy; creating a circular problem. 

Lane also found that the optimal cut-off grade, at any time, is either one of the limiting cut-

off grades (mining, milling or selling) or the cut-off grade that provides balance between 

any two of these components’ capacities. The limiting cut-off grades are independent of 

grade distribution, and differ in their allocation of time and opportunities costs. Balancing 

cut-off grades are independent of economics, and are calculated from the grade 

distribution. The grade distribution and mining sequence will determine the operation’s 

limiting component in any time period. 

Lane suggested an iterative procedure for optimising cut-off grades over the life of the 

mine. This approach requires the estimation of an initial present value. Lane’s cut-off 

theory is applied to each period (or resource increment) sequentially, in order to derive an 

initial mine plan and associated value. This acts as the “seed” for the next cut-off grade 

strategy calculation, which is continued until the approximated present value equals the 
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present value of the mine plan. Dagdelen (1992) and Border (1991) proposed similar 

procedures. 

Dowd (1975) suggested that Lane’s model of cut-off grade optimisation could be solved 

with forward recurrence dynamic programming. This technique optimises a series of 

staged discrete decisions, such as the cut-off grade decision in each period. Schaap 

(1984) presented a backward recurrence dynamic program, claiming that it offered 

advantages over the forward recurrence method. King (2000) outlined a forward estimation 

dynamic programming approach. 

Whittle and Wharton (1995) described the cut-off grade optimiser “Opti-cut”. It is contained 

within the Whittle 4X mine planning package (Gemcom, 2006). The tool is based on 

Lane’s theory of opportunity costs, but Lane’s methods are not directly applied. Instead, a 

proprietary search algorithm optimises artificial opportunity costs (separated into “delay 

cost” and “change cost” components) in each time period to maximise NPV. This approach 

is based on a predetermined production sequence. The property that links opportunity cost 

to present value is employed to expedite convergence.  

One of the more contentious points regarding Lane’s theories is that of the impact of 

discount rates on the optimal cut-off grade. Taylor (1972) noted that attempts to maximise 

a present value objective are flawed because of the arbitrary nature of selecting the 

discount rate. Taylor believed the concept that earlier cashflows are more valuable than 

later cashflows, but operations should instead focus on maximising the cashflow in each 

period of the operation. Border (1991) reinforced the notion that discount rates should be 

applied with care.  Applying discount rates that are too high (without proper justification) 

would lead to “high-grading” and the possible sterilisation of economic ore. Border 

suggested that applying a discount rate based on current bank overdraft rates is most 

appropriate.  

Wells (1978) applied a maximum present value ratio (PVR) objective, opposed to the 

conventional NPV approach. PVR measures the present value generated by each unit of 

upfront capital expenditure, indicating the efficiency of capital spending. This objective was 

used to consider how cut-off grade impacts on the optimal production rate of the mine. A 

linear regression relationship between production rate and capital cost was assumed, and 
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found an inverse relationship between cut-off grade and its associated optimum milling 

rate.  

In recent years, the focus has changed to the simultaneous optimisation of schedule and 

cut-off grades with MIP formulations. Whittle (2004) described a LP-based approach to 

solving the “panel-based” schedule optimisation problem. This approach uses a 

proprietary search algorithm to narrow the feasible region when solving the integer 

problem. Whittle et al (2007) claimed that, for one particular case study, the NPV 

exceeded that derived by the Milawa NPV heuristic by 25% when incorporating stockpile 

and cut-off grade optimisation simultaneously.  

Menabde et al (2004) presented a formulation for the simultaneous optimisation of cut-off 

grade and schedule for an open pit mine. This formulation uses a set of discrete cut-off 

grade options for each of the panels. In each time period, only one cut-off grade can be 

selected. To implement this, an additional set of integer variables is introduced for each 

combination of cut-off grade and time period. By selected different cut-off grades for each 

time period, the authors were able to improve the NPV of the operation by 20% over the 

schedule optimisation employing a marginal cut-off grade.  

2.5 Stockpile Utilisation 

Stockpiles are intermediate destinations for material that has been mined, and is planned 

to be processed at a later date. Stockpiles allow for the earlier processing of higher grade 

material, without sacrificing the metal production from low grade material that can be 

processed later in the project’s life. This has the potential to add substantial value to an 

operation. 

Urbaez and Dagdelen (1999) presented an MIP formulation for optimising the scheduling 

and destinations of material with many process and stockpile options. Hoerger et al (1999) 

expanded on this model by incorporating constraints that implement time costs. 
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CHAPTER 3 OPEN PIT OPTIMISATION METHODOLOGY 

3.1 Scope 

Five optimisation subtasks in strategic open pit planning were discussed in the previous 

section. They were pit optimisation, pushback selection, production scheduling, cut-off 

grade selection, and stockpile utilisation. This thesis focuses on the simultaneous 

optimisation of the final three subtasks. Hence, the objective is to optimise value for a 

project configuration that has had its ultimate pit and pushbacks selected (Figure 3-1). The 

following sections focus on the optimisation model portion of the planning process. 

 

Figure 3-1 Open pit optimisation concept 

There are a number of unique points of difference within this optimisation model from 

existing published methods. These include: 

• The implementation of a grade-clustering algorithm that enables the automation of 

data resolution for a ‘panel-based’ optimisation. This allows multi-element 

operations and/or operations with complex blending constraints to be modelled 

accurately and efficiency. 
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• The modelling of stockpiles within the MIP formulation that enables the problem to 

be solved to optimality without resorting to iterative procedures as described in 

Hoerger et al (1999). 

The model also enables a number of currently applied mine planning paradigms to be 

shown to be deficient. These include: 

• Applying a marginal cut-off grade, without accounting for opportunity costs. 

• Apportioning time costs to unit costs for cut-off grade determination. 

• Using stockpiles solely as a tactical tool. 

These paradigms are explored in the Chapter 4 case study. 

3.2 Optimisation Model  

There are three main components to the optimisation model. These are activity resolution, 

grouping data, and the MIP formulation. 

3.2.1 Activity Resolution 

A panel-based approach is taken for the timing of the extraction of material. A panel is a 

bench within a pushback (Figure 3-2). It is assumed that all blocks within a panel are 

extracted at the same rate. This assumption greatly reduces the size of the problem. It 

could be argued that panels should also be divided up within a bench. However, the length 

of the time periods compared with the size of each panel is usually (and should be) such 

that a number of panels are extracted in each period. When this is the case, creating 

smaller panels is unlikely to significantly change the solution. If a shorter time period (in 

relation to the size of the panels) is required, each panel could be divided into “subpanels”, 

according to their location on the bench.  
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Figure 3-2 Optimisation Model concept 

Each panel, except the top bench in the first pushback, will have a set of precedent panels 

that must be mined prior to commencing extraction in the given panel. The panels in 

benches above a given panel in the same (or earlier) pushbacks must be removed to allow 

physical access to the panel. Additionally, operational constraints may be imposed to 

ensure that pushbacks advance at a controlled rate, perhaps to maximise the number of 

available working areas to increase production rate. 

In attempting to simulate the grade resolution of the block model with the panel-based 

approach, several “groups” can be created within each panel. Each group may be sent to 

a different destination. Typically, these groups are created based on rock type and grade 

properties (Section 3.2.2). Possible material destinations include  waste dumps, mills, and 

stockpiles. This process allows for greater resolution of the data, and for the optimisation 

model to output the cut-off grade due to the comparison of the grade of groups sent to 

each of these destinations in a given period. As a result, the method can be used for 
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blending. The challenge of this method is in efficiently grouping blocks to an appropriate 

resolution. 

3.2.2 Grouping Data 

For this approach, blocks are grouped by grade characteristics and rock type. Tonnages of 

the blocks within each group are summed, and a tonnes-weighted average of grade is 

allocated. Effective grouping will result in each group having its own unique “group” 

characteristics that are similar to each of the blocks contained within the group. In this 

way, the resolution of the data is maximised.  

The method of grouping data by grade is considered for both single and multiple element 

operations. 

3.2.2.1 Single Element Operation 

The simplest case for grouping is for an operation with a single element or metal. Consider 

a randomly generated sample of gold grades in a panel, shown in Figure 3-3.  

 

Figure 3-3 Sample of gold grades (g/t)  

Blocks could be arbitrarily grouped into 1 g/t intervals. The tonnage in a group would be 

the sum of tonnage of each of the blocks in the group (assume 1 kt in each block). The 
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grade of a group would be the tonnes-weighted average of the grades in that interval. An 

example of this is shown in Table 3-1. 

 

Table 3-1 Group properties for single element example  

Economic and technical parameters can be incorporated into the grouping process to 

improve efficiency and eliminate irrational outcomes. The marginal cut-off is the grade that 

equal cashflow is achieved by processing the material or by placing it on the waste dump, 

whilst incorporating only costs directly driven by production. If the marginal cut-off grade is 

5.5 g/t, the arbitrarily assigned groups may result in uneconomic material being processed, 

as material between 5.5 g/t and 6 g/t would be subsidising the material in the group that is 

less than the marginal cut-off (between 5 g/t and 5.5 g/t). Only material above the marginal 

cut-off grade should be considered for processing. Material above the marginal cut-off 

grade may still be classified as waste if this decision improves value (by allowing higher 

grade blocks to be accessed earlier). Material with grade lower than the marginal cut-off 

grade should be disregarded as waste and does not need to be allocated to a group (or 

can be allocated to a “waste group”). Hence, the marginal cut-off grade should be selected 

as one of the interval boundaries. The advantage of this approach is that the number of 

groups can either be reduced (Table 3-2), or the potential ore groups can be further 

divided without adding to the total number of groups (Table 3-3). The first option provides 

greater performance, whereas the second option provides greater resolution. 
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Table 3-2 Allocating “waste” groups together and maintaining “potential ore” groups 

 

Table 3-3 Allocating “waste” groups together and adding “potential ore” groups 

Complicating the separation of “waste” groups from “potential ore” groups is the fact that 

economic and technical parameters can change over time. When this occurs, the marginal 

cut-off grade will change, altering the classification of waste and potential ore. A possible 

solution to this problem is to only classify blocks that will be waste for all scenarios as 

waste groups, and provide a sufficient number of “potential ore” groups above the 

minimum marginal cut-off grade. Testing is required for each scenario to determine how 

many groups are required to produce the desired results. 

3.2.2.2 Multiple Element Operation 

The problem is more complicated for multiple element operations. Instead of a boundary 

being represented by a single grade value, the boundary has more than one dimension. In 

multi-element operations, such as iron ore, there are often complex grade constraints 
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imposed on the final product. These issues necessitate an efficient method of grouping 

data in a scalable way. One possible approach is discussed in this section. 

Initially, those blocks that cannot possibly be economic are identified and allocated to one 

“waste” group. A clustering algorithm is applied to group the remaining “potential ore” 

blocks. The proposed method utilises the “kmeans” clustering algorithm within the 

MATLAB toolbox (Mathworks, 2007) to group blocks for potentially economic material. 

This algorithm creates a specified number of clusters (or groups) of blocks which share 

common grade characteristics. Specifically, the algorithm minimises the sum of the 

distances of each of the block grade co-ordinates (in grade-space) from the cluster 

centroid co-ordinates. The number of clusters defines the resolution of the data.  

If the magnitudes of the element grades are significantly different, the clustering will be 

biased toward the element with highest stated grade magnitude. To overcome this 

problem, grades are normalised by the mean of the block grades for each element.  

Consider a randomly generated sample of 1,000 blocks taken from one panel of a gold-

copper deposit (Figure 3-3). The range of gold grades is 0 g/t to 10 g/t, with a mean of 5 

g/t. The range of copper grades is 0% to 5%, with a mean of 2.5%. To normalise, gold 

grades are divided by 5 and copper grades by 2.5. The clustering algorithm then allocates 

each block to a group, based on these normalised grades. Figure 3-4 shows the 

classification of blocks to groups after the application of the clustering algorithm with ten 

clusters. 

Additionally, there may be cases where it is appropriate to enforce bias in the grouping of 

data. For an iron ore operation, customer specification may be more constrained by one 

impurity over another. In this case, the grouping should be biased towards generating 

groups around the more tightly constrained impurity. Another example is the incorporation 

of a minor by-element that does not contribute substantial value to the operation. In this 

case, it could be justified to simply group on the main element only, or bias towards the 

main element. This is completed by applying a higher scale factor to the important grade 

field. 
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Figure 3-4 Demonstration of multi-element grouping 

3.2.3 MIP Formulation 

The information gained from the creation of panels, based on traditional pit optimisation 

methodologies or otherwise, and groups, as explained in the previous section, is gathered 

into a single optimisation model. In this case, the optimisation model is an MIP formulation.  

There are two key areas that are optimised in this approach. Firstly, the timing of 

extraction of each panel is optimised. This defines the optimal mining sequence. Secondly, 

the destination of the material for each group within each panel is optimised. These areas 

are optimised under the applied constraints. The characteristics of each panel and group, 

as well as the assumed parameters of the operation, will impact on the optimal solution. 

The following sections describe the decision variables, objective function, constraints, and 

solver of the MIP formulation. 
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3.2.3.1 Decision Variables 

There are six types of decision variable included within this formulation. These are outlined 

in Table 3-4, along with their associated cash inflows and outflows. All decision variables 

(except the binary variables) are real numbers between 0 and 1. There are several 

aspects of this model that require further comment. 

The term “processing path” is applied in this thesis as a facility in which material is 

processed or concentrated into a higher quality product. Each processing path can be fed 

directly from the mine or from a stockpile. In many simple cases, there will be only one 

processing path. 

Field Description Inflow Outflow 

itm  Portion of panel i that is mined 

in period t.  

• Nil • Mining 

• Rehabilitation 

igrtp  Portion of group g within panel 

i that is processed through 

processing path r in period t 

(without being stockpiled) 

• Rehabilitation 

(net) 

• Sales revenue 

• Processing 

• Additional ore 

mining  

• Blending 

• Selling 

igktx  Portion of group g within panel 

i that is sent to stockpile k in 

period t  

• Rehabilitation 

(net) 

 

• Stockpile 

addition 

igkrty  Portion of group g within panel 

i that is removed from stockpile 

k in period t and is processed 

through processing path r 

• Sales revenue • Processing 

• Blending 

• Selling 

• Rehandling 

tf  
Portion of period t that is 

utilised by either mining, 

processing, or selling capacity 

• Nil • Time cost  

(per period) 

itb  Binary variable indicating 

whether panel i is able to be 

extracted in period t (1) or not 

(0). 

• Nil • Nil 

Table 3-4 Decision variables 
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The use of stockpile addition variable igktx
 
allows costs to be allocated to the stockpiled 

material in the period that it is stockpiled. In traditional methods, stockpile costs are only 

incurred when the material is processed, often many years later. This does not accurately 

reflect the timing and discounting implications of stockpiling material.  

The use of the time cost variable tf  
enables time costs to be separated from the variable 

components. No assumption of the limiting component of the operation is required, as is 

necessary in traditional optimisation methods. In scenarios where the operation is limited 

by different components in each period, this form of modelling is likely to find a higher 

value solution than traditional approaches. 

Rehabilitation cost is applied to each tonne that is mined, driven by itm . However, the 

portion of the panel that is processed or stockpiled will not incur this rehabilitation cost. To 

compensate, this cost is credited as a cash inflow to the material that is directly processed 

or stockpiled.    

3.2.3.2 Objective Function 

The objective in this formulation is to maximise NPV of the mine (Equation 3.1). The 

different types of decision variables are introduced in Table 3-4, and each of these types 

have a different objective value associated with them (Table 3-5). The costs and revenues 

associated with each of the decision variables are also provided in Table 3-4.  

Maximise 

∑∑∑∑∑∑∑∑∑∑∑∑ ∑∑∑∑ −+−+−
t

tt

i g k r t

igkrtigkrt

i g k t

igktigkt

i t i g r t

igrtigrtitit fFyYxXpPmM

 
(3.1) 
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Field Description 

itM  Discounted net cost associated with mining and rehabilitating panel i in 

period t 

igrtP  Discounted net revenue (after processing and selling costs) associated 

with processing group g within panel i through processing path r in 

period t (without being stockpiled) 

igktX  Discounted net cost associated with adding group g within panel i to 

stockpile k in period t. 

igkrtY  Discounted net revenue (after processing, rehandling, and selling costs)  

associated with processing group g within panel i through processing 

path r in period t from stockpile k. 

tF  Discounted time cost in period t 

Table 3-5 Objective function coefficients 

3.2.3.3 Constraints 

All constraints in the MIP must be expressed in a linear fashion. Prior to demonstrating 

this, a number of definitions are necessary. Table 3-6 defines the sets of data used in the 

formulation. Table 3-7 defines the coefficients in the constraint matrix. Table 3-8 defines 

the limit coefficients applied. 

Set Description 

T  Number of time periods 

N  Number of panels 

G  Number of grade groups 

R  Number of processing paths 

K  Number of stockpiles 

iS  Number of panels preceding panel i 

Table 3-6 Set definitions 
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Field Description Typical Units 

igO  
Ore tonnage from group g within panel i Tonnes, m3 

iQ  Total tonnage (ore and waste) contained 

within panel i 

Tonnes, m3 

igeM  
Quantity of element e recovered from group 

g within panel i 

Oz, kg, lb, gram, tonnes  

igeϕ  
Grade of element e contained within the 

group g within panel i 

g/t, %, carats/t 

Table 3-7 Constraint coefficient definitions 

Field Description Typical Units 

min

tQ
 

Lower mining limit for period t Tonnes, m3 

max

tQ
 

Upper mining limit for period t Tonnes, m3 

min

rtO
 

Lower processing limit for processing path r  

in period t 

Tonnes, m3 

max

rtO
 

Upper processing limit for processing path r 

in period t 

Tonnes, m3 

min

etM
 

Lower selling limit for element e in period t Oz, kg, lb, gram, tonnes 

max

etM
 

Upper selling limit for element e in period t Oz, kg, lb, gram, tonnes 

min

rteϕ
 

Minimum grade of element e to processing 

path r in period t 

g/t, %, carats/t 

max

rteϕ
 

Maximum grade of element e to processing 

path r in period t 

g/t, %, carats/t 

max

krtL
 

Upper stockpile reclamation limit for 

stockpile k in period t 

Tonnes, m3 

max

ktA
 

Upper stockpile addition limit for stockpile k 

in period t 

Tonnes, m3 

max

ktZ
 

Upper stockpile size limit for stockpile k in 

period t 

Tonnes, m3 

Table 3-8 Limit constant definitions 

The following sections describe the constraints that are applied in the open pit scheduling 

formulation. 
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3.2.3.3.1 Mining Capacity Constraints 

The mining capacity constraints set a minimum and maximum limit on the number of 

tonnes able to be extracted in each time period. Most mining operations will have some 

limit as to what they can extract from the pit, due to equipment and/or labour limitations. 

The minimum mining limit (usually set to nil) is an important constraint for allowing the user 

to “tune” the results, replicating practical mining situations with balance between mining 

and processing capacity. 

∑ ≥
N

i

titi QmQ
min

 t∀  (3.2) 

∑ ≤
N

i

titi QmQ max

 

t∀  (3.3) 

These constraints can be modified to incorporate mining limits for subsets of panels or 

individual mines within a multi-pit operation. Additionally, limits can be placed on the 

amount of certain rock types mined. 

3.2.3.3.2 Processing Capacity Constraints 

The processing capacity constraints set a minimum and maximum limit on the number of 

tonnes able to be processed through each processing path in each period. The minimum 

limit may be imposed to improve the performance of the processing facility. 

min

rt

N

i

G

g

K

k

igkrtig

N

i

G

g

igrtig OyOpO ≥+∑∑∑∑∑  tr,∀  (3.4) 

max

rt

N

i

G

g

K

k

igkrtig

N

i

G

g

igrtig OyOpO ≤+∑∑∑∑∑
 

tr,∀  (3.5) 

These constraints can be extended to limiting the processing of each individual rock type 

through a particular processing path in a period. If there are multiple pits, the feed from 

each pit can also be controlled by adding similar constraints that apply only to the panel 

subsets of interest. 
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3.2.3.3.3 Sales Capacity Constraints 

The sales capacity constraints set a minimum and maximum limit on the quantity of each 

element sold in each time period. The sales capacity may not always be relevant, but is an 

important constraint for addressing cases where the supply from the operation may affect 

global supply and prices, or where sales contracts specify quantity targets (such as iron 

ore or coal operations).  

min

et

N

i

G

g

K

k

R

r

igkrtige

N

i

G

g

R

r

igrtige MyMpM ≥+∑∑∑∑∑∑∑  te,∀  (3.6) 

max

et

N

i

G

g

K

k

R

r

igkrtige

N

i

G

g

R

r

igrtige MyMpM ≤+∑∑∑∑∑∑∑
 

te,∀  (3.7) 

3.2.3.3.4 Blending Constraints 

The blending constraints set a minimum and maximum limit on the grade of each element 

through each processing path in each period. These are important constraints when 

scheduling iron ore or coal operations, where the grade of each element determines the 

quality of the ore sold. Additionally, these constraints can be used to control the quality of 

the mill feed to achieve greater metallurgical recovery and/or reduce processing costs. 

∑∑ ∑∑∑ ≥−+−
N

i

G

g

N

i

G

g

K

k

igkrtigrteigeigrtigrteige yOpO 0)()(
minmin ϕϕϕϕ  tre ,,∀  (3.8) 

∑∑ ∑∑∑ ≤−+−
N

i

G

g

N

i

G

g

K

k

igkrtigrteigeigrtigrteige yOpO 0)()(
maxmax ϕϕϕϕ

 

tre ,,∀  (3.9) 

3.2.3.3.5 Reserve Constraints 

There are two reserve constraints within this formulation, dealing with the issues of mining, 

and the destination of mined material. The first constraint (Equation 3.10) relates to 

mining, and states that each panel can only be mined once over the life of the operation. 

The second constraint (Equation 3.11) relates to assigning mined material to a destination. 
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Material can be placed on a stockpile, be directly processed, or be sent to the waste 

dump. The portion of material processed or stockpiled from a group in a given period is 

limited by the portion of material mined from the associated panel. Any differential between 

the processed and stockpiled portion, and the mined portion, is deemed to be waste.  

1≤∑
T

t

itm

   

i∀  (3.10) 

0≤−+∑∑ it

K

k

igkt

R

r

igrt mxp

   

tgi ,,∀  (3.11) 

3.2.3.3.6 Stockpile Constraints 

The stockpiles are modelled under the assumption that any block that has been added to 

the stockpile in a previous period can be removed at any time. This does not reflect a first 

in-first out (FIFO), last in-first out (LIFO), or a grade averaging strategy. This modelling 

allows the optimisation to determine when each block should be removed from the 

stockpile. This can be used to provide guidance for stockpile design. 

∑∑ ≤
N

i

G

g

krtigkrtig LyO
max

 1,, >∀ trk  (3.12) 

∑∑∑∑∑∑∑ ≤−
==

N

i

G

g

kt

R

r

t

p

igkrpig

N

i

G

g

t

p

igkpig ZyOxO
max

11  

tk ,∀  (3.13) 

∑∑ ≤
N

i

G

g

ktigktig AxO
max

 

tk ,∀  (3.14) 

∑∑∑
==

≤−
t

p

igkp

R

r

t

p

igkrp xy
11

0

 

tkgi ,,,∀  (3.15) 

There are a number of constraints used to implement the stockpile model. The stockpile 

rehandling constraint (Equation 3.12) sets a maximum limit on the tonnes of material 

reclaimed from each stockpile in each period. The stockpile size constraint (Equation 3.13) 
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sets a maximum limit on the tonnes of material on each stockpile at the end of each 

period. This will often be imposed due to the available area for stockpiling material. The 

stockpile addition constraint (Equation 3.14) sets a maximum limit on the tonnes of 

material that can be added to each stockpile in each period.

 

This constraint becomes 

relevant if the stockpile is inaccessible in any period. Additionally, it can be applied as a 

user control to manipulate the use of stockpiling throughout the operation. Equation 3.15 

enforces the reality that material cannot be removed from the stockpile unless it has 

already been placed there in a previous period. 

3.2.3.3.7 Sequencing Constraints 

There are two linked constraints applied in this formulation to control sequencing 

relationships between panels. One set of constraints is applied for each integer variable in 

each period. The premise of this formulation is that mining in a panel cannot commence 

until its corresponding integer variable is set to one (Equation 3.17). The integer variable 

corresponding to a particular panel cannot be set to one until all of its preceding panels 

have been fully extracted (Equation 3.18).  

0
1

≤−∑
=

it

t

p

it bm

   

ti,∀  (3.17) 

0
1

≤−∑∑
=

t

p

S

s

stiti

i

mbS

    

ti,∀  (3.18) 

These constraints do not account for when the activity takes place within the period. Care 

needs to be shown in selecting the time period length to allow the problem to be solved 

whilst providing a practically achievable mine plan. 

3.2.3.3.8 Time Cost Constraints 

In many optimisation paradigms, time costs are apportioned to the component limiting the 

operation (mining, processing, or selling). This requires the limiting component to be 

assumed, and the same component to be limiting the operation in every time period. This 
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approach may be erroneous due to variable grade distribution and waste stripping 

requirements.  

As the name suggests, time costs are linked to time, rather than production. Time cost 

constraints are used to determine the portion of the period that the operation is incurring 

time costs. This will only be less than 100% in the final period, and is determined by 

considering the portion of the mining, processing or selling capacity that used in each 

period. The fully utilised capacity drives the application of time cost. Applying a time cost 

driver to the formulation, without an assumption of the limiting component, reduces the 

likelihood of material misclassification, and may improve NPV. 

In order to achieve this, one constraint is used for each component (mining, processing 

and selling) in each period. These determine the component that is limiting the operation, 

and the portion of the year utilised by the limiting component.  

0
max ≤−∑ tt

N

i

iti QfmQ

 

t∀  (3.19) 
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(3.21) 

3.2.3.4 MIP Solver 

The code for the optimisation model was written in MATLAB and solved with CPLEX v11. 
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CHAPTER 4 OPEN PIT CASE STUDY  

4.1 Project Overview 

The Marvin Copper project is a hypothetical data set created by Norm Hansen for Whittle 

Programming in 1999. The resource is based on a typical hydrothermal sulphide mineral 

deposit in the Lachlan Fold Belt of New South Wales (Whittle et al, 2007).  

Marvin Copper is a large, low grade copper-gold resource. Views of the orebody can be 

seen in Figure 4-1 and Figure 4-2. Figure 4-3 shows the distribution of gold and copper 

within the orebody. The majority of material has a grade of less than 1.3 g/t Au and 1.5% 

Cu. Copper and gold grades are not strongly correlated: the presence of copper increases 

with depth and gold decreases with depth. 

 

Figure 4-1 Ore lode orientation looking North (Whittle et al, 2007) 
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Figure 4-2 Ore lode orientation looking North-East (Whittle et al, 2007) 

 

Figure 4-3 Resource summary by grade 
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4.2 Parameters 

There are two configurations considered in this case study, each with associated 

economic and technical parameters (Table 4-1). The first involves a flotation processing 

configuration. The second explores the possibility of minimising soluble copper to improve 

metallurgical recoveries.  

Parameter Configuration 1 – 
Flotation 

Configuration 2 –      
Blend  

Slope Angle  45° 45° 

Net Price – Au $19.6/g $19.6/g 

Net Price - Cu $1.33/lb $1.33/lb 

Discount Rate (%) 10% 10% 

Mining Cost $1/t $1/t 

Mining Capacity  MR (range) Mtpa MR (range) Mtpa 

Stockpile Rehandling Cost $0.2/t $0.2/t 

Stockpile Addition Cost $0.3/t $0.3/t 

Processing Cost $5/t $5/t 

Processing Recovery - Au 60.00% 64.09% 

Processing Recovery - Cu 88.00% 94.00% 

Processing Capacity  PR (range) Mtpa PR (range) Mtpa 

Time Cost ($million pa) 6.06.0
)

20
(100)

50
(50

PRMR
+  6.06.0

)
20

(100)
50

(50
PRMR

+  

Capital Cost ($million) 9.09.0
)

20
(550)

50
(200

PRMR
+  9.09.0

)
20

(550)
50

(200
PRMR

+  

Table 4-1 Configuration parameters 

Later in this case study, a sensitivity analysis will be completed on mining rate (MR) and 

processing rate (PR). These rates tend to influence operating costs, through economies of 

scale, and capital costs, through the need to procure plant or equipment. These 
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relationships are modelled with an exponential relationship between cost and each of 

these rates (Noakes and Lanz, 1993). Time costs are assumed to be $150 million for the 

base case, and vary with a proportional exponent of 0.9 for any changes in mining or 

processing rate. The choice of this exponent magnitude (less than 1) ensures that for 

increases in production rate the overall unit operating cost reduces, so long as the 

additional capacity is fully utilised. If capacity is not fully utilised, there is a cost penalty 

associated with the fixed time cost of maintaining additional plant or equipment. The 

capital cost is associated with the same exponent to reflect that additional capacity from 

the base case incurs an exponentially decaying marginal expenditure. 

4.3 Pit Optimisation 

The pit optimisation of Marvin Copper was conducted with Whittle 4X software (Gemcom, 

2006), based on the Lerchs-Grossman algorithm (Lerchs and Grossman, 1965). The pit 

optimisation process determines the outline of blocks that should be mined, subject to 

geotechnical and economic parameters, to maximise the undiscounted cashflow of the 

operation. A parametric pit optimisation process, and subsequent manual pit shell 

selection, was used to aggregate blocks into panels.  

The base case parameters for Configuration 1 were applied to the Marvin Copper orebody 

to generate a series of pit shells corresponding to revenue factors of between 30% and 

200% of the base case metal prices.  
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Figure 4-4 Pit shells for rev. factors of (a) 65%; (b) 100%; and (c) 200%. (Contained 

copper shown)  
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Figure 4-4 shows that the first pit shell (a), at a revenue factor of 65%, is substantially 

smaller than those at higher metal prices, minimising the initial waste stripping and 

targeting high grade areas within the orebody. Additionally, it is evident that the base case 

price pit shell (b) contains most of the metal within the model. Doubling the base case 

metal price (c) results in all remaining metal being included in the pit outline. This pit shell 

exhibits a substantial increase in waste stripping. 

Pushbacks were selected to contain approximately 100 Mt of rock (ore and waste), with 

the initial cutback containing approximately 150 Mt of rock. A simple schedule was 

conducted for each of the 37 pit shells under these rules to determine the ultimate pit shell. 

 

Figure 4-5 Pit-by-pit analysis showing ore, waste and value for 37 potential ultimate pit 

shells 

The ultimate pit shell was deemed to be pit shell 26, which corresponds to a revenue 

factor of 90%. Additionally, intermediate pushbacks of pit shells 1, 5, 10, and 17 were 

selected. Figure 4-6 shows these pushbacks in plan and section view. 
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Figure 4-6 View of pit pushbacks in (a) plan; and (b) section 

4.4 Grade Descriptor 

Since Marvin Copper is a multi-element deposit, the cut-off is multi-dimensional. As a 

result, an equivalent copper grade (CuEq) was used as a cut-off grade descriptor for this 

case study. This simplification was not necessary for the application of the method, but 

was completed to aid in the reader’s interpretation of the results, as multi-dimensional cut-

off grades are difficult to visualise. This is common industry practice. 

The CuEq  grade value is a combination of the gold (GG ) and copper (CG ) grades 

converted into an equivalent copper value, after considering selling prices ( CP / GP ) and 

costs ( CS / GS ), as well as the metallurgical recovery associated with each element        

( CR / GR ). 

This grade was calculated by determining the revenue ( R ) associated with each block, 

based on the assumed parameters for each element. The revenue was then converted 

back to the copper grade that would generate the same amount of revenue (Equations 4.1 

and 4.2). 
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CRCuEqCSCPGRGGGSGPCRCGCSCPR ××−=××−+××−= )()()(  (4.1) 

GG
CRCSCP

GRGSGP
CGCuEq ×

×−

×−
+=

)(

)(
 (4.2) 

This equivalent grade is valid if the ratio 
CRCSCP

GRGSGP

×−

×−

)(

)(
 remains constant over the life of 

the mine. If the ratio changes over the life of the operation, the equivalent grade concept 

becomes invalid. For demonstration purposes, these conditions were satisfied in all 

scenarios. 

4.5 Configuration 1 – Flotation 

The first configuration (Configuration 1) analysed in this case study involves ore being fed 

to a flotation circuit, with the resultant concentrate being sold. The base case has a mining 

capacity of 50 Mtpa and processing capacity of 20 Mtpa. This section examines how value 

was optimised for this configuration under various assumptions, and provides further 

applications. 

4.5.1 Optimisation 

4.5.1.1 Base Case 

The MIP formulation in this thesis allows for the simultaneous optimisation of cut-off grade 

and scheduling. The basis of the approach is to create a number of grade groups within 

each panel that can be accumulated, and sent to the same destination. As the number of 

groups increases, the resolution of the model improves. In a practical sense, increasing 

the number of groups increases the number of cut-off grade options to select from. 

Typically, the solution converges to an upper bound solution above a certain number of 

groups. Increasing the number of groups above this number only acts to increase the 

solution time. The appropriate number of groups is scenario-specific. 
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The grouping process is explored for the optimisation of Configuration 1. In this analysis, 

no assumption is required as to whether the project is mining or processing limited. The 

formulation is able to allocate time and opportunity costs without this assumption. 

Optimisations were completed for a varying number of groups. The results show 

diminishing returns associated with increasing the number of groups. There is a 

substantial increase between one and two groups, after which the increases are gradual. 

NPV appears to reach an upper bound of $348 million with 20 groups. Additional groups 

do not change the result greatly. The total number of ore tonnes, a characteristic of 

strategy, shows some volatility up to 15 groups and then stabilises at 242 Mt. Based on 

this information, it was decided that 20 groups provide an appropriate model of the 

operation. 

 

Figure 4-7 Relationship between number of groups and NPV/tonnage  
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The relationship between number of groups and optimal cut-off grade strategy for 1, 8, and 

20 groups is shown in Figure 4-8. The schedule for 8 groups and 20 groups return similar 

cut-off grade patterns. This indicates that, as the resolution of the model increased, the 

cut-off grade strategy converges to the optimal solution. 

 

Figure 4-8 Cut-off grade schedule for selected number of groups 

An important consideration with an MIP formulation is the solution time. This can quickly 

escalate with increasing problem size, to the point where a solution is unable to be found, 

or memory constraints are reached. The solution time (to within 0.1% of optimality) was 

measured for each trial and is reported in Figure 4-9. Increasing the resolution of the data, 

by increasing the number of groups, appears to have a linear solution time penalty. With 

20 groups the solution time is approximately 40 minutes.  The linear time penalty is due to 

the inclusion of additional linear variables and constraints (Figure 4-10), without increasing 

the number of binary variables. Hence, the solution time is driven by the time to solve each 

linear relaxation. 
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Figure 4-9 Solution time as a function of the number of groups 

In order to reduce the size of the problem, without sacrificing optimality, a variable 

reduction algorithm was applied. This simple algorithm looked to determine the earliest 

possible start time and latest possible finish time for each panel, based on the maximum 

life of the operation, mining and processing capacity, and necessary precedence 

relationships between panels. The objective of this algorithm was to remove any decision 

variables that must be zero, and therefore achieve nothing except increase the solution 

time. The application was effective in reducing solution times by a factor of four, and 

reducing the variables, constraints, and binaries, by a factor of two. The reduction in 

binaries is the most important feature, as this has the added benefit of reducing the 

number of linear relaxations that must be performed to find the optimal solution. 
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Figure 4-10 Problem size as a function of the number of groups 

From subsequent trials over a range of mining capacities, computational time increased as 

the ratio between mining and processing capacity reached the overall strip ratio of the 

operation. When the operation was solely mining limited (for low mining capacity) or solely 

processing limited (for high mining capacity), the solution time was much less than if there 

was greater balance between processing and mining rates, which vary over time as the 

grade distribution changes.  

The resultant production schedule for 20 groups is shown in Figure 4-11. The NPV for this 

case is $348 million. There is a low cut-off grade in the first year while waste is being 

stripped. The strip ratio drops as the ore is accessed, and there is additional mining 

capacity available to increase the cut-off grade in years 2-5. The strip ratio starts to 

increase after year 5 as the mine deepens, and the cut-off grade declines between year 6 

and 9. There is a sudden increase in cut-off grade in years 12 and 13 due to the need for 

material at the end of mine life to directly compensate for time costs. Material recovered 

earlier in the mine life does not directly have to pay for time costs if subsequent material 

can pay for it.  



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
Open Pit Case Study  The University of Western Australia 

 

 

  4-13 

 

Figure 4-11 Optimised cut-off grade and schedule  

Figure 4-12 compares the cut-off grades from the 20 group case with the processing and 

mining limited bounds defined by Lane (1964; 1988). The mining limited cut-off grade is 

the marginal cut-off grade without the inclusion of time cost or opportunity cost. The 

process limited cut-off grade includes both time cost and opportunity cost, where 

opportunity cost is calculated based on the resultant schedule, as it requires knowledge of 

remaining present value for all time periods.  
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Figure 4-12 Comparison of optimised cut-off grade schedule with processing and mining 

limited bounds 

The comparison showed that the optimised cut-off grade remains between these bounds 

at all times. However, in most periods the optimised cut-off grade is neither the processing 

limited nor the mining limited cut-off grade. For some years this is due to the balanced cut-

off grade being optimal. In other periods, such as years 2-5, this is due to the ability of the 

MIP solver to recognise that the average grades mined in these periods are quite high and 

that further increasing the cut-off grade would sterilise high grade material, and bring 

forward mining costs. The return to the processing limit cut-off grade in years 12 and 13 

reflects the direct impost of time costs as previously discussed. 

The mining schedule is spatially represented in Figure 4-13. Further adjustment of the 

pushbacks could be selected to cater for maximum advance rates or other practical 

considerations. 
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Figure 4-13 View of schedule (coloured by mining year) for (a) plan; and (b) section 

4.5.1.2 Sub-Optimal Paradigms 

The traditional strategic open plan planning approach would see the optimisation of a 

schedule based upon a marginal cut-off grade assumption. The marginal cut-off grade is 

defined as the grade above which material is more valuable as ore than as waste. Time 

costs are added to processing cost if the operation is processing limited, and added to 

mining cost if the operation is mining limited. Opportunity costs are often not considered 

for simplicity.  

For this case study, marginal cut-off grade schedule optimisations were completed for both 

mining limited (Figure 4-14) and processing limited (Figure 4-15) assumptions. These 

analyses were used to benchmark and validate the optimisation model. Against the 

industry standard Whittle 4X proprietary scheduler Milawa NPV, the schedules returned 

from both cases were fundamentally identical, with a difference in NPV of less than 0.1%.  
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Figure 4-14 Marginal cut-off grade optimised schedule – mining limited assumption 

 

Figure 4-15 Marginal cut-off grade optimised schedule – processing limited assumption 
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The results demonstrate the problems associated with pre-allocating time costs to 

determine marginal cut-off grades.  

The mining limited assumption results in a low marginal cut-off grade of 0.2% CuEq. With 

a low cut-off grade, there are a relatively large number of blocks classified as ore. 

Ironically, the operation is limited by processing in all but three periods (years 10, 12, and 

14). The low cut-off grade also results in a long mine life of 16 years, with a large amount 

of excess mining capacity available in many periods. 

The opposite is true for the processing limited assumption. In this case, the time costs 

were loaded onto the processing cost, increasing the marginal cut-off grade to 0.5% CuEq. 

At this cut-off grade, the mine struggles to find enough material to feed the mill, and is 

forecast to be mining limited in years 1, 6, 8, 10 and 12.  

The traditional approach tends to provide contradictory results. However, the processing 

limited assumption seems better suited to the scenario and produces a higher NPV ($184 

million) than the mining limited assumption ($23 million). The discrepancy between these 

values is significant, and indicates the value of accurate and efficient strategic planning. 

These NPVs are both much lower than the more appropriate approach outlined in Section 

4.5.1.1, reflecting the sub-optimality associated with the application of this traditional 

paradigm.  

Subsequently, opportunity costs were modelled into the mining limited (Figure 4-16) and 

processing limited (Figure 4-17) assumptions to delineate the value associated with 

accurately modelling time costs in the optimisation.  
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Figure 4-16 Optimised cut-off grade and schedule – mining limited assumption 

 

Figure 4-17 Optimised cut-off grade and schedule – processing limited assumption 
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The mining limited case returned an NPV of $262 million. The cut-off grade schedule 

shows a declining cut-off grade strategy, albeit at a lower grade than the base case. 

However, Lane’s theory states that a declining cut-off grade strategy is only appropriate 

when the operation is processing limited. As the operation is clearly not mining limited (as 

assumed) in years 2-5, the cut-off grade increases. The underutilisation of mining capacity 

in many of the periods ensures that the entire time cost is not incorporated in the 

optimisation. Consequently, the life of the operation is almost two years longer than the 

base case optimisation.  

The processing limited assumption optimisation has a resultant NPV of $271 million, a 

slight improvement over the mining limited case. This improvement can be attributed to the 

operation being processing limited more often than mining limited. Interestingly, the cut-off 

grade for this scenario is relatively constant over the life of the operation, contradicting the 

theory of Lane for processing limited operations.  

As with the marginal cut-off case, the assumption of the operation’s limiting component 

tends to be contradictory i.e. the execution of this assumption biases the result towards the 

other assumption. The only way to avoid this problem is to omit the assumption and allow 

the optimisation to determine the limiting component, as has been shown. The NPV gains 

due to the application of time costs, in this case, were up to 30%. This represents a 

substantial improvement over traditional approaches. 

4.5.1.3 Optimised Schedule, Cut-off and Stockpile 

Stockpile utilisation is an additional degree of freedom that can be added to the 

optimisation. The impact of stockpiles on cut-off grade has yet to be optimised in the 

literature. However, the presence of a stockpile allows excess mining capacity to be 

economically utilised, as low grade material can still be processed at a later date. The 

stockpile acts to redistribute grade throughout the life of the operation, typically bringing 

high grade material forward and delaying the processing of low grade material. Stockpiles 

do have associated costs (stockpile addition and rehandling costs) which have been 

incorporated in the objective function. For demonstration purposes, limits on stockpile size 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
Open Pit Case Study  The University of Western Australia 

 

 

  4-20 

and rehandling were not considered, other than the requirement that stockpile addition and 

rehandling quantities be deducted from the global mining limit. 

A test of the number of groups required to produce optimal results for this scenario was 

completed (Figure 4-18). It appears that NPV tends to reach its upper bound at around six 

groups. However, the tonnes of ore only stabilises after 20 groups. 

 

Figure 4-18 Relationship between number of groups and NPV/tonnage for stockpile case 

The resulting NPV for this scenario is $437 million, a 26% improvement over the optimised 

“no stockpile” case. Analysis of the schedule (Figure 4-19) shows that mining capacity is 

more evenly distributed than in previous cases, as the stockpile is able to provide balance. 

This is done by utilising periods with excess mining capacity (years 2, 3, 5, 7, 9, and 11) to 

stockpile lower grade economic material with the view to processing it in periods when 

there is not enough ore coming from the mine (years 4, 6, 8, 10, and 12).   
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Figure 4-19 Optimised with stockpile schedule  

Figure 4-20 shows that the direct ore cut-off grades for the stockpile case are significantly 

higher for the with stockpile case (OPT STKPL) than the without stockpile case (OPT). 

This is demonstrated in every period. There are two key reasons for this. Firstly, there is 

excess mining capacity for the no stockpile case in a number of periods. With the option of 

stockpiling, some or all of this excess capacity can be utilised to stockpile material. Only 

the 20 Mt of highest grade material will be sent directly to the mill. Mining material faster 

generally uncovers higher grade ore sooner. As a result, the cut-off grade increases, with 

the low grade economic ore being sent to the stockpile. Secondly, a high direct ore cut-off 

grade in the early periods can lead to some moderate to high grade ore being placed on 

the stockpile. Potential ore in the pit competes with the material in the stockpile for 

processing. The direct ore cut-off must have a higher grade than the stockpiled material in 

order to be processed directly, pushing up the direct ore cut-off grade.  
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Figure 4-20 Direct ore cut-off grades for optimised without stockpile and without 

stockpile cases 

These two issues are very difficult to resolve manually. There is clearly discounting 

implications of optimising cut-off grade for stockpiling scenarios. This multi-period 

optimisation formulation was able to resolve the grade redistribution and discounting 

issues associated with the stockpiling of material. 

4.5.1.4 Configuration 1 Comparison 

The analysis of Configuration 1 compared the traditional approach for strategic scheduling 

with the approach taken in this thesis, which accurately accounts for time and opportunity 

costs. Figure 4-21 shows the NPV associated with each of the cases considered in this 

section. All scenarios reported a positive NPV (after initial capital expenditure). However, 

the difference in magnitude of the solutions is substantial. 
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Figure 4-21 NPV comparison of cases 

The traditional approach of predetermining cut-off grade based on a marginal cut-off grade 

calculation was completed. This required the assumption of the component limiting the 

operation. Both mining limited and processing limited assumptions were tested. The 

processing limited (MARG – PL) assumption provided a significantly higher NPV ($184 

million) than the mining limited (MARG – ML) assumption ($23 million). This reflects the 

greater tendency of the operation to be processing limited.  

The marginal cut-off grade rule does not consider opportunity costs in its calculation. 

Hence, the MIP formulation was used to optimise cut-off grade under both mining and 

processing limited assumptions. In this case, the mining limited (OPT – ML) NPV ($262 

million) was quite close to the processing limited (OPT – PL) NPV ($271 million). The 

mining limited case displays a declining cut-off strategy, whereas the processing limited 

optimisation has a relatively constant cut-off grade profile.  It was shown that the limiting 

component assumption is often contradictory. Applying one assumption tends to bias the 
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solution towards being limited by the other component. As a consequence, time costs are 

not fully incorporated in the optimisation, and sub-optimal solutions result. 

The MIP formulation enables time costs to be incorporated without an assumption of the 

limiting component (OPT). Hence, time costs are always fully reflected in the optimisation. 

Cut-off grade was optimised for this case, with a much higher resultant NPV of $348 

million. The result of this optimisation showed a high cut-off for initial periods, declining to 

a lower cut-off grade in later periods.  

Finally, the project was optimised for stockpile utilisation (OPT STKPL). This resulted in a 

significantly higher NPV ($437 million) and higher cut-off grade in every period. This 

reflects the opportunity costs associated with stockpiling material when there is excess 

mining capacity available.  

The differences between these cases are shown through the cumulative NPV schedule 

(Figure 4-22). The most obvious outlier of this analysis is the MARG - ML case. The low 

cut-off grade enforced for this scenario results in low average grade in initial periods, and 

low discounted cashflow. All other scenarios exhibit a higher cut-off grade over the first 5 

or so periods, and are able to add value faster. By the time the MARG – ML case is able to 

access high grade ore, revenue is heavily discounted. This case struggles to break-even in 

year 15.  

The OPT case demonstrated aspects of both the OPT – ML and OPT – PL cases. Initially, 

the OPT case follows the high cut-off grades of the OPT – PL case, with resulting high 

discounted value. As the operation proceeds, the cut-off grade of the OPT case declines 

and moves towards the lower cut-off grades of the OPT – ML case. This is reflected in the 

fact that the gradient of the OPT – ML case is greater than the gradient of the OPT – PL 

case after year 7. Hence, the OPT case was able to use the best of these cases, through 

the accurate reflection of time costs. 
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Figure 4-22 Cumulative NPV comparison between cases 

The OPT STKPL case has its main point of difference from the OPT case in year three. In 

this period, the OPT STKPL case mines 25 Mt more material, which is stockpiled. This 

enables a much higher average grade, and revenue, to be achieved in this period. After 

this point, the OPT STKPL and OPT cases progress with a similarly shaped curve. 

Integrated optimisation with accurate modelling of time costs enabled substantial 

improvements in value to be gained, in this case. The difference in NPV between the OPT 

STKPL and the MARG – ML cases is $414 million. This is the difference between a 

marginal project unlikely to be executed (MARG – ML), and a profitable venture (OPT 

STKPL). 

4.5.2 Applications 

The ability to optimise the operation for a single project configuration allows multiple 

configurations to be compared consistently. By considering multiple project configurations, 
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the likelihood of finding the optimal (or near optimal) configuration is greatly increased. 

This section applies the optimisation process to determine optimal mining and processing 

capacities. 

4.5.2.1 Optimised Mining/Processing Capacities 

A change of mining or processing capacity can have a significant impact on project value. 

Mining and processing capacity influences a number of project parameters. An increase in 

capacity can result in decreased discounting, increased upfront capital expenditure to 

provide the capacity, increased time costs to support the infrastructure, decreased unit 

cost of production (assuming capacity is fully utilised), and decreased mine life. These 

relationships are not trivial, and require project specific analysis to converge on the optimal 

solution.  

The impact of each of these issues needs to be built into the optimisation process to 

accurately analyse each alternative. Both time costs and capital costs were assumed to 

follow exponential relationships (Table 4-1). The exponential relationship reflects the 

assumption that cost changes at a rate that is less than the proportional change in 

capacity. Variable costs were assumed to remain constant. Should capacity be fully 

utilised, an increase in production rate would result in a reduced unit costs. However, if 

capacity is not fully utilised, unit costs may increase. Mine life and discounting are 

reflected in the schedule optimisation. 

Configurations with a range of processing and mining capacities were optimised in this 

analysis for the OPT case. The range of processing rates tested were 10 Mtpa to 40 Mtpa 

(at 5 Mtpa intervals). Mining capacities were considered as a ratio of the processing 

capacity (1.5 to 5 in 0.5 increments). This approach, as opposed to an absolute range of 

mining capacities, was taken in order to eliminate infeasible capacity combinations.  
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Figure 4-23 NPV contour for range of mining and processing capacities 

The interpolated NPV contour of the results is provided in Figure 4-23. The highest NPV is 

achieved at a processing capacity of 30 Mtpa and a mining capacity of 75 Mtpa (ratio of 

2.5). The band directly surrounding the optimal solution (marked with an “x”) represents 

the top 5% of solutions. This reflects that the processing capacity should be between 27 

Mtpa and 38 Mtpa, with a mining capacity of 2 to 3 times this amount, in order to maximise 

NPV. 

The results showed that there is a maximum mining capacity for each processing capacity. 

Increased mining capacity is penalised with higher time and capital costs. The operation 

needs to utilise the capacity in order to justify the additional cost.  

A similar analysis was conducted for the OPT STKPL case. This resulted in a larger band 

of scenarios within 5% of optimal, relative to the no stockpile case (Figure 4-24). 

Additionally, the drop-off in NPV as mining limit increases is more gradual with the 

inclusion of a stockpile. The stockpile is able to absorb the additional mining capacity and 

use it to improve early grade. Without a stockpile, additional mining often results in the loss 

of some economic ore. 
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Figure 4-24 NPV contour for range of mining and processing capacities (with stockpile) 

The assumptions imbedded in the analysis are the key to gaining reasonable results for 

decision support. The further away from the base case capacity, the less confidence there 

can be in the results. To confirm the results, costs would need to be recalculated for the 

optimal result. If the costs were significantly different from those assumed by the 

exponential relationships, the analysis would need to be repeated with updated 

information. Several iterations may be necessary in order to optimise to a required 

tolerance. 

4.6 Configuration 2 – Blend for Better Recoveries 

Configuration 2 explores the potential to limit the percentage of soluble copper in the 

flotation process to improve the metallurgical recovery of both gold and copper. By limiting 

the average percentage of soluble copper in each time period to a maximum of 25%, an 

improvement in metallurgical recovery for both copper and gold of about 7% is assumed to 

be possible. Increasing the copper and gold recoveries by the same percentage ensures 

that the equivalent copper grade calculation is still valid. As in Configuration 1, the mining 

capacity is 50 Mtpa and processing capacity is 20 Mtpa. This section examines how value 

is optimised for this configuration under various assumptions. 
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4.6.1 Optimisation 

4.6.1.1 Optimised Schedule and Cut-off 

Marginal cut-off grades are not valid with the incorporation of blending soluble copper. Nor 

is the definition of a single cut-off grade. The selection of material for processing will 

depend on the percentage of soluble copper (CuSol) and the grade of the block (CuEq).  

As selection for processing is dependent on the both the CuEq and CuSol grades, the 

grouping of blocks must consider both. The optimisation will generally prefer high CuEq 

and low CuSol material. However, depending on the capacity constraints and grade 

distribution, one of these elements may become more important. Figure 4-25 shows the 

block allocation with 10 groups.  

 

Figure 4-25 Example of grouping with 10 groups for blended case 

The number of groups required to achieve optimal results was tested for this configuration. 

Figure 4-26 shows that the NPV increases significantly from 1 to 2 groups. With one 

group, all CuSol and CuEq of “potential ore” blocks are averaged. As a result, there is no 

available ore (and revenue) in the first two periods. The NPV steadily increases between 2 
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and 10 groups. After this point, the increases are marginal, and appear to reach an upper 

bound at 40 groups. The total ore is volatile with a small number of groups and appears to 

be centred on 204Mt of ore. However, the total ore increases for both the 30 and 40 group 

scenarios. This can be attributed to the greater resolution of groups being able to include 

more material in earlier periods. This trend may continue for additional groups. 

 

Figure 4-26 Relationship between number of groups and NPV/tonnage for blend case 

The schedule for the 40 group case (Figure 4-27) shows that the CuSol constraint is 

limiting in each of the first three years. In the first year, this constraint results in a 

significant processing shortfall, as material in the upper benches tends to have high CuSol 

grades. After year three, the CuSol constraint has little impact on the solution, as the 

material in these areas has a lower CuSol grade. Significant revenue is foregone in the 

first three years, in return for greater metallurgical recovery. This scenario returns an NPV 

of $310 million, $38 million less than the equivalent Configuration 1 case. 
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Figure 4-27 Optimised no stockpile schedule for blend case 

Figure 4-28 demonstrates how ore and waste are differentiated in the presence of the 

CuSol constraint in year two. There is a lower bound CuEq grade associated with the 

value of the block (CuSol does not generate revenue). However, there is also a limit to the 

CuSol grade accepted for any block to processing. The maximum CuSol grade increases 

as the CuEq grade increases. The maximum CuSol grade accepted for processing in year 

two is about 40%. For low CuEq grades, the maximum CuSol grade is 25%. 
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Figure 4-28 Grades and recommended destination for no stockpile case, year 2 

4.6.1.2 Optimised Schedule, Cut-off and Stockpile 

The ability to stockpile allows high CuSol material that is discarded from early periods in 

the previous optimisation to be retained for later processing with low CuSol material. As a 

result, the average CuSol grade increases from 19.5% to 24.5%, maximising utilisation of 

high CuEq, high CuSol blocks. The NPV of this solution is $467 million, and represents a 

51% increase over the no stockpile case. The majority of stockpiled material is gathered in 

years 1, 2, 3, and 5 when the average CuSol percentage is high (Figure 4-29). This allows 

the operation to better utilise mining capacity and continue for almost two years longer 

than the “no stockpile” case. 
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Figure 4-29 Optimised with stockpile schedule for blend case 

 

Figure 4-30 Grades and recommended destination for stockpile case, year 2 
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The utilisation of the stockpile in year two is shown in Figure 4-30. The cut-off area for 

processing is similar to that of the no stockpile case. However, the high CuEq, high CuSol 

material is now stockpiled rather than discarded as waste. This material is still able to be 

extracted for high value at a point in time when it can be blended with low CuSol material. 

4.7 Summary 

This case study considered two different processing configurations for the Marvin Copper 

project. The first is a basic flotation circuit and the second is a modification to improve 

recoveries at low CuSol percentages.  

It was shown that the inefficient modelling of time costs, by making leading assumptions, 

can lead to significantly sub-optimal solutions. The simultaneous optimisation of cut-off 

grade and mine schedule resulted in improved utilisation of capacity, and a subsequent 

increase in NPV. Stockpile utilisation was also shown to add substantial value. 

The cumulative discounted cashflow of four prominent scenarios (Figure 4-31) shows that 

the “with stockpile” and “no stockpile” scenarios for each processing configuration return 

similar total discounted value. For the “no stockpile” case, Configuration 1 has a higher 

NPV. This result is reversed for the “with stockpile” case. Configuration 2 has lower 

expected revenue in the early periods (particularly year 1) than the Configuration 1, due to 

strict grade constraints on CuSol. This gap is closed over the remaining periods, as low 

CuSol grade material becomes available and is able to be processed with improved 

recovery. While the NPV results for the two processing configurations are similar, the 

lower initial revenue of the blended case results in a longer payback period. 
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Figure 4-31 Cumulative NPV comparison between cases 

This analysis does not guarantee to find the optimal project configuration. It shows how a 

single configuration can be optimised. It is the role of the engineer to suggest and model 

configurations that have the potential to provide high value.  
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CHAPTER 5 UNDERGROUND OPTIMISATION 

LITERATURE 

As mentioned in the introduction, there are four key aspects of an underground mine plan 

and design. These are cut-off grade optimisation, stope boundary optimisation, 

development design optimisation, and schedule optimisation. The current state of the art in 

these aspects will be discussed in the following sections. 

5.1 Cut-Off Grade Optimisation 

Nilsson (1982) suggested that the cut-off grade decision is more important to optimise for 

underground mines than open pit mines, as material left unmined in an underground mine 

may not be recoverable at a later date. Also, underground mines will often have a higher 

proportion of time costs. Since the allocation of time costs is a contentious issue (as has 

been shown in Chapter 4), correct cut-off calculation for underground mines is more 

difficult. 

While Lane’s theory applies to both open pit and underground mines (Section 2.4), open 

pit mines have received much of the attention relating to cut-off grades. One important 

difference noted by Lane (1964; 1988) is the impact of mining costs on cut-off grade. For 

an open pit operation, it is assumed that a block will be mined regardless of cut-off grade. 

Hence, mining cost is not included in the cut-off grade calculation. For underground mines, 

a block is either mined and processed, or left behind. Hence, mining costs must be 

attributed to the ore blocks. This increases the cut-off grade for underground operations.  

Much recent work has focused on the concept of varying cut-off grade spatially. Border 

(1991) suggested that is often necessary to apply different cut-off grades in different areas 

within the mine, due to the application of different parameters. Differences in rock 

conditions can lead to a change in dilution and recovery, and mining costs. Additionally, a 

change in orientation or shape of the orebody would likely lead to different parameters 

being applied. Border insisted that average costs should not be applied, as this practice 

leads to economic ore subsidising sub-economic ore. 
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Wheeler and Rodrigues (2002) presented formulae for calculating the cut-off grade of 

operational areas within the mine, using incremental costs. A lower cut-off grade is applied 

to stope and development muck areas. This material would not have to “pay” for mining 

and haulage costs, as it would have to be mined and hauled to the surface regardless of 

whether or not it is processed. 

Hall and de Vries (2003) and Hall and Stewart (2004) expanded this concept by 

suggesting that cut-off grade can vary by location, even when all of the parameters are 

held constant. Horsley (2005) showed that low-grade lodes can be extracted profitably if 

there is a nearby higher grade lode that can carry the time and development costs. This 

was shown to substantially increase value for a simple case study. 

Hall and de Vries (2003) noted that, in their experience, break-even cut-off grades were 

applied too often, and were not a value maximising strategy. Many underground mines 

were employing cut-off grades of 25-35% less than the cut-off grade required to maximise 

NPV. Hall and Stewart (2004) stated that NPV could be increased by 10-50% through cut-

off grade optimisation. They speculated that perhaps an increase in ore reserve tonnes or 

contained metal, associated with a low cut-off grade, is seen as “good” in the eyes of 

shareholders. However, employing a strategy whereby some marginal material is mined 

exposes the company to additional, unnecessary risk. Optimal cut-off grades are generally 

less volatile than break-even cut-offs when prices or costs change. In feasibility studies, 

companies are often more concerned with raising finance, which can be achieved by 

producing a sub-optimal plan with a large positive NPV, than they are with finding the 

strategy that will maximise NPV. Border (1991) said that the cost of conducting a cut-off 

optimisation study is “fully justified in most cases”.  

Cut-off grade and production schedule optimisation for an underground mine was 

undertaken by Smith and O’Rourke (2005). They developed an MIP formulation that 

simultaneously designed and scheduled a large orebody. Cut-off grades were able to be 

determined from the resultant plans. The solution was found to have an NPV 29.5% higher 

than that found using conventional methods. A limiting assumption made for this method is 

that all mining activities associated with a stope are conducted within one year.  
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5.2 Stope Boundary Optimisation 

Tatiya (1987) applied incremental analysis to optimise the base positions of stopes and 

their orientation, given the objective of maximising operating margin. Due to the limitation 

of computational speed at the time, only a limited number of discrete combinations could 

be considered.  

Alford (1995) described the “Floating Stope” algorithm for producing mining envelopes, 

using a heuristic approach to identify areas (or shapes) of interest within the resource. The 

premise of the algorithm is that a shape is “floated” over the resource to identify those 

shapes that have a value/grade above a given threshold. Minimum and maximum mining 

envelopes are generated to guide the engineer in stope design.  

An alternative heuristic procedure for stope boundary optimisation is the “Stopesizor” 

algorithm (Thomas and Earl, 1999; Myers et al, 2004). The Stopesizor algorithm provides 

several important advances from the Floating Stope algorithm. Firstly, the Stopesizor 

algorithm gives a single design option for a specified mining geometry and cut-off grade. 

This reduces the need for the engineer to make later design decisions. Secondly, the 

Stopesizor algorithm identifies the highest value shape available at any time, and does not 

include the value of a block in more than one shape. Hence, excessive dilution is not 

induced by the presence of a high grade block. Finally, Stopesizor produces mining 

inventories for a series of cut-off grades. These inventories are “nested”, analogous to the 

nested pit shell concept for open pit mines. This property is particularly appealing in the 

determination of an optimal cut-off grade.  

Grieco (2003) developed an integer programming (IP) formulation to optimise the design of 

stopes along a predefined row of stope “rings”, the minimum selectivity of the mining 

method. The objective is to maximise value for a given risk profile. This method accounts 

for minimum and maximum stope shapes as well as pillars between stopes.  

Ovanic and Young (1995) designed a separable programming formulation to optimise the 

placement of stopes within a row of stope rings. Ovanic (1998) expanded this by 

optimising placement of stopes for various configurations.  
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5.3 Development Design Optimisation 

Brazil et al (1998; 2000) described a method that models the underground development 

design as a least cost network problem. Access points are modelled on each of the 

underground levels as a set of fixed points that need a path to the surface. The objective is 

to find the path that minimises the cost associated with development of these paths, and 

the haulage of material through these paths. A penalty cost for up gradient haulage is 

included.  

As the flow of material through each edge is path dependant, the cost function is also path 

dependant. Additionally, the method allows for the inclusion of junctions: where single 

paths can branch into multiple paths (known as Steiner points). These points are neither 

fixed in number nor in location.  

The approach is to find the least cost network for a given topology (set of access and 

Steiner points) and employ bound arguments to search through all possible topologies, 

with the least cost network being returned. This method relies on an efficient algorithm for 

finding the location of the junctions for a given topology. Brazil et al (2001; 2002) showed 

that the cost function is convex for a given topology. This enables the use of a descent 

algorithm for minimising the cost of the network for a given topology.  

The main problem with this approach is that it is unable to ensure that the network is 

practically navigable. Producing a navigable path may lead to an increase in the length 

and total cost. Brazil et al (2003) described an approach to produce an optimal navigable 

decline. This approach accepts the least cost network and converts the straight line 

segments into a more realistic decline design. The objective is to find the minimum cost 

path that satisfies minimum turning circle and maximum gradient constraints. A dynamic 

program is used to determine the combination of paths between each of the points that 

satisfies the above conditions and minimises the cost function.  
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5.4 Schedule Optimisation 

The majority of work regarding schedule optimisation relates to open pits (Section 2.3). 

Many of the principles from open pit schedule optimisation are also relevant for 

underground mine scheduling. The application of schedule optimisation algorithms to 

underground mines has been limited due to the complex sequencing and multiple activity 

types. However, there has been some interesting operation-specific optimisation 

methodologies applied in the literature. 

Kuchta et al (2004) used an MIP formulation at the Kiruna sublevel caving operation. The 

production schedule optimisation has the objective of minimising deviations from desired 

production and grade targets. This is achieved by optimising the timing and placement of 

LHDs within the length of the mine. The ability of the MIP formulation to optimise multiple 

periods simultaneously helped to avoid bottlenecks later in the project. Topal (2008) 

described a method for minimising the number of integer variables in this problem to 

improve solution speed. 

An MIP formulation for sublevel stoping was proposed by Nehring and Topal (2007), who 

recognised the need to incorporate activities other than production in the optimisation 

model. Preparation, void and filling tasks are included. A particular focus of the formulation 

is constraining the mining of stopes against multiple fill exposures.  
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CHAPTER 6 UNDERGROUND OPTIMISATION 

METHODOLOGY 

6.1 Scope 

There are four key subtasks associated with the optimisation of underground mine 

configuration, as commonly applied in industry. These are cut-off grade, stope design, 

development design, and scheduling (Figure 6-1). Typically, these subtasks are optimised 

sequentially, compounding errors as the analysis progresses.  

 

Figure 6-1 Current standard underground mine planning practice 

The proposed method does not provide the “optimal” mine plan for a given project 

configuration. Unfortunately, there are too many geometric permutations to consider. The 

method used for this thesis considers how information from all aspects of the strategic 

mine plan for a given configuration can be combined into a single generalised optimisation 

model (Figure 6-2). This involves creating a range of possible stope designs associated 

with different cut-off grades, and assigning development to each design. These design 

options are interpreted into the proposed optimisation model. The solving of this 
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optimisation model can provide important information to support strategic decision making, 

prior to detailed design. 

 

Figure 6-2 Proposed underground optimisation method 

6.2 Approach 

The key aspects optimised in this thesis are cut-off grade policy and production and 

development scheduling. It is assumed that many of the aspects of the strategic mine plan 

are dependant. For example, stope design is dependent on the geology and mining 

configurations, and the cut-off grade. Additionally, development design is dependent on 

the stope design and the development configuration.  

Figure 6-3 demonstrates this approach visually. The objective is to find the cut-off policy, 

with associated design, and schedule that maximises value for the given configuration. 
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Figure 6-3 Underground optimisation model concept 

As with the open pit optimisation process, there are three main components to the 

approach. These are activity resolution, cut-off grade options, and the MIP formulation. 

6.2.1 Activity Resolution  

The specific difficulty associated with formulating a generalised MIP is that underground 

mines are not just constrained by production. Underground mines have other activities 

such as development, fill, and curing. These activities have unique attributes and, more 

importantly, cost drivers other than tonnes. Hence, activities need to be created to reflect 

this. 

In this thesis, only development and production activities are considered. It is assumed 

that the other activities can be incorporated into the cost and capacity of the development 

or production activities. However, the principles from this approach could be expanded to 

include other activity types in the optimisation. 

For the open pit optimisation, a panel-based resolution was used. The panel-based 

approach groups all blocks within a pushback and bench together, and the blocks are 

assumed to be extracted at the same rate. A similar, panel-based methodology is adopted 

for the underground mine problem. However, the definition of a panel can vary according 

to the level of detail required, and the complexity of the mining sequence.  
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A common approach is to aggregate all blocks on a level, within a mining area, into a 

panel. Using this method, precedence relationships between panels can be applied to 

define the direction of mining, be it bottom-up or top-down, or otherwise. Sometimes, 

greater resolution will be required. This may be due to large lateral extent of the orebody, 

where production on a level follows a specific sequence. Alternatively, additional resolution 

can be used to simulate a primary-secondary stoping sequence. Also, a panel could be an 

individual stope.  

Based on the production activities, a number of development panels can be created. 

These panels are aggregations of development headings that are effectively completed at 

the same rate, at the same time. Development metres are accumulated for these panels. 

These activities may have different capacities and sequencing constraints applied to them.  

The activity types modelled in this thesis are shaft development, decline development, 

level access development, stope development, and stope production. Shaft development 

is usually completed as a single activity, as the entire shaft would need to be completed 

before any other activity could commence. Decline development is specified by level in 

each mining area. Level access development is also specified by level in each mining 

area, and reflects the access crosscut and perhaps a certain portion of other level 

infrastructure development required before stope production can commence. Level access 

development on a level is dependent on the decline being completed to that point.  

Stoping development panels are assumed to be linked to the stope production panels. 

Two assumptions can be made for stoping development: (a) that it must be completed 

before its related stope production activity can begin, or (b) that it occurs at the same rate 

as its related stope production activity. The appropriate assumption is dependent on the 

size of the production panels and the mining method. If the production panels are large, 

development effectively occurs as production occurs, albeit at a slight lag. If the production 

panel are small, linked development activities should be completed before production 

commences. In reality, a combination of these two assumptions will usually prevail. 

However, this combination could not be applied in the form of linear constraints. 

Each activity, be it production of development, may or may not have a set of precedent 

activities that must be completed prior to commencing the given activity. These precedent 
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activities may reflect the practical constraints ensuring that sufficient development is in 

place to access and ventilate a given production front. They may also reflect geotechnical 

constraints of a given mining method. Additionally, operational constraints may be 

imposed to ensure that certain activities advance at a controlled rate, perhaps to maximise 

the number of available working areas to increase production rate. Depending on the 

mining method, the schedule may range between largely fixed and very flexible. 

6.2.2 Cut-Off Grade Options 

For the open pit mine optimisation, each panel is split into a number of groups according to 

grade characteristics. Groups within the same panel are able to have different processing 

paths, but are extracted at the same rate. 

The approach for optimising underground mines is slightly different. Each panel has a 

number of different cut-off grade options. Each option represents the grade and tonnage of 

the mining inventory for that panel associated with a particular cut-off grade. Cut-off grade 

options can then be exploited to either maximise NPV or to adhere to imposed grade 

blending constraints. In multiple metal scenarios, it is possible to create multi-dimensional 

grade options. 

Snowden’s Stopesizor (Myers et al, 2004) software is used to produce different grade-

tonnage options for each panel. The heuristic stope boundary optimisation algorithm 

involves floating a selective mining block (SMB) over the orebody. The algorithm searches 

for the SMB that achieves the maximum average value (or grade) for the given regularised 

resource model. This SMB is then “flagged” to be mined. The algorithm then identifies the 

SMB that achieves the next highest average value (omitting already flagged blocks). This 

process continues until there are no more SMBs that can be added above a given 

minimum cut-off value. Flagged blocks are allocated to cut-off “bins” according to the order 

they are included in the mining outline. 

A consideration of the algorithm is the concept of “partial” SMBs. Partial SMBs share 

blocks with already flagged SMBs. The algorithm does not include the value of previously 
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flagged blocks in the average value calculation for the partial. All blocks entering the 

mining outline must incrementally meet the cut-off value. 

The algorithm outputs a modified block model coded with the cut-off value at which each 

block is included in the mining outline (Figure 6-4). An appealing property of the process is 

that mining outlines are nested according to cut-off value i.e. high cut-off outlines are 

nested within low cut-off outlines. This result is analogous to the parametric generation of 

shells used for open pits (Whittle and Rozman, 1991).   

 

Figure 6-4 Plan view of (a) resource model and (b) mining outline (coloured by cut-off) 

The method does not account for geotechnical maximum stope size constraints nor 

support pillars. Consequently, the algorithm does not produce actual stopes; rather 

outlines on which to base practical stope designs. The algorithm does not incorporate 

economic and technical parameters. As such, the algorithm does not give the optimum 

mining outline, only a series of outlines to be considered for further evaluation, based on 
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specified cut-off values. A grade-tonnage curve based upon the stope boundary 

optimisation results provides a more accurate set of data for economic evaluation than 

does the raw resource model (Figure 6-5), due to the inclusion of planned dilution and the 

exclusion of isolated above cut-off value resource blocks in the mining inventory. 

 

Figure 6-5 Resource – Mining inventory comparison (annotated by cut-off grade) 

A limitation of the Stopesizor approach is that mining inventories are determined from a 

single threshold parameter, be it grade or some combination of grades or values. As such, 

it does not directly address blending issues. This problem is also present in pit optimisation 

algorithms. Typically, blending constraints are applied at the scheduling stage (in the 

optimisation model), rather than the design stage. From an operational point of view it is 

difficult to blend underground material because of limited stockpiling space and the 

inability to differentiate material within the same stope. 

The optimisation model allows for only one cut-off option to be selected from each panel. If 

the mining outline between panels is not dependent, a different cut-off grade could be 

applied to each panel. At the other extreme, a common approach is to apply a single mine-
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wide cut-off grade. When this is the case, all panels must select the same cut-off grade 

option. 

 

Figure 6-6 Level development design for (a) 1 g/t cut-off and (b) 7 g/t cut-off 

Development design is usually dependent on the mining outline and development concept. 

For this approach, development designs are created for each mining outline (one mining 

outline for each cut-off grade). These designs are completed manually, based upon a 

given development concept. The development designs are completed in order to 

determine the relationship between development metres and cut-off grade on each level 

(Figure 6-6). This allows a given mining outline to be matched with a valid development 
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design. An extension to this approach would be to optimise the development 

network/decline using methods such as those outlined by Brazil et al (2004).  

6.2.3 MIP Formulation 

There are two key areas that are optimised in this formulation. Firstly, the timing of 

extraction for each panel (production and development) is optimised, whilst adhering to 

geotechnical and practical sequencing constraints. Secondly, the cut-off grade option for 

each panel is optimised. The characteristics of each panel and cut-off grade option, as well 

as the assumed economic and technical parameters of the operation, will impact on the 

optimal solution. 

6.2.3.1 Decision Variables 

There are six types of decision variable included within this formulation (Table 6-1). All 

decision variables (except for the binary variables) are real numbers between 0 and 1. 

Field Description Inflows Outflows 

igrtp  Portion of cut-off grade option g within 

production activity i that is processed 

through processing path r in period t  

• Sales 

revenue 

• Processing 

• Mining 

• Selling 

jgtd  Portion of development activity j 

associated with cut-off grade option g 

of that is completed in period t  

• Nil • Development 

tf  
Portion of period t that is utilised by 

either mining, development, 

processing, or selling capacity 

• Nil • Time cost  

itb  Binary variable indicating whether 

production activity i is able to be 

commenced in period t (1) or not (0). 

• Nil • Nil 

jtb  Binary variable indicating whether 

development activity j is able to be 

commenced in period t (1) or not (0). 

• Nil • Nil 

igc  
Binary variable indicating whether cut-

off grade option g is selected for 

production panel i (1) or not (0). 

• Nil • Nil 

Table 6-1 Decision variables 
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6.2.3.2 Objective Function 

The objective in this formulation is to maximise the NPV of the operation (Equation 6.1). 

The different types of decision variables were introduced in Table 6-1 and three of these 

types have a non-zero objective value coefficient associated with them (Table 6-2). The 

costs and revenues associated with each of the decision variable types are also provided 

in Table 6-1. The first term relates to the net revenue (after the cost of mining, processing 

and selling the material). The second term relates to the cost of development activities and 

the third term accounts for time costs. 

Maximise

 
∑∑∑∑∑∑∑ −−

t

tt

j t

jgtjgt

i g r t

igrtigrt fFdDpP  (6.1) 

Field Description 

igrtP  Discounted net revenue (after mining, processing and selling costs) 

associated with processing cut-off grade option g within production panel i via 

processing path r in period t  

jgtD  Discounted cost associated with completing development activity j associated 

with cut-off grade option g 

tF  Discounted time cost in period t 

Table 6-2 Objective function coefficients 

6.2.3.3 Constraints 

In order to solve a problem using an MIP formulation, all constraints must be able to be 

expressed linearly. Prior to demonstrating this, a number of definitions are necessary. 

Table 6-3 defines the sets of data used in the formulation, Table 6-4 defines the 

coefficients in the constraint matrix, and Table 6-5 defines the limit coefficients applied. 
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Set Description 

T  Number of scheduling periods 

pN  Number of production panels 

dN  Number of development panels 

G  Number of grade cut-off grade options 

R  Number of processing paths 

iS  Number of panels preceding production panel i 

j
S  Number of panels preceding development panel j 

Table 6-3 Set definitions 

Field Description Typical Units 

igO  Ore tonnage associated with material from cut-off 

grade option g within production panel i 

Tonnes, m3 

igeM  Quantity of element e recovered from the cut-off 

grade option g in production panel i 

Oz, kg, lb, gram, tonnes 

ige
ϕ  Grade of element e contained within the cut-off 

grade option g in production panel i 

g/t, %, carats/t 

jgQ
 Number of development metres for development 

activity j, linked to cut-off grade option g 

Metres, tonnes, m3 

Table 6-4 Constraint coefficient fields 

Field Description Typical Units 

min

tO  Lower mining/ limit for period t Tonnes, m3 
max

tO
 

Upper mining/ limit for period t Tonnes, m3 
min

rtO
 

Lower processing for processing path r for period t Tonnes, m3 
max

rtO  Upper processing for processing path r for period t Tonnes, m3 
min

tQ
 

Lower development limit for period t Metres, tonnes, m3 
min

tQ
 

Upper development limit for period t Metres, tonnes, m3 
min

etM
 

Lower selling limit for element e  in period t Oz, kg, lb, gram, tonnes 
max

etM
 

Upper selling limit for element e  in period t Oz, kg, lb, gram, tonnes 
min

rteϕ
 

Minimum grade of element e to be input into 

processing path r in period t 

g/t, %, carats/t 

max

rteϕ
 

Maximum grade of element e to be input into 

processing path r in period t 

g/t, %, carats/t 

Table 6-5 Limit coefficient fields 
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The following section describes the constraints that are applied in the MIP formulation. 

6.2.3.3.1 Mining Capacity Constraints 

The mining capacity constraints set a minimum and maximum limit on the number of 

tonnes able to be removed from the mine in each time period. This capacity constraint may 

be linked to the ability to extract material, or the capacity of the haulage system to 

transport material to the surface. 

min

t

N

i

G

g

R

r

igrtig OpO
p

≥∑∑∑  0>∀t  (6.2) 

max

t

N

i

G

g

R

r

igrtig OpO
p

≤∑∑∑  0>∀t  (6.3) 

These constraints cover the mining limit of the entire operation. It may be the case that 

areas within the mine have their own specific mining limits, due to factors such as location, 

accessibility, and ventilation. This may also be the case if different mining methods are 

applied to different mining areas. If this is the case, additional mining capacity constraints 

can be applied to panel subsets in the same fashion as in the above equations.  

6.2.3.3.2 Development Capacity Constraints 

The development capacity constraints set a minimum and maximum limit on the 

development metres able to be completed in each time period. 

min

t

N

j

G

g

jgtjg QdQ
d

≥∑∑  0>∀t  (6.4) 

max

t

N

j

G

g

jgtjg QdQ
d

≤∑∑  0>∀t  (6.5) 

These constraints cover the development limits of the entire operation. It may be the case 

that there are areas within the mine that have their own specific development limits. 

Additionally, there may be different types of development activity (such as decline and 

level development) that have separate, independent capacities. If this is the case, 
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additional development capacity constraints can be applied to subsets of development 

panels in the same fashion as the above constraints. 

6.2.3.3.3 Processing Capacity Constraints 

The processing capacity constraints set a minimum and maximum limit on the number of 

tonnes able to be processed through each processing path in each time period. 

min

rt

N

i

G

g

igrtig OpO
p

≥∑∑  0, >∀ tr  (6.6) 

max

rt

N

i

G

g

igrtig OpO
p

≤∑∑  0, >∀ tr  (6.7) 

These constraints can be extended to limiting the processing of each individual rock type 

through a particular processing path in each period. Additionally, a particular processing 

path can be limited to a subset of activities if these areas are unable to feed the 

processing path. 

6.2.3.3.4 Sales Capacity Constraints 

The selling capacity constraints set a minimum and maximum limit on the units of each 

element sold in each period. This maximum selling constraint might not be relevant in 

some cases, where there is no limit to spot sales of the element. In this case, the upper 

limit is set to infinity. In other cases, supply must be controlled in order to avoid impacting 

global supply, and potential price reductions. Additionally, the final product may be sold to 

a specification that requires production to be restricted to tight bounds. Finally, the smelter 

or refinery might have capacity to handle a certain amount of metal/concentrate.

 

∑∑∑ ≥
pN

i

G

g

et

R

r

igrtige MpM
min  0, >∀ te  (6.8) 

∑∑∑ ≤
pN

i

G

g

et

R

r

igrtige MpM
max  0, >∀ te  (6.9) 
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6.2.3.3.5 Blending Constraints 

The blending constraints set a minimum and maximum limit on the grade of each element 

for each processing path in each time period.

 

These constraints are not applicable in all 

circumstances, but are extremely important when the quality of the product is specified 

within tight bounds. This might include placing a cap on the average grade of certain 

penalty element. Alternatively, the metallurgy of the operation may dictate that a minimum 

average feed grade is required to achieve desired recoveries, or that feed grade should be 

held within a tight range to ensure continuity in the processing facility. 

∑∑ ≥−
pN

i

G

g

igrtigrteige pO 0)(
minϕϕ  0,, >∀ tre  (6.10) 

∑∑ ≤−
pN

i

G

g

igrtigrteige pO 0)(
maxϕϕ  0,, >∀ tre  (6.11) 

6.2.3.3.6 Reserve Constraints 

The reserve constraints in the underground formulation are more straightforward than for 

the open pit formulation. Whilst underground mines may have small stockpiles waiting for 

transport, these are typically not of great value on a strategic basis. Hence, stockpiles 

have been omitted from the underground scheduling formulation. 

These constraints ensure that each activity is only completed once. Without this constraint, 

the solution would suggest mining panels multiple times. This is applied to both production 

and development activities.  

1≤∑∑∑
G

g

R

r

T

t

igrtp  i∀  (6.12) 

1≤∑∑
G

g

T

t

jgtd

 

j∀  (6.13) 

In these constraints, the decision variables for which t=0 are included. This is because it is 

necessary to provide the facility for a panel to be extracted in part only, or not be extracted 
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at all. When a production panel is not fully extracted, the remainder of the extraction 

parameter igrtp  moves to the t=0 variable associated with the panel. This variable does 

not carry any revenues or costs, but allows the panel to be deemed as “completed” so 

other dependent activities may commence. If this is the case, it is assumed that the 

opportunity to produce from this panel is foregone, and this material is sterilised. This 

constraint works in conjunction with the sequencing constraints in section 6.2.3.3.7.  

A production panel may be eliminated or partially produced for two reasons. Firstly, the 

value of a production panel does not incorporate the development costs incurred to reach 

the panel. When these are considered, the panel may become unviable. Hence, they 

should be eliminated from the analysis. Secondly, cut-off theory states that profitable 

material may be eliminated from the analysis in order to access higher grade panels 

sooner.  

6.2.3.3.7 Sequencing Constraints 

The premise of this formulation is that mining in a panel cannot commence until its 

corresponding integer variable is set to one (Equation 6.14). The integer variable 

corresponding to a particular panel cannot be set to one until all of its preceding panels 

(whether they are production or development panels) have been fully completed (Equation 

6.15).  

0≤−∑∑ it

g r

igrt bp  ti,∀  (6.14) 

0
01

≤−− ∑∑∑∑∑∑∑
==

ii S

w
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p

wgt

S

n

G

g

R

r

t

p

ngrtiti dpbS  ti,∀  (6.15) 

A production panel is not able to commence extraction until all of its preceding activities 

are completed (either fully extracted, or the decision is made to leave some, or all, of the 

panel in-situ). If a production panel is not extracted (left entirely in-situ), the preceding 

development activities would be eliminated, providing they are not required to access 

another production panel.  
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Similar constraints are enforced in the sequencing of development activities. A 

development activity cannot commence (Equation 6.16) until all of its preceding 

development activities have been completed (Equation 6.17).  

0≤−∑ jt

G

g

jgt bd  tj,∀  (6.16) 

0
1

≤−∑∑∑
=

jS

w

G

g

t

p

wgpjtj dbS  tj,∀  (6.17) 

6.2.3.3.8 Time Cost Constraints 

In traditional approaches, the time cost is apportioned to the component limiting the 

operation (development, mining, processing, or selling) prior to scheduling. This requires 

an assumption of the component that is limiting the operation. In order for this approach to 

be valid, the same component must be limiting the operation in every period.  

Time costs are driven by time, rather than production. The time cost constraints are used 

to determine the portion of the period that the operation is incurring time costs (is usually 

only less than 100% in the final period). This is determined by considering the portion of 

the development, mining, processing or selling capacity that is utilised in each period. The 

capacity that is fully utilised drives the application of time cost. 

In order to achieve this, one equation is used for each component (mining, processing, 

development and selling) in each period, in order to determine which of the components is 

limiting the operation, and the portion of the year utilised by the limiting component.  

0
max ≤−∑∑∑ tt
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(6.19) 
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0
max ≤−∑∑ tt
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(6.21) 

Additional constraints can also be included to reflect local capacities. If full capacity is 

reached by any aspect of the operation, it can be assumed that the entire period is being 

utilised, and the full time cost will be applied. 

6.2.3.3.9 Cut-off Constraints 

The cut-off grade constraints act to select the option within each production and 

development panel that will be used. Only one option for each panel can be selected, to 

avoid double counting material. Usually, the option is based on a cut-off measure. 

The first constraint ensures that only one option is selected for each panel (Equation 6.22). 

Additionally, Equations 6.23 and 6.24 ensure that only the production and development 

activities associated with the selected cut-off options are used in the analysis. 

1=∑
G

g

igc   i∀  (6.22) 

∑∑ ≤−
R

r
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 gi,∀  (6.23) 

0≤−∑
T

t

jgjgt cd

 

gj,∀  (6.24) 

6.2.3.4 MIP Solver 

The code for the optimisation model was written in MATLAB and solved with CPLEX v11. 
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CHAPTER 7 UNDERGROUND CASE STUDY 

The case study project used to demonstrate the application of the optimisation process is 

a hypothetical gold project. The orebody is a large dual lode gold deposit (Figure 7-1). The 

two lodes are near vertical and cover 900m in vertical extent. The orebody lies beneath 

60m of overburden. The lodes average 40m in thickness, with a minimum separation of 

40m between the lodes. The rock conditions, vertical extent, and close proximity of the 

lodes suggest that open stoping would be an appropriate mining method. 

 

Figure 7-1 View of orebody looking south 
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7.1 Approach 

The approach in formulating the MIP considered a number of potential cut-off policies. 

Each cut-off policy option features a different combination of 19 selected cut-off grades on 

each of the 45 production levels. This resulted in 4519 cut-off policies being considered. 

For each of the 19 selected cut-off grades, a mining outline was generated using 

Snowden’s Stopesizor software, and a basic development design was completed. 

Production and development activities, linked to each of the cut-off policies, were 

generated and constraints applied. Ultimately, the MIP was solved, and reported the cut-

off policy and schedule, with associated mining outline and development design, for the 

option that provided the highest NPV. 

7.2 Cut-off policies 

A cut-off policy, in this case study, represents the cut-off grade applied on each level. The 

choice to optimise by level was an arbitrary one. Other options could be selected, such as 

mining area or lode. Nineteen cut-off grades of between 1-10 g/t at 0.5 g/t intervals were 

considered on each 20m level. 

7.3 Parameters 

There is only one configuration associated with this case study. The associated 

parameters are provided in Table 7-1. Many of the parameters are constant throughout the 

life of the project and for the various scenarios. Later in this case study, production rate 

and price sensitivity analyses are completed (Section 7.9). Production rate tends to 

influence operating costs, through economies of scale, and capital costs, through the need 

to procure plant or equipment. As in the open pit case study, these relationships are 

modelled through an exponential relationship between cost and mining rate (MR). Time 

costs are assumed to be $37.5 million for the 1 Mtpa base case, and vary with a 

proportional exponent of 0.6 for any changes in mining rate (Noakes and Lanz, 1993). The 

choice of this exponent (of less than 1) ensures that for increases in mining rate the overall 

unit operating cost reduces, so long as the additional capacity is fully utilised. If it is not 

fully utilised, there is a cost penalty associated with the fixed time cost of maintaining 
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additional plant or equipment. The capital cost is associated with the same exponent to 

reflect that additional capacity from the base case incurs an exponentially decaying 

marginal expenditure. 

Parameter Configuration 1 – CIL 

Minimum Stope Dimensions  20mE x 20mN x 20mRL 

Net Price – Au $27.17/g 

Discount Rate  10% 

Mining Cost $25/t 

Mining Capacity – Total  MR (range) Mtpa 

Mining Capacity – Each Production Front 500 ktpa 

Decline Cost $4,000/m 

Decline Capacity 1,500mpa 

Level Development Cost $3,000/m 

Level Development Capacity  5,500mpa 

Processing Cost $12.5/t 

Metallurgical Recovery - Au 92% 

Time Cost ($ million per year) 37.5(MR)0.6 

Capital Cost ($ million - time 0) 300(MR)0.6 

Table 7-1 Configuration parameters 

7.4 Stope Boundary Optimisation 

Mining inventories, incorporating planned dilution, were generated for each cut-off grade 

with Snowden’s Stopesizor software tool. The minimum mining shape was assumed to be 

20mE x 20mN x 20mRL, based on preliminary geotechnical information. Applying this 

shape to the orebody resulted in significant planned dilution and the divergence of the 

mining inventory from the resource (Figure 7-2).  
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Figure 7-2 Resource – Mining inventory comparison 

This result reflects the bulk nature of the mining method. At the low cut-off grade of 1 g/t 

(Figure 7-3), there are more tonnes in the mining inventory than in the resource because 

high grade blocks can form with waste blocks to create viable stope shapes. At the highest 

cut-off grade of 10 g/t (Figure 7-4), there are less tonnes in the mining inventory than the 

resource due to the dilution of high grade resource blocks, reducing the average grade of 

the stope shape. 
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Figure 7-3 Resource (a) and mining inventory (b) at 1 g/t Au cut-off on 1440mRL level 

 

Figure 7-4 Resource (a) and mining inventory (b) at 10 g/t Au cut-off on 1440mRL level 
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7.5 Development Design 

A basic development design was completed on each level, for each cut-off grade. The 

decline was placed on the western side of the orebody and the ore is to be accessed via a 

drive located centrally to the two lodes. An example of the development on the 1440mRL 

level is shown in Figure 7-5. 

 

Figure 7-5 1440mRL level development design for (a) 1 g/t cut-off and (b) 7 g/t cut-off 
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The designs were used to derive a relationship between the tonnes in the mining inventory 

and the development required on the level to mine those tonnes (Figure 7-6). In this case, 

the relationship on all levels is strongly linear. This indicates that there is a fixed and 

variable component to the relationship between development metres and tonnes. The R2 

for the linear approximation of each level ranges between 0.97 (Figure 7-6a) and 1.00 

(Figure 7-6b). 

 

Figure 7-6 Tonnes / development metres relationship for (a) 1760mRL level and (b) 

1180mRL level 
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7.6 Scheduling Activities 

Activities were created for each of the stope and development designs, on each level. 

There were three types of activities generated: decline development, level development, 

and stoping. Decline development was specified on each level, with a 1:8 gradient 

assumption. These activities were assumed to be independent of cut-off grade in this case 

study. Level development was specified for each level and cut-off grade combination, 

calculated from the linear metres/tonnage regression relationship from the actual designs. 

Stoping activities were grouped by level and cut-off grade. Whilst this level of resolution 

did not allow for detailed stope sequencing, it was sufficient for a high-level strategic study. 

7.7 Sequencing 

The underground optimisation was based upon optimising NPV for a 1 Mtpa production 

rate for the base case. The overall mine extraction sequence in all cases is top-down, via a 

bottom-up stoping method from four production fronts, each capable of providing 500 ktpa. 

Consequently, at least two fronts need to be operational in any period to achieve full 

production for the base case. 

An initial optimisation was conducted without any assumed production fronts or stope 

activity sequencing. This represented the upper bound solution to guide future strategy. 

The optimisation revealed areas where the highest value exists, and indicated the best 

locations to start production from, if geotechnical sequencing constraints were not 

important. Production fronts were allocated in attempting to replicate the upper bound 

solution with practical mining constraints. This was done by starting production for a 

production front on a level that is extracted early in the upper bound solution. Likewise, 

crown pillars for each production front were located at levels taken late in the upper bound 

solution. Production front allocation is shown in Figure 7-7. 
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Figure 7-7 Spatial representation of production fronts 

7.8 Optimisation 

This configuration was optimised for NPV under two different assumptions regarding cut-

off grade policy: (1) Applying a single cut-off grade throughout; and (2) Enabling cut-off 

grade to be spatially varied on each level. Benchmarking the results from the optimisation 

was not possible due to the lack of comparative commercial software. However, stringent 

checking of the outputs by the author and industry consultants in real-life projects (Section 

8.3) was conducted to ensure validity. 
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7.8.1 Single Cut-Off Grade 

A single mine-wide cut-off grade is perceived to be the simplest approach in terms of 

design. This is due to the lack of available software tools to optimise the mining outline for 

a range of cut-off grades. Hence, a single cut-off grade is a common starting point for 

manual stope design.  Additionally, the time required to complete a manual design usually 

precludes the analysis of multiple cut-off grades. As such, cut-off grade is typically 

selected prior to any design work, and this cut-off grade is usually the break-even cut-off 

grade determined from the grade for which revenue is equal to costs. However, this break-

even cut-off grade may not represent the optimum solution for an underground operation. 

 

Figure 7-8 NPV curve  

Figure 7-8 shows a few important results. Firstly, NPV is maximised at a cut-off grade of 5 

g/t with 19.3 Mt of ore (Figure 7-9). The break-even cut-off grade is 3.5 g/t (Figure 7-10). 

At the break-even cut-off grade, there is a 17% drop in NPV accompanying a 4.6 Mt 
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increase in the amount of ore processed. In this case, the break-even cut-off strategy 

promotes mining longer for less.  

The production schedule for the 5 g/t cut-off is shown in Figure 7-9. One of the key results 

of the schedule optimisation is that production front 4 does not commence until year 11 of 

the operation. The decline is capable of reaching this front by year 6. The optimisation was 

able to resolve the compromise between grade differentials and the added cost of 

development in deciding to delay this development (Figure 7-11). An additional 

characteristic of the solution is that it maintains a sustainable production rate until the end 

of the mine life. The multi-period optimisation was able to identify and rectify bottlenecks 

by adapting early strategy. 

 

Figure 7-9 5 g/t cut-off grade production schedule  
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Figure 7-10 3.5 g/t cut-off grade production schedule  

 

Figure 7-11 5 g/t cut-off grade development schedule  
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The association of maximum NPV with a cut-off grade above break-even is due to 

discounting effects. Discounting substantially decreases the present value of cash inflows 

in later periods of a long life operation. Figure 7-12 shows the minimal value contribution of 

the final five years to the NPV of the break-even option. Hence, it is often, and 

demonstrated in this case, appropriate to raise the cut-off grade to achieve a higher 

average grade in the periods when discounting is not as significant. Whilst this results in a 

shorter mine life, the reduction is taken from periods that do not provide meaningful 

contributions to discounted value. It is expected that an operation with a shorter mine life 

would have an optimal single cut-off grade closer to the break-even cut-off grade than in 

this case. 

 

Figure 7-12 Cumulative discounted cashflow schedule comparison 

7.8.2 Spatially Varying Cut-Off Grade 

Testing Horsley’s (2005) findings that value can be improved by varying cut-off grade 

spatially, the optimisation was allowed to allocate any of the 19 cut-off options on each 
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level. This optimisation resulted in an NPV improvement of 7% (Figure 7-13) over the 

single 5 g/t cut-off grade. The tonnage associated with this option is 17.4 Mt. The 7% 

increase in value is gained through mining at a higher average grade in periods 4-11. 

Periods 1-3 are constrained by development, and hence average grade is low. The higher 

average grade in the periods 4-11 results in greater cashflows when discounting does not 

impact so greatly on present values.  At the end of the mine life, additional material is able 

to be mined at a cut-off grade lower than a 5 g/t in order to maximise the extraction of 

economic material. 

 

Figure 7-13 Spatially varying cut-off grade production schedule 

Overall, this solution represents a 24% increase in value over the break-even solution for a 

mine life of six years less. This level of improvement assumes that the break-even 

schedule has been optimised, which it rarely is. The method could potentially find a greater 

NPV improvement over a sub-optimised break-even schedule. 

Lane (1964; 1988) suggested that cut-off is time-dependent rather than spatially 

dependant. Figure 7-14 shows that levels mined early have a much higher cut-off grade 
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(up to 7.5 g/t) than those levels mined later (down to 3.5 g/t). The only exception is the first 

few years, which have lower cut-off grades due to the lack of available ore. The general 

trend for each production front is for cut-off grade to decrease as mining proceeds. 

 

Figure 7-14 Spatially varying cut-off grade: optimal solution 

Plotting the start time against cut-off grade for each level resulted in a clear negative linear 

relationship (Figure 7-15). This indicates that time is a more important driver of cut-off 

grades than location, in this case. Production front 1 has much lower cut-off grades due to 

the operation being development constrained at the time this area is to be mined. 
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Figure 7-15 Relationship between start time and cut-off grade (one sample from each 

level) 

7.8.3 Computational Experience 

As mentioned for the open pit case study, the solution time increases with problem size. 

For the underground optimisation, the spatially varying cut-off grade case took 211% 

longer to solve than the single cut-off grade case, for an optimisation over the same 

number of periods (Table 7-2). The only difference between the two cases was the need to 

include binaries and additional linear variables and constraints for the spatially varying cut-

off grade. The main increase is in the number of constraints (250%). 
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Property Single Cut-Off Grade Spatially Varying Cut-Off 

Solution Time (Sec) 1,328 4,138 

Variables 7,496 8,096 

Constraints 6,390 22,339 

Binaries 2,540 3,107 

Table 7-2 Problem size and solution time properties 

Unlike the open pit optimisation case, the implementation of a meaningful variable 

reduction strategy was not possible. This is due to the selection of a cut-off grade for each 

panel directly impacting on the mine life of the operation. When a panel has a high cut-off 

grade in an open pit mine, the same amount of material must still be extracted. However, 

for an underground mine, if a high cut-off grade is selected in a panel the time taken to 

extract it will typically be much less than at a lower cut-off grade, and material is able to 

remain in-situ. Unless an assumption is made as to what the cut-off grade must be for all 

panels (potentially introducing bias into the solution), early start and late finish times can 

vary greatly for underground mines.  

7.9 Applications 

The efficient optimisation of value for a single project configuration allows a number of 

configurations to be optimised and compared in an efficient manner. The following 

analyses describe how the optimisation methodology can be extended to provide greater 

information in strategic decision making. 

7.9.1 Production Rate Optimisation 

Production rate impacts a new underground project in a number of ways. An increase in 

production rate can result in increased upfront capital cost due to plant and mining fleet 

size, decreased unit costs due to economies of scale, increased time costs associated 

with maintaining a larger fleet and plant, increased presence of bottlenecks due to 
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additional equipment, increased effort to maintain a sustainable production rate, and a 

shortened mine life. 

Figure 7-16 shows a contour plot interpolating NPV for each combination of 19 cut-off 

grades (single cut-off) and 8 production rates between 0.8 Mtpa and 1.5 Mtpa. The optimal 

NPV is achieved at a cut-off grade of 5.5 g/t and production rate of 1.3 Mtpa (marked with 

an “x” in Figure 12). The contour line immediately around this point represents the 

solutions within 5% of the optimal solution, and indicates a number of acceptable solutions 

in this case. The break-even cut-off strategy of 3.5 g/t does not lie within this optimal 

region. Depending on the production rate, this strategy is between 10% and 35% 

suboptimal.  

 

Figure 7-16 Interpolated NPV  

7.9.2 Strategy Sensitivity to Price 

The most relevant question in terms of price sensitivity is “which strategy, selected today, 

allows the project to be optimal, or near optimal, under a range of commodity price 

scenarios?” The ability to efficiently optimise a single project configuration enables a 

number of commodity price scenarios to be considered. Scenarios of price between -30% 

and +30% (relative to the base case price) were considered for each of the 19 cut-off 
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grade options (single cut-off). The results (Figure 7-17) were plotted in a contour graph, 

with the NPV relative to the maximum NPV for each price scenario being interpolated.  

 

Figure 7-17 Interpolated NPV (relative to the maximum NPV at each price)  

An important result of this analysis is that the selection of a cut-off grade of 5.5 g/t - 6 g/t 

would be at most 5% suboptimal under all of these price conditions. The modest negative 

relationship between price and optimal cut-off grade indicates that, for this case, an 

optimised mine strategy is quite resilient to changes in price. The break-even cut-off grade 

strategy of 3.5 g/t for the base case is between 11% and 100% suboptimal under the 

various price conditions. A break-even strategy not only misses value opportunities, but is 

also a higher risk option in this case. 

7.10 CONCLUSIONS 

The case study found substantial gains in value could be accessed by mining in a more 

strategically focused way. In particular, it showed that a break-even cut-off grade strategy 

encourages mining more material for less value. Gains in value of up to 24% were found 

through optimising cut-off grade spatially and with time. This maximum gain was achieved 

while mining for six years less than the break-even alternative. Comparatively greater 
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gains were likely, given that traditional break-even cut-off grade schedules are not 

optimised.  

The optimal mine plan for the base case was also found to be more resilient to price 

uncertainty than a break-even cut-off strategy. Under a ±30% price range, the optimal 

base case cut-off is at most 5% sub-optimal. For the same range, the break-even strategy 

is between 11% and 100% sub-optimal. 

The gain in value and reduction in risk were made with little additional planning effort. This 

gain does not include the potential additional gains made from using the approach to 

consider other configurations to further improve value or mitigate risk.  

Whilst the approach in this thesis provides a means to optimise a single configuration, the 

skill of the engineer to appropriately apply the algorithm, define configuration possibilities, 

and analyse results will ultimately determine the success of the operation. 
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CHAPTER 8 DISCUSSION 

8.1 Limitations 

This thesis has presented formulations for optimising value of a single project 

configuration. However, this is a mathematical optimisation of the model provided. The 

ability to produce an optimal solution is reliant on the efficient transformation of important 

physical data into the optimisation model. Whilst effort has been made to minimise any 

impracticalities of the optimisation model, some were unavoidable. This section discusses 

some of these problems. 

8.1.1 Modelling 

MIP formulations require the creation of an optimisation model that will not perfectly mirror 

reality. The models applied in the thesis involve blocks with similar grade and location 

characteristics being grouped together. In the process, groups of blocks have their 

tonnages summed, their grades averaged, and their destinations linked together. 

Engineers are required to make decisions as to the resolution applied in grouping blocks.  

A large number of groups may more closely mirror the raw data. However, this also may 

not be tractable with the available computer hardware, or take too long to solve when 

multiple scenarios need to be considered. Using a small number of groups has the 

potential to lose information and bias solutions. When a greater level of resolution is 

required, other methods may need to be used. However, these methods are unlikely to 

result in optimal solutions. 

In reality, a compromise needs to be made between mathematical tractability and 

accuracy. This balance depends on the application. For life of mine plans, where 

parameters are uncertain and a number of scenarios are to be compared, solution speed 

and optimality are essential components of the solution technique. However, at a stage 

where only one scenario is being considered (perhaps at the feasibility stage), a more 

detailed model of the mine may be required. 
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8.1.2 Constraints 

MIP formulations are limited by the way in which constraints can be expressed. All 

constraints must be linear. This is not an issue for most constraints in a generalised mine 

planning optimisation, such as mining, processing, and blending upper and lower bounds. 

However, some constraints for specific operations may be more complex.  

Also, in MIP formulations, all constraints must be satisfied in order to generate a feasible 

solution. A common criticism of MIP approaches is that when there is no feasible solution, 

the source of the infeasibility is not reported. Hence, engineers may have to spend a 

significant amount of time testing different constraints to determine why a feasible solution 

could not be found. 

8.1.3 Solutions 

There were a few undesirable characteristics found in some of the solutions. Most were 

associated with the discrete periods being used. The discrete period optimisation returns 

the portion of an activity that is completed in a given period. It does not indicate when in 

the period that the activity commences and ceases. The engineer needs to interpret the 

results into a usable format for further planning. 

The sequencing constraints applied in the optimisations do not incorporate the time 

remaining in the period when the dependent activity is made available. For example, say 

80% of the period is spent mining waste. Theoretically, a maximum of 20% of the 

processing capacity could be utilised. However, the formulation allows 100% of the 

processing capacity to be used if enough ore to fill the mill can be mined in the remaining 

20% of the period. An underground operation example involves 99% of the period being 

spent developing the decline. Logic implies that only 1% of the mining capacity should 

then be available. However, if the stope is reached anytime in the period, the MIP allows it 

to be mined up to 100% of the mining capacity. This problem can result in inaccurate 

solutions. A typical outcome of this problem is allowing ore to be processed too soon; 

giving the indication that more value (on a discounted basis) can be created than is 

actually the case.  
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The discrete period optimisation has the ability to cause step changes in the solution for 

small changes in capacity. For example, if there is 1,500m of development until ore is 

reached, and the capacity is 1,499m per year, mining cannot commence until the second 

year. However, if the capacity is 1,500m per year, the full mining capacity is able to be 

utilised in the first year.  

To partly compensate for this problem, some of these situations can be recognised and 

added to the constraints. For the previous underground example, the user could set the 

maximum mining capacity to zero for the first period. However, not all of these situations 

are obvious and can occur later in the mine life, when it is difficult to adapt the constraints. 

The most effective solution to the discrete period optimisation problem is to use smaller 

time periods. Smaller time periods act to reduce the discrete time period errors, but not 

eliminate them completely. However, smaller time periods require more time periods over 

the life of the mine. This increases the size of the problem, resulting in the problem taking 

longer to solve, or not being able to be solved. Often, this approach is not possible. A 

compromise would be to use smaller time periods over the first few periods, when the 

majority of the discounted value is gained, and use larger time periods for the remainder of 

the mine life. 

Another general problem with the optimisation solution is that while NPV is maximised for 

a given model, the resultant plan may not be practically achievable. For example, the 

mining utilisation may be volatile over the life of the mine. Requiring frequent fleet and 

personnel turnover makes it difficult to achieve economies of scale. This is one aspect of 

the process that requires the engineer’s input, unless there is a way of reflecting 

practicality into the objective function or constraints. The engineer is able to use the 

minimum limit (mining, processing, development, selling, stockpile, or blending) constraints 

to “tune” the natural mathematical solution to become practical. 



Optimising Mining Project Value for a Given Configuration Tarrant Elkington 
Discussion  The University of Western Australia 

 

 

  8-4 

8.2 Where these Optimisation Formulations should be Applied 

A number of limitations have been discussed in the previous section, along with some 

remedial possibilities. Despite these limitations, the MIP formulations described in this 

thesis are very useful tools when applied with due care and understanding.  

The most appropriate situation to apply MIP formulations is in life of mine planning. It 

should be understood that a life of mine optimisation is used as a guide to provide 

direction to further, more detailed, planning and design. The grouping process applied in 

creating the optimisation model may lead to results not being of the resolution that 

operations require. However, MIP formulations help the engineer to resolve the key value 

drivers associated with the project. Many of these drivers have complex relationships that 

would be impossible to resolve to optimality with manual methods. 

Most of the value to be derived from a project is likely to be added at the very start of 

planning. From this point on, much of the value is “locked in” and the focus switches to 

implementation. While this stage is important, it is unlikely to fundamentally impact on 

value in a positive way. At the very start of the planning process, there are near infinite 

configurations to consider. Only if many potential configurations are considered, can there 

be certainty that the optimal (or near optimal) solution has been found. In order to achieve 

this, a systematic approach is required. The MIP formulation approach, if modelled 

efficiently, should produce optimal solutions reasonably quickly. If each configuration is 

optimised, they can be compared consistently to converge upon the optimal solution. Once 

the optimal configuration has been selected, more detailed planning and design can 

proceed with confidence. 

MIP formulations, like the ones described in this thesis, can be used at other stages of the 

mine planning cycle with some adaption. MIP optimisations can be applied for medium-

term scheduling purposes, as shorter time periods can be applied over shorter time spans. 

For medium-term planning, activities are often split up from the life of mine plan. For 

example, in open pit planning, a medium-term schedule optimisation would be completed 

after the haulage road has been planned. The user is able to define a sequence of panels 

according to progression on a bench from the haulage road entry. For an underground 
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example, the production panels may be reduced to stopes and the development panels to 

headings.  

The MIP approach can also be applied in short-term scheduling. A common example 

would be blending available ore into a standard product. The optimisation would be able to 

determine the portion of each blast face that should be blended at a given time. 

8.3 Where these Optimisation Formulations have been Applied 

Both of the case studies provided in the thesis are hypothetical. This was done to ensure 

that there were no restrictive covenants applied to the publishing of results, or the 

reporting of inputs, as is often applied to market sensitive company information. The 

hypothetical cases allowed an appropriate degree of simplification to aid the reader in their 

comprehension of these projects and clarity in interpreting the results. Often real projects 

will include specific complexities which add no value to the method applied and cloud the 

interpretation of results.  

The author recognises the need to apply the methodology to real world projects in order to 

show credibility. The underground optimisation formulation has been applied commercially 

by the author through Snowden Mining Industry Consultants’ software package Evaluator. 

This software package has been used on a number of underground mining studies over 

the past 18 months (Table 8-1). 

Company Operation Study 

BHP Billiton Olympic Dam Optimised the potential scenario of an expanded 

underground operation in the presence of a 

simultaneously producing open pit operation  

Barrick Henty Optimised the schedule and cut-off grade for four 

lodes with two different mining methods for the 

remaining mine life 

Norilsk Nickel Black Swan Considered the underground viability beneath the 

existing open pit for a number of mining method, 

production rate, dilution, price and recovery scenarios 

Table 8-1 Operations that have used Evaluator 
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The Olympic Dam project was the subject of a paper presented at the AusIMM Project 

Evaluation 2009 conference (Roberts et al, 2009), and provided important information for 

decision making. 

8.4 Potential Improvements 

As with all research projects of this type, there must be a point when development stops. 

In the development of these formulations, a number of potential areas for improvement 

were identified. These areas may be the subject of future research. 

8.4.1 Widening the Scope for Open Pit Optimisation 

In this thesis, the scope for open pit optimisation excluded both optimal pit selection and 

pushback selection. It may be possible to extend the algorithm to optimise these aspects. 

This would be particularly useful in terms of solution consistency. Since the ultimate and 

intermediate pits were chosen manually in the open pit case study, they may be better 

suited to some configurations than others. Additionally, the selection of certain pushbacks 

may allow the pit to be extended incrementally. 

This problem would require a substantial increase in the number of additional variables 

and constraints to reflect the additional options. Increasing the size of the problem is likely 

to either increase the solution time, or result in the solution not being found. A degree of 

user input would be needed in order to reduce the number of possibilities, and make the 

problem solvable.  

8.4.2 Additional Constraints 

In order to accurately reflect the operation, each project is likely to have its own specific 

characteristics that require either a change in the assumptions built into the constraints, 

additional modified constraints, or additional types of constraints. 

A common change in the assumptions is the “reserve” constraint. There are two possible 

assumptions. For the open pit case, this constraint can force every panel to be fully mined 
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to the ultimate pit. Alternatively, the constraint can be relaxed so that activities can be 

omitted if they do not add value. The second option may be particularly useful in sensitivity 

analysis. 

Additional modified constraints are duplications of the stated constraints, adapted to 

relevant activities. For underground mines, there may be a group of panels that share a 

local capacity, which requires additional constraints to be applied to panel subsets. 

Additional types of constraints are those that apply to different aspects of the operation 

than those defined in the thesis formulation. One omission from both the open pit and 

underground formulation is an advance rate constraint. This is an additional constraint that 

could be applied to stop high cut-off grade scenarios progressing faster than is practical in 

an underground mine, or to inhibit the vertical advance of a pushback in an open pit. 

These constraints would provide more practicality to the solution in some cases. There is 

also likely to be additional types of constraints that apply to specific operations. 

8.4.3 Solving the Intra-Period Linear Programming Problem 

In Section 8.1.3, concerns were raised as to the violation of capacity constraints within 

time periods. As a result, many solutions will be practically infeasible. This reflects the 

inability to model intra-period constraints in the linear optimisation model, and may result in 

inaccurate recommendations for some cases. Further research should be conducted in 

attempting to efficiently resolve this problem. 

8.4.4 Global Optimisation 

One extension of the formulations described in this thesis would be to combine the open 

pit and underground optimisation models. The two key areas where the open pit and 

underground formulations would be linked are processing or sales capacity, and 

sequencing. The combined model could be used to determine the optimal transition point. 

The current state of the art in transition point optimisation is to optimise (or even just 

analyse) the open pit and underground plans separately at a few selected potential 

transition points, and combine the results. This approach assumes that the optimal 
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solution of the open pit plan is independent of the underground plan. The author’s 

experience is that anything that acts to change the life of the mine will impact on optimal 

cut-off grades. For example, it is likely that the presence of an underground operation 

beneath the open pit will force the cut-off grade of the open pit upwards (and potentially 

stockpile low-grade ore) in order to start the underground operation sooner.  

The ability to combine the open pit and underground formulations allows the possibility of 

achieving “global” optimisation. Global optimisation is the maximisation of value for a 

portfolio of assets (Whittle, 2004; Whittle et al, 2007). This would provide greater 

understanding of how to achieve maximum synergies between projects, and would be very 

important for companies that have assets with shared constraints or targets. Shared 

constraints might include a mill, refinery, smelter, port, or rail fed by a number of projects. 

An example of a shared target would be aligning metal production from a number of 

unrelated operations to meet overall company objectives.  

Whilst global optimisation would require some adaption of the formulations, the principles 

remain the same. The main challenge of this problem is in the size of the constraint matrix 

required. With current hardware, it is sometimes difficult to optimise a single project to a 

desired level of accuracy. Therefore, optimising many projects together may not be 

possible. In order to achieve global optimisation, in these cases, the accuracy of individual 

projects would need to be compromised. However, there may be some situations in which 

an efficient solution can be found to the desired level of accuracy. 

8.4.5 Optimisation under Uncertainty 

The formulations in this thesis were used to optimise value for a deterministic grade model 

and set of parameters. However, robust design should look to cope with uncertainty as 

well as maximise value. These formulations only allow for the post-process analysis of 

risk, but do not use uncertainty as a means to identify opportunities to minimise downside 

risk or exploit upside risk. Future work should be geared towards incorporating uncertainty 

into the optimisation model to improve mine planning. 
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CHAPTER 9 CONCLUSIONS 

The formulations and findings in this thesis provide an important contribution to many 

complex problems faced in strategic mine planning.  

The ability to optimise value of both underground and open pit operations for a given 

project configuration allows multiple alternatives to be compared efficiently and 

consistently. The results can be used to provide justifiable support for decision making, 

and give confidence that fundamental strategic errors have not been made.  Of course, the 

usefulness of such methods is dependent on the skill of the engineer.  

The optimisation process outlined in the thesis has proven that a number of traditional 

paradigms can result in sub-optimal solutions. In an industry with projects worth in the 

order of billions of dollars, the pursuit of a 20% improvement in value through mining in a 

more strategically focused way is worthwhile. In some scenarios, it was found that projects 

that were optimised for value also represented a much less risky solution.  

Some of the areas in which significant advances were made include time cost modelling, 

cut-off grade and stockpile optimisation for open pit operations, and schedule and cut-off 

optimisation for underground mines. 

Traditional approaches to modelling time costs, by allocating these to production-based 

costs, were shown to result in significantly sub-optimal solutions in some cases. This is 

particularly relevant when there are differences in the strip ratio throughout the life of the 

operation, as is often the case. By addressing the time cost problem, the optimisation is 

able to better demonstrate the ability to balance mining and processing rates, and 

maximise value.  

The ability to simultaneously optimise scheduling, cut-off grade and stockpile utilisation for 

open pit mines enables many more possible solutions to be considered. It also gives 

maximum ability to resolve bottlenecks in the mining schedule. The multi-period 

optimisation of cut-off grades implicitly recognises the opportunity costs associated with 

discounting. Strategic stockpiling has been shown in this thesis to provide substantial 
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improvements in value, and impact significantly on optimal direct ore processing cut-off 

grades. 

This thesis also provided a generalised underground optimisation formulation. This was 

used to show the potential loss in value associated with pursuing a break-even cut-off 

grade scenario. The ability to spatially vary cut-off grades was shown to add meaningful 

value to the case study operation.  

The research also has led to the ability to solve additional problems in the future. These 

include widening the scope of open pit optimisation to incorporate pushback selection, the 

modelling of more complex scenarios, optimising asset portfolios, and optimising projects 

in the presence of uncertainty. 

Optimisations, like the ones outlined in this thesis, should be applied to all projects in the 

initial planning stage, at the very least. The alternative is often not rational and can destroy 

value for shareholders, who have the right to expect due diligence from management.  
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