
 

 

 

 

A DECISION SUPPORT SYSTEM TO OPTIMISE THE AVAILABLE RESOURCES AT 

KIMBERLEY MINES 

 

 

 

A Research Report 

presented to the Graduate School of Business 

of the University of Stellenbosch 

 

in partial fulfilment 

of the requirements for the degree of 

Master of Business Administration 

 

by 

 

Jeremias Cornelius du Toit 

 

 

 

 

 

Study leader   : Prof. Wim Gevers 

 

Degree of confidentiality : A (Not Confidential) March 2007 



 ii

 

DECLARATION 

 

I, Jeremias Cornelius du Toit, hereby declare that this study project is my own original work 

and that all sources have been accurately reported and acknowledged, and that this document 

has not previously in its entirety or in part been submitted at any university in order to obtain 

an academic qualification. 

 

 

 

 

J.C. du Toit  January 2007 

 



 iii

ACKNOWLEDGEMENTS 

 

I hereby acknowledge the following people for their contribution to this project: 

 

My wife, children and family for their support and understanding when the project demanded 

long hours away form them. 

 

A sincere word of thanks to the following people for the assistance with the technical 

development of the system: 

 

Ntake Moloi De Beers Group Services - Mineral Resource Management 

Andreas von Johannides De Beers Group Services - Mineral Resource Management 

Lourens Scheepers Large Scale Linear Programming Solutions 

Cecile Bruwer Large Scale Linear Programming Solutions 

Sath Moodley De Beers Group Services – IT 

Zanele Nhlebela De Beers Group Services – IT 

Craig Paterson De Beers Group Services – IT 

Chris Baker De Beers Group Services – IT 

 

I would like to thank Ntake Moloi for the added assistance with the editing of the report. 

 

I would like to thank De Beers’  management for the opportunity to work on this project, for 

the funding of the project and for the permission to present this report to the University of 

Stellenbosch. 

 

I would like to thank Prof. Wim Gevers for the guidance with the compiling of the report. 

 

 



 iv 

OPSOMMING 

 

Die ontginning van diamante in Kimberley het in die vroeë 1870s begin na die ontdekking 

van verskeie diamanthoudende kimberliet pype.  Aanvanklike oopgroef mynbou is later 

vervang deur ondergrondse metodes soos die myne dieper geword het.  Die laaste 

ondergrondse myne het in 2005 produksie gestaak as gevolg van ekonomiese redes. 

 

Die ontginning van hierdie primêre reserwes het gelei tot die ontstaan van verskeie 

uitskotreserwes (voorheen genoem afvalhope) verspreid oor Kimberley.  Hierdie reserwes 

bevat steeds diamante as gevolg van die historiese oneffektiewe aanlegte.  Die reserwes het 

elkeen egter verskillende geologiese en metallurgiese eienskappe as gevolg van die verskille 

in die oorspronklike kimberliete en die verskillende herwinningstegnologieë wat in gebruik 

was toe die uitskotreserwes gegenereer is. 

 

Die uitskotreserwes word gemyn deur ’n vloot grondverskuiwingstoerusting en word 

afgelewer by een van Kimberley Myne se vyf aanlegte vir diamantherwinning.  Elke aanleg is 

uniek in terme van kapasiteit, tegnologieë in gebruik en algehele effektiwiteit.  Hierdie 

verskille, tesame met die geo-metallurgiese eienskappe van elke reserwe en die 

vervoerafstand van die reserwe na die aanleg bepaal of die spesifieke reserwe winsgewend 

deur daardie aanleg geprosesseer kan word. 

 

Bogenoemde verskeidenheid van hulpbronne gee aan Kimberley Myne die voordeel van 

buigsaamheid om die waarde van die myn te verhoog.  Hierdie buigsaamheid vergroot egter 

die kompleksiteit om die optimale antwoord te vind. 

 

Beplanning word tans met ’n sigblad gebasseerde invoer – uitvoer model gedoen maar hierdie 

model is nie in staat om die reserwes se eienskappe by die aanlegte se parameters aan te pas 

nie en hierdie metode genereer dus ’n plan wat moontlik nie prakties of optimaal is nie.  Die 

model is ook tydrowend en scenario analises is dus baie beperk. 

 

Hierdie verslag beskryf die ontwikkeling van ’n gemengde heeltallige lineêre 

programmeringsmodel vir die ontwikkeling van ’n praktiese, optimale produksie plan.  Die 

model is losweg gegrond op ’n generiese model van Barbaro & Ramani (1986) wat fasiliteit 

posisionering en aanlegprobleme aanspreek.  Die model in hierdie verslag bevat egter ’n meer 
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gedetailleerde massabalans binne die aanleg en modelleer hoe die metallurgiese eienskappe 

van die reserwes die massabalanse en die algehele kapasiteite beïnvloed. 

 

Die resultate van die projek dui daarop dat die huidige sigblad Produksie Plan nie prakties is 

nie aangesien dit twee massabalans beperkings in die Combined Treatment Plant oorskry.  

Die nuwe stelsel is gebruik om ’n produksieskedule te genereer wat nie enige beperkings 

verbreek nie en wat terselfdertyd die aanvanklike netto huidige waarde en totale produksie 

ewenaar.  Die stelsel wys ook dat die jaarlikse kapasiteit met 18.2% verhoog kan word deur 

een van die sif-groottes te verander. 

 

Die stelsel demonstreer ook dat slegs twee van die vyf aanlegte waarde toevoeg en ondersteun 

bestuur se onlangse besluit dat die produksie deur die ander aanlegte gestaak behoort te word. 

 

Ter samevatting:  Die nuwe stelsel genereer ’n optimale, praktiese produksieplan in minder as 

’n tiende van die tyd benodig vir die ou sigblad model.  Die nuwe stelsel kan ook verskeie 

“Wat sal gebeur indien…” scenario’s hanteer wat die vorige model nie kon beantwoord nie. 
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ABSTRACT 

 

Diamond mining started in Kimberley in the early 1870s following the discovery of the 

various diamond bearing kimberlite pipes.  Initial open pit mining was replaced by 

underground mining as the pits went deeper and the last underground mining eventually 

ceased in 2005 as a result of economic reasons.   

 

The mining of these primary resources created a number of tailing resources (previously 

called dumps) that are scattered all over Kimberley.  These resources still contain diamonds as 

a result of historical inefficient processing technologies.  However, each of these resources 

have unique geological and metallurgical properties because of the differences in the original 

kimberlites and the different treatment technologies that were used when the tailing resources 

were deposited. 

 

The tailing resources are mined by a fleet of earthmoving equipment and delivered to one of 

Kimberley Mines’  five treatment plants for diamond recovery.  Each plant is different in 

terms of treatment capacity, technologies utilised and overall efficiencies.  These differences, 

combined with the geo-metallurgical properties of each individual resource and the hauling 

distance from the resource to the plant, determine if the specific resource can be treated 

profitably through that plant. 

 

With this array of resources available, Kimberley Mines is in the fortunate position of having 

flexibility to maximise the value of the operation.  Unfortunately this flexibility also increases 

the complexity of finding the optimal solution.   

 

Mine Planning is currently conducted with a spreadsheet based input – output model but this 

model is not able to match the resource properties with the plant parameters and this method 

results in a plan that may be neither practical nor optimal.  The model is also very time-

consuming and scenario analyses are therefore very limited.   

 

This report presents the development of a mixed integer linear programming model to assist 

with the development of a practical, optimal mine plan.  The model is roughly based on a 

generic model that addresses facility location and processing plant problems as developed by 

Barbaro &  Ramani (1986); however, the model presented in this report includes a more 
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detailed mass balance within the plant and models how the metallurgical properties of the 

resources affect the mass balances and overall throughputs. 

 

The results of the project indicate that the current spreadsheet based Mine Plan is not practical 

since it violates two mass balance constraints within the Combined Treatment Plant.  The 

newly developed system is used to generate a mining schedule that does not violate any 

constraints while still delivering the same net present value and overall throughput.  The 

system also illustrates that the plant can improve the annual throughput by 18.2% by changing 

one screen size. 

 

The system also illustrates that only two of the five plants add value and supports 

management’s recent decision that the production through the other plants should cease. 

 

In summary:  The newly developed system generates an optimal, practical mine plan in less 

than a tenth of the time required for the old spreadsheet based model.  The new system can 

also do various what-if scenarios that the previous model could not answer. 

 



 

 

viii 

TABLE OF CONTENTS 

Declaration ii 

Acknowledgements iii 

Opsomming iv 

Abstract vi 

Table of Contents viii 

List of Figures xi 

List of Tables xii 

List of Acronyms xiii 

List of Units xiii 

 

CHAPTER 1 – INTRODUCTION 1 

1.1 Introduction 1 

1.2 Significance of the Problem 3 

1.3 Problem Statement 3 

1.4 Scope of the Study 3 

1.5 Structure of the Report 4 

CHAPTER 2 – BACKGROUND TO KIMBERLEY MINES 5 

2.1 The History of Diamonds in Kimberley 5 

2.2 Mineral Resources Overview 7 

2.2.1 Primary Resources 7  

2.2.2 Tailing Resources 13  

2.3 Treatment Overview 15 

2.3.1 Introduction 15 

2.3.2 New Treatment Plant 15 

2.3.3 Combined Treatment Plant 17 

2.3.4 Contractor Operations 20 

2.4 Different Parameters Influencing the Production Plan 21 

2.4.1 Mineral Resources 21 

2.4.2 Treatment Plants 25 

2.5 Summary of Operational Issues 26 

2.6 Previous Attempts to Solve the Problem 27 

2.7 Approach Taken in This Study 28 



 

 

ix

 

CHAPTER 3 – L ITERATURE REVIEW 29 

3.1 Introduction to Management Science 29 

3.2 Selection of Appropriate Type of Model 29 

3.3 Mixed Integer Linear Programming in the Mining Industry 30 

3.4 Proposed Model for Kimberley Mines 34 

CHAPTER 4 – MODEL DEVELOPMENT 35 

4.1 Introduction 35 

4.2 General Overview of the System 35 

4.2.1 Front End System 36 

4.2.2 Optimisation Server 36 

4.3 Optimisation Model 37 

4.3.1 Notation 38 

4.3.2 Objective Function 43 

4.3.3 Constraints 45 

4.3.4 Summary 50 

4.4 Front End System Overview 50 

4.4.1 Maintenance Section 52 

4.4.2 File General Information 53 

4.4.3 Periods 53 

4.4.4 Resources 53 

4.4.5 Shaft Details 55 

4.4.6 Mining Costs 55 

4.4.7 Plants 56 

4.4.8 Financial Information 59 

4.5 Summary  59 

CHAPTER 5 – RESULTS AND INTERPRETATION 61 

5.1 Introduction 61 

5.2 Analysis Criteria 61 

5.3 Current Mine Plan 62 

5.3.1 Scenario 1 62 

5.4 Plans Created with the System 65  

5.4.1 Scenario 2 65 



 

 

x

5.4.2 Scenario 3 67 

5.4.3 Scenario 4 70 

5.5 Solution Time 71 

5.6 Some Shortcomings of the System 72 

5.6.1 Infeasible Scenarios 72 

5.6.2 Sensitivity Analysis 72 

5.7 Summary 72 

CHAPTER 6 – SUMMARY, CONCLUSION AND RECOMMENDATIONS 74 

6.1 Summary 74 

6.2 Conclusion 75 

6.3 Possible Shortcomings of the Study 75 

6.4 Recommendations 76 

6.5 Areas for Further Study 76 

6.5.1 Calculation of Expected Grade and Revenue per Carat 76 

6.5.2 Screen Size Changes 82 

6.5.3 Tailing Resource Environmental Rehabilitation Costs 82 

L IST OF SOURCES 84 

 



 

 

xi

L IST OF FIGURES 

 

Figure 2.1:   Sectional Diagram of Joint Shaft 9 

Figure 2.2:   Sectional Diagram of Wesselton Mine 10 

Figure 2.3:   Fan Shaped Depositing Method 14 

Figure 2.4:   Block Flow Diagram of the CTP 20 

Figure 2.5:   Modelled Flow off Material from the Resources to the Plants 27 

Figure 4.1:   Flow Chart of the Mine Planning Systems 36 

Figure 4.2:   Front End Process Flow 51 

Figure 5.1:   CTP Modular Utilisation for Scenario 1 64 

Figure 5.2:   CTP Modular Utilisation for Scenario 2 67 

Figure 5.3:   CTP Modular Utilisation for Scenario 3 70 

Figure 6.1: Hypothetical Size Frequency Distribution Plots for a Coarse and Fine 

Distribution 78 

Figure 6.2:   Revenue per Carat per Sieve Class 79 

Figure 6.3:   Theoretical Differences Between DMS and Pan Plants 80 

Figure 6.4:   Expected Distribution Through DMS and Traditional Plants 81  

 



 

 

xii

L IST OF TABLES 

 

Table 2.1: Particle Size Distribution for Resource 9 24 

Table 4.1:  Subscript Definition 38 

Table 4.2:  Model Variables 38 

Table 4.3:  Model Constants 38 

Table 4.4:  Other Notation - Intermediate Calculations 43 

Table 4.5:  Components of the Load and Haul Contract Rates 55 

Table 4.6:  Different Screen Sizes to be Specified for CTP Type Plants 56 

Table 5.1:  Results of Scenario 1 63 

Table 5.2:  Tonnes per Annum (‘000s) per Resource through the CTP for Scenario 1 63 

Table 5.3:  Results of Scenario 2 65 

Table 5.4:  Tonnes per Annum (‘000s) per Resource through the CTP for Scenario 2 66 

Table 5.5:  Results of Scenario 3 68 

Table 5.6:  Tonnes per Annum (‘000s) per Resource through the CTP for Scenario 3 69 

Table 5.7:  Results of Scenario 4 71 

Table 6.1:  Subscript Definition 77 

Table 6.2:  Input Variables 77 

Table 6.3:  Other Notation - Intermediate Calculations 77 



 

 

xiii

L IST OF ACRONYMS 

 

CTP Combined Treatment Plant 

DMS Dense Media Separation 

FeSi Ferrosilicon 

FTA Fundamental Tree Algorithm 

HOH Harry Oppenheimer House 

HPRC High Pressure Roll Crusher 

KIMRODSS Kimberley Mines Resource Optimisation Decision Support System 

LHD Load Haul Dumper 

LOM Life of Mine 

LP Linear Programming  

LSLPS Large Scale Linear Programming Solutions 

MAP Minimum Acceptable Production 

MINRAS Mineral Resource Accounting System 

MPRDA  Mineral and Petroleum Resources Development Act 

MPS Mathematical Programming System Format 

MILP Mixed Integer – Linear Programming 

MIP Mixed Integer Programming 

NTP New Treatment Plant 

ODTP Old Direct Treatment Plant 

PSD Particle Size Distribution 

SSR Slimes Settling Rate 

 

 

L IST OF UNITS 

km Kilometre 

mm Millimetre 

t Tonne (Metric ton) 

tptp Tonnes per Time Period 

 



 

 

1

CHAPTER 1 

1 CHAPTER 1 – INTRODUCTION 

1.1 Introduction 

Diamond mining started in Kimberley in the early 1870s following the discovery of the 

Kimberley, Dutoitspan, Bultfontein, De Beers and Wesselton pipes.  Mining activities at 

Kimberley and De Beers Mines ceased operation in 1914 and 1990 respectively with the 

remaining pipes still in production until 2005 when they were closed as a result of 

unfavourable economic conditions.   

 

The mining and treatment of the above pipes resulted in the creation of a large number of 

surface tailing resources (previously known as mine dumps) that are scattered over a large 

area in and around Kimberley.  Most of these tailing resources still contain a substantial 

amount of diamonds since previous extraction processes were not very efficient.  With the 

advancement in technology it is now possible to recover these diamonds economically. 

 

Kimberley Mines thus have two main sources of diamond-bearing material: 

·  Primary sources that have not been mined or treated yet (56.2 million tonnes).  These 

sources account for 19% of the total resources available, mostly low grade material 

located underground.  The current economic climate combined with the high 

production costs associated with underground mining results in these sources being 

marginal at best.   

 

·  The remaining 81% of the resources consist of previously treated tailing resources 

(230 million tonnes).  The tailing resources vary from relatively high grade material to 

very low grade material.  However, the low costs associated with surface mining 

operations ensure that a significant amount of this material can be treated profitably. 

 

These sources are valuable assets of Kimberley Mines, but they need to be worked (mined 

and treated) to realise value for the mine.   

 

The underground sources were extracted by Scraper Drift Block Caving – this is a capital 

intensive, relative inflexible massive mining method with high working costs.  The surface 
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tailing resources on the other hand, are mined by a fleet of earthmoving equipment.  This is a 

very flexible method with lower capital and production costs.  Once the material is mined, it 

is treated through a metallurgical plant to recover the diamonds from the ore. 

 

The newly constructed Combined Treatment Plant (CTP) was designed to treat both surface 

and the remaining underground sources in a technically and financially viable way.  It utilises 

the latest technology available and is able to recover most of the diamonds that were missed 

by the previous processes. 

 

However, apart from the CTP, the New Treatment Plant (NTP), commissioned in 1958, was 

also still in operation until the end of 2006.  Although not as technologically advanced and as 

efficient as the CTP, it was also able to treat surface and underground sources.  Although 

various upgrades were implemented to improve the plant’s efficiencies, they did not prove 

sufficient and the plant was eventually closed in December 2006. 

 

Apart from the CTP and the NTP, Kimberley Mines has yet another set of treatment facilities 

available:  four contractors are treating tailing resource material on behalf of Kimberley 

Mines on a profit-share basis.  Even though their processes, efficiencies and throughput 

capacities are different from the CTP and the NTP, they contribute marginally to Kimberley 

Mines’  targets.  Kimberley Mines and these contractors are currently reviewing the 

relationship to determine if the current relationship is still adding value to both parties, or 

whether the contractors should be allowed to treat some of the tailing resources for their own 

account without any ties to Kimberley Mines. 

 

With this array of resources available, almost 70 separate diamond-bearing sources and five 

treatment plants (previously six plants), Kimberley Mines is in the fortunate position of 

having flexibility to maximise the value of the operation.  Unfortunately this array or 

resources also increase the complexity of finding the optimal solution.  Each mineral resource 

has different production constraints and geo-metallurgical properties and even the confidence 

in the geo-metallurgical information of the different sources varyies.   Likewise, each plant 

has different production constraints, different treatment technologies available and different 

recovery efficiencies.   
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In order to derive maximum benefit from these resources, the properties of the resources must 

be matched to the parameters in the different plants while optimising the Net Present Value 

(NPV) of Kimberley Mines as a whole.  This can only be achieved if a proper, practical 

depletion plan is formulated – the aim of this study is to develop a mathematical system to 

assist with the development of a practical long term depletion plan to maximise the value of 

Kimberley Mines.   

 

1.2 Significance of the Problem 

The current Mine Plan is compiled using a spreadsheet based input-output model.  The model 

is not able to match the resource properties with the plant parameters – the end user simply 

allocates mineral resources to the plants while only considering the overall plant capacities.  

This method results in a plan that may be neither practical nor optimal.  The model is also 

very time-consuming and scenario analyses are therefore very limited.  A model needs to be 

developed to eliminate these shortcomings of the current planning model. 

 

1.3 Problem Statement 

The purpose of this study is therefore to develop a mathematical decision support system that 

can match the properties of the resources to the parameters in the different treatment plants 

and then to recommend a depletion plan that will maximise the value of Kimberley Mines.  

The system must also be able to cater for non-technical constraints that management wishes to 

impose. 

 

1.4 Scope of the Study 

This report only focuses on the operations of Kimberley Mines.  When this study started there 

was no intention of closing any of the plants or changing the relationship with the contractors 

and all the plants are therefore included in this study. 

 

Only the ore-flow mass balances through the plants are addressed.  Supporting engineering 

aspects, i.e. water balances, process control, maintenance philosophies and other aspects fall 

outside the scope of this study. 
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1.5 Structure of the Repor t 

This first chapter of the report presents the introduction to this report and briefly describes 

how the problem has been addressed.  The second chapter presents a detailed background to 

the problem at hand and explains how the outputs are affected by the various input 

parameters. 

 

A literature search showing how similar problems have been solved is given in the third 

chapter. Based on the results of this review, a suitable type of mathematical model is proposed 

for Kimberley Mines’  situation. 

 

The fourth chapter describes how the selected mathematical model has been developed into a 

decision support system to solve the problem at hand.  The completed model is used to 

generate a number of scenarios that were compared with the original Life of Mine plan.  The 

corresponding results and interpretation are discussed in the fifth chapter. 

 

The final chapter presents the summary, conclusions and recommendations of the study. 
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CHAPTER 2 

2 CHAPTER 2 – BACKGROUND TO KIMBERLEY MINES 

2.1 The History of Diamonds in K imber ley 

The historical information in this section is adapted from the KM history brochure 

(De Beers, 2003). 

 

Diamonds were formed in the mantle of the Earth more than 150 kilometres below surface. 

Carbon that was present in the mantle was subjected to very high pressure and temperatures 

and crystallised to form diamonds.  Molten magma that formed in the mantle forced its way 

through the earth’s crust and burst through to the surface in volcanic eruptions many years 

ago.  The magma carried diamonds with it and when it eventually cooled in the pipes the 

diamonds became trapped in the rock that was formed. This rock became known as 

kimberlite, named after the city of Kimberley. 

 

None of the pipes were formed in a single event; multiple stages of intrusion have resulted in 

the presence of separate columns of kimberlite within a single pipe.  Each column has 

different mechanical and/or chemical characteristics: the kimberlites vary from soft, friable 

and hygroscopic, to hard, water-resistant varieties at a single level. 

 

After the volcanoes had become dormant, water movement started eroding the volcanic pipes 

and carried many of the diamond bearing material towards the West Coast, depositing some 

of it along the Vaal and Orange River systems.  It was one of these “alluvial”  diamonds that 

lead to the discovery of diamonds in South Africa – the “Eureka”  was found in 1866 by a 

farm boy, Erasmus Jacobs near Hopetown near the Orange River.  The diamond rush started 

and soon the area was filled with diggers hoping to find their fortunes along the river.  Shortly 

afterwards, from 1869 to 1892, eight different kimberlite pipes were discovered in the present 

day Kimberley and the “dry diggings”  were established. 

 

Chaotic mining ensued as each digger simply worked his own claim with little regard to his 

own safety, or the safety of his fellow diggers.  The top portion of the pipe was highly 

weathered and the diggers were able to work their claims with only basic hand tools.  

However, as the open holes deepened, the diggers started to reach hard rock and most of them 
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simply did not have the resources to go any further, so they sold their claims to some of the 

syndicates that were forming.   

 

Eventually two companies were controlling the majority of the claims in Kimberley, the 

Kimberley Central Company under Barney Barnato (who controlled the Kimberley Mine), 

and the De Beers Mining Company under Cecil John Rhodes (who controlled the De Beers 

Mine, named after the De Beers brothers, the first owners of the farm Vooruitzicht).  After an 

intense financial struggle, the two companies merged and De Beers Consolidated Mines 

Limited was formed on 12 March 1888 under the leadership of Cecil John Rhodes.  By July 

1889 De Beers Consolidated Mines had also obtained controlling interests in the Dutoitspan 

and Bultfontein Mines.  

 

With the consolidation of the Kimberley and De Beers Mines, comprehensive mining systems 

now became possible for the workings which were soon established as well-managed mines.  

Underground work commenced under the guidance of Gardner Williams, De Beers’  first 

general manager.  Underground mining progressed through different stages and mining 

methods as the mines became deeper until the last underground mines eventually ceased 

production in 2005.  

 

The mining and treatment of the kimberlite pipes resulted in the creation of a large number of 

surface tailing resources that are scattered in and around Kimberley.  Most of these tailing 

resources still contain a substantial amount of diamonds since the various extraction processes 

utilised during the history of Kimberley were not very efficient.  With the progress in 

technology, however, it is now possible to recover some of these diamonds economically.   

 

As a result of the differences in the characteristics of the initial kimberlite pipes that were 

mined combined with the different treatment processes that were used over time, each of these 

tailing resources is unique.  The various combinations of geological and metallurgical 

properties of the tailing resources produce different results through each of the current plants 

since the technologies and equipment that are used in the current plants are not even the same.  

When the geographical location of the different tailing resources and the different plants are 

taken into consideration as well, it is clear that the efficient utilisation of these various 

resources can become quite complicated.  



 

 

7

A detailed description of the current operations at Kimberley Mines is therefore required as 

background to the problem at hand.  The overview of the operations can be grouped into two 

different sections:  the mineral resources that contain the diamonds with the associated mining 

processes required to extract the diamond bearing material, and secondly the treatment plants 

where the diamonds are extracted. 

 

The relevant parameters that affect the production of the different units of Kimberley Mines 

are presented to complete the problem description.  These variables need to be optimised for 

optimal utilisation of Kimberley Mines’  resources. 

 

The chapter closes with a summary of previous attempts to solve the problem and describes 

the approach taken in this study. 

 

2.2 Mineral Resources Overview 

2.2.1 Primary Resources 

There are 16 known kimberlite pipes within a 10 kilometre radius of Kimberley.  Most of 

these kimberlites have been mined with varying degrees of success.  The larger pipes in the 

Kimberley cluster are oval in shape and measure between three and eleven hectares at present 

day surface.  However, they generally decrease in size with depth, measuring only between 

one and five hectares at the depth of 600 metres.  Below this depth the kimberlite pipes 

become irregular and fragmented in shape (De Beers, 2006a). 

 

The quantity of diamonds contained in kimberlite pipes were non-uniform resulting in erratic 

grade distribution both horizontally and vertically throughout the ore body.  In general, 

however, there was a tendency for grade to decrease with depth.  

 

Although underground operations ceased in 2005, these resources are included in this report 

for the sake of completeness.  If the economic conditions were to change, it may be possible 

to mine these resources again in future.   

 

The underground mines were serviced by two separate shaft infrastructures.  Joint Shaft 

serviced the Bultfontein and the Dutoitspan Mines that are close together.  Wesselton Mine is 
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approximately 5 km away from Joint Shaft and was serviced by its own shaft infrastructure.  

Figure 2.1 and Figure 2.2 show diagrammatic sections through the two shafts. 



 

 

9

 

Figure 2.1:  Sectional Diagram of Joint Shaft 

Source:  De Beers, 2006e
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Figure 2.2:  Sectional Diagram of Wesselton Mine 

Source:  De Beers, 2006e 
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2.2.1.1 Bultfontein Mine 

Bultfontein is a relative small pipe that had been mined since 1869 with various mining 

methods.  The two most recent methods were a Rim Loading section and a Block Cave.   

 

The Rim Loading section was established on 735m and 750m levels (depth below surface).  It 

consisted of old Sub Level Caving tunnels that intersected the loose material in the pipe.  The 

mining method consisted of Load Haul Dumpers (LHD’s) that loaded the ore at the contact 

and transported it to the Joint Shaft ore passes.  Two trains conveyed the ore to the shaft ore 

passes for primary crushing and storage before it was hoisted to the surface, crushed again 

and screened, ready for treatment. 

 

The section was highly over-extracted.  This resulted in very fine material with a high waste 

content (up to 70%).  However, as a result of the low mining cost it remained profitable 

despite the high waste content until it was eventually closed in April 2004. 

 

A Slusher Drift Block Cave was established at 845m below surface and was operated 

simultaneously with the Rim Loading section.  The production level consisted of 6 parallel 

concrete lined tunnels (called drifts) that traversed the pipe.  Ore reported from the block cave 

into the drifts through a number of drawpoints (openings on the sides of the drift going up into 

the block cave).  Once the ore reported into the drift, it was pulled to the stockpile area in the 

front of the drift by a double drum winch and scoop arrangement.   From the stockpile the 

material was tipped into a train that took the material to the local ore pass where it was 

crushed, delivered onto a conveyor belt system and transported to the shaft ore passes before 

being hoisted to the surface. 

 

The Bultfontein block cave was a very mature cave with very fine material.  The fine 

material, combined with the absence of any water in the cave, ensured higher production rates 

per drawpoint when compared with Dutoitspan and Wesselton Mines.  Although the maturity 

of the cave also resulted in waste entering the drawpoints, the grade was still quite good, 

thereby ensuring that Bultfontein was one of the highest revenue per tonne resources at 

Kimberley Mines.   

 

Unfortunately the revenue was not high enough to counter the increasing working costs and 

the strengthening exchange rate, resulting in the block cave being closed in August 2005. 



 

 

12

The Bultfontein Block Cave averaged approximately 1 350 tonnes per day at the time of 

closure. 

 

The Bultfontein pipe extends below the 845m level down to 885m below surface.  However, 

the diameter of the pipe becomes so small at that depth that it is simply not economically 

viable to mine the remaining piece. 

 

2.2.1.2 Dutoitspan Mine 

Dutoitspan is the biggest pipe and had been mined since 1870 with various mining methods.  

The most recent method was a Slusher Drift Block Cave, similar to the Bultfontein Block 

Cave.   

 

The Block Cave was established at 870m level and was operated simultaneously with the 

Bultfontein sections.  The production level was developed in a two-staged approach:  the 

higher grade East Cave was developed first and consisted of 7 drifts.  The lower grade 

Western Cave was developed a few years later adjacent to the East Cave.  The West Cave 

consisted of 8 drifts.   

 

The Dutoitspan Block Cave operated in exactly the same manner as the Bultfontein Cave and 

the ore was delivered to the local ore pass where it was crushed, delivered onto a conveyor 

belt system and transported to the shaft ore passes before being hoisted to surface. 

 

The Dutoitspan Block Cave averaged approximately 1 200 tonnes per day until it was 

eventually closed in August 2005. 

 

2.2.1.3 Wesselton Mine 

Wesselton is the second largest pipe and had been mined since 1892 with various mining 

methods.  The most recent method was a Slusher Drift Block Cave, similar to the Bultfontein 

and Dutoitspan Block Caves.   

 

The Block Cave was established at 995m below surface and was operated independently from 

the Joint Shaft Caves.  The production level consisted of two block caves:  the Central Block 
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was the biggest and consisted of 15 double sided drifts while the small North Block only had 

5 short one-sided drifts.   

 

The Wesselton caves worked the same as the Joint shaft caves with the only exception that the 

Central Block’s drifts were worked from both sided as a result of the longer drifts.  The 

material was also tipped into trains that transported the material to the ore-pass feeding the 

crusher.  However, the crusher was located at the shaft and the crushed ore therefore reported 

directly into the shaft ore passes, ready to be hoisted to the surface. 

 

The Wesselton Block Cave averaged approximately 3 600 tonnes per day until it was 

eventually closed in August 2005. 

 

2.2.2 Tailing Resources 

2.2.2.1 Overview 

Kimberley Mines has in total more than 65 tailing mineral resources scattered in and around 

Kimberley.  These tailing resources were created from the mining and processing of the 

primary kimberlite pipes of Bultfontein, Dutoitspan, Wesselton, Kimberley Mine and De 

Beers Mine. The main tailing resources are Tailing Resources number 4, 6, 8 to 12 and 

14 to 16. 

 

Tailing Resources number 4 to 6, 14 and 15 were built using material derived from the 

treatment of the Kimberley, De Beers and Bultfontein kimberlite pipes respectively. The 

material mined from the pipes was too hard to be treated immediately and was therefore laid 

out in the open veldt to weather (Kimberlite decomposes relative quickly when exposed to 

natural elements).  A steam roller would then ride over the material to assist the breakage 

process further.  This method was called flooring and was the only method available before the 

introduction of crushers.   

 

The broken material was then taken to the treatment plants and concentrated through pans to 

produce heavy mineral concentrate.  Coarse tailings and slimes produced were co-disposed by 

discharging them from a central high point in a radial fashion to form a fan-shaped deposit 

(Figure 2.3).  Final recovery of the diamonds from the concentrate involved a pulsator jig and 
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grease table at a central plant.  The residue from this central plant was stockpiled on Tailing 

Resource 11. 

 

 

Figure 2.3:  Fan Shaped Depositing Method 

Source:  De Beers, 2006a 

 

The flooring method for the comminution of the kimberlite was superseded by mechanical 

crushing referred to as “direct treatment”  early in the 20th century (De Beers, 2006a).  Tailing 

Resources 8 and 16 were derived by this new treatment method and their material was sourced 

from all the kimberlites mined at that time. These two tailing resources, unlike the tailing 

resources mentioned previously, were created from only the coarse tailings residue.  The fine 

tailings were stored separately on Fine Residue Disposal facilities (also called slimes dams).   

 

In addition to the above tailing resources, various other small tailing resources had been 

deposited on the old floors of Bultfontein, Dutoitspan, Kimberley and De Beers. These tailings 

are also diamondiferous and comprise mainly hypabyssal and tufistic kimberlite fragments.  

 

2.2.2.2 Mining Overview 

Tailing Resource reclamation on surface is done by an independent contractor with a 

mechanised ground handling fleet consisting of bulldozers, loaders, trucks and support 

equipment.  The material is dozed into small stockpiles (called windrows) on the tailing 

resources to facilitate the breakage of clay lumps and to allow the material to dry out.   A 

Front End Loader then loads the material onto the trucks for delivery at the various treatment 

plants. 
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The Tailing Resource operation is a flexible, highly productive operation with a much lower 

mining cost per tonne as compared to the underground resources.  This low cost combined 

with the advances in recovery technologies is the main reason why Kimberley Mines is able 

to exploit these tailing resources cost effectively. 

 

2.3 Treatment Overview 

2.3.1 Introduction 

De Beers Kimberley Mines historically operated two treatment plants in Kimberley: the New 

Treatment Plant (NTP) that was commissioned in 1958 and ceased operation in 2006, and the 

Combined Treatment Plant (CTP) that was commissioned in 2002 and is still in operation 

today.  De Beers also has four contractors that treat some of the Tailing Resources on a cost 

plus profit share basis.  These contracting companies are Superstone (a wholly-owned 

subsidiary of EKAPA Mining), Sedibeng Mining, Dumpco Mining and Superkolong Mining. 

 

All the treatment plants consist of a “Blue Area”  where the primary concentration takes place, 

and the “Red Area” , also called the “Recovery” , where the final recovery takes place. 

 

This section gives a brief overview of the different plants. 

 

2.3.2 New Treatment Plant 

The Blue Section of the NTP originally consisted of primary, secondary and tertiary pans that 

facilitated the primary concentration of diamonds in the ore.  Three modular Dense Medium 

Separator (DMS) units were installed in 2004 to replace the secondary and tertiary pans to 

improve on fine diamond recovery.  However, the pan plant section of the NTP ceased 

operation in November 2005 due to risk associated with the structural integrity of the building 

as well as the working cost associated with maintaining and operating the pan plant section.  

Other sections which were also stopped together with the pan plant section included the 

underground stockpile feed section, mixing bins, scalping and feeding section, re-crush and 

the Attritioner.   
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The Blue area of the NTP currently consists of two separate DMS sections that are fed from 

two separate feeding sections: the Voorspoed Screening plant that feeds into the new DMS 

Upgrade Modules, and the CS1 feeding section that feeds into the older Bulk Plant.  The 

concentrates from both these sections are treated through a central recovery plant. 

 

The Recovery uses Grease belts and X-ray machines. 

 

2.3.2.1 Process Flow for the DMS Upgrade Modules 

The material is tipped into two head feed bins and is fed via two feed conveyors to the 

screening plant. The material is screened over two double deck screens in order to remove the 

+25mm oversize and the -1mm slimes.  The +25mm material is removed and stockpiled to 

dry out and is re-introduced to the head feed bins once dried out.  The -1mm fraction is 

screened out at the bottom deck and pumped to slimes.  The � 25 +1mm material is conveyed 

to the three DMS feed bins to be treated proportionally through the three DMS modules. 

 

The material reporting to the DMS sections is mixed with a water and ferrosilicon (FeSi) 

mixture (called the dense medium) and is fed into cyclones.  The heavier diamond bearing 

material sinks and is extracted at the bottom of the cyclone while the lighter material floats 

off.  The float and sink product is screened and washed to recover as much of the FeSi as 

possible. After screening, the float product is discarded as tailings.  The sink product is then 

conveyed to a 40 tonne bin which then feeds the Recovery section. 

 

The designed plant feed rate is 300 tonnes per hour. 

 

2.3.2.2 Process Flow for the Bulk Plant Section 

The material is tipped into one head feed bin and conveyed to the preparation screen (banana 

screen) to remove the +25mm oversize and the -1mm slimes.  The +25mm material is 

stockpiled to dry out and the -1mm is pumped to the slimes dams via the degrit cone. 

 

The � 25 +1mm material is delivered into the DMS mixing box situated in the Bulk Plant 

where the material is mixed with FeSi and fed into cyclones.  The float product is discarded as 

tailings onto the same conveyor belt as the DMS tailings.  The sink product is transferred into 
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two 20 tonne concentrate bins situated inside the Bulk Plant and then conveyed to the 

Recovery section. 

 

The Bulk Plant has a feed rate of 100 tonnes per hour.   

 

Please note that neither the DMS Upgrade section nor the Bulk plant has a scrubbing unit 

before the screening units.  This absence of a scrubbing unit severely hampers the plant’s 

efficiency. 

 

2.3.2.3 Recovery Plant Process Flow 

The concentrated material from the DMS Modules as well as the Bulk Plant is introduced to 

another re-concentration DMS cyclone in the Recovery plant.  The float product is discarded 

as tailings and the sink product is conveyed by a vertical bucket elevator to two 20t bins. 

From the 20t bins the material is pumped and screened into 3 products:  

 

·  � 25 +3mm;  

·  � 3mm + 1mm; 

·  � 1mm.  

 

The –3mm +1mm fraction reports to a grease belt that traps all hydrophobic material 

(including diamonds).  The concentrate is removed, cleaned and sent to the sorthouse for final 

hand sorting.  The tailings are discarded. 

 

The –25 +3mm fraction is dried through a Jones Dryer, separated into coarse, medium and 

fine fractions and treated through separate X-ray machines.  The concentrate from the X-ray 

machines is screened once again before the final hand sorting in the sorthouse.  The tailings 

are discarded. 

 

2.3.3 Combined Treatment Plant 

2.3.3.1 Background 

The Combined Treatment Plant was designed to treat kimberlite ore from underground as well 

as tailing resource material from various resources located around Kimberley.  The 
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underground ore component had been phased out after closure of the underground mines 

hence the plant is treating tailing resource material exclusively.  

 

The Blue Area consists of the scrubbing and screening section, coarse and fine DMS modules, 

re-crush section and the thickening section for water recovery.  The Red Area uses X-Ray 

machines, Magnetic Separators and Single Particle Sorters.  Final sorting is also done by 

hand. 

 

2.3.3.2 Process Flow Description 

The Tailing Resource material is trucked from the tailing resources and delivered into 3 ore 

receiving bins.  Static grizzly screens (400mm) on top of the receiving bins keep out 

unwanted tramp oversize.   

 

The material is drawn out of the bins by weigh feeders which control the feed rate. This 

material is then conveyed onto two parallel scalping screens to remove oversize material 

which mainly comprises large clay balls, vegetation and tramp iron.  The screened oversize 

material is stockpiled as waste oversize.  (These scalping screens can be bypassed if the 

material that is fed to the plant is void of oversize and tramp material.)   

 

The screened undersize material (� 40mm) is conveyed to the scrubbing section where the 

stream is equally divided to feed the two parallel scrubbers.  The scrubbers disagglomerate the 

material and then discharge it onto two parallel screens which size the material and feed the 

following sections: 

·  � 4mm fraction is pumped to degrit section 

·  � 20mm +4mm fraction is conveyed to the Coarse DMS modules 

·  � 75mm +20mm fraction is conveyed to the Recrush section 

 

The -4mm fraction is further separated at the degritting section into the following sizes: 

·  � 1mm reporting to the thickening section for water recovery and fine 

tailings disposal 

·  � 4mm +1mm feeding the Fine DMS for concentration 
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The � 1mm feeding the thickening section is settled by using a settling media (coagulant and 

flocculant) in five deep cone high rate thickeners to produce paste.  The high density 

thickened paste is discharged from the thickener underflow and pumped 5.5 km using positive 

displacement pumps to the fine tailings disposal site.   

 

The coarse (� 20mm +4mm) and fine (� 4mm +1mm) fractions from the scrubbing and 

degritting sections are concentrated at the coarse and fine DMS sections respectively.  The 

DMS concentration process gives rise to heavy concentrates which are fed to the recovery 

section for final diamond recovery and sorting. The Fine DMS float material (light reject 

material) is discarded to coarse tailings resource stockpile. The Coarse DMS float material is 

screened into � 8mm which is also discarded to coarse tailings resource stockpile (this 

material is also referred to as the Middles fraction) and the +8mm is conveyed to the Recrush 

section to liberate any locked diamonds.  

 

The Recrush section consists of two parallel High Pressure Roll Crushers (HPRC’s). The 

HPRC©s crush the material and produce fine briquettes which are recycled to the scrubbing 

and degritting area for disagglomeration and sizing. 

 

The heavy concentrate from the DMS is fed to the recovery section where is it dried and 

classified into different sizes for recovery through X-ray machines. The highly concentrated 

diamond stream from the X-ray process is sent to the Sorthouse where it is hand sorted for 

final diamond recovery.  The tailings reject from the Recovery and the Sorthouse is combined 

and stockpiled separately for possible future re-treatment. 

 

See Figure 2.4 for the block flow diagram of the CTP.    
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Figure 2.4:  Block Flow Diagram of the CTP 

 

The mass balance within the CTP is very sensitive to the wide variation of ore characteristics 

that can be expected from the various tailing resources in terms of particle density (affecting 

the yield), particle size distribution and settling characteristics.  These properties determine 

the treatability of a specific resource through the process plant and it is therefore important 

that the correct blending strategy is formulated to achieve optimum treatment. 

 

The design treatment rate of the CTP is 1 050 tonnes per hour, 24 hours per day, seven days 

per week, and 341 days per year.  Targeted Overall Plant Utilisation is 74.6%. 

 

2.3.4 Contractor Operations 

The four different contractor operations use a combination of pans; DMS modules; re-crush 

modules; X-ray machines and grease recovery techniques.  Three of the operations namely 
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Superstone, Sedibeng and Dumpco use a combined deep cone thickening plant for water 

recovery before the thickened slimes are deposited into the De Beers pit.  Superkolong uses 

conventional slimes techniques, depositing their slimes onto a section of the NTP’s slimes 

dam. 

 

2.4 Different Parameters Influencing the Production Plan 

2.4.1 Mineral Resources 

The resource factors that affect production, revenue and costs are as follows: 

 

2.4.1.1 Opening Tonnes and Planning Tonnes 

Each resource has only a limited amount of tonnes in-situ available (the opening tonnes) as 

declared in the Mineral Resource Statement.  However, some of the resources cannot be 

mined completely and the tonnes must therefore be reduced to the total tonnes that are 

available for production. 

 

2.4.1.2 Start-up Cost 

Some of the resources do not have readily available access (some tailing resources do not 

have roads all the way to the dump) and some money has to be spent on infrastructure before 

the resource can be mined. 

 

2.4.1.3 Minimum and Maximum Production per Period 

Some of the resources have to be mined at a minimum rate for a specific reason; however, all 

the resources have a maximum production that they can achieve per time period.  For the 

underground sections this is determined by the number of drawpoints in the block cave, the 

condition of the block cave, the maturity of the block cave and the shaft infrastructure 

capacity.  The maximum production from the different tailing resources is determined by a 

combination of the number of loaders that can be used simultaneously on the dump and the 

maximum number of trucks that can be safely accommodated on the affected haul roads.  

These constraints have to be taken in account when compiling the production plan. 
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2.4.1.4 Shift Configuration 

The underground mines were working 3 shifts per day, five days a week excluding holidays.  

The majority of the tailing resources, however, can be mined 24 hours a day, seven days a 

week including holidays.  The few tailing resources that are located within the town of 

Kimberley can only be mined 12 hours per day, five days a week excluding holidays.  These 

different shift configurations combined with the maximum and minimum production rates 

affect the total production that any resource can deliver in a cycle of a week or longer. 

 

2.4.1.5 Upper & Lower Closing Reserve 

Some of the resources must be depleted by a certain time (upper closing reserve set to zero 

tonnes) while others cannot be mined before a certain time (lower closing reserve set to 

opening tonnes).   

 

2.4.1.6 Grade and Revenue per Carat 

Each resource has a specific in-situ grade and a specific revenue per carat (expressed as dollar 

per carat).  Both these factors, combined with the Rand:Dollar exchange rate determine the 

revenue per tonne of each resource.  However, as a result of the different efficiencies of the 

different plants, both these factors are different for each resource through each different plant. 

 

The total revenue generated per month is therefore a combination of the tonnes per resource 

that are treated per plant multiplied with the revenue per tonne for the specific resource-plant 

combination. 

 

2.4.1.7 Production Cost per Tonne 

The underground mines’  production costs consist of a combination of fixed and variable 

costs.  The mining of the tailing resources is done by a contractor that is paid based on the 

hauling distance and amount of tonnes delivered to the plants.  The mining cost of the tailing 

resources is therefore variable, with no fixed portion.  
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2.4.1.8 Hauling Distance to Each Plant 

The hauling distance to each plant determines the cost to deliver the material to the plant and 

it also affects the requirements placed on the fleet of trucks. 

 

2.4.1.9 Particle Size Distribution 

The Particle Size Distribution (PSD, also referred to as granulometric details) refers to the 

different sizes of the material in the specific resource.  The underground material is generally 

coarse since it was only crushed with primary and secondary crushers when the material 

reached the plants.  Some of the tailing resources, however, were also crushed by tertiary 

crushers, thereby reducing the material to even smaller particles.  All of the tailing resources 

had also been exposed to the natural elements that assisted weathering and breakage of the 

particles.  These different factors result in different PSD’s for the different resources. 

 

Table 2.1 shows a typical PSD data set for a specific resource (to ensure confidentiality the 

resource is called Resource 9) to illustrate the effect that the PSD has on the different streams 

of the CTP:  the majority of Resource 9 material (40.3%) will report to the Coarse DMS 

Modules with significant amounts reporting to the HPRC modules (21.7%), the Fine DMS 

Modules (30.8%) and the Thickening Modules (28.5%).  The Oversize Crusher (0.4%) will 

not receive a significant amount of first pass material. 

 

The material from the HPRC Modules is recycled to the Scrubbing and Screening Modules 

from where it is distributed to the different modules again.  This significant portion of HPRC 

material therefore places additional second pass requirements on all the modules, thereby 

reducing available fresh feed capacity. 
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Table 2.1:  Par ticle Size Distr ibution for  Resource 9 

Screen aper ture  (mm) % Mater ial Cumulative % 
passing CTP Module Affected 

37.0 mm 0.0 100.0 

32.0 mm 0.0 100.0 

26.0 mm 0.2 100.0 

22.5 mm 0.2 99.8 

Oversize Crushing 
(0.4%) 

19.0 mm 1.6 99.6 

16.0 mm 3.3 98.0 

12.5 mm 6.6 94.7 

9.5 mm 10.2 88.2 

HPRC 
(21.7%) 

8.0 mm 8.5 77.9 

6.3 mm 1.3 69.4 

6.0 mm 8.8 68.1 

Coarse 
DMS 

(40.3%) 

4.0 mm 14.6 59.3 

2.0 mm 16.2 44.7 

Fine DMS 
(30.8%) 

Coarse 
Tailings 
(49.3%) 

1.0 mm 8.5 28.5 

0.5 mm 20.0 20.0 
Thickeners (28.5%) 

Total 100.0    

Source:  De Beers, 2006b 

 

The ultimate goal is to ensure that all modules are running at optimum capacity by ensuring 

that a suitable blend is fed to the plant.  In this case, some fine sources should be added to 

ensure a more even distribution through the different modules. 

 

Alternatively, by changing a few screen panels in the CTP the mass balances will change and 

may improve throughput.  As an example:  If the Coarse DMS Float Screen is changed to 

+12.5mm, the amount of material to the HPRC Modules will decrease to 11.5%. 

 

A management Decision Support System should therefore be able to answer both questions:  

what is the optimal blend through the plant and / or what effect will screen panel size changes 

have on the overall throughput and NPV of the plant? 
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2.4.1.10 Density 

The density of the material will affect the amount of material that will report as concentrate to 

the sink side of the DMS modules and to the extractors of the pans (where used).  A heavy 

source will therefore result in more material reporting as concentrate to the Red Area which 

may create a bottleneck. 

 

2.4.1.11 Slimes Settling Rate 

The scrubbing and/or screening modules in the different plants screen out the fine fraction of 

the material (normally � 1 mm) that is discarded as fine residue (waste).   This is a wet process 

resulting in water contaminated with slimes (called effluent water).   

 

The CTP, Superstone, Sedibeng and Dumpco plants use deep cone high rate thickeners to 

recover some of the effluent water by allowing the solids to settle (sink to the bottom) while 

the clean water is recovered at the top of the thickener.  The rate at which the solids settle in 

the thickener is a function of the size of the particles, the density of the particles and how well 

the particles react to the chemical (coagulant) that is used to speed up the settling process.  

The slimes settling rate is therefore slightly different for the various resources and affects the 

throughput rate of the thickeners accordingly. 

 

2.4.2 Treatment Plants 

The treatment plant related factors that affect production, revenue and costs are as follows: 

 

2.4.2.1 Minimum and Maximum Production per Period 

Each module in each plant has a certain minimum and maximum throughput rate at which the 

module is running optimally.  These rates are determined by the size of the equipment, the 

designed capacity, and the availability and utilisation of the equipment. 

 

2.4.2.2 Crushing Efficiency 

The efficiency of the crushing circuit will determine to which module the crusher’s product 

reports and thereby will affect the total amount of material processed by the specific module. 
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2.4.2.3 Shift Configuration 

The Sedibeng and Dumpco plants are working 3 shifts per day, five days a week excluding 

holidays.  The other plants operate 24 hours a day, seven days a week including holidays.  

These different shift configurations combined with the maximum and minimum production 

rates affect the total production that any module in a plant can deliver in a cycle of a week or 

longer. 

 

2.4.2.4 Plant Efficiency 

The various different plants use combinations of different treatment technologies, each with 

its own efficiency.  Normally the plants that use pan technology have lower efficiency than 

the DMS plants.  However, there are two exceptions:   the NTP does not have a scrubbing unit 

before the DMS units and therefore has a lower than expected efficiency (DMS units need 

clean material to operate efficiently).  Superstone, on the other hand uses pans as primary 

concentration units and then re-concentrates the material with a small DMS unit.  This 

configuration yields efficiency almost equal to a pure DMS unit. 

 

The differences in efficiencies result in different grades and revenues that each source will 

contribute through the different plants. 

 

2.4.2.5 Production Cost per Tonne 

Production costs at De Beers’  plants consist of a fixed and variable portion while the costs for 

the contractor plants are refunded according to a purely variable formula. 

 

2.5 Summary of Operational Issues 

Kimberley Mines have more than 65 mineral resources and six treatment plants at its disposal 

for diamond recovery.  Each of these resources has its own characteristics and constraints, 

while each of the treatment plants uses different combinations of technology thereby 

increasing the complexity of generating an optimal mining plan. 

 

The need was therefore identified to develop a mathematical model to assist with the 

compilation of the mine plan.  A diagram of the modelled flow of ore is shown in Figure 2.5. 
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Figure 2.5:  Modelled Flow off Mater ial from the Resources to the Plants 

 

2.6 Previous Attempts to Solve the Problem 

The development of a Mixed Integer Linear Programming (MILP) system for Kimberley Mines 

started as early as 2001.  However, the personnel of Kimberley Mines that were involved with 

the development of the system did not fully understand the concepts of MILP and therefore were 

not able to formulate a value-adding model.  De Beers’  head office made a professional scientist 

available to Kimberley Mines to assist (who had been involved with the development of a few 

other MILP Models within the group); however, this person did not understand the business 

model and the parameters affecting the business to be able to formulate the model.  This created 

the classical example where the technical and business specialists did not understand each other’s 

fields and therefore no solution could be found. 
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This model was eventually left unfinished and it was not implemented at Kimberley Mines. 

 

2.7 Approach Taken in This Study 

While the author (a mining engineer at Kimberley Mines) was studying Operational Research at 

the University of Stellenbosch Business School, he realised that a properly designed 

mathematical model could add significant value to Kimberley Mines.  The development of a new 

model was then started under his leadership.  

 

Various workshops and individual interviews were conducted early in 2004 to assist with the 

formulation of the problem and to decide on the parameters to be included in the decision 

support system as described in this chapter.   

 

Once the background to the problem and the effect that the different parameters have on the 

mine plan was understood, the next step was to conduct a literature study to determine how 

other operations addressed similar situations.  The next chapter presents the summary of the 

literature study and proposes the type of model to be used for Kimberley Mines. 
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CHAPTER 3 

3 CHAPTER 3 – LITERATURE REVIEW 

3.1 Introduction to Management Science 

Mathematical tools have been used for centuries to solve problems.  However, the formal 

study and application of management science techniques to practical decision making is 

largely a product of the twentieth century (Render & Stair, 2000).  These techniques have 

been implemented successfully in various different applications, including the airline 

industry, oil industry, mining industry, retailing sector, financial sector, health care, education 

and many more.  The application of these techniques realises considerable value to the 

companies that are using them in terms of increased revenue, reduced costs, increased 

throughput and other factors.  It is believed that without the application of these techniques, 

many companies would simply not be able to operate as they do today. 

 

According to Winston and Albright (2001), the key to any management science application is 

a mathematical model – this is a quantitative representation, or approximation of the real 

problem.  The problem is concisely described in terms of mathematical equations and 

inequalities.  Spreadsheet models can be used to model simple to moderately complex 

problems, while custom designed computer models are usually developed for the more 

complex problems.  

 

3.2 Selection of Appropr iate Type of Model 

Quite a few different types of mathematical tools form part of the management science 

domain, each with its own specific application.  Winston and Albright (2001) separate the 

models into two broad categories: descriptive (or simulation) and prescriptive (or 

optimisation) models.   

 

Descriptive models simulate a physical situation in real life, but they do not make any 

suggestions as to how the situation can be improved.  A queuing model is a good example of a 

descriptive model – it can describe what will happen if the rate of customer arrival increases, 

if the service rate decreases or if another service point is opened.  However, it cannot suggest 

the best solution for the situation unless it is expanded into an optimisation model.   
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In complex environments where there are multiple choices to be made, the true value of 

management science is realised with prescriptive models.  In the previous example various 

economic criteria can be built into the model to assist the end user to make the best decision 

on how to handle a specific situation.  Two alternatives may be to open another service point 

or to install a scanning system to reduce the cycle times at the service point, thereby 

increasing the service rate.  The cost implications of both these options can be built into the 

model and the end user can then run various scenarios to determine which option will be the 

best for the specific application. 

 

Various types of optimisation models are available for different applications and these include 

the following: simulation models, decision tree models, queuing models, linear programming 

models, integer programming models, mixed integer linear programming models, stochastic 

models, etc.  A detailed discussion of the application of each of these types of models does 

not form part of this study.  This study only focuses on the method that is used for the 

allocation of scarce resources through the use of linear programming models and its sub 

branches. 

 

3.3 Mixed Integer L inear Programming in the Mining Industry 

Helmut Lerchs and Ingo Grossmann (1965) presented an algorithm to find the optimum 

design for an open pit mine.  In their words, “ the objective is to design the contour of a pit so 

as to maximise the difference between total mine value of the ore extracted and the total 

extraction cost of ore and waste” .  They modelled the problem in graphical format and 

showed that an optimal solution was equivalent to finding the maximum closure of their graph 

based model.  This event earmarked the introduction of Linear Programming to the mining 

industry. 

 

The Lerchs-Grossmann algorithm saught to solve what became known as “ the ultimate pit 

problem” :  finding the final pit profile that would yield the highest value.  Various other 

approaches had been used over time:  David, Dowd and Korobov (1974) developed a method 

using moving cones to determine which material could be mined profitably.  If the material 

inside a cone (made up of the slopes corresponding to the mine’s slope constraints) was 

profitable to be mined, then the material inside the cone was removed.  This process 

continued until no more profitable cones existed to be removed.  The dilemma with the 
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approach was that by combining overlapping cones that were individually unprofitable, it may 

yield the combination profitable.  Algorithms based on these models could therefore lead to 

sub-optimal answers. 

 

Although the above method has been modified by Dowd and Onur (1992), there is still no 

algorithm using this approach which has been proven to converge to an optimal answer 

(Underwood & Tolwinski, 1998). 

 

Another school of thought has looked at the problem from a mathematical programming 

viewpoint (Johnson, 1968; and Picard, 1976).  Although these models had good convergence 

properties, they could not be implemented for a realistically sized mine even as late as 1998 as 

a result of data storage constraints (Underwood & Tolwinski, 1998). 

 

Underwood and Tolwinski then combined the graphical approach of Lerchs and Grossmann 

with the mathematical approach to develop a network flow algorithm.  They showed how 

their algorithm correlated closely to Lerchs and Grossmann’s and how the steps in the Lerchs-

Grossmann approach could be viewed in mathematical programming terms.  Their analysis 

added insight into the Lerchs-Grossmann algorithm and showed where it could be improved.  

This approach is now commonly used (Ramazan, Dagdelen & Johnson, 2005). 

 

Although the above approaches answer the question of the ultimate open pit, they do not 

generate a discrete period-based mining schedule.  The material within the final pit limits 

must therefore be partitioned into smaller volumes, termed ‘pushbacks’  or ‘ incremental cuts’  

to develop a time based schedule (Ramazan, et al., 2005).   

 

Winkler (1996), among others, identified the possibility of using integer programming models 

to develop the required discrete production schedules.  However, mixed integer programming 

(MIP) formulations for optimisation of production scheduling required too many binary 

variables which made MIP problems too difficult or impossible to solve for large open pit 

mines (Ramazan, et al., 2005).  Quite a number of researchers had been unable to solve 

realistic mining scenarios, e.g. Trout (1995), Smith (1998) and Smith, Sheppard and 

Karunatillake (2003). 
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The next approach was therefore to use a variation of pure MIP and LP models to solve open 

pit mine production scheduling of which a number of attempts exist in the technical literature.   

 

According to Ramazan et al. (2005), Johnson (1968) decomposed the complex formulation 

into a master problem and a set of sub problems which were solved using a maximum 

network flow (maxflow) algorithm. However, this approach used linear variables and resulted 

in the mining of fractional blocks. 

 

Ramazan et al. (2005) also showed how Dagdelen (1985) developed a MIP model and applied 

the Lagrangian decomposition method to decompose the multi-time period problem into a 

single period problem which was then solved with the maxflow algorithm.  However, this 

method did not always converge if the Lagrangian multipliers could not result in a feasible 

solution. 

 

Ramazan, et al. (2005) continued to show how Gershon (1983), Ramazan and 

Dimitrakopoulos (2004), Tolwinski (1998) and Whittle (2000) each used a different method 

to generate a discrete production schedule.  They then developed a Fundamental Tree 

Algorithm (FTA) which was based on a LP model that effectively combined blocks without 

compromising the achievement of optimality and simultaneously decreasing the number of 

binary variables required.  They compared their results with applying the above methods to a 

case study and showed that their model delivered a better schedule (additional constraints 

were introduced and satisfied) while even improving on the NPV of all the other methods. 

 

The modified MIP and LP approach as described above had also been implemented in the 

underground production environment at Kiruna Mine (Kutcha, Newman & Topal, 2004) and 

at Stillwater Mining Company (Carlyle &  Eaves,  2001), among others. 

 

The above mentioned models, however, are not fully applicable to Kimberley Mines’  

situation as a result of three main reasons: 

·  Kimberley Mines do not have a detailed geo-metallurgical block model of the 

resources,   

·  All the above models focus mainly on the mining aspects and only limited modelling 

of the treatment (metallurgical) aspects are addressed through very basic blending 
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requirements.  Throughput capacities and mass balances within the plants are not 

addressed to any great extent, and 

·  Most of the models (with few exceptions) include only one plant. 

 

Barbaro &  Ramani (1986), however, have developed a generic model to address facility 

location and processing plant problems. 

 

According to them, linear programming alone is not suitable for facility location and 

processing plant assignment problems because these are yes / no decisions.  Yes / no 

decisions must be represented by integer variables, in particular by binary variables.  Linear 

programming allows all solution variables to assume any nonnegative value, and as such it 

cannot force variables to be integer valued.  As a result, they have developed a linear 

programming, mixed integer programming model to solve the facility location and processing 

plant assignment along with the production scheduling, blending and transportation problems.   

 

Their model optimises: 

·  Production schedules for multiple mines, 

·  Locations of new processing facilities, 

·  Type of processing facilities for each processing site, 

·  Processed ore blending schedule for each processing facility, and 

·  Market selection. 

 

The objective function of their model is to maximise the total profit before taxes while 

considering the total revenue from delivered ore and the costs associated with the production, 

transportation, blending, processing and waste disposal activities. 

 

Their model resembles Kimberley Mines’  situation more closely than any of the other models 

although their model still does not fully cater for a complex plant mass balance problem as is 

found at Kimberley Mines.   
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3.4 Proposed Model for  K imber ley Mines 

The proposed model for Kimberley Mines’  model is a MILP model that is roughly based on 

the Barbaro & Ramani model with more detail relating to the mass balances through the 

plants.   

 

The model is formulated to address all the issues as mentioned in Chapter 2 of this report with 

one exception:  a decision was taken to model the process flow of only the CTP.  The CTP is the 

newest, most efficient plant and contributes the majority of Kimberley Mines’  revenue.  It is also 

the most sensitive to the metallurgical properties of the material that is fed into the plant.  The 

other smaller plants (including the NTP) have a much simpler process flow (especially in the 

Blue Areas) and are not affected as severely by the varying metallurgical properties of the 

resources.   

 

The model is thus formulated to cater for CTP Type plants (that models the process flow within 

the plant) and “Traditional”  plants where only the head feed capacities are modelled.   

 

The next chapter details the formulation and development of a mixed integer linear 

programming decision support system for Kimberley Mines. 
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CHAPTER 4 

4 CHAPTER 4 – MODEL DEVELOPMENT 

4.1 Introduction 

The previous chapters described the background to the problem at hand (Chapter 2) and gave a 

summary of how similar problems were addressed elsewhere (Chapter 3).  Chapter 3 concluded 

that a MILP optimisation model is proposed for Kimberley Mines.  This chapter details the 

development of the proposed system. 

 

The first section of this chapter presents a general overview of the system.  The next sections 

present the optimisation model and the user interface that are proposed for Kimberley Mines.  

The next chapter describes the output of the system and presents a few shortcomings of the 

system.   

 

4.2 General Overview of the System 

A number of MILP models are used within the De Beers group. All of them have the same 

overall architecture:   

 

The end user interacts only with a Front End System (Front End).  The Front End collates the 

data from the end user, extracts data from the relevant databases, does the required 

calculations and presents the data to the Back End System (Back End).  The Back End 

interprets the input it receives from the Front End, attempts to obtain the optimal solution and 

supplies the results back to the Front End.  The Front End then presents the results to the end 

user and stores the results in the appropriate databases.   

 

Most of the De Beers models use a common modelling system (modeller) and several solvers. 

The modeller and solvers are installed and customised at De Beers’  Johannesburg offices. 

These resources are both expensive and not easy to maintain; hence De Beers shares them 

amongst the different operations.  It is therefore logical and economical to employ the same 

approach for the Kimberley Mines’  model. 

 

Figur 4.1 shows the flow chart for the De Beers models.  
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Figure 4.1:  Flow Char t of the Mine Planning Systems 

4.2.1 Front End System 

The Front End acts as the user interface between the end user and the MILP system.  The end 

user can change and update any input information, including constraint parameters in this 

environment.  The Front End also gathers the latest resource information from the MINRAS 

system that is needed for planning purposes.  When the end user is satisfied with the model, 

the Front End creates a data file (called omnichng) and sends it to the optimisation/MILP 

server (Back End) for the computation of the optimal solution. 

 

4.2.2 Optimisation Server 

The optimisation server consists of the modellers, the solvers and intermediate applications.  

As a forward process, the application services of the MILP server receive the data, create the 

input file, name it omnichng.txt, and send it to the modeller.  In reverse, the application 

services extract data from the solution file and avail it for the Front End retrieval. 

 

4.2.2.1 Optimisation Modeller 

The modeller (called OMNI) receives the omnichng.txt file and uses its matrix generator to 

convert it into the Mathematical Programming System (MPS) format that the Solver can 

understand. 
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4.2.2.2 Solver 

There are basically two solvers that De Beers uses: CPLEX and XPRESS.  The XPRESS has 

both parallel and single versions, whilst CPLEX has a single independent and the 

AMPL/CPLEX versions.  Each solver converts the input (MPS data) into MILP format and 

then attempts to compute the optimal solution.  If an optimum is found, the solver generates a 

corresponding solution and stores it in two distinct files, a solfile which is in binary format 

and a printfile which is in ASCII format.  The solfile is sent back to the modeller that 

generates a “ recout4.txt”  file.  The application services then extract its data (i.e. recout4.txt 

data) which are then retrieved back by the Front End. 

 

The Front End then stores the data into a sequel database where the end user can extract the 

data and generate the required management reports. 

 

The next section describes the design of the optimisation model proposed for Kimberley 

Mines. 

 

4.3 Optimisation Model 

The mathematical model is formulated to address the majority of the issues as described in 

Chapter 2.  Once the model was formulated, an outside contractor, Large Scale Linear 

Programming Solutions (LSLPS) was used to develop the back end.  Some of the parameters as 

described in Chapter 2 are incorporated into the Front End and will be discussed in the next 

section. 

 

The model as presented in this report is a slightly simplified version of the full model for the 

sake of clarity and brevity.  The full model, for instance, differentiates between the 

underground sources and the dump sources with two different variables so as to allocate the 

underground sources to the correct shafts (for shaft capacity calculations).  Apart from this, 

the two resource types are treated exactly the same.  This report therefore makes use of just 

one variable ( ijtx ) for all resources to shorten the equations. 
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4.3.1 Notation 

The notation used throughout this report for subscripts, variables, constants and other 

notations is shown in Table 4.1, Table 4.2, Table 4.3 and Table 4.4 respectively. 

 

Table 4.1:  Subscr ipt Definition 

Subscr ipt Definition 

i  Resource Name 

j  Plant Name 

t  Time Period 

s Shaft 

h  Haulage Type 

z  Screen Size (in mm) 

 

Table 4.2:  Model Var iables 

Var iable Definition Unit 

ijtx  Tonnes of Resource i  treated through Plant j  in Period t  tptp 

itrf  = 1 if Resource i  is mined for the First Time in Period t  
= 0  if Resource i  is not mined for the First Time in Period t  

Binary 

itr  = 1 if Resource i  is mined in Period t  
= 0  if Resource i  is not mined in Period t  

Binary 

ijtr  = 1 if Resource i  is treated through Plant j  in Period t  

= 0  if Resource i  is not treated through Plant j  in Period t  

Binary 

jtp  = 1 if Plant j  is operated in Period t  

= 0  if Plant j  is not operated in Period t  

Binary 

jtps  = 1 if Plant j  is shut down in Period t  

= 0  if Plant j  is shut down in Period t  

Binary 

 

Table 4.3:  Model Constants 

Constant Definition Unit 

Financial Parameters 

tDIS  Discount Factor for Period t  Numerical 

tPES  Price Escalation for Period t  Numerical 
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Constant Definition Unit 

tCES  Cost Escalation for Period t  Numerical 

tICR  Minimum Contribution in Period t  R 

Hauling Costs 

htHLFP  Fixed Cost for Haulage Type h  in Period t  R 

htHLVP  Variable Cost per tonne for Haulage Type h  in Period t  R / t / km 

htKMFIX  Total distance (in kilometres) that is included in the Fixed 
Cost for Haulage Type h  in Period t  

km 

Profit Split for Contractor Operations 

jtCTOG  Cut-off grade for Plant j  in Period t  cpht 

jtVARP  Profit Percentage to contractor for carats above Cut-off grade 
for Plant j  in Period t  

Percentage 

jtPROF  Profit Percentage to contractor for carats below Cut-off grade 
for Plant j  in Period t  

Percentage 

Shafts 

stISH  Minimum production from Shaft s in Period t  tptp 

stXSH  Maximum production from Shaft s in Period t  tptp 

Resources 

iOR  Opening reserve of Resource i  t 

itPCST  Variable Cost per tonne of Resource i  in Period t  R / t 

itFIXC  Fixed Cost of Resource i  in Period t  R 

itSTRTC  Start-up Cost of Resource i  in Period t  R 

izcp  Cumulative Percentage of Resource i  passing over Screen 
Size z  (captured in the Front End) 

Percentage 

itUCR  Upper Closing Reserve of Resource i  in Period t  t 

itLCR  Lower Closing Reserve of Resource i  in Period t  t 

itIPROD  Minimum tonnes to be mined from Resource i  in Period t  tptp 

itMINT  Minimum tonnes to be mined from Resource i  if Resource i  
is mined in Period t  

tptp 

itXPROD  Maximum tonnes to be mined from Resource i  in Period t  tptp 

 Resources and Plants 

ijtIFEED  Minimum Head feed of Resource i  through Plant j  in 
Period t  

tptp 
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Constant Definition Unit 

Period t  

ijtXFEED  Maximum Head feed of Resource i  through Plant j  in 
Period t  

tptp 

ijtHD  Hauling Distance from Resource i  to Plant j  km 

ijkGRD  Grade of Resource i  treated through Plant j  in Period k   cpht 

ijtREV  Revenue per carat for Resource i  treated through Plant j  in 
Period t  

Rand / carat 

The following are only applicable to CTP Type Plants: 

ijtPOSZ  Percentage Oversize of Resource i  when treated through 
Plant j  

Percentage 

ijtPCRS  Percentage Coarse of Resource i  when treated through 
Plant j  

Percentage 

ijtPMID  Percentage Middles of Resource i  when treated through 
Plant j  

Percentage 

ijtPFIN  Percentage Fines of Resource i  when treated through Plant j  Percentage 

ijtPSLI  Percentage Slimes of Resource i  when treated through 
Plant j  

Percentage 

ijtYCRS  Coarse Yield of Resource i  when treated through Plant j  Percentage 

ijtYFIN  Fines Yield of Resource i  when treated through Plant j  Percentage 

ijtSSR  Slimes Settling Rate of Resource i  when treated through 
Plant j  

Numerical 

Plants 

jtPCST  Variable Cost per head feed tonne for Plant j  in Period t  R / t 

jtFIXCS  Fixed Cost for Plant j  in Period t  R 

jtXDUMP  Maximum number of Tailing Resource for Plant j  in 
Period t  

Integer 

jtIGRD  Minimum Grade for Plant j  in Period t  cpht 

jtXGRD  Maximum Grade for Plant j  in Period t  cpht 

jtIFEED  Minimum Head feed for Plant j  in Period t  tptp 

jtXFEED  Maximum Head feed for Plant j  in Period t  tptp 

jhtHTYPE  Haulage Type for Plant j  in Period t  Integer 
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Constant Definition Unit 

jtSHUTD  Shutdown Cost for Plant j  in Period t  R 

The following are only applicable to CTP Type Plants: 

jtCSSSCX  Variable cost per tonne for the Scrubbing and Screening 
Section of Plant j  in Period t  

R / t 

jtCSCRSC  Variable cost per tonne for the Coarse DMS Section of Plant 
j  in Period t  

R / t 

jtCSFINf  Variable cost per tonne for the Fines DMS Section of Plant j  
in Period t  

R / t 

jtCSSLIt  Variable cost per tonne for the Thickening Section of Plant j  
in Period t  

R / t 

jtCSCONu  Variable cost per tonne for the Oversize Crushing Section of 
Plant j  in Period t  

R / t 

jtCSRCRh  Variable cost per tonne for the HPRC Section of Plant j  in 
Period t  

R / t 

jtCSMIDT  Variable cost per tonne for the Coarse Tailings Section of 
Plant j  in Period t  

R / t 

jtCSRECe  Variable cost per tonne for the Recovery Section of Plant j  in 
Period t  

R / t 

jtISCRUX  Minimum production through the Oversize Crushing Section 
of Plant j  in Period t  

tptp 

jtXSCRUX  Maximum production through the Scrubbing and Screening 
Section of Plant j  in Period t  

tptp  

jtICDMSC  Minimum production through the Scrubbing and Screening 
Section of Plant j  in Period t  

tptp 

jtXCDMSC  Maximum production through the Coarse DMS Section of 
Plant j  in Period t  

tptp 

jtIFDMSf  Minimum production through the Fines DMS Section of 
Plant j  in Period t  

tptp 

jtXFDMSf  Maximum production through the Fines DMS Section of 
Plant j  in Period t  

tptp 

jtITHCKt  Minimum production through the Thickening Section of 
Plant j  in Period t  

tptp 

jtXTHCKt  Maximum production through the Thickening Section of 
Plant j  in Period t  

tptp 

jtIRCRSh  Minimum production through the HPRC Section of Plant j  in 
Period t  

tptp 
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Constant Definition Unit 

jtXRCRSh  Maximum production through the HPRC Section of Plant j  
in Period t  

tptp 

jtICNCRu  Minimum production through the Oversize Crushing Section 
of Plant j  in Period t  

tptp 

jtXCNCRu  Maximum production through the Oversize Crushing Section 
of Plant j  in Period t  

tptp 

jtIRECCe  Minimum production through the Coarse Section of the 
Recovery of Plant j  in Period t  

tptp 

jtXRECCe  Maximum production through the Coarse Section of the 
Recovery of Plant j  in Period t  

tptp 

jtIRECFe  Minimum production through the Fine Section of the 
Recovery of Plant j  in Period t  

tptp 

jtXRECFe  Maximum production through the Fine Section of the 
Recovery of Plant j  in Period t  

tptp 

jtPRCRSh  Percentage of HPRC product reporting to the Coarse Fraction 
of the Coarse DMS Section at Plant j  in Period t  

Percentage 

jtPRMRSh  Percentage of HPRC product reporting to the Middles 
Fraction of the Coarse DMS Section at Plant j  in Period t  

Percentage 

jtPRFINh  Percentage of HPRC product reporting to the Fines DMS 
Section at Plant j  in Period t  

Percentage 

jtPRSLIh  Percentage of HPRC product reporting to the Slimes Section 
at Plant j  in Period t  

Percentage 

jtPCOSZu  Percentage of Oversize Crusher product reporting back to the 
Oversize Crushing Section at Plant j  in Period t  

Percentage 

jtPCCRSu  Percentage of Oversize Crusher product reporting to the 
Coarse Fraction of the Coarse DMS Section at Plant j  in 
Period t  

Percentage 

jtPCMRSu  Percentage of Oversize Crusher product reporting to the 
Middles Fraction of the Coarse DMS Section at Plant j  in 
Period t  

Percentage 

jtPCFINu  Percentage of Oversize Crusher product reporting to the Fines 
DMS Section at Plant j  in Period t  

Percentage 

jtPCSLIu  Percentage of Oversize Crusher product reporting to the 
Slimes Section at Plant j  in Period t  

Percentage 
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Table 4.4:  Other  Notation - Intermediate Calculations 

Calculated 
Value 

Definition Unit 

tCASH  Total Cash Flow in Period t  R 

tTREV  Total Revenue in Period t  R 

tTMCST  Total Mining Cost in Period t  R 

tHLCST  Total Haulage Cost in Period t  R 

tTCSTN  Total Treatment Cost of Normal Plants in Period t  R 

tTCSTC  Total Treatment Cost of CTP Type Plants in Period t  R 

stSH  Total Tonnes through Shaft s in Period t  tptp 

jtTSCR  Total Tonnes through the Scrubbing Section of Plant j  in 
Period t  

tptp 

jtTOSZ  Total Tonnes through the Oversize Crushing Section of 
Plant j  in Period t  

tptp 

jtTHPRC  Total Tonnes through the HPRC Section of Plant j  in 
Period t  

tptp 

jtTCRS  Total Tonnes through the Coarse DMS Section of Plant j  in 
Period t  

tptp 

jtTFIN  Total Tonnes through the Fines DMS Section of Plant j  in 
Period t  

tptp 

jtTRECC  Total Tonnes through the Coarse Recovery Section of Plant j  
in Period t  

tptp 

jtTRECF  Total Tonnes through the Fines Recovery Section of Plant j  
in Period t  

tptp 

jtTSLI  Total Tonnes through the Thickening (Slimes Disposal) 
Section of Plant j  in Period t  

tptp 

jtTCTL  Total Tonnes through the Coarse Tailings Disposal Section of 
Plant j  in Period t  

tptp 

 

4.3.2 Objective Function 

The main objective of the model is to maximise the total Net Present Value of Kimberley 

Mines.  The model could also be used to maximise the total carats produced by Kimberley 

Mines.  The objective function to maximise the NPV is shown by Equation 4.1.  The objective 

function to maximise carats is shown by Equation 4.2.  Irrespective of whether Equation 4.1 
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or Equation 4.2 is chosen as objective function, both Equations are calculated in all instances.  

The selected Equation will be maximised and the other will be calculated for information 

purposes.  PPt ,,1 �="  where PP denotes the total number of periods, the model is defined 

by: 
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And: 
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4.3.3 Constraints 

4.3.3.1 Mineral Resources 

4.3.3.1.1 Opening Tonnes and Planning Tonnes 

Each resource has only a limited amount of tonnes in-situ available (the opening tonnes) as 

declared in the Mineral Resource Statement (a legal document summarising the total 

resources in a mine’s inventory).  However, some of the resources cannot be mined 

completely and the tonnes must therefore be reduced to the total tonnes that are available for 

production.  The total tonnes mined from the resource, therefore, must be less than the 

opening planning reserve. 
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4.3.3.1.2 Upper &  Lower Closing Reserve 

Some of the resources must be depleted by a certain time (upper closing reserve set to zero 

tonnes) while others cannot be mined before a certain time (lower closing reserve set to 

opening tonnes).  This constraint can be used to force the model to partially or fully deplete a 

specific resource by a certain point in time, or to ensure that the full resource or a portion of 

the resource is still available after a specified period. 
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t j
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 PPTi £" ,  …(4.20) 

 

4.3.3.1.3 Minimum and Maximum Production per Resource per Per iod 

Some of the resources must be mined at a minimum rate for a specific reason (if there is 

enough resources left); however, all of the resources have a maximum production that they 

can achieve per time period.  For the underground sections this is determined by the number 

of drawpoints in the block cave, the condition of the block cave and the maturity of the block 

cave.  The maximum production from the different tailing resources is determined by a 

combination of the number of loaders that can be used simultaneously on the dump and the 

maximum number of trucks that can be safely accommodated on the affected haul roads.   

 

The total tonnes mined per resource in any given period must be equal to or more than the 

minimum tonnes to be mined for the specific period and it must be equal to or less than the 

maximum tonnes to be mined for the specific period: 
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Most of the resources have a Minimum Acceptable Production (MAP) rate – if a resource is 

mined, the production must be more than the MAP rate: 

 

itit
j

ijt rMINTx *³�  ti,"  …(4.22) 

 

4.3.3.1.4 Minimum and Maximum Production per Shaft per Per iod 

Each of the shafts must operate at a predetermined minimum capacity per period but should 

not exceed the maximum capacity.   

 

ststst XSHSHISH ££  ts,"  …(4.23) 

 

stSH  is equal to the sum of the production of the different blocks using the same shaft, but for 

the sake of brevity, the calculation is not shown here. 

 

4.3.3.2 Treatment Plants 

4.3.3.2.1 Minimum and Maximum Production per Plant Module per  Period 

All the plants are modelled based on total head feed capacity, i.e. the feed rate must be 

between the minimum and maximum rates.  However, the CTP Type plants can also be 

modelled on the material flow through the different modules of the plants.   Each module in 

these plants has a certain minimum and maximum throughput rate at which the module is 

running optimally.  These rates are determined by the size of the equipment, the designed 

capacity, and the availability and utilisation of the equipment. 

 

The constraint to model the total head feed capacity (applicable to all plants) is as follows: 

 

Head feed Capacity jt
i

ijtjt XFEEDxIFEED ££ �  tj ,"  …(4.24) 
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The constraints to model the modular capacities (only applicable to CTP Type plants) are as 

follows: 

 

Scrubbing & Screening jtjtjt XSCRUXTSCRISCRUX ££  tj ,"  …(4.25) 

Coarse DMS Modules jtjtjt XCDMSCTCRSICDMSC ££  tj ,"  …(4.26) 

Fines DMS Modules jtjtjt XFDMSfTFINIFDMSf ££  tj ,"  …(4.27) 

HPRC Modules jtjtjt XRCRShTHPRCIRCRSh ££  tj ,"  …(4.28) 

Oversize Crushing  jtjtjt XCNCRuTOSZICNCRu ££  tj ,"  …(4.29) 

Coarse Recovery Module  jtjtjt XRECCeTRECCIRECCe ££  tj ,"  …(4.30) 

Fines Recovery Module  jtjtjt XRECFeTRECFIRECFe ££  tj ,"  …(4.31) 

 

The thickening module is also affected by the Slimes Settling Rate (SSR) of each resource.  

The SSR is slightly different for the various resources and affects the throughput rate of the 

thickeners accordingly.  The SSR is multiplied with the tonnes of the specific resource 

through the Thickener to determine the “Virtual Slimes”  capacity that is required by the 

specific resource.  (Please note that the SSR is only applicable to the direct feed that comes 

straight from the scrubbers – any material that was crushed through the oversize crusher or the 

HPRC’s is not affected by the SSR since these fractions are freshly crushed kimberlite and 

should have a SSR of unity.)  These “Virtual Slimes”  are added together and must be between 

the minimum and maximum capacity of the modules: 
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 tj ,"  …(4.32) 

4.3.3.2.2 Minimum and Maximum Production per Resource per Plant per Per iod 

The Mine Planner may wish to impose certain restrictions on a specific resource through a 

specific plant for a specific period.  This can be done by selecting a minimum or maximum 

production rate from that resource to the specific plant: 

 

ijtijtijt XFEEDxIFEED ££  tji ,,"  …(4.33) 
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4.3.3.2.3 Minimum and Maximum Grade per  Plant per  Period 

According to the contractual obligations that Kimberley Mines has with the contractor 

operations, De Beers will endeavour to supply the contractors with a minimum recovered 

grade over a specified time.   As added functionality the model also caters for a maximum 

grade per plant if the Mine Planner wishes to make use thereof: 
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£ �� /100*100/  tji ,,"  …(4.34) 

 

4.3.3.2.4 Maximum number of Dumps per Plant per  Period 

Logistical constraints at the tipping areas and some contractual considerations limit the 

number of sources that can be fed into a plant in any period: 

 

jt
i

ijt XDUMPr £�  tj ,"  …(4.35) 

 

4.3.3.3 Other Constraints 

4.3.3.3.1 Nonnegative &  Binary Constraints 

0³ijtx  tji ,,"  …(4.36) 

itrf , itr , ijtr , jtp , jtps  binary tji ,,"  …(4.37) 
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4.3.4 Summary 

The mathematical model forms the engine of the model and satisfies most of the requirements 

as specified in Chapter 2, but without the Front End it would be a laborious process to enter 

all the data in the correct format for the Solver to understand.  The Front End simplifies this 

task. The next section describes the Front End in detail. 

 

4.4 Front End System Overview 

When the back end reached the testing phase, the Information Technology Department of De 

Beers Group Services started the development of the user interface (Front End).  This 

development unfortunately took longer than originally anticipated and the system was eventually 

completed in November 2005. 

 

The Front End acts as user interface between the end user and the Back End and ensures that 

the data as supplied by the end user are presented in the correct format to the back end in the 

“omnichng.txt”  file.  The Front End also seamlessly integrates the flow of information 

between the various different systems: the databases, the windows-based user interface and 

the back end systems.  The Front End also performs a number of calculations to enhance the 

capabilities of the system.  Figure 4.2 shows the process flow of the Front End system. 
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Figure 4.2:  Front End Process Flow 

Source: Nhlebela, 2005 
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4.4.1 Maintenance Section  

The Maintenance Section can only be modified by an Administrator to ensure that the models 

are set up correctly.  The following can be modified or expanded: 

 

4.4.1.1 Shift Configuration  

Any shift configuration can be specified in terms of hours per day, days per week and whether 

public holidays are worked or not.  

 

4.4.1.2 Non Production Reasons 

The system makes provision to cater for generic Non-Production Reasons that will reduce the 

number of shifts available when selected in the File section of the system. 

 

4.4.1.3 Public Holidays 

Public Holidays are specified to calculate the days available for the shift configurations that 

do not work on holidays. 

 

4.4.1.4 Shafts and Mines 

The Shafts and Mines are specified to ensure that shaft capacities are calculated correctly. 

 

4.4.1.5 Resources 

The Resources are specified and the administrator has to ensure that the Front End system 

recognises the different resources as captured in the MINRAS System.  The default shift 

configurations are set here and the administrator can also specify that certain resources should 

not be available for planning purposes at all. 

 

4.4.1.6 Plants   

The following are specified: 

·   the Type of plant (Traditional or CTP Type), 

·  Shift Configuration of plant, and 
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·  Contractor or De Beers Plant. 

 

The data entered into these tables are generic and will be used by all scenarios.  All data 

entered into the rest of the screens and tables are scenario specific and each end user can make 

changes to his own scenarios.   

 

All the tables in each scenario must be updated for the first period while the majority of the 

tables can also be changed for any of the subsequent periods.  However, there are a few tables 

that can only be updated for the first period – these tables will be specified as First Period 

Only, while the other tables will be specified as All Periods. 

 

4.4.2 File General Information 

This screen shows general information about the scenario.  The end user can add comments to 

describe the scenario and he can select between the two objective functions.  The screen also 

shows the result in terms of NPV and total carats if the scenario has been solved successfully 

before.  These inputs are applicable to the whole scenario and are therefore not period 

specific. 

 

4.4.3 Periods 

Up to 99 consecutive periods can be specified.  The end user selects the start date of the first 

period, selects the period length (week, month, quarter or year) and specifies the total number 

of periods to be generated.  The end dates of all specified periods are then calculated 

automatically.  If new periods are added, the start date is automatically selected as one day 

after the end date of the previous period.  When any period is deleted, all subsequent periods 

are deleted to ensure continuity. 

 

4.4.4 Resources 

4.4.4.1 Load from MINRAS (First Period Only)  

This functionality updates the model with the latest resource status from MINRAS. 
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4.4.4.2 Opening Resource (First Period Only) 

The resource as loaded from MINRAS can be adjusted to cater for non-mineable portions of 

any of the resources.  The adjusted value is the opening resource value ( iOR ).  The start-up 

costs ( itSTRTC ) are also entered here – the value stays the same for all periods. 

 

4.4.4.3 Metallurgical Details (First Period Only) 

The PSD data (as shown in Table 2.1 previously) for each resource are entered along with the 

coarse and fine yields ( ijtYCRS  and ijtYFIN ) and the slimes settling rate ( ijtSSR ).  The PSD 

data are captured as the cumulative percentage of the resource that passes through the 

specified Screen Size z ( izcp ), subject to: 
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4215.0

  …(4.47) 

 

4.4.4.4 Period Dependent Details (All Periods) 

The following detail for each Resource is entered:   

·  Fixed and Variable costs ( itFIXC  and itPCST ), 

·  Upper and Lower Closing Reserves ( itUCR  and itLCR ), 

·  Minimum and maximum production ( itIPROD  and itXPROD ), and 

·  Minimum Acceptable Production ( itMINT ). 

 

4.4.4.5 Non-Production Dates (All Periods) 

Any Non-Production Date can be specified for any Resource.  This will reduce the number of 

days available within the affected time period and will therefore affect all period based 

constraints. 
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4.4.5 Shaft Details  

4.4.5.1 Shaft Capacities (All Periods) 

The Minimum and maximum capacities ( stISH  and stXSH ) are entered into this table. 

 

4.4.5.2 Non-Production Dates (All Periods) 

Any Non-Production Date can be specified for any Shaft. 

 

4.4.6 Mining Costs  

4.4.6.1 Hauling Costs (All Periods) 

The load and haul contract rates are based on a variable cost per tonne per kilometre cost with 

a minimum distance that needs to be paid (currently 3km).  When the total hauling distance is 

less than this minimum, the total cost is calculated as if the minimum distance has been 

travelled.  This minimum distance is specified here ( tKMFIX ). 

 

4.4.6.2 Mining Cost (All Periods) 

The components of the load and haul calculation for each of the Shift Configurations are 

entered as per Table 4.5: 

 

Table 4.5:  Components of the Load and Haul Contract Rates 

Constant Definition Unit 

htd  Dozing cost for Haulage Type h  in Period t  R / t 

htl  Loading cost for Haulage Type h  in Period t  R / t 

htfh  First kilometre Hauling cost for Haulage Type h  in 
Period t  

R / t 

htoh  Overhead cost for Haulage Type h  in Period t  R / t 

htah  Additional kilometres Hauling cost for Haulage Type h  in 
Period t  

R / t / km 

htrm  Road Maintenance cost for Haulage Type h  in Period t  R / t / km 
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Based on these inputs, the Frond End calculates htHLFP  and htHLVP : 

 

 ( ) ( )( )1* -++++++= hththththththththt KMFIXrmahrmohfhldHLFP  

 PPth ,...,1, ="  …(4.48) 

 

 ( )hththt rmahHLVP +=  PPth ,...,1, ="  …(4.49) 

 

4.4.7 Plants  

4.4.7.1 General Information (All Periods) 

The following detail for each Plant is entered:   

·  The fixed and variable costs ( jtPCST , jtFIXCS , jtCSSSCX , jtCSCRSC , jtCSFINf , 

jtCSSLIt , jtCSCONu , jtCSRCRh , jtCSMIDT , jtCSRECe )   

·  The maximum number of Tailing Resources per period ( jtXDUMP ), and  

·  The minimum and maximum grade per plant per period ( jtIGRD  and jtXGRD ). 

 

4.4.7.2 Minimum Plant Feed Size (All Periods) 

The different screen sizes for the different modules of a CTP Type plant are specified in this 

section as per Table 4.6. 

 

Table 4.6:  Different Screen Sizes to be Specified for  CTP Type Plants 

Constant Definition Unit 

jtzt  Fines DMS Module bottom cut-off screen size for Plant j  
in Period t  (Thickeners top cut-off size) 

mm 

jtzf  Fines DMS Module top cut-off screen size for Plant j  in 
Period t  (Coarse DMS Module bottom cut-off) 

mm 

jtzm  Coarse DMS Module Float screen cut-off size for Plant j  
in Period t  (Middles top cut-off size) 

mm 

jtzc  Coarse DMS Module top cut-off screen size for Plant j  in 
Period t  (Oversize Crushing bottom cut-off size) 

mm 
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The Front end then calculates the percentage of each Resource reporting to the different 

modules of the specific CTP Type Plant based on the PSD (as captured under Section 4.4) and 

the screen sizes selected above: 

 izijt cpPSLI =  jtztztji =" ,,,  …(4.50) 

 ijtizijt PSLIcpPFIN -=  jtzfztji =" ,,,  …(4.51) 

 ijtizijt PFINcpPMID -=  jtzmztji =" ,,,  …(4.52) 

 ijtizijt PFINcpPCRS -=  jtzcztji =" ,,,  …(4.53) 

 ijtijt PCRSPOSZ -=1  tji ,,"  …(4.54) 

 

Subject to: 
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4.4.7.3 Recrush Details (First Period Only)  

This section captures the details of the product reporting from the two crusher modules to the 

scrubbing and screening section and back to the different modules.   

·  The following are captured: jtPRCRSh , jtPRMRSh , jtPRFINh , jtPRSLIh , jtPCOSZu , 

jtPCCRSu , jtPCMRSu , jtPCFINu , jtPCSLIu . 

 

4.4.7.4 Period Dependent Capacities (All Periods) 

The following detail for each Plant is entered:   

·  Shift Configuration:  The shift configuration per plant can be changed per period if 

required. 

·  Minimum and maximum production per module combined with the utilisation per 

module (also entered here) calculates the following:,  

o Head Feed jtIFEED , jtXFEED , 

o Scrubbing and Screening Modules jtISCRUX , jtXSCRUX , 

o Coarse DMS Modules  jtICDMSC , jtXCDMSC ,  



 

 

58

o Fines DMS Modules jtIFDMSf , jtXFDMSf ,  

o Thickener Modules jtITHCKt , jtXTHCKt , 

o HPRC Modules  jtIRCRSh , jtXRCRSh ,  

o Oversize Cone Crusher jtICNCRu , jtXCNCRu ,  

o Coarse Recovery jtIRECCe , jtXRECCe , and 

o Fines Recovery jtIRECFe , jtXRECFe . 

·  Two added functions are added for the CTP Type plants in case the end user does not 

have sufficient data to support the different modules:   

o The material throughput can be modelled as normal plants by selecting to 

model the plant’s head feed capacity only (the minimum capacity on all the 

other modules are set to zero and the maximum capacity on all the other 

modules are set to infinite).  The costs will still be calculated per tonne through 

each module.  

o In addition, the end user can select to model the costs on head feed tonnes 

only.  The Front End will then specify the variable cost per tonne through the 

different modules as zero. 

 

4.4.7.5 Resource Details (All Periods) 

The following detail for each Resource is specified through each Plant:   

·  Minimum and Maximum feed ijtIFEED  and ijtXFEED , 

·  Hauling distance from Resource to Plant  ijtHD , 

·  Expected Recovered Grade  ijkGRD , and  

·  The Revenue per Carat is entered in terms of US dollar per carat. The Front End then 

converts it to Rand per carat ( ijtREV ) with the exchange rate as specified in the 

Financial Information section (see Section 4.4.8.1).  

 

The expected grade and the revenue per carat per resource are different through the different 

plants as a result of the different process efficiencies of the plants.  The end user needs to 

determine the expected values outside the scope of the Front End. 
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4.4.7.6 Shutdown Costs (First Period Only) 

The shutdown cost for each plant is specified here ( jtSHUTD ).  The values stay the same for 

all periods.   

 

4.4.7.7 Non-Production Dates (All Periods) 

Any Non-Production Date can be specified for any Plant. 

 

4.4.8 Financial Information 

4.4.8.1 General Information (All Periods) 

The following financial information is specified here:   

·  Discount Rate tDIS , 

·  Price and Cost Escalation Rates tPES  and tCES ,  

·  Exchange Rate (R:$), and 

·  Minimum contribution required tICR . 

 

4.4.8.2 Profit Split (All Periods) 

The contracts with the four contracting plants specify that the profits from their operations are 

shared between De Beers and the specific contractor.  When the recovered grade is lower than 

a certain cut-off grade, the profits are split according to an agreed percentage.  If the 

recovered grade is higher than the cut-off grade, the profit percentage for the profit above the 

cut-off grade is lower (more in favour to De Beers). 

 

This section captures the cut-off grade ( jtCTOG ) and the profit percentage below and above 

the cut-off grade ( jtPROF  and jtVARP ). 

 

4.5 Summary 

The majority of the objectives as set out in Chapters 1 and 2 are addressed through the 

mathematical model with the remainder of the objectives covered by the Front End.  The next 
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chapter presents the results obtained when using the model and compares them to the original 

Mine Plan.   
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CHAPTER 5 

5 CHAPTER 5 – RESULTS AND INTERPRETATION 

5.1 Introduction 

The previous chapters covered the background to the problem (Chapters 1 and 2), the 

selection of the preferred optimisation model (Chapter 3) and a detailed discussion of the 

model (Chapter 4).  The first section of this chapter analyses the current Mine Plan in detail 

and determines the resultant material flow through the different plants and their modules 

where applicable.  The final carats and NPV are presented as well.  This plan is then evaluated 

to determine if it violates any of the constraints and to determine where possible 

improvements can be made.   

 

The next section presents a few different scenarios that were generated with the new system 

and these are compared to the current Mine Plan.  The effect of changing some of the plant 

screen sizes is also investigated. 

 

The next section briefly discusses the solution time required for the current Excel based 

model vs. the new system while the final section presents a few shortcomings of the system.  

The chapter is concluded by a short summary. 

 

The conclusion and recommendations are presented in the last chapter. 

 

5.2 Analysis Cr iter ia 

All the different plans will be analysed according to the following criteria: 

·  Key Results:  NPV, Total Carats Recovered, Life of Mine duration, Plants included in 

the Plan, Total Tonnes Treated, Maximum Tonnes per Annum through the CTP and 

the Number of Resources Included in the Plan. 

·  A Detailed Production Schedule. 

·  Modular Utilisations:  Are the different modules within the CTP utilised to their full 

capacities? 
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5.3 Current Mine Plan  

As mentioned in Chapter 1, the NTP was closed in December 2006 and Kimberley Mines’  

management envisaged that the contractors would start treating some of the tailing resources 

for their own account as from the beginning of 2007.  The current Mine Plan (a spreadsheet 

based model dated December 2006) therefore includes only the CTP.   

 

Kimberley Mines’  management also decided that only resources with a high confidence in 

terms of grade and revenue per carat would be included in the list of resources available for 

treatment through the CTP.  All other resources (mostly smaller resources) would be 

considered for sale to the contractors or to other independent parties.  This reduced the list of 

resources available for the CTP to seventeen. 

 

The spreadsheet based model does not calculate the modular detail for the CTP and the 

production profile was therefore simulated through the newly developed system to calculate 

the mass balance through the plant.  This was achieved by removing the modular constraints 

in the CTP, thereby constraining only the head feed per year and by specifying appropriate 

maximum constraints per year on the relevant resources.   

 

The resultant plan (hereafter called Scenario 1) was compared to the spreadsheet based model 

and the tonnes, carats, revenue and mining cost variances were insignificant.  The treatment 

costs were notably different, but this is as a result of the modular-based costing method that 

the planning system uses vs. a simplified head feed cost that the spreadsheet model uses. 

 

Scenario 1 is therefore regarded as an accurate representation of the original spreadsheet 

based Mine Plan.   

 

5.3.1 Scenario 1 

5.3.1.1 Key Results 

The key results of Scenario 1 are shown in Table 5.1.  (The NPV and total carats are shown as 

percentages of the original Mine Plan to ensure confidentiality).   
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Table 5.1:  Results of Scenar io 1 

I tem Result 

NPV  100% 

Total Carats  100% 

Life of Mine  2007 - 2016 

Plants Included in Plan  CTP 

Total Tonnes Treated  62 257 640  

Maximum Tonnes per Annum through CTP  6 820 000 

Number of Resources included in Plan  13 

 

5.3.1.2 Detailed Production Schedule 

The detailed schedule of resources treated through the CTP for Scenario 1 is presented in 

Table 5.2. 

 

Table 5.2:  Tonnes per  Annum (‘000s) per  Resource through the CTP for  Scenar io 1 

Resource 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Total 

Resource 1        2 702   2 702 

Resource 2  187         187 

Resource 3       34 144   179 

Resource 4 853 730         1 582 

Resource 5  123 504        627 

Resource 6 490          490 

Resource 7    225       225 

Resource 8 3 079 3 287 3 840 4 253 4 420 4 751 4 923 2 988 605  32 146 

Resource 9 578 692 810 896 931 1 001 1 037 551 203  6 699 

Resource 10 423 479 559 619 644 692 717 435 88  4 656 

Resource 11 95 120 120 144 144 144 109    877 

Resource 12         5 768 2 459 8 226 

Resource 13 682 682 682 682 682 250     3 660 

Total 6 201 6 300 6 515 6 820 6 820 6 839 6 820 6 820 6 664 2 459 62 258 
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5.3.1.3 Modular Utilisation 

The total tonnes through each module were calculated by the system and are presented in 

Figure 5.1 as a percentage of the total capacity of the specific module.  The realistic target 

utilisation for all the modules is 74.6% of the total capacity.   
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Figure 5.1:  CTP Modular  Utilisation for  Scenar io 1 

 

Figure 5.1 shows that most of the modules will be running below the target except for the 

Coarse Recovery module (from 2007 to 2014 the target is exceeded) and the Fine DMS 

module target capacity will be exceeded slightly in 2015 while the Thickeners, the Fine 

Recovery, the HPRCs and the Cone Crusher are running far below capacity. 

 

Although this plan was originally drafted in Excel without any consideration to the modular 

capacities and mass balances in mind, the plan seems to be reasonably practical (except for 

the Coarse Recovery capacity). 

 

The next section will determine if the new system can improve on this plan. 
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5.4 Plans Created with the System 

The base data that were used to generate Scenario 1 wer also used to create additional 

scenarios as described in this section. 

 

5.4.1 Scenario 2 

Scenario 2 was created in exactly the same way as Scenario 1 except that the head feed 

constraints and the constraints on the different resources were removed.  However, the 

modular capacities were reintroduced.  

 

5.4.1.1 Key Results 

The key results of Scenario 2 are shown in Table 5.3.  The results are not significantly 

different form Scenario 1. 

 

Table 5.3:  Results of Scenar io 2 

I tem Result Var iance from 
Scenar io 1 

NPV  99.7%  -0.3% 

Total Carats  99.9%  -0.1% 

Life of Mine  2007 - 2016  Same 

Plants Included in Plan  CTP  Same 

Total Tonnes Treated  66 881 923  +0.1% 

Maximum Tonnes per Annum through 
CTP  6 924 927  +1.5% 

Number of Resources included in Plan  13  0.0% 

 

5.4.1.2 Detailed Production Schedule 

The detailed schedule of resources treated through the CTP for Scenario 2 is presented in 

Table 5.4. 

 

The key results as shown in Table 5.3 are almost the same as for Scenario 1.  However, it is 

interesting to note how the resources are scheduled differently.  The most notable change is 

that Resource 7 is not mined at all, while Resource 14 is added into the plan as a result of the 
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low modular cost of treating this resource.  With the previous head feed only costing 

methodology this resource was not profitable.   

 

Table 5.4:  Tonnes per  Annum (‘000s) per  Resource through the CTP for  Scenar io 2 

Resource 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Total 

Resource 1        428 958 1 316 2 702 

Resource 2 187          187 

Resource 3 179          179 

Resource 4 1 255 327         1 582 

Resource 5        627   627 

Resource 6      181 309    490 

Resource 8  1 169 6 840 6 840 6 840 6 744 3 713    32 146 

Resource 9       2 181 4 380 138  6 699 

Resource 10 4 380 276         4 656 

Resource 11 3 675 66 66 66      877 

Resource 12       707 1 495 4 468 1 556 8 226 

Resource 13         1 304 2 190 3 494 

Resource 14 736 4 279         5 016 

Total 6 741 6 727 6 906 6 906 6 906 6 925 6 910 6 930 6 868 5 062 66 882 
 

Another notable change is that Resource 11 (which has a high revenue per tonne but with a 

high yield that uses significant capacity of the Coarse Recovery) is scheduled quicker than 

originally thought possible.  This is possible by blending the resource with fine resources with 

low yields (mainly Resource 14).  A similar notable result is that Resource 6 (always regarded 

as one of the best resources after Resource 11) is only scheduled in 2012 and 2013 because 

this is coarse, medium-yielding resource competing for the Coarse Recovery capacity with 

Resource 11. 

 

Other changes are: 

·  Resource 3 (with a medium-high yield), previously scheduled for 2013 and 2014, is 

now scheduled for 2007. 

·  Resource 5 is moved from 2008 and 2009 to 2014. 

·  Resource 13, previously scheduled for 2007 until 2012, is now moved backwards to 

2015 and 2016. 
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The scheduling of the other resources was not changed significantly. 

 

5.4.1.3 Modular Utilisation  

In terms of the NPV and Total Carats recovered, Scenario 2 is slightly worse than the original 

Mine Plan.  However this plan does not violate any of the modular capacities as shown in 

Figure 5.2.   
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Figure 5.2:  CTP Modular  Utilisation for  Scenar io 2 

 

The Coarse Recovery is running at full capacity for the full duration and the Fines DMS 

modules are also running at full capacity from 2009 until 2015.  The Thickeners, the Fine 

Recovery, the HPRCs and the Cone Crusher are still running far below capacity. 

 

5.4.2 Scenario 3 

Scenario 3 was created in exactly the same way as Scenario 2 except that the Coarse DMS 

Float Screen size was increased from an 8mm to a 12 mm cut-point screen to reduce the 

amount of material reporting to the HPRCs and thereby reducing the recirculating load.   
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5.4.2.1 Key Results 

The key results of Scenario 3 are shown in Table 5.5.   

 

Table 5.5:  Results of Scenar io 3 

I tem Result Var iance from 
Scenar io 1 

NPV  108.4%  +8.4% 

Total Carats  109.7%  +9.7% 

Life of Mine  2007 - 2015  - 1 Year 

Plants Included in Plan  CTP  Same 

Total Tonnes Treated  71 626 695  +7.2% 

Maximum Tonnes per Annum through 
CTP  8 062 620  +18.2% 

Number of Resources included in Plan  15  +15.4% 

 

All the above criteria improved significantly from the previous scenarios, indicating that a 

screen change will significantly add value to Kimberley Mines. 

 

5.4.2.2 Detailed Production Schedule 

The detailed schedule of resources treated through the CTP for Scenario 3 is presented in 

Table 5.6. 

 

The production schedule did not change significantly from Scenario 2 except for the fact that 

the total tonnes treated per annum increased significantly and the resources were scheduled 

earlier accordingly.   

 

Two interesting changes occurred, however: 

·  Resource 11 was scheduled slower than in Scenario 2, and 

·  Resources 15 and 16 were added to the production schedule as a result of lower 

treatment cost per tonne associated with the higher tonnage throughput and the 

reduced crushing requirements. 
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Table 5.6:  Tonnes per  Annum (‘000s) per  Resource through the CTP for  Scenar io 3 

Resource 2007 2008 2009 2010 2011 2012 2013 2014 2015 Total 

Resource 1       1 917 785  2 702 

Resource 2 187         187 

Resource 3 179         179 

Resource 4 1 255 327        1 582 

Resource 5       627   627 

Resource 6     94 396    490 

Resource 8  5 396 7 799 7 799 7 749 3 403    32 146 

Resource 9      4 188 2 511   6 699 

Resource 10 4 380 276        4 656 

Resource 11 157 324 143 143 109     877 

Resource 12       1 522 4 203 2 501 8 226 

Resource 13       32 2 190 1 438 3 660 

Resource 14 1 860 1 703     1 453   5 016 

Resource 15        541 2 058 2 599 

Resource 16         1 980 1 980 

Total 8 018 8 026 7 942 7 942 7 953 7 987 8 063 7 719 7 977 71 627 
 

5.4.2.3 Modular Utilisation 

The modular utilisations for Scenario 3 are shown in Figure 5.3. 

 

The Coarse Recovery and the Fines DMS Modules are now running at full capacity for the 

full duration.  The Thickeners, the Fine Recovery and the Cone Crusher are still running 

relatively far below capacity.  The tonnage through the HPRCs have more than halved from 

the previous scenario as a result of the screen size change. 
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Figure 5.3:  CTP Modular  Utilisation for  Scenar io 3 

 

5.4.3 Scenario 4 

Scenario 4 was created in exactly the same way as Scenario 3 except that all the plants that 

were removed from the plan initially were re-activated to test the decision to close these 

plants.  The resource base for the CTP was not changed and the same resources were made 

available to the NTP as well.  The full resource list was made available to the contractors 

(including the resources allocated to the CTP and NTP) to determine if value could be added 

to Kimberley Mines if the contractors treated some of the resources. 

 

5.4.3.1 Key Results 

The key results of Scenario 4 are shown in Table 5.7.   
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Table 5.7:  Results of Scenar io 4 

I tem Result Var iance from 
Scenar io 1 

NPV  113.5%  +13.5% 

Total Carats  110.6%  +10.6% 

Life of Mine  2007 - 2015  - 1 Year 

Plants Included in Plan 
 CTP,  

Superstone 
 1 Extra Plant 

Total Tonnes Treated  77 803 713  +16.5% 

Maximum Tonnes per Annum through 
CTP  8 062 620  +18.2% 

Number of Resources included in Plan  33  +253.4% 

 

The only plant that can add value to Kimberley Mines is the Superstone plant.  The results of 

Scenario 4 confirm that it was the right decision to remove the other 4 plants from the 

Kimberley Mines business model.   

 

However, it must be noted that a precedent would be created if only the Superstone plant was 

retained and it was therefore probably the correct decision to change the relationship with all 

the contractors simultaneously.  The resources that Superstone would have treated could be 

sold to the contractors to compensate for the loss in revenue. 

 

None of the resources that were scheduled to the CTP in Scenario 3 were allocated to 

Superstone and the production schedule and the modular utilisations for the CTP therefore 

remains the same as with Scenario 3 and will therefore not be presented again.   

 

5.5 Solution Time 

The Mine Planner normally spends approximately 3 to 4 weeks once a year to set up the 

spreadsheet based model.  Once the model is set up it takes approximately 8 hours to generate 

one scenario. 

 

The development of the Back End of the system took approximately 3 months while the 

development of the Front End took approximately 12 months.  However, now that the model 

is fully developed it takes the Mine Planner approximately 2 hours once a year to update the 
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system with the latest resource, plant and financial information.  Once these updates are done, 

different scenarios are normally created in less than 30 minutes (a saving of 93.75%).  The 

majority of this time is spent on transferring data from Kimberley Mines to the server at the 

Johannesburg offices.  The physical solving by the back end normally takes less than 15 

seconds. 

 

5.6 Some Shor tcomings of the System 

A few shortcomings of the system were identified as described below. 

 

5.6.1 Infeasible Scenarios 

Although the Front End simplifies the scenario generation and has various built-in validations 

to assist the end user, it is still relatively easy to generate infeasible scenarios by specifying 

some constraints incorrectly.  It is therefore important that the end user understands the 

relationship between the various constraints to prevent infeasible scenarios. 

 

The Back End creates a basic report when an infeasible scenario is created, identifying the 

specific aspect that created the infeasibility; however, this report is not fed back to the Front 

End to assist the end user to rectify the scenario. 

 

5.6.2 Sensitivity Analysis 

The Back End is not able to generate any sensitivity analyses because the specific software 

module that generates these reports is not owned by De Beers.  Management feels that the 

added information in a sensitivity analysis does not warrant the high cost of the required 

software module.  The end user therefore has to generate various scenarios to generate the 

same information that a sensitivity report could have provided. 

 

5.7 Summary 

The current Mine Plan was modelled through the new system (Scenario 1) and it was shown 

that some of the modular capacities in the CTP will be exceeded.  Scenario 2 was then created 

with the new system to determine how the resources should be scheduled to stay within the 
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modular capacities.  Scenario 3 then illustrated that a screen size change can increase the total 

throughput while still not exceeding modular throughputs.  This resulted in significant 

improvements to the NPV and total carats recovered. 

 

Scenario 4 shows that only the CTP and the Superstone plant can add value and that 

Kimberley Mines’  management took the correct decision to close the NTP and to terminate 

the relationship with the other three contractors.  However, the relationship with Superstone 

should be terminated as well to avoid a precedent.  The resources that Superstone would have 

treated can be sold to the contractors to compensate for the loss in revenue. 

 

The next chapter presents the summary and conclusion of the whole study.  A few 

recommendations are also presented. 
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CHAPTER 6 

6 CHAPTER 6 – SUMMARY, CONCLUSION AND RECOMMENDATIONS 

 

6.1 Summary    

Diamond mining started in Kimberley in the early 1870s following the discovery of the 

various diamond bearing kimberlite pipes.  Initial open pit mining was replaced by 

underground mining as the pits went deeper and the last underground mining eventually 

ceased in 2005 as a result of economic reasons.   

 

The mining of these primary resources created a number of tailing resources that are scattered 

all over Kimberley.  Theses resources still contain diamonds as a result of historical 

inefficient processing technologies.  However, these resources have unique geological and 

metallurgical properties because of the differences in the original kimberlites and the different 

treatment technologies that were used when the tailing resources were deposited. 

 

The tailing resources are mined by a fleet of earthmoving equipment and delivered to one of 

Kimberley Mines’  five treatment plants for diamond recovery.  Each plant is different in 

terms of treatment capacity, technologies utilised and overall efficiencies.  These differences, 

combined with the geo-metallurgical properties of each individual resource and the hauling 

distance from the resource to the plant, determine if the specific resource can be treated 

profitably through that plant. 

 

With this array of resources available, Kimberley Mines is in the fortunate position of having 

flexibility to maximise the value of the operation.  Unfortunately this flexibility also increases 

the complexity of finding the optimal solution.   

 

Mine Planning is currently conducted with a spreadsheet based input – output model but this 

model is not able to match the resource properties with the plant parameters and this method 

results in a plan that may be neither practical nor optimal.  The model is also very time-

consuming and scenario analyses are therefore very limited.   
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This report presented the development of a Mixed Integer Linear Programming model to 

assist with the development of a practical, optimal mine plan.  The model is roughly based on 

a generic model that addresses facility location and processing plant problems as developed 

by Barbaro &  Ramani (1986).  However, the model presented in this report includes a more 

detailed mass balance within the plant and models how the metallurgical properties of the 

resources affect the mass balance and overall throughput. 

 

6.2 Conclusion 

The results of the project indicated that the current spreadsheet based Mine Plan was not 

practical since it violated two mass balance constraints within the CTP.  The newly developed 

system was used to generate a mining schedule that did not violate any constraints while still 

delivering the same Net Present Value and overall throughput (Scenario 2).  The system also 

illustrated that the plant could improve the annual throughput with 18.2% and increase the 

NPV and the total carats recovered with 8.4% and 9.7% respectively by changing one screen 

size in the plant (Scenario 3). 

 

The system also illustrated that only the CTP and the Superstone Plant added value to 

Kimberley Mines and these results supported management’s decision that the production 

through the other plants should cease (Scenario 4). 

 

In summary:  The newly developed system can generate an optimal, practical mine plan in 

less than a tenth of the time required for the old spreadsheet based model.  The new system 

can also do various what-if scenarios that the previous model could not answer. 

 

6.3 Possible Shortcomings of the Study 

Some of the metallurgical properties of the tailing resources that are available for the CTP are 

based on 1998 and older sampling data and may not be 100% correct.  These data are critical 

for the correct calculation of the mass balances within the plant and should therefore be 

updated where necessary. 
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6.4 Recommendations 

Based on the results of this study the following recommendations can be made: 

·  The old spreadsheet based model should be replaced with the new Kimberley Mines 

Resource Optimisation Decision Support System (KIMRODSS). 

·  The DMS float screen size should be changed to a 12 mm cut-point. 

·  The production through the other plants (Sedibeng, Dumpco and Superkolong) 

should cease (or the relationship with the contractors should change) based on 

economic reasons.  However, a precedent will be created if only Superstone is 

retained and the relationship with Superstone should therefore change as well.  The 

resources that Superstone would have treated can be sold to the contractors to 

compensate for the loss in revenue. 

·  The metallurgical properties of the resources available for the CTP should be 

updated by further sampling where necessary. 

 

6.5 Areas for  Further  Study 

Various different areas were identified where the model can be improved as described below. 

 

6.5.1 Calculation of Expected Grade and Revenue per Carat 

The expected grade and the revenue per carat per resource are different through the different 

plants as a result of the different process efficiencies of the plants.  The end user needs to 

determine the expected values outside the scope of the Front End (Refer to Sections 2.4.1.6 

and 4.4.7.5).   

 

The expected grade and revenue per carat for each resource is currently calculated by 

estimating the efficiencies of the different plants and the effect that these efficiencies have on 

the grade and revenue per carat.  However, these values can be calculated more accurately if 

the following information is known: 

·  The amount of carats per specific size range (called sieve class) per resource (also 

called the Size Frequency Distribution (SFD) for the resource), 

·  The revenue per carat per sieve class for each resource, and 

·  The efficiency per sieve class for each plant. 
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The expected grade is then a combination of the first and third factors, while the revenue per 

carat is combination of all three factors as discussed below. 

 

Additional notation that is used in this section is shown in Table 6.1, Table 6.2 and Table 6.3. 

 

Table 6.1:  Subscr ipt Definition 

Subscr ipt Definition 

q  Sieve Size 

 

Table 6.2:  Input Var iables 

Var iable Definition Unit 

iqGRD  Grade of Resource i  per Sieve Sizeq   cpht 

qrev  Revenue per Sieve Size q  USD 

jqte  Efficiency of Plant j  per Sieve Size q in Period t  Percentage 

 

Table 6.3:  Other  Notation - Intermediate Calculations 

Calculated 
Value 

Definition Unit 

iIREV  In-situ Revenue per carat for Resource i  USD 

 

 

6.5.1.1 Size Frequency Distribution 

According to Ravenscroft (2004), the occurrence of diamonds of different sizes generally 

follows a log-normal distribution law.  This results in a higher frequency of smaller stones 

than of larger stones.  Actual results at Kimberley Mines have confirmed this law.   

 

Figure 6.1 shows this log-normal distribution for a hypothetical fine and coarse distribution 

for two different resources that have the same overall grade.  (Hypothetical figures are used as 

a result of the confidential nature of the real figures.) 
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Figure 6.1:  Hypothetical Size Frequency Distr ibution Plots for  a Coarse and Fine 

Distr ibution 

 

The peak of a coarse distribution therefore moves towards the right while the peak of a finer 

distribution moves towards the left.  A resource with a higher grade will have the curve 

moving upwards while a lower grade resource’s curve will move downwards. 

 

The distribution of a resource is usually ascertained by treating the resource through a 

dedicated sampling plant and analysing the results.  If no sample distribution is available, a 

historical production distribution can sometimes be used as a standard.  However, it must be 

noted that this distribution is affected by historical production efficiencies and is not an ideal 

distribution as defined above. 

 

Kimberley Mines have a sampling model for all the major resources.  The smaller resources 

do not have a specific SFD model but it is usually possible to assign a model to these sources 

based on historical production distributions and relationships to other resources with known 

models.   
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6.5.1.2 Revenue per Carat per Sieve Class 

The value of a diamond is exponentially related to the size (carats) of the diamond as shown 

in Figure 6.2.  Other factors that influence the value of a diamond is the shape of the diamond 

(or the final cut), the colour of the diamond and the clarity of the diamond. 
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Figure 6.2:  Revenue per  Carat per  Sieve Class 

Source:  De Beers, 2006d 

(Please note that these values are factored to ensure confidentiality of the base data). 

 

A big sample of diamonds is required to determine the revenue per sieve class and it is 

therefore impossible to determine the revenue per sieve class from the diamonds obtained 

from the sampling results.  However, it is therefore common practice that the combined 

production diamonds are analysed to determine the revenue per sieve class.  Kimberley Mines 

therefore have only one revenue model that is used for all resources. 

 

The in-situ revenue per carat per resource can thus be calculated by Equation 6.1. 
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However, the efficiency of the plant affects both the expected grade and the expected revenue 

per carat as discussed below. 

 

6.5.1.3 Efficiency per Sieve Class for Each Plant 

An inefficient plant will normally loose proportionally more fine diamonds than coarse 

diamonds.  Figure 6.3 shows the theoretical differences between DMS and traditional plants.  

 

50

60

70

80

90

100

110

-1 +1 +2
 

+3
 

+5
 

+6 +7
 

+9
 

+1
1 

+1
2 

+1
3 

+1
5 

+1
7 

+1
9 

+2
1 

+2
3 

Sieve Class

E
ff

ic
ie

nc
y 

(%
)

Inefficient Plant Efficient Plant 
 

Figure 6.3:  Theoretical Differences Between DMS and Pan Plants 

Source:  De Beers, 2006c 

 

When these inefficiencies are applied to the resource’s SFD, the expected models will be 

lower than the resource model.  Figure 6.1 was modified to apply the above efficiencies onto 

the resource model (only the fine distribution) and the results are shown in Figure 6.4. 
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Figure 6.4:  Expected Distr ibution Through DMS and Traditional Plants 

Source:  Calculated from Figure 6.1 and Figure 6.3 

 

The expected grade and the expected revenue per carat per resource through a specific plant 

can therefore be calculated by Equation 6.2 and Equation 6.3 respectively. 
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Since Kimberley Mines do not have the actual efficiency per sieve size data for each plant 

( jqte ), the mine has only the theoretical values.  Actual efficiencies for the different plants at 

Kimberley Mines will be between the two lines as shown in Figure 6.3 and may even exceed 

or under-perform the theoretical efficiencies. 
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The actual efficiencies can be determined by some metallurgical sampling and testing in the 

plants, but this will come at a cost.  A trade-off study should therefore be conducted to 

determine if the improved information will warrant the costs to obtain these efficiencies. 

 

When these efficiencies are determined, the mathematical model as described in Chapter 3 

should be modified to include Equations 6.2 and 6.3. 

 

With the above information it is also possible to model the bottom cut-off screen size to be 

selected for the specific plant.  This is discussed in the next section. 

 

6.5.2 Screen Size Changes 

In Chapter 5 it was shown that by changing the DMS Float Screen size (the Middles’  top cut-

off size), the material balance in the plant can be improved to increase overall performance.  

However, larger ore particles are sent to coarse tailings by increasing the DMS Float Screen 

size.   This will increase the likelihood of locked-up diamonds (diamonds that are trapped 

within a piece of ore) being lost to tailings.  Further studies need to be done to determine the 

amount of diamond loss when changing the DMS Float Screen size and the results can be 

incorporated into the model by changing the efficiency per sieve class for the affected size 

ranges as discussed in the previous section. 

 

In addition, increasing the bottom cut-off size of the Fines DMS will decrease the total tonnes 

through the Fines DMS and increase the tonnes through the Thickeners and this will result in 

a loss of diamonds that will be pumped away with the slimes.  However, by specifying 

jqte = 0% to Equations 6.2 and 6.3 for the new selected bottom cut-off size ( q= jtzt ), the new 

mass balance and the associated revenue and costs will be calculated to determine if the 

bottom cut-off change increases the value to the operation. 

 

6.5.3 Tailing Resource Environmental Rehabilitation Costs 

Every Mining License Area needs to be rehabilitated in terms of the Mineral and Petroleum 

Resources Development Act (Republic of South Africa, 2002) and this includes the tailing 

mineral resources of Kimberley Mines.  The cost of rehabilitating a tailing resource can be 

quite significant but this cost can be reduced by removing the resource while mining.  In some 
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cases the underlying land may also be of economic value if the tailing resource is removed 

completely.  These cost savings can be offset against the loss generated when treating low 

value resources to determine the least costly option: rehabilitation in-situ or rehabilitation by 

mining the resource. 

 

A third option is to sell the tailing resource with the rehabilitation liability and the land on 

which it is situated to a third party, thereby generating additional revenue for De Beers. 

 

Unfortunately Kimberley Mines do not have the rehabilitation costs, potential sale values or 

the end land values at this stage.  When these costs are determined the model should be 

changed to incorporate this calculation. 
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