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ABSTRACT 

Optimising the mineral extraction process for a more profitable operation is 

crucial for the wealth of a mining company. Mine planners define the 

smallest mining unit (SMU) during the optimisation process to serve many 

different factors. These factors include the main orebody indicators such as 

the size of the mining equipment, the direction of mining, and the 

depositional environment of the orebody. In this study, the selection of the 

SMU size for an open-pit mine is discussed. The Twangiza gold deposit in 

the Democratic Republic of Congo is used as the case study where the 

drilling database is used to construct five in-situ resource models at the 

block size of 5x5x2.5m, 7.5x7.5x2.5m, 10x10x5m, 12.5x12.5x5m and 

15x15x7.5m. The pit optimisation results coupled with the mining operations 

factors such as the equipment size and productivity are used to determine 

the SMU size that best suits the Twangiza north deposit. The average 

mining grade, the dilution factor, the ore tonnage, the stripping ratio, the 

project NPV, the environmental impact, the productivity and the life of mine 

are the primary criteria used to select the best SMU size using the analytical 

hierarchy process (AHP). The grade-tonnages curves performed on the in-

situ resource models demonstrate the impact of the SMU on selectivity, 

which is that as the block dimension gets larger, the average mining grade, 

the tonnage above the cut-off, and the metal content drop. During pit 

optimisation, the 5x5x2.5m block provides higher NPV and a larger pit shell. 

However, the sensitivity study shows that the smaller block size yields an 
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increased dilution factor and cost of selectivity. When these two parameters 

are also considered in the pit optimisation, the NPV of the smaller SMU size 

drops at the advantage of the 10x10x5m. When adding the mining 

parameters to the pit optimisation results to construct an AHP model to 

select the best alternative, the 10x10x5 remains the SMU that best suits the 

deposit. Although the study confirms that the SMU of 10x10x5m used at 

Twangiza is the optimal SMU, it is recommended that the Twangiza mine 

planners should use a scientific method to determine such vital factors in 

the mine optimisation. 
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1 INTRODUCTION 

 

1.1 Chapter 1 Overview 

This chapter one introduces the background of the research, the problem 

addressed, the objectives as well as the motivation for the research. A brief 

description for the Twangiza mine, used as case study for this research 

study, is presented. Lastly the chapter gives an outline of the next chapters 

of the research report.  

1.2 Research Background 

Mining operations consist of extracting valuable minerals from an orebody. 

These minerals are finite natural resources that require a maximum 

extraction at a minimum cost. Therefore, operations research (OR) 

techniques have been adopted in mine planning and optimisation to develop 

algorithms that will optimally define the ultimate pit limit (ULP) of a three-

dimensional block model. Each block representing ore or waste in the 

geological block model is identified by x,y and z coordinates along the x, y 

and z directions. Block with the mineral content above the cut-off is 

classified as ore; otherwise, it is treated as waste (Nieto & Zhang, 2013). 

The block size is defined by the Small Mining Unit (SMU) representing the 

size of the block that can be mined selectively. The selection of the SMU is 

based on a combination of the critical orebody indicators (Neito, 2010) and 

the size of the extraction equipment.  
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Several authors; Birch, 2014, Jara, et al., 2006, and Rocca, et al., 2007 

among others, have discussed the impact of the SMU on the geological 

block model. It was shown that any variation in the SMU influences the block 

boundary dilution (tonnes of ore and tonnes of waste) and the diluted head 

grade.  

Lerchs and Grossman (LG) is a three-dimension algorithm used to optimise 

open pit limits based on the graph theory approach, by converting the three-

dimensional grid of blocks in the orebody model into a directed graph 

(Lerchs & Grossman, 1965). During optimisation, with the LG algorithm, the 

economic value of the block is used to add or reject the block in the final 

optimal pit. The head grade is one of the most determinant aspects in 

economic valuation of a block model; hence, the project economic value will 

be influenced by the SMU used for the pit optimisation. 

Twangiza Mining SA is a subsidiary company of Bayin International 

Investment, a Chinese based company operating in the eastern part of the 

Democratic Republic of Congo (DRC). The Twangiza North deposit, located 

within the Twangiza Concession, has 4.58 million tonnes of probable 

mineral reserves at an average grade of Au 2.84 g/t (Twangiza Mining, 

2015). Twangiza North deposit was used as a case study for this research 

study because the orebody is awaited for extraction, hence the research 

findings may be used to review the mine planning process.  



  3  

The mine design and layout for the Twangiza North orebody was completed 

by the Twangiza mine engineers using 10x10x5m SMU. It was essential to 

understand whether the value of the Twangiza final pit can be increased by 

applying a different SMU size. This assessment was done by conducting a 

comparative study whereby the 10x10x5m SMU was used as the base case, 

and multiplier factors of +/-25% and +/-50% were applied to gauge the 

degree of sensitivity of the final pit shell results to the SMU size. Knowing 

that Twangiza North orebody was drilled at 40m spacing and the minimum 

modelled domain thickness is 10m (Fall, 2008), the 25% and +/-50% SMU 

variation allowed to keep the SMU in a range between the one-half the 

average drillhole spacing and one-half the size of the smallest geological 

feature to be modelled according to the Society for Mining, Metallurgy, and 

Exploration (SME) Mining Engineering Handbook cited by Birch,2019. 

1.3 Research Motivation 

Determining the optimum pit is the basis of mine planning. During 

optimisation process, mine planners define the SMU to suit several different 

factors, including the size of the mining equipment, the critical ore deposit 

indicators, the direction of mining, and the depositional environment of the 

orebody. Knowing that SMU influences the block boundary dilution and the 

diluted head grade, the difference in the size of the SMU will lead to different 

block economic values. It is imperative during pit optimisation process to 

select the SMU that best fits the mining operation, yielding a higher net 

present value (NPV). This statement motivated the current research 
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whereby five different SMUs were applied on a real gold deposit to optimise 

different pit limits and determine which SMU is appropriate to maximise the 

NPV.    

1.4 Problem Statement 

The purpose of optimising the extraction process is to maximise economic 

value realised from a mining project. Twangiza mine uses an SMU of 

10x10x5m for pit optimisation using the LG algorithm (Twangiza Mining, 

2015). Mine engineer gut-feeling and experience largely influenced the 

selection of this SMU. There was a lack of a scientific evidence in the 

determination of such vital factor in the mine optimisation at Twangiza Mine. 

It was essential to understand whether this SMU of 10x10x5m is optimal or 

not, hence the importance of testing various combinations of SMU to select 

an appropriate SMU to maximise the economic value realised from the 

orebody.  

1.5 Research Hypothesis/Questions 

Block models are used for the planning of mining operations and designs. 

Knowing that the final pit limit results depend to some extent on the SMU 

size, the question is, “Does the SMU used at the Twangiza mine provide the 

optimal pit net present value?” To answer the question, the 10x10x5m SMU 

opted by Twangiza Mine is used as the base case and sensitivity analysis 

at +/-25% and +/-50% SMU variation is done, ascertaining whether the 

deposit can provide a better NPV by changing the SMU size.  
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1.6 Research Objectives  

The aim of this research is to select the optimal SMU for maximising the 

economic value realised from the Twangiza North orebody. The specific 

objectives of the research are: 

 To analyse the geological setting of Twangiza Mine to ascertain its 

impacts on extraction activities; 

 To analyse modelling process of the orebody used for economic 

valuation of the Twangiza mine; 

 To Analyse algorithms used to optimise open pit limits in determining 

the ultimate pit limits; and  

 To analyse multi-criteria decision analysis (MCDA) methods and 

select an appropriate technique to rank different SMU scenarios. 

1.7 Description for the Twangiza Project 

1.7.1 Location of Twangiza project 

The Twangiza mining concession is centred at 2˚52’ South and 28˚45’ East 

in the province of South Kivu, approximately 45 kilometres south-southwest 

of Bukavu town. Six different exploitation permits cover 1,164 square 

kilometres. Figure 1.1 is a location map showing the Twangiza mine 

concession. 
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Figure 1.1 Map locating the study area within DRC (Twangiza Mining, 2015). 

 

 

Twangiza North
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1.7.2 Regional Geology 

The area of Twangiza is in the northern half of the Great Lakes sub-province 

of High Africa, one of the world's major significant Precambrian orogenic-

metallogenic provinces (see Figure 1.2). The region is part of Kibara, a 

Proterozoic intracontinental mobile belt that extends from Uganda through 

Rwanda, Burundi and eastern DRC. The Kibara belt is located between the 

Tanzanian Craton in the east and the Congo Craton in the west (Büttner, et 

al., 2016). The belt has a major structural trend in an NNE-SSW direction 

from Katanga to Lake Victoria for over 1,700 km, and attains a maximum 

width of approximately 500 km northward the study area. Almost 66% of the 

Kibara belt is located in the DRC (Walemba, 2001). 



  8  

 

  Figure 1.2 Regional Setting of the Kibara Belt (Twangiza Mining, 2015). 

 

1.7.3 Local Geology 

Three litho-structural terrains were mapped within the concession of 

Twangiza mine (see Figure 1.3). The Neoproterozoic folded sediment, 

broadly trending N-S, characterises the eastern terrain, forming part of the 
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Itombwe synclinorium (see Figure 1.4). This regional-scale fold expands for 

about 150 km southwards from the Twangiza area (Walemba, 2001). The 

Paleoproterozoic terrains with a distinct NW-SE tectonic grain characterise 

the western domain. In contrast, the third domain, which is Mesoproterozoic, 

appears in the north where recent basalts cover the Proterozoic rocks 

(Twangiza Mining, 2015). 

 

Figure 1.3 Magnetic signal displaying Litho-Structural Domains in the 

Twangiza mining boundary (Twangiza Mining, 2015). 

 



  10  

 

Figure 1.4 Geology of the Itombwe Synclinorium in the Kadubu area 

(Walemba & Master, 2005). 

The lithology of the Neoproterozoic is weakly metamorphosed. It is mainly 

made up of mudstone, habitually with a considerable amount of 

carbonaceous material, intercalated with siltstone and thin layers of 

sandstone and quartz wacke (Walemba, 2001). A characteristic texture of 

the Twangiza terrain is the occurrence of conglomerate with a significant 

amount of detrital magnetite forming a relatively high magnetite unit defining 

the geometry of the folds at the concession scale. This conglomerate unit is 

clasts of granite, siltstone, and mudstone within dark grey silty mud 

(Twangiza Mining, 2015).   

Porphyritic sills ranging from less than 1 metre to 50 metres have intruded 

the Neoproterozoic sediments of Twangiza (Twangiza Mining, 2015). These 

sills are part of alkaline intrusives emplaced in the region at about 750 Ma, 
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and have undergone widespread hydrothermal alteration (Büttner, et al., 

2016). 

A series of folds trending N-S on concession-scale characterise the 

Neoproterozoic terrains at Twangiza mine and result from the E-W 

compression in the Pan African orogeny at about 550 Ma (Walemba, 2001). 

Geometrically, the folds at Twangiza are open to almost isoclinal, with the 

limbs dipping between 50° and 80°. On a prospect scale, smaller-scale folds 

plunging to the North and South are found. Some of them are doubly-

plunging as the ones hosting the Twangiza deposits (Twangiza Mining, 

2015). 

1.7.4 Deposit Type 

The Kibara Belt contains gold deposits and tin-wolfram mineralisation. This 

spatial association has led scientists to think that bearing fluids were 

associated with the intrusion of the tin bearing granites (G4 granites)  dated 

975 Ma and responsible for tin mineralisation (Büttner, et al., 2016). This 

assumption does not stand because the rocks hosting the Twangiza deposit 

are Neoproterozoic in age (post-dating the G4 granites). It is suggested that 

the Twangiza mineralisation is somewhat related to the Pan African orogeny 

at about 550-520 Ma with gold-bearing fluids resulting from the 

devolatilisation of the lower crust (Twangiza Mining, 2015). 

The Pan African orogeny involved E-W compression that deformed the 

Neoproterozoic sediments and sills into a series of folds trending N-S. Gold-
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bearing fluids were focused into these structural traps, and the most 

significant traps being the low-pressure hinge zones of anticlinal folds 

(Twangiza Mining, 2015). Figure 1.5 depicts a model of the Twangiza 

deposit geology. 

 

Figure 1.5 Twangiza Deposit Geology (Twangiza Mining, 2015).  

 

The feeder structures for the bearing fluids are considered sub-vertical, 

limb-parallel structures or limb shears (Twangiza Mining, 2015). Hence, the 

mineralisation should decrease down the fold limbs distal the fold hinge and 

from the porphyritic zones where the stratigraphy is nearly homogeneous. 

The Twangiza main deposit located at the fold closure zone has the 

mineralisation crosscutting sedimentary rock and porphyritic sills due to high 

fracturing in the anticlinal hinge zones. The Twangiza North deposit situated 

in the limb of the fold hosts strata bound mineralisation confined within the 

internally highly fractured porphyritic sills that have constituted the traps for 
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auriferous fluids (Twangiza Mining, 2015). Figure 1.6 represents typical drill 

hole sections of the Twangiza Main deposit and Twangiza north deposit. 

 

Figure 1.6 Drillhole section, Twangiza Main (left) and Twangiza North 

(Right) (Fall, 2008). 

 

1.7.5 Mineralisation 

The Twangiza mineralisation is characterised by a very high gold (Au) Silver 

(Ag) ratio (10:1 to 35:1) and abundant sulphide mineralisation (pyrite, 

arsenopyrite, pyrrhotite). The metal association comprises Au, Ag, As, Bi, 

Se with low concentrations of Zn, Cu, Ni, V, Nb, Pb, Cr, Co, Ta, W, Mo 

(Walemba, 2001).  

The sulphides occur as disseminated crystals, stringers, coarse crystalline 

veins up to 10 cm in width, often intergrowing with quartz and carbonate 

veins. Gold grade and sulphide content show a positive correlation 

(Twangiza Mining, 2015). 
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The mineralised sills contain pyrite and arsenopyrite (about 65% pyrite: 35% 

arsenopyrite), with total sulphide content averaging 3% of the rock. Still, in 

places, a 1m sample can contain up to about 30% of sulphide. The 

mineralised sediments contain generally lower quantities of fine-grained 

disseminated sulphides. Quartz veins intergrowing with pyrite and 

arsenopyrite are prevalent in the sediments (Twangiza Mining, 2015). 

 

1.7.6 Mining Method 

A conventional open-pit shovel and truck method is applied at Twangiza 

mine to produce 1.7MTPA of run of mine ore which is supplied to the plant. 

Currently, there are three active pits out of five optimised pits in the run of 

mine production is realised from (see Figure 1.8) 

The Twangiza North and the Alluvial pits mining are on hold pending 

community resettlement. A total of 91,468,000 tonnes of material, including 

22,380,000 tonnes of ore averaging 2.28 g/t diluted grade, were estimated 

to be mined at a rate of 7,622,000 tonnes per year for 12 years from all the 

pits (Twangiza Mining, 2015). Based on the recoverable gold grade, a cut-

off grade of 0.84g/t is applied to demarcate waste from the run of mine ore. 

Furthermore, the ore is categorised into high and low grades using an 

economic cut-off grade of 1 g/t recoverable. If the recoverable grade is 

above 1g/t it is classified as high grade, otherwise it is classified as low 

grade.  
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Figure 1.7 Twangiza final open pits – plan view (Twangiza Mining, 2015). 

 

1.7.7 Processing 

Twangiza Mine has a carbon-in-leach (CIL) process plant with major 

components such as single-stage crushing, ball milling, detoxification of 

tailings, elution, gold smelting, and tailings disposal. Figure 1.9 shows the 

process flow used at the Twangiza plant. 
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Figure 1.8 Twangiza Plant overall flow diagram (Twangiza Mining, 2015). 

 

The plant has been designed to process 1.7 million tonnes per annum of 

oxide ore and soft transition ore at a maximum hardness of 60 MPa.  Hence, 

the hard transition, beyond 60 MPa and fresh sulphidic ore are stockpiled 

for future treatment with an appropriate plant.  

The variability leach test was conducted on oxide ore where minimum 

recovery of 83.66% and maximum of 88.51% was obtained from samples 

with head grade varying from 1.99 g/t to 5.04 g/t. The cyanidation of oxide 

variability samples with grades from 0.74 g/t to 1.97 g/t showed gold 

dissolution varying from 70.12% to 89.77%. This range in the dissolution 

expressed high variability of ore, which could signify some refractory 

material in the oxide zone (Twangiza Mining, 2015). 
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1.8 Research Structure 

The report is structured as below: 

Chapter 1 is the Introduction. - This chapter presents the motivation of the 

research, the problem statement, the objectives as well as its structure.  The 

case study location and its geological settings are also discussed. 

Chapter 2 is the Literature review. This chapter discusses the previous 

works conducted in the field of open-pit optimisation techniques. This 

includes orebody block modelling, SMU size selection, algorithms for open 

pit design and ultimate pit optimisation steps. 

Chapter 3 discusses the methodology used to conduct the research. 

The case study and result interpretation is found in Chapter 4. Open pit 

optimisation is done using the orebody model with different SMU sizes, pit 

shell produced, and Mineral Reserve tabulated. Thereafter, they are 

compared using a multi-criteria decision-making analysis to rank the best 

SMU size from the obtained results.  

Chapter 5 gives the conclusion and recommendations. This chapter 

summarises the research outcomes by answering the research questions. 

It assesses the importance of the research project as well based on the 

results obtained. Recommendations for future research are also provided. 
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1.9 Chapter 1 Summary 

In this chapter, the background of the research, the problem addressed, the 

objectives as well as the motivation for the research were discussed. The 

description of Twangiza mine, selected as case study for this research study 

was presented with an emphasis in geology and mineralisation styles, 

mining and processing methods. The next chapter, namely literature review, 

will provide the relevant literature for tackling the research question.  
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2 LITERATURE REVIEW 

 

2.1 Chapter 2 Overview 

The relevant literature for tackling the research question are summarised in 

this chapter. This included the required data for building an economic block 

models and definition of the ultimate pit for mining planning. Figure 2.1 

depicts the input data and flow chart of mine planning. 

 

Figure 2.1 Required data of mine planning process (Mahdi & Morteza, 2014). 
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The key themes reviewed in the following sections included: 

  Orebody modelling principles, and its impact on the selection of the 

appropriate SMU to be used during extraction activities and the impact 

of SMU on dilution effects; 

 Various algorithms with their limitation in application open pit 

optimisation; and 

 Multi-criteria Decision Analysis Methods with an emphasis on the 

analytic hierarchy process (AHP) that was deemed appropriate for the 

ranking of the SMU scenarios. 

2.2 Orebody Block Modelling 

Predicting the tonnage and grade of a deposit to be mined is often a 

challenging exercise. The geology model is a computerised illustration of 

geochemical, lithological, geophysical and structural, and drill hole 

information on and below the topography (Fallara, et al., 2006). It is not easy 

to reproduce the exact representation of the geological body. According to 

Ronald (2017), cited by Deacon (2017), the aim is not to produce exactly 

the orebody but rather a helpful model for the purpose.  

2.2.1 Geological database 

 

The drill hole data is the most crucial and critical information required to 

determine the location, shape, quality, and quantity of an orebody. 

Geological modelling commences with the establishment of a database. 
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This database often contains compulsory files; namely collar, survey, 

lithology and assay. 

Collar data contains easting, northing and elevation (x,y,z) coordinates of 

the drillhole header; survey includes coordinates of drill holes, azimuth and 

bearings at different depths. Stratigraphy database comprises the 

information of geological formations intercepted by each hole and the assay 

database contains the quality values of the ore deposit. 

Since drill holes intercept different lithological units with different thickness 

and assay values, classical reserve estimation methods such as 

triangulation and polygon will require a drill hole compositing to obtain total 

thickness and unique grade. After a cut-off grade has been used to 

demarcate ore from waste, the composited grade is the thickness-weighted 

average of the composited zone (Hustrulid, et al., 1995). Equations 1 and 2 

express the total thickness of the ore and the resulting composited grade, 

respectively.   

𝑡𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑡𝑖

𝑛

𝑖=1

 
(1) 

 

𝑔𝑐𝑜𝑚𝑝 =
∑ 𝑔𝑖𝑡𝑖

𝑛
𝑖=1

∑ 𝑡𝑖
𝑛
𝑖=1

 
(2) 
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Where ttotal is the total thickness of ore, gcomp is the composite grade, ti is the 

thickness, and gi is the grade of ith sampled core piece within n sampled 

core pieces.  

Triangulation or polygons methods are then used after drill holes have been 

composited to build the mineralised ore solids. 

2.2.2 Solid three-dimensional modelling 

 

A geological cut-off grade is used to demarcate ore zones in the drill hole 

cross-sections during ore modelling. Due to the mineral commodity price 

cycles, the definition of the optimum cut-off grade of ore at different periods 

throughout the life of mine to maximise the NPV of the mine is one of the 

most challenging problems in modelling  (Nieto & Bascetin, 2007). A cut-off 

grade is the lowest value at which a specified mining unit may be mined 

profitably; hence, it is used to separate ore and waste in the deposit. The 

material with the mineral content above the cut-off is classified as ore; 

otherwise, it is treated as waste (Nieto & Zhang, 2013).  

Once the geological cut-off grade is defined, closed segments are digitised 

to form the outlines of the mineralised zones interpreted on each section 

that are then combined together to form a solid model (Appianing & Mireku-

Gyimah, 2015). This manual creation of an orebody solid called explicit 

modelling presents several shortcomings in the orebody modelling process. 

Apart from being a time-consuming process (Birch, 2014), the following 
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additional disadvantages have been highlighted by Cowen (2003) cited by 

Deacon (2017): 

 The generated model largely depends on the modeller’s intuition and 

gut feeling during the interpretation process. This creates the lack of 

reproducibility due to different approaches and methods used in 

mining industries; and 

 It is difficult to update the model within a reasonable time due to the 

complexity of the update exercise; hence, models are usually not 

constantly updated when new results are available. 

Implicit modelling has been introduced in geological modelling to overcome 

these disadvantages related to traditional explicit modelling. In the implicit 

modelling with the radial basis function, three-dimensional models are built 

or updated efficiently and quickly from different data sources such as 

borehole data, outcrop data, hand-interpreted sections, and structural data 

(Birch, 2014).  

2.2.3 Mineral resource estimation 

 

Once an orebody model is created, and all the required attributes are 

determined, a grade is assigned to each block to calculate the deposit's 

mineral content. Different estimation methods have been developed for 

mineral reserve estimation. The ones commonly applied in the mining 

industry are the nearest neighbour, inverse distance, geostatistics and 

artificial neural networks (Erarslan, 2012).  
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Nearest neighbour method 

The nearest neighbour method called point sampling or proximal 

interpolation applies a multivariate interpolation in one or more dimensions. 

The extrapolation is done by selecting the value of the nearest sample in 

the predefined space. The shortcoming is that the values of other 

neighbouring points are not considered in the interpolation (Erarslan, 2012). 

Inverse distance method 

The inverse distance method is simply a weighted average method whereby 

weights are calculated inversely (Erarslan, 2012). All the samples within a 

predefined space influence the estimated value of the assignment point. 

This influence, however, is a function of the distance. The larger the 

distance from the assignment point, the less is the contribution to the 

average results of the estimate. In other words, the weighted average result 

is estimated by considering the weighted average of parametric values by 

distances mathematically expressed in Equation 3 (Erarslan, 2012). 

𝑃𝑖 =

∑
𝑃𝑗

𝐷𝑖𝑗
𝑛

𝐺
𝑗=1

∑
1

𝐷𝑖𝑗
𝑛

𝐺
𝑗=1

 

(2) 

Where: 

 Pi = the value at sampled station i;  

Pj = the value at sampled station j;  

Dij = the distance between i to j;  
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G = the number of sampled stations; and  

n = the inverse-distance weighting power.  

 

The value of n, in practice, defines the area of influence of each of the 

sample stations.  

The major drawback of the inverse distance method is that estimates are 

restricted by the extreme in the sampled values (Watson & Philip, 1985). 

According to Erarslan (2012), the method produces useful results in an 

environment of geological structure with a linear behaviour. Sudden 

changes in thickness or grade may result in having biased estimations.   

Geostatistical methods 

According to Matheron (1997), the regional variability of parameters within 

an area is a basic concept of the geostatistical approach. When sample 

values of a deposit present random behaviour, hence the variably between 

the samples values cannot be defined by a mathematical model, thus, 

probabilistic methods of statistics can be helpful. 

In the geostatistics, apart from the distance relation between sample points 

and assignment points, the location and direction of the sample pairs are 

also considered (Webster & Oliver, 2007). The two major stages in the 

estimation process are variogram modelling and kriging. 
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Variogram modelling. The geostatistical process starts by creating a 

variogram model that displays the relation between distance and parametric 

variance in a particular direction of sample values (Deutsch & Journel, 

1998). The variance is expressed by Equation 4: 

𝛾(ℎ) =
∑  (𝑧 − 𝑧′)2𝑛

𝑛=1

2𝑛
 

(3) 

Where, 

𝛾(ℎ) = variance sample pairs positioned h distance (lag) apart. 

𝑧 = value at location z. 

𝑧′ = value at location, h distance (lag) apart from z. 

𝑛 = total number of pairs located h distance (lag) apart. 

Sample pairs are found for a different direction θ° and lag distances. A 

tolerance distance ± Δh and angle ± Δθ° is always considered to facilitate 

the process as it is difficult to find direction and distance conditions 

absolutely (Erarslan, 2012). When variogram models produced from 

different directions are almost identical, the ore body is characterised as 

isotropic, otherwise it is called anisotropic (Erarslan, 2012). 

For each different h distance (lag), a variance 𝛾(ℎ) is calculated and 

graphically plotted to produce an experimental variogram (see Figure 2.2).  
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Figure 2.2 Values of variance marked for h distanced (lag) sample pairs 

(Deutsch & Journel, 1998). 

 

The values of variances on an experimental variogram show a trend from 

which the final variogram model will be generated. The variogram model is 

the one that best fits the spotted points and has a mathematical expression 

in the form of an equation (Figure 2.3). It is decided by visual interpretation 

in respect to the experimental models being a spherical model, exponential 

model or linear model (Erarslan, 2012) 
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Figure 2.3 Variogram model showing its different parameters (Deutsch & 

Journel, 1998). 

The nugget (𝑐0) is expressed as the variance value at zero lag distance (ℎ). 

In theory, the nugget value should be zero; however, in practice, the nugget 

value is superior to zero due to sampling selection errors, tolerances in 

pairing, and structural discontinuity. Sill (𝑐) is the constant value where 

variances get parallel to the lag axis while the range (a) is the distance (ℎ) 

at which the sill value is obtained (Deutsch & Journel, 1998).  
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The variogram model is expressed by Equations 5, 6 and 7. 

Spherical Model 

𝛾(ℎ)

= {
𝑐 (

3ℎ

2𝑎
−

ℎ3

𝑎3
) + 𝑐0                                             ℎ ≤ 𝑎

𝑐 + 𝑐0                                                                 ℎ > 𝑎

 

 

(4) 

Linear Model 

 

𝛾(ℎ) = 𝑎 . ℎ 

 

(5) 

Exponential Model 

 

𝛾(ℎ) = 𝑐 (1 −  𝑒−ℎ 𝑎⁄ ) 

 

(6) 

 

Kriging. Developed by Krige in 1966, the kriging process is an estimation 

mainly applied in the mining industry. The method considers covariances 

between assignment sample points and within sample points mutually 

(Erarslan, 2012). The purpose is to extend the sample data to estimate 

unknown values by calculating the weight for each sample point. 
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After derivations, kriging is expressed by Equation 8. 

 

𝑧∗(𝑖, 𝑗) = ∑ 𝜔𝑘 ∙ 𝑧(𝑥𝑘)

𝑛

𝑘=1

 

∑ 𝜔𝑘 = 1

𝑛

𝑘=1

 

 

(7) 

Where: 

𝑧∗(𝑖, 𝑗) = assigned value to (𝑖, 𝑗) node point respect to surrounding 𝑛 sample 

points (drill holes) 

z(𝑥𝑘) = parametric value of 𝑥𝑘 sample point 

𝜔𝑘 = weight of sample point 𝑘. 

Equation 9 is a simple representation of matrices. 

 

[𝜎𝒙𝒙] ∙ [𝜔𝑥] = [𝜎𝑣𝑥]  (8) 

 

Where:  

[𝜎𝒙𝒙] = matrix comprising mutual variances between samples points 

[𝜎𝑣𝑥]= matrix comprising variances between sample points and assignment 

point. 

[𝜔𝑥] = weight matrix 
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The weight matrix is calculated, and weights are used to predict unknown 

parameters at the assignment point. σ variance values in matrices is defined 

by putting distance amounts between sample points mutually (σxx) and 

sample to assignment points (σvx) into h term in the variogram model 

(Erarslan, 2012). 

The main shortcomings of the geostatistics method are the visual 

assessment and interpretation of experimental variogram, which may be 

arguable and user intuitive. An acceptable amount of samples is required. 

Sen (2009) suggested that mostly over thirty samples are suitable. 

However, the estimation error can be gauged, which is part of the 

advantages of the geostatistics method. The estimation error is estimated 

using Equation 10. 

 

𝑒2 = (𝑧∗ − 𝑧)2 (9) 

 

Where: 

𝑒2 = estimation error (variance);  

𝑧∗= estimated value; and 

𝑧 = actual value. 
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Artificial neural networks 

An Artificial neural network is a computational model that based on artificial 

intelligence techniques mimicking the neuron cell structures of the biological 

nervous system. Application of the artificial neural networks to grade 

estimation consist of mapping the relationship between the sample location 

and its corresponding grade as a complex function, where the system 

models the spatial variability of the ore grade to determine ore grades in 

unknown points. The locations of the known samples are used as input data 

while the ore grades are used as an output result  (Kapageridis & Denby, 

1998) 

Artificial neural networks can be seen as an interesting alternative to the 

conventional geostatistical ore reserve estimation, mainly in the case where, 

within the orebody, the second order stationary assumption about the spatial 

distribution of ore grade is not satisfied. Another advantage is that in the 

conventional method, a linear weighting is used to estimate the grade of a 

specified location from the nearby sample points, while the artificial neural 

the nonlinear input-output mapping via a set of connection weights is used 

(Nezamolhosseini, et al., 2017) 
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2.2.4 Dilution consideration for Mine Planning 

 

Dilution refers to the amount of unwanted material (material with grade 

below the cut-off grade or waste material) that is not segregated from ore 

during mining operation and sent to the process plant (Jara, et al., 2006).  

Mining dilution affects the mining projects. On a short-term plan, dilution 

increases the tonnages of material to be milled, increasing the processing 

cost. In the long term, the dilution affects the overall NPV considerably 

because it (Ebrahimi, 2013): 

 Prolongs the life of mine by reducing the mill’s effective capacity; 

 Reduces the plant feed grade; 

 Lowers the mill recovery by lowering the feed grade; and 

 Increases the cut-off grade hence reducing the ore utilisation of the 

mine. 

According to Ebrahimi (2013), internal dilution and external dilution are the 

two main types of dilution in a mining operation (Figure 2.4). Internal dilution 

occurs when a mining block contains inclusions of unwanted material and is 

sent to the plant with ore. External dilution or contact dilution refers to the 

waste outside of the orebody extracted with ore within the mining block. A 

proper mining practice and the use of appropriate mining equipment can 

reduce the effect of contact dilution.  



  34  

 

 

Figure 2.4 Mining block in an open pit showing different types of dilution 

(Ebrahimi, 2013). 

Depending on the cut-off grade applied, the material previously considered 

ore can be reclassified as waste or low grade due to dilution impact. This is 

explained by a case study by Ibrahim (2013) where 10% dilution was used 

with a cut-off grade of 0.2g/t, as shown in Table 2.1. 

Table 2.1 Effect of Dilution on Grade in a Gold Mine, Case Study (Ebrahimi, 

2013) 

Original Ore 

(g/t) 

Dilution 

(%) 

Waste Au 

(g/t) 

Mill Feed 

(g/t) 

0.50 10% 0.05 0.46 

0.40 10% 0.05 0.37 

0.30 10% 0.05 0.28 

0.20 10% 0.05 0.19 
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During mine planning and design, engineers often make general 

assumptions about dilution in place of measuring it due to insufficient 

budget, time for studies, and lack of an appropriate methodology to quantify 

the dilution (Ebrahimi, 2013). Commonly, a general dilution is assumed, 

such as 5% for massive deposits and 10% for tabular shape deposits. Even 

though these assumptions may be tolerated in the early stages of mining 

studies, it does not consider the complexity of the problem (Ebrahimi, 2013).  

Defining the contact surface between ore and unwanted material is 

necessary to determine the dilution factor to incorporate in the mine 

planning (Amirá, et al., 2018). The size of the SMU has an impact on the 

contact dilution; the smaller is an SMU, the larger the contact surface, hence 

higher contact dilution. The particular configuration of the ore and waste 

blocks also play a significant influence on the contact zone dilution, as 

shown in Figure 2.5, where case(b) has a higher contact dilution factor than 

case (a), with the same number of blocks (Amirá, et al., 2018). 
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Figure 2.5 Effect of ore block (in blue) distribution on dilution (Amirá, et al., 

2018) 

Ibrahim (2018) further defined two methods to apply dilution factors into a 

mine plan; fixed dilution factor and variable dilution factor. The fixed dilution 

factor is the method widely used by mining planning practitioners, which 

consists of applying a fixed dilution factor to all or a selected domain of the 

grade model. Instead, the variable dilution factor determines the contact 

surface between the ore and waste and then calculates the diluted grade of 

this contact zone. A case study on a small copper deposit showed that the 

result from designs with fixed dilution factors was not optimum (see Figure 

2.6) (Ebrahimi, 2018).  
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Figure 2.6 Comparison of pit values from fixed dilution and variable dilution 

(Ebrahimi, 2018) 

 

2.2.5 Geotechnical consideration for ultimate pit design 

 

One of the critical factors in the planning and optimisation of the surface 

mines is determining the correct slope angle. There is always a trade-off 

between a steeper slope angle that reduces the amount of waste to be 

moved and the flattened slope that gives more stability. A slight change in 

angle can provide a sizeable economic benefit by reducing waste and 

determining the limit between the stable and unstable conditions (Steffen, 

et al., 2008). The main risks associated with slopes failure are (Steffen, et 

al., 2008): 

 Safety of personnel; 

 Equipment loss or damage; 
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 Loss of production impacting on the economics of the project; 

 Force majeure;  

 Industrial action; and 

 Effect on public relations, comprising stakeholder reluctance to 

support company’s actions due to social or environmental impact, 

among others. 

Determining the acceptable slope angle is difficult due to the multitude of 

factors within the rock mass and interaction between them (Steffen, et al., 

2008). Figure 2.7 depicts some of those factors affecting slope instability in 

open-pit mines. 
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Figure 2.7 Some factors affecting slope instability in open pit mines (Steffen, 

et al., 2008). 

The main elements considered when designing a pit slope are shown in 

Figure 2.8 (Sullivan, 2006). These comprise the bench and berm geometry, 

the inter-ramp slope, and the overall slope. 
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Figure 2.8 Main elements to be considered in open pit design (Sullivan, 

2006). 

 

At Twangiza mine, the slope angles are deducted from the estimation of the 

factor of safety. The probability of failure is not determined. The used slope 

angles in the final pit design are as follow, assuming dry mining conditions 

(Twangiza Mining, 2015):  

 The overall slope angle of 27.5 to 30° in upper oxide zone;  

 The overall slope angle of 34 to 38° in oxide material;  

 The overall slope angle of 41 to 42° in transitional material; and,  

 The overall slope of 53° angle in fresh material. 
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2.3 Small Mining Unit Size Selection 

Design and production scheduling in a mining project is developed based 

on a block model. The orebody is subdivided into regular blocks that require 

essential parameters to estimate a value for each block. The selection of 

the parameters requires a thorough understanding of their impact on mining 

operations.  

In most cases, a block value is the undiscounted net revenue estimated from 

elements such as grade, block volume, density, and other geological and 

geotechnical aspects. This value is the revenue expected by extracting and 

refining the block and selling its metal content (Jara, et al., 2006). 

The small mining unit (SMU) size is part of the critical fundamental 

parameters of an orebody model. Its impact on the operation and overall 

mining costs are considerable (Khorram, et al., 2017). Conventionally, the 

definition of SMU is the smallest volume of material on which ore or waste 

classification is done (Sinclair & Blackwell, 2002). 

Key ore deposit indicators, deducted from the strength of the ore and host 

rock, the shape, dip, and size of the deposit, and the grade and uniformity 

of ore (Neito, 2010), will primarily affect the choice of selecting the SMU 

size. In addition, the constraints imposed by the size of the extraction 

equipment are also considered. Some authors suggested that the SMU size 

should be a function of bucket width and truck capacity.  Referring to a mine 

study at Buzwari (Rocca, et al., 2007), the bucket width should be less than 
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75% of the SMU block dimension and a minimum of two truckloads per 

block.   

Most open pit optimisation algorithms are applied to a regular, fixed, three-

dimensional block model of the orebody. Some of these algorithms, such as 

the Lerchs-Grossmann use block economic value in the optimisation 

process (Lerchs & Grossman, 1965). 

For production scheduling purposes and mine layout optimisation, it is 

important to express each block by its economic value to indicate its net 

worth, such as its dollar values. The main reason is that blocks with the 

same grade value may have a different dollar value due to their location, 

geotechnical, geometallurgical or other engineering properties (Ataee-pour, 

2005).  

During optimisation, the larger SMU has advantages in reducing computing 

time, while the disadvantage is the loss of resolution of grade variances 

within the orebody (consequently the net revenue). This means, the smaller 

the SMU size, the greater the grade estimation error. Thus, the greater the 

unreliability of the revenue block model used in the pit optimisation. Loss of 

selectivity, dilution of the head grade and cost of extraction are the main 

parameters affected by the SMU (Jara, et al., 2006). That why tests are 

often required to gauge the impact of the SMU to the final pit shell.  
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2.4 Open Pit Limits Optimisation. 

Since 1965, the determination of ultimate pit limits (UPL) has been part of 

the mining industry's operational research projects, and many algorithms 

have been developed. Musingwini (2016) stated that open pit mine planning 

optimisation is well advanced and extensively applied. For open pit, the 

mining direction is principally down and outward towards the pit limits. This 

two-directional mining has facilitated the easy development of algorithms for 

surface mining planning and optimisation.  

An orebody represented in three dimensions defines the ultimate pit limit by 

implementing an appropriate algorithm. Each block in the block model is 

identified by an x,y, and z, indicating the corresponding axis value in x,y, 

and z coordinates. 

Figure 2.9 illustrates an example of a three-dimensional block model for 

UPL determination. 
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Figure 2.9 An example of a three-dimensional block model for ultimate pit 

limits optimisation (Gholamnejad & Mojahedfar, 2010). 

 

The algorithms for ultimate pit design can be classified into rigorous and 

heuristic categories depending on the optimality yield. The rigorous 

algorithms can find optimum solution while the heuristic algorithms mostly 

fail to provide true optimal designs (Shahriar, et al., 2007). Figure 2.10 

depicts the typical surface mining limit optimisation algorithms. 
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Figure 2.10 Common open pit mining limits optimisation algorithms 

(Adapted from Shahriar, et al., 2007). 

 

2.4.1 Lerchs and Grossmann algorithm 

 

The first algorithm developed from operations research to optimise pit limit 

was the Lerchs-Grossman (LG) algorithm formulated by Lerchs and 

Grossmann (1965). Dynamic programming is used in the two-dimension LG 

algorithm, while graph theory is applied in the three-dimension pit design 

LG algorithm (Lerchs & Grossman, 1965). 

Dynamic programming algorithm by Lerchs and Grossmann 

The problem is solved using a forward pass and backward pass algorithm. 

In this approach, the mining block with monetary value sequencing problem 
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is split into a series of simpler sub-problems called stages and each sub-

problem is then optimised (Shahriar, et al., 2007) 

The algorithm approach is as follows: 

 Step 1: Add a row to the top of the mine. Set the values of these 

blocks to zero. 

 Step 2: For each column, starting from the top, change the block 

value to the cumulative total of all block values above, expressed by 

Equation 11. 

𝑀𝑖𝑗 = ∑ 𝑚𝑘𝑗

𝑖

𝑘=1

 

(10) 

 

   

Where 𝑀𝑖𝑗  is the cumulative block value at row 𝑘 and column 𝑗, while 𝑚𝑘𝑗 is 

the economic value of the block located in row 𝑘 and column 𝑗. 

 Step 3: Start from the leftmost column. For each block in the column, 

estimate the overall cumulative value 𝑃𝑖𝑗, which is the sum of 𝑀𝑖𝑗 and 

the highest value among (Equation 12): 

o Block on the upper left; 

o Block on the left; and 

o Block on the lower left. 

 

𝑃𝑖𝑗 = 𝑀𝑖𝑗 + max{𝑃𝑖−1,𝑗−1, 𝑃𝑖,𝑗−1, 𝑃𝑖+1,𝑗−1} (11) 
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 Step 4: Take the block with maximum positive value in the first row, 

follow the arrows from and to the left of the block. This forms the 

optimal pit. If there is no positive block in the first row, the pit is not 

profitable (Shahriar, et al., 2007). 

 

In 1971, Johnson and Sharp, cited by Shariar et al. (2007), formulated a 

direct extension of the Lerchs-Grossman algorithm that considers the three 

dimensions of the ore body. The procedure consists of two main basic steps, 

firstly, the algorithm is run along a cross-section and lastly, along the strike 

of the orebody in a longitudinal direction. 

 

The dynamic programming algorithm obtains good cross-sectional results, 

but the extension to three-dimensional (3D) space yields erratic results. The 

reasonable computing times and storage when running the algorithm in 3D 

are also constraints. Many modifications were developed to overcome this 

shortcoming, and to provide optimal results (Khalokakaie, et al., 2000). 

 

Graph theory algorithm by Lerchs and Grossmann 

Lerchs and Grossmann (1965) developed an algorithm to optimise open pit 

limits in 3D based on the graph theory approach, which converts the three-

dimensional grid of blocks in the orebody model into a directed graph.  
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In this algorithm, the assumption is that: 

 Each block in the grid is denoted by a vertex which is allocated a 

mass equal to the net revenue value of the corresponding block; and 

 Arcs link the vertices so that the connections leading from a particular 

vertex to the surface define the set of vertices that must be detached 

if that vertex is to be extracted.  

The algorithm approach is as the following (Nogholi, 2015): 

 Step 1: Construction of an initial tree and dummy root is added; 

 Step 2: Labelling of arcs; 

 Step 3: Normalising a tree; and 

 Step 4: Select the strong nodes which define a set of blocks with 

maximum value to form the ultimate pit. 

2.4.2 Moving cone 

 

Pana (1965) cited by Shahriar et al. (2007), described the moving cone 

algorithm to look for cones that satisfy the criterion that the total weight of 

the blocks in the cone should be positive. The moving cone algorithm is 

among the easiest and fastest algorithms applied to define the final pit limits 

(Elahizeyni, et al., 2011). The Korobov algorithm is an example of a cone-

based approach. The Korobov algorithm performs from top to bottom by 

evaluating the positive net values of blocks at each level.  
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The algorithm can be briefly described as follows: 

 Step 1: Start from the first level, for each block, construct an 

extraction cone; 

 Step 2: Allocate positive values in each cone against negative value 

until no negative block remains; 

 Step 3: If the value of the cone is positive, the cone is in the optimum 

solution set, remove this cone; and 

 Step 4: If any positive block remains, return to Step 1 

Moving cone algorithm is easy to code, delivers the result in a short time 

frame, and its concept is simple. The principal limit is that the algorithm does 

not providing an optimum solution (Shahriar, et al., 2007). 

 

2.4.3 Simulated annealing 

 

The simulated annealing (SA) algorithm is a stochastic optimisation method 

that replicates the iterative improvement philosophy of the Metropolis 

algorithm consisting of simulating the collection of particles in thermal 

equilibrium at a given temperature (Consuegra & Dimitrakopoulos, 2009). 

 

The application of simulated annealing method to the open-pit mine 

production scheduling is accomplished by the following steps (Kumral & 

Dowd, 2005): 

 Step 1: Start with a non-optimal feasible solution; 

 Step 2: Select a portion of the blocks; 
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 Step 3: Option 1. change ore-waste discrimination. Change ore 

blocks to waste and waste to ore by some probability. Option 2. 

change period of the given block to a previous or following period by 

some probability; 

 Step 4: Re-estimate NPV for the newly found solution; 

 Step 5: Use Metropolis criterion as the acceptance criterion; and 

 Step 6: If NPV has not improved for the last n steps, end the process 

or go to Step 2. 

The simulating annealing algorithm does not guarantee the optimality of the 

final result (Kumral & Dowd, 2005). 

 

2.4.4 Ant colony optimisation 

 

The ant colony optimisation (ACO) algorithm mimics the behaviour of ants 

in detecting an optimal path in graph theory. Gilani and Sattarvand (2016), 

cited by Musingwini (2016), have used the ACO for pit optimisation and mine 

production scheduling.  

To simulate the ACO process for the mine production scheduling problem, 

pheromone trails were used for the blocks as programming variables equal 

to the number of production periods. The approach was combined with a 

traditional method because Lerchs-Grossmann was used to generate an 

initial image. The mine schedules are developed through ACO iterations 

based on pheromone trails (Sari, 2014). 
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The algorithm does not guarantee the optimality of the final result (Khan & 

Niemann-Delius, 2014). 

2.4.5 Parametric analysis algorithm 

 

The parametric analysis approach to pit optimisation is to parameterise the 

pit design as a function of several variables. The algorithm divides the 

problem into two different components, namely, the practical part and cost-

effective part. The assumptions are that the final selected pit limit is the one 

that provides the maximum tonnage of the mineral of interest. Parametric 

analysis algorithm is incorporated into the Whittle 4-D software, which 

produces incremental pit limits by increasing the economic parameters 

(Shahriar, et al., 2007). 

The main disadvantage of the parametric analysis algorithm is that the time 

and other variables such as exploitation rate, the types of ore, blending ratio 

are only secondarily incorporated in the optimisation through modifying the 

cost function. In addition, the algorithm does not as well guarantee optimality 

(Caccetta & Hill, 2003). 

2.4.6 Linear programming techniques 

 

Linear programming techniques were introduced in surface mining planning 

by Meyer in 1969 cited by Shahriar et al. (2007). Network algorithm is an 

example of a linear programming approach. The logic in the network 
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algorithm is that each positive block that can pay for its overlaying negative 

blocks will be part of the final pit (Khodayari, 2013). 

The main limitation of the linear programming techniques to ultimate pit limit 

optimisation is that the computing time and computer memory do not allow 

better processing when dealing with vast amounts of data (Shahriar, et al., 

2007). Therefore, this can make the optimisation problem intractable. 

2.4.7 Genetic algorithm 

 

John Holland describes the genetic algorithm (GA) as a method to imitate 

the processes of biological evolution through natural selection or the 

principle of ‘survival of the fittest’ for resolving global optimisation problems 

(Musingwini, 2016). Application of this technique to the optimal pit problem 

is accomplished by Denby and Schofield (1995) cited by Sari (2014) where 

random pits are coded as genes. Fitness function included maximising NPV, 

minimising early stripping and for multiple mineral cases, balancing ore 

production for production blending in a central processing facility to 

maximise NPV. 

The algorithm does not guarantee the optimality of the final result (Khan & 

Niemann-Delius, 2014). 

From the seven ultimate pit optimisation algorithms discussed, the Lerchs-

Grossman (LG) algorithm was selected to be used in this study. This 

preference is since the LG algorithm is commonly used in the mining 
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industry for defining the ultimate pit limits optimisation (Khan & Niemann-

Delius, 2014). 

2.5 Mineral Reserve Conversion 

At Twangiza mine, the definition and mineral resource classification are 

taken from NI 43-101, the Canadian Institute of Mining, Metallurgy and 

Petroleum (CIM) Standards on Mineral Resources and Reserves.  

Figure 2.11 shows the conversion process from exploration results to 

Mineral Resources and Mineral Reserves per NI 43-101.  

 

Figure 2.11 Relationship between Mineral Resources and Mineral Reserves 

(CIM Standing Committee on Reserve Definitions, 2014). 

 

2.5.1 Classification method  

 

The mineral resource classification is based on increasing levels of 

geological knowledge and confidence (Twangiza Mining, 2015). At 

Twangiza mine, this classification stands on a combination of the drill hole 



  54  

spacing (as depicted in figure 2.12), the confidence in the geological 

wireframe, and the slopes of regression, where: 

 Inferred Mineral Resources have been restricted to 50m–100m drill 

hole spacing. 

 Indicated Resources within 40 metres spacing, and  

 Measured Resources are within 20 metres drill holes spacing;  

 

Figure 2.12 Twangiza Typical section displaying the mineral resources 

classification (Twangiza Mining, 2015). 
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2.6 Mine Production and Scheduling 

Mine scheduling is one of the post-design techniques used in mining 

operations. The purpose is to determine an optimal sequence in which ore 

blocks will be mined to generate higher NPV subject to constraints of mining, 

economics and processing (Caccetta & Hill, 1987). Currently, a stochastic 

approach is being used in mine scheduling to integrate the uncertainties into 

the optimisation of the life of mine. It was demonstrated that apart from 

understanding risks and their consideration in the planning process, the 

stochastic approach offers a higher NPV than the conventional 

(deterministic) method. A case study by Consuegra & Dimitrakopoulos 

(2009) on a copper mine showed that the stochastic approach using 

simulated annealing algorithm provided 10% additional NPV and increased 

the life of mine by one year compared to the conventional approach 

(Consuegra & Dimitrakopoulos, 2009). 

2.7 Multi-Criteria Decision Analysis 

Multi-criteria decision analysis (MCDA) is a tool used in operations research 

when several contradictory criteria have to be evaluated simultaneously in 

decision-making  (Musingwini, 2010).  

The MCDA methodology is based on a generic structure whereby a decision 

taker or a team of decision takers must select an alternative, Ai, from a set 

of other alternatives, A = {A1, A2, …, Am}, such that Ai gives the best trade-

off among decision criteria defined by a set, C = {C1, C2, …, Cn}. Oij is the 
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outcome that expresses the efficiency of alternative i compared to criterion 

j.  Generic MCDA procedure is summarised as follows (Musingwini, 2010): 

 Define objectives and record them into criteria; 

 Assign weights to criteria; 

 Aggregate the Oij values using the weights; and 

 Take the decision. 

There are several MCDA techniques used in mining industries, among them 

the preference ranking organisation method for enrichment evaluation 

(PROMETHEE), Elimination et choix traduisant la réalité (ELECTRE), 

multiple-attribute utility (MAUT) and analytic hierarchy process (AHP) and 

its generalisation, the analytical network process (Musingwini, 2010). 

In this study, the Analytical Hierarchical Process method (AHP) was used 

as the MCDA technique due to its simplicity in the calculation and ability to 

detect inconsistent judgements and estimate the degree of inconsistency 

when raking the criteria. 

2.7.1 Analytic hierarchy process 

 

The analytic hierarchy process (AHP) methodology developed by Saaty in 

1990 is an MCDA tool used to merge qualitative and quantitative factors in 

the electing process (Musingwini & Minnit, 2008). Its basis is a mathematical 

framework formed by a matrix and vector algebra that can efficiently be 
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executed in Microsoft Excel (Karel, 2015). Figure 2.13 illustrates the AHP 

solution methodology.  

 

Figure 2.13 Solution methodology for AHP (Sameer, et al., 2013). 

Pairwise Comparison 

The mathematical framework starts with a pairwise comparison of each 

criterion's relative weight or ranks over another. The relative weight of 

criterion Ci over criterion Cj is represented by wij such that (see Equitation 

13):  

𝑤𝑖𝑗 =
1

𝑤𝑗𝑖
 

(12) 
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for i≠j and wii = 1, for all i since a criterion is as important as itself. 

Where 𝑤𝑖𝑗  represents the relative weight of criterion Ci over Cj while 

𝑤𝑗𝑖  represents the relative weight of criterion Cj over Ci. 

 

The weights form a square matrix W = (wij), of order n. This order 

corresponds to the number of criteria. The fact that the inverse of one 

criterion over another is equal to the weight of the second criterion over the 

first one, the matrix, W, is classified as a reciprocal matrix. In this case, if 

the life of mine is twice as important as the grade in the open pit optimisation 

process, then logically, grade will be half as important as the life of mine. 

Transitive axiom 

Another important property of the matrix, W, is the transitivity. If the life of 

mine is twice as important as the grade and NPV is four times as important 

as the life of mine, then it follows that criterion NPV should be eight times 

as important as the grade. When a matrix satisfies the transitive axiom, the 

judgements are referred to as consistent. Here is where the AHP is very 

important in gauging the degree of inconstancy in typical human decisions. 

The mathematical expression of the transitivity between weights is shown 

in Equation 14. 

𝑤𝑖𝑘 = 𝑤𝑖𝑗𝑤𝑗𝑘     for all i, j, and k (13) 
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A vector, w, of order n can be determined. Ww = λw, whereby the vector, w, 

is an eigenvector of the matrix W, and the constant λ represents its 

corresponding eigenvalue.  The matrix W is consistent if the eigenvalue (λ) 

is equivalent to the order of the matrix (n). 

When dealing with inconsistent human judgements, the eigenvector, w, will 

only satisfy the condition Ww equals λmaxw such that λmax ≥ n. The decisions 

are consistent if λmax is equivalent to n. Otherwise, the discrepancy between 

λmax and n shows that the decisions were inconsistent. 

To estimate the eigenvector, different methods are used. Among these is 

the geometric mean that provides a simple and close approximation of the 

eigenvector. According to Costa (2007), cited by Musingwini and Minnitt 

(2008), the advantage of the geometric mean is that it tends to reduce the 

effect of very high or low values, which could bias the mean in case an 

arithmetic mean was estimated. 

Consistency index and consistency ratio 

A consistency index, CI, is calculated from λmax and n using the relationship 

expressed mathematically as follows (Equation 15): 

𝐶𝐼 =
(𝜆𝑚𝑎𝑥 − 𝑛)

(𝑛 − 1)
 

(14) 

 

To test whether judgments made are reasonably consistent, a consistency 

ratio is determined by evaluating the defined consistency index (CI) against 
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judgements performed entirely at random. Saaty (1980) cited by Musingwini 

and Minnit (2008) simulated large samples of random matrices of increasing 

order and defined their equivalent consistency index, which are random 

indices (RI). For matrices of order n ranging from 1 to 15, Saaty (1987) set 

the corresponding RIs as shown in Table 2.2. The CR is then a ratio 

between the CI and its corresponding RI (see Equation 16). 

Table 2.2 Random index for matrix of order n (Saaty, 1987) 

Matrix 
Order 

1 2 3 4 5 6 7 8 9 10 

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 

 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
 

(15) 

 

According to Saaty (1980), the judgments are reliable if the Cr does not 

exceed 0.1. Otherwise, the decisions are inconsistently made, leading to 

biased conclusions. In other words, a CR of 0.1 means that the decisions 

are approximately 10% random, and a ratio of 1.0 would therefore imply that 

the judgements are completely too arbitrary, hence untrusted. However, in 

some circumstances, CR of more than 0.1 can be accepted if the 

reasonable justification for their acceptance is provided (Coyle, 2004). 
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Criterion normalisation 

Suppose the judgements are considered consistent or tolerable. In that 

case, the efficiencies of all alternatives on a criterion, Eij, are then 

normalised to remove the effect of different units of measure for each 

criterion as shown in the following Equation 17. 

𝐸𝑁 =
𝐸𝑖𝑗

∑ 𝐸𝑖𝑗
𝑚
𝑖=1

 
(16) 

  Where: 

 m = number of alternatives; 

 Eij = alternative on a criterion; and 

 EN = normalised criterion 

Score 

Finally, the matrix of normalised performance outcomes is multiplied by the 

eigenvector to determine the consolidated AHP performance score. 

Logically, the preferable alternative is the one with the highest AHP 

performance score (Musingwini & Minnit, 2008). 

2.7.2 AHP limitations 

 

There are three main limitations of the AHP methodology which are that  

(Coyle, 2004): 

 The AHP works only if the matrix for the criteria weights is a positive 

reciprocal matrix; 
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 The weight vector varies if the scale for estimating the relative 

importance of criteria with respect to each other is changed. This may 

affect the final decision; and 

 Increase in the number of criteria may render the calculations more 

complex. 

2.8 Chapter 2 Summary 

Previous research that has been conducted concerning selection of an 

appropriate SMU size to be used during extraction were discussed in this 

chapter. It was noticed that the orebody characteristics deducted from the 

strength of the ore and host rock, the shape, dip, and size of the deposit, 

and the grade and uniformity of ore largely influence the selection of SMU 

size. In addition to the orebody characteristics, the SMU size is also 

influenced by the capacity of the machinery and extraction parameters. 

Several algorithms for surface mine planning and optimisation have been 

discussed and their limitation in open pit optimisation, among which, the 

Lerchs-Grossman (LG) algorithm was selected to be used in this study. 

Lastly, Multi-criteria decision analysis (MCDA) was discussed as a tool used 

in operations research when several contradictory criteria have to be 

evaluated simultaneously in decision-making. The analytic hierarchy 

process (AHP) was deemed appropriate for the ranking of the SMU 

scenarios in this study due to its simplicity in the calculation and ability to 
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detect inconsistent judgements and estimate the degree of inconsistency 

when raking the criteria. 

The next chapter describes the research methodology used in this study. 
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3 RESEARCH METHODOLOGY 

 

3.1 Chapter 3 Overview 

The methodology used in this research report is described in this chapter. 

The methodology aimed to respond the research question “does the SMU 

used at the Twangiza mine provide the optimal pit discounted value?” The 

chapter summaries the research approach, the type of data that was needed 

in order to answer the research question, the instruments used to collect 

data and how the data was analysed. Lastly the chapter described the 

ethical considerations in the development of this research.   

3.2 Research Approach  

A quantitative approach was used in this study. According to Creswell 2009, 

when an objective is tested by examining the relationships between 

variables, the research approach is qualified of quantitative. Mathematical 

techniques are used to measure and examine the variables.  

3.3 Research Setting 

Twangiza Mining SA is a subsidiary company of Bayin International 

Investment, a Chinese based company operating in the eastern part of the 

Democratic Republic of Congo (DRC). The Twangiza North orebody, 

located within the Twangiza Concession, has 4.58 million tonnes at an 

average grade of Au 2.84 g/t as a probable reserve (Twangiza Mining, 2015) 

and was used as a case study for this research study. This orebody was 

selected because the orebody is awaited for extraction; the expectation 
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being that the research findings may be used to review the mine planning 

process. 

3.4 Data Collection 

Data used in the research has two sources; Twangiza Mine database and 

a questionnaire survey. 

3.4.1 Twangiza Mine Database 

 

The student accessed the Twangiza Mine drilling database in order to 

reproduce geological block models. The drill hole database for the deposit 

contains 87 diamond drill holes totaling 15,850.53 metres and High-

resolution LIDAR data in CSV format for topographic modelling. 

In order to reproduce ore models the following software were used: 

- Micromine to create Implicit grade shell to be used to constrain the 

grade interpolation; 

- Datamine resource module (RM) was used for geotastitics analysis 

and grade interpolation within the grade shell created in Micromine; 

- Geovia Surpac was used to create parameters files for pit shell 

optimisation using the models exported from Datamine RM; and 

finally 

- Geovia Whitlle was used to perform pit shell optimisation and the 

NPV of the pits using the parameters models created in Geovia 

Surpac. 
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3.4.2 Questionnaire 

 

The yield average mining grade, the dilution factor, the ore tonnage, the 

stripping ratio, the project NPV, the amount of waste, the productivity and 

the life of mine obtained from pit optimisation in Whittle coupled with the 

mining operations factors were used simultaneously as criteria to select the 

best SMU size from the five alternatives of SMU size using a multi-criteria 

decision analysis (MCDA).  

In this study, AHP was used as the MCDA technique due to its simplicity in 

the calculation and ability to detect inconsistent judgements and estimate 

the degree of inconsistency when raking the criteria. The MCDA techniques 

can be applied to solve problems that have both quantitative and qualitative 

data (Musingwini, 2010).  

The information was collected through close-ended questionnaires 

distributed personally to the selected participants by the researcher. The 

questionnaire with a five-point scale for each of the eight factors relating to 

the SMU selection was designed to rank their respective importance (Table 

3.1).  
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Table 3.1 Research questionnaire to assess the importance of each factor 

Criterion Importance 

1 

None 

2 

Minor 

3 

Substantial 

4 

Fundamental 

5 

Highest 

1 Grade           

2 Dilution           

3 Ore tonnes          

4 Strip ratio           

5 LOM           

6 NPV           

7 Environmental Impact           

8 Productivity           

 

 

The Study Population and Sample  

Burns and Grove (1993) defined a population as the individuals, objects or 

events that meet the sample criteria for inclusion in a study. In this research, 

mine engineers and geologists involved in the mining planning process 

within the Banro Mining Group constituted the study population. A total of 

16 participants were contacted.  

3.5 Ethical Considerations 

The University of Witwatersrand in general and the school of mining 

engineering in particular, requires that all research should be conducted 

following the university ethical standards.  Any research that may impact 

directly or indirectly on people, animals or the environment need to seek 

ethics clearance before any research is conducted. An ethical clearance 

was obtained from the university ethics committee and the rights to self-
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determination, anonymity, confidentiality and informed consent were 

observed throughout the collection of information from the participants.  

A permission to conduct a study was also granted by Banro Corporation in 

order to use their data in the study.  

3.6 Data Analysis  

Data was analysed using resource modelling and pit optimisation software 

to produce economics models used in this study. For analysis of closed-

ended questions, data was analysed by using descriptive statistics in 

Microsoft Excel. Lastly, the optimisation data and the closed-ended 

questionnaire results were combined to build an AHP model in Microsoft 

excel. 

3.7 Chapter 3 Summary  

The data used in this research has two main sources; the Twangiza Mine 

database and the questionnaire. The Twangiza Mine drilling database was 

used to reproduce geological block models and optimal pit shells using 

micromine, datamine RM, Geovia Surpac and Geovia Whittle software.  

The MCDA techniques was applied to determine the SMU size that best 

suits the Twangiza North orebody. A quantitative approach was used to rank 

the alternatives. A questionnaire with a five-point scale for each of the 

selected factors relating to the SMU selection was designed to rank their 

respective importance. The participants on the survey were geologists and 



  69  

mining engineers involved in mining planning process within the Banro 

Mining Group.  

An ethical clearance was obtained from the university ethics committee for 

ethics compliance throughout the research. A permission to conduct a study 

was also granted by the company in order to use their data in the study.  

The next chapter namely Case study is the main body of this study 

comprising data selection, analysis and interpretation. 
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4 CASE STUDY 

 
 

4.1 Chapter 4 Overview 

The previous chapter presented the methodology used to answer the 

research question. The source of data and the instruments used to analyse 

the data was discussed. Chapter 4, namely Case Study, is the main body 

of the research. The data collected is being analysed and interpreted. 

The chapter has two components. Firstly, it focuses on investigating the 

degree of sensitivity of the final pit result to the changes of SMU sizes. 

Orebody models at five different SMU sizes were created and pit shells 

optimised. The yield NPV was used as criteria of selecting the best SMU 

size. In the second component, AHP is used as a multi-criteria decision 

making tool. An AHP models is constructed in order to rank the five different 

SMU sizes.  

4.2 Database 

The drill hole database for the Twangiza North deposit contains 87 diamond 

drill holes totalling 15,850.53 metres. In addition to the collar and survey 

files, the drill hole data includes: 

 Assay; containing 15,046 samples collected at a maximum of 1metre 

length interval; 

 Lithology;  

 Oxidation; 
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 Structure;  

 Density; and 

 High-resolution LIDAR data in Microsoft Excel csv format for 

topographic modelling. 

Figure 4.1 shows the location of the Twangiza North deposits within the 

Twangiza mine footprint.  

 

Figure 4.1 Location of the Twangiza North deposit within the Twangiza mine 

footprint 

 

4.3 Grade Shell and Resource Modelling. 

The traditional explicit modelling method was used by the Twangiza Mine to 

generate the grade shell of the Twangiza North deposit. This method 

consists of digitising closed segments from sections and then stitched 

together to form the mineralisation solid. The shortcoming of this method 

was discussed in the literature review under section 2.2.2. In this research, 
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the student has then preferred to use an implicit method to generate the 

grade shell in Micromine software. An exploration cut-off grade of 0.3 g/t 

was used to demarcate the ore from waste. The sampling thickness has 

composited the grade.  

Histograms of raw data showed that most samples were around 1m in 

length (see Figure 4.2a). Given that the minimum modelled thickness of a 

domain at Twangiza Mine is four metres, a nominal downhole composite of 

two metres was adopted (Figure 4.2b) to ensure no bias exists when 

performing the descriptive statistics and geostatistics.   

 

Figure 4.2 Histogram for sample length of raw data (a) and composite data 

(b) 

The drill holes were drilled at a grid of 40m x 40m, with a sparse grid towards 

the north (Figure 4.3). 



  73  

In most cases, the feldspar porphyry units host the gold mineralisation, as 

depicted by Figure 4.4. During modelling, lithological domains, and 

oxidation surfaces were generated.  

 

 

Figure 4.3 Grade shell of Twangiza North deposit 
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Figure 4.4 Typical cross-section of Twangiza North deposit showing the 

lithology and the gold grade. 

 

4.4 Block Modelling 

At Twangiza North, the minimum modelled domain thickness is 4 metres, 

while the flitch height of 2.5 metres is generally used. The “wireframe fill” 

interface in Resource Model (RM) package of Datamine commercial 

software was used to create the ore block within the grade shell for 

estimation.  

Five different scenarios were created based on block size, which are: 

5x5x2.5m, 7.5x7.5x3.75m, 10x10x5m, 12.5x12.5x6.25m and 15x15x7.5m. 
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Twangiza Mine uses a mining flitch height of 2.5 metres, thus, the block 

height along the z-axis was kept at an integer multiplier of the mining flitch 

height. Hence, the final block created were 5x5x2.5m, 7.5x7.5x2.5m, 

10x10x5m, 12.5x12.5x5m and 15x15x7.5m for scenarios 1, 2, 3, 4, and 5, 

respectively. Tables 5.1 to 5.5 show the block model setups for the different 

scenarios.  

Table 4.1 Block model setup for scenario 1; 5x5x2.5m SMU 

 

Table 4.2 Block model setup for scenario 2; 7.5x7.5x2.5m SMU 

Extents Minimum Centre Block size Maximum Centre 

East 692,503 7.5 693,298 

North 9,683,795 7.5 9,685,437 

Z 1,670 2.5 2,285 

Total Blocks                                                                                    5,757,072 

 

 

Table 4.3 Block model setup for scenario 3; 10x10x5m SMU 

 

 

Table 4.4 Block model setup for scenario 4; 12.5x12.5x5m SMU 

Extents Minimum Centre Block size Maximum Centre 

East 692,503 12.5 693,290 

North 9,683,795 12.5 9,685,432 

Z 1,670 5 2,285 

Total Blocks                                                                                           1,015,119 

 

Extents Minimum Centre Block size Maximum Centre 

East 692,503 5 693,298 

North 9,683,795 5 9,685,440 

Z 1,670 2.5 2,285 

Total Blocks  7,921,655 

Extents Minimum Centre Block size Maximum Centre 

East 692,503 10 693,293 

North 9,683,795 10 9,685,435 

Z 1,670 5 2,285 

Total Blocks Total Blocks                                                                                               1,593,588 



  76  

 

Table 4.5 Block model setup for scenario 5; 15x15x7.5m SMU 

Extents Minimum Centre Block size Maximum Centre 

East 692,503 15 693,298 

North 9,683,795 15 9,685,430 

Z 1,670 7.5 2,285 

Total Blocks                                                                                   473,714 

 

 

 

After grade modelling was done, the waste model outside the grade shell 

was created and combined with the ore model. All blocks were coded by 

oxidation state and lithology. The topography was used to code all the 

blocks above the topography. 

4.5 Grade Modelling 

 

4.5.1 Statistical analysis 

 

Statistical analysis of the 2m composite assay data within the ore wireframe 

shows an average grade of 2.57 g/t, as depicted in Figure 4.5.  
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Figure 4.5 Log-histogram plot of 2m composite Au data for Twangiza North. 

 

The histogram shows a unimodal structure. This allows keeping the ore 

within one domain. Based principally on the histogram plot of 2m composite 

grades (Figure 4.6), a common top-cut grade of 20 g/t Au was used to deal 

with outlier grades during estimation.  Additionally, a visual inspection of the 

extreme top-cut values spatial occurrence was done to determine if they 

constituted distinct zones. 
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Figure 4.6 Histogram plot of 2m composite Au data for Twangiza North 

 

4.5.2 Variography 

 

Geostatistical analysis was performed on the 2m composite samples. 

Visualising the plans and sections, it was noticed that the dominant 

orientation of the data sets was 350°, dipping at 75° with a plunge of 18° 

towards 175°. The variogram maps have been produced accordingly to 

investigate the directional anisotropy as shown in Figure 4.7, Figure 4.8 and 

Figure 4.9. 
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Figure 4.7 Drill hole plan view (a) strike variogram map (b) and strike 

variogram (c) of Au data for Twangiza North 

The strike variogram map (b) shows a maximum directional continuity of 

355° which is almost parallel to the strike of the orebody as per the drill hole 

plan view.  
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Figure 4.8 Drillhole cross-sectional view (a), dip variogram map (b) and dip 

variogram (c) of Au data for Twangiza North 

The variogram shows a maximum continuity dipping at 75°, coinciding with 

the light blue continuity on the variogram map. Although the red zone in the 

variogram map shows as well a strong continuity, when aligned with the 

drillhole cress-sectional view, this red zone continuity coincides with the 

downhole directional variance.   
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Figure 4.9 Drillhole longitudinal-sectional view (a), pitch variogram map and 

pitch variogram of Au data for Twangiza North 

The variogram shows four different directions of continuity. Drillhole 

longitudinal-sectional view aligned with the pitch variogram map helped in 

determining the maximum direction of continuity. This direction plunged 22° 

towards 170°.  

4.5.3 Semi-variograms  

 

Based on the anisotropy directions, variograms have been computed, and 

the kriging parameters optimised. Firstly, an omnidirectional down-hole 

variogram was calculated to estimate the nugget variance to apply to the 

directional variograms. This shows a nugget of 30%, indicating a relatively 

high degree of variability (see Figure 4.10). The directional variograms are 

shown in Figure 4.11. 
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      Figure 4.10 Downhole semi-variogram for the Twangiza North Au data                 
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Figure 4.11 Directional semi-variograms for the Twangiza North Au data 

 

The Figure 4.11 showed that the three-directional variogram are not 

identical, hence the Twangiza orebody is anisotropic. The data was firstly 

transformed using the Discrete Gaussian transformation algorithm 

embedded in RM package in Datamine commercial software for 

experimental variograms. Later, these models were back transformed for 

use in the grade estimation using kriging. 
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4.5.4 Grade estimation  

 

Grade estimation of the five block models (5x5x2.5m, 7.5x7.5x2.5m, 

10x10x5m, 12.5x12.5x5m and 15x15x7.5m) was conducted using ordinary 

kriging. A kriging neighbourhood analysis (KNA) exercise within the RM 

package in Datamine commercial software was performed to optimise the 

kriging parameters before the final estimation. This shows a minimum of five 

composite sample per sector (see Figure 4.12) with an optimum of 25 

samples as shown in Figure 4.13. Sample discretisation of 4x4x4 was also 

defined as optimum as presented in Figure 4.14.   

 

Figure 4.12 Kriging Neighbourhood Analysis for minimum sample per sector 



  85  

 

Figure 4.13 Kriging Neighbourhood Analysis for optimum sample per sector 

 

       Figure 4.14 Kriging Neighbourhood Analysis for sample discretisation. 

 

4.6 Mineral Resource Estimate 

 

4.6.1 Break-even grade  

 

As stated in the Section 4.4, an exploration cut-off grade of 0.2g/t was 

applied to construct the grade shell used in constraining the grade 

interpolation. A breakeven grade is calculated to determine the blocks that 

may return a profit if they are extracted. At break-even, the total unit cost 
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(Equation 18) equals the unit revenue (Equation 19). The break-even grade 

is then simply expressed by Equation 20 (Birch, 2014):  

 

𝑈𝑇𝐶 = (
𝑇𝐹𝐶

𝑥
) + 𝑈𝑉𝐶 

(17) 

 

𝑈𝑅 = 𝐺𝑟𝑎𝑑𝑒 ∗ 𝑀𝑅𝐹 ∗ 𝑃𝑟𝑖𝑐𝑒 (18) 

 

Knowing that the revenue equals the total unit cost; 

 

𝐺𝑟𝑎𝑑𝑒 ∗ 𝑀𝑅𝐹 ∗ 𝑃𝑟𝑖𝑐𝑒

= (
𝑇𝐹𝐶

𝑥
) + 𝑈𝑉𝐶 

𝐺𝑟𝑎𝑑𝑒

=

((
𝑇𝐹𝐶

𝑥 ) + 𝑈𝑉𝐶)

(𝑀𝑅𝐹 ∗ 𝑃𝑟𝑖𝑐𝑒)
 

 

(19) 

Where: 

 

 UTC = Unit total cost ($/tonne); 

 TFC = Total fixed cost ($/tonne); 

 UVC = Unit variable cost ($/tonne); 

 X = Volume (tonnes); 

 UR = Unit revenue ($/g); 

 Grade = Break-even grade (g/t); 

 MRF = the mine recovery factor (%), which is the mine call factor 

(MCF), multiplied by the plant recovery factor (PRF); and  
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 Price = commodity price quoted in US$ per troy ounce of gold. 

At Twangiza North, with a mill capacity of 1,7 million tonnes, the total unit 

cost is estimated at $34.91 (Twangiza Mining, 2015). Using a long term gold 

price of $1400/oz, mining recovery of 95% and plant recovery of 88%, the 

break-even grade for the Twangiza North deposit is estimated at 0.93 g/t. 

When including the royalties and selling costs of $63.19/oz, the break-even 

grade is calculated at 0.97 g/t. 

4.6.2 Effect of the block size on the grade model 

 

The review of the grade-tonnage curves associated with each SMU size 

shows that the block size impacts the average grade and the tonnage above 

the cut-offs. The study shows a considerable loss of ore from 5x5x2.5m 

block model to 7.5x7.5x 2.5 m block model than 7.5x7.5x2.5m to 10x10x5m, 

as depicted by the metal versus tonnage curve shown in Figure 4.15.  This 

suggests that the effect of the SMU is more critical in the mining selectivity 

for small blocks than for big blocks.  
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Figure 4.15 Metal vs. tonnage curves associated with the mineral resources 

for the different block sizes 

 

The comparison of the tonnage vs cut-off grade curves also reveals that as 

the block gets larger, the average mining grade and the tonnage above the 

cut-off grade drop (Figure 4.16). The difference in the tonnages is 

pronounced when the cut-off increases. This shows that the effect of the 

SMU is higher on blocks of high grades than for the low grades. 

On the low-grade portion (above the break-even grade) however, as the 

block gets larger, the average mining grade decreases but the tonnage 

above the cut-off increases. This shows that when mining the smaller blocks 

of low grade, a high degree of selectivity will be required. 
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Figure 4.16 Grade vs tonnage curves associated with the mineral resources 

for the different block sizes 

 

4.6.3 Resource tabulation  

 

The breakeven grade of 1 g/t defined for the Twangiza North deposit is used 

as the cut-off grade to demarcate the deposit portion that may be converted 

into reserve and mined economically (Figure 4.17). In the next section, 

Whittle was used to determine the mineable material considering the 

different conversion factors. The tonnage, average grade and metal 

contents for the five different models are shown in Table 4.6 and Figure 

4.18. Figure 4.18 shows that the metal content decreases with the increase 

of the block size.  
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Figure 4.17 Resource block models for the different five sizes 

Table 4.6 The resource estimate for the different five sizes 

Scenario 
Size (m) 

Tonnage 
(tonnes) 

Au g(/t) 
Metal content 

(oz) 

1 5x5x2.5 6,881,003 3.05 674,760 

2 7.5x7.5x2.5 6,422,428 2.87 592,624 

3 10x10x5 6,344,275 2.81 573,173 

4 12.5x12.5x5 6,073,125 2.72 531,103 

5 15x15x7.5 5,970,713 2.68 514,468 
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Figure 4.18 Graph showing the tonnage, grade and metal versus block size 

 

4.7 Pit Optimisation 

Pit shell optimisation was performed using the Lerchs-Grossman algorithm 

imbedded in GEOVIA Whittle software. The input data used to produce a 

set of nested pits included the resource block model, the economic and 

technical parameters. Figure 4.19 is a flow chart summarising the pit 

optimisation process.  
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Figure 4.19 Flow chart for optimisation in Whittle software (Appianing & 

Mireku-Gyimah, 2015) 

 

4.7.1 Importation of block model into Whittle 

 

The block model was exported from GEOVIA Surpac software to Whittle 

using the “block model to Whittle '' interface in the Surpac software for pit 

optimisation. The “rock” attributes are based on the weathering status. They 

comprise OXID (oxide zone), TRAN (Transition) and FRSH (Fresh sulphide 

zone) in addition to the “AIR” zone. Weathering status was selected due to 

the process recovery factor varying with the oxidation status. 

Intensive cyanidation tests performed on the Twangiza North orebody 

showed a high recovery variability (Twangiza Mining, 2015). This is due to 

the inclusion of refractory material in the orebody. The results are 

summarised in Table 4.7. 
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Table 4.7 Variability Tests of the Twangiza North ore (Twangiza Mining, 

2015) 

Ore 
Type 

Sample ID 
 

Grade 
(g/t) 

NaCN 
Consupmtion 

(Kg/t) 

CaO 
consupmtion 

(kg/t) 

Overall 
gold 

recovery 
(%) 

O
xi

d
e 

#78 0.50 0.56 3.11 94.40 

#79 4.26 0.85 5.37 92.00 

#80 3.06 0.48 5.10 87.60 

#81 2.78 0.83 5.88 87.80 

#82 1.35 0.54 4.80 94.10 

#83 1.01 0.48 3.28 69.30 

#84 2.24 0.45 5.80 80.80 

#85 8.76 0.83 6.24 93.70 

#86 2.76 0.65 6.07 82.80 

#87 9.67 0.62 5.44 87.70 

Tr
an

si
ti

o
n

 

#38 1.51 0.62 1.39 92.10 

#39 3.62 0.71 1.09 79.50 

#40 10.35 0.27 1.19 96.60 

#41 3.56 0.71 0.79 92.10 

#42 0.85 0.71 0.72 98.00 

#60 0.73 0.65 3.11 89.10 

#61 1.29 0.56 1.91 91.00 

#62 2.72 0.68 3.15 81.80 

Fr
es

h
 

#63 1.12 0.61 1.38 78.90 

#64 1.50 0.67 1.35 78.40 

#65 2.81 0.78 1.85 86.70 

#66 1.36 0.58 1.35 79.40 

#67 2.74 0.72 1.51 92.20 

 

The average recovery factor used in the pit optimisation at Twangiza Mine 

is 89%, 91% and 79% for Oxide, transition and fresh ore, respectively 

(Twangiza Mining, 2015). The processing and mining cost adjustment 

factors were incorporated in the model and set at 1, assuming the costs do 

not vary with the type of ore. 
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4.7.2 Preparation of parameter file 

 

The essential economic parameters for pit optimisation were set up in 

Whittle software. These include mining and plant recovery factors, cost 

values, slope angles, mining dilution factors and types of the run-of-mine. 

Table 5.8 summarises the cost figures and parameters used in the pit 

optimisation for Twangiza North (Twangiza Mining, 2015). A long-term gold 

price of US$1400/Oz was used in this study instead of the $1200 used in 

the Twangiza 2014 reserve estimate in order to conform with the recent 

reserve review for Twangiza Mine, done in 2019 (unpublished). Table 4.8 

shows the costs and parameters used in the pit optimisation process in this 

study. 

Table 4.8 Costs and Parameters used for Pit Optimisation 

Parameters Unit Value 

Mining cost $/tonne mined 3.51 

Processing cost $/tonne processed 19.11 

General and administration cost $/tonne processed 12.29 

Royalties and selling costs $/Oz 63.19 

Gold price $/Oz 1400 

Discount rate % 10 

Mining recovery % 100 

Mining dilution % 5 

Mining limit Tonnes/year 12,775,000 

Processing limit Tonnes/year 1,700,000 
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4.7.3 Slope angles for pit optimisation 

 

Slope angles are defined in Whittle by structure arcs. The structure arcs are 

generated using the FXST programme in Whittle software. The aim is to 

convert the defined slope angles into a suitable format for pit optimisation 

(Thobaven & Willoughby, 2012). 

The SMU of a block model dictates the number of structure arcs. The 

smaller the SMU, the grater the number of benches and structure arcs, and 

the slower the optimisation process. In other hand, block model with less 

number of benches for arc generation, provides great slope error between 

desired and achieved slope (Thobaven & Willoughby, 2012).  The number 

of benches for slope generation produced during structure arc generation is 

estimated using Equation 21. 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑒𝑛𝑐ℎ𝑒𝑠 =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 (𝑥, 𝑦) ∗ 8

𝑧
 

(20) 

 

Where: 𝑥, 𝑦 and 𝑧 are the block dimensions in the x, y, and z directions  

 

Hence, for a model with an SMU of 5x5x2.5m, the number of benches for 

slope generation is 16.  

Whittle provides the slope error after running the slope node. In case the 

slope error is above 2 degrees, then the number of benches should be 

increased. A significant slope error in the optimal shell means that the actual 



  96  

pit design cannot achieve the tonnes and grade reported in the optimisation 

result (Thobaven & Willoughby, 2012).  

The slope angles used in the study were set based on the geotechnical 

properties captured in geological model. At Twangiza, the following overall 

slope angles are used for different geotechnical zones based on the 

oxidation status (Twangiza Mining, 2015). 

 The overall slope angle of 38° in oxide material;  

 The overall slope angle of 42° in transitional material; and,  

 The overall slope angle of 53° in fresh material. 

Table 4.9 shows the number of benches and slope error reports after 

running the slope node. 

Table 4.9 Number of benches and slope error for the five different block 

sizes 

Scenario SMU size (m) Number of 

benches 

Average 

slope error 

Number of arcs 

1 5x5x2.5 256 0.4 1,375,825,216 

2 7.5x7.5x3.75 170 0.4 408,443,005 

3 10x10x5 128 0.4 183,288,857 

4 12.5x12.5x6.25 102 0.4 96,500,202 

5 15x15x7.5 85 0.4 57,354,119 
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4.7.4 Generation of pit outlines 

 

Lerchs-Grossman algorithm imbedded into GEOVIA Whittle software was 

used to perform the pit outline optimisation. The optimisation carried out on 

the five different models produced 50 different nested pit outlines according 

to the set revenue factor in the range of 0.2 to 2.  

Many analyses were carried out to select the optimal pit. This was done 

based on the worst and best-case scenario graphs of yield NPV against the 

pits. In Whittle, the best-case scenario refers to mining out the inner shell 

and then mining out subsequently each pit in a top-down approach before 

starting the new pit shell, while in the worst-case scenario, each bench is 

fully mined before moving to the next bench (Thobaven & Willoughby, 

2012).  

The ultimate pit limit is the one that provides the highest NPV. Considering 

an example from the 5x15x2.5m SMU model (see Appendix 1 and Figure 

5.20), it is clear that the NPV rises gradually to Pit 41 and starts dropping 

from Pit 42 to Pit 50. Hence, the optimal pit for Scenario 1 is pit 41. Figure 

4.20 to Figure 4.24 shows the NPV versus Pit number for the remaining 

SMU sizes under investigation. 
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Figure 4.20 NPV versus pit shells for 5x5x2.5 SMU 
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Figure 4.21 NPV versus pit shells for 7.5x7.5x2.5 SMU 
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Figure 4.22 NPV versus pit shells for 10x10x5 SMU 
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Figure 4.23 NPV versus pit shells for 12.5x12.5x5 SMU 
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Figure 4.24 NPV versus pit shells for 15x15x7.5 SMU 
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Summary of optimal pit results for the five scenarios are presented in Table 

4.10. Scenario 1 generated the highest recoverable gold, NPV, and the 

longest life of mine. Scenario 1 produced a pit shell and NPV that are 29% 

and 19% larger than the largest SMU, which is scenario 5. This is alluded 

to occurrence of dilution when reblocking to larger blocks.  Figure 4.25 

represents a comparison between the size of the optimised pit shells for the 

five scenarios. 

Table 4.10 Whittle optimisation results for the five scenarios 

  Scenario 
 1 

5x5x2.5  

Scenario 
 2 

7.5x7.5x2.5 

Scenario  
3 

10x10x5 

Scenario 
4 

12.5x12.5x5 

Scenario  
5 

15x15x7.5 

Ore mined to 
Process 

Kt 6,306 6,493 6,700 6,534 6,443 

Insitu 
recoverable 

grade 
g/t 2.80 2.50 2.42 2.31 2.25 

Recoverable 
gold 

Oz 486,166 447,631 447,524 416,721 399,962 

Waste mined Kt 47,850 43,409 43,670 39,765 37,356 

Total material Kt 54,156 49,901 50,370 46,299 43,800 

Strip ratio t/t 7.59 6.69 6.52 6.09 5.80 

NPV @ 10% $ mill 177.98 151.37 143.83 134.83 126.61 

Life of mine Year 5.21 5.02 5.13 4.61 4.64 
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Figure 4.25 Comparison of the pit shells generated from the five scenarios 

 

4.7.5 Sensitivity analysis 

 

A set of sensitivity studies were carried out because the changes in the SMU 

size affect the tonnage and the average mining grade above the cut-off, the 

dilution factor, and the scheduling profile. 

Effect of the Cut-off Grade 

Different cut-off grades were applied to gauge the effect of the cut-off grade 

on the average mining grade, tonnage above the cut-off grade and NPV for 

the different SMU sizes. Fixed cut-off grades varying from 0.5g/t to 4g/t were 

used in Whittle, and the five scenarios were re-optimised.  The results are 

presented in Appendix 2 and graphically represented in Figure 4.26 to 

Figure 4.28.  
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Figure 4.26 Average mining grade for each cut-off grade related to the SMU 

 

 

Figure 4.27 Ore tonnes for each cut-off grade related to the SMU 
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Figure 4.28 NPV for each cut-off grade related to the SMU 

 

The result shows that at the different cut-off grades applied, the average 

mining grade (see Figure 4.26), the tonnage above the cut-off grade (see 

Figure 4.27) and the NPV (figure 4.28) decrease as the block gets larger. 

However, below the cut-off grade, the tonnage increases as the block get 

larger.  This implies that when mining low-grade ore, larger blocks are 

required. Oppositely, when mining the smaller blocks of low grade, a high 

degree of selectivity will be needed to minimise ore dilution. 

The following section investigates the cost of selectivity and ore dilution 

associated with mining smaller blocks. 

Effect of dilution 

At Twangiza Mine, the mine planners use a fixed dilution factor of 5%, 

assumed commonly for massive deposits. In the Twangiza North a different 

dilution factor should be applied because the deposit is strata bound. In 
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addition, as discussed in section 3.2.4, when the fixed dilution is used, the 

result of the design is not optimum because in real mining environment, the 

grade is inhomogeneous. Therefore, in the current study, variable dilution 

was adopted. 

A contact surface of one metre between ore and waste material is 

considered in the study due to the dip of the orebody (75 degree), the size 

of the equipment used in extraction and the disposition of the block 

(unrotated) in respect to the strike of the mineralisation. The “dilution 

interface” in RM module of Datamine commercial software was used to 

calculate the diluted grade of the dilution skin. 

Figure 4.29 shows how dilution factor changes with change in SMU size, for 

example, the dilution factor decreases at the SMU size increase.  

 

 Figure 4.29 Dilution factor in relation to the SMU size at Twangiza North 
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By adopting the variable dilution, during ultimate pit optimisation in Whittle, 

the dilution factor is set to 1 since the grade model already contains the 

diluted grade on the contact surface. The Whittle optimisation results are 

shown in Table 4.11. 

Effect of Selectivity 

The fact that extracting smaller blocks requires a certain degree of 

selectivity, it is crucial to incorporate the cost of selectivity effect in the 

optimisation process.  

In the optimisation of mining block size study by Birch (2019), to investigate 

the effect of selectivity on profit, the mining rate was adjusted to capture the 

loss of production due to selectivity. The same context is applied in the 

current study.  

In the second semester of 2018, the orebody mined at Twangiza Mine from 

the northern end of the central pit varied from 2 m to plus 10 m in width. 

During this period, when mining the narrow ore zones (in the range of 5 

metres), a high degree of selectivity was needed, and the daily production 

dropped to 27,000 tonnes compared to a planned production of 32,000 

tonnes. While mining a zone of total waste where selectivity was not 

required, the production was more than 35,000 tonnes a day (see Figure 

4.30).  
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Figure 4.30 Daily mining tonnes during the second semester of 2018 at 

Twangiza Mine, Central pit. 

This was factored as the effect of selectivity that comes with the reblocking 

as follows:  

 For Scenario 1: the mining rate was reduced to 26,000 tonnes per 

day; 

 For Scenario 2: the mining rate was reduced to 29,000 tonnes per 

day; 

 For Scenario 3: the mining rate was kept at the planned 32,000 

tonnes per day; 

 For Scenario 4: the mining rate was increased to 33,500 tonnes per 

day; and 

 For Scenario 5: the mining rate was increased to 35,000 tonnes per 

day.  
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Mining cost is not a fixed cost but varies with the volume excavated. It is 

crucial to consider the varying cost that comes with the production volume 

to gauge the effect of selectivity on the final pit values. Table 4.11 shows 

the estimated mining cost for the different block sizes when considering the 

cost of selectivity. The benchmark for the estimation is based on scenario 3 

(10x10x5m SMU size) for the mining cost and mining volume which is used 

during mining planning at Twangiza mine. 

Table 4.11 Estimated mining cost taking into account the cost of selectivity. 

Scenario SMU size (m) Daily production (t) Cost ($/t) 

1 5x5x2.5 26,000 4.32 

2 7.5x7.5x2.5 29,000 3.87 

3 10x10x5 32,000 3.51 

4 12.5x12.5x5 33,500 3.35 

5 15x15x7.5 35,000 3.21 

 

Considering the selectivity and the variable dilution factor, the Whittle 

optimisation results are as shown in Table 4.12 and Figure 4.31. 
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Table 4.12 Whittle optimisation results for the five scenarios taking into 

account the cost of selectivity and variable dilution 

  Scenario 1 
5x5x2.5  

Scenario 2 
7.5x7.5x2.5 

Scenario 3 
10x10x5 

Scenario 4 
12.5x12.5x5 

Scenario 5 
15x15x7.5 

Ore mined to 
Process 

kt 5,788 6,283 6,630 6,477 6,595 

In-situ 
recoverable 

grade 

g/t 2.83 2.54 2.46 2.35 2.27 

Recoverable 
gold 

Oz 452,762 440,099 448,939 418,936 413,398 

Waste mined kt 42,035 42,141 43,762 40,061 39,896 

Total material kt 47,823 48,424 50,392 46,538 46,491 

Strip ratio t/t 7.26 6.71 6.60 6.19 6.05 

NPV @ 10% $ mill 142.95 137.72 146.85 142.52 139.65 

Life of mine Year 5.43 5.14 5.11 4.67 4.67 

 

 

Figure 4.31 NPV for each SMU size when the cost of selectivity and variable 

dilution are considered 

 

In the Figure 4.31, it is clear that when considering the cost of selectivity 

and dilution factor, the optimal SMU size is no longer the 5x5x2.5m but the 

10x10x5m. Despite the grade and the produced ounces are 13% and 1% 

respectively lower than that of the scenario 1 (5x5x2.5m), the associated 
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mining efficiencies and the variable dilution influence the increase of the 

NPV with the scenario 3 (10x10x5m size). 

 

4.8 Defining the Optimal Smallest Mining Unit Using the AHP 

Selection of the optimal SMU size is one of the most critical activities in 

mining planning. The fact that the final economic result of the project is to 

some extent influenced by the SMU size, it is imperative to select an SMU 

that best fits the deposit characteristics. The primary purpose is to maximise 

the NPV while providing a safe environment for workers and the surrounding 

community. 

4.8.1 Identification of alternatives and hierarchical structure 

 

Mine planners consider numerous factors when selecting the appropriate 

SMU block size. In addition to the pit optimisation result from the block 

economic model, the capacity of the machinery and extraction parameters 

are also taken into account. In section 4.7.5, scenario 1 (5x5x2.5m block 

size) yield the largest NPV, however, when extraction related parameters 

are considered, scenario 1 yields less tonnage compared to larger SMU 

block size. The reduced production output is alluded to the effect of 

selectivity when mining smaller blocks.  This shows that some of the factors 

used in the selection of the SMU size are conflictual. Hence, a scientific and 

efficient approach is required to weight the available options. In this study, 

the analytical hierarchy process (AHP) method was used to analyse several 

criteria by considering their different relative weights. 
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Identification of Decision Criterion. 

There are many criteria that influences selection of the SMU size. In this 

study, eight main criteria were selected to determine the optimal SMU size 

for the Twangiza North deposit; these criteria are: 

 Dilution factor (C1); 

 Equipment productivity due to selectivity (C2); 

 Stripping ratio (C3); 

 Environmental impact (C4);  

 Average mining grade (C5); 

 Ore tonnes above the cut-off grade (C6); 

 Life of mine (C7); and 

 NPV (C8). 

Other criteria that influence the selection of SMU size relating to the 

geostatistical parameters (such as kriging efficiency and slope of 

regression) and the size of the size of the extraction equipment (such as the 

capital expenditure, fleet maintenance cost, fume and dust generation) are 

not used in the AHP model due to time constraint for this study and the 

complexity in building an AHP model with an increased number of criterion.  

Parameters C3 to C8 are the outcomes of pit optimisation obtained from 

Whittle software. Parameters C4, the environmental criterion, is more 

defined from the extensiveness of the waste dump, thus dependent on the 

quantity of waste generated. The parameter C2, the equipment productivity, 
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is estimated from the mine data record. Parameters C1, C3, and C4 are 

criteria with negative impact; their preference in the selection decreases 

when their values increase. 

To determine the optimal block size, SMU sizes of 5x5x2.5m (A1), 

7.5x7.5x2.5 m(A2), 10x10x5m (A3), 12.5x12.5x5m (A4) and 15x15x7.5m 

(A5) were used as alternatives in the construction of the AHP models.  Table 

5.13 shows the decision matrix for the AHP. The problem of selecting the 

SMU size is then constructed in a hierarchical structure is shown in Figure 

4.32, while the flowchart for the process is depicted by the Figure 4.33. 

Table 4.13 Decision matrix of selection of optimal SMU for Twangiza by 

AHP approach 

  

C
1
: 

D
il
u

ti
o

n
 (

%
) 

C
2
: 

P
ro

d
u

c
ti

v
it

y
 (

t/
d

a
y
) 

C
3
: 

S
tr

ip
p

in
g

 r
a
ti

o
 (

t/
t)

 

C
4
: 

E
n

v
ir

o
n

n
e
m

e
n

ta
l 

Im
p

a
c
t 

(M
t)

 

C
5
: 

g
ra

d
e

 (
g

/t
) 

C
6
: 

R
u

n
 o

f 
M

in
e

 (
M

t)
 

C
7
: 

L
if

e
 o

f 
m

in
e
 (

Y
e
a

r)
 

C
8
: 

N
P

V
 (

M
$
) 

5x5x2.5 (A1) 7 26.0 7.59 47.85 2.8 63.06 5.21 177.98 

7.5x7.5x3.75 (A2) 4 29.0 6.69 43.40 2.5 64.93 5.02 151.37 

10x10x5 (A3) 3 32.0 6.52 43.67 2.42 67.00 5.13 143.83 

12.5x12.5x6.25 (A4) 3 33.5 6.09 39.76 2.31 65.34 4.61 134.83 

15x15x7.5 (A5) 3 35.0 5.80 37.36 2.25 64.43 4.64 126.61 
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Figure 4.32 Hierarchy structure of selection of optimal SMU for Twangiza 

Mine using AHP approach (Adapted from Hayati, et al., 2015) 

 

The Figure 4.32 shows that the hierarchy of SMU size selection can be 

divided into three levels: The main goal of the hierarchy is presented in level 

1 while level 2 and level 3 contains respectively the main criteria and the 

alternatives representing the five different SMU sizes.  
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Figure 4.33 Flowchart of selection of optimal SMU using AHP approach 

 

4.8.2 Questionnaire design and results of the survey 

 

Questionnaire design, study population and Sample were discussed in 

section 3.4.2.  A total of 10 out of 16 participants responded to the 

questionnaire and are all involved in the mining planning process within the 

Banro Mining Group.  The Results of the survey is given in Table 4.14.  
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Table 4.14 The results of the survey 

Criteria Average Standard deviation 

1 Dilution 2.2 0.79 

2 Productivity 3.9 0.99 

3 Strip ratio 2.9 0.88 

4 Environmental Impact 2.1 0.99 

5 Grade 3.7 0.82 

6 Ore tonnes 3.1 0.88 

7 Life of Mine 3.1 0.88 

8 NPV 4.5 0.71 

 

4.8.3 Pairwise comparison 

 

After the hierarchical structure is defined, the comparison of factors is made. 

Each factor is evaluated against another to measure their influence on the 

main objective at the same level. A comparison matrix constructed by 

comparing pairs of the selected criterion to define the SMU is presented in 

Table 4.15. The discounted net present value of the pit was rated as a 

significant factor, while dilution and environment impact were rated as least 

critical. 

Table 4.15 Pairwise comparison matrix for SMU selection 

  C1 C2 C3 C4 C5 C6 C7 C8 

C1 1.00 0.50 0.50 1.00 0.50 0.50 0.50 0.33 

C2 2.00 1.00 2.00 2.00 1.00 2.00 2.00 0.50 

C3 2.00 0.50 1.00 2.00 0.50 1.00 1.00 0.50 

C4 1.00 0.50 0.50 1.00 0.50 0.50 0.50 0.33 

C5 2.00 1.00 2.00 2.00 1.00 2.00 2.00 0.50 

C6 2.00 0.50 1.00 2.00 0.50 1.00 1.00 0.50 

C7 2.00 0.50 1.00 2.00 0.50 1.00 1.00 0.50 

C8 3.00 2.00 2.00 3.00 2.00 2.00 2.00 1.00 
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4.8.4 Priority vector and the principal eigenvalue  

 

To determine the relative importance of the criterion, the priority vector 

(eigenvector) and the principal eigenvalue, λmax of the comparison matrix 

were calculated in Microsoft Excel (see Table 4.16).  The approximation 

method was used as follows: 

 Step 1: Sum the values in each column of the matrix; 

 Step 2: Normalise the judgements by dividing each element of the 

matrix by the sum of values in each column to normalise the 

judgements; 

 Step 3: Create a new normalised matrix from the normalised values;  

 Step 4: Determine the priority vector that is the average of the values 

in each row of the normalised matrix; and lastly 

 Step 5: Calculate the principal eigenvalue by summing the products 

between each element of the priority vector and the sum of the matrix 

columns.   

Table 4.16 The normalisation of the matrix  

  C1 C2 C3 C4 C5 C6 C7 C8 eigenvector λ 

C1 0.07 0.08 0.05 0.07 0.08 0.05 0.05 0.08 0.06 8.14 

C2 0.13 0.15 0.20 0.13 0.15 0.20 0.20 0.12 0.16 8.21 

C3 0.13 0.08 0.10 0.13 0.08 0.10 0.10 0.12 0.11 8.10 

C4 0.07 0.08 0.05 0.07 0.08 0.05 0.05 0.08 0.06 8.14 

C5 0.13 0.15 0.20 0.13 0.15 0.20 0.20 0.12 0.16 8.21 

C6 0.13 0.08 0.10 0.13 0.08 0.10 0.10 0.12 0.11 8.10 

C7 0.13 0.08 0.10 0.13 0.08 0.10 0.10 0.12 0.11 8.10 

C8 0.20 0.31 0.20 0.20 0.31 0.20 0.20 0.24 0.23 8.18 

Sum/ 
Average 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

λmax = 
8.15 
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4.8.5 Consistency measurement 

 

The principal eigenvalue λmax of the matrix is used to measure the 

consistency of the judgement. The principal eigenvalue λmax of 8.15 

obtained implies that the decision is not consistent because λmax   is greater 

than the number of criteria (λmax > n). The consistency ratio (CR) is then 

calculated to determine whether the degree of inconsistency is tolerable The 

Cr is derived from the consistency index (CI) and the random consistency 

index (RI). CI is obtained according to Equation 21. 

𝐶𝐼 =
(𝜆𝑚𝑎𝑥 − 𝑛)

(𝑛 − 1)
 

(21) 

 

  

𝐶𝐼 =
(8.15 − 8)

(8 − 1)
= 0.02 

 

 

With a random consistency index of 1.41 for a matrix of order 8 (RI=1.14), 

the consistency ratio of 0.01 was calculated using Equation 22 and it is less 

than the recommended 0.1. Therefore, the pair-wise judgement is 

acceptable. 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
 

Equation 22 

 

𝐶𝑅 =
0.02

1.41
= 0.01 

 

  

 

 

 



  120  

4.8.6 Information synthesis  

 

The synthesis of the information is done after the priority vector has been 

determined. The method is as follows: 

 Step 1: Normalise the outcomes of all the alternatives (A) for each 

criterion (see Table 4.17). Note that parameters C2, C4, and C7 are 

criteria with negative impact, their values have been multiplied by 10-

1 to keep all the alternatives with positive impact;  

 Step 2: Multiply the normalised alternative-criterion matrix with the 

eigenvalue to produce the priority scores (see Table 4.18); and 

 Step 3: Rank the alternatives based on the priority score (Figure 

4.34). 
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Table 4.17 Normalised decision matrix 
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5x5x2.5 0.10 0.17 0.17 0.18 0.23 0.19 0.21 0.24 

7.5x7.5x3.75 0.18 0.19 0.19 0.19 0.20 0.20 0.20 0.21 

10x10x5 0.24 0.21 0.20 0.19 0.20 0.21 0.20 0.20 

12.5x12.5x6.25  0.24 0.22 0.21 0.21 0.19 0.20 0.20 0.18 

15x15x7.5 0.24 0.23 0.22 0.23 0.18 0.20 0.19 0.17 

Sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

 

           

 Table 4.18 Raking of the SMU sizes based on the priority score 

 
SMU size (m) Priority score (%) Rank 

Scenario 1 5x5x2.5 19.86 4 

Scenario 2 7.5x7.5x2.5 19.78 5 

Scenario 3 10x10x5 20.28 1 

Scenario 4 12.5x12.5x5 20.04 2 

Scenario 5 15x15x7.5 20.04 3 
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        Figure 4.34 Ranking of SMU size for the five scenarios 

 

From Figure 4.34, scenario 3 (i.e. 10x10x5m SMU size) with a rating of 

20.28% is most preferred and is followed by 12.5x12.5x5, 15x15x7.5, 

5x5x2.5 and 7.5x7.5x2.5, respectively, in order of preference. 

4.9 Chapter 5 Summary 

In the fourth chapter the Twangiza orebody was used as case study to 

assess the impact of the SMU size in ultimate pit design and then select the 

SMU that best suit the Twangiza orebody.  It was noticed that pit shell and 

yield NPV of the smaller SMU (5x5x2.5m) were 29% and 19% larger than 

the largest SMU (15x15x7.5m). The main reason was that when larger 

blocks are used, the dilution of the grade increases, hence the monetary 

value drops. 

A set of sensitivity studies was carried on cut-off grades, dilution factors and 

cost of selectivity. It was observed that when extracting low-grade ore, larger 
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SMU are suitable. Otherwise when the smaller blocks of low grade are 

extracted, a high degree of mining selectivity is required to minimise ore 

dilution. 

Considering the cost of selectivity and the mining factors associated with 

the different SMU sizes, the NPV of 5x5x2.5m dropped and the suitable 

SMU was the 10x10x5m. 

Lastly, AHP was used as a tool to select the best SMU size. Eight main 

criteria were selected to determine the optimal SMU size for the Twangiza 

North deposit. A questionnaire with a five-point scale for each of the eight 

factors relating to the SMU selection was designed to rank their respective 

importance. A principal eigenvalue λmax of 8.15 was obtained implying that 

the decision was not consistent (λmax > n). The consistency ratio (CR) was 

then calculated to determine whether the degree of inconsistency was 

tolerable. This was below the recommended 0.1, showing that the pair-wise 

judgement was acceptable. The 10x10x5m SMU came with a rating of 

20.28% and was the most preferred SMU size. 

The final chapter five will provide the final conclusion of the entire research 

report and some major findings with regards to the SMU size selection. 

Recommendations, limitations of the study and further research works will 

be also presented.  
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5 CONCLUSIONS AND RECOMENDATIONS 

 

The selection of the ultimate SMU size during surface mine planning is a 

complex process because there are multiple variables that influence the 

choice of the SMU size. The following conclusions can be made from the 

selection of ultimate SMU in this study. 

A. During resource modelling: 

 The geostatistics tools help to define the suitable block size for 

resource modelling. This size is often the half of the drilling space but 

should also consider other geological parameters such as the 

thickness of the smallest modelled unit; 

 The mining parameters are used to determine the final SMU for 

mining planning. Often, this SMU size is different from the one used 

for modelling; hence, reblocking is done; 

 The reblocking has an impact on the average grade and the tonnage 

above the cut-off grade; 

 As the block gets larger, the average mining grade, the tonnage 

above the cut-off and the metal content drop;  

 When the cut-off grade increases, the discrepancy in tonnages for 

the different SMU sizes is pronounced, showing that the effect of 

SMU is higher on blocks of a high grade than for the blocks of low 

grade; 

 The mining grade decreases on the low-grade portion as the block 

gets larger but the tonnage above the cut-off increases. This shows 
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that when mining blocks of low grade, a high degree of selectivity is 

required; and 

 The dilution factor varies with the SMU sizes. As the SMU get larger, 

the contact surface between ore and waste reduced, hence the 

variable dilution decreases.  

B. During the optimisation of the pit limit: 

 The optimised pit shell shows that the in situ recoverable grade drops 

when the SMU increases. The tonnage above cut-off increases 

gradually to a peak and starts dropping with the increase of the SMU; 

 The small SMU size (5x5x2.5m) yields a larger pit shell with a higher 

strip ratio of 7.59; 

 The NPV decreases with the increase of SMU size; 

 The dilution and selectivity vary with the changes in the SMU size. 

As the block gets larger, the dilution factor and the selectivity 

decrease; and 

 When the effect of selectivity and dilution are factored in the 

optimisation process of the pit shell, the 10x10x5m yields the 

maximum NPV of US$145.85 million in place of the 5x5x2.5m 

(US$142.95 million). 

C. During the optimisation of mine operations: 

 When the mining operation parameters are considered, the choice of 

the optimal SMU size becomes complex; 
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 A multi-criteria decision-making tool is required. In this study, the 

AHP method was selected; and 

 Eight criteria were selected to determine the optimal SMU size for 

Twangiza Mine using the AHP method. The 10x10x5m SMU had the 

highest rating of 20.28 and it was selected as the preferred SMU.  

5.1 Recommendations 

The purpose of the study was to determine the effect of the SMU on mine 

planning and optimisation, and to investigate whether the SMU size used at 

Twangiza Mine for mine planning and optimisation was optimal. Although 

the study confirms that the SMU of 10x10x5m used at Twangiza is the 

optimal SMU, the mine planners should use a scientific method to determine 

such vital factors in the mine optimisation. Considering the multiple criteria 

that influence the choice of the SMU size, the AHP is a perfect tool to assist 

in decision making. Twangiza mine should also use the implicit modelling to 

overcome the shortfalls of the traditional explicit modelling, and adopt the 

variable dilution instead of the fixed dilution which may provide a 

suboptimum result during the mining planning process. 

5.2 Limitations of the Study and Further Research  

The research was unable to embrace all the parameters that influence the 

selection of SMU due to the time constraint and the availability of data. 

Therefore, further research is required to embrace those aspects that the 

student was not able to integrate in this study. These are: 
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 The geostatistical parameters such as kriging efficiency and slope of 

regression during resource modelling; 

 The mining schedule profile from the different SMU sizes; 

 The capital expenditure: The size of the SMU will dictate the size of 

equipment to be used for extraction, hence, the capital expenditure 

will be affected by SMU size employed; 

 The operating cost: It is plausible that the operating and maintenance 

costs will be related to the size of the mining equipment; and 

 The environmental impacts: The study was limited to the waste dump 

foot-print as environmental impact. However, a more detailed aspect 

can be considered knowing that the air pollution from the engine fume 

and dust generation may vary with the size of the equipment used.  
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Appendix 1 Incremental pit values for 5x5x2.5 SMU 

 

Pit Number Best Case NPV ($) Increase in NPV 

1 34,346,740 1,821,099 

2 36,167,839 2,080,032 

3 38,247,871 2,692,977 

4 40,940,848 3,495,507 

5 44,436,355 1,997,341 

6 46,433,696 469,981 

7 46,903,677 5,065,898 

8 51,969,575 1,628,668 

9 53,598,243 5,061,201 

10 58,659,444 3,714,986 

11 62,374,430 3,059,252 

12 65,433,682 5,403,875 

13 70,837,557 1,741,656 

14 72,579,213 10,001,555 

15 82,580,768 24,046,972 

16 106,627,740 970,288 

17 107,598,028 6,440,356 

18 114,038,384 4,925,651 

19 118,964,035 1,259,029 

20 120,223,064 2,755,196 

21 122,978,260 5,245,373 

22 128,223,633 3,974,385 

23 132,198,018 3,249,424 

24 135,447,442 1,510,480 

25 136,957,922 3,394,092 

26 140,352,014 3,837,658 

27 144,189,672 994,010 

28 145,183,682 29,749,635 

29 174,933,317 4,208,157 

30 179,141,474 5,203,514 

31 184,344,988 4,012,494 

32 188,357,482 1,057,556 

33 189,415,038 1,983,766 

34 191,398,804 1,745,344 

35 193,144,148 2,025,923 

36 195,170,071 2,135,450 
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37 197,305,521 7,848,979 

38 205,154,500 13,166,779 

39 218,321,279 634,927 

40 218,956,206 230,383 

41 219,186,589 -1,926,463 

42 217,260,126 -8,032,417 

43 209,227,709 -3,245,235 

44 205,982,474 -3,064,254 

45 202,918,220 -4,833,891 

46 198,084,329 -2,017,383 

47 196,066,946 -4,160,256 

48 191,906,690 -2,190,480 

49 189,716,210 -1,640,782 

50 188,075,428 -2,714,846 

 

 

Appendix 2 Ultimate pit result for the different models at different cut-off 

grades 

 

Cut-off= 0.5g/t 

Block Size 5x5x2.5 7.5x7.5x3.75 10x10x5 12.5x12.5x6.25 15x15x7.5 

Average grade above the 

cut-off 
2.61 2.26 2.19 2.04 1.96 

Tonnes above the cut-off 6,875 7,383 7,570 7,625 7,776 

NPV ($ mil) 174.97 145.98 140.03 125.14 116.73 

Strip ratio 6.79 5.59 5.36 4.80 4.55 

Life of mine 5.26 5.14 5.18 5.03 5.08 

  

Cut-off= 1g/t 

Block Size 5x5x2.5 7.5x7.5x3.75 10x10x5 12.5x12.5x6.25 15x15x7.5 

Average grade above the 

cut-off 
2.90 2.59 2.53 2.42 2.34 

Tonnes above the cut-off 6,003 6,158 6,141 6,046 6,017 

NPV ($ mil) 177.88 151.18 146.04 132.89 126.71 

Strip ratio 8.01 7.10 6.90 6.62 6.28 

Life of mine 5.14 4.93 4.84 4.61 4.51 
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Cut-off= 2g/t 

Block Size 5x5x2.5 7.5x7.5x3.75 10x10x5 12.5x12.5x6.25 15x15x7.5 

Average grade above the 

cut-off 
3.61 3.45 3.39 3.29 3.24 

Tonnes above the cut-off 3,929 3,480 3,374 2,178 2,158 

NPV ($ mil) 156.35 121.33 115.08 123.16 112.91 

Strip ratio 11.77 12.30 12.20 7.12 7.71 

Life of mine 4.50 3.96 3.82 1.63 1.73 

  

Cut-off= 3g/t 

Block Size 5x5x2.5 7.5x7.5x3.75 10x10x5 12.5x12.5x6.25 15x15x7.5 

Average grade above the 

cut-off 
4.56 4.45 4.36 4.35 4.20 

Tonnes above the cut-off 1,469 1,199 1,141 1,001 1,015 

NPV ($ mil) 126.28 95.35 88.01 76.31 73.48 

Strip ratio 11.44 12.67 12.52 12.84 12.51 

Life of mine 1.56 1.40 1.32 1.19 1.17 

  

Cut-off= 4g/t 

Block Size 5x5x2.5 7.5x7.5x3.75 10x10x5 12.5x12.5x6.25 15x15x7.5 

Average grade above the 

cut-off 
5.54 5.38 5.32 5.14 5.13 

Tonnes above the cut-off 802 570 535 508 438 

NPV ($ mil) 81.72 63.55 56.69 52.44 43.79 

Strip ratio 17.56 13.98 14.95 13.91 14.80 

Life of mine 1.27 0.73 0.73 0.65 0.59 

 

 

 


