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ABSTRACT 

The optimal amount of exploration is seldom economically justified, resulting in 

unbalanced resource allocation between exploration, development and 

production. The problem has been brought up by mine geologists, engaged in 

the national research programme "Mining Technique in the year 2000". 

The thesis' goal has been to develop a decision model, emanating from 

exploration data (orebody boundary) and combined with a mining case, 

including development and production cost data. The aim was also to include 

probabilistic elements in the decision model. 

The ore body boundary is expressed in probabilistic terms, including several 

possible model interpretations for the same set of input data. The fact that 

information points normally are far apart at the time of the ramp siting decision, 

makes known techniques, especially geostatistics, less suitable. The ramp siting 

cost, including both development and production consequences, is described in a 

set of equations, in which cost is a function of the distance between the ramp and 

the footwall boundary. Both cost and distance have uncertainty attached to them. 

The parameter values in these cost equations are not quantified via field tests, 

but are to be seen as an example. 

The techniques have proven to be effective in describing the technical situations 

at hand, and also in calculating an optimal ramp position at every access point to 

the ore body. The developed model has been implemented in a computer 

program, RAMPSITE™. Extensive testing have been performed, including both 

deterministic and probabilistic sensitivity analysis. In a real test case (Kankberg 

mine), the model indicated both that ramps can be placed closer to the ore than is 

currently done, and that, due to the large uncertainty in the boundary position, it 

is profitable to gather more information before siting the ramp. 

The developed technique can be applied to problems applicable to decision 

analyses with one decision variable. The model can be used successfully for cases 

in which two or more of the variables in the model are associated with 

uncertainty. Each of these variables can include input parametres and relations 

between them. 
 



Probabilistic decision models have great advantages compared with 

deterministic ones, especially in understanding and quantifying the implications 

of unexpected events. The results from these models will give a better 

description of the variations that nature provides. With the computer power 

availability today, it is recommended that probabilistic models should be applied 

more frequently in mining, especially for mine layout and design connected to 

exploration data. 



SAMMANFATTNING  

Optimal  malmundersökning är sällan ekonomiskt försvarbar, vilket resulterar i  

en  skev resursfördelning mellan malmundersökning, tillredning och produktion. 

Problemet  har  tagits upp av gruvgeologer från Boliden  Mineral AB,  engagerade i  

FoU-programmet "Gruvteknik  2000".  

Avhandlingens mål  har  varit att utveckla  en  beslutsmodell, utgående från 

malmundersökningsinformation som indata till  en  gruvmodell inkluderande 

tillrednings- och produktionskostnadsdata. 

Ett specifikt  fall,  Rampplacering vid igensättningsbrytning,  har  studerats, och 

används som testfall för användbarheten av  de  metoder som redovisas i 

avhandlingen. Beslutsvariabeln, kostnad, är beskriven med  en  uppsättning 

ekvationer, där kostnaden beskrivs som  en  funktion av ayståndet mellan rampen 

och malmens liggväggskontakt. Båda variablerna, kostnad och aystånd, är 

behäftade med osäkerhet, och  de  beslutskriterier som finns utvecklade för dylika 

beslutssituationer kan bara handha  en  beslutsvariabel (i detta  fall  kostnad).  En  

överföring av osäkerhet frän aystånd till kostnad utförs som ett  led  i 

modellberäkningarna. Geostatistik används inte av flera skäl. Avståndet mellan 

informationspunkter är ofta för stort för att konstruera ett acceptabelt variogram 

vid tiden för rampplaceringsbeslutet. Dessutom kan  den  föreslagna tekniken ta  

hand  om flera tänkbara malmbildstolkningar samtidigt. 

Metoderna  har  visat sig vara effektiva för beskrivande av  problem, men  också 

för beräkning av  den  optimala placeringen av rampen för varje inslag.  Den  

utvecklade modellen  har  implementerats i ett datorprogram, RAMPSITETm, och 

omfattande  tester har  genomförts, inkluderande både deterministisk och 

probabilistisk känslighetsanalys. I ett fältförsök (Kankberg) visade modellens 

beräkningar både att rampen kan placeras närmare  malmen  än beräknat, och att 

det  tack  vare minskad osäkerhet också är lönsamt att samla  in  mer  information  

före rampplaceringen.  

De metoder som  utnyttjas i avhandlingen  kan  användas för  problem  där  beslut  

rörande  optimering m a p en specifik  beslutsvariabel ska göras.  Modellen  är 

speciellt bra  pä  att ta  hand  om problem  där två  eller  fler  modellvariabler  är 

behäftade  med  osäkerhet.  Var  och  en av  dessa  variabler kan  byggas upp  av  ett  

antal  indataparametrar och inbördes förhållanden mellan dessa parametrar. 



Probabilistiska beslutsmodeller  har  stora fördelar gentemot deterministiska, 

speciellt när det gäller att förstå och kvantifiera konsekvenser av oväntade 

händelser.  Resultat  från dessa  modeller  beskriver också naturliga variationer på 

ett bättre sätt. Med dagens möjligheter att nyttja datorkraft är hindren för 

nyttjande av probabilistiska  modeller  undanröjda. Författarens rekommendation 

blir därför att probabilistiska  modeller  bör nyttjas ofta i framtidens 

gruvhantering, speciellt rörande gruvplanering i kombination med utnyttjande 

av malmundersökningsdata. 
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1. INTRODUCTION AND GOAL 

Mining is conducted under the surface of the earth, where previous 

knowledge is scarce. This fact makes it more difficult to anticipate the 

outcome of the operation than is the case in most other types of production 

industry. 

The planning and design of mines are based on ore characterization data. 

Problems can appear from not having enough ore characterization 

information or from the available information not being evaluated properly. 

The result can be ore losses, waste rock dilution and higher costs. 

The following geological and geotechnical information is essential for mine 

planning, layout and design: 

- the position and regularity of the ore body boundary 

- the ore grade and grade distribution 

- the structural characteristics of the ore, hanging-wall 

and footwall 

At present most of this type of information is developed by the geologists at 

the different mines on the basis of diamond drilling and exploration drifts. 

The information is mostly presented in the form of maps or drawings with 

sections and plans on which geological data, such as rock types, rock 

structures, ore grades, etc., are shown. Mine planners use these documents as 

a base for mine planning and design and the study of possible mining 

methods and layouts. During this planning, co-operation between the mine 

planner and the geologist is vital. A final plan is developed and the 

production department can then start with the process of turning the design 

into a structure. 

It is obvious that the production result is heavily dependant on the mine 

plans, based on the geological and geo technical data, which should be as 

informative as possible. The optimum level of this information varies from 

ore body to ore body and from mining method to mining method. At present, 

this level is considered to be far from optimum. 
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In the mining industry today, manual handling of parts of the decision 

process in mine planning and design makes it difficult to go through the 

whole process in a short period of time. Plans often have to be revised under 

great time pressure, which calls for quick and efficient decision models as an 

aid in the process. A compromise used to meet the time demands is often to 

reduce the number of alternatives to be investigated to a minimum at a very 

early stage in the process. It is also customary to use a deterministic approach, 

using general, simple equations (rules of thumb). 

Experience gained at the Luossavaara research mine emphasized the need to 

improve the standard of ore body characterization for mine planning  

(Almgren  1985). The Swedish national research programme "Mining in the 

year 2000" (G2000) also assigned the highest priority to the research area of 

ore body characterization and mine planning  (Lindqvist  et al 1985). To cite the 

report "Despite of the fact that machines and mining methods have improved 

markedly the past years, a similar development has not occurred with regard 

to our knowledge of the ore bodies".  

Hustrulid  (1987) expressed a number of possible reasons for this situation, 

including 

"1. The expenses associated with an ore characterization programme have been 

regarded as a sunk cost as opposed to an investment  upon which a healthy return 

is expected. Hence the required resources are not made available." 

"2. Normally the exploration and mining geology staffs are small and one in the 

same. The requirements for these two activities are quite different and it may be 

difficult to be good in both." 

"3. There is a lack of understanding and communication between the users and 

suppliers of data regarding what is needed, what is desired, what is possible, etc." 

" 4. The senior people (geologists, mine engineers, designers and planners) involved in 

ore characterization activities are not familiar with and may have little experience 

with potential aides such as 

8 

- Data gathering tools (borehole geophysics, etc). 



- Computer based data storage, manipulation, presentation." 

"5. The "aides" indicated in 4 have not been developed into a "user-friendly"  form 

which can be readily learned, applied and remembered." 

The G2000 programme has initiated different projects, in the area of Ore 

Characterization and Mine Planning. The projects goals are, among others, to 

improve ore modelling, mine design and time planning techniques. 

1.1 Thesis case and goal 

This thesis has grown from a project in the G2000 programme, and 

emphasizes mine design and ore characterization, specifically connected to 

ramp siting as a function of ore body location. The thesis goal is to develop 

decision models, including parameters concerning ramp location and its 

influence on costs of development and production. The modelling should 

emphasize statistical treatments of decisions under risk concerning both ore 

body location and ramp location costs. The models have been primarily 

developed for cut-and-fill mining using data from the  Boliden  Mineral mining 

company. They should however, be possible to generalize for use in a variety 

of ore bodies and mining methods. 

The goal of the thesis is to consider many of the problems, earlier expressed 

by  Hustrulid  (1987). Important sub-goals are, thus, to provide the geologist 

with a "tool", so he can optimize the ore characterization programme, and to 

ease communications between geologists, mine planners and production 

engineers. 

1.2 Structure of thesis - an overview 

The thesis is divided into three major parts: 

1. Creating a cost model for cost versus distance including uncertainty in cost 

parameters. 

9 



Fig. 1.1 
	

The problem to solve is finding the optimal distance between the 

ramp and the ore body. 

2. Defining the geological alternative ore body shapes and uncertainty in 

footwall position. 

3. Defining and applying suitable decision criteria. 

10 



In view of the three parts mentioned above, a logical structure of the thesis is as 

follows: 

Chapter 2: A more detailed description of the ramp location case and its 

background. 

Chapter 3: Literature review containing background material about decision 
modelling, cost modelling, etc. 

Chapter 4: Approaches to develop a decision model for ramp location. 

Chapter 5: Presentation of the developed cost model, using traditional 

deterministic terminology. 

Chapter 6: Description of the necessary steps taken to develop a probabilistic 

decision model. 

Chapter 7: Presentation of results from field tests and sensitivity analyses. 

Chapter 8: Discussion about how to interpret and use the results. 

Chapter 9: Recommendations about future research and development. 

APPENDICES: Detailed descriptions of models and computer programs. 

In preparing the thesis a lot of work was done to structure the approaches. The 
main approaches seem to be new in mining engineering, according to statements 

by Swedish mining experts and to the world-wide literature study. 
These new areas are especially: 

1. Identification of specific mining situations (cases), in which ore 

characterization and mine design are related to one another. 

2. Development of cost models with reference to ore body location, using 
statistical treatment of cost  parametres  and of ore body model alternatives to 
obtain probabilistic views. 
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3. Combining several possible ore body models to better represent ore body 

boundary uncertainty 

4. Transformation of uncertainty from one variable to another, when both 

variables are uncertain. 

In the following chapter the approaches are presented and commented on, 
ending up with the proposed probabilistic decision model. The author has 

deliberately used "neutral" words,  i.  e.  words that are perhaps not normally used 

in each research field. The reason for this being it is the authors belief and hope 

that more people will read the thesis if the vocabulary is simplified. The thesis 

also consists of parts from several different research fields (operations research, 

geology, geostatistics, mining and mining construction). 

Happiness is ... 
Geologists and 
Mining Engineers 
using the same 
database. 
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Fig. 1.2: An ideal situation [after  Hustrulid,  1986] 



2. DECISION SITUATIONS IN MINE PLANNING USING 
ORE CHARACTERIZATION DATA 

In the early stages of the project, the participants from  Boliden  Mineral AB and  

Luleå  University of Technology came up with five different decision situations 

(cases) in which decision improvements were considered to be of substantial 

economic importance. The cases all involve situations in which ore body 

information is used in mine planning, layout and design situations, and can 
include decisions on development, mining method selection, hoisting, etc. 

The cases are: 

1) Ramp siting in horizontal cut-and-fill mining 

2) Optimal positioning of access drifts from ramp to stope in the strike direction 

in cut-and-fill mining 

3) Ramp siting for rill mining (cut-and-fill with sublevels) 

4) Optimizing the amount of blocked out (proven) ore 

5) Optimizing exploration for choice of hoisting method 

A broad description of these five situations will be given in the following 

sections. 

2.1 Case 1: Ramp siting in horizontal cut-and-fill (HCAF) mining 

The situation is best explained by using an example: 

A presumptive ore body has been found on geophysical indications from 

surface prospecting. Diamond drilling has given positive indications that 

' the quality and quantity of the minerals in the deposit are high enough to 

recommend mining. A delineation drilling programme has given the main 

13 
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geometric features of the ore body, along with average ore grades and 

general rock conditions in the volume. The mining method has been 

selected (HCAF), together with the hoisting method (ramp). Since some 

investments already have been made it is important for the mining 

company to start mining to generate an income as soon as possible. The 

mine planners make the layout plans for the mine, consulting the geologist 

and rock mechanics engineer. These layout plans incorporate the siting of 

the footwall ramp, which will function both as access to the  stopes  and 
hoisting ramp. The development of this ramp is about to begin. 

Fig. 2.1 : Orebody model, depending on ore characterization background 
data 

The question that arises is whether the ore characterization background material 

for siting the ramp is optimal from an economics point of view. In other words, 

would the cost of gathering a certain amount of new information be lower than 
the future gain in development and production costs due to this new 

information ? It was decided that case one would be selected for further study in 
this thesis. 
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2.3 Case 2: Optimal positioning of access drifts from ramps to  
stopes  in the strike direction 

This case is also connected to cut-and-fill mining. When making a production 

layout a decision has to be made on where access drifts should hit the footwall 

ore contact, in order to balance production so that production on both sides of a 

room finishes at the same time. Two of the main  parametres  in this decision are 

the ore length and width. Primarily, it is necessary to decide on how many  stopes  

the ore slice should be divided into. In the cut-and-fill mines in Sweden the 

lengths of the ore bodies normally admit 1 or 2  stopes  per slice (Fig. 2.2). 
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b)  Two  stopes  

Fig. 2.2 : Alternative number of  stopes  with access drifts in HCAF 

Whatever number of  stopes  is chosen, the purpose of the chosen stope limit is to 

finish mining in all  stopes  on a level at the same time, in order to make the 

greatest possible use of equipment and to commence filling operations as quickly 

as possible. If the information on which production planning is based is scarce, 

as indicated by Fig. 2.3a, the result of the planning might unfortunately end up 

by the ramp being incorrect if the real shape is as shown in Fig. 2.3b. 
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Fig. 2.3: Anticipated ore shapes with different information 

levels 

What are the consequences of this "misinterpretation"? Is it economically 

justifiable to gather more ore characterization information to avoid errors in 

planning and layout? Cases 1 and 2 resemble one another, and in fact view the 

ramp siting problem from two different 2-dimensional perspectives. 

2.4 Case 3: Ramp siting for rill mining (cut-and-fill with 
sublevels) 

In small, narrow, vein-type ore bodies the dominating mining method in use in 

Sweden is horizontal cut-and-fill mining. During the last decade or so a great 

deal of interest and discussion has circled around a possibly more economic 

method in geometrically regular ore bodies, namely rill mining (see Figure 2.4). 

Two major benefits can be seen with this method, in comparison with HCAF. 
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1) Development work in accesses will be reduced considerably, 

and 

2) The unit operations can be separated from each other. 

The overall consequences of using the method would be higher productivity and 

lower costs. 

One of the problems with rill mining, as with all new methods, is the uncertainty 

that comes with an untested method or procedure. The method has been tested 

and is in operation at several places around the world, and field tests in several 

mines in Sweden have been carried out (Viscaria, Kristineberg etc.). The overall 

impression of the method is positive, but some uncertainties still remain. 

It is a well known fact that the amount of ore characterization necessary for 

HCAF is rather low compared with that of many other methods, due to the fact 

that the geological variations of the ore body can be carefully observed and 

mapped in the roof of the stope below. Since  stopes  in rill mining are 10 m or 
higher, the uncertainty regarding ore body boundary variations increases, and 

observations of the geology can only be done in the opening cuts (Fig. 2.4). The 

layout of rill mining also requires the boundaries to be more regular than is 

needed for HCAF due to the higher  stopes.  These differences between the 

mining methods make the design of a mine for rill mining more uncertain than 

that for HCAF, with the same information density. 

The main task in Case 3 is to create models for optimizing rill mining design, 

under the assumption that the possibility of changing mining method to HCAF 

is feasible. That could be the case if the ore body boundaries are found, after 

detailed underground exploration, to be too irregular for fill mining. 

17 
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Fig. 2.4: Sketch showing principle of rill mining 

2.5 Case 4: Optimizing the amount of blocked out (proven) ore 

This case concerns the situation in which a decision has to be made on how much 

ore should be blocked out before making mine plans, the layout and design. 

Consider the following example: An ore body has been in production  för  some 
time (see Fig. 2.5). A few boreholes have been drilled below the current bottom 
level of the mine, indicating the continuation of the ore body in the plunge 

direction. The questions requiring answers are: 

1) How deep should the drilling continue before deciding where the new bottom 
level ought to be? 

2) Should the new mineable volume be divided into several mining blocks ? In 
that case, where should the sublevels be? 

3) What is the economically optimum amount of ore characterization data to 

collect to specify the positions of the levels mentioned above? 
4) What type of data is needed to answer the questions and at what cost? 
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Fig. 2.5: Sketch showing the principle considerations in deepening mining 

operations 

This case can be considered as one of the predecessors (chronologically) to case 1 

and 2 in the decision process necessary in mine planning. 

2.6 Case 5: Ore transport method selection 

When mining commences in a not previously mined ore body, the standard 
procedure is to make sure that the amount of blocked out ore is enough to start 

mining. Mine layout is made after choosing an appropriate mining method. One 

of the other important decisions at that stage is which hoisting method to use. It 
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is well known that for shallow ore bodies it is most economic to use a ramp for 

transporting the ore using trucks or conveyor-belts, and for deep ore bodies a 

shaft with a hoisting system is generally recommendable. Fig. 2.6 shows curves 
of a general case of comparable hoisting method profitabilities. 

Fig. 2.6: The hoisting method has to be selected before underground mining 
commences. 

When investigating a new ore body it is of great interest to know its geometrical 

limitations. The width and length are traditionally thoroughly investigated, but 

not the total depth. As the diagram in Fig. 2.7 shows, the total profitability of the 

mining operation can change considerably if the wrong hoisting method is used. 

If ore is blocked out to a specific depth and the hoisting method chosen on the 
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basis of that depth being the final one, further mining below this level can be 

jeopardized by excessive hoisting costs, due to the need to change hoisting 

method. So the question is: How deep should the ore body be investigated before 

deciding which hoisting method to use? 
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3 LITERATURE REVIEW 

The thesis is to a large extent based on the following techniques, that have 

been focused on in the literature study, namely: 

DECISION MODELING (Chapter 3.1) 

MINING COST MODELLING (Chapter 3.2) 

An extensive data base search was carried out in around 20 different data 

bases in Europe and North America. The search profile can in simple terms be 

described as: MINING and DECISION MODELLING and COST 

MODELLING. The reason for the broad search profile was to make sure that 

as few key references as possible were overlooked. From the titles about 2000 

references were found to be of interest. Abstracts of these references were 

printed out, read through and rated. Around 80 references out of the 2000 

were selected, read and used in this literature review. Some other references 

were found manually, especially in the department library and the main 
university library at the  Luleå  University of Technology. Evaluations of some 

of these books and papers are presented below. 

The first two parts describe general principles for the major techniques used 

to form the model presented in this thesis. The third part contains some 

general conclusions by the author, together with a hypothesis for the work on 

the thesis. 

3.1 Decision modelling - a part of operations research 

Decision modelling or Decision theory is a part of a large and fairly new 

research field, called operations research (OR). The pioneers were British 
scientists during World War II, and the field has developed rapidly during 

the last decades. It includes disciplines like linear programming (LP), 

integer programming, dynamic programming (DP), nonlinear programming, 

network planning, queueing theory and probability theory. Decision theory is 
a part of probability theory. 
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This sub-section will first briefly review the basics of OR and probability 

theory, and thereafter describe decision theory in more detail. 

3.1.1 Principal components in decision problems 

OR models are designed to "optimize" a given objective function to a set of 

constraints (Taha, 1982). Optimization is generally taken to signify the 

"maximization" or "minimization" of the objective function. But it is important 

to remember that the same problem can be modelled differently depending 

on the situation. In one case it might be right to maximize profit, in another to 

minimize cost. The conclusion is that "the" optimum solution of a model is the 

best only in relation to that model. 

In practice it becomes rather difficult to include all (possibly conflicting) 

objectives in a single criterion, either because this may result in a very 

complex mathematical function to which no solution technique can be readily 

applied or because some objectives are too intangible to allow reasonable 

quantification. Often the objectives set up for the model are contradictory. 

When the objective of the model represents some, but not all of the conflicting 

objectives, this leads to what is known as a sub-optimal solution, a condition 

that may not serve the best interest of the entire organization. A mining 

example would be a decision in the mine to purchase larger equipment that 

reduces the mining cost, but introduces a larger waste rock dilution which, in 

turn, reduces the recovery in the processing plant, giving a total loss for the 

mining company. Sub-optimization can also be found by looking at parts of 

the mining operation, indicating that it can occur at levels of an organization. 

An experienced OR analyst can include conflicting objectives in one objective 

function, by weighting each objective and adding them together. The 

weightings reflects the analyst's (or consulted expert's) judgement on the 

relative importance of each objective. 

It is many times important that the decision-maker has access to the right kind 

of information, from both a qualitative and quantitative point of view. He 

must therefore know the required input data, as well as the different steps to 
be taken in the actual decision process. 
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There are basically two approaches to this, one is to rely on the expertise of 

the decision-maker, another way is based on some sort of systematic analysis, 

such as decision modelling [Jawed & Sahu, 1987]. The first way is the one 

most commonly used in the mineral industry, as in most other types of 

human activity. If the decision situation involves many input variables and 

parameters and is left to human judgement, there is a risk that some of the 

pieces of the "puzzle" will be weighted more heavily than is justified. For 

instance, the decision-maker's knowledge about the input variables might 

vary, and the time when the data is obtained can also play a part (new data 

could for instance be given a higher weight than old data because it is fresh in 

the memory of the decision-taker). 

The second way often involves lots of work and investigations, and also 

requires good user-friendly models for use in practice. The reason for this 

being, of course, that there are many, and sometimes very uncertain, factors to 

consider. 

After identifying the types of situations which are appropriate for decision 

models, the criteria for using a decision model in situations like the ones at 

hand can be given. 

1. Identify the principal components of a decision problem, 

namely: 

a) Objective/objectives (the desired end result 

to be achieved by selecting a specific 

course of action for the system under 

study).  

b) Identification of decision alternatives of 
the system.  

c) Recognition of the limitations, restrictions 

and requirements of the system. 

A common objective in money-making endeavours is to maximize 

profit or minimize cost. The objective of a non-profit-making 

organization would be to provide quality service to its customers. 
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2. Construction of the model: Includes decision on a suitable 

model, which specifies quantitative expressions of the 

objective and the constraints of the problem in terms of 

its decision variables. 

If the resulting model fits into one of the common mathematical 

models, a convenient solution may be obtained by using 

mathematical techniques. If the mathematical relationships are too 

complex to allow analytical solutions, a simulation model may be 

more appropriate. Some cases may require the use of a combination 

of mathematical, simulation and heuristic models*. 

3. Solution of the model 

4. Validation of the model 

5. Implementation of the final results 

Some complementary actions have to be taken to follow the steps mentioned 

above. These actions are: 

1) Define the character of the decision ( Minimize cost, maximize profit, 

maximize production, etc). All decision criteria available in literature are 

based on making decisions on one variable at a time, so all variations have 

to be expressed in one variable. The most common decision variable is cost 

in various forms. 

2) Identify the main variable as a function of the DECISION VARIABLE or 

vice versa. 
3) Break down the DECISION VARIABLE into main building blocks, until 

the resolution of the model can be considered good enough. 

4) Try to put confidence intervals on the  parametres  that form the blocks. 

*Heuristic is Greek and means a method of solving problems by inductive reasoning, by 
evaluating past experience and moving by trial and error to a solution. 
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The different decision situations mentioned before (Chapter 2) are of course 

not similar in their nature. Some of them are specific in which case it is 

relatively easy to define the necessary input data and calculations for the 

model, some are not. As mentioned above, when constructing a model there 

are three different approaches to building a decision model, all three have 

their specific features and character, but also similarities. They are: Analytical 

(mathematical) approach, Simulation approach and Heuristic approach. 

[Einstein et al, 1978], [Stadl von Holstein, 1973]. These three different 

approaches will be looked at below. 

3.1.1.1 Analytical approach 

The analytical model is also known as the symbolic or mathematical model. 

To be able to use an analytical approach all variables,  parametres  and 

constraints as well as the objectives must be quantifyable. In other words, if it 

is possible to describe exactly the relations between all variables,  parametres,  
constraints and objectives of significance, an analytical model can be used. 

If these criteria are not fulfilled, an analytical or mathematical model should 

not be used, but instead a model into which uncertainty or fuzziness can be 

incorporated (see the following approaches). 

Analytical models imply that the exact truth about a specific phenomenon in 

nature is known. Very few such phenomena under natural circumstances 

have been described in such detail. The most common situation is that man 

has developed a simple model and ignored the fact that there are some data 

that do not fit into the model exactly. Generally, one could say that the more 

complex the problem that has been studied, the simpler the models that have 

been produced, and the larger uncertainty is therefore coupled to the model. 

This is evident when making a comparison between basic and applied 

sciences, where well defined and clear situations (concerning the number of 

variables involved) are studied in detail in the basic sciences (physics etc.), 

whereas real world problems dealing with very complex situations often are 

tackled in applied sciences and are often so complex that generalizations, lead 

to simple models (rules-of-thumb type) are constructed. Assuming that well 

defined problems with detailed solution models reduce the uncertainty, it is a 
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fair assumption that mining problems, and the simplified models constructed 

there, are associated with large uncertainty. 

It is the author's belief that, with the current status of knowledge about 

mining problems, analytical models should be used with great care. The 

reason for this being partly the fact that the problems being modelled are very 

complex, but also due to the fact that we are dealing with a material (rock) 

whose properties vary, and that direct knowledge is not possessed, except for 

a few points in space where information has been gathered, for instance by 

diamond drilling. 

3.1.1.2 The Simulation Approach 

A simulation model imitates the behaviour of a system. This can be done by 

specifying a number of events, which are specific points in time. When the 

system reaches such a point in time, important knowledge about the system 

can be obtained, and the system can also be updated. Attention has to be paid 

to the system only when these events occur. Information about the 

performance of the system is accumulated as statistical operations, which are 

updated for every new event that takes place [Taha, 1987]. Example: A 

common situation in open pit mining in which simulation is used, is truck 
dispatching and queueing problems. An event in such a system is when the 

physical condition of the truck changes (loaded, unloaded, break down etc.). 

Simulation does not give a general solution to the problem, and a simulation 

model is also generally difficult to optimize. It can be used when the model is 

complex and cannot be modelled or solved mathematically. 

There are several different applications for simulation. One is, as mentioned 

above, to look at a dynamic system and simulate the behaviour of this system 

by using simple equations to describe variables in the system. Very often 

these variables are uncertain, due to the simplicity of the equations used. This 

is then compensated for by the input of probability distributions for the 
variables to describe the uncertainty. Random generation will then give input 

values for the variables in the system and studies can be made of what 

happens. This is a simulation technique frequently used for studying traffic 

flow and similar problems. By running the simulation model a number of 

times the user can identify problem areas and the sources [Vagenas, 1988]. 
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Another way of using simulation is if a complex analytical model in which many 

variables involve uncertainty are available. Provided a plausible probability 

density function can be defined for each variable involving uncertainty, then 

simulation can pick up values from these probability density functions and 

calculate a value for the whole model. The procedure is then repeated as many 

times as is necessary to reduce errors to a level comparable to an analytical 

solution. 

The main advantage of this technique is that it makes possible to model 

problems that are almost impossible to solve analytically, either due to their 

complexity, or due to the amount of calculations required to test the model. 

The disadvantages of simulation are mainly two; firstly that it does not force the 

developer to understand the relationships between the variables; secondly it is 

not certain that the result is correct, since the number of random samples is not 

infinite. 

3.1.1.3 Heuristic approach 

In some cases a mathematical formulation can be either too complex to permit 

solution, or the required calculations may be impractically long, or it may be 

difficult to identify or quantify all relevant variables. Heuristics can then be used 

to develop good (approximate) solutions. The principle is to build up a model 

using intuitive or empirical rules, and then use one or several special search 

procedures that improve the value of the model objective from one solution 

point to another. When no further improvements to the solution can be made, an 

"optimal" approximate solution to the model has been achieved. The rules can 

contain both mathematical information, information from simulation runs, and 

subjective information from human knowledge [Van Horn, 1986], [King, 1986], 

[Reddy & Butcher, 1983]. In Fytas et al(1988) mine planning and design is 

suggested as an area with good potential for application of heuristic approaches 

such as knowledge-based systems (commonly called expert systems), where 
situations often occur in which decisions have to be taken and the alternatives 

are many and complex. As Fig. 3.1 shows, an expert system structure can be 

described in the form of a decision tree. 
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Fig. 3.1 illustrates a complete expert system for defining ore body types in a 

self-explanatory way. By following the arrows between the boxes, going from 

the bottom of the Figure to the top, it is possible to derive the rules that 

govern the Expert System. 

Example: The boxes marked Al and  Cl  are linked by the arrow  Ri.  In rule-

form it reads (see also Fig. 3.1) 

Rule 1 	IF Outline without bend 

THEN Linear or near linear outline 

3.1.2 Basic principles of probability theory in decision modelling 

In real life measurements, or when conducting experiments, it is common that 

data values of a specific variable turn out to have different values. The way 

this discrepancy is normally dealt with is to calculate an Expected Value  

(EV),  and then use this value to describe the average value. The assumption is 

that the variations do not affect the outcome when using the  EV  in 

calculations. In some cases it might be acceptable, but quite frequently this 

simplification gives an incorrect result. A clear example of this is project 

scheduling, when the conclusive time for specific events is described by an 

expected value for the event  [Almgren,  1989]. In the mining industry it is very 

common to use Expected Values as the input to calculations of different types. 

Before the time of computers this was quite often the only way to perform 

calculations, since manual calculation involving probabilistic models was too 

time consuming. Engineering education also concentrates on deterministic 

methods of calculation, even today. A brief description of the principles of 

Probability Theory will therefore be included below, in order to give the 

reader a better understanding of the subsequent chapters of this thesis. 

A formal definition of probability requires the introduction of the concepts of 

outcomes, sample space and events. From the viewpoint of probability 

theory, an experiment represents an "activity" whose output is subject to 

unknown variation [Taha, 19871. Such output is usually referred to as the 

outcome of the experiment. The number of outcomes may be finite or infinite, 

depending on the nature of the experiment. A sample space defines the set of 
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all possible outcomes of an experiment. If the experiment is rolling a die, the 

outcome can be 1,2,3,4,5 or 6, and the sample space is {1,2,3,4,5,6}. An event is 
a collection of outcomes from the sample space. For example the event may be 

that the sum of the faces in two consecutive rolls of a die is equal to five, the 

event is realized when the consecutive outcomes are either (1,4),(2,3),(3,2), or 
(4,1). 

The probability of an event  E  (usually written as P(E) is a non-negative real 
number not exceeding one that equals the long-run fraction of trials for which 
the outcomes successfully describe  E.  Mathematically, if  n  is the total number 
of trials out of which there are m trials describing  E,  then 

PIE) = lim -m- and 0 5 P(E) 5 1 	 (1) 
n  

If PIE) = 0, the event is impossible, while P(E) = 1, it is certain. For example 
the probability of a rolled die turning up "seven" is zero (impossible), whereas 

the probability of a tossed coin turning up a head or a tail is one (certain). 

3.1.2.1 Random variables and probability distributions 

A random variable is a real-valued function that maps the sample space onto 

a real line. In a die-rolling experiment, like the one described above, the 

corresponding random variable is represented by the set of outcomes 

{1,2,3,4,5,6}. A random variable may be discrete or continuous. Associated 
with a random variable,  x,  is a function f(x) that can be used to assign a 
probability measure to this random variable. This function is called the 
probability density function (pdf). If  x  is a continuous random variable in the 
range (-...,+.3) its pdf, f(x), must satisfy 

f (x) 0, 	<x < 	 (2) 

+00 

f (x) dx =1 (3) 

-00 
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Similarly, if  x  is a discrete random variable, its pdf, P(x), which defines the 

probability that  x  assumes a given value, must satisfy 

P(x) ?_. 0, for all x 	 (4) 

E P(X) = i 
all x 

(5) 

The first condition in both continuous and discrete distributions indicates that a 

pdf cannot assume negative values (otherwise the probability of some events 

would be negative). The second condition shows that the probability of the entire 

space must be equal to 1.0. 

The functions f(x) and P(x) can be described in a graph, with the probability of 

occurrence on the y-axis (Fig. 3.2). 

Fig. 3.2: Normal distribution 

There are a number of probability distributions with a defined density function, 

of which the normal distribution is the most common continuous distribution. 

Fig. 3.3 summarizes the relationships among common probability distributions. 

Observe that all the distributions in the graph originate in the independent 

Bernoulli trials. 
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Fig. 3.3 : Relationships between common probability distributions 

3.1.3 Decision theory 

Decision criteria can be sub-divided in three groups, depending on the degree of 

certainty that can be assigned to the input data. These groups are: 

1) Decisions under certainty, 

2) Decisions under risk, 

3) Decisions under uncertainty. 
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Depending on which of the above groups a problem belongs to significantly 

different strategies will be applied to the taking of decisions. 

Determining the risk level is a way of deciding the degree of certainty that can 

be assigned to the input data. Among the decision groups (with different 

levels) two of them are the extremes on a line where the variable is the degree 

of certainty (Fig. 3.4). 

Certainty 

100% 

Risk Uncertainty 

	I 
0% 

degree of 

certainty 

 

Fig. 3.4 : The certainty - uncertainty line 

Group one, decisions under certainty, or a deterministic model, are used if all 
the  parametres  and variables involved are known exactly. This is not the case 
when dealing with materials like rock, where many variables and  parametres  
only are known in a few points, and have to be estimated at all other points. 

Group two, decisions under risk, where input is a probability density 

function, is the most common decision group in mining. 

Group three, decision under uncertainty, does not necessarily only include 

examples when there is no knowledge at all. The possible outcomes can be 

known, but the probabilities attached to each outcome unknown. 

Group two is the most common for problems in mining, and will therefore be 
further discussed below. 

3.1.3.1 Decisions under risk 

In this group the uncertainty in the input  parametres  may be expressed in 
terms of a probability density function. In other words, in a situation where 

access to complete information about something is not available, there is 
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the determination of variables/parametres. If this uncertainty can be expressed 

using a probability function, a situation which can be characterized as "Decision 

under risk" is at hand. In developing the criteria for decisions under risk, it is 

assumed that the probability distributions are known or can be obtained. 

Decisions under risk are normally based on one of the following criteria I Taha, 
1982]: 

1. Expected Value Criterion 

2. Expected Value-Variance Criterion 

3. Aspiration-Level Criterion 
4. Most Likely Future Criterion 

The criteria will be described later in this subsection, using a mining example as 
an illustration. The example is presented below. 

A transport and communications ramp from the surface along the footwall side 

of an ore body has been planned. Discussions about the equipment has taken 

place. Two alternatives are available. Alternative A means using the old 

equipment, expecting some breakdowns etc.. Alternative  B  means buying new 
equipment, giving extra capital costs, but also less idle time and equipment 
breakdowns (see Fig. 3.5). Which is the better alternative? 

Fig. 3.5 : Total ramp cost distributions 
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Using this example, it is possible to describe simply the most common 

decision criteria in this group, and also state whether they apply to the 

decision situations dealt with in this thesis. 

3.1.3.1.1 Expected value criterion 

The main principle of this criterion is to maximize profit (or minimize costs). 

This criterion can be expressed either in actual money, or its utility. The latter 

alternative means that there can be other cost factors to consider, apart from 

profitability. One example is a company's liquid assets. A profitable 

investment cannot be made if this at the same time means that the scarcity of 

liquid assets will lead to bankruptcy. The problem here is the difficulty of 

quantifying this utility concept. In practice utility will be expressed as 

additional constraints that reflect the behaviour of the decision [Taha, 1982]. 

In a step-by-step description of the procedures the Expected Value Criterion 

looks like this: 

1. Calculate the Expected value for each alternative, by  
R  probability • cost for A and  B.  

2. Compare alternatives. Choose the alternative that gives 

the lowest cost. 

Mathematically, it can be shown that the Expected Value Criterion should 

only be used in situations that are repeated many times, otherwise the results 

cannot be trusted [Newendorp, 1976]. 

Since a ramp is something unique, this last statement would mean that the 

Expected Value Criterion is not suitable for the example given in the previous 
section. But if it was applicable, it would mean that Alternative A would be 

chosen, simply by comparing the expected values of the pdf's for the 

alternatives. 

A mathematical description of the Expected-Value-criterion, based on the 

example above, is as follows [Taha, 1982]: 
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Given that the purpose is to construct a preventive maintenance policy 

for transport equipment (trucks) to minimize maintenance cost, 

predictions on when a specific machine will break down are extremely 

hard to do, but it is possible to estimate the probability that a machine 

will break down within a specified time period t. This probability is the 

element of risk in the example. The decision situation is as follows. A 

machine in a group of  n  machines is serviced when it breaks down. At 

the end of T periods, preventive maintenance is performed by servicing 

all  n  machines. The decision problem is to determine the optimum T that 

minimizes the total cost per period of servicing broken machines and 

applying preventive maintenance. 

Let pi  be the probability that a machine will break down in a period t, 

and let  ni  be the random variable representing the number of machine 

break-downs in the same period. Further, assume that c1  is the cost of 
repairing a broken machine and c2  the preventive maintenance cost per 
machine. 

The application of the expected value criterion to this example is 

reasonable if one can expect machines to remain in operation for a large 

number of periods. The expected cost per period, EC(T), can be written 

as 

T-1 
ci l, E(n) c2n 

t=1 
EC(T) = 	(6) 

where E(n)  is the expected number of broken-down machines in a 
period t. Since  ni  is a binomial random variable with  parametre (n  'Pt),  

E{ n  t} = npt. Thus 

T-1 
fl (C1 	pt  + c2 ) 

t=1 
EC(T) = 	(7) 
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The necessary conditions for T*  to minimize EC(T) are 

EC(T*  -1) EC(T*) and EC(T*  + 1) EC(T*), i.e. find a minimum for 

EC(T). 

Thus, by starting with a small value of T, computation of EC(T) is 

continued until the above conditions are satisfied. 

The Expected Value Criterion is suitable mainly for making "long-run" 

decisions, that is with a large value of T. If the decision involves events that 

are unique in nature, with different values for input  parametres  and variables 

and also has a different probability density function for the uncertainty, then 

use of this criterion is not recommended. The consequences might be that the 
wrong alternative is chosen although all calculations were correct. 

3.1.3.1.2 Expected Value-Variance Criterion 

If a criterion for more "short-run" decision problems is necessary, one 

commonly used means is to maximize profit and at the same time minimize 

the variance of the profit. If costs are the basis for decisions, then costs and 

variance should be minimized at the same time. To give the decision maker a 

possibility to define the degree of risk he is willing to accept, a "risk aversion 
factor", r, is present, i.e: 

Minimize:  EV  + ( V(EV) •  r) 	 (8)  

Using the same example as the one for the Expected Value-Criterion: 

To use the Expected Value-Variance Criterion calculation of the variance 

of the cost per period is needed. The variance can be calculated using the 
expression 

T-1 
CI E nt +nc2  

t=1 
CT= 

 

(9) 

 

CT  is a random variable because nt  ( t = 1,...., T-1) is a random variable. 
Since n1  is binomial with mean nPt  and variance npt(1-pt), it follows that 
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c/2  T-1  
var  (CT) = —  E var  {tit) = 

T 	t-/ 

C12  T-1 	T-1 
= fl—  E  pt  - I pt  

T t=1 t=1 ' 
(10) 

The criterion becomes : minimize EC(T) + r var{CT} 

With r = 1 the criterion becomes 

minimize EC(T) + r var(CT} = 

C1 	c12  T-1 	C12  T-1 	C2  
11 - + - I pt 	 

T 72  t=i 	T t=1 	T 

Formulated in a step-by-step fashion: 

CD 	Calculate the Expected value for each alternative, by  

"R  probability • cost" for A and  B.  

© Define the risk aversion factor, r (r 0). 

© Calculate the variance o2  

® Calculate Expected value + r • o2  for each alternative  

C) 	Compare alternatives. Choose the alternative that gives 

the lowest cost. 

The risk aversion factor r is an indicator of the decision-maker's attitude 

towards excessive deviation from expected values. If the decision-maker 

thinks it is very important that the deviation from E(V) be small then he 
chooses r 1, if not important at all he sets r = 0. The risk aversion factor is a 

real number, meaning that any number in between 0 and 1, or above 1, may 

be used. The Expected Value Criterion, dealt with in the previous sub-section 

is a special case of the Expected Value-Variance Criterion, if r = 0. 
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3.1.3.1.3 Aspiration-Level Criterion 

As the name implies, this criterion is a means of determining acceptable courses 

of action rather than finding a best solution by maximizing profit or minimizing 

cost. This criterion does not deal with probability distributions directly which 

means that it is questionable whether it should be regarded as a Decision Criteria 

Under Risk. 

In principle, the decision-maker has gained knowledge about the probability 
density function by experience. Using that subjective knowledge the decision-

maker can determine an aspiration level, below which risks involved will be too 

great or there will be no profit. 

The procedure can be described using the example given above. Instead of 

calculating a probability density function for the alternatives, the decision-maker 

subjectively decides that a monthly cost exceeding  X  dollars is too high. By 

setting an aspiration-level one may say that the decision-maker subjectively has a 

"feel" for the distribution. Common sense tells us that there should be knowledge 

behind the setting of the level, simply because if the decision-maker sets it too 

high or too low it will soon turn out in the results. This criterion, however, does 
not give a calculated output from which it is possible to estimate costs etc.. 

3.1.3.1.4 Most Likely Future Criterion 

In this criterion a probabilistic decision situation is converted into a deterministic 

situation, by replacing the random variable with the single value that has the 

highest probability of occurrence. 

Using the example above, the probability density function in Alternative A 
should be replaced by the single value  X,  where the probability of occurrence is 
highest. The same procedure is carried out with Alternative  B.  A linear 

programming approach can now be adopted, and the whole situation treated in 
a deterministic way. 
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3.1.3.2 Decision trees 

The situations discussed earlier in this chapter do not consider the effect of a 
decision on subsequent or proceeding courses of action. These implications 

can be described by means of a decision tree. With this tool a good overview 

of all the implications of different alternatives can be obtained. 

Since the decision situations covered in this work do not consider multiple-

stage decision situations, a more detailed description of this approach will not 

be given. Future development of the project could include this technique, a 
brief description will be given below. Interested readers will find more 

information in the references [ Taha, 1982], [ Canada & White, 1980]. 

The following example, from [Taha 1982], will illustrate the basics of the 

decision tree procedure: 

A company is in the midst of an expansion, but is hesitant about 

whether to expand in one or two steps. The expansion is based on the 

current trend plus a long-term prognosis about the market, which 
estimates the demand for the company's product as : high - 75%, low - 

25%. It is assumed that production can be either high or low. The 

decision situation is illustrated in Figure 3.6.  

Fig. 3.6: Decision tree for industrial expansion example 
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The decision tree has two types of nodes: a square represents a decision 

point, and a circle represents a chance event. Node 1 is a decision point 

regarding the size of the plant. Node 2 is a chance event, from which 

two branches representing high and low demand emanate, depending 

on conditions of the market. These conditions will be represented by 

associating probabilities with each branch. Node 3 is also a chance event, 

representing high and low demand. Node 4 is a decision point since the 
company might want to expand further if the first expansion step was 

small. Nodes 5 and 6 are chance events and the branches represent high 

and low demand. 

Suppose that the company is interested in studying the problem over a 

10-year period. A market survey indicates the probabilities of high and 

low demand, as given above. The immediate construction of a large 

plant would cost $5 million, and a small plant $1 million. The cost of 

expanding the small plant 2 years from now is estimated at $4.2 million. 
Estimates of annual income for each of the alternatives are given in the 

figure. The evaluation of the alternatives is based on the Expected Value 

Criterion. 

First evaluate the two alternatives at node 4:  

E (net profit v expansion) 

= (900,000 * .75 + 200,000 * .25) * 8 - 4,200,000 = $1,600,000  

E (net profit v no expansion) 

= (250,000 * .75 + 200,000 * .25) * 8 = $1,900,000 

The highest profit (no expansion) is used to replace all the other 

branches at node 4, representing the net profit for the last 8 years. Stage 

1 can now be calculated.  

E (net profit v large plant) 

= (1,000,000 * .75 + 300,000 * .25) * 10 - 5,000,000 = $3,250,000 
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deterministic 
phase 

probabilistic 
phase 

informational 
phase 

prior 
information 

-1 decision --e  act  

new information information 
gathering 

gather 
new information  

Deterministic Phase 

1. Define problem and limits of in-
vestigation 

2. Alternative course of action 
3. Outcomes of each alternative 
4. Select decision and state variables 
S. Relate outcomes and variables 
6. Method of comparing relative 

values of each outcome 
7. Time preference 
8. Dominated alternatives eliminated 
9. Sensitivity of outcome to variables 

Probabilistic Phase 

I. Express uncertainty in variables by 
means of probabilities 

2. Probabilistic model 
3. Establish relative value of proba-

bilistic outcomes 

4. Probabilistic sens4ivity analysis 

Information Phase 
1. Value of perfect information 
2. Evaluate various information col-

lection schemes 

E  {net profit v small plant) 

= 1,900,000 + 500,000 * .75 + 2,000,000 * .25 - 1,000,000 = $1,300,000 

Thus, the optimal decision at Node 1 is to build a full-size plant now. 

Making this decision now obviously eliminates the need for considering 

the alternatives at node 4. 

3.1.4 The decision analysis cycle 

Einstein and Baecher (1982) provide a planning procedure for exploration 
planning in underground construction projects. This can be converted to 

mining conditions. Fig. 3.7 shows a generic decision-cycle leading to a 

decision to collect more information. Table 3.1 describes the steps in detail, 

with examples for tunnelling in the right hand column. 

Fig. 3.7 The decision analysis cycle (after  Stal  von Holstein, 1973) 

The decision analysis cycle consists of three different phases leading to a 

decision, namely the deterministic, probabilistic and the information phase. 

Each of these phases can be divided into several different steps, which will be 

described in more detail below, with examples from mining. 
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In exploration for tunnels 

. Determine if exploration is beneficial; if 
it is, what is the optimal exploration 
program. 

Exploration 
No exploration 

Value of information; Construction 
costs and exploration sites are inter- 
mediate results 

• Exploration cost; 
Exploration reliability; 
Construction method costs geology 

Effect of geology and exploration on 
expected construction cost; 
Decision tree 

Expected cost 

Deterministic 

1) Define the decision problem . 

4) Decision and state variables .. 

2) Identify the alternatives 	 

3) Outcomes 	  

5) Relationships between 
variables and outcomes 	 

6) Value (of outcomes) 	 

Probabilistic 

1) Encode uncertainty in state 
variables 	  

2) Probabilistic model 	 

3) Choose among distributions 

4) Probabilistic sensitivity 
analysis 	  

Information 

1) Value of perfect information .. 

2) Best information gathering 
scheme 	  

Prior probabilities of geologic states 

Effect of geology and exploration on 
expected construction cost; 
Decision tree  
e. g.,  mean of cost-time scattergrams 

Critical ranges of probabilities, explo-
ration reliability, and construction 
costs established 

Probabilistic sensitivity analysis 

Exploration method and configuration 
(geometry along tunnel) 

Table 3.1: Decision analysis for tunnel exploration 

Steps in the analysis of the exploration decision 

In the deterministic phase one tries to enumerate courses of action and the 

outcomes they may lead to (see points 1-3 in Fig. 3.7). Two types of variables 

are present, decision variables, which can be controlled by the decision-

maker, and state variables, which represent the uncontrollable environment 

(4). The various variables are related to each other in some way, which may 

be described in a model (5). Comparisons between outcomes are carried out 

through some kind of criteria, the most common dealing with cost or time 
criteria (6,7). When the relationships between the variables are established, 

and the appropriate criteria are incorporated in the model, a sensitivity 

analysis can be performed to identify the most important variables. 
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The probabilistic phase is basically a "revision" of the deterministic phase, 

introducing uncertainty into the state variables. Outcomes of the probabilistic 

phase are in the form of probability distributions. 

The information phase involves establishing whether gathering additional 

information would be beneficial or not. This phase will lead to optimizing 

both the decision variables and the information gathering level. 

3.2 Mining Cost Modelling 

There are two basic ways of building cost models, going from a general model 

towards a more and more detailed one, or vice versa. It does not matter which 

way it is done, in both cases the relationships between  parametres  and 

variables included in the model must be figured out and formulated 

[Lineberry, 1985]. Often these relationships include very complex human and 

mechanical structures, like ore transport cost per metre usnig an  LUD,  which 

makes exact modelling very difficult. The  parametres  and variables in a non-

exact model will have a specific uncertainty attached to them [Pimentel & 

Douglas, 19801. 

This literature review sub-chapter is divided into sections describing cost 
modelling in general, and models for the specific mining operations involved 

in the thesis, namely: 

1. Drifting (tunnelling) 

2. Ore transportation 

3. Rock reinforcement 

4. Production losses/gains 

3.2.1 Cost modelling in general 

In general economics, theoretical calculations are normally made in the 

planning design and investment phase and in the operating phase of the 

production system. The first calculations are normally based on net present 

value calculations (NPV). The second calculations can be made in different 
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ways, depending on the situation, such as calculating unit costs, annual costs, 

etc.. 

The investment costs are normally called Capital costs and the production 

costs Operating costs. These costs may be described as follows, introducing 

some definitions used later in the presentation. 

3.2.1.1 Capital cost models 

Gentry-O'Neill (1984) describes the following six major cost estimation 

techniques, applied to fixed capital costs both for mining and milling projects. 

Fixed capitals costs refer to the total amount of money for mine start-up but 

do not include the so-called "working capital". (Working capital is the amount 

of money needed to operate the mine-start, paying costs until money starts 
coming in). 

The six methods presented below can be divided into two groups, in which 

the first four methods belong to "Overall project estimation methods " ( only 

information about total project cost), and the last two to "Combined overall 

and detailed project cost estimation methods " ( provides cost information 

about activities). 

The major cost estimating techniques are, in order of accuracy, 

1. Conference Method: A subjective method of estimation, providing a cost 

value, based on experience and/or comparison with similar projects. 

2. Unit Cost Method: A very common method, in which the capital cost is 

estimated by multiplying the capacity by unit costs, normally expressed as 

installed capital cost per tonne of annual production. 

3. Exponential Capacity-Scaling Method: The ratio between total costs for 

different projects is, according to this method, related to the capacity, using 

an exponential expression, like: 

Cost A _ (Capacity A)x 	 (12) 
Cost  B  ° Capacity  B  
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The exponential factor  x,  normally lies between 0.6 and 1.0, with 0.7 as a 

mean value. The fact that  x  is usually below 1.0 means that it is profitable to 

increase production. 

4. Cost Ratio Method: The total project cost in this method is described as a 

function of different equipment capacities, often in an exponential 

expression like [Jarpa, 1976]: 

Cost = a(x)b 	 (13) 

where  x  is the equipment variable and a and  b  are constants. 

Each equipment class has its own set of values, and they are all added up 
for the total cost. This total cost is multiplied by a constant, known as the 

Lang factor, to get a better estimate of the real total cost. 

5. Factored Cost Ratio Method (Module Method): A more developed and 

detailed version of the Cost Ratio Method, where the Lang factor is divided 

into factors for installation, piping, electric facilities, instrumentations, 

process building, etc.. 

6. Detailed Estimation: A method used at a later stage in a project, when 

mine planning can be carried out with reasonable accuracy due to more 
knowledge about the ore body. Costs can be calculated for small parts of 

the mining project, like those indicated in the table below [Scott, 1985]: 

Five of the six methods use estimated average values of some kind as an input 

for the calculation, which means that the result will also be an estimated 

average of something. That something depends on the data used to calculate 

the input average estimate. If productivity for all mines in one country is used 

for a curve fit or a non-linear regression analysis, the curve should preferably 

be used to describe productivity for all the mines put together 

[USBM/STRAAM, 1980]. If it is intended to be used as input for calculations 

for a specific mine, the average might be very misleading. Every mine is 

unique and the productivity will therefore also be unique to that mine. The 

cost models presented above will therefore never be more than crude 

estimation models, usable only in a first stage to get an estimate of the size of 

investment that is needed. None of these methods will therefore be used, 

except as principles, in this thesis. 
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Table 3.2 

Item Size Quantity Unit price Cost 
(h.w) (m/m3) ($/m or m3) 

Station By-Pass 3.0.3.4 319 1,300 414,700 
Haulage  X-Cut 3.4.4.3 1,323 1,395 1,845,585 
Main Level Dr. 3.4.4.3 4,386 1,180 5,175,480 
Access  X-Cut 2.7.3.1 2,344 965 2,261,960 
D.D. Bays 3.4*3.4 649 1,100 713,900 
Decline 3.4.4.3 2,823 1,395 3,938,085 
Waste Raise 1.8*1.8 1,157 950 1,099,150 
Muck Bays 3.4*4.3 132 1,180 155,760 
Safety Bays (16) 3m3  193 m3  115 22,195 
Access  X-Cut 3.4.3.4 1,443 1,090 1,572,870 
Slot Drift 3.4*3.7 222 1,090 241,980 
Silling Slot Drift (1075) 12,429 m3  115 1,429,335 
Sub Level Drift 3.4*3.4 2,031 1,090 2,213,790 
Slot Raises 1.8.1.8 727 885 643,395 
Ore Pass Raises 2.4.2.4 1,024 1,050 1,064,700 
Stulied Raise 1.5*1.5 416 950 395,200 
Slash Settling Cones (76) 876 m3  125 109,500 
Ground Support 1.8 bolts 25,659 20 513,180 
Screen 2,909 20 58,180 

Total 23,868,945 

3.2.1.2 Operating costs 

Operating Costs normally mean the cost during the mine's production stage, 

after the investment stage. They are often divided into - direct, indirect, and 

general (overhead) costs. 

Direct costs or variable costs can be traced directly to the product being 

produced. They are normally (Gentry-O'Neill 1984) 

1) Labour: (a) direct operation  

(b) operating supervision  

(c) direct maintenance  

(d) maintenance supervision  

(e) pay-roll burden on the foregoing labour. 
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2) Materials: (a) maintenance, repair material;  

(b) processing materials;  

(c) raw material;  

(d) consumables (fuel, oil, water power, etc.). 

3) Royalties. 

4) Development (production area). 

Indirect or fixed costs are independent of production amount. They can vary 

with the level of production but not directly with the product throughout, 

that is with a unit of output. They are mostly costs for administrative work, 

office supplies, etc.. 

General, or Overhead Costs represent off-site charges. They can 
sometimes be incurred by a specific mining unit but in general they represent 

corporate expenditures, covering many mines. Examples of general costs are 

marketing/sales, corporate officers and staff, central engineering/geology, 

research and development, public relations, financial staff, etc.. 

Most of the cost items given above are difficult to determine accurately, 
especially at an early stage of a project. It is therefore practice to use estimates 

and averages. If these are used without considering the uncertainty, e.g. a cost 

or productivity calculated using these values they can be very unreliable. 

3.2.2 Unit operation cost models 

As mentioned in the beginning of this sub-section, the work presented in this 

thesis is such that the constructed cost model consists of four parts. In the 

following some examples of cost models from the literature will be presented. 

Some of the ideas about the structure of the developed model has been 

obtained by reading these references. 
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3.2.2.1 Drifting (tunnelling) 

Many studies have been performed concerning drift development and 

relationships between capital cost and operating costs. 

Johannessen et al (1980) presented a technical-economic report on drifting, 

which gives a base for cost estimation and optimization. The cost data 
emanate from Norwegian tunnelling and have been systematized and 

structured to make them suitable for use in construction formulas. The report 

is divided into three parts 

1. Total tunnelling costs as a function of tunnelling area, rock blastability, rock 

drillability, development methods and tunnel length 

2. Cost of unit operations as drilling, blasting, loading, transport, ventilation 

and power supply 

3. Total tunnelling costs, with different combinations of 

equipment (loading, transport, etc.) 

The cost data can be changed owing to the different conditions. Total 

tunnelling costs (SEK/m) as a function of the tunnel area (m2) are shown in 

figure 3.8. The figure represents normal blastability and drillability (DRI = 

Drill Rate Index 49). Trackless and track-bound transport are outlined as well 

as five types of loaders. 

As mentioned above, the curves and formulas originate from Norwegian 

tunnelling. The report does not give any background data to the curves, 

which means, for instance, that uncertainty due to geological variations does 

not show at all. 

In 1977, the US Bureau of Mines presented the "Capital and Operating Cost 

Estimating System Handbook"(revised 1978, 1979), that was included in the 

bureau's Minerals Availability System  (MAS).  It was designed to provide and 

maintain an inventory of minerals important to the nation. The data cover 
mine development, mine production and ore dressing. 
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Fig. 3.8 : Total tunnelling costs as a function of tunnel area (Johannessen et al, 
1980) (in Norwegian). 

Cost-figures are given for labour, supplies and equipment (L, S,  E)  for the 
different activities. An example is given below for the capital cost of small 

development drifts for rubber-tired haulage equipment. Observe, that the 
equations are of the Cost-Ratio type. 

O'Hara (1980) also developed an overall system, covering capital and 

operating costs as well as annual mining revenue. Capital costs are related to 

the sizing of mining equipment, mine development, plant-site topography, 

etc.. Operating costs at different daily tonnages are related to ore body shape, 
mining method, etc.. Data have been collected principally from Canadian 
operations, index-adjusted to 1978 cost levels. 
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Fig. 3.9 : Capital cost of small drift (USBM/STRAAM 1979). 

A specific cost model is' developed for mine development, that is ramps, 

crosscuts, ore and waste passes, raises and miscellaneous excavations for 
pumping stations, loading pockets, lunch rooms etc.. In the model the amount 

of mine development is expressed in terms of footage of an 8-by 8 ft drift or 

the equivalent in costs for ramps, raises and miscellaneous excavations. This 

footage (Fd) is expressed 

Fd = 270 * (T/W)0-8 	 (14) 

where T is tonnes of ore produced daily and W is average stoping width in 

feet. 

The average cost per foot of an 8'  x  8° drift is estimated to be about $ 150 

(1978), including all underground costs such as labour, materials, supplies, 

administration, etc.. Thus the capital cost  (C)  of mine development will be  

C = 40,000 * (T/W)0.8 
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Fig. 3.10 : Cost of mine development for mechanized mines (O'Hara 1980). 

Fig. 3.11 : Example of an exploration decision tree 
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Einstein et al (1978) described the use of decision tree technique for tunnel 

exploration optimization, where probabilities are introduced to better adjust 

results to reality. The steps involved have already been described in 

subsection 3.1.4, and the example is given in Fig. 3.11. 

3.2.2.2 Ore transportation  

Åberg-Miranda (1984) has studied capacity- and economy models in rock 

loading and transport in order to develop a computerized modelling 

technique. Main  parametres  were found to be of three kinds, namely 

- equipment characters, such as equipment design, function and age. 

- rock conditions, such as rock density, homogeneity, hardness, shape and 

size. 

- system design, such as mine layout, transport distances and maintenance 

routines. 

A structure was built up as a base for a cost model named LATRA. 

Equipments manufacturers have developed capacity and cost models in 

selecting the size of equipment for different purposes. 

Forsman-Vagenas (1989) developed the computer program SYGRISIS. It 

estimates not only the number of units of equipment but also operating costs 

on the basis of yearly production for different loading equipment (wheel-

loader, LHD, digging-arm-loader) and transport equipment (truck, train, 

conveyor belt, hoist, pump), either individually or in any specified 
combination. 

Input data are yearly capacity, working time and technical data for the 

equipment. For the cost analysis the input data are technical quantities and 

unit costs. The figure below presents the cost analysis package for the LHD 

module. The figure gives a good picture of the wealth of detail concerning the 

cost items. The cost items are the same for all unit operations including ore 
transportation. 
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Another approach is to use correction indices in the cost models obtained by 

analysis of work study data in the same way as noted for drifting cost models. 

Together with a description of the possible variation around the mean value, 

such a model could give a fair indication of expected costs, plus possible low 

and high values. 

Figure 3.12:  LI-ID module - economic data. (Forsman-Vagenas 1989). 
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3.2.2.3 Rock reinforcement  

Almgren  (1981) discusses the reinforcement costs in cut-and-fill mining, and 

shows the non-linear relationships between rock strength and reinforcement 

costs, using [Krauland, 1979] as his main reference. Fig 3.13 shows two 

empirical graphs for bolting under different types of rock pressure, horizontal 

and vertical. 

Fig. 3.13 : Roof under a) horizontal and  b)  vertical pressure; bolting costs per 

roof area and tonne bolting force for different bolt spacings, (L), 

[Kr auland, 1979]. 

No other major references have been found that describe the relationship 

between stress level and reinforcement cost. 

3.2.2.4 Miscellaneous cost models 

In cost modelling in civil engineering there are some references that are of 

importance for this thesis, since the ideas presented there are similar to the 

ones presented here. 
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The uncertainty incorporated in construction calculations is stressed 

particularly by Lichtenberg, Technical University of Denmark, (1985) . 

Lichtenberg developed a method called Successive calculation, which 

suggests that models should be developed in detail cost elements until the 
input  parametres  belong to one of two different categories,  parametres  with 
or without uncertainty attached to them. The principle is illustrated by an 

hypothetical example in which two models with different levels of detail have 

been compared. Table 3.3 shows the models with values and 10% uncertainty 
for the  parametres  (in Danish). A simple calculation of model uncertainty is 
shown at the bottom of the table, indicating a 50% reduction in the 

uncertainty, from 1.6% to 0.8%, by increasing the level of detail of the model. 

Very often there is a general uncertainty that is uneffected by the level of 

detail for the model. The effect of adding a general uncertainty of 5% is shown 

clearly in Table 3.4, where the actual reduction for Alternative 2 is less than 
10%. 

Table 3.3 : Theoretical uncertainty in cost calculations  

Alternativ 1 	(40 poster) Alternativ 2 	(160 poster) 

Post 	Verdi 	Usikkerhed 
nr. 	(% af total) 	(% af total)  

Post 	Verdi 	Usikkerhed  
nr. 	(% af total) 	(% af total) 

1 	2,5 0,25 1 	0,62 0,06 

2 	2,5 0,25 2 	0,62 0,06 

3 	2,5 0,25 3 	0,62 0,06 

• • • • • • 
. 	• • • • 

• • • • • 

40 	2,5 0,25 160 	0,62 0,06 

Totalt 	100 Totalt 	100 

Totalens usikkerhed: Totalens usikkerhed: 

x 0,25 = 	1,6% /.7-6-CT  x 	0,06 = 	0,8%  

This view is of great significance for calculations in mining as well as in 

construction, since the general uncertainty is rather large, mainly due to 
variations in the rock material. 

The importance of incorporating uncertainty into cost calculations as well as 
time planning, are also stressed by  Olsson  (1983) and  Almgren  (1989). 
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Table 3.4 : Realistic uncertainty for cost calculations  

Alternativ 1 	(40 poster) Alternativ 2 	(160 poster) 

Total 	(teoretisk) 

Generel usikkerhed 

1,6% 

5,0% 

Total 	(teoretisk) 

Generel usikkerhed 

0,8% 

5,0% 

Realistisk total: 

5,4% 

Realistisk total: 

5,1% ./1,6 	+ 	5,0 	= J0,82 	+ 	5,02 	= 

3.3 General conclusions, hypothesis 

In dealing with costs,in the available references, it is generally assumed that 

deterministic models with discrete events are accurate enough to describe 

reality [Chivers, 1982], [Wilke & Wöhrle, 1979], [Celebi et al., 19851, [Nilsson, 

1984]. As this work and others show, it is easy to see that uncertainty should 

be included by making a sensitivity analysis with reasonable variations in the 
input  parametre  values, or by making field studies and using the collected 
data to try to fit them to the model and test for deviations [Lineberry, 1985],  
[Almgren  et al., 1988]. 
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4. BUILDING A DECISION MODEL FOR RAMP 
LOCATION OPTIMIZATION 

The decision situation chosen for this work deals with how to site a ramp 

optimally from an economic point of view, that is to make the costs of 

developing the ramp, the access to the ore, and production costs associated 

with the ramp-access activities as low as possible. It has also been limited to 

one mining method, namely horizontal cut-and-fill. The following section will 

discuss the knowledge required to be able to achieve such optimization. 

Fig. 4.1: 	Principles of horizontal cut-and-fill mining (Atlas Copco) 

Chapter 4 contains a general discussion and description of the research area, 

and Chapter 5 and 6, together with Appendix 1 contain more details about the 

decision model. 
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4.1 Ramp location specifics 

There are a number of things that the decision maker needs to know before 

any decision on ramp siting can be made. Generally, an optimal ramp siting 

would be to place the ramp so that it gives access to as many  stopes  as 

possible, and to achieve the lowest possible costs for the combination of 

development and production. 

Fig. 4.2 : Layout for Horizontal HCAF mining, vertical section 

There are basically three main aspects of siting a ramp, namely 

a) Ore body geometry  

b) Mining equipment  

c) Rock Conditions 

The first and most obvious aspect is dependent on is the geometrical 

constraints : it is vital to know where the ore body boundaries are so that the 

ramp is not located too close or too far away from it. From a pure geometrical 

point of view there is no such thing as too far away, and too close means that 

the ramp is sited in the ore. The second aspect concerns the equipment which 

will operate in the mine. There are limitations on the different pieces of 

equipment (drill jumbos, service trucks, LHDs, etc.) as to how steep inclines 
they can climb. Since the chosen mining method, HCAF, requires access drifts 

from the ramp to the ore body that are inclined (see Fig. 4.2), the piece of 

equipment with the lowest climbing capacity will rule the maximum 
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inclination an access drift can have. The third aspect is dependent on the rock 

conditions. As a rule it can be said that the better the rock conditions in the 

vicinity of the ore body, the closer to the ore body boundary the ramp can be 

placed, and it is also cheaper since drifting is very expensive. 

Variables that affect ramp siting in these three aspects are described in more 
detail, as given below. 

a) Flat 
	

b)  Steep 

Fig. 4.3 : Dependence of the access starting point on the dip of the ore 
body 

a) Ore body geometry: In order to put the ramp in an optimal position it is, of 

course, necessary to know as much as possible about the geometry of the 
ore body. Two of the main parametres/variables are named below, 

together with a comment on their respective impact on ramp siting. The 

first one, the dip of the ore body, affects the individual access drifts, 

whereas the second, estimated footwall position, involves a larger part 
of the ore body containing several accesses. 



Dip: 1. Affects the vertical position of the access starting level from 

the ramp compared with first slice level (see Figure 4.3, 

variable Ha). The steeper the ore body, the closer between the 

two levels mentioned above. 
2. It affects the horizontal distance a between the ramp and the 

footwall boundary. The inclination of the access to the top 

slice is limited, as stated above, by equipment restraints (see 

also below under  b).  This means that a steeply dipping ore 

body permits the use of shorter access drift lengths, except the 

of the top one, and the cost will therefore be lower. This can 

be seen clearly in Figure 4.3. 

The estimated footwall positions are needed for mine planning 

purposes. The ramp should try to follow the geometrical 

variations of the ore body as much as possible, as indicated in 

Fig 4.4. It means that the distance between the ramp and 

footwall should be as near optimal as possible for each 

individual access point along the whole ore body, but with 

the total optimal positioning for all access drifts to the ore 

body being given the highest priority. This last point means 

that if calculations for one single access drift indicate that the 

optimal distance between the ramp and the ore body 

boundary should be  D,  it is not certain that this means that 

the ramp should pass through that spot. First, it is necessary 

to check where the optimal positions of the ramp are located 

for the access drifts above and below the drift in question. 

Secondly a check must be made to ensure that it is physically 

possible to make a ramp between these points for the 

optimum access drift should start, taking into account the 

constraints on the ramp that are given. Ramp inclination and 

minimum curve radius are two such constraints. These 

procedures are repeated for all access drifts to the ore body. If 

the optimal position for the individual access drift does not 

coincide with the demands given above, a new position for 

the access drift starting point is calculated, after which all the 
other access drifts are checked again. 
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Fig. 4.4 shows that the distance between the ramp and foot-

wall boundary varies in 4.4a, but is very regular in 4.4b. 

Fig. 4.4: Optimizing ramp positions to take ore body variations into account  

b)  Mining Equipment: Knowledge about equipment performance is required 

to be able to define, for example, the Critical Inclination of ramps and 

accesses. LHD machines can very often cope with an inclination of 1:3 or 

1:4, whereas drill-jumbos and scaling equipment, for example, can only 

negotiate an inclination of 1:5. This means that the accesses cannot be 

made steeper than 1:5. Designing the layout with this "maximum" 

inclination does not necessarily coincide with the optimal inclination, 
since equipment which is run at peak performance breaks down more 

frequently. Other operating costs will also increase. It is therefore wise to 
use an inclination lower than the maximum. 
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c)  Rock Conditions: Footwall rock conditions should be known in order to 

estimate stability situations for different positions of the ramp. 

Differences in footwall rock conditions can put strong restraints on the 

possible ramp sites. Examples of the  parametres  involved are: 

compressive strength, joint spacing, water inflow, joint directions, etc.. 

The proposed cost model does not include these  parametres  , but 

perhaps they will be considered in future development. An example of 

one such constraining rock condition is shown in Fig. 4.5, below. 

The decision problem of siting a ramp at an optimal distance from the 

footwall, with special attention to the information level that is economically 
best for making the siting decision, can be divided into two parts. The first 

part is to try to describe how mining costs vary with the distance between the 

footwall contact and access starting point on the ramp (see Chapter 6). The 

second part deals with the uncertainty in the input  parametres,  such as ore 

body boundaries, development and transport cost, etc. (see Chapter 7). 

Fig. 4.5 : A zone with weak rock parallel to the ore body demands a minimum 

suitable distance between the ramp and footwall 
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4.2 Decision modelling approach/technique 

The model produced in this thesis is founded on the basic structure of 

building the decision model, shown in Fig. 3.7 (p.44), the so called "decision 

analysis cycle". A similar structure to the one presented in Table 3.1 (p.45) is 

presented below. This strategy will be followed throughout the thesis. The 

right-hand side column of Table 4.1 contains a short description of what was 

perceived to be the content of the work. Several assumptions, concerning both 

techniques and general content in the model, have been substantially 

modified since the beginning of the project. 

Table 4.1 : Decision analysis for ramp siting 
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Steps in the analysis of the exploration decision 

Deterministic 	 In exploration for ramp siting 

1) Define the decision problem. 

2) Alternative courses of action 

3) Outcomes 

4) Decision and state variables 

Determine whether further 

exploration would be beneficial; if it 

is, what is the optimal exploration 

programme. 

Different exploration levels 

No exploration 

Value of information; Total access 

cost; Optimal distance between 

ramp and footwall. 

Access drift cost; Exploration cost. 

5) Relationships between variab- 	Effect of geology and exploration 

les and outcomes 	 on expected total cost of access drift. 



 

6) Method of comparing alterna- 	Expected cost; Expected cost/variance  

tive  values of each outcome 

 

7) Time preference 

8) Dominated alternatives 

eliminated 

 

 

9) Sensitivity of outcome to 

variables 

Probabilistic 

 

 

	

1) Express uncertainty in  varia- 	Probabilities in geology and costs  

	

bles  by means of probabilities 	from experience. 

 

2) Probabilistic model 

3) Establish relative value of 

probabilistic outcomes 

Effect of geology, reinforcement 

costs, development costs, transport 

costs and production losses/gains 

on expected total cost for access 

drift. Continuous probabilistic 

decision model. 

Any probability density function 

can appear. Complex relationships 

suggest a numerical solution. 

 

4) Probabilistic sensitivity 
	

Distribution selection checked, to- 
analysis 	 gether with ranges, skewness, ore 

body model selection and costs. 
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Information 

1) Value of perfect information 

2) Evaluate various information 

collection schemes 

Probabilistic sensitivity analysis. 

Exploration method and 

configuration. 
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5. COST MODEL FOR RAMP LOCATION 
OPTIMIZATION 

As described in the previous chapter, in the building of a decision model of 

the kind used in this work, there are three phases. The first phase is the 

Deterministic phase, which will be dealt with in this chapter. The relationship 

between state variables (non-controllable variables like geology) and 

decision variables, together with a sensitivity analysis of the constructed 

model will be given. It is also important to emphasize that the constructed 

cost model should be regarded as a basic model showing the principle, i.e. an 

effort has been made to include all the important  parametres,  not to present a 

quantification of the relationships between the variables. It is also necessary to 

make a quantification in order to do calculations, using this model. 

The first step is to define the problem and limits of the investigation. 

Problem definition: Making a decision model for optimal siting of a ramp 

from economic point of view in Horizontal Cut-and-Fill 
mining. 

Limits: 	a) Specified mining method  

b) Deals with one access at a time  
c) Does not take variations in ore body strike 

direction into account 

In the case of optimizing ramp location, the deterministic part consists of 

building a cost model that shows how costs vary with the distance between 
access starting point at the ramp and the footwall ore body boundary. This 
cost model comes under point 5 in Table 4.1. 

Cost dependencies for HCAF mining using a ramp access can be divided into 
several parts, namely: 

1) Development Costs for access 
2) Transport Costs for ore in access 
3) Reinforcement Costs for ramp 
4) Production losses/gains 
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The three first parts will be dealt with extensively in Section 5.1, and the 

fourth part will be discussed and formulated, but not taken into the cost 

model. 

A vital question that must be answered when constructing a model involving 

as many activities as ramp siting does, is at what level of detail should the 

model be developed to. This question relates directly to the concept of 

successive calculation [Lichtenberg, 1984], and also involves to a great extent 

the probabilistic aspect of the model. That is to say, the decision analysis cycle 

(see section 3.1.4) has to be repeated several times before the final model is 

presented. In this thesis the concept has been used in the following manner: 

1. Input  parametre  uncertainty should be distinctly classified. This 

means that an input  parametre  should either have no uncertainty 

attached to it, or the probability distribution of the uncertainty can 

be positively identified. 

2. Practical measurements can be easily carried out in an industrial 

environment (in the mines). 

5.1 Choice of model [General description of ramp location mo-
del] 

Optimizing the ramp position means that it is necessary to find out what 

variables there are that can change the costs associated with the ramp's 

position. In cut-and-fill mining the ore is mined in horizontal slices, normally 

around 4-6 m in height. In order to gain access to these slices a drift has to be 

driven from the ramp to the ore body boundary, where production can 

commence. The development of a drift is very expensive, which means that it 

is vital to reduce this cost as much as possible. Each drift developed from the 

ramp will therefore serve as an access to several ore slices, normally 3-5 slices. 

This is done by starting the access drift from a higher position than where it is 

supposed to hit the ore boundary of the lowest slice to be produced from the 

common access, as shown in Fig. 4.2. To gain access to the next ore slice, 

slyping of the roof is done, and the rock from slyping the roof will serve as a 

floor and road for the next access, and so on. Slyping is much cheaper than 

drifting so that it is sensible economics to use slyping as much as possible. 

70 



As given on page 69 a cost model can be divided into four parts: 

Development, Transport, Reinforcement and Production losses/gains. A 

general formula for the cost model will be: 

CTOT = CDEV + CTRPT + CREINF + CPROD  

where 	CTOT = total cost of the access 

CDEV = development cost (see section 5.1.1) 

CTRpT  = transport cost in the access (see section 5.1.2) 

CREINF = reinforcement cost in the ramp (see ch 5.1.3) 

CPROD = production losses or gains (see section 5.1.4) 
(It should be mentioned here that none of these variables can be 

defined as a state or decision variable, which of course means that 

they have to be broken down into finer detail.) 

The four basic parts of the cost model developed are presented in further 

detail below. This model is general, since every mine has a set of unique 

conditions, which means that the cost model also will be unique. All 
variables/parametres that can influence the costs have not been included in 

the model, because of lack of control over them. Road conditions, water 
conditions, LHD status, etc. have not been taken into account. 

5.1.1 Development costs 

Development costs can be divided into two different types of cost, one for the 

first slice from an access, where drifting has to be used, and another for roof-
slyping which is done  för  all the other slices from one specific access. CDEV  can 
therefore be described as:  

N 

CDEV = CDRIFT + 1  CSLYPE 
2  

(16) 

where CDRIFT  = drifting cost, slice 1 

CSLYPE = slyping cost for slices 2 to  N 

N 	= number of slices per access minus 1 
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The calculations of CDRIFr  and CsLypE are done using the same  parametres  

and variables in the equations except for the drifting/slyping cost (see 

equations (3) and (4)). Each mining area or district will have to find its own  

parametre  values to put into equations (3) and (4), since these  parametres,  or 

variables, can be split up into several others, the values of which may differ. 

Examples of what affects the input  parametres  in this cost model are: water 

inflow, road conditions, mining equipment, rock condition variations, etc.. 

CDRIFT  kl  *  k2  * Doe  *  b  * 	 (17)  

where ki  = inclination coefficient El] 

k2  = curve coefficient 	[ ] 

Doo  = drifting cost per metre [ SEK/m ]  

b  .= direction coefficient [I  

h  = real three-dimensional ramp - footwall distance  [ml  

(i  is a pure decision variable, but the rest are 

still mixed state and decision variables.) 

and  

CSLYPE =k1*  k2 * Dtc  *b *lj 	 (18)  

where Dtc  = average slyping cost per metre [ SEK/m ] 

This section will look briefly at, and discuss, the parametres/variables in the 

equations above. It is necessary to point out that the cost model developed in 

this thesis should not be considered as a universal model, since some 

assumptions and generalizations are included, based on Swedish conditions 

in hard rock, especially in mines using HCAF. The equations above are 

general, but the more detailed information contained in Appendix 1: Cost 

Equations, is not. It is suited to Swedish conditions regarding rock  
parametres,  mining equipment and other production factors. For application 

under different conditions it is therefore wise to make test measurements to 
establish the different factors involved. 
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Each of the variables in these equations needs to be explained. Starting with 

the inclination coefficient,  kl.  This is a coefficient which describes how the 

development cost varies with the inclination of the drift (or access). In a 

horizontal drift this coefficient is equal to 1, and will increase continuously 
with increasing inclination, both negative and positive. From investigations 

made in underground construction sites in Sweden, it has been found that k1  

will vary between 1 and 1.5  [Vägverket,  19821, following the curve shown in 

Fig. 5.1. 

Fig. 5.1 : Inclination coefficient as a function of inclination 
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The curve coefficient, k2, shows how costs vary with the straightness of the 

drift. No record of investigations about how curves affect development and 

transportation has been found. The curve radius ought to be one of the key 

factors, but it is very difficult to implement in an equation. The reason for this 

is that if a drift is A metres long with an a degree direction shift between the 

beginning and end, there are an infinite number of possible drift shapes, as 

long as the curve radius is large enough to allow the equipment to turn, and 

that the radius is small enough to permit the required direction shift in the 

given length of the drift. 

It has been decided, after discussions with knowledgeable people from the 

mining industry, to use the proportion of straight drifting to total drift length 

as a measure of how costs will vary. This should be regarded as an initial 

assumption, until it has been tested, of how curved drifts affect development 

and transport costs. Details about the curve coefficient are shown in 
Appendix 1. 

The drifting cost per metre, Doc, is the average total cost for one metre 
drifting. With todays costs, Doc  will normally be between 8000 and 15000 

SEK/m. Doc  is a variable (or in this first version of the cost model a  
parametre)  that consists of several parts, namely drilling, charging, blasting, 

mucking, scaling and reinforcement. Due to the variations in conditions from 

mine to mine the drifting cost will vary from mine to mine, so it will be an 
input value in the cost model. 

The direction coefficient,  b,  is a coefficient which will indicate if there is any 
economic difference between drifting in inclination upwards or downwards. 

If there is a difference,  b  can be set to indicate the magnitude of this difference 

(see Appendix 1). As an example, if upwards drifting is 11 % cheaper than 

downwards drifting,  b  would be 1.0 for downward drifting, and 0.9 for 
upward drifting. 

The real distance,  li,  is the length of the proposed access drift, as shown in Fig. 
5.2. The shortest possible distance, S. is achieved when the access drift 

direction is perpendicular to the dip/strike-plane. 
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Fig. 5.2: Real distance,  li,  between the ramp and footwall of the ore body 

boundary. The vertical section plane is perpendicular to the ore body 
strike direction. 

Sli  = AI (a + Sa)2  + Z2 
	

(19)  

and 

li  = -\/ öli  + A2 	 (20) 
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where 

Sli  = distance in "vertical section-plane" (see Fig. 5.2) 

a = horizontal ramp vs footwall distance "vertical section-plane"  
Sa  = change in a when moving vertically up or down 

Z = vertical distance between ramp level and slice level 

= real distance 

A = strike distance (see Fig. 5.2) 

Development costs are, under normal Swedish HCAF conditions, the most 

significant cost contributor to the total cost of an access drift. 

5.1.2 Transport costs 

Mining consists of many, more or less expensive activities. Transportation is 
done in many forms, transporting many different items, like ore, explosives, 

ventilation tubes, water pipes, people, etc.. Of these transportation events, one 

is much more costly than all the others, namely ore transportation. The 

reasons are two, one is that it is done frequently, and the other is that the 

weight of each load is high. In a first general cost model like the one 

presented here, it can be assumed that all other transport costs are negligible. 

The transport cost in the access drift will therefore be: 

CTRpT = k3 * k2 * 	* I * t 
	

(21) 

where 

k3  = Transport Inclination Coefficient 	[ 
k2  = Curve Coefficient 	 [ 
lk  = Ore Transport Cost Coefficient 	[SEK/(tonne*metre)] 

= Real ramp-footwall distance 	 [ m ] 

t = Expected tonnage from the current stope/slice [tonne] 

Detailed descriptions of the variables in formula (21) are given in Appendix 1. 
A brief description and discussion about the variables is given here. 
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Fig. 5.3 : Transport Inclination Coefficient, k3  

The Transport Inclination Coefficient, k3, is similar to the Inclination 

Coefficient from equation (21), but the gradient is steeper (see Figure 5.3). The 

reason for this is that development includes unit operations that are not so 

sensitive to variation in inclination, like drilling, charging and blasting. 

The Curve Coefficient, k2, is the same as for development, because the 

increase in cost is due to transport delays to a very high degree. Any other 

cost increases can be neglected. 
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The Ore Transport Coefficient is an estimate of costs per tonne of ore and 

transported distance, including fuel, tyres, pay, maintenance, etc.. In the cost 

model example it has been set at 0.015 SEK/tonne*metre, after discussions 

and calculations together with experts from the Swedish mining industry. 

The real length of the access drift between the footwall and ramp is the same 
as for development. 

The expected tonnage, t, is in the model calculated as a combination of the 

tonnage according to ore calculations, estimated ore loss and estimated waste 

rock dilution. Therefore: 

t = t1  (140 /100) * (1+(dw/100)) 	 (22) 

where  

t1  = Ore calculation tonnage 	 [tonnes] 
10  = Estimated .ore losses ( percentage lost 

tonnage of ore reserve tonnage) 	[ % ] 
dw  = Estimated waste rock dilution ( percentage of 

waste rock in the transported tonnage) 	[ % ] 

Transportation costs constitute a small part of the total cost of an access drift, 

if the estimated ore tonnage from each slice is small, but becomes increasingly 

significant as the tonnage grows. The other parts of the total cost of an access 

drift are more or less independent of the size of the ore body. 

5.1.3 Reinforcement costs, ramp 

Reinforcement costs for the access drift are included in the development cost 

and are said not to be affected by differences in distance between the ramp 

and footwall boundary, according to rock mechanics experts on HCAF 

mining in Sweden. The reinforcement costs that have to be taken into account 
will, instead, be found in the ramp. For each access position there is a specific 
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distance between the ramp and footwall where, if the distance becomes 

shorter, the ramp reinforcement costs start increasing rather fast. 

Fig. 5.4 : Stress concentration in HCAF mining [Jungerth & Wirstam, 1982] 

Problems will occur in the parts of the ramp that are close to a mining area, 

due to the increase in stresses in that area, as Fig. 5.4 illustrates. High 

horizontal stresses can cause problems in HCAF mining, while high vertical 

stresses do not affect the reinforcement situation very much. 

No references to direct measurements of reinforcement cost variations ere 

found, so discussions with Swedish rock mechanics experts have formed the 

basis for a formula describing the reinforcement cost as a function of distance 
between the ramp and footwall contact. 
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where FK  = Ramp reinforcement cost per metre 
k4  = Reinforcement coefficient  

nr  = Ramp inclination (if 1:7 use 7)  

h  = Slice height  

q  = Number of slices per access drift 

The ramp reinforcement cost per metre is an input  parametre  given by the 
user of the model, which means that differences in the amount of 

reinforcement in different mines are taken into account. 

The reinforcement coefficient is calculated using an exponential function that 

illustrates the reinforcement cost behaviour for different distances, in 

comparison with the critical distance between ramp the and footwall. For the 

critical distance the reinforcement cost goes up if the distance is smaller. 

The ramp inclination is calculated by comparing the sides of a triangle, where 
the hypothenuse corresponds to the ramp inclination. see Fig. 5.5. 

Fig. 5.5 : Ramp Inclination Coefficient 
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5.1.4 Production losses/gains 

A development facility, such as a ramp, which is placed in an unfortunate 

position with respect to the ore body, can cause production disturbances as 

well as unplanned cost variations. Examples of such disturbances are: 

1) Ramp further away from the footwall boundary than expected: 

production delay due to extended timetable for access drift 
development. 

2) Ramp much closer to the footwall boundary than expected: Some 

ore has to be left due to unstable conditions in the ramp. 

3) Unexpected change in the ore body dip forces development work to 

change from slyping to drifting: causes time delays and cost 

increases. 

4) Access drift inclination so steep that the equipment breaks down 

more often due to increased strains and stresses: maintenance costs 

go up. 

Production changes due to lack of ore characterization information are very 

difficult to quantify. No investigations with data collection have been carried 
out, as far as the author knows. Quantification would also mean that ore 

value and profits would have to be taken into account. A first attempt to 

quantify production losses/gains will be given below, and should be 
regarded as such. 

CPROD = CORE + CLOSS CEXTRA CMAINT 
	(24) 

where 

CPROD = Production losses or gains 	 [SEK]  
CORE = Income loss, ore production 	[SEK] 

CL  oss  = Ore loss due to unforeseen geometrical 

variations (ore that can't be mined) 	[SEK]  
CExTRA  -= Extra development costs 	 [SEK]  
CMAINT = Total unforeseen maintenance 	[SEK]  



The income variations between using the model or not, CORE, can be written ( 

with the assumption that one produced tonne of waste rock in drifting is as 

time- consuming as the production of a tonne of ore): 

CORE = [(  -lp  ) / ls  ] * tr  * vo 	 (25) 
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where lP  = Estimated distance to ore body 

= real ramp-footwall distance 

is = average advance per round, drifting 

tr  = average tonnage per advanced metre 

vo  = average ore value  

[ml  
[ml 

[ml 

[tim] 
[ SEK/tonne  

Ore losses resulting from unforeseen geometrical variations in the ore body 

boundary, where the ore has to be left behind, CLoss, can be written 

CLoss=  ti  * Vo  (26) 

where t1  = Lost ore tonnage due to unforeseen 
geometrical constraints 
	

[ t ] 

vo  = Average ore value 
	

[ SEK/t ] 

The development cost will change due to changes in the anticipated length of 

the access drift. This change is called CEx/RA, and can be written 

CExTRA  = ( Doc Dtc  ) * ( lt 	* *  b  *  k2  (27)  

where Doc  = average drifting cost 

= average slyping cost Dtc 
= inclination coefficient  

b  = direction coefficient 

k2  = curve coefficient  

N  = number of ore slices per access drift  

SEK/m 

SEK/m 

[ 

[ 

[ 

[ 1 

The unforeseen maintenance costs that occur can be divided into two parts, 

costs due to unexpected conditions, and costs due to changes in the 

anticipated length of the access drift. It can be written 



CmAINT = Cextra  *li  + ( - )* Cnerm  (28) 

where Cextra = Unforeseen maintenance cost 

= real ramp-footwall distance 

Cno 	= Expected maintenance cost 

[ SRK/m 
[ml  
{SEK/m]  

Production losses/gains cannot be calculated using formulas (24-28), until 

detailed exploration has revealed the true position of the ore body, especially 

the footwall boundary position. 

5.2 Structure and assumptions, Case 1 

Relationships between variables in the cost model described above are not 

independent of the "distance between the ramp and footwall boundary. 

Depending on certain critical distances, specified zones can be found, where 

the relationships between variables can be described in equational terms. The 

zones for the current cost model presented in Section 5.1 are shown in Fig. 5.6. 

Fig. 5.6 : Cost curve and zones for the cost model "Rampsite" 
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Stability problems generally increase as mining moves deeper, but has not 

been included in the current model since little is known about the relationship 

between cost and depth regarding ramp location. This will affect slice height, 

production room area and therefore the ability to dump waste rock from 
development in the production rooms. 

Six different zones can be identified: 

Zone A: The ramp is so close to the ore body that high reinforcement 

and development costs makes it cheaper to create a new part of 

the ramp, to avoid these problems and high costs. 

Zone  B:  Increased development and reinforcement costs due to the ramp 

being closer to the footwall boundary than the critical distance 
at which reinforcement costs starts increasing, 1r, and the critical 

horizontal distance where the access drift inclination is at the 
limit of the equipment capacity, acr. The total cost is lower than 
that for making a new part of the ramp. The distance Footwall-

Ramp is smaller than acr  meaning that the accesses has to be 

made in a curve for the inclination to the critical slice (top or 

bottom) to be less than the critical value. The distance footwall-
ramp is smaller than 1r  meaning that an equation describing the 
increasing reinforcement cost in the ramp is used. 

Zone  C:  The ramp is closer to the footwall boundary compared to either 

a or 1 If the distance is shorter than 1 but not than a it acr  r 	 acr, 
means that the total cost for the whole access will vary quite 

widely with variation in distance. If the opposite occurs, the 
variation will not be so wide. 

Zone  D:  The ramp is at the same distance from or further away than the 

deterministically perfect distance, but closer than the distance 

chosen by mine planners. Costs will increase with increasing 

distance due to higher development and ore transport costs, but 
the increase will not be dramatic. 
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Zone  E:  Unchanging costs due to the access drift flexibility to encounter 

the footwall boundary at the chosen distance between the ramp 

and footwall boundary. It is possible for mine planners to 

choose any angle between 0 and 30 degrees in which to make 

the access compatible with the strike direction of the ore body. 

Zone F: The ramp further away from the footwall boundary than the 

distance chosen by mine planners. The cost increases slowly 

with distance due to increasing development and ore transport 

costs. 

One way of describing the complexity of the model is to draw a decision tree, 

from which it is possible to establish the zone in which a specific set of input 

assumptions will end up. 

It is necessary at this point to emphasize that every ore body is unique, which 

means that a cost model has to be tailor-made for each mine. 

Fig. 5.7: Decision tree for cost curve zone selection 
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6. A PROBABILISTIC APPROACH OF OREBODY 
MODELLING AND COST CALCULATIONS 

Rock is a very inhomogeneous material, with variations in chemical composition 

(e.g. different rock types), and physical properties (e.g. rock strength). It is also 

influenced by factors outside the rock (e.g. water flow). These variations can be 

categorized as "general uncertainty", and thus related to successive calculation 

(ch. 3.2.2.4). An example of the variations within the rock material can be found 

in Schunnesson (1989). A diamond drill core from the magnetite ore in the 

Kiruna mine has been thoroughly tested for the compressive strength of the ore. 

More than 200 tests were performed on the 40-metre long core. The variations, 

between 50 and 260 MPa, suggest that the general uncertainty due to variation in 

the rock material is significant, not negligible. 

Fig. 6.1 : Compressive strength variations in the Kiruna ore body 

(Schunnesson, 1989) 

This knowledge, combined with the fact that sampling can only be afforded for a 

few points in space that are far apart, provides a situation in which uncertainties 
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about  parametre  and variable variations are quite large. It is therefore important 

to take these variations into account when building models, so that unpleasant 

surprises can be avoided as much as possible. 

In this chapter such a probabilistic approach will be taken, concerning important  

parametres  and variables involved in building a decision model for optimizing 

the amount of exploration when siting a ramp in horizontal cut-and-fill mining. 

6.1 Selection of appropriate decision criteria 

The situation dealt with in this work has been defined in Chapter 4 as Decision 
Under Risk. There are basically two decision criteria of interest, the Expected 

Value Criterion (EVV) and the Expected Value-Variance Criterion (EVVC). It is 

necessary to select which one to use when siting a ramp.  EV-VC is the best choice 

when dealing with unique situations, as described in section 3.1.3.1.2. The ore 

body footwall position at the access drift level is unique, and the input data set is 

also unique. The EVVC is therefore the most appropriate decision criterion 
available. 

EVVC has specific advantages compared with other criteria. These will be 

thoroughly described throughout the rest of this chapter. 

6.2 Geological uncertainties 

The problem to which an attempt will be made to find a solution is: 

Can an extra exploration effort be economically justified ? 

The possible consequences of further exploration are demonstrated in Fig. 6.2. To 

the left is the ore body model before drilling an extra hole, and to the right the 
new interpretation after extra drilling. 
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Fig. 6.2 : Illustration of possible consequences of extra information 

A description of traditional ore body modelling, and the geostatistical approach 

will also be discussed In this section of the chapter. A new approach will be 

suggested, and its benefits in relation to the other techniques are explained. 

6.2.1 Traditional ore body modelling 

Mine geologists have throughout the decades interpreted drillhole data 

manually, by drawing up sections vertically and horizontally, trying to combine 
the known information to form an ore body. This is illustrated by Fig. 6.2 above. 

By using his experience, the geologist comes up with an interpretation. Many 

times it is a very good interpretation, but occasionally further drilling proves it to 
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be incorrect, as a whole or in parts. Since mine planners depend on these drawn 
sections from the geologist to prepare mine layouts, the incorrect interpretations 

have a direct effect on mine planning, and, therefore, an indirect effect on the 

mining cost. 

In this thesis, ramp location has been used as an example to try to come up with 
a new and better way of presenting the geologist's ore body interpretations in 
order to reduce the risk of incorrect mine layouts, including the resulting cost 

implications. 

The traditional procedure has two main drawbacks: 

* ft regards the drawn boundaries as fixed boundaries without variance. 

*If there are several plausible ways of constructing the ore body, the procedure 

normally deals only with one (the most likely, according to the geologist). 

This approach is called Most Likely Future Criterion (see section 3.1.3.1.4). 

6.2.2 Ore body boundary uncertainty 

In this work, an attempt is made to introduce ore body boundary uncertainty 

into the presentation of the ore body model. The boundaries that are drawn up 

by the geologist constitute the MOST LIKELY POSITION of the boundary, for 

the specific interpretation. The only points at which the boundary position is 

known are the points where a drill-hole intersected the boundary (not including 

the uncertainty in position due to hole measurement discrepancies). There is 

uncertainty about the boundary position at all other locations. This is illustrated 
by Fig. 6.3 by the use of confidence intervals, which show that the further away 

from a drillhole intersection, the more uncertain the ore body boundary position. 

By assuming that the geologist's drawn boundary is in fact the most likely 

position, and that there is an equally great chance the actual boundary is on 

either side of this expected position, it can further be assumed that: the 

uncertainty in boundary position is normally distributed. If boundaries, with a 

confidence interval (like in Fig. 6.3), were presented to the mine planner, he 
could remake his plans where the uncertainty justifies changes. 
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The geostatistical approach to boundary description is similar in the sense that 

the assumption of normal distribution also applies here. In geostatistics it is the 

errors between real values and the best estimates that are assumed to be 

normally distributed [Kuchta, 1989]. 

Fig. 6.3: Boundary position certainty varies with the distance to drillholes 

To illustrate the uncertainty in the form of a normal distribution the 

characteristics are shown in Fig. 6.3. The ore body model, with confidence limits, 

is found in the plane perpendicular to the probability-access level plane shown 

in Fig. 6.3. The figure shows the three characteristics necessary to quantify the 

distribution (or probability density function): probability type, expected value of 
boundary position and size of confidence interval. 

The shape of the probability density function will vary for different positions on 

the boundary. Close to a drillhole intersection with the boundary the confidence 
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interval is small and thus the shape of the distribution very pointed, far away 

from an intersection the shape is flat and the interval large. 

A geologist's estimated ore body image often proves to be quite accurate, and the 

probability density function in Fig. 6.4 would seem to be sufficient to describe 

these cases. Unfortunately this is not the end product, which is clearly shown in 
the next example. It is obvious that when the model presented by the geologist is 

not correct, improvements have to be made to the current model. Quite often 

there are several possible interpretations of the available data, both for the whole 

ore body and for details. A general rule is that the less the amount of data 

available, the larger number of possible different interpretations. 

Fig. 6.4: Boundary position with probability density function and confidence 
interval for an access level 
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When representation of the expected boundaries is done deterministically, the 

boundary is shown as a defined border and only one interpretation is usually 
drawn up, otherwise the graphical presentation of the model is difficult to 

interpret. The consequences of this are two. Primarily, all model alternatives, 

with their probabilities of occurring are not presented. That means in fact that the 

most likely alternative, irrespective of the probability of this alternative 

occurring, suddenly is assumed to be 100 % likely. The other "possible" 

alternatives have no probability of occurrence. It is not advisable to make 

assumptions without testing whether or not they are realistic. 

Secondly, by ignoring the other alternatives the true picture of the knowledge of 

the ore body will not be displayed. It is very difficult to see where any possible 

weaknesses are in the model, and it is therefore difficult to make optimal 

decisions about mine planning and ore body exploration. 

Fig. 6.5 : Alternative interpretations of the same drillhole 

data (vertical section) used to draw ore body boundaries 

To exemplify this, it is assumed that a geologist interprets certain drillhole data. 

He is then asked to draw up all the interpretations of the data that form in his 
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mind (Fig. 6.5 a-c).  After that he is also asked to subjectively estimate 

probabilities of occurrence for each alternative. The estimated probabilities are, 

50, 25 and 25 %, respectively, the sum equals 100 %. The standard deviation 

chosen for this example is oA  = 1.0 m and CYBg = 2.0 m. 

Knowledge about the probability of occurrence of each alternative is in itself not 

enough. What is needed is a way to describe all three alternatives with their 

probability of occurring and boundary uncertainties in the same model. This 

also includes graphical representation. It can be done in the following way, 

owing to a statistical method, called Mixture Distributions (Everitt & Hand, 
1981), see p.96: 

1. Define the probability density function for the boundary uncertainties 

for each alternative. This has to be an input from an expert, i.e. the 

geologist, since no one else has a better understanding of the possible 

variations of the ore body in this early stage of investigation. As a first 
rule one can assume that normal probability distribution is a good 

guess when it comes to uncertainty distributions. 

Fig. 6.6 : Probability distributions of ore body boundaries 
for the three alternatives 

93 



2. Multiply the probability of occurrence for the alternative by the 

probability density function given in point 1. The three alternatives 

are shown in Fig. 6.6, in which the probability of occurrence has been 

multiplied by the probability density function for the uncertainty of 

the boundary, given by the geologist. 

3. Add together the probability density functions from point 2. 

4. Calculate the expected value and probability for the new distribution. 

5. Display the total distribution graphically. The significance of this 

method is shown clearly in Fig. 6.7, where a 95 % probability interval 

for all three alternative models is more than 2.5 times larger than a 

confidence interval for the most likely alternative,  B.  

Fig. 6.7 : Combined probability distribution for all three alternatives 

6. Repeat the procedure for all positions of the boundary. A 95 % 

confidence interval for all three alternatives covering the whole 

section is shown in Fig. 6.8. It is noteworthy that the parts of the 

boundary where uncertainty indicates a need for more information 
are easily detectable. 
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Fig. 6.8: Footwall boundary with 95% confidence interval for combined 

distributions (vertical section) 

The technique of combining distributions in the manner described above is, as 

mentioned earlier, in statistical vocabulary called "Mixture Distributions" 
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[Everitt & Hand, 1981]. The density function is then expressed as the sum of two 

or more conditional density functions. The general formula for describing 

mixture distributions is written: 

f(x) = 1.  g(x;e) * h(8) de 	 (29) 

where g(x;8) is a conditional density function depending on the  parametre  

8, itself subject to chance variation by the density function h(8), the mixing 

density. The mixture distribution that is considered here can be described 

as: 

h(distance) = hn(distance; alternative n) 	(30) 
i 

With three possible ore body model alternatives the distribution can be 

written as: 

f(x) = 1 g(x;e) * h1(x;1) d(8) + .1  k(x;cI)) * h2(x;2) d(o) 

-1- f l(xw) * h3(x;3) d(9) 	 (31) 

where g(x;8), k(x;cl)) and 1(x;(p) are probability density functions. 

If hn  is discrete and assigns positive probability to only a finite number of 

points, the integral can be replaced by a sum. This is the case when a 

numerical solution is done, where the continuous shape of the distribution 

is replaced by a histogram [Everitt & Hand, 19811. 

As mentioned earlier, geostatistitians assume normally distributed errors when 

calculating, for instance, the position of a boundary, given certain  geo-
information.  This means that if a geostatistical tool is made in such a way that the 
user can define the expected boundaries of an ore body, a combination of several 

possible ore body models can be made in the same way as described above. If 

several orebody models are plausible (see Fig. 6.5), and the suggested approach 

is not used, both the probability distribution and the confidence interval will 
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differ from reality, if geostatistics is used in the standard way. Dowd, 1989 is one 

example of this. This reality discrepancy will be larger the further apart the  geo-

information  points are. The significance of the approach in this thesis is yet to be 

investigated in respect of a whole ore body, but it will be shown to have an 

impact on the modelling costs for access drifts. The method of applying the 

technique will also be shown (see Chapter 7). 

6.3 Cost model uncertainties 

The cost model constructed and described in Chapter 5 and Appendix 1 is quite 

simple and crude. This means that some  parametres  and variables have not been 

implemented in the model, and there will be discrepancies between measured 

and calculated values, uncertainty in other words. Since almost all input 

variables and  parametres  are built up of several other variables and  parametres,  

and relationships between them are generalized, a probability density function 
describing the uncertainty can be attached to them. 

Data collection in mines has not been done for the cost model inputs, so that the 

probability distributions suggested in the following sub-sections have not been 

verified by field testing. However, since each ore body is unique, there can never 

be a general cost model with defined probability distributions to it. Each mine 

should do its own testing to adjust both equations and probability density 

functions. 

In Appendix 1 it is assumed that the following  parametres  are needed as input to 
the cost model. A suggested probability distribution is also given, with the 

reasoning behind them given below ( a short description of the nature of the 

suggested distributions will be found in Appendix 7) : 

TYPE 	 DISTRIBUTION 

a Drifting Cost 	 Weibull  
b  Slyping Cost 	 Weibull  
c  Transport Coefficient 	 Weibull  
d  Reinforcement Cost 	 Discrete  Weibull  
e  New ramp length 	 Normal 
f Ramp inclination 	 Normal 
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g  Critical distance reinforcement 	Normal  

h  Vertical distance between ramp 
and First slice levels 	 Normal  

i  Strike distance 	 Normal  
j  Critical inclination 	 Weibull  
k  Ore body volume 	 Normal 
I Ore dip 	 Normal 
m Ore density 	 Normal  
n  Waste rock density 	 Normal 
o Ore loss 	 Weibull  
p  Waste rock dilution 	 Weibull  
q  Slice height 	 Weibull  (-) 
r Slices per access 	 Fixed 

The reasoning behind each selected distribution is given in the sections below. 

6.3.1 Development cost uncertainties 

DRIFTING COST. This contains the whole unit operating cycle, in which the 

costs for each unit operation are added together. According to the Central Limit 

Theorem the sum approaches Normal distribution. Unfortunately there are other 

important factors to consider. One of the most significant is geology. Depending 

on the status of the rock, large variations can occur. Most rounds will be blasted 
without major problems, but occasionally something happens in one or several 

of the unit operations that will increase the cost of that specific round quite a lot. 

Furthermore, it is virtually impossible to produce one round without cost. To 

conclude the reasoning the distribution should be skewed to the right, and with 

a left tail that is not reaching down to zero. The  Weibull  distribution, illustrated 

in Fig. 6.9, is a good representative of this type of distributions. 

SLYPING COST. The  Weibull  distribution is selected for the same reasons as 
given for Drifting Cost, since the operations carried out in slyping are almost 
identical. 

RAMP ACCESS-LEVEL. Depending on whether the construction of the ramp 

can be carried out exactly as planned or not, the optimal position at which to 

start the access from the ramp will change. Assuming normal distribution of the 

uncertainty in the geologist's interpretation, the same assumption as in section 
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6.2.2, there is an equal chance that the ramp access-level will end up higher or 

lower than expected. 

I a: ariO2 

Fig.  6.9  :  An illustration  of  the  Weibull  Distribution 

FIRST SLICE LEVEL. Small variations in slice height can make the first slice 

level vary. The assumption is that this variation is normally distributed. 

CRITICAL INCLINATION. This factor depends on both the equipment and the 
road conditions. In perfect conditions with perfect equipment there is still a limit 

to the steepest possible incline. With really bad conditions and old worn-out 

equipment the critical inclination might be much lower. It is assumed that the 

distribution is skewed. The  Weibull  distribution can be appropriate.. 

ORE DIP. The estimate of the ore body dip is made by the geologist, and as 
previously with such  parametres,  normal distribution is assumed. 
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6.3.2 Transport cost uncertainties 

TRANSPORT COEFFICIENT. This  parametre  describes the cost of transporting 

one tonne of material one metre. Variations are based on variable road 

conditions, plus the type and condition of equipment. For one particular piece of 

equipment variations are due to variable road conditions. The assumed 

distribution is skewed. The  Weibull  distribution is suggested to model the 

uncertainty of this  parametre.  

RAMP ACCESS-LEVEL. See section 6.3.2. 

FIRST SLICE LEVEL. . See section 6.3.2 

CRITICAL INCLINATION. See section 6.3.2. 

ORE DIP. See section 6.3.2. 

6.3.3 Reinforcement cost uncertainties 

REINFORCEMENT COST. Reinforcement in mining is very often synonymous 

with roof bolting, shotcreting and other types of reinforcement activities applied 

close to the surface of the rock. These activities are carried out in a systematic 

manner to achieve high productivity, and a change in the amount of 

reinforcement will therefore change the systematic approach resulting in a more 

dense bolting pattern, a thicker layer of shotcrete, etc.. The changes are discrete 

steps, and call for the use of a discrete distribution. Considering one specific rock 

type, water flow, joint spacing, etc. give a skewed distribution. The Discrete  

Weibull  distribution is suggested. 

RAMP INCLINATION. The inclination at a specific part of the ramp is 

uncertain due to a possible misfit between reality and the geologist's predictions. 

As before, it is assumed that the geologist's predictions on ore body boundaries 

have an equal chance of being on each side of the predicted point, so the 

uncertainty is assumed to be normally distributed. 
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CRITICAL DISTANCE REINFORCEMENT. The distance is based on the 

experience of the personnel and can therefore be assumed to be normally. 

distributed. 

SLICE HEIGHT. The variations in slice height are small and can occur when 

blasting brings down more rock than expected, and if hydraulic filling is not 
placed according to plan. The variations are assumed to be small, but normally 

distributed. 

NUMBER OF SLICES PER ACCESS. This involves no uncertainty. If for some 

reason the distance to the next access level is abnormal, adjustments are made by 

varying the slice height. 

6.3.4 Production loss! gain uncertainties 

ESTIMATED DISTANCE TO ORE BODY. This  parametre  is assumed to be 
Normally distributed, there is an equal chance of estimates of the distance to 
being too high or too low. 

AVERAGE ADVANCE PER ROUND, DRIFTING. This  parametre  is assumed 
to be Normally distributed. 

LOST TONNAGE DUE TO UNFORESEEN GEOMETRICAL 

CONSTRAINTS. This  parametre  is assumed to be Normally distributed. 

AVERAGE TONNAGE PER PRODUCTION ROUND. This  parametre  is 
assumed to be Normally distributed. 

AVERAGE ORE VALUE. This  parametre  is assumed to be Normally 
distributed. 

MAINTENANCE COST. The uncertainty in maintenance cost is difficult to 
estimate, since there are many small cost elements maintenance costs, and some 
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comparably large ones. A first assumption would be the use of a Skewed 

distribution of the  Weibull  type. 

6.4 Numerical probabilistic approach using Monte Carlo 
Simulation 

The probabilistic approach has the distinct disadvantage of being very time-

consuming to do by hand, especially when the problem deals with both mixture 

distributions and various types of distributions that are to be combined. Since 

analytical solutions to that kind of problems either do not exist or are extremely 

complicated, it is not surprising that the deterministic approach has been 

dominant at least until now. The numerical solution is the most used technique 

today, and to make calculations on the type of complicated problem that is 

presented in this thesis, the necessity of a computer application is evident. Work 

in the years B.C. (Before Computers) forced people to simplify models until they 

could be processed manually. An analytical probabilistic approach can be found 

in Appendix 5. 

The sections below present a description of the technique used in the proposed 

probabilistic approach. Two stages can be identified , Geological Uncertainty and 

Cost Model Uncertainties , and each of them is dealt with separately. 

6.4.1 Geological uncertainty 

Section 6.2 contains a description of the thoughts behind the geological 

uncertainty approach, and a brief presentation of the numerical technique will be 

given here. 

Using the Monte Carlo Simulation technique, that is picking random numbers 

from a specified probability distribution, the random numbers are sorted, put 

into classes and presented in the form of a histogram. This histogram should 

bear as great resemblance as possible to the distribution from which the random 
numbers were picked. In Fig. 6.10 an example of this technique is shown with the 

original probability distribution superposed. The figure shows 500 random 

values from the lognormal distribution with the Mean value = 10.0 and the 
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Standard deviation = 1.0. The shape of the histogram has a high degree of 

resemblence to the true distribution, which is shown as a curve in the figure. 

Each histogram (for each ore body model) represents a probability of occurrence 

of 100 %. In order to adjust the histogram so that the total probability of 

occurrence for all ore body alternatives will be equal to 100 %, each column in 

the histogram is multiplied by the probability of occurrence corresponding to 

that particular alternative. Columns with the same position along the x-axis are 

added together, and a new combined histogram is made. This new histogram is 

an approximation of the analytical solution. 
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Fig. 6.10: Histogram showing 500 random values from lognormal 

distribution simulated using the Monte Carlo simulation 

technique 

6.4.2 Cost Model Uncertainties 

Monte Carlo Simulation is also used for cost  parametres,  to reduce the number of 

samples needed for calculating the probability distribution of the total cost using 



the equations given in Chapter 5. The number of uncertain cost  parametres  and 

the variety of distributions involved (see page 97) would make it virtually 

impossible to use any other technique. To illustrate this it can be assumed, as an 

example, that every distribution is described using a histogram with 50 classes. 

To combine all the classes from all the distributions would mean 5018  

calculations. Using the Monte Carlo simulation method a few thousand samples 

are enough to ensure good fitting to the complex density function in question, as 

Fig. 6.10 clearly indicates. 

6.5 Transformation of variable uncertainty 

The purpose of the created decision model, to optimize exploration efforts in 

respect of ramp positioning in Horizontal Cut-and-Fill Mining from an economic 

point of view, means that we have only one decision variable, namely cost. The 
selected decision criterion, Expected Value-Variance Criterion, shows in its 

construction (see section 3.1.3.1.2) what is needed as input to the criterion to be 
able to make a proper decision. Three  parametre  inputs are required; the 
Expected Value of the cost variations, the variance from the cost distribution, and 

the risk aversion factor, r, which indicate the importance of uncertainty in cost, 
and which the user decides. 

In the current problem uncertainty exists both in distance and in cost, which 

means that the uncertainty in distance has to be transferred into uncertainty in 
cost, before applying the decision criterion. A literature survey, together with 

discussions with personnel at the Division of Mathematical Statistics at the  Luleå  
University of Technology, indicated that analytical solutions to this problem can 

be described in the way it is presented in Appendix 5. In view of the mixture 

distributions of both the geological uncertainty and the access drift costs, an 

analytical solution would be very complicated. As a tool such a model would be 

rather clumsy. A numerical solution is therefore the only remaining alternative. 

The following sections will describe the necessary steps to transform uncertainty 
from one  parametre  to another, regardless of the form of relationship there is 
between the two variables, using a step-by-step- technique. 
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6.5.1 Geological boundary position probability and associated 
cost model uncertainty 

Geological boundary uncertainty including the associated ramp siting cost model 
is now described. The geological uncertainty is represented by the  parametre  

- distance between the footwall and ramp. The uncertainty in the ramp siting cost 
refers to the input cost parameters and their probability distributions that are 
described in section 6.3. The Monte Carlo simulation technique has been used to 
produce the uncertainty distributions both for distance and cost. The sample 
values from the simulation are displayed in histograms that are shown below. 

First the uncertainties are described and treated separately, secondly they are 
combined, with the geological uncertainty transformed into uncertainty in costs. 
The transformation of uncertainty is described below. 

Fig. 6.11 shows the first step. The uncertainty between the ramp and the orebody 
is shown through the histogram labelled "geological uncertainty". One example 
of the uncertainty in cost is shown in the "cost curve histogram", labelled "cost 
uncertainty". 

Fig. 6.11: Unc.?rtainty in access drift cost for one point of the cost curve 
corresponding to the respective column representing uncertainty in 
distance between the ramp and ore body boundary (footwall) 
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It should be observed that the cost uncertainty histogram only represents one 

point on the cost curve, corresponding to a specific distance, indicated as a 

shadowed column in Fig. 6.11. 

Each column in the histogram for geological uncertainty can be said to represent 

one point on the cost curve, since the uncertainty in cost is calculated for the 

distance corresponding to the midpoint of the column. 

The distribution of "cost-distance uncertainty" is created by multiplying the 

column heights in the cost uncertainty histogram by the corresponding column 

in the distance uncertainty histogram, see Fig. 6.12. This procedure is repeated 

for each column in the geological uncertainty histogram, and the result is called 

the "total cost uncertainty", see Fig. 6.13. In the figure the "total cost uncertainty"-

histogram is placed above the most probable distance between the ramp and the 

ore body, also called the "expected value of geological uncertainty". 

Fig. 6.12: An example of "cost-distance uncertainty" created through uncertainty 

cost multiplied by probability in distance (geological uncertainty). 
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Fig. 6.13: "Total cost uncertainty" for one expected value of geological 

uncertainty, i.e. the most probable distance between the ramp and the 

ore body. 

6.5.2 Cost uncertainty for Expected geological boundary 
positions 

The "total cost uncertainty" is recommended to be expressed using the 

Expected Value-Variance Criterion, see section 3.1.3.1.2. Alternative probable 

distances can then be compared for different values of expected footwall 

boundary positions, by moving the geological uncertainty histogram to the left 

or to the right in respect of the uncertainty in distance, and then carrying out the 
procedures described above. 

Optimum is reached at the alternative with the minimum expected value, plus 
risk aversion factor times the variance, of the total cost. 
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6.6 Application of the Expected Value-Variance Criterion in 
a numerical model 

The purpose of the decision model is to judge whether further exploration is 

justified from ramp-siting point of view. This can be done in a number of 

different ways, but they all have something in common, namely that one or 

several of the alternatives that are to be compared, requires making predictions 

about the future and the unknown. In order to estimate improvement in the ore 

body models for as yet unperformed exploration, a prediction has to be made on 

the basis of the geologist's knowledge about the ore body, his experience, and of 

course, the expected position of the borehole intersection with the ore body 

footwall. It is assumed for this work that predictions like these are made in an 

acceptable way. The optimization of predictions of exploration work is not 

included in the thesis. 

Comparison of different exploration level alternatives can be done by carrying 

out the following steps: 

1. Calculate the expected value and variance for different distances between the 

ramp and footwall for each alternative. Find the optimal distance for the 

different levels of exploration, by applying the Expected Value- Variance 

Criterion internally for each alternative. 

2. Estimate the future exploration cost of the alternatives. 

3. Compare the alternatives and choose the lowest total cost alternative for the 

combined costs for exploration and access drift costs for each alternative.. 

6.6.1 Calculation of expected value 

Calculating the expected value of a histogram involves a simple repetitive 

procedure that can be written  

n  
E.V =  E  xn Pn 
	 (32) 

where  n  = number, of classes 
xn  =  x-value for mid-point of class number  n  
pn  = probability associated with class  n  
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6.6.2 Calculation of Variance 

The shape of the probability density function can be taken into account By using 

the expected value-variance criterion. This means that it is possible to define 

whether it is important to have small variability, and to put a specific value to it, 

and add that to the expected value. Variance from a histogram is calculated by 

G2 = 	( xn  - E.V. )2/n 	 (33) 

where a = standard deviation 

6.6.3 Finding the minimum cost 

For each alternative the expected distance that gives the lowest cost, using the 

Expected Value-Variance Criterion, should be calculated. The optimal distance 

for a specific amount of exploration is established by moving the cost curve as 

described in Section 6.5, and using the Expected Value-Variance criterion for 

each distance and to find the minimum cost among these distances, . The same 

procedure is repeated for the other alternatives. 

6.6.4 Comparison between alternatives 

The minimum cost of each alternative is compared with the others to find the 

lowest total cost. 



7. MODEL RESULTS AND SENSITIVITY ANALYSES 

This chapter describes the testing of the developed probabilistic model. It 

includes both deterministic and probabilistic sensitivity analysis for the input  

parametre  values and coupled uncertainties. There are also descriptions of a 

small test case, and the computer program used to implement the model. 

7.1 Computer application 

Manual calculation of complex probabilistic models is extremely time-

consuming. Implementation of the model using a computer program was 

therefore necessary in order to test the performance. The computer program 

created, "RAMPSITE", performs all the steps to calculate the best exploration 

alternative, based on a specified decision criteria. Appendix 2 contains a 

flowchart of RAMPSITE. The program was developed in units, using TURBO 

PASCAL version 5•QTM,  which makes it quite simple to replace the current cost 

model by another one. It requires an IBM-compatible PC/AT or equal with an 

EGA graphics screen. RAMPSITE is entirely menu-driven, and examples of the 

menu's can be seen in Fig. 7.1-7.6. All calculations are performed in sequence, 

with no interference from the user. Results are given both in numerical and 
graphical form, änd can be printed out easily (Figs. 7.4 and 7.5). The current 

version of the program is in Swedish (menu's, help files, etc.), but an English 

version will be produced provided the interest exists. 

7.1.1 Program description 

As mentioned above, RAMPSITE is menu-driven, with a Main Menu (Fig. 7.1) 

and a number of sub-menu's below. When the user starts the program, the only 
parts that are active are the main menu and the input menu's (Figs. 7.2 and 7.3). 

Input menu 1 is dedicated to cost model input  parametres  and random 

generation inputs, such as the number of random numbers to be used in the 

calculation. For the cost model  parametres  up to 4 different numbers have to be 

specified, depending on which probability distribution that is chosen. 
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RAMPSITE  

Inläsningsmeny  1  

Inläsningsmeny  2  
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RAMPSITE Version 2.8 Copyright (C) 1989  

Fig. 7.1 : Main menu in RAMPSITE 

Fig. 7.2 : Input menu 1 
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The geometrical positions and geological uncertainty are defined in menu 2, 

as are the selection of suitable decision criteria, together with associated 

values. 

Fig. 7.3 : Input menu 2 

Fig. 7.4 : Geological uncertainty (graphical output) 
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Fig. 7.5 : Total cost uncertainty (graphical output)  

Fig. 7.6 : Numerical output, RAMPSITE 



Several output options are available. The shape of the cost curve and the 

histogram describing the geological uncertainty can be studied in the output 

choice: Geological uncertainty (Fig. 7.4). 

The total cost uncertainty after transforming the geological uncertainty into a 

cost is displayed in the output choice: Total cost uncertainty (Fig. 7.5). 

A summary of the calculated results is given in the numerical output (Fig. 7.6). 

The best (cheapest) choice is highlighted for the two optional decision criteria 

(Expected Value  (E)  and Expected Value-Variance (V)). 

7.1.2 Model optimization possibilities 

RAMPSITE is not a complex program to run, and all the input numbers can be 
saved, so a search for the best layout of an access is easily and quickly done. 
Several categories of engineers can take part in the optimization, geologists, mine 

planners, rock mechanics engineers and mine managers. In fact the program 

requires input data from these categories of experts to be able to optimize the 

model. A normal sized cut-and-fill mine could be optimized within a few hours 

(2-4). 

7.2 Deterministic sensitivity analysis 

An interesting aspect of the constructed model is to find out which of the 

variables/parametres has the largest impact on the variation of the total cost. 

One way of looking at this is by making a sensitivity analysis, varying every 

variable/parametre ± 10 %, and looking to see by how many per cent the total 

cost of the access varies. To get a good feel of how this will affect different types 

of ore bodies it is necessary to make the sensitivity analysis for several different 

cases, using a different set of starting data for each case. It is also necessary to 

perform the analysis for different distances between the footwall contact and the 

ramp, since the set of equations used varies as described above in Section 5.2. 

The sensitivity analysis is described in more detail in Appendix 3. A summary of 
the analysis will be given below. 
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Since the cost model includes many different variables concerning both rock  

parametres  and mining equipment it is necessary to try a couple of different 

cases in the sensitivity analysis, to see how the importance of the 

variables/parametres differs depending on the type of ore body examined. Two 

basic cases were examined, and the differences between them are given in Table 

7.1. In this context it should be mentioned that the values shown in the latter part 

of Table 7.1 are values for a limited part of an ore body. 

Table 7.1 
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SUMMARY OF PARAMETRE/VARIABLE VALUES IN AN 
EXAMPLE OF A DETERMINISTIC SENSITIVITY ANALYSIS 

DETERMINISTIC SENSITIVITY ANALYSIS : CASES 

Type 1 
	

Type 2 

GENERAL DESCRIPTION: Good rock quality 
Average ore body 
Normal ore density 
Normal ore loss dilution 
Steep ore body dip 

Bad rock quality 
Large ore body 
High ore density 
Low ore loss dilution 
Shallow ore body dip 

CHARACTERISTICS/VALUES  
1 Drifting cost 
2 Slyping cost 
3 Transport coeff. 
4 Reinf. cost 
5 New ramp length 
6 Ramp inclination 
7 CriticDistReinf 
8 Ramp-access level 
8 First slice level 
9 Strike distance 
10 Critical Inclination 
11 Ore body area 
12 Ore dip 
13 Ore density 
14 Waste density 
15 Ore loss 
16 Waste dilution 
17 Slice height 
18 Slices per access 

10000 SEK/m 
7000 SEK/m 
0.015 SEK / t * m 
1500 SEK/m 

120 m 
1:7 
15m 

200 m 
208 m 

5m 
1:5 

2 000 m2  
80' 

3.5 t / m3  
3.0 t/m3  
10 0/0 
20 °A 
5m 
3 

12000 SEK/m 
8000 SEK/m 
0.015 SEK / t * m 
2000 SEK/m 

120 m 
1:7 
25m 
200 m 
208 m 

5m 
1:5 

6 000 m2  
30* 
4.5 t / m3  
2.7 t / m3  
5  0/0  

10 0/0 
4m 
4 



Table 7.2 : Influence of a 10% change in cost parametres/variables on the total 
cost ( deterministic sensitivity analysis) 

PARAMETRE/VARIABLE CHANGE +10% FOR BOTH TYPES 

TYPE 1 
21m 	41m 

TYPE 2 
21m 	41m 

1 	Drifting cost 4.5 % 4.5 % 3.6 % 3.6 % 
2 Slyping cost 4.7 4.7 4.0 4.6 
3 Transport coefficient 0.8 0.8 1.9 1.8 
4 Reinf. cost 0 0 0.5 0 
5 New ramp length 0 0 0 0 
6 Ramp inclination 0 0 0.5 0 
7 Critical Distance Reinforcem. 0 0 0.5 0 
8 Ramp-access level 
8 	First slice level 16.0 7.3 14.0 4.7 
9 Strike distance 0.1 0 0.3 0.1 
10 Critic Inclination 13.5 4.9 12.7 -0.4 
11 Ore body area 0.8 0.8 1.9 1.8 
12 Ore dip 3.7 -1.1 4.2 -1.2 
13 Ore density 0.6 0.8 1.8 1.7 
14 Waste density 0.1 0.1 0.1 0.1 
15 Ore loss -0.1 -0.1 -0.1 -0.1 
16 Waste dilution 0.1 0.1 0.1 0.1 
17 Slice height 0.7 0.7 0.7 0.9 
18 Slices per access 29.2 29.4 15.6 17.4 

In the sensitivity analysis it is also important to consider distance-dependent 

differences, i.e. how sensitive the model is to variations in the different zones 

described in Section 5.2. Since the equations used to construct the cost curve vary 
between zones, the weights of the individual  parametres  change automatically. 
For example the extra reinforcement cost in the ramp is equal to zero in zones 4-

6, but is quite important in zones 1-3. The drifting cost, on the other hand, forms 
a significant part in all zones, which increases with the distance between the 
ramp and footwall. 
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The most influential of the  parametres  given in Table 7.2, is, not surprisingly, 

Number of slices per access (see Table 7.2). However, it is not due to the fact that 

it is the most significant  parametre,  but that it is an integer and can only be 

changed by adding or subtracting one slice at a time. In Type 1 the starting set of 

data includes 3 slices, which means that a change of one slice is equal to a 33 % 

change. In Type 2 the starting value is 4 slices per access, so a change of one slice 

is equal to a 25 % change in the total cost. By looking at the impact these changes 

have on the total cost it can be found by simple deduction that it is not the most 

important input  parametre.  

In the regions where most accesses are made today, Zones 2-6, two  parametres  

show a change in the total cost of the access that exceeds the change in the input  

parametre.  Those two input  parametres  are the vertical distance between the 

ramp and first slice, and the critical inclination. The reason for their large impact 

on the total cost is to be found in the geometry. When an ore body dips less than 

900, and more than 0 0, a change along one axis will affect the other axis' values 

too. Both  parametres  only show this influence in Zones 2 and 3, after which the 

effect rapidly drops to 0. In the table above (Table 7.2), two examples of the  

parametre  sensitivity are given for the two ore body types, 21 m and 41 m 

distance, where 21 m is in zone 2-3 and 41 m is in zone 4-6. 

The importance of the above  parametres  is reduced when the distance between 

the ramp and footwall is increased. None of the  parametres  has an influence of 

more than 5-8% on the cost curve for Zone 4-6. 

7.3 Case study, Kankberg Mine 

The Swedish mining companies do not at present collect all the necessary input 

data required to test the model. It is therefore impossible to test the model in the 

way it was intended, namely looking at an already mined out volume and 

reconstructing events step by step, and comparing what actually happened with 

what the decisions would have been if the new decision model had been used. 
Together with representatives of the  Boliden  mining company it was decided to 

look at an ore body under development instead. The ore body chosen, called 

Kankberg, is a small, steeply dipping sulphide ore body with rather complex 
geometrical features, very much resembling the first ore body type used in the 

deterministic sensitivity analysis above. Development of the ramp has started 
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and is expected to reach the ore body during 1989. As a test case, the mine 

geologist and the mine planner working on this ore body produced information 

to permit a comparison between the current technique and the newly developed 

decision model. The mine planner planned one access about 200 m below the 
surface, using the tools available today. Subjective information about the ore 

body was received from the geologist. This information has been put into the 

developed (Rampsite) computer program, after which optimization of the 

distance between the footwall and the ramp was made. The decision model 

showed that, provided the information from the geologist was correct, it would 

be safe to place the ramp substantially closer to the ore body than today. 

The input data and quantitative results of the test case are not available for 
publication, because of  Boliden  company requirements, but the results strongly 
indicate the potential use of this model. Provided the information given by the 

geologist about uncertainty and probability of footwall boundaries and ore body 

models is correct, the financial savings possible using the model will quickly 
repay the investment in the project. 

7.4 Probabilistic sensitivity analysis 

A probabilistic sensitivity analysis is carried out in much the same way as the 

deterministic one, but with the exception that evaluation has to be made not only 
about the variation in the expected value of each input  parametre,  but also in the 
shape and spread of the uncertainty of each parametre.The characteristic values 

for the probabilistic sensitivity analysis differ slightly from the ones in the 

deterministic sensitivity analysis, due to the nature of the probability density 
functions. 

The deterministic sensitivity analysis gave some information about the impact 
large variations in input  parametres  have on the total result from the model. In 
Table 7.3, where the "starting values" for the probabilistic sensitivity analysis are 
presented, it is easy to rank the input  parametres  in order of magnitude. Slices 
per access would top the list (but since it is fixed it is not part of the sensitivity 
analysis), followed by First slice level - Ramp-access level. The  parametres  that 
have very little impact on the total cost are of marginal interest to the 

probabilistic sensitivity, since the pattern of the deterministic sensitivity analysis 
will be repeated. 
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Some information about the probability distributions used in the analysis can be 

found in Appendix 7, including explanation of the  parametres  

The most significant results are shown in the tables below. The tables are 

followed by an interpretation of the values they contain. Appendix 4 includes a 

complete list of the results from the probabilistic sensitivity analysis, together 

with a more extensive interpretation of the results. 

Table 7.3 : Starting values for probabilistic sensitivity analysis 

TYPE 1 TYPE 2  

Parametre  distribution values 
First slice level- Normal mean 8.0 m 8.0 m 
Ramp-access level a 0.5 m 0.5m 

Critical Inclination  Weibull  a 4.5 4.5 
ß 0.5 0.5 

1 3.0 3.0 

Slyping cost  Weibull  a 6000 SEK 7000 SEK 

ß 600 700 

1 2.5 2.5  

Drifting cost  Weibull  a 9000  SEK  11000  SEK  
ß 900 1100 

1 2.5 2.5 

Ore dip Normal mean 80 ° 30 ° 
a 3 3 

Transport  coeff. Weibull  a 0.013  SEK/t  0.013  SEK/t  

ß 0.002 0.002 

11 3.0 3.0 

Ore body area Normal mean 2000 m2  6000 m2  
a 200 600 

Ore density Normal mean 3.50 1/m3  4.50 t/m3  
a 0.05 0.05 

Slice height Normal mean 5.0 m 4.0 m 
a 0.2 0.2m 
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On the following pages the results from the probabilistic sensitivity analysis are 

present, in Tables 7.4-7.11, four tables for Type 1 and four for Type 2. By 

comparing the values in the columns "distribution" and "values" with the starting 

values in Table 7.3, it is possible to judge the impact a  parametre  value change 

has on the total cost. An example on how to read these tables: In the first row of 

Table 7.4 it can be found, by comparing with the starting value for drifting in 

Table 7.3, that the cc-value has been changed from 9000 SEK/m to 8000 SEK/m. 

This 11% reduction of drifting cost is reflected in the total cost by a cost reduction 
of 5.28%. The observant reader will notice that some of the most significant 

changes in total cost shown in Appendix 4 are not present in the tables below. 

The reason for this is that two of the distributions, Uniform and Discrete  Weibull,  

have produced answers with too much discrepancy compared with the starting 

values. The author suspects a computational error, which will be corrected in 

future versions of the program. 

The different probability distributions that are shown in Tables 7.4-7.11 are :  N  = 

Normal distribution, W =  Weibull  distribution, F = Fixed value, and L = 

Lognormal distribution. 

Tables for Type 1 (comments to Table values after each Table)  

Table 7.4 : TYPE 1, Decrease in total cost for 10% change in  parametre  values. Largest 

registered reductions. 

Item distribution Values*) oh, 

Drifting W 8000(a),900(13),2.5(n) -5.28 
Slyping W 5400,600,2.5 -3.17 
Ore dip  N  83,3 -0.99 
Ore dip  N  80,2.7 -1.09 
Ore body area  N  1800,200 -1.34 
Slice height W 4.8,0.2,3.0 -1.00 
Slice height  N  4.8,0.2 -1.73 

*) See Table 7.3, column 4 

The drifting and slyping cost reduction gives the largest change in total cost, as 

Table 7.4 indicates. In the chosen example the geological uncertainty is quite 

large, and a large part of the cost curve is taken into account when the total cost 

calculations are made. The portion of the total cost attributable to the drifting 
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and slyping costs are, as been mentioned before, comparably insensitive to the 

distance between the ramp and footwall. A large or small uncertainty gives 

approximately the same answer concerning the importance of the drifting and 

slyping costs. It is also noticeable that a 10% change in the mean value and 

standard deviation for the ore dip has approximately the same effect on the total 

cost (4%). 

Table 7.5 : TYPE 1, Increase in total cost for 10% change in  parametre  values. Largest 

registered increases. 

Item distribution Values cy, 

Drifting W 10000,900,2.5 +4.20 
Slyping  N  7000,600,2.5 +2.03 
Slyping F 7000 +2.76 
Slyping W 6600,600,2.5 +3.55 
Slice height  N  5.2,0.2 +1.14 
Slice height  N  5.0,0.1 +1.77 
Slice height  N  5.0,0.3 +1.62 
Diff. ramp-slice F 9.0 +2.94 

The comments given after Table 7.4 cover also the results presented in Table 7.5. 

The presence of the last item in table 7.5 but not in Table 7.4 indicates that the 

starting value for the vertical difference between ramp and footwall (8 m) is close 

to the optimal, and that it can be reduced somewhat without any large effect on 

the total cost, but preferably not increased. 

Table 7.6 : TYPE 1, Decreases in standard deviation for 10% change in  parametre  

values. Largest registered reductions. 

Item distribution Values % 
Drifting W 8000,900,2.5 -23.50 
Trptcoeff. L 0.015,0.002 -17.66 
Critic  incl.  W 4.5,0.5,3.3 -19.41 
Slice height W 4.8,0.2,3.0 -17.94 
Slice height  N  5.2,0.2 -16.90 
Slice height  N  5,0.3 -16.52  
Ditt  ramp-slice F 7.0 -25.50 
Model  altern.  N  22,28,50 -20.25 
Model  altern.  N  23,27,50 -19.09 
Model  altern.  N  24,30,45 -20.69 

, Boundary  pos.  F 0.5,6,11 -19.31 
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Reduction of the vertical difference in distance between the ramp and first slice 

gives the largest reduction in the standard deviation for total cost (Table 7.6). The 

most plausable explanation is that the cost of the bottom slice has been reduced, 

and the cost of the top slice increased, so that the cost difference between the 
slices has been reduced. This way the tails in the probability density function for 

total cost have been drawn closer to the expected value. The other items in Table 

7.6 can generally be explained by the fact that the cost  parametres  involved have 

a significant influence on total cost for the access. 

Table 7.7 : TYPE 1, Increase in standard deviation for a 10 % change in  parametre  

values. Largest registered increases. 

Item distribution Values % 
Trptcoeff. W 0.013,0.0032,3 +11.13 
Critic  incl.  W 4.5,0.5,2.7 + 9.55 
Ore density  N  3.5,0.04 + 9.76 
Diff ramp-slice F 9.0 + 9.47 
Model  altern.  N  20,27,53 + 9.55 

The reason for change in transport coefficient being in Table 7.7 is that the 

computer program (RAMPSITE) has not been constructed to deal with fourth 

decimal changes in the  parametres,  so the change in standard deviation of 

transport coefficient is actually around 75% rather than 10%. The same logic can 
be applied to the other items in the Table. 

Tables for Type 2 (comments to Table values after each Table)  

The probabilistic sensitivity analyses for Type 2 is performed in a similar way to 
the one done for Type 1. 

Table 7.8 : TYPE 2, Decrease in total cost for a 10% change in  parametre  values. 

Largest registered reductions. 

Item distribution Values oh 

Drifting W 10000,1100,2.5 -3.06 
Slyping W 6300,700,2.5 -3.66 
Trptcoeff. W 0.011,0.002,3 -2.63 
Critic  incl.  W 4.5,0.5,3 -3.57 
Slice height  N  3.8,0.2 -7.29 
Diff. ramp-slice F 9.0 -5.47 
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Changes in the slice height variance and vertical distance ramp-first slice have a 

large impact on the total cost because of the dip of the ore body for Type 2 (30 0). 
Transport costs also have a larger effect in Type 2 than in Type 1, since the 

tonnage from each slice is much higher. 

Table 7.9 : TYPE 2, Increase in total cost for a 10 % change in  parametre  values. 

Largest registered increases. 

Item distribution Values % 
Drifting W 11000,1000,2.5 +3.51 
Slyping W 7700,700,2.5 +3.91 
Trpt coeff. W 0.015,0.002,3 +2.97 
Critic  incl.  W 5.0,0.5,3 +4.07 
Slice height  N  4.2,0.2 +8.37 
Ore dip  N  27,3 +2.85 
Diff. ramp-slice - 7.0 +6.97 

The explanation to Table 7.9 is the same as for Table 7.8. 

Table 7.10 : TYPE 2, Decrease in standard deviation for a 10 % change in  parametre  

values. Largest registered reductions. 

Item distribution  Values % 
Slice height  N 4.2,0.2 -10.39  
Diff. slice-ramp -  7.0 -12.09 
Model position  -  0.5,5.0,10.0  -  6.87 
Model position 0,5.0,9.5  -  6.09 
Model  altern.  N 25,30,45  -  6.00 
Model  altern.  N 20,35,45  -  6.35 

Table 7.11 : TYPE 2, Increase in standard deviation for a 10% change in  parametre  
values. Largest registered increases. 

Item distribution Values % 
Drifting  N  12000,1100 +14.15 
Slyping  N  8000,700 +19.46 
Trpt. coeff.  N  0.015,0.002 +10.27 
Slice height  N  3.8,0.2 +23.95 
Diff. ramp-slice 9.0 +58.02 
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The large impact vertical distance between the ramp and first slice has on total 

cost standard deviation indicates that the optimal vertical distance between ramp 

and first slice is closer to 7 m than 8 m. 

Tables 7.4-7.11 indicate strongly that it is more important to collect information 

about the range in which the input  parametre  values lie, than to calculate the 

uncertainty (standard deviation in the tables above). It is also vital to find out 

which probability density function best fits the available data. A skewed 

distribution can give a larger difference than a symmetrical one when it comes to 

calculating the uncertainty of the total cost. 

124 



8. DISCUSSION AND CONCLUSIONS 

The importance of making as complete calculations as possible for all steps in a 

mining process, as early in the process and as often as possible, became more and 

more evident as the thesis work progressed. By going through all the steps in the 

planning process (ore body construction, layout and design, production 

planning, etc.) the entire staff can gain an opportunity of familiarizing 

themselves with the new ore body (or a new part of an ore body already in 

production). This means that a model must to be constructed for the whole 

process. If tools are available to do the calculations smoothly and quickly it will 

save both time and money for geologists, mine planners, mine managers and 

company directors. These tools and calculations would also provide another 

important result: they can provide a basis for discussion, so that everybody has 

a common platform from which discussion can commence. The thesis will also 

show how to deal with a lack of information in the early stages of a mining 

venture. 

This chapter deals firstly with the model that has been developed (Sections 8.1-

8.5), and discusses briefly different methods of gathering information (8.6), and 

different modelling techniques (8.7). 

8.1 Model evaluation 

The cost model that is presented has not been evaluated using field data 

measurements, since that was not included in the project plan. Field tests are 

therefore required to determine true relations and probability distributions for 

cost  parametres  and variables. These relationships and distributions will 

certainly change from mine to mine, since the cost model does not include all 

variables and  parametres  that influence cost variations. Examples of these are 

rock abrasion (tyres) and water inflow (slippery roads etc.). The model presented 

and used in this work should serve as a guide to the level of detail to which the 

cost model can be developed.  Parametres  and variables should also be studied 
and included in the cost model. 

The geological model tries to imitate reality as much as possible. Since traditional 

modelling normally ignores all data interpretations but one, and is deterministic, 
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this developed model gives the user an opportunity to see whether the 

traditional methods are sufficient for the needs of the mine, or whether more 

detailed calculations should be performed. Geostatistics also only considers one 

possible interpretation of the data, although model uncertainty is calculated. 

Probability also comes into the model, although in a simplified form, and is 

described subjectively by a geologist. Depending on who one speaks to, the 
incorporation of human experience as an input to the model can be positive or 

negative. The author's opinion is that it is very difficult, and perhaps impossible, 

to quantify man's intuitive ability(see also Sections 6.2.1 and 6.2.2). 

Since all geologists who have been consulted in this matter claim that very often 

several models are valid, the method developed fulfils the requirements of 

realism more than traditional models. 

In order to use geostatistics in the same way, interaction between an expert 
(geologist) and the model has to take place. Subjective information about the 
probabilities of occurrence in different models has to be provided. 

The procedure for determining the correct ore body boundary probabilities is 

related to what is known as Bayesian inference2  [Press, 1989]. 

8.2 Statistical treatment 

It can not be emphasized too much that if a probabilistic approach is to be used 

in model development, it is vital that the whole model is probabilistic and not 

just parts of it. If a model consists of a mixture of deterministic and probabilistic 

input variables, the possibilities to interpret the results from a probabilistic point 

of view are lost. There is therefore no point of evaluating the importance of input  

parametres  on the total outcome if all  parametres  are not probabilistic. 

As mentioned earlier, the presented model has been created mainly to show the 

principle of probabilistic decision model making in mine layout and ore 

characterization. Within the time and budget available it has not been possible to 

confirm some of the parts of the model. Some comments on the probabilities are 
given below. 

2 In Bayesian statistics it is possible to quantify experience and incorporate that in the model. 
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Cost model uncertainties: 
Field tests must be employed to determine probability 

distributions. These might even change between mines, the 

constant in the equations will certainly do so. The equation in the 

present cost model can best be described as a mathematical 

description of the expert knowledge of the Swedish mining 
community. 

Since the cost model is numerical, as is the whole decision model 

for that matter, it is possible to use both discrete and continuous 

distributions, and also to combine them. 

Geological uncertainties: 
Both the confidence interval for each ore body alternative and the 

probability of occurrence are "subjectively" determined by the mine 
geologist, and therefore subject to possible errors of human . 

judgement. 

8.3 Industrial applications 

The model has been developed primarily for the HCAF mines in Sweden, but 

because of the flexibility of its design it can also be used in situations other than 

ramp siting. One possible application is optimization of the location of footwall 

transport drifts in the Kiirunavaara mine. All that is required is a change in some 
of the input  parametres  to adapt to this new situation. The figures below 

illustrate an example for one crosscut in a sublevel caving mine (the ore width is 

assumed to be approximately 60 metres in this example). The input data are not 
confirmed by the  LKAB  Company, but should serve as example values to show 
the technique.. 

As the four figures clearly illustrates, it is easy to use the model for applications 

other than ramp location in HCAF mines. Since the crosscuts are horizontal the 
right side of the cost curve is flatter than in the HCAF example. 
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Fig. 8.1 : Input menu 1, crosscut example, Kiruna mine, Sweden 

Fig. 8.2 : Input menu 2, crosscut example, Kiruna mine, Sweden 
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Fig. 8.3 : Geological uncertainty and cost curve, crosscut example, Kiruna mine, 

Sweden 

Fig. 8.4: Total cost uncertainty, crosscut example, Kiruna mine, Sweden 
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Fig. 8.5 : Numerical output, Kiruna mine, Sweden 

8.4 Strength and weaknesses of the model 

This section is divided in two parts, strengths and weaknesses. 

Strengths : * The model is realistic, especially concerning geological 

uncertainty. It gives the user an opportunity to test new ideas or 

changes and estimate the financial consequences before 

implementing them. 

* It is very fast in preparation and calculation time and can be 

used both for estimations and detailed calculations. 

* It is implemented in an user-friendly computer program, which 

increases the chances that the model will be used in the mining 

industry. 
* It gives information users a chance to optimize exploration 

drilling patterns, not simply from the geologists purposes to 

investigate the genesis of the ore body, but also to avoid 

exploration overdrill for metal contents. Mine planners and rock 

mechanics engineers will have a tool to optimize mine layout 
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according to different variables, like mine safety, or maximum 

production rate. 

Weaknesses : * The cost model  parametres  have not been verified in field 

tests, so that the current cost model must be treated as a 

demonstration of a possible, and perhaps plausable, cost 

model. 

* The computer program does not permit ore body area 

variations coupled to different interpretations, so that the 

model does not couple different ore body area's with 

different ore body model interpretations. 

* The current model only optimizes a ramp or a drift location 

using the distance between the ramp/drift and the ore body 

boundary. Optimization of the location in the ore body strike 
direction is an important part of a complete model. This 

corresponds to Case 2 in Chapter 2. Consequently, the cost of 

gathering information is put solely on this distance, without 

considering all the other benefits the information brings. The 

extra information increases the knowledge about the ore 

body generally, which means that some of the costs for the 

extra information gathering should be put on production 

planning, maintenance, reinforcement, etc.. 

8.5 Ore characterization methods 

The cost of exploration is a significant input parameter into the decision 

criteria, to decide wheter more information is worth the money. By 

comparing the cost of information gathering with the reduction in cost due to 

better planning, it is possible to decide how much information to gather. It is 

therefore of vital importance to use the information gathering method that 

satisfies the necessary requirements, and also has the lowest cost. This section 

starts with a short presentation of the available methods, followed by an 
estimation of the quantitative and qualitative advantages and disadvantages 
of each of the methods. 
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8.5.1 Drill cores 

Taking drill cores, using diamond drilling technique, is the traditional and 
well established way of gaining information about an ore body. It permits the 

geologist to see what the ore looks like and to study and understand the 

structure from physical and chemical points of view. Grain sizes, shapes, etc. 

can be studied under a microscope. 

Diamond drilling is slow, and therefore expensive. If the rock is weak, 

weathered or crushed, the core recovery may be low. It is therefore sometimes 

difficult to establish the position of boundaries and zones. The fact that the 

drilling crew can investigate the core after each uptake (normally 2-3 m) 

permits them to stop drilling after passing all ore zones. 

A chemical analysis in the laboratory is expensive and it is therefore necessary 

to minimize the number of samples to be analyzed. Samples are quite long, 

especially in sections of waste rock, which gives an average grade for the 

whole sample as the output. 

The technique gives the engineer good information about the core from 
geological, chemical, structural and solid mechanics points of view. But for 

the two latter disciplines, which in mining is usually called rock mechanics, 

the core is not a reliable representative of the rock mass. Compensations for 

disturbances from drilling and scale effects have to be made. It is also rather 

slow and expensive to perform laboratory measurements, which means that 

the number of samples will be quite small. Investigation of a drill core can be 

viewed as obtaining a one-dimensional sample of the rock mass, from which 

three-dimensional predictions can be made by extrapolation and 
interpolation. 

Core drilling is on the whole a very expensive method, but it also provides a 
wealth of direct information. 

8.5.2  Drilling  parametres 

An alternative to diamond drilling is the use of percussion drilling, either  top-
hammer  drilling or the down-the-hole-drilling technique, combined with 
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Drilling) plus evaluation is very small; an instrument costs around  SEK  200 000, 
and is estimated to last as long as the drill rig. According to experts in the field 

the costs of measurements and evaluation can be considered negligible. The 

overall cost will therefore be around 1/5 of the cost of diamond drilling. Further 

research has to be done to determine whether the qualitative and quantitative 

information from diamond drilling can be matched by the MVVD-technique. 

Sharp features in the rock, such as rock type boundaries can easily be detected 

using this technique, but it can also be used to predict metal content in ore, as 

can be clearly seen in Fig. 8.6, which demonstrates the technique being tested in 
the Kiruna ore body. The first part of the figure is magnetite ore (marked  
"MALM"),  and the latter part is waste rock  ("SIDOBERG").  

Fig. 8.6 : Forecast of iron content based on drill  parametres  ("continuous curve") 
compared with drill cuttings ("dashed curve"). The latter is standard 

procedure today, with one sample every 1.5 metres [Schunnesson, 
1989]. 

In the Mining in the year 2000 programme one of the projects is called "MWD-
technique for percussion drilling". The information given above is from this 
project. The researcher responsible is  Håkan  Schunnesson, of the Division of 
Mining Equipment at  Luleå  University of Technology, Sweden. 
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8.5.3 Drill cuttings 

Drill cuttings analysis is a rather undeveloped method, but from the information 

point of view it has a high potential. Sampling can be done either in batches or 

continuously, and things like average grade distribution, grain sizes, etc. can be 

measured. The major problem with using drill cuttings as a method of providing 

information is that the grains mix before being analysed, depending on their size 

and density. For example, ore body limits cannot be defined exactly. 

The advantage in using on-line drill cutting analysis, just like the drilling  
parametres  above, is that measurements are made while drilling. This makes 

both methods suitable for production drilling and short term planning. 

A project on the drill cutting technique is under development in the Mining year 

2000- programme. 

8.5.4 Geophysical borehole logging 

Geophysical borehole logging consists of a number of possible measuring 

techniques developed mainly for surface measurements. By selecting a suitable 

method for the ore body, fairly good qualitative assessments can be made, as 

well as some quantitative  [ Sundin  & Wänstedt, 1989 ]. Table 8.1 contains an 

overview of methods and results (in Swedish). The table was produced by SCAB 

(Swedish Geological AB). 

Tests suggest that the overall cost of geophysical logging will be around 1/3 of 

the cost of diamond drilling, assuming that the same qualitative and quantitative 
information is obtained with both methods. 
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Logginetoder 

Susceptibilitet  
Naturlig  gamma 
Gamma-gamma (density) 
Neutron-neutron (porosity) 
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Resistivitet - normal 
Resistivitet - lateral 
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44 

1- 

4 

2 
2  

4 44 

1  Kvantitativt — bra  

2  Kvantitativt — möjlig  
3 	Kvalitativt — alltid  
4  Kvalitativt — möjlig  

Table 8.1 : Main responce of logging method to physical  parametres  

Nils-Olov Sundin  and Stefan Wänstedt at the Division of Mining and Rock 

Excavation at  Luleå  University are involved in a project, where results and 

information given above is taken. 
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9. RECOMMENDATIONS FOR FURTHER RESEARCH 

When using the criteria under risk and uncertainty, the assumption is that 
"nature" is the only other player in the game. In mining, as well as in most 

other fields of human activity, very often different companies, governments, 

even different departments inside a company also take part in the game. An 

example of this would be if the geologist decided the exploration programme 

it would look different from one set up by mine planners. A third programme 

would be suggested by the rock mechanics people, and so on. The model 

developed here shows that there are many things to consider before deciding 

on an investigation programme for an ore body. Some of these aspects are not 

covered in this thesis, but would be a natural extension of the model 

discussed here. 

The conclusion that can be drawn is that there are many decision situations in 

mining where a decision model is a good help to make the choice between 

different alternatives. As a general recommendation it might be wise to look 

into a research field called "Game theory", where it is possible to have several 

active "players" in the game, and try to optimize the overall result from 

different points of view at the same time. 

9.1 Computer program development 

Generalization or specialization are the keywords in development of 

RAMPSITETm. The current version can deal only with the ramp siting case 

described in this thesis. Adjustments and reprogramming can make it 

possible for the user to develop both the cost model (or more generally: the 

equations guiding the relationship between the variables on the axes of the 

graph), necessary input  parametre  values, uncertainty and even menu's. It 

would permit the program to be used in situations in which transformation of 

uncertainty has to be done in order to use a suitable decision criterion. The 
described generalization would increase the opportunities of using 

RAMPSITETm in a wide variety of cases, and therefore make it more attractive, 

and also help the user to get used to running the program. 
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The model can be developed by coupling the program to a 2-D or 3-D 

program that draws up the ore body. This would give the user a more correct 

estimate of the ore body shape but also an opportunity to correctly identify 

the geometrical input  parametres  that now by necessity are estimates of the 

volume covered by the access. 

Specialization can be achieved by customizing the model to a specific mine 

and, therefore, a specific set of equations. This requires some data collection to 

determine  parametre  values and important  parametre  relationships. But 

specialization can also mean creation of cost models for specific layout 

situations (ramps, drifts, shafts, etc..) 

9.2 Development of the cost model 

As mentioned earlier, the developed model describes the consequences of 

gathering information (costs, ore body model, etc.), in one particular case in 

which the information is used (ramp siting in respect of distance between the 

ramp and ore body boundary). Several other distinguishable situations 

should be incorporated in the cost model before a fair total estimate of the 

importance of the gathered information can be made. 

It is also of great importance to determine whether the current cost model 

includes all the important parametres/variables necessary or not. Variables 

like the inflow of water might make a significant contribution to the 

interpretation and accuracy of the model. This model check should be 

performed through data collection in mines. 

9.3 Interface to other areas within a mining operation 

The developed model will be used in the planning stage of the mine, which 

means that there are several important phases of a mining operation before 

and after the layout stage. It is important for the use of the model that the 

stages before layout produce the right type of output, and equally important, 

that the results from the model can be applied directly in the stages that 

follow the mine layout stage. To make sure that the model is used properly, it 
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would be advisable to incorporate it in a larger system, where all stages of 

mining are present. This would ensure the use of probabilistic models. 

9.4 Further research 

To give the reader a better understanding of the potential of using 

computerized detailed decision models in mining a few other possible 

situations are mentioned below. Since these situations have not been 

investigated yet it is too soon to state whether the technique described in this 

thesis can be applied, but there are nevertheless examples of the wide range 

of possible applications for the decision modelling approach. The other 

possible situations are: 

* Optimal position of an ore pass: The problem is very similar to ramp 

location, and the model would be very similar. 

* Optimal choice of mining method 

* Optimizing mining method  parametres  (like room width, sublevel height, 

main level positions, etc.) 

* Optimal equipment selection for a specified mining method 

*Use of fractal geometry to investigate the geological uncertainty: At every 

instant in an investigastion programme a number of data points are known. 

By creating 3-dimensional bodies using fractal numbers, and comparing 

these with what is known (the data points) and storing the one's that match 

the known data, it is possible for the geologist to look at the images and 

thereafter, by adding the boundaries for all the acceptable models, create a 

confidence interval at each point of the boundary. 

* Implement 3D-image and calculations in both the model and the computer 

program 
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Appendix 1: Cost equations 

The reasoning in this appendix is based on the "successive calculation" 

technique, and the reader should read through chapters 3-6 before continuing 

here. 

I TOTAL COST 

The cost model consists of four basic parts: 

CTOT = CDEV CTRPT CREINF CPROD  

where CToT  

CDEV 

CTRPT 

CREINF 

CPROD 

= total cost of access drift at distance  x  

= development cost of access drift 

= transport cost in access drift 

= reinforcement costs in ramp (not access drift) 

= production losses / gains 

Each of the basic parts can be described in more detail. The trick is to stop the 

dissection at a level where no more information can be gained, and where 

uncertainty can be both identified and quantified. In this appendix the 

method of successive calculation will be adapted, as suggested in 

Lichtenberg, (1984). 

The different parts of (1) will be dealt with in "order of 

appearance" in the equation. 
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II DEVELOPMENT COST 

The cost of drifting an access can be written : ,  

N 
CDEV = CDRIFT + 1  CSLYPE 

1.2 

where CDEv 	= Development cost 	[SEK/m] 

CDRIFT 	= Drifting cost 	 [SEK/m] 
= Slyping cost CSLYPE 	 [SEK/m]  

N 	= Number of slices per access drift 

The difference between drifting and slyping cost is large, up to 30-40%, and it 

is therefore vital to separate them from each other in the model calculations. 

The probability density function of CDEv would therefore have (at least) two 

peaks. Drifting and Slyping costs can be differentiated in the following way:, 

and 
CDRIFT 	= DOC •  k1  *  k2  • b •  li 	 (iii) 

CSLYPE 	= DTC • kl •  k2  • b • Ii 	 (iv) 

where Doc = average drifting cost for the current 
environment 	 [SEK/m] 

DTC =. average slyping cost for the current 
environment 	 [SEK/m] 

ki 	= inclination coefficient 	 [ ] 
k2 	= curve coefficient 	 [ ]  
b 	= direction coefficient 	 I l  
li 	= real 3-dimensional distance between the 

ramp and orebody boundary (footwall) [m] 

Doc  and arc can be broken down into a large number of  parametres,  but it 
might not be useful to do so. 
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Both Doc  and  Dit  include the unit mining operations : drilling, charging, 

blasting, mucking, scaling and reinforcement. The uncertainty coupled to 

these unit operations can be assumed to consist mainly of variations due to 

1) Change in rock conditions 

2) Machine utility and performance variations 

3) Workforce utility and performance variations 

All three sources of variation can be assumed to have skewed probability 

distributions, varying in skewness. The total uncertainty of Doc  and  Dit  will, 

assuming the validity of the Central Limit Theorem, be slightly skewed (the 

number of added distributions is only 6) but less than the skewness of the 

individual probability distributions from the unit operations. 

Doc  and DTc have not been divided into their smaller parts for the following 

reasons:. 

1) It is assumed that the probability distribution for Doc  and  Dit  can be fairly 

well described by one of the existing theoretical probability density 

functions. 

2) Doc  and  Dit  are fairly easy to measure due to the cyclic nature of both 

drifting and slyping, and are therefore practical. If production records are 

kept, input values and distributions can be recalculated from historical 

events. 

The other  parametres  in equations 3-4 are of a "corrective nature", i.e. 

adjusting the costs due to variations in, for example, inclination and curve 

radius. 

The  parametres  k1  and k2  are rather difficult to measure and quantify, since 

they are especially dependent on rock and machine  parametres,  like road 

conditions, type and condition of equipment, etc.. A curve for k1  and k2  has 

been established with the help of the Swedish National Road Administration 

and the  Boliden  Mineral Company. The information was only given in form 

of a graph, but equations for the curves could be created by the use of 
regression analysis. Figs. A1.1 and A1.2 show a graphic display. This curve 

indicates the shape and can be considered as a general quantification, but 

should not be used directly in a mining operation, since all the  parametres  

and variables that affect the coefficient have not been taken into consideration 

(some are mentioned above). 

152 



/ 	 / 	I  , 

-, 	 / --N 
/ 	 , / 	 ,. 

` 7 •  

' ,I I 	
/, 

r 	. "7'7-- 	\ 	'\ 	7 	\ 
1 111\ tO 	r 	

\\ 
---- 	7- \._ 	 / 	\ / \ 

\, 	
\ / 

z  
7 \ 

/ 
/ 	 N --- 	 ‘\  

7 \ \ 	 \ 	\. / 7 \ 	 \ / 	 N , 

/  

  

  

"11121IMME11/tw  

Fig. A1.1 :  Horisontal  view of access drift 

The inclination coefficient, k1  , can be written: 

7.9641 
k1 	= 4.6099 	 (v) 

"V a 

where a = inclination angle of access drift 

The inclination angle a is calculated : 

a = arcsin 
Ii  

	

where zs 	= vertical level of current slice 	 Irn} 

	

Zr 	= vertical level of the ramp at the access drift [m] 
= total length of the access drift 	 [m] 

(see Figs A1.1 and A1.2 for a graphical display of the  parametres) 
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Zs  - Zrs   
(vi) 



The total length, 1, is calculated 

	

= 	le 4. 12 	 (vii)  

where I 	= 	-NJ An2 ( Aa +  a )2 	 (viii)  

and 	Ah = Zr  - zs 	 (ix) 

Ah • sin(90-y)  
and 	Aa —  	 (x) 

sin y  

\ . / / 1 1 I , 
1 
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Fig. A1.2 : Vertical view of access drift 



where Is 	= strike distance (see Fig. A1.1) 
I 	= access length, vertical plane (Figs. A1.1 and A1.2)  
Ah  = vertical distance from ramp to slice  
Aa  = ore body displacement due to the dip of the orebody 
a 	= horizontal distance from ramp to footwall (Fig. A1.2)  
y 	= ore body dip 

The curve coefficient, k2 , can be written, 

k2  = 0.992 + 0.0363 • arctan 	I 	zs 	I  [ 
li  )  

The direction coefficient,  b,  can be used to adjust differences between drifting 

and slyping upwards and downwards. If  bl  is the value of  b  when the drift is 

going upwards, and b2  the value when going downwards, then  

b =  bi  if (zr  - zs) <  0  
b =  b2  if (zr  - zs) >  0  
b=l 	if (zr  - zs) =  0  

(xii a-c) 

The given values of  b  can vary between mines, but generally it can be 

assumed that : b1  > 1 > b2. It is mainly the mucking process that contributes to 

the differentiation of  bl  and b2. 

III TRANSPORT COST 

The transport cost of rock transporting within the access drift dominates the 
transport costs in the drift. The cost of service trucks, scaling equipment, drill 

rigs etc. can be included, but will not significantly add to the total transport 

costs. The cost equation presented in Chapter 5 therefore only includes 

mucking costs. A more general equation is presented below: 

CTRPT ''' CMUCK + CDRILL + CSCALE + CSERV 	(Xiii)  

where C_TRpT 	= ore transportation cost 	[SEK]  

CMUCK 	= mucking cost 	 [SEK]  

CDRILL 	= drilling cost 	 [SEK]  

CSCALE 	= scaling cost 	 [SEK]  

CSERV 	= service/maintenance cost 	[SEK]  
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CMUCK 

CDRILL 

CSCALE 

CSERV 

= 	1k • 1  i  • t • k2 • k3  

= Id •Ii •n•k2 •k3  

= If  • 	• m • k2  • k3  

= Id  • I;  •  p  • k2  • k3  
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where lk 	= rock transport coefficient 	 [SEK/t•m] 
t 	= total rock tonnage going through the access [t]  
k3 	= transport inclination coefficient 	 I 
Id 	= drill rig transport coefficient 	 [SEK/m]  
n 	= number of transport trips through the access 

drift for the equipment in question 	[] 
= scale rig transport coefficient 	 [SEK/m] 
= number of transport trips through the access 

drift for the equipment in question 	[1 

lc 
	= service truck transport coefficient 	[SEK/m]  

P 	= number of transport trips through the access 
drift for the equipment in question 	[] 

IV REINFORCEMENT COST AND PRODUCTION 
LOSSES/GAINS 

The level of detail presented in Chapter 5 is assumed to be sufficient for the 

purpose of creating a general description of costs and their variations in ramp 

location optimization. 

V CONCLUSIONS 

It is assumed that the above equations represent a sufficient level of detail to 

distinguish probability distributions for the different  parametres  involved. All 

the  parametres  in the equations are measurable in a practical sense, and it is 

therefore possible to implement the model in mines. An large amount of 

information gathering is necessary at the beginning, but when this initial 

stage is passed, the model is easily adapted to changes in the input  parametre  

values. 



Two things are important to be able to judge when the detail level of the cost 

model is high enough . The first is to identify the reasons for creating the 

model, and thereafter the output values from the model. In the cost model 

created above, only one result has been considered important as output in this 
special case, when solely the total cost of the access as an input to a decision 

criterion has been taken into account. It is easy to see the possible benefits of 

also saving the values for development, transportation, reinforcement and 

production variances. When output requirements have been identified a first 

model has already been built in the course of that process. The second stage is 

to make sure that all the input values that must be put into the model can be 

obtained directly. If some of them have to be calcuclated from other values 
they cannot be considered as input  parametres,  and the model should be 
extended until all input values are  parametres  and not variables. A third good 
way of judging whether the level of detail is enough, is by looking at the 
probability distributions of the input  parametres.  If there is uncertainty in 
defining the distribution, it would be advisable to increase the level of detail 
for that particulate  parametre.  
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MAIN MENU 

EXIT TO 
DOS 
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DATA WITHIN 

LEVIITS ? 

CALCULATIONS 
(see II) 

ARE THE 
CALCULATIONS 

COMPLETE?  

i  
OUTPUT 
MODULE 
Graphical 
Numerical 

Appendix 2 : Flow chart for computer program, 
RAMPSITE 

RAMPSITE requires an IBM-compatible PC with  DOS-version  higher than 2.0. 
The internal memory requirement is 512 Kb. RAMPSITE was developed using 

TURBO PASCAL 5.0. 

The main flow chart is displayed on this page, whereas the box for 
CALCULATIONS is displayed on the following page. 

I MAIN CHART 
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II CALCULATIONS 

COST CURVE 
CALCULATIONS 

(Deterministic) 

GEOLOGICAL 
UNCERTAINTY 
PROBABILITY 

DISTRIBUTION 
CALCULATIONS (Monte 

Carlo Simulation) 

COST  PARAMETRE  
UNCERTAINTY 
PROBABILITY 

DISTRIBUTION 
CALCULATIONS (Monte 

Carlo Simulation) 

UNCERTAINTY 
TRANSFORMATION 

CALCULATION OF 
EXPECTED VALUE AND 
VARIANCE FOR COST 

AT OPTIMAL DISTANCE 

CALCULATE THE 
TOTAL COST USING 
DECISION CRITERIA 
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Appendix 3 : Deterministic sensitivity analysis 

Examples of the results from the sensitivity analysis are given in this 

appendix. Pages 160-162 shows bar charts with the impact of the cost  

parametre  on the total cost, given a specific distance between the ramp and 

the ore body footwall boundary. Pages 163-165 show the consequences of a 10 
% change in  parametre  cost on the total cost along the distance axis for three 

of the cost  parametres  ( drifting cost, vertical distance and slice height). These 

charts and curves can be shown for all cost  parametres  and all distances, but 
those displayed here are some of the more interesting ones. 
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Appendix 4: Probabilistic sensitivity analysis 

Appendix 4 consists of two parts, a table displaying the results of computer 
program runs with changes in the input  parametres,  and an explanatory part 
where the results are interpreted. 

In the tables below, comments on some of the more interesting results given 
in Table A4.1 are discussed. 

Table A4.1 : Total cost variations, Type 1 ( see section 7.4) 

Number 	Line Change 	Comment 

1 
	

10 	-4.04 	Uniform distribution does not have any tails, 

and since the high values on the cost curve 
are on the left and right side rather than the 
middle, the cost will go down. 

13 	-5.28 	A reduction of the Expected Value should 

always have a positive effect on the cost. 

14 	+4.20 	See No 2 (reverse case). 

34 	-7.51 	The dicrete  Weibull  distribution is created 
using the standard continuous  Weibull  
distribution as a base. The tails are slightly 

cut when the conversion from continuous to 

discrete takes place, but the effect is larger 
than expected. 

56 	+92.33 	The distribution change from Normal to 

Uniform distribution cuts the tails far away 

from the expected value of the distribution, 

but moves out the rest of the uncertainty 



6 64 -7.41 

7 73 -6.62 

8 84 +18.55 

somewhat from the centre. It seems like the 

model is indicating strong sensitivity towards 

changes in the dip. At this point this 

phenomenon cannot be explained properly. 

See No 1. 

See No 1. 

The discrete  Weibull  probability appears to 

show signs of undue variations compared 

with the continuous  Weibull,  there may be a 

mistake in the program code that has been 

overlooked. 
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Table A4.2 Standard deviation variations, Type 1 

Number 	Line Change 	Comment 

9 10 -45.66 

10 13 -23.50 

11 21 -31.92 

12 56 -64.56 

13 84 -44.56 

Variance is calculated as the sum of the 

squares of the difference between every 

value and the expected value. Since 

Uniform distribution has no tails it is no 

surprise that the standard deviation is small. 

Since the computer program limits the 

number of random values from cost  

parametre  uncertainty distributions to 50, 

the variations in standard deviation will be 

quite large. 

See No 1. 

See No 1. 

See No 8. 



14 	91 	-25.50 	The cost curve is steeper to the left of the 
minimum point, so when standard deviation 

is reduced the chances are that this 

reduction comes from the left side. In this 

case it means that a 7 metre difference 

between ramp level and first slice level gives 

a lower (and therefore better) uncertainty of 

total cost. The optimum is perhaps less than 

7 metres? 

15 	94 	-20.25 	When the combined expected value for a 

mixed distribution is moved towards the 

centre of distribution the uncertainty is 

expected to diminish (squared difference). 

16 	102 -20.69 	See No 15. 

Table A4.3 Total cost variations, type 2 

Number 	Line Change 	Comment 
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17 31 -19.51 

18 40 -19.87 

19 52 -17.60 

20 61 -16.65 

21 72 52.48 

22 74 -7.29 

See No 4. 

See No 1. 

See No 1. 

See No 1. 

See No 8. 

Not surprising, since the expected value of 

the slice height was reduced. Reduction 

both in drifting and slyping cost (inclination), 

but mostly in transportation cost. 



Comment 

It is not possible to give a definite answer to 

why normal distribution should give a higher 

standard deviation than the  Weibull  

distribution. Perhaps random variations. See 

also No 10. 

_  

A very interesting, and surprising result, 

which should be looked into. No explanation 
is available at this stage. 

See No 8. 

See No 10. 

See No 5. 

See No 28. 

23 75 8.37 

24 80 142.75 

25 87 6.97 

26 88 -5.47 

Increase of slice height gives the same 

result as in No 22, but reversed. 

See No 5. 

It is not advisable to move the ramp closer 

to the first slice of the access (in this case 

downwards). The reason is the flat dip of the 

ore body. 

It is better to move the ramp upwards, using 

the same argument as for No 25. 
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Table A4.4 : Standard deviation variations, type 2 

Number Line Change 

27 17 19.46 

28 40 238.78 

29 72 156.95 

30 74 23.95 

31 80 32.22 

32 88 58.02 



PROBABILISTIC SENSITIVITY ANALYSIS, type 1 (1 of 2) 

A  B 	C 	D E  F  G tH I  J  
1 PARAM  ET- ANTAL FOR-  PARI  PAR 2 PAR  SUMMA  SIGMA  DIFF  SUM  DIFF  SIGMA  DIFF  SUM  DIFF  SIGMA  
2 ERNAMN KÖRN. DELN.  3 NORM 	NORM  
3 
4 Steglängd  6 	 1 
5 6 	 2  
6 
7 Slumptal  6 	1000 
8 6 	5000 789146 	207012  

9 
10 Ortdrivning  1  N 	10000 1000 795260 214156 6114 	7144 0,77 3,45 
11 1 U 	9000 11000 757256 112485 -31890 	-94527 -4,04 -45,66 
12 1 F 	10000 792638 179302 3492 	-27710 0,44 -13,39 
13 1  D 	9000 900 2,5 786737 186600 -2409 	-20412 -0,31 -9,86 
14 1 W 	8000 900 2,5 747482 158362 -41664 	-48650 -5,28 -23,50 
15 1 W 	10000 900 2,5 822310 176402 33164 	-30610 4,20 -14,79 
16 1 W 	9000 1000 2,5 794075 215680 4929 	8668 0,62 4,19 
17 1 W 	9000 800 2,5 784527 219659 -4619 	12647 -0,59 6,11 
18 1 W 	9000 900 2,6 786570 177653 -2576 	-29359 -0,33 -14,18 
19 1 W 	9000 900 2,4 786486 205050 -2660 	-1962 -0,34 -0,95 
20 0,00 0,00  
21 Takfällning  1  N 	7000 600 805147 179320 16001 	-27692 2,03 -13,38 
22 1 U 	6000 8000 813953 140941 24807 	-66071 3,14 -31,92 
23 1 F 	7000 810930 212782 21784 	5770 2,76 -2,79 
24 1  D 	6000 600 2,5 786676 187299 -2470 	-19713 -0,31 -9,52 
25 1 W 	5400 600 2,5 764105 218004 -25041 	10992 -3,17 5,31 
26 1 W 	6600 600 2,5 817177 203542 28031 	-3470 3,55 -1,68 
27 1 W 	6000 540 2,5 786739 218191 -2407 	11179 -0,31 5,40 
28 1 W 	6000 660 2,5 791341 207745 2195 	733 0,28 0,35 
29 1 W 	6000 600 2,3 785819 186955 -3327 	-20057 -0,42 -9,69 
30 1 W 	6000 600 2,7 787216 191311 -1930 	-15701 -0,24 -7,58 
31 
32 Transport- 1 N 	0,015 0,002 789871 186782 725 	-20230 0,09 -9,77 
33 koefficient 1 U 	0,013 0,017 790092 200695 946 	-6317 0,12 -3,05 
34 1 F 	0,015 788120 195504 -1026 	-11508 -0,13 -5,56 
35 1 D 	0,013 0,012 3 729909 209552 -59237 	2540 -7,51 1,23 
36 1 L 	0,015 0,002 781459 170449 -7687 	-36563 -0,97 -17,66 
37 1 W 	0,015 0,002 3 795852 213429 6706 	6417 0,85 3,10 
38 1 W 	0,011 0,002 3 780120 220617 -9026 	13605 -1,14 6,57 
39 1 W 	0,013 0,003 3 794496 230051 5350 	23039 0,68 11,13 
40 1 W 	0,013 0,001 3 789550 221008 404 	13996 0,05 6,76 
41 1 W 	0,013 0,002 2,7 791047 201415 1901 	-5597 0,24 -2,70 
42 1 W 	0,013 0,002 3,3 789553 219028 407 	12016 0,05 5,80 
43 
44 Kritisk  1  N 	 5 0,5 786642 219111 -2504 	12099 -0,32 5,84  
45 lutning  1 U 	4,5 5,5 786445 185169 -2701 	-21843 -0,34 -10,55 

1 F 	 5 792289 221816 3143 	14804 0,40 7,15 
1  D 	4,5 0,5 3 787020 202462 -2126 	-4550 -0,27 -2,20 
1 L 	 5 0,5 787969 222304 -1177 	15292 -0,15 7,39 

49 1 W 	5 0,5 3 788581 175989 -565 	-31023 -0,07 -14,99 
50 1 W 	4 0,5 3 785528 187964 -3618 	-19048 -0,46 -9,20 
51 1 W 	4,5 0,4 3 787211 181967 -1935 	-25045 -0,25 -12,10 
52 1 W 	4,5 0,6 3 791174 222962 2028 	15950 0,26 7,70 
53 1 W 	4,5 0,5 2,7 789550 226789 404 	19777 0,05 9,55 
54 1 W 	4,5 0,5 3,3 783842 166821 -5304 	-40191 -0,67 -19,41  
55 
56 Malmstup-  1 W 	77 3 3 789566 216082 420 	9070 0,05 4,38  
57 fling  1 U 	77 83 1517749 73355 728603 	-133657 92,33 -64,56 
58 1 F 	80 787734 218867 -1412 	11855 -0,18 5,73 

1 N 	77 3 791488 186662 2342 	-20350 0,30 -9,83 
60 1 N 	83 3 781319 179189 -7827 	-27823 -0,99 -13,44  
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PROBABILISTIC SENSITIVITY ANALYSIS, type 1 (2 of 2) 

A  IBICIDIEIFI G H I 	I 	I  .1 	I I( 	1 L 	!  

61 1  N  80 2,7 780516 179846 -8630 -27166 -1,09 -13,12 

62 1  N  80 3,3 785041 183350 -4105 -23662 -0,52 -11,43 

63 
64  Malmarea  1 W 1800 200 3 789645 208387 499 1375 0,06 0,66 

65 1 U 1800 2200 730645 182614 -58501 -24398 -7,41 -11,79 

66 1 F 2000 787246 202508 -1900 -4504 -0,24 -2,18 

67 1  D  1800 200 3 787511 218835 -1635 11823 -0,21 5,71 

68 1  N  1800 200 778591 177585 -10555 -29427 -1,34 -14,22 

69 1  N  2200 200 795797 216797 6651 9785 0,84 4,73 

70 1  N  2000 180 790420 221840 1274 14828 0,16 7,16 

71 1  N  2000 220 784128 185024 -5018 -21988 -0,64 -10,62 

72 
73 Malm- 1 W 3,5 0,05 3 789451 202023 305 -4989 0,04 -2,41 

74  densitet  1 U 3,45 3,55 736934 212668 -52212 5656 -6,62 2,73 

75 1 F 3,5 785693 181315 -3453 -25697 -0,44 -12,41 

76 1  D  3,45 0,05 3 784687 176435 -4459 -30577 -0,57 -14,77 

77 1 L 3,5 0,05 785021 180368 -4125 -26644 -0,52 -12,87 

78 1  N  3,45 0,05 788050 212122 -1096 5110 -0,14 2,47 

79 1  N  3,55 0,05 788935 192451 -211 -14561 -0,03 -7,03 

80 1  N  3,5 0,04 791437 227214 2291 20202 0,29 9,76 
81 1  N  3,5 0,06 791572 212787 2426 5775 0,31 2,79 

82 
83  Skivhöjd  1 W 4,8 0,2 3 781242 169876 -7904 -37136 -1,00 -17,94 

84 1 F 5 784494 183157 -4652 -23855 -0,59 -11,52 

85 1  D  4,8 0,2 3 935530 114758 146384 -92254 18,55 -44,56 

86 1 L 5 0,2 790104 200659 958 -6353 0,12 -3,07 

87 1  N  4,8 0,2 775497 212255 -13649 5243 -1,73 2,53 

88 1  N  5,2 0,2 798124 172020 8978 -34992 1,14 -16,90 

89 1  N  5 0,1 803085 200022 13939 -6990 1,77 -3,38 
90 1  N  5 0,3 801916 172814 12770 -34198 1,62 -16,52 

91 
92  Differens  1 7 791567 154216 2421 -52796 0,31 -25,50 
93  ramp-skiva  1 9 812337 226624 23191 19612 2,94 9,47 

94 
95  Modell-  2  N  22 28 50 789170 165086 24 -41926 0,00 -20,25 
96 alternativ 2  N  18 32 50 786441,5 201543 -2704,5 -5469,5 -0,34 -2,64 
97 1  N  18 30 52 786969 185818 -2177 -21194 -0,28 -10,24 
98 1  N  22 30 48 788736 191998 -410 -15014 -0,05 -7,25 
99 2  N  20 27 53 791998,5 226779 2852,5 19766,5 0,36 9,55 
100 2  N  20 33 47 785270 192697 -3876 -14315,5 -0,49 -6,92 
101 2  N  23 27 50 786967 167502 -2179 -39510,5 -0,28 -19,09 
102 2  N  17 33 50 783398 196659 -5748 -10353,5 -0,73 -5,00 
103 1  N  25 30 45 786888 164183 -2258 -42829 -0,29 -20,69 
104 1  N  15 30 55 788722 219264 -424 12252 -0,05 5,92 
105 1  N  20 35 45 783851 175035 -5295 -31977 -0,67 -15,45 
106 1  N  20 25 55 791516 176561 2370 -30451 0,30 -14,71 

107 
108  Malmgråns-  1 0,5 6 11 792871 167042 3725 -39970 0,47 -19,31 
109 position 1 0,5 5 10 784063 210016 -5083 3004 -0,64 1,45 
110 1 0 4,5 10 787782 220943 -1364 13931 -0,17 6,73 
111 1 0 5,5 10 787160 181968 -1986 -25044 -0,25 -12,10 
112 1 0 5 9,5 782516 202166 -6630 -4846 -0,84 -2,34 
113 1 0 5 10,5 794630 198465 5484 -8547 0,69 -4,13  
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PROBABILISTIC SENSITIVITY ANALYSIS, type 2 (1 of 2) 

A 	I BIC 	DI EIF 	GI  Hl I 	I 	J 	I K l  L  
PARAM ET-  ANTAL  FOR- PAR 1 PAR 2 PAR 3  SUMMA  SIGMA DIFF SUM DIFF SIGMA DIFF SUM DIFF SIGMA 

2 ERNAMN  KORN.  DEW. NORM NORM  
3 
4 NORMEN" 1 1868100 104665 0 0  
5 
6 Ortdrivning  1 	N  12000 1100 1877450 119471 9350 14806 0,50 14,15 
7 1 	U 11000 13000 1869951 93316 1851 -11349 0,10 -10,84 

1 	F 12000 1873054 100100 4954 -4565 0,27 -4,36 
1 	D  11000 1100 2,5 1869910 107084 1810 2419 0,10 2,31 

10 1 	W 10000 1100 2,5 1810945 98900 -57155 -5765 -3,06 -5,51 
11 1 	W 12000 1100 2,5 1869343 104588 1243 -77 0,07 -0,07 
12 1 	W 11000 1000 2,5 1933752 105203 65652 538 3,51 0,51 
13 1 	W 11000 1200 2,5 1880055 105014 11955 349 0,64 0,33 
14 1 	W 11000 1100 2,2 1869021 104343 921 -322 0,05 -0,31 
15 1 	W 11000 1100 2,8 1869209 107236 1109 2571 0,06 2,46  
16 
17 Takfällning  1 	N  8000 700 1912356 125037 44256 20372 2,37 19,46 
18 1 	U 7000 9000 1913641 115096 45541 10431 2,44 9,97 
19 1 	F 8000 1912235 99539 44135 -5126 2,36 -4,90 
20 1 	D  7000 700 2,5 1873193 105107 5093 442 0,27 0,42 
21 1 	W 6300 700 2,5 1799719 100706 -68381 -3959 -3,66 -3,78 
22.  1 	W 7700 700 2,5 1941198 109463 73098 4798 3,91 4,58 
23 1 	W 7000 630 2,5 1866941 102741 -1159 -1924 -0,06 -1,84 
24 1 	W 7000 770 2,5 1878385 102608 10285 -2057 0,55 -1,97 
25 1 	W 7000 700 2,2 1870973 100055 2873 -4610 0,15 -4,40 
26 1 	W 7000 700 2,8 1868265 101982 165 -2683 0,01 -2,56 

27 
28 Transport- 1 	N 0,015 0,002 1877106 115412 9006 10747 0,48 10,27 
29 koefficient 1 	U 0,013 0,017 1877864 102894 9764 -1771 0,52 -1,69 
30 1 	F 0,015 1875674 102647 7574 -2018 0,41 -1,93 
31 1 	D 0,013 0,002 3 1503587 91573 -364513 -13092 -19,51 -12,51 
32 1 	W 0,011 0,002 3 1818981 104799 -49119 134 -2,63 0,13 
33 1 	W 0,015 0,002 3 1923624 104081 55524 -584 2,97 -0,56 
34 1 	W 0,013 0,001 3 1850820 100360 -17280 -4305 -0,93 -4,11 
35 1 	W 0,013 0,003 3 1894959 102526 26859 -2139 1,44 -2,04 
36 1 	W 0,013 0,002 2,7 1869141 103015 1041 -1650 0,06 -1,58 
37 1 	W 0,013 0,002 3,3 1870300 105555 2200 890 0,12 0,85 

38 
39 Kritisk lut-  1 	N  5 0,5 1877713 101306 9613 -3359 0,51 -3,21 
40 fling  ‚inslag  1 	U 4,5 5,5 1496924 354589 -371176 249924 -19,87 238,78 
41 1 	F 5 1879924 106134 11824 1469 0,63 1,40 
42 1 	D  4,5 0,5 3 1871769 103259 3669 -1406 0,20 -1,34 
43 1 	L 5 0,5 1879643 101580 11543 -3085 0,62 -2,95 
44 1 	W 4,5 0,5 3 1801420 107891 -66680 3226 -3,57 3,08 
45 1 	W 5 0,5 3 1944114 99083 76014 -5582 4,07 -5,33 
46 1 	W 4,5 0,4 3 1857983 104173 -10117 -492 -0,54 -0,47 
47 1 	W 4,5 0,6 3 1880986 103575 12886 -1090 0,69 -1,04 
48 1 	W 4,5 0,5 2,7 1870305 104335 2205 -330 0,12 -0,32 
49 1 	W 4,5 0,5 3,3 1873154 103338 5054 -1327 0,27 -1,27  

50 
51 Malmarea  1 	W 5400 600 2,5 1870584 105193 2484 528 0,13 0,50 
52 1 	U 5400 6600 1539250 93663 -328850 -11002 -17,60 -10,51 
53 1 	F 6000 1870996 101583 2896 -3082 0,16 -2,94 
54 1 	D  5400 600 2,5 1868376 105310 276 645 0,01 0,62 
55 1 	N  5400 600 1836380 103333 -31720 -1332 -1,70 -1,27 
56 1 	N  6600 600 1911447 104631 43347 -34 2,32 -0,03 
57 1 	N  6000 500 1872480 105038 4380 373 0,23 0,36 
58 1 	N  6000 700 1870580 102079 2480 -2586 0,13 -2,47  

59 
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PROBABILISTIC SENSITIVITY ANALYSIS, type 2 (2 of 2) 

A  IBICDIE FIGIHI  1 	1 J 1 	K 	i  L 
60 Malm- 1 W 4,45 0,05 3 1867806 105137 -294 472 -0,02 0,45 
61 densitet 1 U 4,45 4,55 1557053 92774 -311047 -11891 -16,65 -11,36 
62 1 F 4,5 1873292 105377 5192 712 0,28 0,68 
63 1 D 4,45 0,05 3 1872837 101024 4737 -3641 0,25 -3,48 
64 1 L 4,5 0,05 1872609 105221 4509 556 0,24 0,53 
65 1 N 4,45 0,05 1868091 99558 -9 -5107 0,00 -4,88 
66 1 N 4,55 0,05 1874961 104274 6861 -391 0,37 -0,37 
67 1 N 4,5 0,04 1869640 104199 1540 -466 0,08 -0,45 
68 1 N 4,5 0,06 1871531 102673 3431 -1992 0,18 -1,90 
69 
70  Skivhöjd  1 W 3,8 0,2 3 1856280 105748 -11820 1083 -0,63 1,03 
71 1 F 4 1872026 99191 3926 -5474 0,21 -5,23 
72 1 D 3,8 0,2 3 2848494 268938 980394 164273 52,48 156,95 
73 1 L 4 0,2 1874410 100321 6310 -4344 0,34 -4,15 
74 1 N 3,8 0,2 1731909 129736 -136191 25071 -7,29 23,95 
75 1 N 4,2 0,2 2024533 93792 156433 -10873 8,37 -10,39 
76 1 N 4 0,1 1870519 101664 2419 -3001 0,13 -2,87 
77 1 N 4 0,3 1867890 109030 -210 4365 -0,01 4,17 
78 
79  Malmstupnin  1 W 27 3 3 1876852 102689 8752 -1976 0,47 -1,89 
80 1 U 27 33 4534870 138385 2666770 33720 142,75 32,22 
81 1 F 30 1874018 101158 5918 -3507 0,32 -3,35 
82 1 N 27 3 1921299 100728 53199 -3937 2,85 -3,76 
83 1 N 33 3 1829745 109010 -38355 4345 -2,05 4,15 
84 1 N 30 2,7 1872622 104955 4522 290 0,24 0,28 
85 1 N 30 3,3 1871131 102072 3031 -2593 0,16 -2,48 
86 
87  Förstaskiva-  1 207 1998335 92010 130235 -12655 6,97 -12,09 
88  Ramp  1 209 1765823 165394 -102277 60729 -5,47 58,02 
89 
90 Geologisk 1 0,5 6 11 1873496 110332 5396 5667 0,29 5,41 
91  osäkerhet  1 0,5 5 10 1864430 97474 -3670 -7191 -0,20 -6,87 
92 positioner 1 0 4,5 10 1875668 100034 7568 -4631 0,41 -4,42 
93 (a o b  par1  1 0 5,5 10 1873044 105211 4944 546 0,26 0,52 
94  är +-  ,5) 1 0 5 9,5 1868975 98290 875 -6375 0,05 -6,09 
95 1 0 5 10,5 1875133 106453 7033 1788 0,38 1,71 
96 
97 Geologisk 1 18 32 50 1869532 99985 1432 -4680 0,08 -4,47 
98  osäkerhet  1 22 28 50 1871102 105937 3002 1272 0,16 1,22 
99  modellalter-  1 23 27 50 1874303 105608 6203 943 0,33 0,90 
100  nativ  1 17 33 50 1869150 102854 1050 -1811 0,06 -1,73 
101 1 15 30 55 1865533 101295 -2567 -3370 -0,14 -3,22 
102 1 25 30 45 1874976 98387 6876 -6278 0,37 -6,00 
103 1 20 27 53 1870144 107115 2044 2450 0,11 2,34 
104 1 20 33 47 1872375 98853 4275 -5812 0,23 -5,55 
105 1 20 25 55 1874841 106210 6741 1545 0,36 1,48 
106 1 20 35 45 1872817 98017 4717 -6648 0,25 -6,35 
107 1 18 30 52 1868057 103657 -43 -1008 0,00 -0,96 
108 1 22 30 48 1871281 103784 3181 -881 0,17 -0,84  



Appendix 5: Theoretical proof of transformation of 
uncertainties 

(written by Robert  Lundqvist,  translation by Hans Wirstam) 

A couple of basic concept will be explained first: 

Definition  of Expected Value for function of continuous stochastic variable 

If g(X) is a function of the stochastic variable  X,  then  

E(  g(X) ) =  (Int)  g(x) fx(x) dx 	 (i)  

where fx(x) is the frequency function to  X.  

Definition  of variance 

V  X)  = Et(X - E(X))2) 	 (ii) 

which can also be written 

V(X) = E(X2) - (E(X)2 	 (iii)  

Proposition: 	E(  E(YI  X))  = E(Y) 	 (iv) 

(E(Y I  X)  reads Expected value of  Y  given  X).  Proof can be found in Blom, 1984. 

Proposition: 	V(Y) =  E(  V(Yi  X))  + V( E(Y I  X)) 	 (v) 

for stochastic variables  X  and  Y.  

Proof: 	V(Y) = E((Y - E(Y))2) = E(Y2) - (E(Y))2  

according to standard transcription. This can be written 

V(Y) =  E(  E(Y2  IX)) -  (E(  E(Y1X)))2 	 (vi)  

where E(Y2  I  X)  = V(Y I  X)  + (E(Y  i  X))2  

using the same transcript as above 
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This gives 

E(Y2  I  X))  =  E(  V(Y I + (E(Y1X))2) = 	V(Y  X))  + 	E(Y1X))2) (vii) 

But  

E((  E(Y1X))2  -  (E(  E(Y1X)))2  = V( E(Y  X)) 	 (viii) 

Therefore 

V(Y) =  E(  V(Y I  X))  + V( E(Y  i  X)) 	 (ix) 

Both E(Yi  X)  and V(Y  X)  are functions of the stochastic variable  X.  This can be used to 

determine an expression for V(Y  i  X).  According to (ix) 

V(Y) =  E(  V(Y  X))  + V( E(Y  X))  

Let E(Y I  X)  be written g(X) and V(  Y X)  h(X). Entered in (ix) 

V(Y) = 1.( g(X)) +  E(  h(X)) 	 (x)  

This can be determined by looking at the terms individually. 

V( g(X)) = E(( g(X))2) - (E( g(X)))2  = 

	

... 	 . 

j

g2(x) fx(x) dx _ 

	

. 	 (g(x) fx(x) dx)2  

	

. 	 -. 
and 

... 

j.  E( h(X)) = 	h(x) fx(x) dx  

-00 

This makes g(X) and h(X) conditional  Expected Value and Variance respectively, given the 

stochastic variable  X.  

The expressions for  E(  h(X)) and V( g(X)) show that g(x) and h(x) must be calculated, 

meaning 

E(Y I X=x) and V(YIX=x) 

or, in words, the conditional expected value and variance for  Y  given that  X  is fixed at  x.  To 

determine these it is necessary to use the conditional frequency-function,  fy  I x(y I  x).  (For 

notation see Blom, 1984). 
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. 	 . 

( 	Y fx  I  y(y  I  x) dy )2  fx(x) dx - (f 

.00 

. 

I
Y  fxl y(y I  x) dy  fx(x) dx  )2  

-00 	00  

By using this E(Y I X=x) can be written 

g(x) =  j.  y fy  I x(y I  x) dy  

and V(Y I X=x) can be written 
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h(x) = 
f

y2fyi x(y I  x) dy  - (  
f

Y 41 x(y  I  x) dy)2  (xiv) 

(xiii) and (xiv) can now be inserted in  (x)  

V(Y) = V( g(X)) +  E(  h(X)) = 

. 	 . 	 . 

= 	g2(x) fx(x) dx - ( 	g(x) fx(x) dx )2  + 	h(x) fx(x) dx = 

-... 	 . 	 -... 

00 	 0. 

j. 	 .f Y2  fx  I  y(y  I  x) dy - ( y fx  I  y(y  I  x) dy )2) fx(x) dx (xv) 

-00 	 -00 	 -00 

E(Y) and V(Y) will serve as input to the appropriate decision criteria, which is EVVC in the 

case of ramp location. A simplified figure shows the basic concepts of the technique. 



Appendix 6: Approximation of a continuous stochastic 
variable 

If  X  is a continuous stochastic variable with frequency function fx(x) it is 

possible to show, that 

a+Aa  

j.  P( a  <  X  < a+Aa) = fx(t)  dt  = Aa  fx  (a+0Aa) ---: Aa  fx  (a) 

a 

where 0 <  e  < I 

The probability that  X  lies within a small interval at the point a is 

approximately equal to the area of a rectangle with the interval as base, and 

the value of the frequency function as height  
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P ( a < X < a+Aa ) 

a+2.0t.  

If the possible outcome interval for a continuous variable  X  is divided into a 

large enough number of intervals, the integrations can be replaced by 

approximate sums. For expected values this gives 

oe 

n 
E(X) = j.  x fx(x) dx 	Ex pc x < x < xi+Axi) 

-00 

where xi are dividing points in the outcome interval 



Appendix 7: Short descriptions of some probability 
distributions 

The chart in Fig. 3.3 shows the standard probability distributions available 

when conducting a statistical analysis. Some of them are used in this thesis, 

and one, the discrete  Weibull  distribution, has been constructed for this work. 

In this appendix some comments will be given about a few of the available 

probability distributions, especially concerning their applicability within 

mining problems. The formulas for describing the distributions can be found 

in any major statistics textbook. 

Normal distribution: A continuous symmetric distribution, with both tails 
going to ± infinity (see Fig. 3.2). This is the most commonly used 

distribution, especially in theoretical statistics. Almost all 

theoretical work in statistics assume "normality". Experience show 

that other distributions are as common, or perhaps more, in real 

life situations. Very often there is a lowest, and sometimes, a 

highest value that a specific variable can have, and the tails should 

therefore end there. The normal distribution is, however, a 

reasonable distribution to use as a first assumption, when data for 

a variable are scarce or non-existent. When a problem is built up by 

several variables (or  parametres)  the Central Limit Theorem sais 

that the total distribution goes towards normality (although not 

with tails towards infinity). 

Lognormal distribution : The name of the distribution reveals the connection 

to the logarithmic world. The lognormal distribution becomes a 

normal distribution in the logarithmic world. It has the same 

limitation as the normal distribution when it comes to the tails. 

They go to infinity. 

Uniform distribution : This distribution is an artificial construction, non-

existing in nature (to the author's knowledge). Input values are a 

minmum and a maximum value. Within these limits the 

probability of occurence is equal for all values. It might be accepted 

as a first assumtion of uncertainty distribution in special cases, but 

as data are gathered a change of distribution will be definite. 
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Weibull  distribution: A distribution that can be referred to as a chameleon, 

within the world of distributions. By choosing the right values for the 

three input  parametres,  it can be take on a vast variety of shapes 

(skewed to the left, skewed to the right, symmetrical, exponential, 

etc.). The input  parametres  are: a (minimum value for the 

distribution) ; ß (the skewness of the distribution) ; and  ri  ( how flat 

the distribution is). By using this distribution, or similar ones, the need 

to change distribution for the variables of interest will be reduced to a 

minimum. 

Discrete  Weibull  distribution: For some variables it is evident that a discrete 

distribution will describe reality the closest. One such variable could 

be reinforcement cost, when the reinforcement is conducted using a 

systematic pattern of bolts, for instance. If a change in pattern is due, 

the steps are discrete. The author wanted to have a discrete 

distribution that had the same flexibility as the  Weibull  distribution, 

but there was no such distribution available. Since the computer 

program uses numerical modelling with Monte Carlo simulation and 

histograms instead of analytical solutions, it was simple to use the 

midpoints of the columns in the histograms as discrete values, and 

from there construct a discrete distribution. 
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Appendix 8 : Words with non-English origin in the thesis 

The list of words presented below does not include the words in the Sedish 

abstract at the beginnig of the thesis. Observethat the characters  ä, ä  and  ö  are the 
three last characters in the Swedish (Nordic) alphabet. 
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"Foreign word"  

alltid 
antal slumptal  
band  
bergborrning 
berglastning 
bergmassan 
bergmekanisk 
bergrum 
bergtransport 
beslutsalternativ 
beslutskriterium 
borrhälsvätska 
borrkärna 
borrkärnscanning 
bra 
brytningsförslag 
dagbrottsdjupet 
datormodell 
delrapport 
djup 
enpunktsresistans  
fast  slumpfrö 
flytta  
foranderlig  
forskning  
FoU  
framtida 
frän 
frän 
förstärkning 
förstärkningskostnad 
förstudie 
förundersökningar 
grafisk utskrift 
grafit 
gruvteknisk 
gräbergsdensitet  

English translation 

always 
number of random numbers 
conveyer belt 
rock drilling 
rock loading 
the rock mass 
rock mechanics 
rock excavation 
rock transport 
decision alternative 
decision criterion 
bore hole fluid 
drill core 
drill core scanning 
good 
production proposal 
open pit depth 
computer model 
part time report 
depth 
one-point resistance 
fixed seed 
move 
changing 
research 
R&D 
future 
from 
from 
reinforcement 
reinforcement cost 
pre-studie  
pre-investigations 
graphic output 
graphite 
mining technology 
country rock density 

found on page 

135 
111 
21 
146 
148 
147 
146 
139 
148 
112 
112 
135 
146 
144 
135 
143 
145 
148 
148 
21 
135 
111 
111 
144 
144 
144 
144 
139 
146 
111 
111 
148 
139 
111 
135 
144 
111 



gräbergsinblandning 
hammarborrning 
hjullaster 
hjälp 
håldjup 
inläsningsmeny 
inslagsbörjan 
jämförelse 
karakterisering 
kartering  
klar  
ldorit 
kombinerad 
kopparfyndighet 
kostnader 
kritisk lutning, inslag 
kritiskt aystånd 
krosszoner 
kvalitativt 
kvantitativt 
lermineral 
loggmetod 
läs  in  
mafiska  mineral  
magnetit 
malmarea 
malmbrytning 
malmdensitet 
malmförlust 
malmgräns 
malmstupning 
med 
med 
mätningar 
möjlig 
numerisk utskrift 
nya 
nydrivning 
olika 
område 
optimalt aystånd 
ortdrivningskostnad  
planlægning  
ramplutning 
ramplängd 
resistivitet 
sannol. 
skivhöjd  

waste rock dilution 
hammer drilling 
LHD 
help 
hole depth 
input menu 
start position of access 
comparison 
characterization 
mapping 
ready 
chlorite 
combined 
copper-deposit 
costs 
critical distance, access 
critical distance 
crushed zones 
qualitatively 
quantitatively 
clay minerals 
logging method 
read 
mafic minerals 
magnetite 
ore body area (horizontal) 
ore production 
ore density 
ore loss 
ore body boundary 
ore body dip 
with 
with 
measurements 
possible 
numeric output 
new 
new driving 
different 
area 
optimal distance 
drifting cost 
planning 
ramp inclination 
ramp length 
resistivity 
probab. 
slice height 
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111 
146 
52 
111 
133 
111 
112 
139 
147 
146 
111 
135 
147 
145 
143 
111 
111 
135 
135 
135 
135 
134 
111 
135 
135 
111 
144 
111 
III 
112 
111 
140 
147 
147 
135 
111 
148 
111 
139 
144 
113 
III 
144 
111 
111 
135 
112 
111 



skivor  per  inslag 
som 
spara  
sporbunden  
sporfri 
sprengbarhet 
spridning 
steglängd 
strykningsavstånd  
sulfider  
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