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ABSTRACT 

Sublevel caving is an underground mass mining method used for extracting 
different types of ores from the earth’s crust. Mines using sublevel caving (SLC) as 
the primary mining method are generally highly mechanised with standardised and 
independent unit operations. Different unit operations (drilling, blasting, loading 
and transportation) are performed in isolation with each other, leading to 
standardised procedures and safe operation. Loading of the material from the 
production face in sublevel caving is facilitated by the flow of material under 
gravity into the production face. A large amount of material is loaded from a 
limited opening termed as the draw point, and this creates challenges for the 
mining method. Past literature highlights the chaotic and non-uniform nature of 
material flow for SLC operation.  

In caving operations, draw control concerns the question of when to stop loading; 
it regulates the loading process by providing the information on when to stop 
loading. The decision to stop loading a blasted ring and proceed to blasting the 
subsequent ring is a critical decision. If a draw point is closed early, ore is lost in 
the draw point which cannot be conclusively recovered at the lower levels, and if 
its closing is delayed, the mine faces greater dilution and increased mining costs.  

The thesis looks at the various draw control strategies used in sublevel caving 
operations globally to describe the present state-of-art strategies. It analyses the 
draw control and loading operations at the Malmberget and Kiirunavaara mines 
using information collected through interviews, internal documents, meetings, and 
manuals. Based on the literature review and baseline mapping study, it identifies 
the factors that should be addressed for designing a new draw control strategy.  

A holistic approach to draw control is required to capture the uncertainty and 
variation associated with loading at the draw point whilst meeting the sustainability 
and economic objectives for the mine. The thesis develops two mathematical 
models, a probability model and an economic model, using five datasets: bucket 
weights, bucket grades, extraction ratio, mine economics parameters and 
production constraints.  

The probability model uses the concepts of Bayesian statistics to simulate the 
randomness of material flow while capturing the uncertainties associated with the 
loading process. The model can simulate a complete range of scenarios, from poor 
to well performing draw points, and their effects on the mine. Hence, it provides 
a virtual mine environment to perform draw control tests and select the optimal 
draw control strategy before performing physical mine tests. In SLC, the 
performance of individual rings can differ significantly from the overall trend of 
draw point performance.  



iv 

For an individual draw point, the economic model assesses the economic impact 
of loading and hence provides an economic measure of draw point performance. 
The thesis uses the continuous draw point monitoring systems at the Kiirunavaara 
and Malmberget mines.  

A new approach to draw control called the decision box approach is introduced in 
the thesis. The decision box approach is a dynamic approach which addresses 
chaotic material flow and the systemic variations in the material grade at the draw 
point. An optimal draw control strategy based on the decision box approach is 
recommended for the Kiirunavaara and Malmberget mines. The thesis offers a 
roadmap for mine digitalisation in which a ‘virtual mine’ model (probability 
model) is used for simulation and calibration, whilst an online application 
(economic model) is used at the mine in real time.  

Keywords: Draw control strategy, sublevel caving (SLC), loading process, draw 
point, caving operation, Load Haul Dump (LHD), Bayesian statistics, probability 
models, economic models, mine economics, Heuristics, Mine integrated systems
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1 INTRODUCTION 

1.1 Background 
Sublevel caving (SLC) is an underground mass mining method used to extract ore 
through standardised and independent unit operations. The unit operations of 
development, drilling, charging, blasting, loading and transportation are highly 
mechanised, with the aim of delivering a high degree of both productivity and safety 
(Hustrulid and Kvapil, 2008; Dunstan and Power, 2011). Early use of SLC was an 
evolution of a top slicing mining method which was highly labour intensive and 
required heavy timber support (Hartman and Mutmansky, 2002). A part of the ore was 
blasted and the rest excavated through induced caving, leading to the term ‘sublevel 
caving’ (Cokayne, 1982). However, in present mining, the ore is completely drilled 
between the sublevel intervals and then blasted in confined conditions (Kvapil, 1965; 
Hustrulid and Kvapil, 2008; Dunstan and Power, 2011). The current mine design and 
layout have evolved from small sublevel intervals of 9m to large sublevel intervals of up 
to 29m (Kvapil, 1965; Hustrulid and Kvapil, 2008). The increased level of 
mechanisation, scale of the operations and digitisation provide opportunities and 
challenges for current caving operations. The primary challenge is the optimisation of 
all the unit operations (development, drilling, charging, blasting, loading and 
transportation) to create a safe and sustainable mine. Draw control optimisation is one 
of these challenges. The data generated by a detailed network of sensors and information 
systems has the opportunity to be leveraged for efficient decision making at the mine. 

Draw control refers to regulation of loading at the draw point by providing information 
on when to stop loading. Loading at the draw point is a much more complex process 
for caving operations than non-caving operations because of the confined blasting 
conditions, chaotic material flow and continuous mixing of ore and waste (Power, 2004; 
Hustrulid and Kvapil, 2008; Brunton, 2009; Burnton et al., 2010; Nordqvist and 
Wimmer, 2014; Wimmer, 2014; Ghosh, 2017; Petropoulos, 2017):  

1. Charging and blasting conditions: A large amount of material is blasted under 
confined conditions and then loaded from a restricted opening (Power, 2004; 
Brunton, 2009; Wimmer, 2014; Petropoulos, 2017). Blasting is further affected 
by hole deviations, geology, blast damage, chargeability etc., all of which may 
lead to poor blasting performance (Cokayne, 1982; Bull and Page, 2000; 
Hustrulid and Kvapil, 2008; Burnton et al., 2010; Nordqvist and Wimmer, 2014; 
Ghosh, 2017; Danielsson et al., 2018). These factors cause uneven and differential 
fragmentation which leads to uncertainty in loading at the draw point.

2. Material flow: In caving operations, material flow is non-uniform and chaotic, 
as observed in marker trials (Power, 2004; Brunton, 2009; Wimmer et al., 2015; 
Nordqvist and Wimmer, 2016). This leads to a pulsating ore and waste inflow 
causing variations in the material grade at the draw point (Gustafsson, 1998). 
Figure 1.1 shows the variations in material grade in a production ring at the 
Malmberget mine, Sweden. The x-axis represents the extraction ratio, i.e. the
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ratio of actual tonnage extracted from a blasted ring to the planned 
tonnage designed to be extracted from the ring; the y-axis shows Fe% or 
grade of the material in the bucket. The variability in grade makes it difficult 
to assess the performance of a draw point by merely observing the draw 
point monitoring grade dataset. 

Figure 1.1 Plot of the bucket grade versus extraction ratio for a ring at the 
Malmberget mine 

3. Mixing of ore and waste: The ore is continuously mixed with the caved
material (see Figure 1.2). The caved material in the SLC operation is a mixture
of ore left from surrounding production rings and the caved waste rock from the
hanging wall. Therefore, instead of loading pure ore, caving operations tend to
load a mixture of ore and waste. The decision to stop loading when continued
dilution is encountered at the draw point is a complex one because of this
complex loading behaviour.

Figure 1.2 Loading at draw point for SLC (Courtesy LKAB) 

Continuous mixing 
of ore and waste 
(caved material)

Flow of material 
from a restricted 

opening
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For these three reasons, the material grade varies significantly (see Figure 1.1) at an 
individual draw point. 

1.1.1 Nature of material flow 
The findings of physical models and marker trials have helped explain the nature of 
material flow for SLC mines. The initial theory of gravity flow described material 
movement as an ellipsoid of motion for isolated draw from a single draw point (Kvapil, 
1965; Janelid and Kvapil, 1966; Kvapil, 1982). However, the results from various marker 
trials performed 2000-2019 suggest the uniform flow pattern observed in early physical 
models was an exception and that, in general, material flow in SLC is chaotic and non-
uniform (Stazhevskii, 1996; Power, 2004; Brunton, 2009; Wimmer et al., 2015; 
Nordqvist and Wimmer, 2016). The recovery patterns of markers have shown variations 
in material flow for different rings, pointing to the complex and random nature of 
material flow (Power, 2004; Brunton, 2009; Nordqvist and Wimmer, 2016). For a 
regular production ring, material flow is further affected by ore geology and geometry, 
rock mass properties, loading issues (hang-ups, brow failure, waste intrusions, poor 
fragmentation or ring freezing), mine design (including ring design), hole deviation, 
chargeability, blasting performance, backbreak and operator influence (Laubscher, 1994; 
Bull and Page, 2000; Laubscher, 2000; Power, 2004; Hustrulid and Kvapil, 2008; 
Brunton, 2009; Burnton et al., 2010; Nordqvist and Wimmer, 2014; Wimmer, 2014; 
Ghosh, 2017; Petropoulos, 2017). During regular operation, measuring all influencing 
factors and predicting material flow for individual rings is impossible using current 
techniques. In general, material grade at the draw point varies significantly for each 
individual draw point. However, on average, as more material is loaded, the amount of 
ore left for loading decreases, and eventually, only caved material is left to be loaded. 

1.1.2 Need for a holistic approach to draw control 
A draw control strategy regulates the amount of material to be loaded from a draw point 
and specifies the time to stop loading. Smith and Rahal (2001) state that draw control 
incorporates the sequencing and scheduling of development, production and the 
material handling system, with the objective of minimising both mining costs and 
dilution. Bull and Page (2000) say an effective draw control strategy maximises ore 
recovery whilst minimising dilution at the draw point. However, with the continuous 
mixing of ore and waste, the dual (and contradictory) objectives of maximising ore 
recovery whilst minimising dilution are difficult to understand and complicated to apply.  

When to stop loading from a blasted ring and proceed to the next one is a critical 
decision. If a draw point is closed early, ore is lost in the draw point which cannot be 
conclusively recovered at the lower levels, and if it is closed late, the mine faces greater 
dilution and increased mining costs. 

Past literature on draw control models shows a general lack of a holistic approach to the 
issue of loading at the draw point. A comparison of past literature (Sarin, 1981; Baase et 
al., 1982; Cokayne, 1982; Hancock and Mattson, 1982; Laubscher, 1994) and present 
literature (Bull and Page, 2000; Cundall et al., 2000; Diering, 2007; Hustrulid and 
Kvapil, 2008; Power and Just, 2008; Jamieson, 2012; Nickson et al., 2012; Power and 
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Campbell, 2016) suggests that draw control practices have seen little change. Present 
strategies are heavily dependent on basic grade control practices or flow simulation 
techniques and have not become more holistic. Past draw control strategies using 
numerical modelling methods, such as the REBOP model, have been helpful in 
predicting the cave front and material flow boundaries, but they lack the ability to 
incorporate the randomness of flow, as the models are based on predefined rules. Other 
draw control strategies, such as the PCSLC model, NSO model and PGCA model, do 
not use a draw point monitoring system to create or calibrate the models for a specific 
mine, using average mill grade values instead. Probability models have the ability to 
capture and simulate randomness. In the past, probability models have been explored 
for their ability to understand material flow; for example, the Void Diffusion Approach 
(VDA) simulates material flow based on the assumption of a uniform flow (Gustafsson, 
1998). But such methods cannot simulate a disturbed flow, as they require pre-defined 
relationships for ore flow simulation. A holistic approach to draw control is required, 
one able to capture the uncertainty and variations associated with loading at the draw 
point whilst meeting the mine’s sustainability and economic objectives. 

1.2 Problem statement 
A consistent issue in sublevel caving (SLC) operations is the regulation of loading at the 
draw point, especially as the decision to stop loading from a particular draw point and 
blast the next ring is irreversible. The purpose of having a draw control strategy for an 
SLC mine is to be able to regulate loading at the draw point and to ensure safe and 
efficient operation, but the chaotic and non-uniform nature of material flow induces 
uncertainties and variations in the loading process, making it difficult for a draw control 
strategy to be efficient. Present draw control strategies are limited because of assumptions 
of uniform flow or a lack of relevant grade data. Material flow in SLC is a dynamic 
system (chaotic and non-uniform material flow) but is currently being controlled by a 
static draw control strategy. 

1.3 Aim and objective 
The aim of this thesis is to understand the challenges associated with loading at the draw 
point for SLC operations and provide a road map for optimising draw control strategy.  

The specific objectives of this thesis are: 
• To identify the factors affecting draw control strategies 
• To perform a qualitative comparison of present draw control strategies 
• To quantify the variations in draw point performance  
• To capture the variations and uncertainties associated with the loading process 
• To utilise the draw point monitoring system to regulate loading at the draw point 
• To optimise draw control for SLC operations 
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1.4 Research questions 
‘When to stop loading at the draw point?’ is the central question addressed in the thesis. 
To answer this question the following research questions are formulated: 

RQ 1. What factors should be addressed when designing a draw control strategy? 

RQ 2. What are the limitations of the existing draw control strategies?   

RQ 3. How can a draw control strategy incorporate the uncertainties and variations 
associated with the loading process? 

RQ 4. What parameters should be considered when optimising draw control strategy? 

RQ 5. How can the optimal draw control for a mine be identified? 

Answers to the five research questions are discussed in the six research papers listed in 
Table 1.1. 

Table 1.1 List of research papers 

Paper Title RQ1 RQ2 RQ3 RQ4 RQ5 

A Draw Control Optimisation along the 
Production Drift in Sublevel Caving Mines (x) X    

B 
Draw control strategies in sublevel caving 
mines - A baseline mapping of LKAB’s 
Malmberget and Kiirunavaara mines 

X X  (x)  

C A probabilistic approach for draw control 
optimization in sublevel caving mines   X   

D 
Development of a model for economic 
control of loading in Sublevel Caving 
Mines 

    X 

E 
Identifying optimal draw control strategy 
for sublevel caving operation at Malmberget 
mine 

  X X X 

F 
Identifying optimal draw control strategy 
for sublevel caving operation. A case study: 
Kiirunavaara mine 

   X X 

1.5 Scope and limitation 
The thesis concentrates on the draw control strategy for SLC mines and focuses on the 
different aspects of loading at the draw point and the challenges associated with it.  

The thesis is limited to the loading operation and draw control strategy in SLC mines, 
with a focus on the Kiirunavaara and Malmberget mines in Sweden. It does not provide 
detailed information on caving related issues, such as delayed caving, seismicity, footwall 
stability issues etc.  
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2 RESEARCH METHODOLOGY 

Kothari (2004) states that the search for knowledge through objective and systematic 
methods of finding a solution to a problem is research. Regulation of loading (when to 
stop loading) at the draw point in sublevel caving mines was the central problem 
addressed in this thesis. Figure 2.1 shows an outline of the research methodology used 
to find a solution to the problem. 

Figure 2.1 Overview of the research methodology 

2.1 Exploratory research methods 
Kothari (2004) suggests that exploratory research should be done to become familiar 
with a process and to achieve new insights into the overall system under investigation. 
In this case, two exploratory research methods were used to understand the challenges 
of loading at the draw point and the limitations of the existing draw control strategies, 
namely, descriptive and analytical methods. 

2.1.1 Descriptive research 
The descriptive research included an extensive literature review on past and present 
caving operations and a detailed baseline mapping for two selected mine operations. For 
the literature review, a wide range of sources, including published journals, books, 
doctoral theses, conference proceedings, research reports, internal reports, technical 
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manuals, and web documents, was studied to understand the principles of SLC and 
granular flow in a production context. The present draw control strategies and ore flow 
simulation techniques were comprehensively reviewed to understand the challenges of 
caving operations. The study shed light on the requirements for an ideal draw control 
strategy.  

Thereafter, a detailed baseline mapping of the Kiirunavaara and Malmberget mines was 
performed to describe the present loading procedure and draw control strategy. Mine 
personnel were interviewed on the different aspects of draw control and related mining 
activities. Technical reports, internal reports and manuals were studied to clarify the 
overall information system and the flow of information in the mine. The study revealed 
the loading constraints that must be followed to ensure a safe and efficient mine 
operation. The results from the baseline mapping analysis showed the need for analytical 
research to understand the variations in the draw point performance at the mines. 

2.1.2 Analytical research 
Analytical research was performed on the production data collected by the mine 
information systems for all production rings blasted at the mines. The thesis used three 
basic types of production data: 

1. Bucket weight: The bucket weights of each loaded bucket at the draw point.

2. Bucket grade: The ore grade of the material in the bucket is based on the bucket
weight by exploiting the difference in density of ore and waste.

3. Extraction ratio: The extraction ratio is the ratio of actual tonnage extracted from
a blasted ring to the planned tonnage of the ring. This is a key indicator in assessing
the quantity of material retrieved from a draw point. The actual tonnage is the
summation of all bucket weights drawn from the ring. Planned tonnage is the
tonnage calculated from the drill design and assumed ring geometry. In various
literature, a ratio is generally expressed in either ratio or percentage. Therefore, if
the actual tonnage is equal to the planned tonnage, the extraction ratio can be
expressed as 1.0 or 100%.

The production data were statistically analysed for the Kiirunavaara mine to understand 
the variations in the draw point performance, specifically, the variations in final 
extraction ratio and material grade in the collected dataset. Final extraction ratio is the 
extraction ratio at which the draw point is closed. The estimated bucket grade data are 
analysed with respect to the variations in ore quality during loading at the draw point. 
This type of monitoring can be short term to calculate the current grade of material 
being loaded or long term to calculate the average ore grade for a blasted ring. To 
represent short term and long term material grade, this research used average and 
moving average grades. 

Average grade is the overall average quality of the material drawn from a blasted ring. 
Ideally, a higher average grade signifies a better quality of the material, but in SLC, this 
needs to be studied alongside other grade indicators for a conclusive result. For this 
thesis, the average grade for a blasted ring was calculated using equation (1), which is 



 

9 
 

expressed as a grade percentage; i.e. an average grade of 0.55 means 55% overall average 
grade (Fe%) for the blasted ring. 

  A𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺𝑒𝑒 =
∑ 𝐺𝐺𝐺𝐺𝑛𝑛
𝑖𝑖=1

𝑛𝑛
  (1) 

where Gi is bucket grade, and n is the number of buckets drawn from the ring. 

Moving-average grade is the average quality of ore being loaded at the draw point. 
A higher moving average indicates that ore with a higher percentage of Fe is being 
loaded, and a lower moving average indicates that dilution is being introduced in the 
muck pile at the draw point. The range for the moving average can be varied by varying 
the number of buckets being averaged. For this thesis, the moving average grade was 
calculated using equation (2). The equation calculates the average for the last 20 buckets 
being loaded at the draw point. 

 𝑀𝑀𝑀𝑀𝑣𝑣𝐺𝐺𝑛𝑛𝑒𝑒 𝐴𝐴𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺𝑒𝑒 =
∑ 𝐺𝐺(𝑚𝑚− 𝐺𝐺)19
𝑖𝑖=0

20
  (2) 

where m is the mth bucket loaded from a blasted ring, and G (m-i) is the grade for bucket 
number (m-i) from the last loaded bucket.  

2.2 Bayesian statistics 
A realistic model of a real-world phenomenon has to take into account the possibility 
of randomness (Ross, 1997). Generally, the quantity being studied exhibits an inherent 
variation that should be taken into account by a model. This is done by allowing the 
model to be probabilistic in nature (Ross, 1997). The thesis created a probability model 
using the principles of Bayesian statistics to capture the uncertainties and variations 
associated with loading at the draw point. The three primary reasons for using Bayesian 
statistics are: 

1. Nature of the likelihood function: The likelihood function captures everything 
that has been assumed to influence the data (Kruschke, 2014). This concept was used 
in this case to capture the uncertainty in bucket weights caused by fragmentation and 
bucket fill factor. Historical production data on bucket weights were used to create 
distributions of ore and waste used in the likelihood function.  

2. Prior knowledge: In Bayesian statistics, analysis starts with an expression of prior 
knowledge (Kruschke, 2014). This concept was applied here to use the historical 
data on the final extraction ratio of rings as prior knowledge to probabilistically 
describe possible ore-waste ratio. However, the closing rate curve from the historical 
data on the final extraction ratio was overestimated due to the survival bias in the 
data, as mentioned in Paper C. Prior beliefs are incorporated in Bayesian analysis 
using clearly stated assumptions and prior information (Kruschke, 2014). This 
provides a framework for making systematic changes in the model in the light of 
new data. 

3. Ability to handle noisy data: Scientific data have a certain degree of ‘noise’ in 
their values (Kruschke, 2014). In this case, noise could be generated by calibration 
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errors in the machines. However, the technique of data analysis is designed to infer 
underlying trends from noisy data (Kruschke, 2014). 

Bayesian statistical methods start with existing prior beliefs; these beliefs are updated 
using data to give posterior beliefs, and these latter beliefs may be used as the basis for 
data simulation or parameter estimation (Kruschke, 2014). The term ‘belief’ is used to 
describe the probability distribution; i.e. ‘prior belief’ is the probability distribution 
which describes the probability density of a certain parameter value before observing 
the dataset (Kruschke, 2014). Similarly, ‘posterior beliefs’ is the probability distribution 
which describes the probability density of a certain parameter value after observing the 
dataset (Kruschke, 2014).  

2.3 Mine economics 
The feasibility of a mining project is directly related to metal and commodity prices. A 
mining operation is an economic entity which earns revenue and incurs costs; hence, 
an estimated value can be assigned to it (Lane, 1998). The loading of the material from 
the muck pile ends when dilution becomes too high, and more extraction of material 
from the draw point becomes uneconomical (Nilsson, 1982). Draw control should take 
into account this economic calculation when regulating loading at the draw point. In 
this case, an economic model was used to assess the economic impact of loading at the 
draw point. The purpose of an economic model of an operation is to provide a means 
for calculating the effects of the changes in certain variables (Lane, 1998). In this thesis, 
the variables addressed were mining costs, metal price, the amount and grade of material 
at the draw point. 

2.4 Heuristics 
Different draw control scenarios were tested to identify the optimal scenarios for the 
Kiirunavaara and Malmberget mines. Heuristics techniques were used to create 
improved loading criteria and select the parameter values for the optimal draw control 
strategy. ‘Optimal’ draw control refers to a draw control that achieves defined mine 
objectives. This is different from statistical ‘optimality’ in selecting a decision or strategy 
which maximizes the utility or 'optimality' with respect to the efficiency of an estimator. 
Heuristics is a set of techniques, which attempt to provide a good, but not necessarily 
optimum solution (Martí and Reinelt, 2011). Engineers and decision makers use 
heuristics to make decisions to achieve desirable results (Martí and Reinelt, 2011). For 
real-world problems, when simulation yields more than one option that can be used to 
get the desirable result, heuristics is used to select one of the results. In this thesis, two 
heuristics techniques were used; satisficing and fast-and-frugal heuristics. Satisficing is a 
heuristics technique used for decision making in which the solution is searched for 
among alternatives until a solution is found which achieves the desirable results (Winter, 
2000). The thesis used satisficing to identify optimal parameter values for draw control. 
Fast and frugal is a decision tree technique for decision making in which simpler 
questions are asked one at a time for classification and operational decisions (Gigerenzer 
and Todd, 1999). The thesis used fast and frugal heuristics to create a new approach for 
loading and draw control at the mines. 
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2.5 Data processing  
The production data gathered from the mines were processed to remove rings 
containing incomplete or faulty loading data. The production data were gathered from 
the Kiirunavaara and Malmberget mines from 2006 till 2019. The research work started 
with data collection from 2006 to 2014; thereafter, data were gathered regularly during 
the period of research 2014-2019.   

Analytical research was done on the Kiirunavaara mine to understand the variations in 
the draw point performance. Data were collected for 5903 blasted rings loaded from 
four consecutive levels during 2006 to 2015. The data included bucket weights and 
corresponding grade for the loaded rings. The final extraction ratio, average grade and 
moving average grade were calculated from these data. Four levels, 907, 935, 964 and 
993, yielding a total of 5903 rings, were selected for the study. The final filtered dataset 
consisted of 5176 rings.  

To create and calibrate the probability model, production data were collected from the 
Kiirunavaara mine and the Malmberget mine. Production data were collected for a total 
of 13445 blasted rings for the Kiirunavaara mine and 14978 blasted rings for the 
Malmberget mine. A total of 8000 production rings were simulated up to an extraction 
ratio of 400% for the Kiirunavaara mine. For each of the 12 orebodies of the Malmberget 
mine, 1000 rings were simulated, resulting in a total of 12000 rings simulated from 0% 
to 400% extraction ratio. The simulated rings had varying planned tonnage to simulate 
the ore geometry and ring location. A representative sample of simulated rings of varying 
planned tonnage was obtained by sampling from the distribution of the historical dataset 
on planned tonnage. Grades were estimated for all the simulated buckets using the 
bucket weight. 

The economic model used production data and the mine economic data collected at 
meetings and from internal reports. The average costs for different mine unit operations 
at the two selected mines were used to create the economic model. Note that these 
costs were regularly updated by the mines. The operations included were:  
development, drilling, charging, blasting, loading, transport, crushing, hoisting, sorting, 
beneficiation, pelletisation, waste handling, shipping and other overhead costs. Meetings 
were conducted with the budget and accounting departments of the mines to clarify the 
cost structuring. A fixed cost component was used to address long term investment and 
fixed asset costs. The concept of target profit per tonne was also used in the economic 
model. Target profit per tonne is the profit expected per tonne of loaded material to 
achieve the planned operational revenue target.  
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3 LITERATURE REVIEW 

3.1 Principles of sublevel caving 
Sublevel caving (SLC) is a mass mining method in which the ore is first drilled and 
blasted. The waste rock then caves and fills the space created by the extraction of ore 
(Cokayne, 1982). The ore body is divided into vertical intervals called sublevel intervals. 
The ore within each sublevel interval is drilled in a fan-shaped design at a constant 
horizontal distance along the production drift, called burden. The ore is blasted, slice by 
slice, from the hanging wall side to the footwall side in a retreating manner (Cokayne, 
1982). Each drilled and blasted slice is called a ring. The blasted ring fragments and flows 
into the vacant space below in the production drift (Janelid and Kvapil, 1966). The 
restricted opening in the production drift where the material is loaded by Load Haul 
Dump (LHD) machines is called a draw point (Figure 3.1). As more material is drawn 
from the muck pile, the void created at the draw point is filled by more material flowing 
from above the drift (Kvapil, 1965). This flow of material creates a void around the 
blasted ring. The hanging wall, previously supported by the ore, is now exposed to this 
void. The phenomenon of the induced disintegration of rock because of loss of support 
is called the caving of rock (Laubscher, 1994). The hanging wall starts to cave into the 
void and eventually fills it. 

Figure 3.1 Typical SLC layout (Courtesy Atlas Copco) 

As more material is extracted, the caved waste from the hanging wall and from above 
levels starts to mix with the ore and finally appears in the muck pile at the draw point 
(Cokayne, 1982). For a single ring, the first occurrence of waste material at the draw 
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point is termed dilution entry (Laubscher, 1994). After dilution entry occurs at the draw 
point, the muck pile will have a mixed composition of ore and waste (Gustafsson, 1998). 
As a result of the mixing of ore and waste, the amount of material actually extracted 
from a draw point is often more than the volume of the ore initially blasted in the ring. 
The loading of the material from the muck pile ends when dilution becomes too high, 
and more extraction of material from the draw point becomes uneconomical (Nilsson, 
1982). After loading is stopped for the first blasted ring, the second ring is blasted and 
loaded in a similar manner. This creates a situation in which ore is blasted as rings, with 
a huge amount of caved material above the rings and some material in front of them, 
depending on the location along the drift. On the footwall side of the ring and below 
the ring, ore is still solid; there is only a small opening below the ring from which ore 
is extracted (Bull and Page, 2000), as shown in Figure 3.1. 

3.2 Draw point monitoring in sublevel caving operations 
Monitoring of the ore grade at the draw point is termed ‘grade control’ (Booth et al., 
2004). The purpose is to provide information about the ore grade being loaded. The 
system used to monitor the ore grade depends on the ore type and mine requirements. 
Systems can provide ore grade measurements continuously (Quinteiro et al., 2001) or 
periodically (e.g. every 100 tonnes or based on work shifts) (Cokayne, 1982; McMurray, 
1982). Draw point monitoring systems can be divided into three types based on the 
technique used:  

1. Visual estimation technique: This technique is based on the visual differentiation
of ore and waste (Cokayne, 1982). The percentage of ore and waste present in the
muck pile is visually estimated based on the colour, shape or texture of the material
(Booth et al., 2004).

2. Sampling and assay system: This technique is used when no visual differences
can be spotted between ore and waste (Cokayne, 1982). Several samples are taken at
the draw point and then prepared and analysed (Cokayne, 1982). Loading from the
muck pile should be stopped during the sampling period to get a representative
sample. Cokayne (1982) concludes that the method is more accurate than visual
estimation. It is, however, very expensive, and more time consuming than visual
estimation.

3. Density based monitoring system: This draw point monitoring method is used
when there is a significant difference in the density of ore and waste (Davison, 1996).

A majority of caving operations which mine gold or base metals still use mill grade as 
their main input for their draw control strategy. These mines cannot monitor draw point 
performance due to, e.g., a lack of infrastructure, the nature of the deposit or the 
unavailability of relevant technology. Hence, they are unable to adequately register the 
variations in ore grade at the draw point. Mines with a draw point monitoring system 
can observe variations in ore grade at the draw point (Cokayne, 1982; Gustafsson, 1998; 
Quinteiro et al., 2001; Booth et al., 2004), but it is difficult to assess the overall 
performance of a draw point by just observing the raw data gathered by the monitoring 
system. 
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3.3 Draw control strategies 
The issue of when to stop loading from the draw point and blast the next ring is at the 
centre of draw control strategies (Sarin, 1981). Initially, draw control strategies were a 
combination of grade control and tonnage-based loading control systems, but newer 
strategies use techniques such as material flow prediction and simulation (Gustafsson, 
1998; Sellden and Pierce, 2004; Castro et al., 2009; Chitombo, 2010). Detailed work 
on gravity flow and flow simulation techniques, along with software development, has 
produced several types of flow based software and modules for simulating flow 
behaviour that can forecast draw point performance (Cundall et al., 2000; Diering, 2007; 
Pierce, 2010). This work is based on physical modelling, including small to large scale 
models (Power, 2004; Halim, 2006; Castro et al., 2007). Research using marker trials 
has been done in SLC mines in Sweden, China and Australia (Gustafsson, 1998; Power, 
2004; Brunton, 2009; Wimmer et al., 2012; Wimmer et al., 2015; Nordqvist and 
Wimmer, 2016; Power and Campbell, 2016). The marker trials have provided 
important knowledge on flow behaviour and dilution behaviour and have been used 
for mine design and ore flow simulation in SLC mines. Table 3.1 shows the details of 
eight draw control strategies used in various mines. 
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Table 3.1 Draw control strategies in caving operations 

Draw 
control 
strategy 

Principle Advantages Disadvantages Mines (past and 
present) 

Tonnage 
based 
draw 
control 

Ellipsoidal 
material 
flow 

Simple application, 
active draw point 
monitoring 

Assumption of 
uniform draw 

Craigmont mine, 
Granduc mine, 
Shabanie mine, 
Frood-Stobie 
mine, Big Bell 
mine, 
Kiirunavaara mine 

REBOP 
model 

Discrete 
element 
method 

Uses mechanical laws, 
predictive in uncertain 
situations, initial flow 
similar to real 
conditions, mine 
specific calibration 

Absence of draw 
point monitoring 

Northparkes 
mine, Palabora 
mine, Henderson 
mine,  
Cullinan mine 

PCSLC 
model 

Template 
mixing 

Complete mine 
planning tool, with 
quick run time, 
provides alternative 
scenarios, considers 
proximate draw point 
performance 

Absence of draw 
point monitoring  

Dilution 
entry 
method 

Column 
mixing and 
interactive 
draw 

Simple application, 
provides alternative 
scenarios 

Assumption of 
uniform material 
flow and interactive 
draw 

Ridgeway mine, 
Telfer mine 

Draw bin 
method 

Column 
mixing and 
interactive 
draw 

Recovery curves used 
to simulate material 
flow from above levels 

Inadequate for 
incorporating 
historical 
production data, 
slow processing 

Telfer mine, 
Ridgeway Deeps 

NSO 
model 

Power 
geotechnical 
differential 
mixing 

Considers proximate 
draw point 
performance, provides 
optimal draw control 
strategy 

Uses mill grade 
instead of mine 
grade for 
calibration 

Telfer mine 

Non-
dilution 
method 

Gravity flow 

Decreased dilution, 
active draw point 
monitoring, flexibility 
in mine layout 

Absence of 
sustainable mine 
economics  

Jing Tie mine 

PGCA Cellular 
automata 

Considers proximate 
draw point 
performance, NPV 
optimisation  

Uses mill grade 
instead of mine 
grade for 
calibration 

Ernest Henry 
mine, 
Carrapateena 
mine 
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4 BASELINE MAPPING 

4.1 Introduction 
Luossavaara-Kiirunavaara AB (LKAB) uses SLC to operate the two largest underground 
iron ore operations in the world (Järvholm, 2013). The draw control strategy at the 
company’s Kiirunavaara and Malmberget mines is guided by a bucket-weight-based 
draw point monitoring system. Both mines employ a draw control strategy which 
considers the production requirements and mining constraints whilst regulating the 
loading process through an empirical method based on bucket weights and grades. 

4.1.1 Kiirunavaara mine 
The Kiirunavaara ore body consists of magnetite with magmatic intrusions. The ore 
body is about 4km long with an average width of around 80m. The strike is in the N 
10° E direction with a dip of about 60° SE towards Kiruna city (Nordqvist and 
Wimmer, 2014). The iron percentage of pure magnetite is 72.36% but the average iron 
content for the ore body is 64%, and the grade varies, reaching up to 69% iron (Shekhar 
et al., 2017). 

4.1.2 Malmberget mine 
The Malmberget mine consists of about 20 orebodies (Figure 4.1), of which 13 are 
currently being mined with varying degrees of tonnage (Shekhar et al., 2017). The 
mining area stretches 5km in the E-W direction and 2.5km in the N-S direction (Lund, 
2013). For the mining area, the ore is composed of magnetite (95%) and hematite (5%), 
and the average grade for the different ore bodies varies from 49% to 63% Fe (Lund, 
2013). 

 

Figure 4.1 3D view of the Malmberget deposit (Courtesy LKAB)  
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4.2 Draw point monitoring system 
The draw point monitoring method used in the Kiirunavaara and Malmberget mines 
exploits the difference in the density between ore (4.6 - 4.8 tonnes/m3) and waste (2.7 
- 2.8 tonnes/m3) (Davison, 1996). A load cell placed on the hydraulic cylinders of the 
Load Haul Dump (LHD) bucket reads the hydraulic pressure in the cylinder and 
converts it into tonnage. This weight measurement system is called the Loadrite scoop 
weighing system. The bucket weight reading is then used to estimate ore-waste 
percentage in the bucket (visualised in Figure 4.2).  

 

Figure 4.2 Graph showing weight to grade conversion (modified from Klemo (2005) 
and Gustafson et al. (2013)) 

The weight of a completely filled bucket of ore differs from that of a completely filled 
bucket of waste. Wireless Online Loader Information System (WOLIS) uses the bucket 
weight, together with an assumed theoretical volume of the loaded material, to calculate 
the grade of the material in each fully loaded bucket, i.e. the percentage of iron and 
waste present in the bucket. The formula for iron percentage used by WOLIS is given 
in equation (3): 

 𝐹𝐹𝑒𝑒 % 𝑓𝑓𝑀𝑀𝑒𝑒 𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 =
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑤𝑤𝑒𝑒𝐺𝐺𝑒𝑒ℎ𝑏𝑏 − 𝑁𝑁

𝑀𝑀 − 𝑁𝑁
× 0.71 (3) 

where M is the weight of a bucket completely filled with ore, and N is the weight of 
the bucket completely filled with waste for a given LHD machine (Shekhar et al., 2017). 
As mines generally have machines with different bucket sizes, the WOLIS system has 
different M and N values stored for the different machines. Figure 4.3 shows one 
example of the detailed WOLIS display presented to the LHD operators.  



19 

Figure 4.3 WOLIS display screen (modified from Adlerborn and Selberg, 2008) 

The operator can see information related to ring location (1), last bucket weight (2), 
ring design (3), extraction ratio (4), system status (5), report status (6), loading graph (7), 
nearby charged holes (8), ring information (9) and extraction ratio of proximate rings 
(10). The operator can change the visualised graph if he or she wants to see, for example, 
iron ore content, extraction ratio, waste rock content, bucket number, tonnage etc. The 
information is used by the operator to decide if loading should be continued or 
discontinued at a particular draw point (Shekhar et al., 2017). 

4.3 Draw control at the Kiirunavaara and Malmberget mines 
In Kiirunavaara mine, the extraction ratio is used as a loading criterion. Loading is started 
for a blasted ring and is continued until the extraction ratio for the ring has reached the 
target final extraction ratio. However, if high quality ore remains at the draw point, 
loading will continue. Therefore, the final extraction ratio value changes, and the 
decision to stop loading is subjective and depends on the assessment of mine personnel. 

The Malmberget mine presently has three loading criteria. The operators should 
continue loading until all three criteria are met and, in general, loading is stopped when 
the loading criteria are met. But it must be understood that closing of a draw point is a 
subjective decision and depends on the assessment of the loading personnel. The present 
loading criteria are: 

1. Minimum extraction ratio: The first criterion defines the minimum amount of
ore to be extracted from each ring. A minimum amount of material must be loaded
at each draw point because of the swelling of the blasted material. At a low extraction
ratio, there is a high probability of high ore grade, which makes early closing
inadvisable. The current minimum final extraction ratio used at the mine is 80%.
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This means the loading always should be continued until an 80% extraction ratio is 
reached, given that the loading condition is safe. 

2. Shut-off grade: The second criterion defines the minimum average Fe content in 
the last loaded buckets. This criterion comes into play when the first criterion 
(minimum extraction ratio target) is fulfilled. Two parameters are specified: the 
threshold (shut-off grade) value and the volume (percentage of excavation rate) to 
be considered to calculate the moving average grade. A higher threshold value will 
generate a higher run-of-mine grade, whilst a larger volume will make the parameter 
more rigid and insensitive. The current shut-off grade in the mine is 35% Fe for the 
last 25% of the extraction ratio of material loaded. For example, at an extraction ratio 
of 95%, the second criterion looks at the moving average grade of the ring from 70%
to 95% of the extraction ratio for the ring. If the moving average grade from 70% to 
95% is less than 35% Fe, the second criterion is met.

3. Fe-trend: The third criterion defines the Fe% trend for the last loaded buckets. It 
comes into play when the first and second criteria are fulfilled. The third criterion 
responds to the past trend of the iron ore grade, i.e. increasing or decreasing. The 
number of bucket values is essential to the calculations. With a low number of values, 
the parameter responds to small variations in the bucket load values, but with an 
increasing number of bucket values, the parameter response will be slower and more 
rigid. The mine currently looks at the Fe% trend for the last 40% of the extraction 
ratio; this means the loading should continue if the ore grade for the last 40% of the 
extraction ratio shows a positive trend. The Fe% trend is not displayed in the LHD 
machines but can be accessed in the mine information system (GIRON). Figure 4.4 
shows the workflow of the loading criteria at the Malmberget mine.
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Figure 4.4 Flow chart for loading criteria at Malmberget mine 

4.4 Variability and uncertainty affecting draw control 
The two main sources of variability and uncertainty affecting the draw control are mine 
design (including ring design) and loading process at the draw point. Most of the mining 
at Kiirunavaara and Malmberget mines is done via transverse SLC layout; i.e. cross cuts 
are oriented perpendicular to the strike of the ore body. Longitudinal SLC is practised 
in some areas where the ore width is narrow; i.e. the drifts and cross cuts are parallel to 
the strike of the ore body. The general layout of the mines has evolved over a long 
period, and their hybrid layouts can adapt to ore width and shape. Some transverse drifts 
transform into longitudinal drifts near the hanging walls, allowing better recovery. Other 
transverse drifts branch to accommodate the ore shape or to handle disturbed mining 
areas with the objective of reducing development costs. Figure 4.5 shows the top view 
of a typical production area at Kiirunavaara mine.  
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Figure 4.5 Example of layout at Kiirunavaara mine (Courtesy LKAB) 

In SLC, two parallel phenomena (mixing of ore and waste, flow of materials) occur 
when the material is loaded at the draw point. The loading process is further complicated 
because of the nature of drilling and blasting in SLC. A typical SLC ring is either fan 
shaped or silo shaped; the latter has more spacing near the toe. Because of increases in 
the scale of SLC operations, a typical SLC ring now has mid boreholes 50-60m long, 
with a burden of 3-3.5m, making the ring design very sensitive to borehole deviations 
and chargeability. Blasting performed in SLC is confined in nature. The confining 
material might be from two sources, one is the blasted material from the previous round 
and the other caved material (Petropoulos, 2017). The production ring is usually 
confined in front and at one side which is dependent on the location of the ring in the 
production area.  

An LHD bucket loaded at the draw point is affected by the manner in which previous 
operations (drilling, blasting, loading) have been conducted. In an ideal case, the bucket 
weight measured should directly represent the amount of ore or waste in the bucket 
because of the density difference between ore and waste. In SLC, the material loaded at 
the draw point initially starts as pure ore but eventually becomes a mixture of ore and 
waste. The ore can come from the blasted ring, or it may be ore left at the above levels. 
Similarly, waste can come from internal dilution caused by waste intrusions or from the 
caved material. As the density of iron ore (4.6 - 4.8tonnes/m3) is significantly more than 
the density of waste (2.7 - 2.8tonnes/m3), a heavier bucket will have a higher amount 
of iron ore, and a lighter bucket will have a lower amount. However, in reality, the 
bucket weight is influenced by two more factors: 

1. Uncertainty in bucket fill factor: WOLIS assumes a constant theoretical volume 
of the bucket when estimating bucket grade. However, the amount of material 
loaded in the bucket varies depending on muck pile profile, material compaction, 
fragmentation, breakout force of LHD and operator skill. A bucket can be under-
loaded if the material is compacted at the draw point (in the absence of fresh material 
flow from the top) or if the muck pile is very scattered. Similarly, overloading can 
happen if the bucket is filled more than the prescribed amount. If a bucket is 
overloaded, the iron grade of the bucket is overestimated, and if it is under loaded, 
the iron grade is underestimated.  
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2. Uncertainty in fragmentation: In SLC, uneven or differential fragmentation is an 
inherent problem due to the nature of drilling and blasting. Fragmentation can be 
analysed using image analysis, Quick Rating System (QRS), material sieving 
methods or boulder count during loading (Power, 2004; Brunton et al., 2010; 
Wimmer et al., 2012; Nordqvist and Wimmer, 2014; Wimmer et al., 2015; 
Danielsson et al., 2018). Uneven fragmentation of blasted ore and caved material 
causes inaccuracies in the grade estimation for coarser material and for buckets 
containing boulders. Hence it’s not advisable to discount the effect of fragmentation 
whilst performing grade estimation or to perform fragmentation assessment whilst 
discounting the effect of the ore-waste percentage.  

Although bucket fill factor and fragmentation have been recorded for certain production 
rings during marker trials and other experimental projects, these parameters are, in 
general, not recorded. Even for rings where these parameters have been recorded, it is 
difficult to isolate the relative contributions of ore-waste ratio, bucket fill factor and 
fragmentation for a measured bucket weight. To improve understanding, the thesis 
addresses variation and uncertainty in the mine design and loading process using two 
mathematical models, the probability model and the economic model. 
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5 RESULTS AND DISCUSSION 

Five research questions were formulated to understand the nature of loading at the draw 
point and optimise draw control for an SLC operation. The research questions are 
addressed in detail in the appended papers; a condensed version is presented in this 
chapter. 

5.1 Research Question 1 
What factors should be addressed when designing a draw control strategy? 

The ten factors that should be addressed when designing a draw control strategy are 
grade control, production demands, extraction ratio, grade monitoring, proximate draw 
point performance, flow nature, dilution behaviour, ore geometry, mine experience, 
mine design and mine layout. These factors have been identified in a literature review 
and a baseline mapping study. The reasons to address the ten factors are the following:   

1. Effective draw point monitoring system: The non-uniform nature of material 
flow in SLC requires constant monitoring to control dilution whilst also recovering 
more ore at the draw point. New draw point monitoring technologies (e.g. XRF, 
spectroscopy, neutron instrumentation) must be developed to monitor material grade 
for copper, gold or other metals mined by caving. However, in certain cases, such as 
diamond mining, sampling is difficult and ‘observational’ assessments of dilution are 
required, or other indicators for draw point monitoring should be created. A draw 
point monitoring system which can provide a reasonably accurate estimate of the 
material grade loaded is a requirement for an efficient draw control strategy. 

2. Clearly defined production demands and grade controls: Mines should have 
well-defined production demands in terms of production targets, active draw point 
requirements and sequencing schemes. Draw control should address the grade 
control targets for the mine and be sensitive to mine economic parameters, such as 
operating costs, fixed costs, profit targets and metal prices.  

3. Sensitivity to mine design and ore geometry: A dynamic draw control strategy 
should be sensitive to the mine design and ore geometry. Basic ore flow principles 
result from experiments, and past production data could provide a framework to 
optimise draw control to a mine’s specific design and ore geometry requirements.  

4. Careful assessment of dilution behaviour: The literature shows that dilution 
entry in its present form cannot be a useful parameter for judging draw point 
performance because of the non-uniform or chaotic nature of ore flow. A new 
method based on production data or other mine-specific parameters for dilution 
entry and total dilution calculation needs to be developed. An assessment of dilution 
behaviour is required to decide which aspects of dilution, if any, should be included 
in the draw control. Draw control should be able to monitor and control dilution at 
the draw point. 

5. Influence of proximate draw point: Marker trials have shown that secondary 
and tertiary recovery play an important role in ore recovery. The performance of the 
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draw points above a blasted ring is assumed to have an influence on the ore grade 
extracted from the draw point. However, certain assumptions, for example, assuming 
low extraction ratios in upper levels will translate into more ore at levels below, 
should not be taken for granted because of the chaotic nature of the material flow. 
A correct parameter to measure the ore potential from above levels needs to be 
defined and used in correlational analysis to understand the effect of secondary and 
tertiary recovery on draw point performance. An efficient draw control strategy 
needs to include such correlations, if any can be found between proximate drifts to 
better predict draw point performance. 

6. Mine experience: The performance of draw points and the nature of material flow 
can vary from mine to mine. Historical data on draw point abandonment and other 
performance-related information can provide a baseline for assessing loading issues. 
A draw control strategy can use this information to reduce dilution and improve ore 
recovery. Mine personnel observe different aspects of loading during their working 
hours. They are also familiar with production-related problems. Conducting a 
qualitative analysis of the information collected from the personnel would yield 
useful information. 

5.2 Research Question 2 
What are the limitations of the existing draw control strategies?   

The two main limitations of past and existing draw control strategies are their inability 
to simulate non-uniform and chaotic material flow and the lack of an effective draw 
point monitoring system. Therefore, the two key aspects that need to be improved in 
the present draw control strategies are: 

1. Ability to capture chaotic and non-uniform behaviour: Marker trials highlight 
the chaotic and non-uniform nature of material flow in SLC (Power, 2004; Brunton, 
2009; Wimmer et al., 2015; Nordqvist and Wimmer, 2016). For an operating SLC 
mine, material flow is further affected by such factors as ore geology and geometry, 
rock mass properties, loading issues (hang-ups, brow failure, waste intrusions, poor 
fragmentation or ring freezing), mine design (including ring design), hole deviation, 
blasting performance, backbreak and operator influence (Laubscher, 1994; Bull and 
Page, 2000; Laubscher, 2000; Hustrulid and Kvapil, 2008). In this thesis, analytical 
research done for the Kiirunavaara mine shows a systemic variations in material grade 
at the draw point and final extraction ratio, highlighting the challenges of loading at 
the draw point. Draw control strategies using fixed final extraction ratio targets and 
shut-off grades are static and cannot capture variations in flow. To capture the 
variations and uncertainties associated with the loading process, a dynamic draw 
control strategy is required. Ore flow simulation models using the Void Diffusion 
approach, cellular automata or numerical models (particle flow codes) are unable to 
simulate random behaviour. Their usefulness lies in predicting cave fronts and 
optimising mine design. Hence, better stochastic models are required to address the 
variation and uncertainty associated with loading at the draw point in SLC.  
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2. Effective draw point monitoring systems: The chaotic and non-uniform nature 
of material flow in SLC leads to variations in ore grade at the draw point. Hence, a 
constant monitoring of material grade at the draw point is required to control 
dilution whilst also recovering more ore. One of the major difficulties of SLC loading 
is that the performance of a single draw can vary significantly, ranging from 
extremely good (high average ore grade and high final extraction ratio) to very poor 
(low average ore grade and low final extraction ratio). Marker trials results have 
shown that different rings behave differently (shallow draw, standard draw and 
shallow draw developing into standard draw (Nordqvist and Wimmer, 2016)). 
However, these variations cannot be observed in mines which use only average mill 
grades for calibrating ore flow simulation models. Calibrating models using them 
requires knowledge of the draw pattern which is currently available for only test 
rings (marker trial rings), not for all operating rings. Most caving operations that 
extract gold or base metals presently use mill grade instead of mine grade at the draw 
point as their input for draw control model calibration and optimisation. This is due 
to the lack of relevant technology to quickly and accurately monitor material grade 
at the draw point (Cokayne, 1982, McMurray, 1982). New technologies (e.g. XRF, 
spectroscopy, neutron analytical technique) which work reasonably accurately for 
draw point monitoring need to be developed for gold, copper and other metal 
deposits. 

The existing draw control strategies used globally can be assessed based on the 10 factors 
addressed in research question 1. All factors should be considered in the design of a draw 
control strategy. Table 5.1 summarises them and notes whether they are considered in 
the available draw control strategies. The table, however, does not comment on the 
validity of the factors. For example, the dilution entry method uses dilution behaviour 
(Bull and Page, 2000), but marker trials (Power, 2004; Brunton, 2009; Nordqvist and 
Wimmer, 2014; Wimmer et al., 2015) show that the inclusion of dilution behaviour 
may be incorrect. Similar arguments can be made about other methods. A score of 1 is 
given to a draw control strategy if it considers 1 out of the 10 factors; e.g., a score of 7 
out of 10 is given to the REBOP model as it considers 7 out of 10 factors based on the 
review of published literature. A qualitative assessment shows that traditional draw 
control strategy, the dilution entry method and non-dilution methods are not 
recommended for draw control purposes in its current form. Other methods would 
benefit significantly from either model improvement or improvements in draw point 
monitoring technologies. Overall, the present draw control strategies are unable to 
address the variations and uncertainties associated with loading at the draw point. 
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Table 5.1 Comparison of draw control strategies used in SLC (modified from Paper B) 

Factors 

Traditional 
draw control 

strategy 
(Cokayne,1982) 

REBOP 
model 

(Cundall, 
Mukundakri
shnan and 

Lorig, 2000) 

PCSLC 
model 

(Diering, 
2007) 

Dilution 
entry 

(Bull and 
Page, 2000) 

Dilution 
bin method 

(Jamieson, 
2012) 

NSO model 
(Jamieson, 

2012) 

Non-dilution 
method 

(Zhigui and 
Xingguo, 2008) 

PGCA model 
(Power and 

Campbell, 2016) 

Kiirunavaara 
and 

Malmberget 

Grade control          
Production demands          

Extraction ratios          
Grade monitoring          

Proximate draw points          
Flow nature          

Dilution behaviour          
Mine design and  mine layout          

Ore geometry          
Mine experience          

Total score 5/10 7/10 6/10 5/10 6/10 6/10 5/10 8/10 7/10 

 
Table 5.1’s qualitative comparison of draw control strategies highlights the gap in the 
literature on draw control and shows the need for a draw control strategy able to handle 
issues of systemic variations in draw point performance. In this thesis, analytical research 
done for the Kiirunavaara mine highlights the systemic variations in draw point 
performance, whilst descriptive research on past and current draw control strategies 
identifies the gaps in present strategies (Table 5.1). A new draw control strategy which 
handles the uncertainties and variations associated with loading at the draw point is 
needed. 

5.3 Research Question 3 
How can a draw control strategy incorporate the uncertainties and variations 
associated with the loading process? 

A draw control strategy should take into account the randomness created by chaotic and 
non-uniform material flow, as it is the primary source of variation and uncertainty in 
material grade at the draw point. A draw control strategy should also be sensitive to 
mine economic parameters and, if possible, grade control at the draw point. 

The uncertainties and variations in the loading process are addressed in the thesis by the 
development of two mathematical models: a probability model and an economic model. 
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The probability model uses historical data, together with simulated missing data, to 
provide a virtual mine environment of simulated bucket weights which is less biased 
and captures the uncertainties and variations associated with the loading process. It 
captures the uncertainty associated with fragmentation and bucket fill factor through an 
ore-waste model and the variation caused by the mixing of ore and waste through a 
mixing model. The economic model addresses the variations at an individual draw point 
by measuring the economic impact of the draw point. The variations of material grade 
due to a chaotic and non-uniform material flow are captured by the model to provide 
an overall economic assessment of the draw point.  

Various draw control strategies can be tested on the virtual mine environment created 
by the probability model, and their economic impact can be quantified by the economic 
model. The economic model also has the ability to provide an economic assessment in 
real-time and, as such, can be used for loading control at the daw point. Hence, a draw 
control strategy which uses the two models is able to incorporate the uncertainties and 
variations associated with the loading process. The two mathematical models are 
described briefly in this section.  

5.3.1 Development of the probability model 
The probability model uses collected historical production data and principles of 
Bayesian statistics. The primary objective is to create a virtual mine environment in 
which different draw control strategies can be tested. Real historical production data 
from a mine can be directly used to test a new draw control strategy. However, historical 
datasets suffer from survival bias. Survival bias is caused when observations are collected 
from certain sources as part of a predetermined selection process whilst other sources 
are overlooked (Elton et al., 1996; Schneeweis et al., 1996). In a real mining situation, 
poor performing rings are often closed early, whilst high performing rings may continue 
to produce ore until very high excavation rates are reached, as the grade remains high. 
Therefore, at higher extraction ratios (>100%), the dataset from a real mining operation 
contains many good performing rings whilst most of the poor performing rings are 
excluded. With an increasing extraction ratio, the dataset becomes less and less 
representative of the real geological ore grade distribution. Using real historical 
production data as a reference for draw point behaviour would, therefore, be incorrect. 
The simulated dataset generated using the probability model to create a virtual mine 
environment is less biased simply because it does not suffer from survival bias. The 
probability model shows the complete range of scenarios that may be anticipated from 
well-performing to poorly performing rings at a high extraction ratio. Another reason 
for creating a probability model is that extracting data from different rings for different 
extraction ratios during real production is costly and unfeasible.  

The probability model is based on the following properties of material movement 
towards the draw point:   

1. Individual rings have chaotic and random material flow towards the draw point.  

2. The average trend for ore grade, for a large number of rings, will decrease from pure 
ore to caved material during the process of loading.  
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A probability model based on these properties and using production data is described in 
what follows. During loading, the mixing of ore and caved material happens 
simultaneously, as material of different fragmentation is loaded with varying bucket fill 
factors by LHDs. The probability model captures the phenomenon of loading at the 
draw point in four stages (see Figure 5.1). 

Figure 5.1 Overview of the four stages of the probability model. 𝜙𝜙 is the control 
parameter for the mixing model and ω is the most likely value of 𝜙𝜙. 

Stage 1: Ore-waste model: The ore-waste model captures the uncertainty caused by 
fragmentation and bucket fill factor in the loading process. At both the Kiirunavaara 
mine and the Malmberget mine, the LHD buckets are weighed during loading. The 
grade of the loaded material is estimated based on the weight of the bucket. The grade 
estimation for a given bucket uses equation (3). The equation has a single value to 
represent a fully loaded bucket of ore or waste. However, depending on fragmentation 
and bucket fill factor, the weight of a bucket filled with ore will vary, and a bucket filled 
with fine fragmented material will be heavier than the average, whilst a coarse 
fragmented material will be lighter than the average. In stage 1, historical bucket weight 
data are used to determine the distribution of the ore and waste. The ore-waste model 
captures the uncertainty associated with fragmentation and bucket fill factor better than 
a range of bucket weight values. The ore-waste model is created for different bucket 
sizes for the Kiirunavaara and Malmberget mines. 

Stage 2: Mixing model: This mixing model captures the variations caused by the 
mixing of ore and waste in the loading process. It uses the same principle as the mines’ 
present system; i.e. a loaded bucket can be expressed as a linear combination of a bucket 

Ore Waste 

Stage 1 Ore-waste model

Stage 2 Mixing model

𝜙𝜙∗ 𝑂𝑂𝑒𝑒e + 1 − 𝜙𝜙 ∗𝑊𝑊𝑒𝑒𝑐𝑐𝑏𝑏𝑒𝑒

Stage 4 Simulation and prediction

Stage 3 Applying constraint

𝜙𝜙 is dependent on 
1. Last 10 buckets (likelihood function)
2. 𝑂𝑂 𝜙𝜙 𝜔,𝐾  (prior distribution)
Here, K is a constant and 𝜔 is a piecewise function
described below:

Sample next 10 buckets from 
the distribution and store it in 
the ring matrix 

𝜔 = 𝐶𝐶𝑒𝑒
−(𝑟−𝐷)2
2𝐸2  𝑓𝑓𝑀𝑀𝑒𝑒 𝑒𝑒 ≤ 1

𝜔 = 𝐹𝐹𝑒𝑒𝐺   𝑓𝑓𝑀𝑀𝑒𝑒  𝑒𝑒 > 1
Where, r is extraction ratio and C, D, E, F, G are shape 
parameters.

𝜙𝜙 as 
function of 
r for a fixed 
value of 
shape 
parameters
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of waste and a bucket of ore. However, instead of using a fixed value for a fully filled 
bucket of ore and waste, the mixing model uses the distribution of the ore and waste to 
account for variations. A control parameter 𝜙𝜙 is used to regulate the mixing of the ore 
and waste distributions. The mixing model can flexibly simulate different mining 
scenarios by capturing the variations caused by the mixing of ore and waste. 

Stage 3: Applying constraints: In general, as the extraction ratio increases, the ore 
percentage will decrease at the draw point. In this stage, suitable mining constraints are 
applied on the model through an empirical function. The function provides a prior 
distribution for the control parameter 𝜙𝜙 which is updated based on the last 10 buckets 
loaded to give the posterior distribution of 𝜙𝜙. The posterior distribution of 𝜙𝜙 reflects 
both the uncertainties associated with the measured buckets at a specific draw point and 
prior information captured by the prior distribution from historical datasets. The 
empirical functions are created for the Kiirunavaara and Malmberget mines using the 
collected historical extraction ratio data. 

Stage 4: Simulation and prediction: Bayesian inference is used in stage 4 to simulate 
different mining scenarios and predict the resulting draw point performance. The 
probability model simulates bucket weights (an indicator of the amount of ore) at the 
draw point. It captures the uncertainty of material flow whilst following the mining 
constraints of the prior distribution. Figure 5.2 shows the flowchart for simulation of a 
production ring using the probability model. Further details on the model are found in 
papers C and E.  

Models can be validated by comparing their predictions with experimental observation, 
both of which contain uncertainty (Jiang and Mahadevan, 2009). In this thesis, the 
simulated bucket weights from the probability model are treated as model prediction, 
and the historical bucket weight data are treated as experimental observations. Posterior 
predictive checks are frequently used in Bayesian statistics for model validation. 
Kruschke (2013) states that in a posterior predictive check, the analyst assesses whether 
data simulated from credible parameter values resemble the actual data, with 
‘resemblance’ measured in any way that is meaningful in the applied context. For 
loading at the draw point, the meaningful context can be defined as whether the model 
is able to simulate the different scenarios from poor to well-performing draw points at 
different extraction ratios. Paper C describes the posterior predictive check analysis of 
the probability model and concludes that the simulated data from credible parameter 
values resemble the actual data (space containing all the possible scenarios) in the context 
of loading at the draw point. Hence, the model is able to simulate loading at the draw 
point and can be used to perform draw control tests. 
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Figure 5.2 Flow chart showing the steps for the simulation to generate simulated 

dataset for a single production ring 

The probability model can simulate a complete range of scenarios, from well performing 
to poor performing rings and their effect of the mine. The model incorporates the 
uncertainties associated with fragmentation and bucket fill factor as well as the variations 
caused by the mixing of ore and waste.    

5.3.2 Development of the economic model 
An economic model is developed based on the principles of mine economics by 
accounting for relevant cost and revenue components from all mining activities. The 
model is a cost function which provides an economic assessment of the performance of 
a draw point. The operational profit of a single ring is defined as:  

Operational profit = Operational revenue-Operational cost-fixed cost-target profit
       (4) 

Each loaded bucket contains a certain amount of ore, estimated using the weight of the 
buckets. The revenue generated from each bucket can be estimated from the amount 
of ore in the bucket. The total operational revenue for all loaded buckets, from the 1st 
bucket to the nth bucket, is calculated using equation 5. 

Start

Extraction ratio, r = 0

Prior distribution for 𝜙𝜙. 
p(𝜙𝜙|r,K)

New production ring. Posterior 
distribution for 𝜙𝜙 same as prior 
distribution

Likelihood function for last 10 buckets. 
∏ 𝑂𝑂(𝑏𝑏𝐺𝐺|𝜙𝜙)10
𝑖𝑖

Draw a random iid value of 𝜙𝜙 from 
the posterior distribution. 

Draw 10 random iid 
buckets weights from the 
probability distribution 

Apply random 𝜙𝜙 value to mixing 
model and generate probability 
distribution for bucket weights

r = 0%

Posterior distribution for 𝜙𝜙. 
P(𝜙𝜙 |b1,…,b10) 

Update the ring matrix 
with the 10 new buckets

Update r value after 
adding 10 new buckets

r > 400%

Stop

Yes

No

Yes

No

Create an empty ring matrix with 3 column to store bucket weight, bucket grade and extraction ratio
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𝑂𝑂𝑂𝑂𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝐺𝐺𝑀𝑀𝑛𝑛𝑒𝑒𝑂𝑂 𝑒𝑒𝑒𝑒𝑣𝑣𝑒𝑒𝑛𝑛𝑏𝑏𝑒𝑒 = �𝑅𝑅 × 𝑊𝑊𝐺𝐺 ×
𝐺𝐺𝐺𝐺 − 𝐴𝐴
𝐵𝐵

𝑛𝑛

𝑖𝑖=1

(5) 

where 

R = Revenue from selling pellets (SEK/tonnes) 

Wi = Bucket weight (tonnes) 

Gi = Estimated bucket grade (Fe%) 

(Gi-A)/B = Conversion factor (A and B are constant values specific to processing 
plants) used by the mine to estimate pellet output for a given ore grade 
(LKAB, 2002).  

The operational cost is the combination of all costs for development activities; it is 
divided into the cost for drilling, charging and blasting rings, and the unit cost for 
loading, transporting, processing and shipping. The operational cost is calculated using 
equation 6. Fixed cost and target profit are calculated using equation 7. 

𝑂𝑂𝑂𝑂𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝐺𝐺𝑀𝑀𝑛𝑛𝑒𝑒𝑂𝑂 𝑏𝑏𝑀𝑀𝑐𝑐𝑏𝑏 = 𝐶𝐶1 × 𝑃𝑃𝑃𝑃 + �𝐶𝐶2 × 𝑊𝑊𝐺𝐺 + (𝐶𝐶3) × 𝑊𝑊𝐺𝐺 ×
𝐺𝐺𝐺𝐺 − 𝐴𝐴
𝐵𝐵

𝑛𝑛

𝑖𝑖=1

(6) 

𝐹𝐹𝐺𝐺𝐹𝐹𝑒𝑒𝐺𝐺 𝑏𝑏𝑀𝑀𝑐𝑐𝑏𝑏 + 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏 𝑂𝑂𝑒𝑒𝑀𝑀𝑓𝑓𝐺𝐺𝑏𝑏 = �(𝐶𝐶4 + 𝐶𝐶5) × 𝑊𝑊𝐺𝐺 ×
𝐺𝐺𝐺𝐺 − 𝐴𝐴
𝐵𝐵

𝑛𝑛

𝑖𝑖=1

(7) 

where 

C1 = Cost of development, drilling, charging and blasting (SEK/tonnes) 

C2 = Cost of loading, transport, crushing and hoisting (SEK/tonnes) 

C3 = Cost of sorting, beneficiation, pelletisation, waste handling, shipping, and 
overhead costs (SEK/tonnes) 

C4 = Fixed cost includes depreciation and other cost components for the mine 
(SEK/tonnes) 

C5 = Target profit is the minimum amount of profit that the mine expects to 
achieve (SEK/tonnes)  

PT = Planned tonnage of the ring (tonnes) 

Wi = Bucket weight (tonnes) 

Gi = Estimated bucket grade (Fe%) 

(Gi-A)/B = Conversion factor (A and B are constant values specific to processing 
plants) used by the Malmberget mine to estimate pellet output for a given 
ore grade (LKAB, 2002).  
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The capital cost will vary for different rings, as the mine design and planned tonnage for 
different rings vary. The model accesses the economic impact of loading at the draw 
point. 

5.4 Research Question 4 
What parameters should be considered while optimising draw control 
strategy? 

The two types of parameters considered in this thesis for optimising draw control are 
input and output parameters. The three input parameters address the ten factors 
identified in research question 1. The output parameters address the overall mine 
performance. Figure 5.3 shows an overview of the parameters considered for optimising 
draw control. 

 

Figure 5.3 Parameters considered for optimising draw control 

5.4.1 Input parameters 
The three input parameters address the ten identified factors as follows: 

1. Historical production data: For an operating sublevel caving (SLC) mine such as 
the Kiirunavaara and the Malmberget mines, mine design and ore geometry and 
geology are mostly constant when optimising draw control. Hence, historical 
production data are used to capture the effect of these parameters on draw control. 
The probability model uses historical production data, together with simulated 
missing data, to capture the uncertainty and variation in loading which are partially 
affected by these parameters.  

2. Annual production target: The ore geology and mining conditions at the 
Kiirunavaara and the Malmberget mines create a set of mining constraints. Shekhar 
et al. (2017) briefly discusses the mine’s mining sequence, blasting and mine-induced 
seismicity constraints. Mining constraints, such as fleet capacity and active draw point 
availability, are managed by mine planning and do not need to be considered in plans 
to optimise the loading control at the mine. These constraints have an effect on the 
overall draw control strategy but do not concern the optimisation of the loading 
control in the current scenario. In this thesis, the primary mining constraint is the 
production target. The primary mining constraint for the Kiirunavaara mine is the 
annual production target of 27 MT, a figure based on the mine’s long-term planning. 
The primary mining constraint for the Malmberget mine is the production target of 
the individual ore bodies. Table 5.2 shows the target production tonnes for the 

Input parameters
• Historical production data
• Annual production target
• Mine economic parameters

Output parameters
• Annual operational profit
• Number of rings mined 

Draw control scenario
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different ore bodies at Malmberget mine. The total production target for all the 
production rings of the 12 ore bodies for 2018-2019 is 10.91 MT. The rest of the 
production for the mine relies on development drifts and residual loading from older 
production drifts, as described in Shekhar et al. (2017). 

Table 5.2 Target production tonnage for ore bodies 

Ore 
body Al Fa Ka De Pa Pr Og ViRi Ba Jh Hn Js 

Target 
(MT) 2,62 0,17 1,13 0,95 0,55 1,57 0,49 1,27 0,42 0,74 0,42 0,57 

3. Mine economic parameters: Mine economics for caving operations must balance 
mine operating costs and fixed cost components against revenue from the finished 
product (iron ore pellets for the Kiirunavaara and Malmberget mines). These cost 
and revenue components keep on changing, depending on metal prices, regulatory 
policies, commodities prices etc. The economic model address the mine economic 
parameters. 

Hence, the input parameters together with the two mathematical models address the 
ten identified factors for designing a draw control strategy. 

5.4.2 Output parameters 
The output parameters address the overall mine performance for optimising draw 
control. Overall mine performance quantifies the overall impact of a draw control 
strategy on the mine. The two key performance indicators (KPIs) used to quantify the 
overall mine performance are number of rings mined and annual operational profit. 
Number of rings mined helps quantify the sinking rate of the mine. A decrease in the 
number of rings mined reduces the sinking rate and prolongs the mine life. Annual 
operational profit targets are accurately known for different iron ore prices (past or 
predicted) and mining costs, making this an important KPI for assessing draw control. 
These two KPIs help achieve the targets for sustainable mining at the Kiirunavaara and 
the Malmberget mines (LKAB, 2018).  

For a sustainable mining operation, an optimal draw control strategy should maximise 
operational profit whilst minimising the number of rings mined. The period used for 
the simulation in the thesis was one year, as the yearly production targets are known, 
along with estimated iron prices and historical mining costs. The yearly production 
targets reflect the long-term planning of the mine.  
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5.5 Research Question 5 
How can the optimal draw control for a mine be identified? 

The goal is to optimise draw control strategies for SLC operations to achieve 
predetermined mine objectives, quantified as measurable Key Performance Indicators 
(KPIs). To this end, the thesis tests different draw control scenarios for the Kiirunavaara 
mine and the Malmberget mine though simulation; heuristics are then applied to 
identify the optimal parameter values to achieve the predetermined mine objectives 
quantified as KPIs. The identified draw control scenario is the optimal one as it achieves 
the mine objectives for a given mining and economic condition. 

A common KPI used for optimising draw control is net present value (NPV) (Jamieson, 
2012; Campbell and Power, 2016). Draw control strategy which maximises NPV is 
used by the Telfer mine and the Ernest Henry mine (Jamieson, 2012; Campbell and 
Power, 2016). This technique is popular for several different mining methods, as it is 
able to quantify all cost and revenue components over a period of time. However, 
caving operations have an inherent variability in the amount and quality of material that 
is mined yearly because of the chaotic and non-uniform material flow, alongside other 
production and rock mechanics issues (e.g. seismicity). Hence, daily control of the 
loading operation at the draw point is required to determine when loading of a given 
ring should be stopped. Caving operations which do not measure ore grade at the draw 
point are unable to register this variation and must therefore use a uniform and static 
control of loading at the draw point (Jamieson, 2012; Campbell and Power, 2016; 
Shekhar et al., 2016). The final extraction ratio targets are lower near the hanging wall, 
and the target increases as the draw point location moves from hanging wall to footwall 
(Campbell and Power, 2016). However, the Kiirunavaara and the Malmberget mine 
can measure the ore grade at the draw point and optimise the draw control for individual 
draw points. 

The draw control strategy at the Kiirunavaara and Malmberget mines is guided by a 
bucket weight-based draw point monitoring system known as WOLIS (see Section 4.2). 
The Kiirunavaara mine has fixed final extraction ratio targets, whilst the Malmberget 
mine uses loading criteria to regulate loading at the draw point (see Section 4.3). The 
current approaches at both mines are suboptimal and unsuitable for draw control for the 
following two reasons: 

1. Insensitivity to mine economics: The current shut-off grade-based approach is 
only sensitive to the operational cost components and assumes other cost and revenue 
components are uniform. The shut-off grade uses the concept of marginal cost 
(LKAB, 2002). Hence, loading is stopped at the draw point when ore can be mined 
more cheaply by blasting a new production ring instead of continuing to load the 
existing draw point (LKAB, 2002). The evaluation does not take into account the 
price of iron ore or iron products; instead, it compares two cost components. The 
evaluation is also insensitive to fixed cost components for the mine. Sensitivity 
analysis done by the mine shows a high risk of iron ore price (LKAB, 2018). Paper 
E shows the effect of iron product prices on the operational profitability and 
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highlights the importance of metal prices when optimising draw control. Paper E 
shows that the criteria-based approach at Malmberget mine for draw control is 
insensitive to metal price variation, and this will impact the overall economy of the 
mine. The Kiirunavaara mine uses the extraction ratio as the criterion; it too is 
insensitive to metal prices and other economic parameters.  

2. Complicated Graphical User Interface (GUI): The current criteria-based
approach is controlled by WOLIS which plots a moving average curve of bucket
weight or bucket grade (Shekhar et al., 2018). The curves can be seen inside the
LHD and in the mine information system. High fluctuations in the curve make it
difficult for the operator and the mine to judge the performance of the draw point.
The information on the average grade (e.g. last 25% extraction ratio) and trend (e.g.
last 40% extraction ratio) for the recently loaded material does not include
information on the overall performance of the draw point. Hence, the criteria-based
approach provides a complicated platform open to subjective interpretations
(Gustafson et al., 2019). This also leads to noncompliance with loading criteria, and
draw points not closed according to the criteria. In short, there is a need for an
improved GUI at the Malmberget mine.

5.5.1 Proposed new decision box approach 
In the thesis, a set of draw control strategies based on the economic model is tested. The 
goal is to provide a dynamic draw control system. The proposed approach is called the 
‘decision box’ approach. The economic model provides a real-time economic 
assessment of the draw point performance to guide regulation of loading at the draw 
point. Figure 5.4 shows the economic model applied to historical data from Kiirunavaara 
mine.  
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Figure 5.4 An example of a production ring from the Kiirunavaara mine 

In the figure, the extraction ratio is represented on the x-axis, and operational profit is 
represented on the y-axis. The cost of development, drilling, charging and blasting is 
added for the planned tonnage of the ring and represented as a negative capital cost in 
the graph. As loading continues, depending on the weight and grade of the bucket, the 
cost and revenue are estimated for each bucket and cumulatively added and displayed 
by the economic model. In Figure 5.4, the operational profit curve passes the breakeven 
point at approximately 65% extraction ratio. A minimum extraction ratio is defined; 
until this point, loading should be continued (black vertical line).  

5.5.1.1 Decision box 

In Figure 5.4, a decision box is superimposed on the cost function of the economic 
model. The decision box becomes active after the minimum extraction ratio target is 
reached. The decision box always has the top left corner fixed to the point of maximum 
profit. Loading should be continued as long as the operational profit curve is inside the 
box and stopped when the curve goes outside the box.  

As more ore is loaded, the curve goes up, and the decision box follows the curve. If 
more waste is being loaded, the curve starts to go down; the decision box controls the 
amount of low grade ore that can be accepted before loading should be stopped. The 
decision box approach therefore provides an opportunity to take calculated risks with 
the objective of increasing ore recovery by loading more material from the draw point. 
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The size of the decision box is defined by the following two limits: 

1. Height limit: When a continuous flow of dilution is encountered at the draw point, 
the profit curve goes down and exits the decision box at the bottom. Hence, the 
height of the box regulates the maximum amount of dilution that can be 
economically motivated for the opportunity to recover additional volumes of ore.  

2. Length limit: If a non-optimal mixture of ore and waste is being loaded 
continuously, the operational profit curve will either plateau or show a downward 
trend and eventually exit the decision box on the right side. If a number of draw 
points are loaded with a plateaued or downward trend, the mine’s operational profit 
will be reduced. Therefore, the length limit helps maintain the overall economic 
viability of the mine by balancing profit against resource conservation.   

In Figure 5.4, the profit curve starts to fluctuate after 80% extraction ratio, initially going 
down before climbing back up for a period of loading. The profit curve goes outside 
the decision box at 115% extraction ratio, and loading is stopped at approximately 120% 
extraction ratio. This example was selected from past production data to show the 
behaviour of the decision box approach if it were used at Kiirunavaara mine, but the 
ring was not loaded using the decision box approach. As noted previously, the mine 
currently uses the WOLIS system which displays the moving average of the bucket 
grade (see Figure 4.3). 

The decision to continue loading or stop and blast the following ring is very complicated 
in SLC because of the pulsating nature of ore and waste inflow at the draw point (see 
Figure 1.1). The waste inflow can be followed by a large ore inflow in a very 
unpredictable way. Sometimes the loading of waste may be required to attain more ore 
volume in the ring. Here, the performance of overlaying rings may be an influencing 
factor, as well as the experience of the operators. The decision box facilitates a more 
efficient and flexible ring excavation (Figure 5.4).  

Figure 5.5 shows a production ring from Malmberget mine stopped at approximately 
110% extraction ratio even though, based on the economic model, there is scope to 
load more material. Unlike the WOLIS system, which displays only the ore grade of 
the material being loaded, the decision box approach explores the economic outcome, 
giving the mine an opportunity to take a calculated risk in real time. The decision box 
approach recommends loading be continued as long as the operational profit curve is 
inside the decision box, and loading should be stopped when the curve goes outside the 
box. The decision box replaces the second and third criteria for the system currently 
used in the Malmberget mine. 
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Figure 5.5 An example of a production ring from the Malmberget mine 

The decision box has four parameters that decide the nature of draw control for the 
mine: minimum extraction ratio, target profit per tonne, width and height of the 
decision box. To optimise the draw control, the optimal values for the four parameters 
need to be identified. In this case, the effect of each parameter and the effect of the 
combinations of the four parameters are quantified using the probability and economic 
models. Table 5.3 shows the range and resolution of the four parameters used to create 
different scenarios; overall, 20 520 different scenarios are generated by varying the four 
parameters. The generated scenarios are used in the virtual mine created by the 
probability model. Finally, the results of the simulation are assessed using the economic 
model.  

Table 5.3 Parameters for generating scenarios for decision box approach 

Parameter Lower 
range 

Upper 
range Resolution No. of 

Scenarios 
Minimum extraction ratio 50% 130% 10% 9 
Target profit per tonne Confidential information 6 
Width of decision box 5% 50% 2,5% 19 
Height of decision box (in SEK) 10 000 200 000 10 000 20 
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5.5.2 Analysis of the decision box approach 
Figure 5.6 shows the results for the 20 520 scenarios generated by varying the four 
parameters for the proposed decision box method for the Malmberget and Kiirunavaara 
mine. The x-axis shows the number of rings mined, whilst the y-axis shows the 
estimated annual operational profit, and the marks represent the different scenarios. 

 
a) Malmberget mine 

 
b) Kiirunavaara mine 

Figure 5.6 Scatter plot for the decision box approach  
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As the number of rings mined increases, the operational profit first increases until it 
reaches the peak after which it decreases. These trends are affected by the four 
parameters (minimum extraction ratio, target profit per tonne, height and width of the 
decision box) of the decision box approach. The general behaviours observed are: 

1. Size of the decision box: When the size of the box is bigger, a larger amount of 
waste inflow and a longer interval of waste inflow can be tolerated before the curve 
goes outside the box. However, as the box gets smaller and smaller, the chances of 
operational profit curves going out of the box increases, as the material flow is chaotic 
and non-uniform. Hence, the curve moves from left to the right as the size of the 
box decreases. 

2. Effect of target profit per tonne on number of rings mined: The target profit 
per tonne is positively correlated with the number of rings mined. For higher value 
of target profit per tonne, the curve goes outside the decision box quickly for the 
same material flow condition which leads to an increase in the number of rings 
mined. 

3. Interaction between target profit per tonne and minimum extraction ratio: 
The minimum extraction ratio does not affect the performance indicators for lower 
value of target profit per tonne, but it becomes the dominant parameter for higher 
values of target profit per tonne, as displayed by the last six scatter plot marks after 
the peak in Figure 5.6a and by the red scatter marks at the right-most end of the 
scatter plot in Figure 5.6b. These points are directly correlated with the minimum 
extraction ratio. 

4. Difference between the mines: A difference in scatter density is observed between 
the scatter plot for the Kiirunavaara and the Malmberget mines at and after the peak. 
The Malmberget mine has very few scenarios near to and after the peak; with an 
increasing target profit per tonne value, it becomes difficult to load material after the 
minimum extraction ratio criteria, because the curve moves outside the box quickly. 
Malmberget mine has 13 operating ore bodies of varying sizes and grades (Shekhar 
et al., 2017), leading to a more constrained operation of a relatively lower average 
grade deposit compared to the Kiirunavaara ore body.   

The optimal values for minimum extraction ratio, target profit per tonne and size of the 
decision box are decided by balancing operational profit and number of rings mined. 
The parameter values which achieve the desired operational profit target whilst reducing 
the number of rings mined are selected as follows.  
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5.5.3 Identifying optimal parameter values 
For the decision box approach, the parameter values for the model must be defined. 
Heuristics are used to identify the optimal parameter values for the decision box 
approach, as multiple scenarios can achieve the annual operational profit target. 
Simulation considers ideal operating conditions, whilst production can be affected by 
safety, loading and rock transportation issues (hang-ups, brow failure, ore pass loss etc.). 
The parameters selected for the two mines are minimum extraction ratio, width of the 
decision box, height of the decision box and target profit per tonne. 

Minimum extraction ratio: A minimum extraction ratio from 50% to 130% is tested 
and analysed. A minimum extraction ratio is needed to maintain continuous caving. 
Simulation results for the minimum extraction ratio show that for lower values of target 
profit per tonne, the minimum extraction ratio is not the dominant parameter. But for 
higher values of target profit per tonne the minimum extraction ratio becomes a 
dominant parameter. If a low minimum extraction ratio is used, individual draw points 
may be closed earlier, leading to an increasing number of mined rings and an increasing 
sinking rate. A higher minimum extraction ratio helps in loading from draw points 
showing trends for shallow draw with higher dilution at a low extraction ratio which 
transforms to standard draw at higher extraction ratio (Nordqvist and Wimmer, 2016). 
But a higher value of this parameter leads to increased number of rings mined, especially 
for higher values of target profit per tonnes. Hence, an optimal value for the minimum 
extraction ratio criterion is important to encourage continuous caving and to reduce the 
sinking rate. A minimum extraction ratio of 60% is recommended for the Kiirunavaara 
and Malmberget mines as a conservative estimate near the lower limit of the analysed 
value. The recommended value is lower than the current minimum ratio of 80% for the 
Malmberget mine.   

Width of the decision box: Scenarios with lower values of target profit per tonne 
are analysed to understand the effect of the width of the box. At higher values of target 
profit per tonne, the minimum extraction ratio becomes the dominant parameter and is 
therefore not useful to select the width of the box. Figure 5.7 shows the scatter plot for 
the width of the decision box versus the number of rings mined for lower values of 
target profit per tonne.   
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a) Malmberget mine

b) Kiirunavaara mine

Figure 5.7 Effect of the width of decision box 

In general, the number of rings mined is negatively correlated with the width of the 
decision box. The lower half of scatter plot (Figure 5.7b) corresponds to larger values 
for height of the box; here, the width of the box is a dominant parameter. As the height 
of the box increases, the width becomes even more dominant, as shown by the increased 
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gradient of the scatter for the middle and lower half of the scatter plot (Figure 5.7b). 
The gradient becomes relatively flatter after 20% for both e mines for the corresponding 
values for box height. Hence, 20% is selected as a conservative limit for the width of 
the decision box for both mines. 

Height of the decision box: The height of the box is varied from 10 000 SEK to 200 
000 SEK. In Figure 5.7b, the scenarios above a 20% width of the decision box are clearly 
divided into two groups; those in the upper group are unaffected by the width of the 
decision box, but those in the lower one have a negative trend. The upper group consists 
only of smaller values for the height of the box (10 000 to 30 000), whilst larger values 
are all located in the lower group. This means that for smaller values of the height of 
the box, the height dominates over the width, but for larger values of the height of box, 
the width dominates. During loading it’s ideal to have width as the dominant parameter 
as it promotes a decrease in number of rings mined and an increase in ore recovery. If 
the height of the box is a dominant parameter, a smaller periodic waste inflow will 
trigger closing of draw points as the height of the box will be smaller. But draw points 
should be closed if the waste flow is more sustained; this can be achieved by selecting a 
higher value of height of the box. As the height is dominant up to 30 000 SEK, a height 
of 50 000 SEK is selected as a conservative estimate for the decision box. 

Target profit per tonne: The target profit per tonne is varied to achieve different 
levels of operational profit. A cost function based on fixed costs, variable costs (primarily 
operating cost) and revenue components lacks the ability to modify the mine operation 
for different market conditions and metal prices. A target profit value helps to provide 
the flexibility for the mine to aim for different operational profit targets based on the 
market and mine conditions. The target profit per tonne value needs to be varied to 
calibrate the correct value to achieve different levels of operational profit. It is a 
dominant parameter in the decision box approach. As the target profit per tonne value 
increases, the operational profit first increases and then decreases. For higher values of 
target profit per tonne, the profit curves go outside the box as soon as the minimum 
extraction ratio criterion triggers, and this leads to early stoppage of loading at the draw 
point. The target profit values are too high and cannot be achieved when smaller 
amounts of dilution are introduced. Hence, a lower value of target profit per tonne is 
selected to keep the decision box as the dominant criterion and to ensure the decision 
box triggers at higher extraction ratios than the minimum extraction ratio criterion.    

The blue marked point in Figure 5.6a-b is the scenario corresponding to the above 
parameters and has been recommended for testing at the Malmberget and Kiirunavaara 
mines. The recommended scenarios are on the left of the peak of the scatter plot. This 
is counterintuitive to the traditional wisdom of maximised annual operational profit or 
maximised NPV. The decision is based on strategic mine planning needs, with the aim 
of reducing the sinking rate of the mine whilst achieving the target operational profits. 
For a constant mine reserve, NPV maximisation leads to reduced mine life and ore 
recovery, as the strategy demands mining higher grades as soon as possible. Sustainable 
and strategic mine planning requires a reduction in profitability to increase the mine 
life. The current loading criteria at the two mines suffer from compliance issues, largely 
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because the GUI used is complicated and leads to subjective decisions on when to stop 
loading at the draw point (Gustafson et al., 2019). Hence, a comparison of the current 
criteria with the recommended scenario is not feasible. A mine test has been 
recommended and approved to test the effectiveness of the decision box approach for 
draw control. 

The parameter values for optimal scenarios are the same for the two mines. Both are 
SLC iron ore operations with a similar mine design, and they operate in similar mine 
economic conditions. The objective for both mines is to reduce the sinking rate and 
achieve a desired operational profit aligned with long-term mine planning. The scatter 
plots for the mines are different, suggesting the ability of the models to address the 
variations between the mines. If the mines had different objectives, a different set of 
parameter values would be needed for the decision box approach. Hypothetically, if the 
decision box approach is applied to a low grade polymetallic or low copper-gold deposit, 
the size of the box may be even bigger, as the reward for recovering more ore is higher.  
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6 CONCLUSION AND RESEARCH CONTRIBUTION 

Loading at the draw point is a complex process for caving operations because of the 
confined blasting conditions, chaotic material flow and continual mixing of ore and 
waste. A draw control strategy for SLC mines addresses the critical task of regulating 
loading at the draw point. A qualitative assessment of current draw control strategies 
finds there is a gap in the literature. Material flow in SLC is a dynamic system (chaotic 
and non-uniform material flow) but is currently being controlled by static draw control 
strategies.  

The thesis has developed two mathematical models (probability model and economic 
model) to address the challenge associated with loading at the draw point for SLC 
operations. The probability model provides a virtual environment in which different 
draw control strategies can be tested whilst the economic model quantifies the economic 
impact of loading at an individual draw point. A new draw control approach termed 
the decision box approach has been developed for the Kiirunavaara and Malmberget 
mines in Sweden. The initial parameter values for the box have been selected using 
heuristics, and the mines have been recommended to test the proposed approach. 

Current caving operations which are not conducting grade control at the draw point 
are unable to optimise loading at individual draw points. The thesis highlights the 
importance of draw point monitoring in sublevel caving operations and the advantages 
of developing new draw point monitoring technologies (e.g. XRF, spectroscopy) to 
monitor material grade for copper, gold or other metals mined using caving methods. 
It provides a guideline for designing a draw control strategy for SLC operations which 
is also applicable to block and panel caving operations. The recommended draw control 
strategy has the ability to be quickly recalibrated to different mining and market 
conditions. 

Draw control strategy for a caving operation is driven in equal parts by the mine’s 
technical and strategic needs. A draw control strategy must deliver safe and efficient 
mining conditions. Once this is established, the next step in identifying optimal 
parameter values for a draw control strategy becomes a management and strategic 
decision driven by many competing non-technical factors. The thesis shows an example 
in which reducing the sinking rate takes precedence over maximising operational profit. 
Ultimately, the thesis provides a roadmap for addressing draw control strategy by 
connecting the mine management’s decisions on strategic mine planning objectives with 
the central question faced by mine personnel during production: 

‘When to stop loading at the draw point?’ 
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7 FURTHER RESEARCH 

During the research work, certain key issues related to the loading process in SLC mines 
were raised which could be addressed by future research. The issues can be summarised 
as follows: 

Calibration of bucket weighing system: Initial calibration tests from Davison (1996) 
on the bucket weight system show that the measurements from the Loadrite system are 
accurate under different loading conditions. In addition, the Kiirunavaara and 
Malmberget mines have defined calibration practices for their LHDs during 
maintenance and operations. However, developing a systematic calibration procedure 
for the LHDs during maintenance would allow the mines to compare the machine 
transducers using a standard external sensor. This would improve the accuracy of the 
present system and create a single source from which all LHDs could be calibrated.   

Nature of material flow: Current literature points to a chaotic and non-uniform 
material flow in SLC operations. Marker trials have been an informative tool in 
identifying these properties. Future research must be pursued to understand the effect 
of a change in mine conditions on material flow. The results from material flow research 
could be used to quantify the non-uniform flow and to calibrate the probability model. 

Fragmentation and bucket fill: Differential or uneven fragmentation is an intrinsic 
issue in SLC operations. The literature on fragmentation could be pushed forward by 
introducing new fragmentation measurement techniques which could perform 
volumetric fragmentation analysis. Little literature is available on the variations in bucket 
fill for LHD machines in operational conditions. This information gap could be filled 
by future research using field tests and collecting data on volumetric bucket fill.  

Mine test: A recurring challenge with research in applied sciences is the testing of 
model results in the field. Mine tests should be performed to solve the practical issues 
and physically validate the model. An optimal draw control strategy has been identified 
for the Kiirunavaara and Malmberget mines, and a full scale mine test has been 
recommended. The Kiirunavaara mine is currently conducting a full scale mine test 
using the decision box approach. The mine test setup is described in the section below. 

7.1 Mine test setup 
Figure 7.1 shows the GUI setup for the mine test in which the economic model was 
integrated with the existing mine information system (GIRON). All information is 
presented in the native Swedish language for the convenience of the mine. Real time 
assessments of all draw points are available with options for sorting draw points by 
production areas or by time stamps (active in last 24 hours or last hour). Details such as 
location, assigned machine, current extraction ratio, average grade and loading status of 
selected draw points are displayed on the left side of the GUI. Average grade provides 
information on the overall average quality of the material drawn from the draw point.  
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Figure 7.1 GUI setup for mine test 

On the right side of the GUI, the operational profit curve based on the economic model 
and decision box approach is displayed for a selected draw point; this is indicated by a 
bold highlighted row on the list of draw points to the left. Minimum extraction ratio 
and decision box criteria can be seen on the operational profit curve. The top right side 
shows information on the selected draw point, including current extraction ratio, 
moving average grade (for last 25% extraction ratio), average grade and ring location 
with respect to cave and loading status. The ring location where the rings connect with 
the cave front instead of the intact hanging wall is called ‘Rasinbrott’; rings before this 
location can have lower extraction ratio targets to avoid caving-related issues. The mine 
is currently testing the model against the present system and evaluating various aspects 
of the GUI performance, including soft aspects, such as ease of use and accessibility for 
mine personnel (Figure 7.2).  

 

Figure 7.2 Test environment at Kiirunavaara mine 

The mine is also planning to monitor mine performance by collecting data on number 
of rings mined, average mine grade and pellet production. This will help evaluate the 
effectiveness of the decision box approach for draw control. 
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Draw Control Optimisation  
along the Production Drift  
in Sublevel Caving Mines
G Shekhar1, A Gustafson2, P Boeg-Jensen3 and H Schunnesson4

ABSTRACT
The amount of material extracted from each blasted ring in sublevel caving mines is vital when 
deciding the overall mine production target. The orientation of the production drifts is normally 
perpendicular to the strike of the orebody, and rings are blasted from the hanging wall side 
to the footwall side in a retreating manner. For an inclined orebody, a given ring will contain 
different amounts of material based on its relative position along the production drift. This layout 
creates a distinctive problem with respect to the extraction ratio optimisation along the axis of the 
production drift. This paper describes the current drawpoint control strategy practiced at LKAB 
and presents the variation of drawpoint performance parameters along the production drifts. It 
uses automatically generated data from a bucket weighing system that measures tonnage drawn 
per bucket, and it classifies the blasted rings into four zones based on their relative position along 
the production drift. It considers the loading procedure for blasted rings at Kiirunavaara mine and 
analyses the variations in drawpoint performance along the production drift. The paper finds that 
although the current draw control strategy is sensitive to ring position along the drift, it could be 
modified to optimise the final extraction ratio.

INTRODUCTION
The term ‘draw control’ or ‘draw control strategy’ is 
frequently used to describe the loading process for a caving 
operation. The loading process used in caving operations 
such as sublevel caving (SLC) is much more complex than 
that used in other underground mining methods for two 
primary reasons:
1. the continuous mixing of ore with diluted caved material
2. the flow of material from a restricted opening.

The loading process refers to the actual loading of material 
into the bucket. In caving operations, draw control deals 
with the question of when to stop loading and regulates the 
loading process by providing the information on when to stop 
loading. A great deal of research has examined the mechanism 
of material flow. The initial explanatory principle, the gravity 
flow principle, described material movement in terms of an 
ellipsoid of motion for isolated draw from a single drawpoint 
using physical models and experiments (Kvapil, 1965; Janelid 
and Kvapil, 1966; Kvapil, 1982). More recently, however, 
the scale and geometry of SLC has increased with improved 
drilling and blasting technologies and better understanding 
of the flow mechanism (Power and Just, 2008). These 
developments have influenced the mine design and geometry 
of SLC operations (Quinteiro, Larsson and Hustrulid, 2001).

Current mine designs are based on either classical or 
improved SLC theory models (Bull and Page, 2000). The 

classical model was developed in Scandinavian mines and 
is based on physical models and field studies under the 
assumptions of ellipsoids of motion and isolated draw. The 
improved model was developed in Australian mines (eg the 
Redeemer Mine) and is based on the concepts of interactive 
draw, waste compaction and differential fragmentation 
(Kvapil, 1982; Page and Bull, 2001).

Draw control for SLC is an operational issue dealing with 
the everyday loading practices for a given mine design 
and material flow conditions. Draw control incorporates 
sequencing and scheduling of development, production and 
the material handling system with the objective of minimising 
both mining costs and dilution (Smith and Rahal, 2001). An 
effective draw control strategy maximises ore recovery 
while minimising dilution and delays dilution entry in the 
drawpoint by deploying corrective methods (Bull and Page, 
2000). In this paper, dilution is any material that is not ore, 
which can be both internal dilution and external dilution. 
Internal dilution originates as intrusions in the orebody, 
while external dilution comes from caved material mixing 
with blasted rings. The decision to stop loading a blasted ring 
and proceed to blasting the subsequent ring is critical in SLC 
as ore left in the ring cannot be conclusively recovered once 
the drawpoint has been abandoned. However, overloading 
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material from a blasted ring means greater dilution and 
increased mining costs.

The parameters or factors to be addressed when designing 
a successful draw control strategy can be divided into the 
following seven categories:
1. production planning and targets
2. cut-off and shut-off grades
3. dilution entry and total dilution
4. mine design (including ring design) and mine layout
5. ore geology and geometry
6. performance of proximate drawpoints
7. nature of material flow.

Parameters for drawpoint control analysis
The performance of a blasted ring, termed ‘drawpoint 
performance’, is the measure of the quantity and quality of 
material retrieved from the muck pile at the drawpoint. This 
measurement varies depending on the drawpoint parameters 
employed as performance indicators. Commonly measured 
parameters are described as follows.
 • Drawpoint dimensions – dimensions include drawpoint 

height, width and brow width. An increase in dimension 
causes an increased swell volume during blasting and 
a wider ellipsoid of loosening, which should improve 
the drawpoint performance (Janelid and Kvapil, 1966; 
Quinteiro, Larsson and Hustrulid, 2001; Kvapil, 2008).

 • Final extraction ratio – this is the ratio of actual tonnage 
extracted from a blasted ring to the planned tonnage 
designed to be extracted from the ring. It is a key indicator 
of the quantity of material retrieved from the drawpoint. 
The actual tonnage is the summation of all bucket weights 
drawn from the ring. Planned tonnage is calculated from 
the drill design and assumed ring geometry. Although a 
ratio, it is expressed as either a ratio or a percentage in the 
literature (ie if the actual tonnage is equal to the planned 
tonnage, the extraction ratio can be expressed as 1.0 or 
100 per cent).

 • Loading stoppage issues – these include loading issues, 
ranging from hang-ups to poor blasting that could 
temporarily or permanently stop loading. Such stoppages 
indicate systematic problems and provide insight into 
how drawpoint performance can be improved for future 
rings by modifying the draw control strategy (Power, 
2004; Brunton et al, 2010; Wimmer et al, 2012).

 • Fragmentation – uneven or differential fragmentation is an 
intrinsic problem in SLC blasting. It is analysed by using 
image analysis and material sieving methods, along with 
boulder count during loading (Power, 2004; Brunton et al, 
2010; Wimmer et al, 2012; Wimmer and Nordqvist, 2014).

 • Ore grade – this is the measure of the percentage of ore 
and waste in the material draw from the blasted ring. 
Initial grade analysis is conducted during exploration 
of the orebody, and this information is used for mine 
planning and ring design. Subsequent monitoring of the 
ore grade at the drawpoint is termed ‘grade control’ and is 
practiced by developing a drawpoint monitoring system 
(Booth et al, 2004).

Of the five drawpoint parameters described, the present 
research investigates only two: final extraction ratio and 
average ore grade. Drawpoint dimension is assumed to be 
constant for this research. Fragmentation has been studied 
in various marker trials (Power, 2004; Wimmer et al, 2012) 
and gravity flow research (Brunton et al, 2010) but is not 
considered here. Fragmentation analysis in marker trials has 
shown finer fragmentation up to a 20 per cent extraction ratio, 

which coarsens until the range of 60–80 per cent, after which it 
further coarsens but sometimes becomes finer (Power, 2004). 
For high-density ore, Kvapil (2008) states that fragmented 
ore is much heavier than caved rock and, hence, has an 
easier and faster flow. These observations have been used to 
explain secondary recovery and fluctuation in fragmentation 
after an 80 per cent draw. The variation in fragmentation is 
not consistent at different extraction ratios. Fragmentation 
analysis of different blasts displays different behaviour, 
except for the certainty of relative coarsening of the material 
at the drawpoint as the extraction ratio increases (Power, 
2004). Recent marker trials conducted at Kiirunavaara mine 
show a correlation (R2 = -0.63) between bucket weight and 
fragmentation (Wimmer et al, 2015). The link is influenced 
by the ore–waste composition of the muck pile, along with 
variations in fragmentation for both ore and caved material. 
The uncertainty in fragmentation for each blast, along with 
the influence of ore–waste composition, makes fragmentation 
an unreliable drawpoint parameter for draw control analysis. 
The general assumption is that improved fragmentation 
(a reduced variation in the range of fragment size for a blasted 
ring) will improve the loading efficiency of a mining method 
(Bull and Page, 2000). Currently, it is practically challenging 
to perform comprehensive fragmentation analysis as part of 
a continuous mining operation, and the literature does not 
provide conclusive results (Power, 2004; Wimmer et al, 2015). 
Although crucial to understanding gravity flow principles, 
fragmentation analysis has thus been excluded from the 
analysis of draw control with respect to mine layout and ore 
geometry.

This paper describes the present draw control strategy and 
studies variations in drawpoint parameters at the LKAB mine 
in Kiruna, Sweden with respect to ore geometry and mine 
layout. It studies the differences between the actual drawpoint 
performance and an assumed ideal drawpoint performance.

SUBLeVeL CAVING AT kIIRUNAVAARA MINe
The Kiirunavaara orebody consists of magnetite and minor 
apatite with an average iron content of 64 per cent. The ore 
geometry stretches for about 4 km along a strike at N 10° E 
with an average width of around 80 m, dipping at about 60° SE 
towards the city of Kiruna (Wimmer and Nordqvist, 2014). 
In general, the orebody has reached steady-state caving. Most 
of the mining at Kiirunavaara is done via a transverse SLC 
layout (ie the drifts and cross-cuts are perpendicular to the 
strike of the orebody). Longitudinal SLC is also practiced in 
some mining areas (ie the drifts and cross-cuts are parallel to 
the strike of the orebody). The general mine layout (Figure 1) 

FIG 1 – A general layout of Kiirunavaara mine (courtesy LKAB).
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at Kiirunavaara has evolved over a long period, becoming 
a hybrid layout that is adaptive to ore width and shape. 
Some transverse drifts transform into longitudinal drifts 
near the hanging walls for better recovery. Other transverse 
drifts branch to accommodate the ore shape while handling 
disturbed mining areas to reduce development costs.

The sublevel interval in Kiirunavaara mine is 29 m (floor 
to floor) and drift spacing is 24.7 m (centre to centre). The 
common drill design is a standard SLC ‘silo-shaped’ ring 
design, with eight drill holes, 54 m-long mid holes and a side 
hole with a side angle of 73°. A typical example of drill design 
for a production ring is shown in Figure 2. The dimensions 
and orientation of all eight holes are shown in Table 1.

The first production blast in a typical drift consists of four 
rows of rings. The burden between the first, second and third 
rows is 2 m, followed by a burden of 3 m between the third 
and fourth row, as shown in Figure 3. These rows form the 
first blast, with the central uncharged hole acting as a free 
face. The relative position of the opening holes along the 
production drift is shown in Figure 4.

The next rings are drilled and blasted at 3 m burden 
intervals with a front angle of 70° and side holes with a 
side angle of 60° until the holes start connecting to the cave 
of the level above. The flatter front angle enables improved 
ore breakage. The ring location where the drill holes connect 
to the cave of the upper level is called ‘rasinbrott’. At this 
location, two double rings are drilled. The first double ring is 
drilled at a front angle of 70° and 75° and the second is drilled 
at a front angle of 75° and 80° (Figure 4). This practice achieves 
better fragmentation for the transition zone. This is the most 
common of the three types of drill design strategy employed 
at Kiirunavaara mine, but all serve the purpose of adjusting 
the drill design to suit the ore geometry near the hanging wall 
(Wimmer, Nordqvist and Ouchterlony, 2012). After rasinbrott 
is reached, the drill holes follow a standard ‘silo-shaped’ ring 

design with a front angle of 80°. The last two rings drilled in 
the production drift are double rings with their drill collar in 
the footwall. The first double ring has a front angle of 80° and 
85° and the second has a front angle of 85° and 90° (Figure 4).
The last ring in the production drift is designed to have an 
ore-to-waste ratio of 1:1. This change in design is done to 
recover maximum ore near the footwall contact.

The drawpoint monitoring method used in Kiirunavaara 
mine exploits the differences in the specific gravity between 
ore and waste (Davison, 1996; Gustafsson, 1998; Quinteiro, 
Larsson and Hustrulid, 2001). A load cell placed on the 
hydraulic cylinders of a load-haul-dump (LHD) bucket 
reads the hydraulic pressure in the cylinder and converts it 
to tonnage. This weight measurement system is called the 
Loadrite scoop weighing system. The system is calibrated 
against various bucket volumes and loaded materials 
(Davison, 1996). The bucket weight reading is used to 
estimate ore–waste percentage in the bucket using a principal 
chart (Figure 5; Klemo, 2005; Gustafson et al, 2013). The 
bucket weight for 100 per cent ore and 100 per cent waste 
for a completely filled bucket is known for different bucket 
sizes. The wireless online information system (WOLIS) uses 
this information to calculate ore and waste percentage for 
the bucket weight registered by the load cell (Adlerborn and 
Selberg, 2008; Wimmer and Nordqvist, 2014). The WOLIS 
system displays the bucket weight readings to the operators of FIG 2 – A typical production ring.

FIG 3 – Horizontal section for the first blast of a drift (courtesy LKAB).

FIG 4 – Long section for front angles of rings along the production drift.

Parameters Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Hole 8

Front angle (°) 80 80 80 80 80 80 80 80

Side angle (°) 73 78.6 84.4 88.9 91.3 95.8 101.4 107

Hole length (m) 22.1 30.3 39.2 50.9 51.3 39.7 30.8 22.1

Hole diameter (mm) 115 115 115 115 115 115 115 115

TABLE 1
Example of dimensions for a typical production ring
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the LHD machines and the mine. This helps them to monitor 
the quality of material being loaded by displaying the average 
Fe grade.

Loading procedure variations along the 
production drift
A full-size ring in the Kiirunavaara mine has an average of 
10 000 t, but planned tonnage can vary from 8000–12 000 t. 
The moving average grade parameter is used in the mine’s 
loading procedure. A 15 bucket moving average calculated 
from the last bucket loaded provides an average ore grade 
for approximately five per cent of the total ring tonnage. The 
ore grade is expressed in iron content (Fe per cent) at the 
Kiirunavaara mine. The average mine grade target and shut-
off grade target varies for overall production at Kiirunavaara 
mine.

The final extraction ratio for a typical ring varies; currently 
the final extraction ratio target being used is 105%. Generally, 
after reaching the final extraction ratio target for a drawpoint, 
loading is continued based on the grade of the material being 
drawn. The moving average grade registered for the last 15 
buckets is monitored, and if the ore quality deteriorates (ie 
the moving average grade goes below 30 per cent Fe while 
showing a decreasing trend) loading is stopped and the next 
ring is blasted. In the case that a drawpoint performs poorly 
from the start, loading is continued until a relatively higher 
extraction ratio can be reached, after which, based on the ore 
grade trend produced by the WOLIS system, the drawpoint is 
abandoned.

The loading process and draw control near the hanging wall 
are guided by safety concerns. Drawpoints near the hanging 
walls have an open cavern at later stages of the draw, meaning 
that the hanging walls have not yet caved or have just started 
to cave, creating an open cavern above the drawpoints. 
Keeping this in mind, LHD operators load the material under 
the supported part of the drift. The current loading procedure 
dictates that no loading can be performed in an open cavern 
situation. As a result, loading is stopped when an opening 
is encountered at the drawpoint because of a gap between 
the muck pile and the supported part of the drawpoint. The 
final extraction ratio for rings near the hanging wall can vary 
from 35–70 per cent. Poor blasting or other operational issues 
can result in final extraction ratios even less than 35 per cent. 
High final extraction ratios are occasionally observed for 
rings near the hanging wall. This issue is resolved gradually 

as the production reaches rasinbrott rings where the drill hole 
is connected to the caved upper level. The rings can then be 
loaded normally.

The last rings drilled in the production drifts have their drill 
collar in the footwall, resulting in internal dilution. Because 
of this, the loading procedure for these rings is different. 
The initial inflow of waste is neglected, and final extraction 
ratio targets for these rings are higher than 105 per cent to 
recover the possible ore accumulated in the overlying levels. 
Based on bucket weight trends, the extraction ratio for these 
rings can go beyond 200 per cent to recover more ore near the 
footwall and ore from overlying levels. For the last drawpoint 
of a production drift, a second phase of loading known as 
‘restmalmslastning’ is sometimes done. This is a separate 
process that assumes that heavy finer ore flows faster than 
caved material (Kvapil, 2008) and accumulates at the bottom 
of the caved material. Based on mine experience, loading is 
done for certain drawpoints to recover the ore remnants in the 
cave, often many years after the drawpoint was closed.

MeThODOLOGY
This research is based on a literature review and on data 
collection and interviews at Kiirunavaara mine. Data were 
collected for 5903 blasted rings loaded from four consecutive 
levels from 2006 to 2015. Data include the bucket weights and 
corresponding grade for the loaded rings. The final extraction 
ratio, average grade and moving average grade were 
calculated from these data. Four levels, 907, 935, 964 and 993, 
yielding a total of 5903 rings were selected for the study. The 
data were processed to remove rings containing incomplete 
or faulty loading data. The final data set consists of 5176 rings.

Grade calculation methods
Bucket weight and bucket grade data retrieved from WOLIS 
can be used to calculate the grade of the material being loaded. 
This calculation can be short term to represent the current 
grade of material being loaded or long term to represent 
the average ore grade for a blasted ring. To represent short- 
and long-term material grades, this study uses average and 
moving average grades.

Average grade
Average grade provides an insight into the overall average 
quality of the material drawn from a blasted ring. Ideally, a 
higher average grade signifies better-quality material, but in 
SLC, this needs to be studied alongside other grade indicators 
for conclusive results.

The average grade for a blasted ring is calculated using 
Equation 1, which is expressed in grade percentage (ie an 
average grade of 0.55 means 55 per cent overall average grade 
for the blasted ring).

Average Grade n
i
n
1=

R
=
Gi

 (1)

where:
Gi is bucket grade 
n is the number of buckets drawn from the ring

Moving average grade
A moving average grade indicates the average quality of 
ore being loaded at the drawpoint. A high moving average 
indicates that a higher percentage of ore is being loaded, 
while a lower moving average indicates that dilution is being 
introduced in the muck pile at the drawpoint. The range for 

FIG 5 – Principal graph showing weight to grade conversion 
(modified from Klemo, 2005 and Gustafson et al, 2013).
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the moving average can be varied by changing the number of 
buckets being averaged.

The moving average grade is calculated using Equation 2. 
The equation calculates the average of the last 20 buckets 
loaded at the drawpoint.

Moving Average Grade
20

i 0
19

=
R
=

( )G m i-
 (2)

where:
m is the mth bucket loaded from a blasted ring
G (m-i) is the grade for the bucket number (m-i) from the last 

loaded bucket
A moving average of the last 20 buckets is chosen for the 

analysis as it covers a larger range (approximately five per cent 
of an average production ring) and hence provides a better 
estimate of the material grade at the drawpoint than a moving 
average of the last 15 buckets.

PROPOSeD MODeL fOR ZONAL DIVISION Of 
PRODUCTION DRIfT
The variation in drill design and loading procedure along the 
axis of a production drift is necessary to create an optimal draw 
control strategy. Therefore, it is proposed that the production 
drift is divided into four production zones depending on the 
relative location of the ring in the production drift (Figure 6). 
The purpose of this division is to study the behaviour of 
drawpoint parameters under different production and 
geotechnical constraints.

The proposed division of the zones is as follows:
 • Zone 1 – the first zone starts from the first ring of the 

production drift near the hanging wall and ends before 
the ‘rasinbrott’ ring. The zone contains rings that are not 
connected to the caved material of the upper level, meaning 
that the ‘rasinbrott’ ring is not considered in Zone 1.

 • Zone 2 – the second zone starts at the drill collar of the 
‘rasinbrott’ ring and ends at the ring that touches the end 
point of the underloaded upper level (shaded in Figure 6).

 • Zone 3 – the third zone starts at the end of Zone 2 and ends 
when the production drift reaches the footwall contact. 
The difference between Zones 2 and 3 is their relative 
positions with respect to the levels above. By design, 
Zone 2 has the potential to recover the underloaded ore 
left near the hanging walls.

 • Zone 4 – the fourth zone consists of rings drilled in the 
footwall at the end of the production drifts. All of the rings 
have drill collars in the waste rock.

DATA ANALYSIS
Based on the proposed model, the 5176 processed rings are 
divided into the four zones (Zone 1 (near the hanging wall), 
Zone 2, Zone 3 and Zone 4 (near the footwall)), with each 
zone containing ring details for 1482, 1379, 1864 and 451 rings 
respectively. The ore boundary is often much more irregular, 
with a varying width between hanging wall and footwall 
than that described in Figure 6, which has an effect on the 
width of the various zones. However, geometrically for a 
given inclination of the orebody, the lengths of Zone 1 and 
Zone 4 are practically constant. To create the zone divisions, 
trigonometric calculations were performed on an 80 m-wide 
orebody with a dip of 60°. Based on these calculations, the first 
12 rings are assigned to Zone 1 and the last five to Zone 4. For 
practical purposes at this stage of research, the rings between 
these two are divided into two equal halves representing 
Zone 2 and Zone 3.

To analyse the performance of the present draw control 
system, the study investigates variations in two drawpoint 
performance parameters: final extraction ratio and average 
ore grade.

Outlining drawpoint performance target
Based on the grade control targets and loading procedure at 
Kiirunavaara mine, three basic targets are defined for an ideal 
drawpoint performance:
1. final extraction ratio target of 105 per cent
2. average grade between 35 and 55 per cent Fe to achieve an 

overall mine average grade target of 45 per cent Fe

FIG 6 – Different zones along the production drift.
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3. moving average grade between 30 and 45 per cent Fe to 
maintain the shut-off grade target for a given drawpoint 
of not less than 30 per cent Fe.

final extraction ratio distribution
Rings in each zone are divided into four groups based on 
the final extraction ratio at which loading was stopped. The 
group division was done to understand and visualise the 
variations in the final extraction ratios by dividing rings into 
groups with:
 • low final extraction ratio (0–70 per cent)
 • moderate final extraction ratio (70–105 per cent)
 • high final extraction ratio (105–200 per cent)
 • extremely high final extraction ratio (>200 per cent).
A low final extraction ratio (0–70 per cent) implies that only 

two-thirds or less of the theoretical tonnage was extracted, 
while a moderate final extraction ratio (70–105 per cent) 
implies that the theoretical tonnage was extracted. A final 
extraction ratio greater than the 105 per cent target is included 
in the high final extraction ratio (105–200 per cent) group. 
A final extraction ratio greater than twice the theoretical 
tonnage is included in the extremely high final extraction 
ratio (>200 per cent) group.

Ore grade-based drawpoint distribution
Average grade is selected as a production indicator for 
average mine grade and moving average is selected as a 
production indicator for the shut-off grade. An average grade 
versus moving average grade is plotted and analysed for the 
drawpoints. The final average of a blasted ring provides an 
estimate of the entire ring grade. A drawpoint with an average 
grade >55 per cent Fe when the drawpoint was abandoned is 
categorised as ‘ore loss’, while a drawpoint with an average 
grade <35 per cent Fe is categorised as ‘dilution’, as shown in 
Figure 7. This is very different from the traditional meaning 
of dilution and ore loss and is used to quantify the overall 
grade performance of a particular drawpoint. In Figure 7, the 
X-axis, which represents average grade, can be divided into 
three vertical sections: ‘dilution’, ‘efficient’ and ‘ore loss’.

The moving average for the last 20 buckets provides an 
estimate of the material grade when the drawpoint was 
abandoned. The moving average for the last 20 buckets is 
used instead of the last 15 buckets as it covers a larger range 
(approximately five per cent of total ring tonnage), although an 
analysis of the last 15, 20 and 25 buckets yields similar results. 
A drawpoint with a moving average grade >45 per cent Fe 

when the drawpoint was abandoned corresponds to an ‘early 
stoppage’ of the loading process, while a moving average of 
<30 per cent when loading was stopped corresponds to ‘late 
stoppage’ (Figure 7). In Figure 7, the Y-axis, which represents 
the moving average for the last 20 buckets, can be divided into 
three horizontal sections: ‘early loading stoppage’, ‘timely 
loading stoppage’ and ‘late loading stoppage’.

ReSULTS AND DISCUSSION
The decision to abandon a drawpoint is complicated and 
subject to various drawpoint factors. This paper looks at 
these factors in an effort to understand how they affect SLC 
operation and to determine how they can be developed in 
future research.

Variation of final extraction ratio
As shown in Figure 8, the overall distribution of the final 
extraction ratio is different across the four zones. The 
loading procedure in Zone 1 is guided by safety and has a 
high frequency of drawpoints at both ends of the extraction 
ratio range. Drawpoints with a low final extraction ratio in 
this zone are caused by roof cavern issues (safety concerns) 
and incomplete breakage at the confined upper part of the 
rings. The materials left in the rings are extracted at the levels 
below. Zone 2 has a reduced frequency of drawpoints at 
both extremes of the extraction ratio bar, with an increased 
contribution from drawpoints that belong to moderate to 
high extraction ratio groups (Figure 8). This is due to the 
connection of the drift to the upper level at rasinbrott, which 
provides safer operations and better recovery conditions. 
Zone 3 has a more ideal drawpoint distribution, with the 
majority of drawpoints having extraction ratios in the range of 
70–200 per cent, leading to improved ore recovery (Figure 8). 
The decline in the frequency of drawpoints at both ends of the 
extraction ratio range when analysing drawpoint distribution 
in the first, second and third zones indicates that the present 
loading procedure partially accommodates the variation 
along the production drift.

Zone 4 has fewer rings than the other zones, but in terms 
of percentage, the zone has more drawpoints with extraction 
ratios at the extreme ends. An increase in the number of 
low final extraction ratio drawpoints should be a cause for 
concern as rings in this zone have high recovery potential 
because of their position near the footwall and the possibility 
of recovering finer ore from the above levels. To increase ore 
recovery and reduce dilution, the frequency of drawpoints in 
the moderate to high extraction ratio range (70–200 per cent) 
should be increased and the frequency of drawpoints in the 
low final extraction ratio range should be reduced while 
maintaining the shut-off and cut-off grade requirements. The 
blasting of double rings in this zone can be the reason for the 
increase in the number of low final extraction ratio rings. The 
combined burden for a double ring in the uppermost part is 
6 m, which is greater than the depth of the draw. This results 
in loss of ore and poor ore recovery.

Distribution of drawpoints
Based on the average grade and moving average grade (for the 
last 20 buckets), a drawpoint can be assessed in terms of timely 
stoppage of loading and the efficient loading of the material, 
as shown in Figure 6. The percentage of total drawpoints for 
each zone that belongs to these categories was studied to 
understand the grade-based drawpoint distribution in each 
zone. The values displayed in Figures 9 to 12 represent the 
percentage of total drawpoints in each category for all four 
zones.FIG 7 – Drawpoint distribution based on ore grade.
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Zone 1
From a total of 1482 rings in Zone 1, 50 per cent of drawpoints 
were loaded in the ‘efficient’ category, as defined during 
data analysis (Figure 9). In Zone 1, ten per cent of a total of 
1482 rings fulfil the criteria for ‘efficient’ and ‘early loading 
stoppage’ (Figure 9). Although problematic, the simultaneous 
underloading and overloading of material in this zone is 
essential for increasing recovery in the safest way possible. 
As shown in Figure 9, almost one-third of the drawpoints 
(29 per cent) were stopped earlier than prescribed, leading 
to increased ore loss. This is done to ensure safe operation 
so that machines do not work in an open cavern. Many rings 
(21 per cent) in Zone 1 were loaded for too long, causing 
dilution. This dilution could be due to partial caving of 
hanging wall rocks and the flow of caved material from both 
sides of the ring. Dilution could be avoided by closing the 
drawpoints at prescribed shut-off grades, but any changes 
that compromise safety in the loading procedure for this zone 
are ill advised and counterproductive.

Zone 2
The general recovery of ore in the second zone is increased, 
while ‘ore loss’ is reduced to 24 per cent of the total number of 
drawpoints in Zone 2. Drawpoint performance for this zone is 
much better, with an increase in efficient resource management 
(55 per cent of drawpoints in Zone 2) and improved loading 
efficiency (34 per cent of drawpoints in Zone 2; Figure 10). 
The second zone is a transitory zone between the first and 
third zones and has the potential to recover ore from the 
underloaded upper level (ie the first zone for the above levels 
(Figure 6)). The present system abandons drawpoints at 
relatively high average and moving average grades. The ore 
recovery could be increased by increasing the final extraction 
ratio for rings in this zone while performing grade control.

Zone 3
The third zone also shows an improved drawpoint 
performance with efficient resource management for 
56 per cent of drawpoints (Figure 11). This zone has a lower 
percentage of drawpoints (18 per cent) with early stoppage 

FIG 8 – Variation in final extraction ratio along the drift (for 5176 production rings).

FIG 9 – Drawpoint percentage distribution in Zone 1. FIG 10 – Drawpoint percentage distribution in Zone 2.
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and an increased percentage of drawpoints with timely and 
late stoppage, which improves the ore recovery. Drawpoint 
performance can be optimised in this zone by closing more 
drawpoints earlier to satisfy the prescribed shut-off grade 
targets.

Zone 4
The last ring of the fourth zone has a drill design of ore-to-
waste ratio of 1:1. Generally, all of the rings in this zone have 
internal dilution because drill holes are partially placed in 
the footwall. Overloading seems to be a prevalent problem, 
which can be seen in the increased percentage of drawpoints 
with ‘dilution’ (46 per cent) and ‘late stoppage’ (58 per cent) 
(Figure 12). Overloading is found in a number of drawpoints, 
resulting in increased dilution in addition to the internal 
dilution. Overloading from rings in this zone should be 
controlled. Rings in this zone have the potential to recover 
material from the double ring blasted in the above zone. As 
such, material can be loaded without increasing dilution. The 
drawpoint monitoring system should be used to monitor 
dilution at later stages of the draw.

CONCLUSION
The proposed model provides a framework for the analysis 
of draw control strategies used in SLC mines. The model 
has been tested based on two drawpoint parameters: final 
extraction ratio and average ore grade. The testing leads to 
the following observations:
 • Low and high final extraction ratios are registered in all 

four zones, but their percentage varies in different zones.
 • More material could be extracted from rings in 

Zones 2 and 4 as rings in these zones have the potential to 
recover ore left at upper levels. A drawpoint monitoring 
system such as bucket weight-based grade monitoring 
could be used to monitor the ore grade to avoid an 
increase in dilution when trying to increase ore recovery 
in these zones.

 • The number of drawpoints categorised as ‘late stoppage’ 
is high and increases from 36 per cent in Zone 1 to 
58 per cent in Zone 4. More drawpoints should be closed 
at the prescribed shut-off grade to reduce dilution.

 • Draw control should be sensitive to ore geometry. 
The proposed model improves loading efficiency by 
optimising the final extraction ratio for each ring. If the 
suggested zones are incorporated in the present draw 
control strategy, ore recovery would be improved and 
dilution reduced.

 • The present model for the division of zones could be 
further improved to better identify the boundaries of 
the four zones. This can be achieved by incorporating 
information from the drill design team.

fUTURe SCOPe
Draw control is dependent on various draw control factors, 
and the correlation between these factors should be studied 
further. In addition, the present study could be expanded in 
the future to include other drawpoint factors such as dilution, 
production planning, cut-off grades and proximate drift 
influences. Future work also needs to be done to understand 
dilution behaviour in SLC based on production parameters 
rather than physical models and marker trials. There is a 
need to study dilution and dilution entry to understand the 
correlation between dilutions and draw control. Finally, a 
comprehensive analysis of drawpoint abandonment would 
provide more information about drawpoint performance.
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A consistent issue in sublevel caving (SLC)
operations is the regulation of loading at the
drawpoints, especially as the decision to stop
loading from a particular drawpoint and blast
the next ring is irreversible. In caving
operations, the draw control regulates loading
by providing information on when to stop
loading (Shekhar, Gustafson, and
Schunnesson, 2016). 

Smith and Rahal (2001) state that draw
control incorporates the sequencing and
scheduling of development, production, and
the material handling system, with the dual
(and contradictory) objectives of minimizing
mining costs and dilution. Similarly, Bull and
Page (2000) define an effective draw control
strategy as one that maximizes ore recovery
while minimizing dilution and delaying
dilution entry in the drawpoint by deploying
‘corrective methods’. The contradictory

objectives of reducing dilution while improving
ore recovery are difficult to understand and
complicated to apply. In SLC, the five
parameters used to measure drawpoint
performance are drawpoint dimensions, final
extraction ratio, loading stoppage issues,
fragmentation, and ore grade (Shekhar et al.,
2016). Fragmentation is difficult to measure
continuously, while drawpoint dimensions
tend to remain constant. Therefore the
remaining parameters – final extraction ratio,
ore grades, and stoppage issues are vital to an
analysis of drawpoint performance in an
operating mine. Previous work cited in the
literature and other results from physical
models, marker trials, and field data analysis
have identified seven factors of SLC which
affect draw control; these are discussed in
Table I. The paper presents the findings of a
detailed baseline mapping study performed on
the two largest underground iron ore
operations, Malmberget and Kiirunavaara
mines. The various draw control strategies
used around the world are used to create a set
of guidelines for a new draw control strategy.

The monitoring of the ore grade at the
drawpoint is termed ‘grade control’ (Booth et
al., 2004). The purpose is to provide
information about the ore grade being loaded.
The system used to monitor the ore grade
depends on the ore type and mine
requirements. Systems can provide ore grade
measurements continuously (Quinteiro,
Larsson, and Hustrulid, 2001) or periodically
(e.g. every 100 t or based on work shifts)
(Cokayne, 1982; McMurray, 1982). Drawpoint
monitoring systems can be divided into three
types based on the technique used. 

Draw control strategies in sublevel
caving mines — A baseline mapping of
LKAB’s Malmberget and Kiirunavaara
mines
by G. Shekhar*, A. Gustafson*, P. Boeg-Jensen†, 
L. Malmgren†, and H. Schunnesson*

The Malmberget and Kiirunavaara mines are the two largest underground
iron ore operations in the world. Luossavaara-Kiirunavaara AB (LKAB) uses
sublevel caving (SLC) to operate the mines while maintaining a high level of
productivity and safety. The paper enumerates the loading criteria and
loading constraints at the mines and outlines details of mine design, layout,
and geology affecting the draw control. A study of the various draw control
strategies used in sublevel caving operations globally has also been done to
establish the present state-of-the-art. An analysis of the draw control and
loading operations at the Malmberget and Kiirunavaara mines is
summarized using information collected through interviews, internal
documents, meetings, and manuals. An optimized draw control strategy is
vital for improving ore recovery and reducing dilution in SLC. Based on the
literature review and baseline mapping study, a set of guidelines for
designing a new draw control strategy is presented. The draw control
strategy at Malmberget and Kiirunavaara is guided by a bucket-weight-
based drawpoint monitoring system that is part of the overall framework.
Both mines employ a draw control strategy that considers the production
requirements and mining constraints while regulating the loading process
through an empirical method based on bucket weights and grades. However,
in the present scenario of fluctuating metal prices and increasing
operational costs a new draw control strategy is needed which is
probabilistic in nature and can handle the uncertainties associated with
caving operations.
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Draw control strategies in sublevel caving mines

Visual estimation technique: This technique is based on the
visual differentiation of ore and waste (Cokayne, 1982). The
percentage of ore and waste present in the muckpile is
visually estimated based on the colour, shape, or texture of
the material (Booth et al., 2004). According to Booth et al.,
(2004), discrimination between ore and waste at
Perseverance mine in Australia was based on rock colour and
angularity. Lighter and harder hangingwall gneiss and
rounded ultramafic footwall were easily distinguished from
the darker and more angular ultramafic ore. McMurray
(1982) describes a visual inspection used on a shift basis for
the grade control of asbestos ore at Shabanie mine in
Zimbabwe. Similar practices have been described for
Craigmont mine, Canada (Baase, Diment, and Petrina, 1982)
and the Frood-Stobie Complex, Canada (Nickson et al.,
2012).
Sampling and assay system: This technique is used when no
visual differences can be seen between ore and waste
(Cokayne, 1982). Several samples are taken at the drawpoint
and then prepared and analysed underground (Cokayne,
1982). Loading from the muckpile should be stopped during
the sampling period in order to ensure a representative
sample. Cokayne (1982) concludes that this method is more
accurate than visual estimation. It is, however, very
expensive, and is more time-consuming than visual
estimation. Hancock and Mattson (1982) describe the use of
this method for a chalcopyrite orebody at Granduc mine in
Canada. Samples of 1.4 to 2.3 kg each were collected after
each blast at intervals of every 20 to 30 scoop buckets until
cut-off was reached. Laboratories were set up close to the
centres of production, returning assay results within half an
hour of sampling using standard sample preparation
equipment and a portable isotope fluorescent X-ray analyser

(Hancock and Mattson, 1982). More recently, bulk sampling
has been done at Perseverance mine, albeit on rare occasions
(Booth et al., 2004). 
Density-based monitoring system: The density-based method
is used when there is a significant difference in the density of
ore and waste. The drawpoint monitoring method used in
Kiirunavaara and Malmberget mines exploits the difference
in the density between ore (4.6–4.8 t/m3) and waste (2.7–2.8
t/m3) (Davison, 1996). A load cell placed on the hydraulic
cylinder of the load haul dump (LHD) bucket reads the
hydraulic pressure in the cylinder and converts it into
tonnage. This weight measurement system is called the
Loadrite scoop weighing system. The bucket weight reading
is used to estimate the percentages of ore and waste in the
bucket (visualized in Figure 1) (Gustafson et al., 2013;
Klemo, 2005). The weights of 100% ore and 100% waste for
completely filled buckets are known for different bucket
sizes. WOLIS (Wireless Loader Information System) uses the
bucket weight together with an assumed theoretical volume
of the loaded material to calculate the grade of the material in
each fully loaded bucket, i.e. the percentages of iron and
waste present in the bucket. The formula for iron percentage
used by WOLIS is given in Equation [1]:

Fe % for a bucket = ((Bucket weight – Y)÷(X – Y))×0.71 [1]

where X is the weight of a bucket completely filled with ore
and Y is the weight of the bucket completely filled with waste
for a given LHD machine (Shekhar, Gustafson, and
Schunnesson, 2017). As mines generally have machines with
different bucket sizes, the WOLIS system uses different X
and Y values stored for the different machines. Figure 2
shows one example of the details displayed to the LHD
operator by WOLIS. 

�
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Table I 

Production planning Scheduling and sequencing of the mine operation. Draw control decides the amount of material to be loaded
from each drawpoint, and production scheduling uses it
as an input parameter (Jamieson, 2012; Villa and
Diering, 2010)

Average ore grade and shut-off grades Average ore grade is the overall target grade for Changes in average grades and shut-off grades change
the run of mine and is different from cut-off grade. the amount of material to be loaded from a drawpoint.
Grade at the drawpoint when loading should
be stopped is shut-off grade.

Dilution entry and total dilution The introduction of the first dilution at drawpoint Recent marker trials (Burton, 2009; Power, 2004;
is called dilution entry. The total amount of waste Wimmer et al., 2015) show that draw control is
loaded is total dilution. independent of dilution entry but an efficient draw control

should aim at reducing total dilution (Laubscher, 2000).   
Mine design (including ring design) Development cost and pillar stability must be Draw control is generally adapted for a specific mine
and mine layout balanced while increasing the drift spacing and design and layout and is changed when mine design and

other mine dimensions for safe operation layout change.
(Bull and Page, 2000).

Ore geology and ore geometry For SLC a stronger and competent ore is Draw control is sensitive to ore geometry; e.g. the nature
generally preferred (Bull and Page, 2000). of loading near the ore boundaries should be different to

increase ore recovery and improve safety
(Shekhar et al., 2016).

Performance of proximate drawpoints Marker trials have shown that flow of material Draw control strategies have been modified to include
at the drawpoint can come from upper levels; these results when calibrating recovery models for
i.e., secondary and tertiary recovery loading at the drawpoint (Jamieson, 2012; Power and
(Brunton, 2009; Power, 2004). Campbell, 2016).

Nature of material flow Results from recent marker trials highlight the Basic principles of granular flow are used to create a 
difficulties involved in understanding and draw control strategy, but because it is an operational issue,
simulating the chaotic nature of material flow using drawpoint monitoring and grade control practices. 
(Burton, 2009; Power, 2004; Wimmer et al., 
2015).



The operator can see information related to ring location
(1), last bucket weight (2), ring design (3), extraction ratio
(ratio of the total tonnage of material loaded from the
drawpoint to the estimated tonnage of the ring) (4), system
status (5), report status (6), loading graph (7), nearby
charged holes (8), ring information (9), and extraction ratio
of proximate rings (10). The operator can change the
visualized graph if he or she wants to see, for example, iron
ore content, extraction ratio, waste rock content, bucket
number, tonnage. The information is used by the operator to
decide if loading should be continued or discontinued at a
particular drawpoint (Shekhar, Gustafson, and Schunnesson,
2017).

The Malmberget and Kiirunavaara mines have been
storing comprehensive production data in a database
management system for at least the last 10 years. The

production data includes bucket weights, estimated bucket
grades, and final extraction ratio for all the production rings
blasted at the mines. This data can be used to calculate the
average grade of a mined ring and observe the variation in
ore flow throughout the loading process. Shekhar et al.,
(2016) discuss the use of the production data to understand
the variation in the drawpoint performance (average grade,
final extraction ratio etc.) for an operating SLC mine.

The issue of when to stop loading from the drawpoint and
blast the next ring is at the centre of draw control strategies
(Sarin, 1981). Initially, draw control strategies were a
combination of grade control and tonnage-based loading
control systems, but newer strategies use techniques such as
material flow prediction, and simulation (Chitombo, 2010;
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Table II 

Tonnage-based Ellipsoidal Simple application, active drawpoint Assumption of uniform draw Craigmont, Granduc,
draw control material flow monitoring Shabanie, Frood-Stobie,

Big Bell, Kiirunavaara 
REBOP model Discrete element Uses mechanical laws, predictive in

method uncertain situations, initial flow similar Absence of drawpoint monitoring Northparkes,  Palabora,
to real conditions, mine-specific Henderson,
calibration Cullinan

PCSLC model Template mixing Complete mine planning tool, quick Absence of drawpoint monitoring
runtime, provides alternative scenarios,
considers proximate drawpoint 
performance

Dilution entry Column mixing and Simple application, provides alternative Assumption of uniform material flow Ridgeway, Telfer 
method interactive draw scenarios and interactive draw
Draw bin method Column mixing and Recovery curves used to simulate Inadequate for incorporating historical Telfer, Ridgeway Deeps

interactive draw material flow from above levels production data, slow processing
NSO model Power geotechnical Considers proximate drawpoint Uses mill grade instead of mine grade Telfer 

differential mixing performance, provides optimal draw for calibration
control strategy

Non-dilution Gravity flow Decreased dilution, active drawpoint Absence of sustainable Jing Tie 
method monitoring, flexibility in mine layout mine economics 
PGCA Cellular automata Considers proximate drawpoint Uses mill grade instead of mine grade Ernest Henry 

performance, NPV optimization for calibration



Castro, Gonzalez, and Arancibia, 2009; Gustafsson, 1998;
Sellden and Pierce, 2004). Detailed work on gravity flow and
flow simulation techniques, along with software
developments, has produced several types of flow-based
software and modules for simulating flow behaviour that can
forecast drawpoint performance (Cundall, Mukundakrishnan,
and Lorig, 2000; Diering, 2007; Pierce, 2010). This work is
based on physical modelling, including small- to large-scale
models (Castro, Trueman, and Halim, 2007; Halim, 2006;
Power, 2004). Research using marker trials has been done in
SLC mines in Sweden, China, and Australia (Brunton, 2009;
Gustafsson, 1998; Power, 2004; Wimmer et al., 2012, 2015).
The marker trials have provided important knowledge on
flow behaviour and dilution behaviour and have been used
for mine design and ore flow simulation in SLC mines. Table
II shows eight draw control strategies used in various mines;
in-depth descriptions of these strategies follow.

Draw control strategies based on fixed tonnage and grade
control at the drawpoint are collectively termed ‘tonnage-
based draw control strategies’. A fixed target tonnage is
decided for a ring based on drill pattern design and recovery
targets. Loading is stopped when the target is achieved or
when the ore grade drops below the shut-off grade (Baase,
Diment, and Petrina, 1982; Hancock and Mattson, 1982;
McMurray, 1982; Sarin, 1981). 

REBOP stands for Rapid Emulator Based on PFC (Particle
Flow Code) (Cundall, Mukundakrishnan, and Lorig, 2000).

REBOP calculates contact forces and the resultant Newtonian
dynamics of particles (Cundall, Mukundakrishnan, and Lorig,
2000). REBOP’s main objective is to simulate flow within
caving operations based on the concepts of isolated
movement zones (IMZs) for a drawpoint (Cundall,
Mukundakrishnan, and Lorig, 2000; Pierce, 2010). The model
uses a layer concept, whereby an IMZ is comprised of a number
of disk-shaped layers, and its growth is based on incremental
laws applied at layer levels (Pierce, 2010; Sellden and Pierce,
2004). The three main principles guiding the growth of IMZ are
porosity, collapse, and erosion (Pierce, 2010). 

The PCSLC model is a mine planning module developed in
Dassault Systemes Geovia’s GEMS software by Villa and
Diering (2010). The model uses the template mixing
algorithm which defines material movement principles for
different phenomena, such as vertical mixing, rilling, fines
migration etc. (Diering, 2007). The objective is not to
simulate flow based on gravity flow conditions (Cundall,
Mukundakrishnan, and Lorig, 2000), but to predict the
material grade extracted at the drawpoint for a given set of
flow conditions (Villa and Diering, 2010). This prediction is
used for grade forecasting and production scheduling. The
orebody is first divided into cells. The cells are then used to
make a production ring. Each element or cell can be depleted,
and when sufficiently depleted, it is replenished (Salinas,
2001). A cell is connected to other cells based on a weighted
system used for neighbour calculations. The weight is
directly proportional to the distance from the main cell to the
sampling point of the neighbouring cell (Salinas, 2001). A 3D
cone is used to select the cells to be used for building
weights, as shown in Figure 3. Thereafter, the selected cells’
weight contribution is assigned to the closest suitable
production ring (Salinas, 2001).  

Laubscher (1994) gives a formula (Equation [2]) for
calculating dilution entry, based on which the extraction ratio
and ore grade performance can be calculated for block caving:

Dilution entry = (A – B) / A × C × 100 [2]

where A = draw-column height × swell factor; B = height of
interaction; C = draw-control factor. The draw control factor is
based on the variation in tonnage from working drawpoints.
The dilution entry method gives ore composition versus
extraction ratio curves for different values of dilution entry,
as shown in Figure 4 (Bull and Page, 2000).

Dilution is given a grade which is an average of the top
cave material grade and the grade of unrecovered material
from the above levels (Bull and Page, 2000). Cut-off grades
are calculated based on mine economics, and shut-off grades
are re-estimated using marginal cost information to analyse
the feasibility of the shut-off grade with respect to
depreciation and repayment (Bull and Page, 2000). These
guidelines, along with the curves, provide the basis for draw
control. The curves are used to complement mine planning
and scheduling.

The draw bin method was first implemented in a feasibility
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study at Telfer mine, Australia, and then used at Ridgeway
Deeps, Australia (Allman, 2002, in Jamieson, 2012). The
method is an improvement on the dilution entry method and
incorporates the recovery curves from the primary,
secondary, and tertiary recoveries, i.e. first, second, and third
levels. The recovery curves are based on full-scale marker
trials at Ridgeway (Jamieson, 2012). The recovery curves for
the draw bin method tested at Telfer and Ridgeway Deeps are
shown in Figure 5. The method uses a series of Datamine
macros to calculate the expected diluted grade for a series of
rings (Allman, 2002, in Jamieson, 2012). The final output is
a block model containing both in-situ grade and diluted grade
for all blocks based on planned extraction ratios for each ring
on each level. 

The Newcrest dilution model and SLC optimizer can be
divided into a recovery model and a draw strategy
optimization model (Jamieson, 2012). The recovery of each
cell is calculated based on Equation [3]:

[3]

where T = recovered tons; td = tons being drawn from a cell;
ta = tons available for recovery; A = model calibration factor
A; B = model calibration factor B; C = model calibration factor
C; DL = recovery level (1st level = 1, 2nd level = 2, etc.)
within the column.

Recovery Model: The above equation is based on the principle
that tonnage extracted from a cell in SLC should be a function
of the tons drawn from the cell and the tons remaining in the
cell that are available for extraction (Jamieson, 2012). The
recovery model is calibrated by correlating the diluted
average grade from past production data with the actual
average grade measured at the mill. In the study described
above, the gold equivalent was used for calibration at Telfer
and Ridgeway Deeps, as both mines produce copper and gold. 
Draw strategy optimiation model: In this model, the values of
model coefficients A, B, and C (from Equation [3]) are used
to optimize the planned extraction ratio for all remaining
production rings. The draw control strategy at Telfer was
optimized by maximizing the undiscounted profit of each
draw column (Jamieson, 2012). This was achieved by
calculating the diluted ore value against the variable mining
cost, as shown in Figure 6. It took only 2–3 hours to
completely analyse more than 2 million draw strategies over
the SLC footprint (Jamieson, 2012). 

Zhigui and Xingguo (2008) state that cut-off grades are the
primary problem with the current draw control strategies and
propose a ‘non-dilution draw’ method. In this method,
loading should be stopped as soon as dilution is encountered
at the drawpoint (Zhigui and Xingguo, 2008). More
specifically, loading is stopped when the muckpile appears to
contain 5–10% waste. Physical modelling results show
dilution of 4–6% for the non-dilution draw method and a
dilution of 15–30% for the cut-off grade method (a waste-to-
ore ratio at the muckpile of 30:70), while the ore recovery
targets remain the same (Zhigui and Xingguo, 2008). In field
tests performed in test areas at Jing Tie iron ore mine, China
(Zhigui and Xingguo, 2008), the method was used with a
shut-off grade of 10:90 waste-to-ore ratio. Ore recovery was
calculated for different sublevels. The ore recovery for the
first two sublevels was affected by the switch in the draw
control system, but the ore recovery for the third and
subsequent sublevels reached the same level as with a
traditional draw control system, i.e., approximately 90%
(Zhigui and Xingguo, 2008).

PGCA is a particle-to-particle-based flow modelling technique
that can account for material properties, cave back
constraints, and other aspects relevant to material flow in
caving (Power and Campbell, 2016). The model was
calibrated against initial marker trial results at Ernest Henry
mine, Australia. In future studies, the model will be
calibrated against complete marker trial results, thus
providing a better prediction of mineral production and
material flow (Power and Campbell, 2016). 

Malmberget mine consists of about 20 orebodies, 12 of which
are currently being mined. The mining area stretches 5 km in
the E-W direction and 2.5 km in the N-S direction (Lund,
2013). The ore is composed of magnetite (95%) and
haematite (5%), and the grade for the different orebodies
varies from 49% to 63% (Lund, 2013). 
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Loading criteria are a set of rules and guidelines that
control the loading and closing of drawpoints in SLC.
Malmberget has three loading criteria. The operators should
continue loading until:

� The extraction ratio (ratio of the total tonnage of
material loaded from the drawpoint to the estimated
tonnage of the ring) percentage is > 80%

� The average Fe content for the last 25% units of the
material loaded (extraction-ratiowise) falls below 30%,
and

� The trend of the Fe% for the last 40% units of the
material loaded (extraction ratio wise) is negative.  

At this point, only the two first criteria are displayed in
the LHD cabin for operators. In general, loading is stopped
when all three loading criteria are fulfilled, but closing the
drawpoints is a subjective decision and depends on the
assessment of the loading personnel. If a drawpoint performs
poorly from the start (low ore grade), the drawpoint can be
closed before an 80% extraction ratio is reached.
Loading near ore boundaries: The loading process and draw
control near the hangingwall are guided by safety concerns.
Drawpoints near the hangingwalls have an open cavern at
later stages of the draw; the hangingwalls have not yet caved
or have just started to cave, creating an open cavern above
the drawpoint. Keeping this in mind, LHD operators load the
material under the supported part of the drift. The current
loading procedure dictates that no loading can be performed
in an open cavern situation. As a result, loading is stopped
when an opening is encountered at the drawpoint because of
a gap between the muckpile and the drift roof. The last rings
drilled in the production drifts have their drill collars in the
footwall, resulting in internal dilution. Because of this, the
loading procedure for these rings is different. The initial
inflow of waste is neglected, and extraction ratio targets for
these rings are kept higher to recover ore that may have
accumulated in the upper part of the rings. For the last
drawpoint of a production drift, the second phase of loading,
known as ‘restmalmslastning’ (residual ore loading), is
sometimes done by reopening the closed drawpoint to recover
known ore remnants. This is a separate process; it assumes
that heavy finer ore flows faster than caved material (Kvapil,
1982) and accumulates at the bottom of the caved material. 

For an SLC operation, loading constraints include production
requirements, grade control, and mining constraints.
Production requirements deal with planned yearly, monthly,
and weekly production targets which must be reached for
mine operation to be profitable. Grade control is guided by
the overall average run-of-mine grade and the shut-off grade
for material loading at the drawpoint. Mining constraints are
a set of defined constraints to ensure a safe and efficient
operation. They include aspects of the mining sequence,
continuous cave propagation, blasting, seismicity, available
orepasses etc.  

Malmberget mine produced around 16.4 Mt of crude ore
in 2016; most of this (14.5 Mt) was magnetite, and the rest
was haematite (LKAB, 2016). The mine production and

scheduling are controlled by short-term plans (three months)
discussed in monthly meetings of production and mine
planning personnel. Based on the production details of the
past month, the short-term plan is revised to meet future
production targets. The planned tonnage of a production ring
at Malmberget mine varies, as the mine design varies for
different orebodies and ore geometries. Hence, the total
production target is divided into approximate targets for
individual orebodies using the planned tonnage data from the
drill pattern design and resource availability. The average
mine and shut-off grades for Malmberget vary and are
decided by the mine. In 2015, the average mine grade target
was 42% Fe, and the shut-off grade target was 30%
(Shekhar, Gustafson, and Schunnesson, 2017). However, the
average final extraction ratio was 120%, with an average
grade of 40.6% Fe. The mine has now increased the shut-off
grade from 30% Fe to 35% Fe to reach the overall average
grade of 42%. The mine uses a constant grade of 45% for
production planning in both short- and long-term plans to
simplify the planning process. 

The mining sequence at Malmberget varies for different
orebodies and mining levels but is primarily guided by the
development situation of the level below. If there is no
development at the lower level or in case of complete
development at the lower level, a production ring can be
blasted and loaded. However, if partial development is under
way, mining cannot be done in those production drifts. In
general, a straight cave front is maintained; this transitions
into a V-shaped sequence with the vertex pointing away from
the entry point into the orebody. The mining sequences vary
for different orebodies and are decided by the mine. A
minimum distance of 30 m is maintained between production
faces for two levels, such that the lower production level lags
the upper production level by a distance of 30 m. 

The mining sequence is also changed if mining-induced
seismicity occurs. Mining-induced seismic events can be
harmful to the infrastructure and buildings in the city near
the mine; in some cases, they can pose a danger to the
miners and the mine’s infrastructure. If the loading at
drawpoints in active seismic areas is not safe, the mining
sequence is changed by halting the loading process in these
areas or postponing blasting until the situation is stabilized. 

To achieve its production target, Malmberget mine needs
11 active production areas in the eastern fields and two to
five in the western field. Each production area needs two to
three active drawpoints. Hence, the mine currently has
between 18 and 25 active drawpoints. 

At different times, some orebodies in Malmberget may
lack the required number of active orepasses because of
blockage, damage, or the lack of other orepasses close to the
orebody. In these situations, LHDs can load directly onto
trucks but this reduces productivity. Blasting constraints at
Malmberget are designed to reduce the number of seismic
events and decrease the vibrations caused by blasting. Each
night, on average, five to six blasts are conducted.

Loading at the drawpoint is sometimes stopped early because
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of loading issues, such as hang-ups, brow failure, pillar
failure, intrusions, poor fragmentation, or ring freezing. If a
hang-up is encountered in the Malmberget mine, it is first
handled by the operator using the LHD bucket to resume the
material flow. If the operator is unable to release the hang-
up, it is inspected and classified as a high hang-up or a low
hang-up. The material can be loaded from the adjacent drift
to try to loosen and release low hang-ups, while a production
ring can be blasted in the adjacent drift to release high hang-
ups. Low hang-ups caused by big boulders are sometimes
drilled and blasted by a special crew.

Some orebodies in Malmberget contain waste intrusions.
Production rings with a very high percentage of waste
intrusion (visualized in the WOLIS system) are not drilled
but left intact. A new opening is made, the next set of
production rings is drilled and blasted, and loading is
continued. The mine is contemplating changing this practice,
as it causes problems with reinforcement and caving. In the
future, the mine plans to drill and blast the ring but not load
the material. Orepasses in Malmberget mine have no grizzly
ore boulder breakers. Instead, boulders are transported to a
separate drift where they are broken by drilling and blasting.  

Kiirunavaara mine is the largest underground iron ore
operation in the world. SLC is the mining method practised.
The Kiirunavaara orebody consists of magnetite ore with
magmatic intrusions. The orebody stretches about 4 km
along strike in the N 10° E direction with an average width of
around 80 m, dipping at about 60° SE towards Kiruna city
(Nordqvist and Wimmer, 2014). The average iron content of
the orebody is 64% (Nordqvist and Wimmer, 2014).

The loading criterion In the Kiirunavaara mine is the
extraction ratio, which is the ratio of the total tonnage of
material loaded from the drawpoint to the estimated tonnage
of the ring. Loading from a blasted ring is continued until the
extraction ratio has reached the target value communicated
by loading control. 

The Kiirunavaara mine produced around 26.9 Mt of crude ore
in 2016 (LKAB, 2016). Average tonnage of a production ring
at the mine can vary from 7 000 to 12 000 t, which translates
into more than 3000 rings per year. The average mine grade

and shut-off grade vary and are decided by the mine. The
current average mine grade is 45% Fe, and the current shut-
off grade is 30% Fe (Shekhar, Gustafson, and Schunnesson,
2017). This means that the target average grade for crude ore
mined throughout the year is 45% Fe, and a drawpoint
should be closed when the grade of the material being loaded
falls below 30% Fe. The average mine grade and shut-off
grade can change depending on mine conditions and are
revised periodically by mine management. The ability to
change grade values is essential in order to maintain a
profitable operation, but the changed value should be
reflected in the draw control strategy by adjusting either the
extraction ratio targets or production capacity.

In the initial mining sequence in a mining level at
Kiirunavaara, the cave front is kept flat; i.e. it is moved
uniformly along the adjacent drifts of the mining level. As
production advances, the flat front pattern changes to a V-
shape. The V-shaped cave front can change depending on the
mining sequence in nearby mining blocks, seismicity, and
structural stability of the drifts in the block. In general, the
cave front converges towards the entrance crosscut. Figure 7
shows an example of a mining sequence at Kiirunavaara.
Mining blocks with structurally unstable areas are prioritized
for blasting and loading. 

Twelve active production areas are required to achieve
the production target. Each production area needs two to
three active drawpoints. Like Malmberget, Kiirunavaara is
constrained by seismicity and blasting. The mine also has
constraints based on vibration levels in the nearby city of
Kiruna, but this is not a source of concern for the mine itself.
Mine seismicity is a constraint during operations and affects
the sequence of mining in the mining blocks; the number of
blasts in a particular mining block is limited to reduce
seismicity. Orepass availability is another mine constraint
that affects production scheduling. Issues related to
seismicity and orepass availability are taken into account
during planning and scheduling.

When a hang-up is encountered at the drawpoint, it is
initially handled by the LHD operator. The operator directs
the LHD bucket to penetrate the muckpile and release the
hang-up by disturbing the muckpile at the draw point. The
ability of the operator to handle the hang-up depends on the
nature of the hang-up and the operator’s experience. A high
hang-up is difficult to manipulate using the LHD bucket, but
a low hang-up can often be resolved. If the operator is unable
to handle the hang-up, water jets are used to release it. In
other cases, low hang-ups caused by boulders are drilled and
blasted. If the hang-up persists, the next production ring is
drilled and blasted. In Kiirunavaara mine, boulders are
broken by a stationary, remotely controlled rock breaker
located at the grizzly at the top of the orepass. Nonetheless,
boulders are frequently encountered in the orepass and in the
lower output of the orepass. This causes problems when
material is being loaded onto the train from the orepasses
and is handled either by blasting or by using water jets.
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Table III 

Traditional strategy
(Cokayne,1982) � � � � �

REBOP model
(Cundall, Mukundakrishnan,
and Lorig, 2000) � � � � � � �

PCSLC model
(Diering, 2007) � � � � � �

Dilution entry
(Bull and Page, 2000) � � � � �

Dilution bin method
(Jamieson, 2012) � � � � � �

NSO model
(Jamieson, 2012) � � � � � �

Non-dilution method
(Zhigui and Xingguo, 2008) � � � � �

PGCA model
(Power and Campbell, 2016) � � � � � � � �

Kiirunavaara and � � � � � � �
Malmberget

Table IV 

Traditional 
(Cokayne,1982) 5/10 These sets of models assume uniform flow, Not recommended.

which is incorrect based on current knowledge.
REBOP mode 7/10 The model does not incorporate grade Needs improvement before being used for draw control
(Cundall, monitoring and other mining constraints. purposes. The model is built mainly to predict the cave
Mukundakrishnan, front in caving operations.
and Lorig, 2000)
PCSLC model
(Diering, 2007) 6/10 The model does not incorporate grade Needs improvement before being used for draw control

monitoring and assumes that ore left on the purposes, e.g. incorporate grade monitoring, revise
above level will be recovered on below levels, recovery models.
but the literature shows a more chaotic flow.

Dilution entry
(Bull and Page, 2000) 5/10 The model assumes uniform flow, which is Not recommended.

incorrect based on current knowledge.
Interactive draw is also assumed, which is not
always applicable.

Dilution bin method
(Jamieson, 2012) 6/10 The model does not incorporate grade Has been used for draw control purposes but would

monitoring and has slow processing time. benefit significantly by improving the model e.g. 
assuming chaotic flow.

NSO model
(Jamieson, 2012) 7/10 The model lacks the input from a robus Is being used for draw control purposes but wouldt

drawpoint monitoring system. It is difficult to benefit significantly from improvement in drawpoint
assess copper or gold grade properly in a monitoring technology e.g. XRF or spectroscopic 
muckpile through visual and assaying techniques.
techniques.

Non-dilution method
(Zhigui and Xingguo, 2008) 5/10 The method ignores the sustainable mining Not recommended.

and resource conservation principles.
PGCA model
(Power and 8/10
Campbell, 2016) The model lacks the input from a robust Is being used for draw control purposes but would 

drawpoint monitoring system as it is difficult benefit significantly from improvement in drawpoint
to assess copper or gold grade properly monitoring technology, e.g. XRF or spectroscopic
using current methods.  techniques.

Kiirunavaara and 7/10
Malmberget The model is guided by short-term Is being used for draw control purposes but would 

monitoring of active drawpoints and lacks a benefit significantly by implementing a more dynamic 
holistic approach to draw control. approach.



Detailed descriptions of draw control strategies used at
sublevel caving mines around the world are normally not
published in the open literature, making it difficult for
researchers to objectively assess their quality. Table III
summarizes important factors for a draw control strategy and
notes whether these are considered in the available draw
control strategies. The table does not, however, comment on
the validity of the factors. For example, the dilution entry
method uses dilution behaviour (Bull and Page, 2000), but
recent marker trials (Brunton, 2009; Nordqvist and Wimmer,
2014; Power, 2004; Wimmer et al., 2015) show that the
inclusion of dilution behaviour may be incorrect. Similar
arguments can be put forward about other methods. 

Recent marker trials highlight the chaotic and random
nature of material flow in SLC. Draw control strategies based
on ore flow prediction models suffer from a lack of complete
knowledge of the chaotic and random nature of material flow.
Other control strategies lack a robust drawpoint monitoring
system and rely on mill grade to assess drawpoint
performance. The draw control strategies in Table III are
assessed the based on 10 factors. From a critical review of
the published literature, a qualitative assessment can be
performed to score the different draw control strategies and
comment on their use in mines (Table IV). The score of each
draw control strategy is augmented by 1 for each of the 10
factors mentioned in Table III that it takes into consideration
e.g. a score of 7 out of 10 is given to the REBOP model as it
considers 7 out of the 10 factors based on the review of
published literature (Table IV). The assessment shows that
traditional draw control strategy, dilution entry method, and
non-dilution methods are not recommended for draw control
purposes. Other methods discussed would benefit
significantly from either model improvement or improvement
in drawpoint monitoring technologies.  

An optimized draw control strategy is vital to ensure
improved ore recovery and reduced dilution. It will give SLC
mines the flexibility to change their production strategy to
better align with production demands and metal prices. Based
on the literature review and our baseline mapping study, we
propose the following guidelines for a new draw control
strategy:

1. Effective drawpoint monitoring system: The non-uniform
nature of material flow in SLC requires constant monitoring
to control dilution while also recovering more ore at the
drawpoint. New drawpoint monitoring technologies (e.g.
XRF, spectroscopy) must be developed to monitor material
grade for copper, gold, or other metals being mined using
caving operations. However, for certain cases such as
diamond mining, sampling is difficult and ’observational’
assessments of dilution are required or other indicators for
drawpoint monitoring should be created. A drawpoint
monitoring system that can provide a reasonably accurate
estimate of the material grade loaded is a requirement for an
efficient draw control strategy.

2. Clearly defined production demands and grade controls:
The mine should have well-defined production demands in
terms of production targets, active drawpoint requirements,
and sequencing schemes. Cut-off and shut-off grades should
be included in the draw control strategy as well, while grade
control should include marginal operating costs and metal
prices to provide a more accurately calculation of the average
ore grade and shut-off grade. 

3. Sensitivity to mine design and ore geometry: A dynamic
draw control strategy should be sensitive to the mine design
and ore geometry. Basic ore flow principles, results from
experiments, and past production data can provide a
framework to optimize draw control to a mine’s specific
design and ore geometry requirements. 

4. Careful assessment of dilution behaviour: The results of
past studies show that dilution entry in its present form
cannot be a useful parameter for judging drawpoint
performance because of the non-uniform or chaotic nature of
ore flow. A new method based on production data or other
mine-specific parameters for dilution entry and total dilution
calculation needs to be developed. An assessment of dilution
behaviour is required to decide which aspects of dilution, if
any, should be included in the draw control. 

5. Influence of proximate drawpoint: Marker trials have
shown that secondary and tertiary recovery play an important
role in ore recovery. The performance of the drawpoints
above a blasted ring has an influence on the ore grade that
will be extracted from the drawpoint. However, certain
assumptions, for example assuming low extraction ratios in
upper levels will translate into more ore at levels below,
should not be made because of the chaotic nature of the
material flow. A suitable parameter to measure the ore
potential from above levels needs to be defined and used in
correlational analysis to understand the effects of secondary
and tertiary recovery on drawpoint performance. An efficient
draw control strategy needs to include such correlations
between proximate drifts to better predict drawpoint
performance.

6. Mine experience: The performance of drawpoints and the
nature of material flow can vary from mine to mine.
Historical data on drawpoint abandonment and other
performance-related information can provide a baseline for
assessing loading issues. A draw control strategy can use
this information to reduce dilution and improve ore recovery.
Mine personnel observe different aspects of loading during
their working hours. They are also familiar with production-
related problems. Conducting a qualitative analysis of the
information collected from personnel can yield useful results.

The current draw control strategies at Kiirunavaara and
Malmberget mines are guided by a bucket-weight-based
drawpoint monitoring system. The loading criteria at
Kiirunavaara mine use the extraction ratio as the primary
input information for draw control. Malmberget mine has
slightly more flexible loading criteria and uses both
extraction ratio and trend of bucket grade as the primary
input information. However, both employ a draw control

Draw control strategies in sublevel caving mines

VOLUME 118                                       731 �



Draw control strategies in sublevel caving mines

strategy that considers the production requirements and
mining constraints and regulates the loading process through
a continuous drawpoint monitoring system. This continuous
drawpoint monitoring system has yielded a large amount of
production data in the past 10 years. 

The mines currently use an empirical method based on
bucket weights and grades. However, there is an opportunity
to create a new draw control strategy using the above
guidelines. The model must be probabilistic to capture the
uncertainties and variations in the caving process and must
depend on a robust bucket-weight-based drawpoint
monitoring system. Such a model could aim at grade
forecasting at the drawpoint and assist in evaluating the
economic performance of the drawpoint. The aim of a draw
control strategy should be to provide information on when to
close an active drawpoint, not to predict material flow.
Therefore, draw control is an operational issue and, as such,
it should be guided by production data, mine economics, and
safety.
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Article 

A probabilistic approach for draw control 
optimisation in sublevel caving mines 

Abstract: In sublevel caving operations, the decision to stop loading from one draw point and 
proceed to the next is very important. If a draw point is closed early, ore is lost in the draw point 
and cannot be conclusively recovered at the lower levels. If it is closed late, the mine faces greater 
dilution and increased mining costs. Draw control deals with regulation of loading at the draw 
point. Material flow in SLC is a dynamic system (chaotic and non-uniform) but it is currently being 
controlled by a static draw control strategy. A probabilistic approach has the ability to capture the 
variations and uncertainties of a dynamic system. This paper presents the development of a 
probability model based on Bayesian statistics and historical production data. The developed 
probability model simulates a complete range of scenarios, from well performing to poor 
performing draw points, and their effect on the mine. The developed model is then validated using 
qualitative Bayesian statistics technique. The model offers an inexpensive alternative to costly pilot 
tests in the mine for testing different draw control strategies. 

Keywords: draw control; loading process; sublevel caving; probability models; bayesian statistics; 
load haul dump machines 

1. Introduction

Sublevel caving (SLC) is a mass mining method in which the ore is drilled and blasted while the 
waste rock caves and fills the space created by the extraction of ore [1]. The ore body is divided into 
vertical intervals called sublevel intervals. The ore within each sublevel interval is drilled in a fan 
shaped design at a constant horizontal distance along the production drift, called burden. The ore is 
blasted, slice by slice from the hanging wall side to the footwall side in a retreating manner [1]. Each 
drilled and blasted slice is called a ring. As the ring is blasted, it fragments and loses its integrity; part 
of it flows into the vacant space below in the production drift [2]. This restricted opening in the 
production drift where the material is loaded by Load Haul Dump (LHD) machines is called a draw 
point (Figure 1). As more material is drawn from the muck pile, the void created at the draw point is 
filled by more material flowing from above the drift [3]. This flow of material creates a void around 
the blasted ring. The hanging wall, previously supported by the ore, is now exposed to this void. The 
phenomenon of the induced disintegration of rock from loss of support is called the caving of rock 
[4]. The hanging wall starts to cave into the void and eventually fills it. 
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Figure 1. Typical SLC layout (Courtesy Atlas Copco) 

As more material is extracted, the caved waste from the hanging wall starts to mix with the ore 
and finally appears in the muck pile at the draw point [1]. For a single ring, the first occurrence of 
waste material at the draw point is termed dilution entry [4]. After dilution entry occurs at the draw 
point, the muck pile will have a mixed composition of ore and waste [5]. As a result of the mixing of 
ore and waste, the amount of material actually extracted from a draw point is often more than the 
volume of the ore initially blasted in the ring. The loading of the material from the muck pile ends 
when dilution becomes too high, and more extraction of material from the draw point becomes 
uneconomical [6].In each blasted ring two simultaneous processes occur: 
• flow of material into the draw point for loading; 
• continuous mixing of ore with the diluted caved material surrounding the ore. 

When to stop loading from a blasted ring and proceed to the next one is a critical decision. If a 
draw point is closed early, ore is lost in the draw point which cannot be conclusively recovered at the 
lower levels, and if it is closed late, the mine faces greater dilution and increased mining costs. SLC 
mines use a draw control strategy to provide information on when to stop loading from a ring. Draw 
control incorporates sequencing and scheduling of development, production and the material 
handling system with the objective of minimising both mining costs and dilution [7]. An effective 
draw control strategy maximises ore recovery while minimising dilution in the draw point [8]. 
However, the competing objectives of reducing dilution while improving ore recovery are difficult 
to understand and impossible to apply. 

1.1 Nature of material flow 

In the past, a great deal of research sought to understand the mechanism of material flow. The 
initial gravity flow principle described material movement in terms of an ellipsoid of motion for 
isolated draw from a single draw point using physical models and experiments [2,3,9]. Physical 
models refer to small scale experiments conducted in the laboratory to simulate flow behaviour of 
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material in caving operations. Since then, large scale field and marker trial experiments have been 
performed in various SLC operations to understand the flow behaviour and to validate prediction 
flow models and physical modelling results. Marker experiments have been conducted in various 
Swedish, Chinese, Canadian and Australian mines over the last five decades [5,10-16]. Marker trials 
use markers installed in the burden volume of the ring [13]. The results from marker trials have 
provided details on the development and final shape of the extraction zone. They are used to validate 
prediction models and understand the flow behaviour of material in SLC operations [12,17-19]. 
Marker trials do not provide information about the movement zone (zone defining the original 
position of the volume of material that has moved); this is generally predicted by models and physical 
experiments. However, they do provide input to mine design, for example, helping to determine 
mine design dimensions for increased ore recovery and reduced dilution [5]. Figure 2 shows the 
results from marker trials done at the Ridgeway mine. The extraction zones were delineated based 
on information from the recovered markers. The five zones are primary (marker excavated from the 
production level in which it was installed), secondary (marker excavated from the production level 
one level below installation), tertiary (marker excavated from the production level two levels below 
installation), quaternary (marker excavated from the production level three levels below installation), 
and backbreak (marker excavated from previously blasted ring due to back break damage) recovery, 
respectively [20].  

 
Figure 2.  a) 2D view of marker planes and b) 3D view of marker planes and results for two rings 
[20] 

The results indicated that the draw body shape was not ellipsoidal [12]. Also, the average width 
and depth of the draw body was less than predicted by previous physical modelling experiments 
[12]. The initial draw shape was narrow but deepened as the extraction ratio increased [12]. An 
episodic flow of material was observed (Figure 2), with material flowing from different parts of the 
ring [13]. In addition, the fragmentation was finer initially, up to a 20 to 30% extraction ratio, 
becoming coarser after that, up to 80% after which it could become even coarser; that said, it could 
become finer when ore was flowing from upper levels. In this experiment, the primary recovery for 
the rings was 59% and the combined recovery was 75% [12]. Results from marker trials highlight the 
difficulties involved in understanding and simulating granular flow [12,13,16,21]. Similar results 
have been observed for marker trials at the Kiirunavaara mine [16]. Nordqvist and Wimmer (2016) 
classify and explain material flow into three types; shallow draw, standard draw, and shallow draw 
developed towards standard draw based on the results of marker trials done at the Kiirunavaara 

3



 

 

mine. The results from the test at Kiirunavaara mine show that the gravity flow in large scale SLC in 
Kiruna mine is often of disturbed character [16].   

For an operating SLC mine, material flow is further affected by such factors as ore geology and 
geometry, rock mass properties, loading issues (hang-ups, brow failure, waste intrusions, poor 
fragmentation or ring freezing), mine design (including ring design), hole deviation, blasting 
performance, backbreak and operators influence [4,8,22,23]. Unfortunately, measuring all influencing 
factors and predicting material flow for individual rings during operation is impossible using current 
techniques.  

As the performance of one ring affects the performance of rings around it, and that these events 
cannot be predicted for individual rings during operations therefore material flow in SLC should be 
treated as a chaotic system [24]. All these marker trial tests have highlighted the chaotic nature of 
material flow as shown in Figure 2 and the unpredictability associated with material flow 
simulations. The results suggest that the uniform systematic flow pattern observed in early physical 
models was an exception, and that, in general, material flow in SLC is chaotic and non-uniform 
[12,13,16,21,25]. 

1.2 Scope for a new draw control strategy 

A comparison of the early literature [1,4,26-28] with more recent work [8,23,29,30] suggests that 
draw control practices have changed little. Current draw control strategies are heavily dependent on 
basic grade control practices or flow simulation techniques and have not developed into a more 
holistic strategy. Past draw control strategies using numerical modelling methods such as the REBOP 
(Rapid Emulator Based on Particle Flow Code) model [17-19] have been helpful in predicting the cave 
front and material flow boundaries but lack the ability to incorporate the randomness of flow as the 
models are based on pre-defined rules. Other draw control strategies, such as PCSLC (Particle Code 
Sublevel Caving) model, NSO (Newcrest Dilution Model and SLC Optimiser) model and PGCA 
(Power Geotechnical Cellular Automata) models [18,31-33], do not use a draw point monitoring 
system to create or calibrate the models for a specific mine, but instead use average mill grade values. 
A probabilistic approach has the ability to capture and simulate the nature of randomness for a given 
process using probability models. Probability models have been discussed in the literature; for 
example, the void diffusion approach (VDA) simulates material flow based on the assumption of a 
uniform material flow with pulsating waste inflow [5]. But such methods cannot simulate a disturbed 
flow; this requires pre-defined relationships for the randomness of material flow within a ring.  

1.3 A Probabilistic approach to material grade estimation 

As the literature shows, material flow in SLC is a dynamic system (chaotic and non-uniform) but 
it is currently being controlled by a static draw control strategy. A probabilistic approach, on the 
other hand, has the ability to capture the variations and uncertainties of a dynamic system.  

 
Based on literature, following are generally true for a blasted ring in SLC: 
 

• As more and more material is loaded at a draw point, the amount of ore left for loading decreases 
and eventually, only caved material is left to be loaded.  

• The grade of material from an individual draw point may vary significantly because of the 
chaotic nature of material flow; this also allows more loading than the planned ring tonnage. 
 
This paper presents the development of a probability model which simulates the above process. 

The developed probability model is able to simulate a complete range of scenarios, from well 
performing to poor performing draw points, and their effect on the mine. The model offers an 
inexpensive alternative to costly pilot tests in the mine for testing different loading criteria, i.e. rules 
and guidelines for controlling the loading and closing of draw points. Hence, it gives the mine the 
flexibility to change production strategy to better align with production demands and metal prices. 
The purpose of the paper is: 
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• to present the development of a probability model for material grade estimation using historical 

production data. 
• to validate the model qualitatively with real production data. 

2. Research methodology 

An extensive literature review of different caving operations, with focus on SLC, explained 
many of the problems and challenges of caving operations [34]. The review, together with a 
qualitative comparison of present draw control strategies, highlighted the need for a new draw 
control strategy [34]. A detailed baseline mapping of two selected operating mines, Kiirunavaara and 
Malmberget, was performed to clarify their present draw control strategies and better understand 
the challenges [34]. This was achieved by interviewing relevant mine personnel and reviewing 
internal mine reports. The historical production data collected during baseline mapping consisted of 
three draw point performance parameters: 
1. Bucket weight: The bucket weights of each loaded bucket at the draw point.  
2. Bucket grade: Bucket weight is used to estimate the ore grade of the material in the bucket which 

is called bucket grade. Bucket grade is estimated by exploiting the difference in density of ore 
and waste.  

3. Extraction ratio: The extraction ratio is the ratio of actual tonnage extracted from a blasted ring 
to the planned tonnage designed to be extracted from the ring. This is a key indicator in assessing 
the quantity of material retrieved from a draw point. The actual tonnage is the summation of all 
bucket weights drawn from the ring. Planned tonnage is the tonnage calculated from the drill 
design and assumed ring geometry. In the literature, extraction ratio is generally expressed as 
either a ratio or a percentage. Therefore, an extraction ratio of 1.2 or 120% means that the actual 
tonnage loaded is 20% more than the planned tonnage. 
Bucket weight and extraction ratio data were collected from Sandviks LH625E machines, that is 

the most commonly used Load-Haul-Dump (LHD) machine in the Kiirunavaara mine. Data covered 
the last 10 years of operation, which translates into a total of 13445 blasted rings. A total of approx. 
4.4 million bucket weight data values were collected and used for model development. The bucket 
weights and extraction ratio collected was used to create a probability model. A realistic model of a 
real world phenomenon has to take into account the possibilities of randomness [35]. Generally, the 
quantity being studied exhibit an inherent variation that should be taken into account by a model. 
This is done by allowing the model to be probabilistic in nature [35]. The theory of Bayesian statistics 
has been applied here to create a probability model for material grade estimation. The three primary 
reasons for using Bayesian statistics are: 
1. Nature of the likelihood function: The likelihood function captures variations and uncertanities 

that has been assumed to influence the data [36]. This concept was used in this case to capture 
the uncertainty in bucket weights caused by fragmentation and bucket fill factor. Historical 
production data on bucket weights were used to create distributions of ore and waste used in the 
likelihood function.  

2. Prior knowledge: Bayesian statistics start analysis with an expression of prior knowledge [36]. 
This concept has been applied here to use the historical data on the final extraction ratio of draw 
points as prior knowledge to capture the variations in the ore-waste ratio. Prior beliefs are 
incorporated in Bayesian analysis using clearly stated assumptions and prior information [36]. 
This provides a framework for making systematic changes in the model in the light of new 
knowledge. 

3. Ability to handle noisy data: All scientific data have a certain degree of ‘noise’ in their values 
[36]. In production data, this noise could be generated by calibration errors in the machines. These 
error have been partly handled by considering data from many machines of the same type 
(LH625E series) for a longer period of time (10 years) to remove any trends caused due to 
calibration errors. Thereafter Bayesian statistics has been used for data analysis to infer 
underlying trends from noisy data [36]. 
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Bayesian statistical methods start with existing 'prior beliefs'; these beliefs are updated using 
data to give 'posterior beliefs', and these latter beliefs may be used as the basis for data simulation or 
parameter prediction [36].  The term ‘belief’ is used in Bayesian statistics to describe the probability 
distribution; i.e. ‘prior belief’ is the probability distribution which describes the probability density 
of a certain parameter value before observing the dataset [36]. Similarly, 'posterior beliefs' is the 
probability distribution which describes the probability density of a certain parameter value after 
observing the dataset [36]. Simulations were performed on the probability model to generate a set of 
simulated buckets weight data and grades were estimated for all the simulated bucket weight data. 
The simulated dataset was then qualitatively validated against the historical production data using 
Bayesian statistics technique known as posterior predictive check. 

3. Case study – Malmberget and Kiirunavaara mines 

SLC is the mining method practiced at LKAB’s (Luossavaara-Kiirunavaara Aktie Bolag) 
Malmberget and Kiirunavaara mines. LKAB uses SLC to operate the two largest underground iron 
ore operations in the world while maintaining a high degree of productivity and safety [37]. The 
company uses LHD machines to load material from the draw points. These LHD machines use a 
Loadrite system to measure the bucket weight of the loaded material [38]. A pressure transducer 
measures the hydraulic pressure in the lift cylinders of the LHD’s arms connecting the machine to 
the bucket. It then converts the hydraulic pressure into a weight [38] which is displayed on the 
computer screen for the operators inside the cabin of the LHD machine through the Wireless Loader 
Information System (WOLIS) [39](Figure 3). The average ore density for the two mines is 4.6 - 
4.8tonnes/m3 and the average waste density is 2.7 - 2.8tonnes/m3 [40]. WOLIS exploits the density 
difference to estimate the amount of ore and waste present in a loaded bucket. To do this, it uses the 
bucket weight from Loadrite, together with an assumed theoretical volume of the loaded material, to 
calculate the grade of the material in each bucket. Hence, WOLIS provides a bucket wise grade for 
every bucket loaded at the draw point, and this grade is used for draw control at the mines. 

 

Figure 3.  WOLIS screen inside LHD machine (Courtesy LKAB) 

On the WOLIS screen installed in the LHD [41] the operators can also see additional processed 
information, such as extraction ratio, Fe% for the last 15 buckets, total planned tonnage, and tonnage 
extracted from the ring. The information helps the LHD operator to decide if loading should be 
continued or discontinued at a particular draw point. 

In Kiirunavaara mine, the extraction ratio is used as a loading criterion. Loading is started for a 
blasted ring and is continued until the extraction ratio for the ring has reached the target final 
extraction ratio as communicated by loading control team. The decision whether the final extraction 
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ratio is reached, is subjective and depends on the assessment of mine personnel. In Malmberget mine, 
three loading criteria are used as shown in Figure 4.  

 

Figure 4. Flow chart for loading criteria at Malmberget mine 

The operators should continue loading until: 
1. Minimum extraction ratio: The minimum final extraction ratio is achieved for a blasted ring. The 

first criterion defines the minimum amount of ore to be extracted from each ring. A minimum 
loading at each draw point must allow for the swelling of the blasted material. At low extraction 
ratio, there is a high probability of high ore grade, which makes early closing inadvisable. 
However, the static nature of criterion 1 has to be balanced with the more dynamic behavior of 
2nd and 3rd criteria.  

2. Shut-off grade: The moving average of the ore grade goes below the minimum average Fe 
content i.e. the shut-off grade. The 2nd criteria comes into play when the 1st criteria (minimum 
extraction ratio target) is fulfilled. The 2nd criterion defines the average grade of the last loaded 
buckets. Two parameters must be specified: the threshold value for the ore grade and the volume 
to be considered for calculating the moving average grade. A higher threshold value will generate 
a higher run-of-mine grade, while a larger volume will make the parameter more rigid and 
insensitive. For example, if the 2nd criteria looks at the moving average grade for the last 25% 
(extraction ratio wise) interval and the threshold value of the ore grade is 35% Fe. Then for an 
extraction ratio of 95%, the 2nd criterion looks at the moving average grade of the ring from 70% 
to 95% of the extraction ratio for the ring. If the moving average grade from 70% to 95% is less 
than 35% Fe, the second criterion is met. 

3. FE-trend: The trend of the Fe% for the last loaded buckets is negative. The 3rd criteria comes into 
play when the 1st and 2nd criteria are fulfilled. The third criterion responds to the past 
developments of the iron ore grade, i.e. increasing or decreasing grade. The number of included 
bucket values is also essential. With a low number of values, the parameter responds to small 
variations in the bucket load values, but if many values are included, the parameter responds 
slowly and rigidly. For example, if the 3rd criteria looks at the bucket weights for the last 40% 
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(extraction ratio wise) interval then the 3rd criteria are fulfilled when the trend of Fe% for the last 
40% of the extraction ratio for the ring is negative. 
In general, loading is stopped when the loading criteria are fulfilled, but as noted above, closing 

the draw points is a subjective decision and depends on the assessment of the loading personnel. This 
study used historical production data from the Kiirunavaara mine to create a probability model. 
Currently, it’s very difficult to study the effect of changing loading criteria at the mines. The model 
provides a virtual environment in which the effect of changing the loading criteria can be studied to 
identify the most optimal loading criteria for a given set of mining constraints.  

3.1 Variability and uncertainty in the loading process 

In SLC, two parallel phenomenon (mixing of ore and waste, flow of materials) occur when 
material is loaded from the draw point. The loading process is further complicated since loading at 
the draw point is affected by the manner in which previous operations (drilling, blasting and loading 
of nearby draw points) have been conducted. In an ideal case, the bucket weight measured should 
directly represent the amount of ore and/or waste in the bucket because of the density difference 
between ore and waste. However, the bucket weight of a LHD bucket is influenced by the following 
three factors: 

Variability of ore-waste ratio: In SLC, the material loaded at the draw point initially starts with 
pure ore but eventually becomes a mixture of ore and waste. Ore can come from the blasted ring, 
from above levels or from caved material in front of the ring. Similarly, waste can result from internal 
dilution due to waste intrusions or it can come from the caved material.  

Uncertainty in bucket fill factor: WOLIS assumes a constant theoretical volume of the bucket 
when estimating bucket grade. However, the amount of material that is filled in the bucket during 
loading varies depending on muck pile profile, material compaction, fragmentation, breakout force 
of LHD, and operator skill. A bucket can be under-loaded when the material is compacted at the 
draw point (in the absence of fresh material flow from the top) or when the muck pile is very 
scattered. Similarly, overloading can happen when the bucket is filled more than the prescribed 
amount. In the case of an overloaded bucket, the iron grade of the bucket is overestimated and for an 
under-loaded bucket, it is underestimated.  

Uncertainty in fragmentation: In SLC, uneven or differential fragmentation is an inherent 
problem because of the nature of drilling and blasting and due to variations in the geomechanical 
properties of the rock mass. A typical SLC ring is either fan shaped or silo shaped; the latter has 
higher spacing near the toe, as shown in Figure 5. With recent increases in the scale of SLC operations 
at LKAB, a typical SLC ring has mid boreholes 50-60m long, with a burden between 3-3.5m, making 
the ring design very sensitive to borehole deviations. SLC blasting is confined, as the production ring 
has only one free face, i.e. the roof of production drift, and is surrounded by caved material on two 
sides and solid ore on the remaining side. Hence, the burden material has relatively less space to 
swell than in non-caving mining methods. 
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Figure 5.  A typical ring at Kiirunavaara mine 

Fragmentation is analysed using image analysis, Quick Rating Systems (QRS), material sieving 
methods, and boulder count during loading [12,15,20,21,42,43]. Uneven fragmentation of blasted ore 
and caved material cause inaccuracies in the grade estimation of coarser material and buckets 
containing boulders. It is not advisable to discount the effect of fragmentation when estimating grade 
or to discount the effect of the ore-waste percentage when assessing fragmentation.  

Although bucket fill factor and fragmentation have been recorded for certain production draw 
points during marker trials and other experimental projects, these parameters are generally not 
recorded. Even if these parameters have been recorded, it is difficult to isolate the relative 
contribution of ore-waste ratio, bucket fill factor and fragmentation for a measured bucket weight.  

In this paper, bucket fill factor and fragmentation are treated as uncertainties. These factors can 
be estimated with average values within a reasonable interval (lower and upper limit) using Bayesian 
statistics. In the proposed model, the ore-waste ratio is treated as unknown in the loading process 
and estimated using Bayesian statistics and past production data. 

4. Need for Model development 

The uncertainty and variation associated with loading at the draw point is caused due to the 
chaotic and non-uniform nature of material flow. Material flow is further affected by such factors as 
ore geology and geometry, rock mass properties, loading issues (hang-ups, brow failure, waste 
intrusions, poor fragmentation or ring freezing), mine design (including ring design), hole deviation, 
blasting performance, backbreak and operators influence [4,8,15,22,23]. These result in a variability 
in the ore grade and an uncertainty in bucket fill factor and fragmentation for a production draw 
point. Figure 6 shows a plot of the bucket weight vs extraction ratio for a production draw point at 
Kiirunavaara mine. As shown in Figure 6, the final extraction ratio is approximately 150 % i.e. the 
actual tonnage loaded was 50% more than planned tonnage. 
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Figure 6. Plot of Bucket weight versus extraction ratio for a ring at the Kiirunavaara mine 

The variation in bucket weight while loading at the draw point can be seen in Figure 6. For a 
typical draw point, a plot of bucket weight vs extraction ratio shows irregular falling and rising of 
bucket weight values. This variations is caused due to loading of a mixture of ore and waste of 
varying fragmentation. The fluctuating nature of the plot makes it difficult to assess the draw point 
behavior   and make reasonable conclusion by just visually analyzing the historical bucket weight 
dataset. Descriptive statistics is used to help understand the basic characteristics and biases of a 
dataset. Figure 7 show a plot of average bucket weights vs extraction ratio for the collected bucket 
weight dataset from the Kiirunavaara mine. 

  

Figure 7.  Average bucket weight vs extraction ratio for the collected dataset from the Kiirunavaara 
mine 
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Average bucket weight first decreases until an extraction ratio of 100% after which it increases 
for higher extraction ratio. At the Kiirunavaara mine for the LH625E LHD’s the weight of a bucket 
completely filled with ore is assumed to be 27.5 tonnes. Hence, an average bucket weight of around 
27 tonnes at lower extraction ratio is expected. The overall physical process happening behind the 
nature of the average bucket weight curve can be explained in three stages: 
1. Average bucket weight is high at lower extraction ratio which is expected as on average more ore 

is present at the draw point at the start of loading from a draw point. The average weight 
decreases with increasing extraction ratio as more caved rock gets mixed with ore and starts 
appearing at the draw point. 

2. The rate of decrease becomes higher after about 70% extraction ratio as compared to before 70% 
extraction ratio. The two reason for this change are: 
a) Due to a static fixed final extraction ratio target (which is generally above 100% for 

Kiirunavaara mine) many draw points are loaded even when there is higher dilution at the 
draw point in hope that more ore flow will happen later. This static approach causes an 
increased dilution at the draw point which causes a dip in the curve as shown in Figure 7.  

b) Many draw points are closed before the fixed extraction ratio targets are meet due to loading 
issues such as hang-ups, brow failure, waste intrusions, poor fragmentation or ring freezing. 
For these draw point’s ore is lost due to early closing which also contributes in bringing down 
the average bucket weight at the draw point. Hence, the rate of decrease is higher after 70% 
extraction ratio as many well performing draw points are lost due to loading issues while 
many poor performing are loaded due to a static fixed final extraction ratio target.  

3. After around 100% extraction ratio the average bucket weight increases which is counterintuitive 
to the reality of the loading at the draw point. This means that as extraction ratio increases more 
and more ore flows at the draw point which is not true. The reason for the increase in average 
bucket weight is that after achieving final extraction ratio targets loading is continued for only 
well performing draw points (high average grade at the draw point). This causes an increase in 
the average bucket weight as extraction ratio increases as only material is being loaded from draw 
points with high ore grade. This causes a bias in the bucket weight dataset which is known in 
statistics as survivorship bias or survival bias. Survival bias is a bias in a dataset which is caused 
when observations are collected from sources which passed some selection process and 
overlooking other sources [44,45].    
In theory, real historical loading data could be used to develop a new draw control procedure. 

However, in datasets from real mining operation, poor performing draw points are generally closed 
early, while well performing draw points continue to produce ore until they reach very high 
extraction ratios. With increasing excavation ratios, the datasets become increasingly less 
representative of the real geological ore grade distribution due to survival bias. Therefore, using these 
draw points as a reference for draw point behaviour would be incorrect. In order to get a relevant 
dataset for bucket weights loading must be continued for poor performing draw points until high 
extraction ratios which is a costly and unfeasible alternative. Hence, a probability model is needed 
which can be used to generate a simulated dataset which captures different scenarios from poor 
performing to well performing draw points at different extraction ratios. These different scenarios 
can be broadly classified as: 
1. Normal draw points: These are draw points which were loaded till the final extraction ratio 

target. This includes draw points which encountered high dilution but were still loaded till final 
extraction ratio target. 

2. Well performing draw points: These are draw points which encountered high ore grade at the 
draw point after the final extraction ratio target and hence were loaded till higher extraction 
ratios. 

3. Draw points closed due to loading issues: These are draw points which did not reach the final 
extraction ratio target due to loading issues discussed earlier. 
A graphical representation (Venn diagram) of the different scenarios that should be simulated 

by the model is shown in Figure 8.  
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Figure 8. Venn diagram of simulated vs historical dataset 

As most draw points are loaded till final extraction ratio target, the historical dataset is not able 
to capture the behavior of draw point (collect bucket weights) for these draw points for higher 
extraction ratios. Due to a continuous draw point monitoring system the mine is able to detect higher 
dilution at the draw point and close the draw points. Hence the Venn diagram only show part of 
normal draw points covered by historical dataset. The same is true for draw points that were closed 
early due to loading issues. But because of this control on loading, the historical bucket weight data 
suffers from survivor bias. The historical dataset is able to capture the draw point behavior of well 
performing draw points for lower and higher extraction ratio. This is the source of the survivor bias 
in the dataset when observing the average bucket weight curve (Figure 7). However, the simulated 
dataset must capture all scenarios to simulate loading behavior correctly at the draw point. Hence, 
an alternative solution is needed to capture the nature of loading at the draw point. 

Ideally, as the extraction ratio increases, the ore percentage will decrease at the draw point and 
more and more waste is introduced at the draw point. The exact nature of the material flow of ore 
and waste continues to be researched by marker trials and other field experiments; however, an 
average increase in waste inflow as the extraction ratio increases has been established in the literature 
and production data analysis [4,8,12,32]. A better understanding of the nature of loading at the draw 
point can be achieved by observing the closing rate curve for the mine. A closing rate curve shows 
the percentage of draw points active after a given extraction ratio (ratio of total tonnage of material 
loaded from the draw point to the planned tonnage of the ring). In this study, the closing rate curve 
was plotted for the last 10 years for the LH625E LHD machines (see Figure 9). The data consisted of 
final extraction ratio of draw points for a total of 13445 blasted rings from the Kiirunavaara mine.  
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Figure 9. Closing rate curve for the collected dataset from the Kiirunavaara mine 

As shown in Figure 9, as extraction ratio increases the percentage of active draw points 
decreases. This is because with the increase in extraction ratio, the waste inflow at the draw point 
increases which causes closing of more active draw points. It has a similar trend as the nature of 
loading at draw point where an increasing extraction ratio is accompanied with a decrease in ore 
percentage. As shown in Figure 9, around 65% of draw points are active at 100% extraction ratio while 
only about 15 % of the draw points are active at 200% extraction ratio.  

Hence, closing rate curve (Figure 9) is a better indicator than average bucket weight curve 
(Figure 7) of the nature of loading at the draw point. A probabilistic model is created which can use 
the closing rate curve for capturing the nature of loading at the draw point and the bucket weight 
dataset to capture the uncertainty caused by fragmentation and bucket fill factor. The model is then 
used to generate bucket weights that does not suffer from any biases; it can show the complete range 
of scenarios that may be anticipated from good performing to poor performing draw points at high 
extraction ratio. This results in the creation of a ‘virtual mine’ which is free from the biases of the real 
dataset and covers all scenarios and can be used to test different draw control scenarios without 
conducting expensive mine test.  

5. Development of a probabilistic model 

A probabilistic approach for draw control is based on two primary properties of material 
movement towards the draw point:   

Individual rings have chaotic and random material flow towards the draw point. 
The average trend for ore grade, for a large number of rings, will decrease from pure ore to caved 

material during the process of loading. 
During loading, the mixing of ore and caved material happens simultaneously as the material 

of different fragmentation is loaded by LHDs with varying bucket fill factors. Figure 10 provides an 
overview of the probability model which captures the phenomenon of loading at the draw point in 
four stages. A detailed description of the mathematical derivations of the model are explained in 
appendix.  
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Figure 10. Overview of the probability model 

5.1 Stage 1: Ore-waste model 

At both the Kiirunavaara and Malmberget mines, the LHD buckets are weighed during loading. 
The grade of the loaded material is estimated based on the weight of the bucket. The basic principle 
can be stated as ’a loaded bucket can be expressed as a linear combination of a fully filled bucket of 
waste and a fully filled bucket of ore’. The grade for a given bucket is estimated using equation (1): 

 𝜂𝜂 = 𝑏𝑏′−𝑁𝑁
𝑀𝑀−𝑁𝑁

× 0.71, (1) 

where ɳ is the estimated Fe% (bucket grade), bˈ is bucket weight in tonnes, M is the weight of a bucket 
completely filled with ore in tonnes and N is the weight of the bucket completely filled with waste in 
tonnes for a given bucket size. The iron percentage for a pure magnetite ore is 72.36% and for a pure 
hematite ore is 69.90%. However, the assumed iron percentage in WOLIS for a bucket completely 
filled with ore is 71% [41]. The equation uses a single value to represent a fully loaded bucket of ore 
or waste. For Sandviks LH625E LHD machines used at Kiirunavaara mine, a fully loaded bucket of 
ore weighs 27.5 tonnes. However, depending on fragmentation and bucket fill factor, the weight of a 
bucket filled with ore will vary; a bucket filled with fine fragmented material will be heavier than the 
average (27.5 tonnes), while a coarse fragmented material will be lighter than the average. Hence, the 
ore-waste model is defined as:   
1. A bucket containing ore of various degrees of fragmentation and varying bucket fill factors 

constitutes the ore model.  
2. A bucket containing waste of various degrees of fragmentation and varying bucket fill factors 

constitutes the waste model.  
The definition is used to create distributions for the ore and waste. Figure 11 shows the posterior 

distribution of the ore-waste model for parameters 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜, 𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜, 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜, and 𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜. The derivation of 
model parameters 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜, 𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜, 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜, and 𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 is discussed in appendix. 
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Figure 11. Posterior curve for the ore-waste model 

The ore-waste model captures the uncertainty in the loading process created by variations in 
fragmentation and bucket fill factor. The ore-waste model simulates the reality, i.e. a bucket 
containing ore can weigh between 20 and 37 tonnes, but a bucket filled with ore is more likely to 
weigh 28.7 tonnes than 20 tonnes or 37 tonnes because most buckets filled with ore will be filled 
properly and will have optimal fragmentation. 

5.2 Stage 2: Mixing model 

Because of the continuous mixing of ore and caved material, the material loaded at the draw 
point is a mixture of ore and waste. The variations in the loading process due to fragmentation and 
bucket fill factor are addressed by the ore-waste model. However, the variations in the loading 
process due to the variations in the ore-waste ratio for a loaded bucket should also be examined to 
create a complete model which can simulate the actual mining conditions. This mixing in the loading 
process is addressed by a mixing model. The mixing model uses the same principle as the mines’ 
present system; i.e. a loaded bucket can be expressed as a linear combination of a bucket of waste and 
a bucket of ore. However, instead of using a fixed value for fully filled bucket of ore and waste, the 
mixing model uses the distribution of the ore-waste model, given the parameter values 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜, 𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜, 
𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜, and 𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜. 

The mixing model is controlled by a parameter 𝜙𝜙 through which the mixture of ore and waste is 
determined. Figure 12 shows examples of the probability distribution for bucket weights when the 
mixing model has 𝜙𝜙 values of 0.25, 0.5 and 0.75. As can be seen, the probability of the buckets 
containing ore is higher than the probability of buckets containing waste for higher values of 𝜙𝜙, and 
a combination of both increases the variations in bucket weight.   
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Figure 12. Effect of 𝜙𝜙 on the mixing model 

The mixing model gives the flexibility to simulate different mining scenarios by capturing the 
variations caused by the mixing of ore and waste, while the ore-waste model accounts for the 
uncertainty caused by bucket fill factor and fragmentation. Figure 12 shows the changes in the shape 
of the mixing model distribution for different values of 𝜙𝜙. As shown in Figure 12, with higher values 
of 𝜙𝜙, the likelihood that a bucket will contain ore increases, and with lower values of 𝜙𝜙, the likelihood 
that a bucket will contain waste increases. The control parameter 𝜙𝜙 simulates the proportion of ore 
to waste ratio during loading and is an indicator of the iron content (Fe%). Hence, mining constraints 
can be applied on 𝜙𝜙 to simulate different mining conditions (poor performing to well performing 
draw points) as it can capture the variation in ore grade (iron content, Fe%) at the draw point.  

5.3 Stage 3: Applying constraints 

The control parameter 𝜙𝜙 determines the mixing of ore and waste at the draw point. This mixing 
behavior is captured using the closing rate curve which is used as an indicator of ore-waste 
composition at the draw point. Hence, a relation needs to be established between closing rate curve 
and control parameter 𝜙𝜙. This is achieved through a beta distributed prior distribution which is a 
parametric function of extraction ratio as shown in Figure 13.  

 
Figure 13. Prior distribution for 𝜙𝜙 

The posterior distribution of 𝜙𝜙 is dependent on: 
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1. Extraction ratio: A prior distribution (beta distribution) of 𝜙𝜙 which is a parametric function of 
extraction ratio. The derivation of the function has been discussed in the appendix. 

2. Last 10 buckets loaded: this provides the information for the likelihood function. The 
mathematical equation for the likelihood function has been discussed in the appendix. 
The posterior distribution of 𝜙𝜙 reflects both the variation associated with the measured buckets 

at a specific draw point and prior information captured by the prior distribution from historical 
datasets. This distribution is a key component in predicting future bucket weights. It can be used to 
simulate different mining scenarios and predict the effect on recovery and dilution. By estimating the 
probability distribution of bucket weights expected at the draw point for different mining conditions, 
the probability model is able to simulate the loading at the draw point.  

5.4 Stage 4: Simulation and prediction 

SLC mines have used ore flow prediction models for draw control [17,31,32]. The models have 
been calibrated for specific mine sites [12,17,32] but lack the ability to incorporate draw point 
monitoring results and other draw point performance parameters. A key observation from marker 
trials is that no two rings show an identical material flow pattern. The chaotic nature of flow makes 
draw control strategies that are dependent on material flow prediction models unreliable. The 
probability model does not simulate material flow but it simulates bucket weights (an indicator of 
the amount of ore) at the draw point.  

A total of 4000 rings with each ring having a planned tonnage of 9000 tonnes were simulated by 
the developed probability model. The probability model provides a simulated dataset of 4000 rings 
extracted up to 400% extraction ratio. This results in a ‘virtual mine’ environment which captures the 
chaotic and non-uniform nature of material flow along with the uncertainty caused due to 
fragmentation and bucket fill factor variations. The resultant virtual mine environment simulates all 
scenarios from poor to well performing draw points and is free from biases which are present in the 
historical bucket weight dataset. The steps of the Simulation have been discussed in appendix. 

6. Model Validation 

Model validation involves comparing model predictions with experimental observation, both of 
which contain uncertainty [46]. In this study, the simulated bucket weights from the probability 
model are treated as model prediction while the historical bucket weight dataset are treated as 
experimental observations. Posterior predictive check is frequently used in Bayesian statistics to 
perform model validation. Kruschke (2013) states that in a posterior predictive check, the analyst 
assesses whether data simulated from credible parameter values resemble the actual data, with 
‘resemblance’ measured in any way that is meaningful in the applied context. For loading at the draw 
point the meaningful context can be defined as weather the model is able to simulate the different 
scenarios from poor to well performing draw points at different extraction ratios. Hence, a qualitative 
approach is used to perform model validation by comparing the simulated bucket weight dataset 
with historical bucket weight dataset. In the qualitative approach of assessing resemblance between 
simulated data and actual data, the analyst can visually examine graphical or tabular displays to look 
for structured patterns in the residual between actual and simulated data [36,48,49]. Figure 14 shows 
the average or mean bucket weight versus extraction ratio plot for historical dataset and simulated 
dataset. The highest density interval (HDI) is denoted 95% HDI, such that all values within the 
interval have higher credibility than values outside the interval, which spans 95% of the distribution 
[50].The simulated and actual bucket weight values are summarized using vertical bars that show 
the range of the 95% most credible simulated and actual bucket weight values. Kruschke (2014) uses 
this combination of mean value and 95% HDI to show the average data trend and variability in 
simulated data and actual observations.  
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Figure 14. Qualitative comparison of the simulated dataset with historical dataset for the 
Kiirunavaara mine. The plot shows mean values for both the dataset along with vertical intervals 
representing 95% HDI interval. 

Kruschke (2014) explains that there is no single, unique way to ascertain whether the model 
predictions systematically and meaningfully deviate from the data, because there are innumerable 
ways to define systematic deviation. The four main features that can be noticed in Figure 14 are: 
1. The average bucket weight for simulated dataset is more than that of historical dataset up to 120% 

extraction ratio. This is because the simulated bucket weights also include draw points which 
were closed due to loading issues and are not captured in historical dataset. These draw points 
had potential to recover ore and including them will increase the average bucket weight which 
is one reason for a higher average bucket weight for simulated dataset.  

2. The gradient (rate of drop) of the simulated bucket weight curve is more gradual compared to 
historical bucket weight curve up to 120% extraction ratio. Because all scenarios are being 
considered when simulating, the relative contribution for draw points which were loaded with 
high dilution until final extraction ratio target is reduced compared to the historical dataset. 
Hence, while the historical dataset has a faster drop rate, the simulated dataset has a more 
gradual drop. 

3. The average bucket weight for the simulated dataset is less than that of historical dataset after 
120% extraction ratio. This is because while the simulated dataset considers all scenarios from 
well performing to poor performing draw points, the historical dataset has a survivor bias [44,45] 
towards just the well performing dataset. A systematic deviation can be seen in the 95% 
credibility range depicted by the vertical bars for extraction ratios from 150% to 200%. This is 
caused due to a bias towards well performing draw points at higher extraction ratios. To better 
understand this behavior a distribution plot for the datasets has been shown in Figure 15. 
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Figure 15. Distribution curve for historical and simulated dataset from 150% to 200% extraction ratio. 

4. The distribution plot shows that the historical dataset has a unimodal distribution around higher 
bucket weights depicting the bucket weights from well performing draw points. The distribution 
plot for simulated bucket weights have a bimodal distribution which covers bucket weights from 
well performing to poor performing draw points. However the relative probability of bucket 
containing ore is less than the relative probability of bucket containing waste which should be 
the reality at higher extraction ratios. The discrepancies between the simulated distribution and 
measured histogram are expected as, opposed to the measured bucket weights, the simulated 
bucket weights are free from survivor bias.  

5. The simulated dataset is able to capture the variation in the bucket weights at different extraction 
ratio which has been seen in historical dataset. As shown in Figure 14, the 95% HDI for simulated 
dataset are mostly in the same range as the historical dataset which means that the model is able 
to explain the variation in loading at different extraction ratios.  
However, the simulated dataset does not completely agree with the historical dataset as should 

be the case based on statistical textbooks. Literature suggest that if the simulated data is not able to 
mimic actual data then the model cannot be validated. Kruschke (2014) states if the actual data did 
appear to deviate systematically from the predicted form, then we could contemplate alternative 
descriptive models. This could be done by model expansion or selecting alternative models. In this 
study a statistically accurate model validation can be achieved by using the average bucket weight 
curve (Figure 7) instead of the closing rate curve (Figure 9) to control the mixing of the ore and waste 
at the draw point. However, using the average bucket weight curve would be incorrect due to the 
bias in historical dataset. Model expansion can be performed in future to make the probability model 
more accurate in the light of new research about the ore-waste mixing at the draw point and material 
flow in caving operations. Based on the current literature, the closing rate curve provides the best 
indicator to understand the nature of loading at the draw point. Model validation through field tests 
has also been contemplated as another approach to validate this model. This would require loading 
to be performed under controlled conditions from a number of draw points at various locations in 
the mine. However, to collect the relevant dataset loading must be continued until higher extraction 
ratio even if dilution is detected at the draw point. This would essentially mean that the mine has to 
load a lot of waste rock which is a highly uneconomical and inefficient approach for data collection.  
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Due to these challenges the model has used the closing rate curve as a mining constraint to 
capture the nature of loading at the draw point. The simulated dataset is able to capture the different 
scenarios of loading at the draw point from well performing to poor performing draw points while 
the historical dataset is unable to cover all scenarios due to practical mining challenges. It is 
concluded that the simulated data from credible parameter values resembles the actual data (space 
containing all the possible scenarios), in this context of loading at the draw point. Figure 14 shows 
the dataset and uncertainties for the simulated and historical datasets. There is little evidence to 
suggest that the model is unable to describe the uncertainties in historical data. Hence the model is 
able to simulate loading at the draw point and can be used to perform draw control tests. 

7. Concluding remarks 

A probabilistic approach is required to capture variations and uncertainties during loading at 
the draw point for SLC operations. Using the concepts of Bayesian statistics, a production data driven 
probability model has been created to simulate the randomness of material flow while capturing the 
uncertainties associated with the loading process. The probability model is able to simulate the 
loading process at the draw point, giving it an advantage over numerical modelling and other 
deterministic approaches for draw control. Model validation was performed through posterior 
predictive checks and the challenges associated with a purely statistical model validation was 
discussed. The following conclusions are made: 
• The probability model can simulate a complete range of scenarios, from poor to well performing 

draw points, and their effects on the mine. 
• The probability model can simulate and analyse a large number of rings which is costly and 

impractical using other methods e.g. marker trials, field tests etc. 
• The probability model provides an alternative environment (virtual mine) to perform draw 

control tests and select the optimal draw control strategy before performing physical mine tests. 
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Appendix A 

The mathematical details of the probability model have been described for the four stages of the 
model. Based on Kruschke (2014) five basic notation are used to describe the model:  
1. Greek letters (α, β, 𝜑𝜑) are used to denote estimated or unknown parameters  
2. Uppercase Latin letters (A, B, C, A1, B1, C1) are used to denote fixed or known parameters  
3. Lowercase Latin letters (b, b1, bi) are used to denote input data  
4. If α is the parameter and b is the input data then the conditional probability of α for a given b is 

denoted by p(α | b) 
5. 𝑏𝑏� denotes predicted value of b 

Stage 1: Ore-waste model 

The derivation of model parameters 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜, 𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜, 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜, and 𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 is done using Bayesian 
statistics and a set of model assumptions. A direct measurement of fragmentation and bucket fill 
factor is not possible on a production scale in SLC today, but literature on fragmentation assessment 
studies performed at SLC mines, along with bucket fill factor assumptions, suggests a way to filter 
the dataset. Bucket weight data are filtered to provide input data used in the likelihood function for 
the ore-waste model. Based on machine specifications for the LH625E a bucket fill factor ranging from 
0.94 to 1.27 was assumed [51]. Hustrulid and Kvapil (2008) states that the free swell of the material at 

20



 

 

the draw point for SLC operations is 50%. For the LH625E series LHD machines with a bucket size of 
8.7 m3, these assumptions translate into ore bucket weights between 25 and 34 tonnes for the ore 
model. For the waste model, these assumptions translate to waste bucket weights between 15 and 20 
tonnes. These bucket weight ranges are used to filter the dataset to obtain input data for ore-waste 
model. A beta distribution is used to describe the bucket weight data for the ore buckets and the 
waste buckets. A beta distribution is a continuous probability distributions defined on the interval 
[0, 1] parametrized by two positive shape parameters, denoted by α and β, which control the shape 
of the distribution [36]. As beta distribution can only represent values between zero and one; hence, 
bucket weights are normalized by dividing them with a factor of 50. The true bucket weight 𝑏𝑏′ =
50𝑏𝑏ᵢ , can be retrieved simply by multiplying the normalised bucket weight by a factor of 50; this 
gives the true bucket weight in tonnes instead of normalised bucket weight.  Because of its flexibility, 
the beta distribution is suitable for capturing the random behaviour of percentages and proportions 
and is widely used in Bayesian statistics. The likelihood function for a single normalised bucket 
weight bi is assumed beta distributed, as given by equation (A.1): 

 𝑝𝑝(bᵢ|𝛼𝛼,𝛽𝛽) = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝛼𝛼,𝛽𝛽), (A.1) 

It is bounded between zero and one, where one represents the highest possible bucket weight. If there 
is a lack of prior knowledge, a flat prior may be considered to assign equal probability to all possible 
parameter values [36]. The possible set of values for α and β are [1, ∞). Flat prior distributions are 
assumed for parameters 𝑝𝑝(𝛼𝛼) ∝ 1  and 𝑝𝑝(𝛽𝛽) ∝ 1, as in equation (A.3) due to a lack of prior knowledge 
about the nature of α and β. With flat prior distributions for α and β, the Maximum a Posteriori 
Probability (MAP) and maximum likelihood (ML) estimate coincide. MAP estimate (say A) for the 
posterior distribution of α is denoted by 𝛼𝛼� which can be written as equation (A.2): 

 𝐴𝐴 = α�, (A.2) 

To fit the distribution of ore bucket weights and waste bucket weights from a very large collection 
 of prior bucket weights, the model assumes that the weights are independent and identically 

distributed (iid). Assuming the data for bucket weights are iid, the posterior distribution for K 
buckets follows equation (A.3): 

 𝑝𝑝(𝛼𝛼,𝛽𝛽|𝑏𝑏1, … , 𝑏𝑏𝑘𝑘) ∝ ∏ 𝑝𝑝(𝑏𝑏𝑖𝑖𝑘𝑘
𝑖𝑖 |𝛼𝛼,𝛽𝛽) 𝑝𝑝(𝛼𝛼) 𝑝𝑝(𝛽𝛽) =  ∏ 𝑝𝑝(𝑏𝑏𝑖𝑖|𝛼𝛼,𝛽𝛽)𝑘𝑘

𝑖𝑖 , (A.3) 

under the constraints that 𝛼𝛼 ≥ 1 and 𝛽𝛽 ≥ 1. A large dataset for bucket weights result in a sharp 
likelihood function, and the influence of prior distribution is neglected [36].  

A total of 4.4 million bucket weight values was used as input data for the bucket weight dataset. 
After the bucket dataset is divided into ore and waste bucket weights, the MAP estimates of 𝛼𝛼𝑐𝑐 and 
𝛽𝛽𝑐𝑐 for the two classes 𝑐𝑐 ∈ {𝑜𝑜𝑜𝑜𝐵𝐵,𝑤𝑤𝐵𝐵𝑤𝑤𝐵𝐵𝐵𝐵} are obtained. The corresponding MAP estimates of the two 
classes are given by equations (A.4-7): 

 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 =  𝛼𝛼�𝑜𝑜𝑜𝑜𝑜𝑜, (A.4) 

 𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜 =  �̂�𝛽𝑜𝑜𝑜𝑜𝑜𝑜 , (A.5) 

 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 =  𝛼𝛼�𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 , (A.6) 

 𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 =  �̂�𝛽𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 , (A.7) 

As the distributions for ore and waste bucket weights for LH625E machines are considered as known 
in the consecutive Bayesian analysis, Kruschke (2014) notation is followed, and capital Latin letters 
are used for the parameter values. 

Stage 2: Mixing model 

The likelihood function for the mixing model is given by equation (A.8): 

 𝑝𝑝(𝑏𝑏|𝜙𝜙) =  𝜙𝜙 × 𝑝𝑝(𝑏𝑏|𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 ,𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜) + (1 − 𝜙𝜙) × 𝑝𝑝(𝑏𝑏|𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 ,𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜), (A.8) 
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where b is the normalised bucket weight, and 𝜙𝜙 is the control parameter, which takes values between 
0 and 1. The mixing model can control the contribution of the ore model and the waste model by 
changing the value of the control parameter 𝜙𝜙. 

Stage 3: Applying constraints 

The derivation of the posterior distribution for 𝜙𝜙 which is dependent on historical dataset and 
extraction ratio is done using Bayesian statistics and a set a model assumptions. A transformation is 
made to connect the percentage of active draw points with 𝜙𝜙. When all draw points are active, the 𝜙𝜙 
value is assigned as 1; eventually, when none of the draw points is active, the 𝜙𝜙 value becomes 0. 
Hence, all the draw points are active for a low extraction ratio (<30%), but as the extraction ratio 
increases, more draw points are closed. At 100% extraction ratio the value of 𝜙𝜙 is 0.65 approximately 
while at 200% extraction ratio the value of 𝜙𝜙 is 0.15 approximately. Hence a new closing rate curve 
can be generated with extraction ratio on the x-axis and 𝜙𝜙 on the y-axis as shown in Figure A.1.  

 

Figure A.1. Gaussian (R-square: 0.98), exponential (0.97) and Power (R-square: 0.86) models fitted to 
a closing rate curve 

This new closing rate curve (𝜙𝜙 vs extraction ratio) is used to control the mixing of ore and waste 
at the draw point. A parametric function is then fitted to the new closing rate curve to develop a 
mathematical correlation between 𝜙𝜙 and extraction ratio. An initial regression analysis provided 
statistically satisfactory results using Gaussian (R-square: 0.98), Exponential (R-square: 0.97) or 
Power (R-square: 0.86) models. However, these models either underestimated or overestimated the 
actual 𝜙𝜙 value, as shown in Figure 16. The primary reason for this inaccuracy is the change in the 
inherent nature of ore-waste mixing and material flow at the draw point. Marker trials have shown 
that dilution entry can occur at the draw point as early as 20-30% extraction ratio [12,15] and that the 
flow of material becomes coarser as the extraction ratio increases up to 70-80%. Thereafter, the nature 
of flow becomes increasingly unpredictable, with intermittent ore and waste inflow [12,13]. The 
change in flow behaviour and ore-waste mixing requires two different functions to accurately depict 
the nature of 𝜙𝜙. Regression analysis is performed on the closing rate curve by dividing it into two 
segments, one before 100% extraction ratio (r = 1) and one after it. The analysis gives an empirical 
piecewise function (Figure A.2) given by equations (A.9-10):  

 𝜔𝜔 = 𝐶𝐶𝐵𝐵
−(𝑟𝑟−𝐷𝐷)2

2𝐸𝐸2      (𝐺𝐺𝐵𝐵𝐺𝐺𝑤𝑤𝑤𝑤𝐺𝐺𝐵𝐵𝐺𝐺 𝑓𝑓𝐺𝐺𝐺𝐺𝑐𝑐𝐵𝐵𝐺𝐺𝑜𝑜𝐺𝐺)  𝑓𝑓𝑜𝑜𝑜𝑜 𝑜𝑜 ≤ 1, (A.9) 

   

 𝜔𝜔 = 𝐹𝐹𝑜𝑜𝐺𝐺     (𝑃𝑃𝑜𝑜𝑤𝑤𝐵𝐵𝑜𝑜 𝑓𝑓𝐺𝐺𝐺𝐺𝑐𝑐𝐵𝐵𝐺𝐺𝑜𝑜𝐺𝐺)  𝑓𝑓𝑜𝑜𝑜𝑜  𝑜𝑜 > 1, (A.10) 
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where ω is the most likely value (or the mode) of 𝜙𝜙, r is the extraction ratio, and C, D, E, F, and G are 
parameters dependent on mining conditions. The function describes the nature of 𝜙𝜙 before 100% 
extraction ratio, i.e. when total material loaded is less than or equal to planned tonnage using a 
Gaussian function which gives a relatively slower mixing of ore and waste. After 100% extraction 
ratio, the rate of mixing is higher, as represented by a power function. The parameters C, D, E, F and 
G are constant here, making ω a function of r (extraction ratio) given by equation (A.11):  

 𝜔𝜔 = 𝑓𝑓(𝑜𝑜), (A.11) 

 

Figure A.2. Empirical piecewise function describes the nature of 𝜙𝜙 

The exact mixing rate at a given extraction ratio is not the same for all rings as individual rings have 
a chaotic material flow. This variation in mixing rate at a given extraction ratio is captured by 
applying a beta distribution with ω (from closing rate curve) as the mode (most likely value) for the 
distribution. A beta distributed ω provides a prior distribution which captures the variation in the 
flow. Following Kruschke’s (2014) parametrization of beta distribution, prior distribution of 𝜙𝜙 is 
parameterized by the mode ω and the concentration K=6 using equation (A.12): 

 𝑝𝑝(𝜙𝜙|𝜔𝜔,𝐾𝐾) = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝜔𝜔(𝐾𝐾 − 2) + 1, (1 −𝜔𝜔)(𝐾𝐾 − 2) + 1), (A.12) 

A fixed value of concentration K represents constant dispersion and is assumed here to simplify the 
model. Sensitivity test showed that small changes in K value (K=6 vs K=8) will not affect the results. 
However, a significant change in the value (K=6 vs K=22) will have an effect on the posterior 
distribution. The value of K is a measure of confidence in our prior belief i.e. a smaller K value (K=6) 
means that the new data will have a strong effect on the posterior distribution while a larger K value 
(K=22) means that new data will have little effect on the posterior distribution. Hence, a smaller K 
value has been chosen to capture the effect of new data collected from the loaded buckets at the draw 
point. As ω is a function of r (extraction ratio), i.e. ω = 𝑓𝑓(𝑜𝑜) , the prior distribution for 𝜙𝜙 becomes 
equation (A.13): 

 𝑝𝑝(𝜙𝜙|𝑜𝑜,𝐾𝐾) = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑓𝑓(𝑜𝑜)(𝐾𝐾 − 2) + 1, (1 − 𝑓𝑓(𝑜𝑜))(𝐾𝐾 − 2) + 1), (A.13) 

Equation (A.14) provides the prior information of 𝜙𝜙 at different extraction ratios without 
measurements of bucket weights. Once bucket weights are measured at a specific draw point, 𝜙𝜙 is 
estimated based on both the measurements and the prior distribution. The posterior distribution 
given 10 buckets, becomes equation (A.14): 

 𝑝𝑝(𝜙𝜙|𝑏𝑏1, … , 𝑏𝑏10) ∝�𝑝𝑝(𝑏𝑏𝑖𝑖

10

𝑖𝑖

|𝜙𝜙) 𝑝𝑝(𝜙𝜙|𝑜𝑜,𝐾𝐾),  (A.14) 
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The posterior distribution gives a probability distribution of 𝜙𝜙 at different extraction ratios (r), given 
the last 10 buckets loaded. The last 10 bucket weights were selected as the input data for the likelihood 
function because of two reasons. Field observations showed that the last 10 buckets represents the 
immediate muckpile at the draw point as after loading on average 10 buckets from a draw point the 
nature of muckpile changes due to fresh material flow into the draw point. Also, sensitivity analysis 
showed that small change in the number of bucket considered (last 8 buckets vs last 10 buckets) does 
not affect the results, however, if significantly more number of buckets are considered (last 10 buckets 
vs last 25 buckets) then the posterior distribution is greatly influenced by the likelihood function. 
Hence, the last 10 buckets were used to balance the contribution from both prior knowledge (closing 
rate curve) and new data (last 10 buckets).  

Stage 4: Simulation and prediction 

A production ring is simulated up to an extraction ratio of 400% using the probability model. 
The basic principle for this simulation is to use the prior knowledge of 𝜙𝜙 along with the data from 
the last 10 buckets to simulate the next 10 buckets. This principle can be mathematically expressed as 
equation (A.15):  

 𝑝𝑝(𝑏𝑏�1, … , 𝑏𝑏�10| 𝑏𝑏1, … , 𝑏𝑏10) = �𝑝𝑝�𝑏𝑏�1, … , 𝑏𝑏�10�𝜙𝜙�𝑝𝑝(𝜙𝜙| 𝑏𝑏1, … ,𝑏𝑏10) 𝑑𝑑𝜙𝜙 (A.15) 

Where 𝑏𝑏1, … , 𝑏𝑏10 the last 10 buckets are loaded and 𝑏𝑏�1, … , 𝑏𝑏�10 are the next 10 buckets simulate using 
the probability model. Bayesian statistics are applied in a successive manner to simulate bucket 
weights for a production ring using the above principle. Figure A.3 shows the flowchart for 
simulation of a production ring using the probability model. 

 
Figure A.3. Flow chart for the simulation of a single production ring 

The steps of simulation are as follows:   
Step 1: Simulation of a new production ring starts with creating an empty ring matrix with 3 

columns to store bucket weight, bucket grade and extraction ratio data generated from the model. 
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Step 2: Simulation starts with the initial condition that extraction ratio, r =0 which represents the 
start of the loading at the draw point. The prior distribution for 𝜙𝜙 is calculated for the initial condition 
(r=0) using equation (A.13). The prior distribution of 𝜙𝜙 is 𝑝𝑝(𝜙𝜙|𝑜𝑜 = 0,𝐾𝐾).  

Step 3: The posterior distribution of 𝜙𝜙 is calculated using equation (A.14). The posterior 
distribution is the same as the prior distribution, as it is the start of a production ring, and no previous 
buckets have been loaded. The posterior distribution of 𝜙𝜙 is 𝑝𝑝(𝜙𝜙|𝑜𝑜 = 0,𝐾𝐾).   

Step 4: A single value of 𝜙𝜙 is sampled from the posterior distribution of 𝜙𝜙 i.e. 𝜙𝜙 ← 𝑝𝑝(𝜙𝜙|𝑜𝑜 = 0,𝐾𝐾).  
The sampling is done using the Metropolis sampling technique as described in Kruschke (2014).  
Initially 100 𝜙𝜙 values are sampled from the posterior distribution 𝑝𝑝(𝜙𝜙|𝑜𝑜 = 0,𝐾𝐾)  using the Metropolis 
sampling technique. The last sampled value is then selected and stored to be used in the next step of 
the simulation. This process is followed to reduce transient residuals from the initial guess to a 
sampling algorithm.  

Step 5: The sampled value of 𝜙𝜙 is placed in the mixing model (equation A.8) to generate a 
probability distribution of bucket weights given by equation (A.16):  

 𝑝𝑝�𝑏𝑏��𝜙𝜙� =  𝜙𝜙 × 𝑝𝑝�𝑏𝑏��𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 ,𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜� + (1 −  𝜙𝜙) × 𝑝𝑝(𝑏𝑏�|𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜 ,𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑜𝑜) (A.16) 

Step 6: From the resulting probability distribution of bucket weights, 10 bucket weight values 
are sampled i.e. 𝑏𝑏� ← 𝑝𝑝(𝑏𝑏�|𝜙𝜙). The sampling is done using Metropolis sampling technique as described 
in Kruschke (2014). Initially 1000 bucket weights are sampled from 𝑝𝑝�𝑏𝑏��𝜙𝜙� but the last 500 buckets 
are stored while the first 500 buckets are deleted to reduce transient residuals from the initial guess 
to a sampling algorithm. From the last 500 bucket weights 10 bucket weights are selected uniformly 
to reduce auto correlation.    

Step 7: The 10 simulated bucket weights are then stored in the first column of the empty ring 
matrix which was created in step 1. The estimated grades of the simulated buckets are calculated 
using equation (1) and stored in the second column. The corresponding extraction ratios for all the 
buckets are stored in the third column. 

Step 8: A new prior distribution for 𝜙𝜙 is calculated based on the extraction ratio corresponding 
to the last bucket data stored in the ring matrix i.e. 𝑝𝑝(𝜙𝜙|𝑜𝑜,𝐾𝐾). The likelihood function is then 
calculated based on the last 10 buckets stored in the ring matrix i.e. ∏ 𝑝𝑝(𝑏𝑏𝑖𝑖10

𝑖𝑖 |𝜙𝜙). Finally, a new 
posterior distribution of 𝜙𝜙 is calculated using equation (A.14). The posterior distribution of 𝜙𝜙 is 
𝑝𝑝(𝜙𝜙|𝑏𝑏1, … , 𝑏𝑏10) ∝ ∏ 𝑝𝑝(𝑏𝑏𝑖𝑖10

𝑖𝑖 |𝜙𝜙) 𝑝𝑝(𝜙𝜙|𝑜𝑜,𝐾𝐾). 
Step 9: A single value of 𝜙𝜙 is sampled from the posterior distribution of 𝜙𝜙 i.e. 𝜙𝜙 ← 𝑝𝑝(𝜙𝜙|𝑜𝑜,𝐾𝐾). The 

sampling is done using the same method as described in step 4.  
Step 10: The sampled value of 𝜙𝜙 is placed in the mixing model (equation A.8) to generate a 

probability distribution of bucket weights given by equation (A.16). 
Step 11: From the resulting probability distribution of bucket weights 10 bucket weight values 

are sampled i.e. 𝑏𝑏� ← 𝑝𝑝(𝑏𝑏�|𝜙𝜙). The sampling is done using the same method as described in step 6. 
Step 12: The 10 simulated bucket weights are then stored in the first column of the ring matrix. 

The estimated grades of the simulated buckets are calculated using equation (1) and stored in the 
second column. The corresponding extraction ratios for all the buckets are stored in the third column.   

Step 13: Steps 8 to 12 are repeated until the extraction ratio of the simulated production ring 
reaches 400%.  
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ABSTRACT
This paper presents an economic model for optimizing loading at the draw point in sublevel
caving (SLC) operations. The input data consist of estimated bucket grades based on bucket
weights from Load Haul Dump machines. This information, together with average
operational mining costs, was used to create an economic model providing a real-time
economic assessment of the draw point performance for SLC rings. The results demonstrate
the importance of continuous draw point monitoring to optimize SLC operations. The
proposed model provides an economic assessment of operating draw points and will help
mine personnel to decide when to stop loading from a blasted ring. It can also help mine
management understand the complexity of material flow in SLC operations. Finally, it
provides operational flexibility for the mine to optimize loading at the draw point by
increasing ore recovery while maintaining operational control of draw point performance.
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Introduction

Sublevel caving (SLC) is a mass mining method in
which the ore is drilled and blasted while the waste
rock caves and fills the space created by the extraction
of ore (Cokayne 1982). The ore body is divided into
vertical intervals called sublevel intervals. The ore
within each sublevel interval is drilled in a fan-shaped
design at a constant horizontal distance along the pro-
duction drift, called burden. The ore is blasted, slice by
slice from the hanging wall side to the footwall side in a
retreating manner (Cokayne 1982). Each drilled and
blasted slice is called a ring. As the ring is blasted, it frag-
ments and loses its integrity; part of it flows into the
vacant space below in the production drift (Janelid and
Kvapil 1966). This restricted opening in the production
drift where the material is loaded by Load Haul Dump
(LHD) machines is called a draw point (Figure 1). As
more material is drawn from the muck pile, the void cre-
ated at the draw point is filled by more material flowing
from above the drift (Kvapil 1965). This flow of material
creates a void around the blasted ring. The hanging wall,
previously supported by the ore, is now exposed to this
void. The phenomenon of the induced disintegration
of rock from loss of support is called the caving of
rock (Laubscher 1994). The hanging wall starts to cave
into the void and eventually fills it.

As a result of the mixing of ore and waste, the
amount of material actually extracted from a draw
point is often more than the volume of the ore initially
blasted in the ring. The loading of the material from the

muck pile ends when dilution becomes too high, and
more extraction of material from the draw point
becomes uneconomical (Nilsson 1982). In sublevel cav-
ing (SLC) operations, loading ore at the draw point is
complex for two main reasons:

(1) Ore and caved material are continually mixing;
(2) Material flows through a restricted opening.

These two phenomena are inherent in caving oper-
ations, and over the years much research has sought to
explain the mechanism of material flow. Initial gravity
flow principles based on physical models and exper-
iments (Kvapil 1965; Janelid and Kvapil 1966; Kvapil
1982) described material movement for an isolated
draw from a single draw point as an ellipsoid of
motion. However, results from more recent research
using marker trials highlight the difficulties of under-
standing and simulating granular flow (Power 2004;
Brunton 2009; Wimmer et al. 2015, Nordqvist and
Wimmer 2016). They note that the chaotic nature of
material flow and its associated unpredictability make
material flow simulations unrealistic. The results
suggest that the uniform systematic flow pattern
observed in early physical models was an exception
and, in general, material flow in SLC is chaotic and
non-uniform (Power 2004; Brunton 2009; Wimmer
et al. 2015; Nordqvist and Wimmer 2016).

In caving operations, draw control regulates the load-
ing process by providing information on when to
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terminate loading from a draw point. In SLC mines, the
decision to stop loading from a blasted ring and proceed
to the next one is crucial. On one hand, ore left in the
ring cannot be conclusively recovered once the draw
point is abandoned. On the other hand, overloading
material from a blasted ring means increased dilution
and mining costs. Bull and Page (2000) say an effective
draw control strategy maximizes ore recovery whilst
minimizing dilution and delays dilution entry in the
draw point by deploying corrective methods. However,
the dual (and contradictory) objectives of a draw control
strategy, i.e. reducing dilution whilst improving ore
recovery, are difficult to understand and complicated to
apply. An ideal draw control strategy must achieve
mine production and grade targets and also address
the issues of chaotic and non-uniform material flow.

Draw point monitoring systems

A draw point monitoring system is required to detect
variations in ore grade and relay the information to
mine personnel who can take the necessary action to
optimize loading. The monitoring systems can provide

ore grade measurements either continuously (Quin-
teiro et al. 2001) or periodically (e.g. every 100 tonnes
or based on work shifts) (Cokayne 1982; McMurray
1982) and can be divided into three types:

Visual estimation technique
This technique is based on the visual differentiation of
ore and waste (Cokayne 1982). The percentage of ore
and waste present in the muck pile is visually estimated
based on the colour, shape, or texture of the material
(Booth et al. 2004).

Sampling and assay system
This technique is used when no visual differences can
be spotted between ore and waste (Cokayne 1982). Sev-
eral samples are taken at the draw point and then pre-
pared and analysed underground (Cokayne 1982).
Loading from the muck pile should be stopped during
the sampling period to get a representative sample.
Cokayne (1982) concludes that the method is more
accurate than visual estimation. It is, however, very
expensive, and more time consuming than visual
estimation.

Figure 1. Typical SLC layout (Courtesy Atlas Copco). This image is available in colour online at https://doi.org/10.1080/25726668.
2019.1586371.
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Density-based monitoring system
This draw point monitoring method is used when there
is a significant difference in the density of ore and waste
(Davison 1996). The weight of the material loaded in
the bucket is measured and is used to estimate the
ore percentage in the bucket using empirical formulas
(Shekhar et al. 2017). The system is calibrated for var-
ious bucket volumes and loaded materials (Davison
1996). This monitoring system provides a continuous
measurement of ore grade at the draw point.

Currently a majority of caving operations, which
mine gold or base metals use mill grade as their
main input for their draw control strategy. These
mines cannot monitor draw point performance in
the mine due to e.g. lack of infrastructure, nature of
deposit or unavailability of relevant technology.
Hence they are unable to adequately register the vari-
ation in ore grade at the draw point. Mines with a
draw point monitoring system can observe variations
in ore grade at the draw point (Cokayne 1982; Gus-
tafsson 1998; Quinteiro et al. 2001; Booth et al.
2004) but it is difficult to assess the overall perform-
ance of a draw point by just observing the raw data
from the monitoring system.

Qualitative review of past draw control
strategies

Past draw control strategies have sought to meet mine
targets by using such techniques as numerical model-
ling, cellular automata, and void diffusion approaches.
Table 1 shows eight draw control strategies used in var-
ious mines (Shekhar et al. 2018). A detail review of the
eight draw control strategies along with the advantages
and limitations of these various strategies have been
discussed in Shekhar et al. (2016a) and Shekhar et al.
(2018).

The important factors for a draw control strategy
and notes whether these factors are considered in the
above-mentioned draw control strategies have been
summarized in Table 2 (Shekhar et al. 2018). However,
the table does not comment on the validity of the
factors.

Shekhar et al. (2018) show a qualitative assess-
ment of the draw control strategies based on a critical
review of the published literature (see Table 3). The
score was based on the 10 factors shown in Table
2. A score of 1 meant that 1 factor has been con-
sidered by the draw control strategy (Shekhar et al.
2018). For example, REBOP model is given a score
of 7 out of 10 which as it considers 7 out of 10 factors
based on the review of published literature (Shekhar
et al. 2018).

Traditional draw control strategy, Dilution entry
method and Non-Dilution methods are not rec-
ommended for draw control based on the assess-
ment (Shekhar et al. 2018). Other draw control

strategies would benefit significantly from model
improvement or improvement in draw point moni-
toring technologies (Shekhar et al. 2018). Two key
aspects need to be improved in the present draw
control strategies:

(1) Ability to capture chaotic and non-uniform behav-
iour: Marker trials highlight the chaotic and non-
uniform nature of material flow in SLC (Power
2004; Brunton 2009; Wimmer et al. 2015; Nordq-
vist and Wimmer 2016). For an operating SLC
mine, material flow is further affected by such fac-
tors as ore geology and geometry, rock mass prop-
erties, loading issues (hang-ups, brow failure,
waste intrusions, poor fragmentation or ring freez-
ing), mine design (including ring design), hole
deviation, blasting performance, backbreak and
operators influence (Laubscher 1994; Bull and
Page 2000; Laubscher 2000; Hustrulid and Kvapil
2008). Ore flow simulation models using Void
Diffusion approach, cellular automata or numeri-
cal models (Particle flow codes) are unable to
simulate random behaviour. However, these
models are useful for predicting cave fronts and
optimizing mine design. Hence, better stochastic
models are required to address the variation and
uncertainty associated with loading at the draw
point in SLC.

(2) Effective draw point monitoring systems: The
chaotic and non-uniform nature of material flow
in SLC leads to variation in ore grade at the
draw point. Hence, a constant monitoring of
material grade at the draw point is required to con-
trol dilution while also recovering more ore. A key
issue is the systematic variation in draw point per-
formance parameters, such as average ore grade
and final extraction ratio (Shekhar et al. 2016b).
Average ore grade refers to the overall average
quality of the material drawn from a blasted ring,
and final extraction ratio is the ratio of actual ton-
nage extracted from a blasted ring to the planned
tonnage. One of the major difficulties of SLC load-
ing is that the performance of a single draw can
vary significantly, ranging from extremely good
(high average ore grade and high final extraction
ratio) to very poor (low average ore grade and
low final extraction ratio) (Shekhar et al. 2016b).
However, these variations cannot be observed in
mines which uses only average mill grades for cali-
brating ore flow simulation models. Marker trials
results have shown that different rings behave
differently (shallow draw, standard draw and shal-
low draw developing into standard draw (Nordq-
vist and Wimmer 2016)). Calibrating models
using them requires the knowledge of the draw
pattern which is currently available for only test
rings and not for all operating rings.
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This paper proposes a new economic model for asses-
sing the overall draw point performance of a blasted ring
using data from a continuous draw point monitoring
system. The model provides a real-time economic
assessment of the performance of a draw point. The
paper then demonstrates the advantages of the model
by applying it to an on-going caving operation.

Methodology

To create the economic model, three types of pro-
duction data was collected at the test mines:

(1) Bucket weight: The weight of the material in each
bucket loaded at the draw point.

Table 2. Comparison of draw control strategies used in sublevel caving mines (Shekhar et al. 2018).

Draw control
Strategy

Grade
control

Production
demands

Extraction
ratios

Grade
monitoring

Proximate
draw points

Flow
nature

Dilution
behaviour

Mine
design

and mine
layout

Ore
geometry

Mine
experience

Traditional draw
control
strategy
(Cokayne
1982)

✓ ✓ ✓ ✓ ✓

REBOP model
(Cundall et al.
2000)

✓ ✓ ✓ ✓ ✓ ✓ ✓

PCSLC model
(Diering 2007)

✓ ✓ ✓ ✓ ✓ ✓

Dilution entry
(Bull and Page
2000)

✓ ✓ ✓ ✓ ✓

Dilution bin
method
(Jamieson
2012)

✓ ✓ ✓ ✓ ✓ ✓

NSO model
(Jamieson
2012)

✓ ✓ ✓ ✓ ✓ ✓

Non-dilution
method
(Zhigui and
Xingguo
2008)

✓ ✓ ✓ ✓ ✓

PGCA model
(Power and
Campbell
2016)

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Kiirunavaara
and
Malmberget

✓ ✓ ✓ ✓ ✓ ✓ ✓

Table 1. Draw control strategies in caving operations (Shekhar et al. 2018).
Draw control
strategy Principle Advantages Disadvantages Mines (past and present)

Tonnage
based draw
control

Ellipsoidal material
flow

Simple application, active draw point
monitoring

Assumption of uniform draw Craigmont mine, Granduc mine,
Shabanie mine, Frood-Stobie
mine, Big Bell mine, Kiirunavaara
mine

REBOP model Discrete element
method

Uses mechanical laws, predictive in
uncertain situations, initial flow similar to
real conditions, mine specific calibration

Absence of draw point
monitoring

Northparkes mine, Palabora mine,
Henderson mine, Cullinan mine

PCSLC model Template mixing Complete mine planning tool, quick run
time, provides alternative scenarios,
considers proximate draw point
performance

Absence of draw point
monitoring

Dilution entry
method

Column mixing and
interactive draw

Simple application, provides alternative
scenarios

Assumption of uniform
material flow and
interactive draw

Ridgeway mine, Telfer mine

Draw bin
method

Column mixing and
interactive draw

Recovery curves used to simulate material
flow from above levels

Inadequate for incorporating
historical production data,
slow processing

Telfer mine, Ridgeway Deeps

NSO model Power geotechnical
differential
mixing

Considers proximate draw point
performance, provides optimal draw
control strategy

Uses mill grade instead of
mine grade for calibration

Telfer mine

Non-dilution
method

Gravity flow Decreased dilution, active draw point
monitoring, flexibility in mine layout

Absence of sustainable mine
economics

Jing Tie mine

PGCA Cellular automata Considers proximate draw point
performance, NPV optimization

Uses mill grade instead of
mine grade for calibration

Ernest Henry mine
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(2) Bucket grade: The ore grade of the material in the
bucket. Bucket grade is estimated by exploiting the
difference in density of ore and waste of the
material loaded in the bucket.

(3) Extraction ratio: The extraction ratio is the ratio
of actual tonnage extracted from a blasted ring to
the planned tonnage. This is a key indicator of the
quantity of material retrieved from a draw point.
The actual tonnage is the summation of all bucket
weights drawn from the ring. The planned tonnage
is the tonnage calculated from the drill design and
assumed ring geometry.

The average costs for different mine unit oper-
ations at the test site mines were used to create the
economic model. Note that these costs are regularly
updated by the mines. The operations included are
development, drilling, charging, blasting, loading,
transport, crushing, hoisting, sorting, beneficiation,
pelletization, waste handling, shipping and other
overhead costs. In addition, a series of meetings
and interviews were held to determine the challenges
of draw control and loading at the draw point. Meet-
ings were also conducted with the budget and
accounting departments of the mines to clarify the
cost structuring.

Case study mines

The suggested model was developed for the Luossa-
vaara-Kiirunavaara AB’s (LKAB) two SLC mines in
northern Sweden using their existing draw control
technologies and procedures.

The Malmberget mine is the second largest under-
ground iron ore operation in the world. It consists of
about 20 orebodies (Figure 2), of which 13 are currently
being mined with varying degrees of tonnage (Shekhar
et al. 2017). The mining area stretches 5 km in the E-W
direction and 2.5 km in the N-S direction (Lund 2013).
The ore is composed of magnetite (95%) and haematite
(5%), and the average grade for the different ore bodies
varies from 49% to 63% Fe (Lund 2013). The width of
the ore bodies varies from 20 to 100 m, and the tonnage
varies from 5 Mtonnes to 250 Mtonnes (Shekhar et al.
2017). The mine is divided into two parts: the western
and eastern fields. The ore bodies in the eastern fields
are composed of massive magnetite ores with a current
known depth of 1600 m and provide 80% of the total
production (Lund 2013). The western fields consist of
small magnetite-haematite deposits with a current
known depth of 950 m (Lund 2013).

The Kiirunavaara mine is the largest underground
iron ore operation in the world. The Kiirunavaara ore
body consists of magnetite ore with magmatic intru-
sions. The ore body is about 4 km long, with an average
width of around 80 m. The strike is in the N 10° E
direction, with a dip of about 60° SE towards Kiruna
city (Nordqvist and Wimmer 2016). The average iron
content for the ore body is 64% (Nordqvist and Wim-
mer 2016), but the grade varies, and the iron content
can reach up to 69% (Shekhar et al. 2017).

The two mines use Load Haul Dump (LHD)
machines to load material from the draw points. These
LHD machines employ a Loadrite system to measure
the bucket weight of the loaded material (Davison
1996). A pressure transducer measures the hydraulic

Table 3. Qualitative assessment of draw control strategies used in SLC mines (Shekhar et al. 2018).
Draw control Strategy Score Limitation Qualitative assessment

Traditional draw
control strategy
(Cokayne1982)

5/10 These set of models assumed uniform flow which is
incorrect based on current knowledge.

Not recommended.

REBOP model
(Cundall et al. 2000)

7/10 The model does not incorporate grade monitoring and
other mining constraints.

Needs improvement in the model before being used for
draw control purposes. The model is built mainly to
predict the cave front in caving operations.

PCSLC model
(Diering 2007)

6/10 The model does not incorporate grade monitoring and
assumes ore left on above level will be recovered on
below levels conclusively but the literature shows a more
chaotic flow.

Needs improvement in the model before being used for
draw control purposes e.g. incorporate grade monitoring,
revise recovery models.

Dilution entry
(Bull and Page
2000)

5/10 The model assumes uniform flow which is incorrect based
on current knowledge. Interactive draw is also assumed
which is not always applicable.

Not recommended.

Dilution bin method
(Jamieson 2012)

6/10 The model does not incorporate grade monitoring and has
slow processing time.

Has been used for draw control purposes but would benefit
significantly by improving the model e.g. assuming
chaotic flow.

NSO model
(Jamieson 2012)

7/10 The model lacks the input from a robust draw point
monitoring system. It is difficult to assess copper or gold
grade properly in a muck pile through visual and assaying
techniques.

Is being used for draw control purposes but would benefit
significantly from improvement in draw point monitoring
technology e.g. XRF or spectroscopy techniques.

Non-dilution method
(Zhigui and
Xingguo 2008)

5/10 The method ignores the sustainable mining and resource
conservation principles.

Not recommended.

PGCA model
(Power and
Campbell 2016)

8/10 The model lacks the input from a robust draw point
monitoring system as it is difficult to assess copper or
gold grade properly using current methods.

Is being used for draw control purposes but would benefit
significantly from improvement in draw point monitoring
technology e.g. XRF or spectroscopy techniques.

Kiirunavaara and
Malmberget

7/10 The model is guided by short term monitoring of active
draw points and lacks a holistic approach to draw control.

Is being used for draw control purposes but would benefit
significantly by implementing a more dynamic approach.
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pressure in the lift cylinders of the LHD’s arms connect-
ing the bucket to the machine. It then converts the
hydraulic pressure into a weight (Davison 1996).

The Wireless Loader Information System (WOLIS)
(Adlerborn and Selberg 2008) estimates the amount of
ore and waste present in a loaded bucket, by using the
density difference between ore (4.6–4.8 tonnes/m3) and
waste (2.7–2.8 tonnes/m3)(Klemo 2005). More specifi-
cally, it uses the bucket weight from Loadrite, together
with an assumed theoretical volume of the bucket, to
calculate the grade of the material in each bucket.
The iron percentage for a pure magnetite ore is
72.36% and for pure haematite ore is 69.90%. But the
assumed iron ore percentage in WOLIS for a bucket
completely filled with ore is 71% (Shekhar et al.
2017). The formula used in WOLIS for iron percentage
is described in Equation (1).

h = b′ − N
M − N

× 0.71 (1)

where ɳ is the estimated Fe% (bucket grade), b′ is the
bucket weight in tonnes, M is the weight of a bucket
completely filled with ore in tonnes and N is the weight
of the bucket completely filled with waste in tonnes for
a given bucket size. The results from the initial installa-
tion and testing showed that the Loadrite system was
accurate to 2.5% in the upper weight range (30 tonnes)
and to less than 1% in the lower weight range (10–20
tonnes) (Davison 1996). In other words, the Loadrite

system serves the purpose of providing the input
weight of a loaded bucket to the mine for bucket
grade calculation (ore – waste composition of a loaded
bucket) and grade control (Shekhar et al. 2017). Cali-
brations are also performed routinely on individual
LHD’s during operations. These include rotary trigger
position calibration, speed compensation calibration,
zero calibration and span calibration (Davison 1996).
Details regarding the calibration procedures at the
mines are discussed in Shekhar et al. (2017). Figure 3
shows a plot of the bucket grade vs extraction ratio
for a production ring. The variation in ore grade during
loading at the draw point can be observed in the figure.

Currently, the mines use a moving average of last 15
buckets loaded to stabilize the variation in the curve
and obtain a better understanding of the draw point
performance. The ore grade and tonnage are displayed
for the operators on the computer screen inside the
cabin of the LHD machine (see Figure 4). The system
is fully integrated into the mines’ planning systems,
which are updated for every loaded bucket.

The variation in ore grade makes it difficult to pro-
vide a useful overall assessment of the draw point per-
formance to the operator or to offer guidance in the
decision to stop loading. Hence, a new model is
required which provides a conclusive assessment
about draw point performance and displays the infor-
mation in real time to be used for making decision of
when to stop loading.

Figure 2. 3D view of the Malmberget deposit.
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Model development

A new economic model was proposed to provide a
real-time economic assessment of the performance
of a draw point. The model assists the mine with
draw control and provide guidance in making the
decision of when to stop loading. The model was
developed based on the principles of mine economics
by accounting for relevant cost and revenue com-
ponents from all mining activities. The operational
profit of a single ring can be defined according to
Equation (2).

Operational profit = Operational revenue

−Operational cost (2)

Each loaded bucket contains a certain amount of ore,
estimated using the weight of the buckets. The rev-
enue generated from each bucket can be estimated
from the amount of ore in the bucket. The total oper-
ational revenue for all loaded buckets, from the 1st
bucket to the nth bucket, can be calculated using

Equation (3).

Operational revenue =
∑n

i=1

R×Wi × Gi − A
B

(3)

where

R = Revenue from selling pellets (SEK/tonnes)
Wi = Bucket weight (tonnes)
Gi= Estimated bucket grade (Fe%)

Gi − A/B= Conversion factor (A and B are constant
values specific to processing plants) used by the Mal-
mberget and Kiirunavaara mines to estimate pellet out-
put for a given ore grade (LKAB 2002).

The operational cost is the combination of all costs
for development activities; it is divided into the cost
for drilling, charging and blasting rings, and the unit
cost for loading, transporting, processing and ship-
ping. The operational cost can be calculated using
Equation (4).

Operational cost = C1 × PT +
∑n

i=1

C2 ×Wi

+ C3 ×Wi × Gi − A
B

(4)

where

C1 = Cost of development, drilling, charging and blast-
ing (SEK/tonnes)

C2 = Cost of loading, transport, crushing and hoisting
(SEK/tonnes)

C3 = Cost of sorting, benefication, pelletization, waste
handling, shipping and overhead costs

(SEK/tonnes)

Figure 3. Plot of the bucket grade versus extraction ratio for a
ring at the Malmberget mine.

Figure 4. WOLIS display screen (modified from Adlerborn and Selberg 2008).
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PT = Planned tonnage of the ring (tonnes)
Wi = Bucket weight (tonnes)
Gi= Estimated bucket grade (Fe%)

Gi − A/B = Conversion factor (A and B are constant
values specific to processing plants) used by the Mal-
mberget and Kiirunavaara mines to estimate pellet out-
put for a given ore grade (LKAB 2002). The capital cost
will vary for different rings, as the mine design and
planned tonnage for different rings vary. The cost of
loading, transporting, processing and shipping the
material loaded in each bucket is estimated based on
bucket grade and bucket weight.

The developed economic model is schematically
described in Figure 5. When loading is initiated at a
ring, the mine has already made a significant economic
investment in developing, drilling, charging and blast-
ing that ring. As more buckets are loaded, the cumulat-
ive revenue from a ring increases. After a certain
number of buckets, the breakeven point is reached,
and the cumulative revenue balances the invested capi-
tal cost, as shown in Figure 5. This breakeven point can
be reached earlier for rings with better ore quality or
with better material flow. For rings with lower ore qual-
ity or poorer material flow, however, the breakeven
point will be reached later or not at all.

Theoretically, loading from an SLC draw point at
the LKAB mines starts with buckets fully filled with
iron ore. This continues until caved rock from above
is introduced at the draw point. The amount of caved
rock will gradually increase and iron ore will decrease
until the bucket only contains caved rock. At a certain
mix of ore and waste rock, the operational revenue
equals the operational costs; in theory, at this point,
loading should be stopped, as indicated by the maxi-
mum profit point in Figure 5.

In an operating mine, however, the real conditions
are very different from the theorized ones, as shown
in Figure 3. For example, caved rock can be introduced
at very low excavation ratios, and high grade ore can be
present at very high excavation ratios.

Any point above the breakeven line represents rev-
enue from the ring, but it is impossible to find the
maximum revenue point in an on-line application

when the future iron ore grades are unknown. In a situ-
ation as in Figure 3, where there are several inter-
changes of high and low-grade ore, several local
revenue optima may be created instead of a single
one as in Figure 5.

To assist in the decision on when to stop loading
from a draw point, a Zone of Decision (ZOD) is intro-
duced into the model (see Figure 5). Zone of Decision
is defined as the interval between two parallel lines in
which the top line is fixed to the point of maximum
profit, and the bottom line is kept fixed at a constant
distance from the top line. The constant distance
between the top and bottom line equals the amount
of economic risk the mine is willing to take per ring
for the opportunity to increase ore recovery and
profit from the ring. For example, if the operator
knows ore is left in the ring above, recovering it may
require loading to a higher excavation ratio in the
ring below; this can be done but at a constrained risk
level. The profit curve is a cumulative curve which is
updated after every bucket is loaded. The model then
searches the point with maximum value and the top
of ZOD is fixed to it. The point of maximum profit
changes during the course of loading as an increased
inflow of ore will result in a new maxima in the
profit curve.

The two main advantages of the ZOD are:

Ability to optimize loading with the variability in
flow:Material flow in SLC is chaotic and non-uni-
form (Power 2004; Brunton 2009; Wimmer et al.
2015; Nordqvist and Wimmer 2016), and this
causes significant variability in the grade of
material loaded at the draw point. This variation
in flow can be monitored in real time by monitor-
ing the material grade at the draw point. Generally,
increased dilution at the draw point caused by
poor material flow will result in a negative trend
on the profit curve. The ZOD allows loading at
the draw point until the dilution is under the
acceptable economic limits; i.e. the profit curve is
between the two parallel lines of the ZOD. Sub-
sequently, if material flow improves, the ZOD
facilitates more loading at the draw point. But if
material flow deteriorates and dilution goes
beyond the acceptable economic limits (i.e. the
curve drops below the ZOD), loading can be
stopped. Hence, the ZOD becomes a decision
tool, allowing the mine to take an acceptable econ-
omic risk to increase ore recovery whilst control-
ling dilution at the draw point.

Ability to utilize mine experience: Mine personnel
observe different aspects of loading during their
working hours. They are also familiar with pro-
duction-related problems, such as poor material
flow, poor fragmentation, unstable mining areas
etc. The ZOD allows LHD operators the operational

Figure 5. Schematic description of the economic model. This
image is available in colour online at https://doi.org/10.1080/
25726668.2019.1586371.
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flexibility to apply their knowledge and take a calcu-
lated risk to load more material from a draw point if
the opportunity presents itself.

Model application

To assess the economic model’s ability to detect chaotic
and non-uniform flow and to observe the nature of the
operational profit curve, the model was applied to past
production data from the Malmberget and Kiiruna-
vaara mines.

During the analysis several different kinds of loading
phenomena were observed. An example is presented in
Figure 6 that shows a plot of operational profit vs
extraction ratio. At about 25% extraction ratio, the
curve crosses the breakeven line; this means the ring
is now making operational profits.

Points P1, P2, P3 and P4 are local maximums of the
profit curve. Loading immediately after P1, P2 and P3
will be registered as loss and will reduce the total ring
profit. If loading continues, however, the bucket value
will again go up, and the total profit will pass three of
the earlier maximums, P1, P2 and P3. In all three
cases, the interval with non-profit loading after the
local maximum is within the ZOD interval and can,
therefore, be justified.

In the analysed ring, loading was stopped at P4.
The reason for stopping at this point is not known
to the authors, but from a strictly economic point
of view, loading should have continued. The stop
may have been related to other technical consider-
ations that often also impact the loading control.
The gradient of operational profit curves keeps on
changing due to variation in the ore grade and ton-
nage of the buckets. This variation is possible to
observe only when a draw point monitoring system
(either continuous or periodic) is present in the
mine. Mines that do not have a draw point monitor-
ing system are primarily dependent on mill grades,
which are average values for a large amount of
material and are not sensitive to ore grade variations
at individual draw points.

Draw control for the production ring described in
the above example used the WOLIS system, which dis-
plays only the ore grade of the material being loaded.
The developed model is able to calculate and show
the economic impact of loading at the draw point
which provides a much better understanding of draw
point behaviour then the ore grade curve.

Model validation

Historical bucket weight and grade dataset for pro-
duction rings were analysed to explore the feasibility
of the proposed model. A total of 722 production
rings were analysed from the Malmberget mine for
the year 2017 (January–May). Depending on the pos-
ition on the profit curve at which loading was stopped
the rings have been divided into three categories:

Early stoppage: As shown in Figure 7, if a ring was
stopped loading at the maximum operating profit
point it is classified as ‘early stoppage’ ring. This
is because these rings showed a scope of loading
more material from the draw point to recover
more ore while being under the acceptable econ-
omic risk limit.

Delayed stoppage: Rings which were loaded beyond
the ‘zone of decision’ has been classified as ‘delayed
stoppage’ rings (Figure 7). These rings have been
loaded beyond the economically feasible zone
and have made lesser operational profit by loading
more waste from the draw point.

Timely stoppage: Rings for which loading was stopped
inside the ‘zone of decision’ has been classified as
‘timely stoppage’ rings (Figure 7). These rings
have maximized production and reached optimal
operating profit.

The production data was analysed based on the
three categories to determine the feasibility of pilot
tests at the mine. Figure 8 shows the result of the econ-
omic model analysis. About 50% of the rings had early
stoppage, these rings showed a scope of loading more
material if the mine can be equipped with the proposed
model. The results also show that almost 30% of the
rings had timely stoppage which was achieved by

Figure 6. An example of a production ring from the Malmber-
get mine. This image is available in colour online at https://doi.
org/10.1080/25726668.2019.1586371.

Figure 7. Stoppage of loading for a production ring. This
image is available in colour online at https://doi.org/10.1080/
25726668.2019.1586371.
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using the present draw point monitoring system.
Delayed stoppage was also witnessed for 20% of the
rings which means these rings were loaded beyond
the acceptable economic risk limit. The results show
an advantage of using the proposed economic model
for identifying rings which were stopped early leading
to ore loss. The model also helps in controlling dilution
by identifying rings which had delayed stoppage.

The results show that the proposed model has
potential for optimizing loading at the draw point.
However, to further validate the model, field test are
required in the mine to calibrate the model to mine
conditions. This work will be carried out at the Kiiru-
navaara and Malmberget mine in the future.

Concluding remarks

In SLC, the performance of individual rings can differ
significantly from the overall trend of draw point per-
formance. To facilitate operational control, an econ-
omic model was constructed using material grade
and mine economic parameters. The model can be
used in real time to provide information on draw
point performance to the mine; it simplifies and visual-
izes the overall draw point performance of a pro-
duction ring. The model can be integrated into the
production control system to optimize draw control
and improve ore recovery. More specifically, it helps
mine personnel decide when to stop loading from a
draw point, and it can be used by the mine to take cal-
culated economic risks to maximize ore recovery and
profit from a draw point. A study is currently being
performed to access the feasibility of implementing
the newly developed economic model at the Malmber-
get and Kiirunavaara mines. The model can also be
applied in other caving operations with draw point
monitoring systems.

The paper highlights the importance of draw point
monitoring in sublevel caving operations. An efficient
draw control strategy requires a draw point monitoring
system which can provide a reasonably accurate esti-
mate of the grade of the material loaded. Current

caving operations for deposits such as copper, gold
etc. lack draw point monitoring systems and depend
primarily on mill grades. The paper shows the impor-
tance of having a draw point monitoring system and
the advantages of developing new draw point monitor-
ing technologies (e.g. XRF, spectroscopy) to monitor
material grade for copper, gold or other metals
mined using caving methods.
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Abstract 
This paper addresses the identification of the optimal draw control strategy for sublevel caving 
operation at Malmberget mine. Two mathematical models, a probability model and an economic 
model, were created using five datasets: bucket weights, bucket grades, extraction ratio, mine 
economics parameters and production constraints. The probability model was used to generate a set 
of simulated bucket weights and corresponding bucket grades which acts as a ‘virtual mine’ 
environment.  The economic model assesses the economic impact of loading at the draw point. Two 
approaches to draw control is tested using the ‘virtual mine’ created by the probability model. Based 
on the results of the simulation tests, an optimal draw control strategy is suggested for a field test at 
the mine. The new draw control strategy optimizes further the loading operation at Malmberget mine. 
The result also demonstrates the importance of continuous draw point monitoring to optimize SLC 
operations. Two mathematical models (probability model and economic model) were used together 
to evaluate the present draw control strategies at the Malmberget mine, and a new strategy was 
tested using a decision box approach. The paper shows a roadmap for optimizing draw control strategy 
for sublevel caving operations. 

1. Introduction
For sublevel caving (SLC) operations, loading at the draw point is a complex process because of the 
confined blasting conditions, chaotic material flow and continual mixing of ore and waste (Brunton, 
2009; Brunton et al., 2010; Ghosh 2017; Hustrulid and Kvapil, 2008;  Nordqvist and Wimmer, 2016; 
Petropoulos, 2017; Power, 2004; Wimmer, 2014). A draw control strategy defines the amount of 
material to be loaded from a draw point and specifies the time to stop loading from a draw point. Past 
literature on draw control models shows a general lack of a holistic approach to the issue of loading at 
the draw point (Shekhar et al., 2018). A qualitative assessment of the eight draw control strategies 
highlighting their advantages and limitations is given in Shekhar et al. (2016) and Shekhar et al. (2018). 

A draw control strategy for SLC operations is optimized to achieve pre-determined mine objectives. 
The mine objectives are quantified into measurable Key Performance Indicators (KPI’s). A common KPI 
used for optimizing draw control is Net present Value (NPV) (Jamieson, 2012; Power and Campbell, 
2016). A draw control strategy which maximizes NPV was chosen by the Telfer mine and the Ernest 
Henry mine (Jamieson, 2012; Power and Campbell, 2016). Using NPV is popular for several different 
mining methods, as it is able to quantify all cost and revenue components over a period of time. 
However, caving operations have an inherent variability in the amount and quality of material that is 
mined yearly because of the chaotic and non-uniform material flow, alongside other production and 
rock mechanics issues (e.g. seismicity) (Brunton, 2009; Brunton et al., 2010; Danielsson et al., 2018; 
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Ghosh 2017; Hustrulid and Kvapil, 2008; Nordqvist and Wimmer, 2014; Nordqvist and Wimmer, 2016; 
Petropoulos, 2017; Power, 2004; Wimmer, 2014). Hence, daily control of the loading operation at the 
draw point is required to determine when loading of a given ring should be stopped. Caving operations 
which do not measure ore grade at the draw point are unable to register this variation and must, 
therefore, use a uniform and static control of loading at the draw point (Jamieson, 2012; Power and 
Campbell, 2016; Shekhar et al., 2016). The final extraction ratio targets are lower near the hanging 
wall, and the target increases as the draw point location move from hanging wall to footwall (Power 
and Campbell, 2016). Caving operations which can measure the ore grade at the draw point can 
optimise the draw control for individual draw points. Two examples of caving operations which 
measure ore grade at the draw point are the Kiirunavaara and the Malmberget mines, which exploit 
the density difference between ore and waste to continuously monitor material grade at the draw 
point (Davison, 1996; Shekhar et al., 2017).  

This paper aims to develop an optimal draw control strategy for the Malmberget mine using two 
previously developed mathematical models, a probability model (Shekhar et al., 2019a) and an 
economic model (Shekhar et al., 2019b). First, the current approach to draw control, at the 
Malmberget mine, is studied with respect to its sensitivity to mine economics and its effect on mine 
life and mine profitability. Secondly, a new approach to draw control, based on the economic model 
(Shekhar et al., 2019b), is developed and tested for the mine. 

2. Model application 
The primary function of the two used mathematical models are as follows: 

Probability model: The probability model creates a ‘virtual mine’ environment which captures the 
variation and uncertainty associated with loading at the draw point (Shekhar et al., 2019a). The virtual 
mine environment provides a simulated dataset (bucket weights and corresponding bucket grades) to 
test draw different control strategies. For this study, the model parameters were calibrated for the 
Malmberget mine using historical production data. 

Economic model: The economic model provides a real time economic assessment of the draw point 
performance (Shekhar et al., 2019b). The model assesses the economic impact of loading at the draw 
point and was here upgraded to include an additional economic parameter called target profit. Target 
profit is defined as the minimum amount of profit an organisation plans or budgets to achieve in the 
coming financial year. The operational profit of a single ring is defined as;  

Operational profit = Operational revenue-Operational cost-fixed cost-target profit (1) 

Shekhar et al. (2019b) describe the formulae for the calculation of the parameters in equation 1.   

Following are the steps used for assessing the draw control strategy: 

1. The relevant mining constraints are defined for the simulation. The KPI’s being measured for 
assessing draw control are defined. 

2. The virtual mine environment created by the probability model is mined based on the draw control 
strategy. 

3. The simulated data achieved from the virtual mine environment in step 2 is assessed using the 
economic model. 

4. The results from the economic assessment are used to measure the KPI’s. The measured KPI’s are 
stored for comparison with other draw control strategies. 

3. Mining constraints and simulation setup 
The ore geology and mining conditions at the Malmberget mine create a set of mining constraints. 
Shekhar et al. (2017) briefly discuss the mine’s mining sequence, blasting and mine induced seismicity 
constraints. Other, such as fleet capacity and active draw point availability, are managed by mine 
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planning and do not need to be considered in plans to optimise the loading control at the mine. These 
constraints have an effect on the overall draw control strategy of the mine but do not concern the 
optimisation of the loading control in the current scenario. In this paper, the primary mining constraint 
is the production target of the individual ore bodies. Table 1 shows the target production tonnes for 
the different ore bodies. 
 
Table 1  Target production tonnage for ore bodies 

Ore body Al Fa Ka De Pa Pr Og ViRi Ba Jh Hn Js 
Target (MT) 2,62 0,17 1,13 0,95 0,55 1,57 0,49 1,27 0,42 0,74 0,42 0,57 

 
The total planned production target from all the production rings of the 12 ore bodies for 2018-2019 
is 10.91 MT. The rest of the production for the mine relies on development drifts and residual loading 
from older production drifts, as described in Shekhar et al. (2017).  

For each of the 12 orebodies, 1000 rings were simulated, resulting in a total of 12000 rings simulated 
for 0% to 400% extraction ratios. This ‘virtual mine’ environment simulates all scenarios, from poor to 
well performing draw points, and is free of the biases in the historical bucket weight dataset (Shekhar 
et al., 2019a). The simulated dataset was used to run simulation tests for the different draw control 
strategies. 

3.1 Key Performance Indicators 
Two Key Performance Indicators (KPI’s) were used to assess the optimal draw control strategy: number 
of rings mined and annual operational profit. An optimal draw control strategy balances these two 
KPI’s, as it maximises operational profit whilst minimising number of rings mined. A decrease in the 
number of rings mined helps reduce the sinking rate of the mine and prolongs the mine’s life. Both 
KPI’s are pre-determined mine objectives for a sustainable operation (LKAB, 2018). The period used 
for the simulation was one year, as the yearly production targets are known, along with estimated iron 
prices and historical mining costs. The yearly production targets reflect the long-term planning of the 
mine.  

4. Economic sensitivity of current loading criteria 
The Malmberget mine uses a continuous draw point monitoring system called Wireless Loader 
Information System (WOLIS) to provide a grade for every bucket loaded at the draw point (Shekhar et 
al., 2018). This is achieved by exploiting the difference in the density of ore and waste (Davison, 1996; 
Shekhar et al., 2017). The Malmberget mine presently has three loading criteria as described in Shekhar 
et al. 2019a. The operators should continue loading until: 

1.  Minimum extraction ratio: The extraction ratio (ratio of the total tonnage of material loaded from 
the draw point to the estimated tonnage of the ring) > 80%; 

2. Shut-off grade: The average Fe content for the last 25%-units of the material loaded (extraction 
ratio wise) goes below 35%; and 

3. FE-trend: The trend of the Fe% for the last 40%-units of the material loaded (extraction ratio) is 
negative.   

The operators should continue loading until all three criteria are met and, in general, loading is stopped 
when the loading criteria are met. But it must be understood that closing of a draw point is a subjective 
decision and at the end depends on the assessment of the loading personnel. 

The loading criteria described above have four parameter values that decide the nature of draw control 
for the mine: minimum extraction ratio, shut-off grade target, interval for shut-off grade calculation 
and interval for Fe% trend calculation. These parameters affect when loading of a draw point is 

3



stopped. The optimal values for all four parameters need to be identified to optimise the draw control. 
Hence, it is necessary to understand the effect of these four parameters on the mine.  

The effect of each parameter and the effect of the combinations of the four parameters were here 
quantified using the probability and economic model. The values for the four parameters were varied 
to generate different scenarios (see Table 2). Varying the four parameters generated a total of 6561 
different loading criteria scenarios. These criteria were used to mine the virtual mine created by the 
probability model, and the results of the simulation were assessed using the economic model.  

The purpose of testing the variations in the current loading criteria were: 

1. To understand the nature of the loading criteria and their effect on the mine performance, 

2. To benchmark the current loading criteria and explore the opportunity to recalibrate them.  

Table 2  Parameters for generating scenarios based on current loading criteria 

Parameter Lower range Upper range Resolution No. of Scenarios 
Minimum extraction ratio 50%  130% 10% 9 
Shut-off grade target 25% 41% 2% 9 
Interval for shut-off grade 10% 50% 5% 9 
Interval for Fe% trend 10% 50% 5% 9 

  

4.1 Variation of current loading criteria 
Figure 1 shows the results for the 6561 scenarios generated by varying the four parameters of the 
loading criteria for the current iron ore product (pellet) revenue.  The x-axis shows the number of rings 
mined, and the y-axis shows the estimated annual operational profit for the different scenarios. 
Moving from left to right in the figure, more rings are mined with a lower final extraction ratio, 
gradually decreasing the total dilution. In this figure, the blue marks show the simulated scenarios, and 
the black marks show the current loading criteria at the mine, see above. 

A set of loading criteria that maximise operational profit, can be identified from the 6561 scenarios. As 
the curve plateaus between 1300 and 1500 rings, it would be possible to reduce the number of rings 
down to 1300 without affecting the operational profit of the mine. Therefore it is also possible to find 
a loading criteria that reduce the sinking rate of the mine without affecting the operational profit.  

 

 

Figure 1  Scatter plot for current iron ore product revenue 
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The two main issues with today´s criteria-based approach are the cost-revenue sensitivity and the 
complicated Graphical User Interface (GUI). The criteria-based system is relatively insensitive to the 
cost and revenue aspects of the mine operation. The shut-off grade uses the concept of marginal cost 
(LKAB, 2002). Hence, loading is stopped at the draw point when ore can be mined more cheaply by 
blasting a new production ring instead of continuing to load the existing draw point (LKAB, 2002). The 
evaluation does not take into account the revenue from iron ore products; instead, it compares two 
cost components. This evaluation is also insensitive to fixed cost components for the mine. Sensitivity 
analysis presented in the annual report showed that the mine has a high risk of exposure to the iron 
ore price (LKAB, 2018). Hence, the effect of variation in revenue due to changing iron ore prices was 
analysed by varying the iron ore product (iron ore pellets) revenue (see Figure 2 and 3). 

Figure 2 shows the operational profit scatter plot for the 6561 scenarios for an increased iron ore 
product revenue of 20%. 

 

Figure 2  Scatter plot for increased iron ore product revenue 

Simulation scenarios with an increased number of rings mined have less total dilution and higher Fe 
content, whilst development cost per ring remains constant. Hence, an increased iron ore product 
revenue (by 20%) leads to a flattening of the curve at the end. 

An increase in the number of rings after the inflection point does not lead to a significant decrease in 
operational profit. However, a decrease in the number of rings will reduce the sinking rate of the mine, 
an objective of draw control. The black mark shows the current loading criteria, which are almost 
optimal for the high revenue scenario, minimising the number of rings mined.  

Figure 3 shows the operational profit scatter plot for the 6561 scenarios for a decreased iron ore 
product revenue of 20% from the current revenue. In the figure, the scatter plot shifts towards the left 
and has a longer tail than in Figure 2. A constant development cost with decreasing revenue per ring 
leads to a leftward movement of the inflexion point towards fewer rings mined. The black mark 
representing the current loading criteria is suboptimal, and draw points need to be loaded longer 
(reducing the number of rings mined) to attain the peak operational profit. For a reduced iron ore 
product revenue, the current criteria are not optimal and will lead to decreased operational profit. 
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Figure 3  Scatter plot for reduced iron ore product revenue 

4.2 Need for a new approach to draw control 
The current loading criteria is suboptimal and unsuitable for draw control for the following two 
reasons: 

1. Insensitivity to mine economics: A relative comparison of all three scenarios from Figures 1 to 3 
shows the effect of revenue on the operational profitability and highlights the importance of metal 
prices when optimising draw control in a mine operation. The current loading criteria in the mine 
excavate the same number of rings for the three compared iron ore product revenue. The current 
approach is only sensitive to the operational cost components and assumes other cost and revenue 
components to be uniform. The analysis clearly shows that the criteria-based approach for draw 
control is insensitive to metal price variation, and this will impact the overall economy of the mine.  

2. Complicated GUI: The current criteria-based approach is controlled through WOLIS which plots a 
moving average curve of bucket weight or bucket grade (Shekhar et al., 2018). The curves can be 
seen inside the LHD and in the mine information system. High fluctuations in the curve make it 
difficult for the operator and the mine to judge the performance of the draw point. The 
information on the average grade (e.g. last 25% extraction ratio) and trend (e.g. last 40% extraction 
ratio) for the recently loaded material does not include information on the overall performance of 
the draw point. Hence, the criteria-based approach provides a complicated platform open to 
subjective interpretations (Gustafson et al., 2019). This also leads to noncompliance with loading 
criteria and draw points not being closed according to the criteria. In short, there is a need for an 
improved GUI at the Malmberget mine. 

Hence, a new approach for draw control is needed which is sensitive to mine economic parameters 
such as metal prices, cost of operation, fixed costs and target profit. The approach should also provide 
a simpler and easier to understand GUI to achieve higher compliance during production.  

5. Decision box approach to draw control 
A new approach to draw control based on the economic model was proposed for regulation of loading 
at the draw point (Shekhar et al., 2019b). Figure 4 shows the economic model applied to a historical 
dataset. The x-axis shows the extraction ratio, and the y-axis shows the operational profit for a 
production ring. The example, taken from Malmberget’s production data, has been chosen to illustrate 
the behaviour of the decision box approach if it were used at the mine. As noted previously, the mine 
currently uses the WOLIS system, which displays the moving average of the bucket grade.    
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Figure 4  An example of a production ring from the Malmberget mine 

The economic investment in development, drilling, charging and blasting is added together to calculate 
the capital cost of the production ring, shown to the left in the figure. As buckets are loaded from the 
draw point, the ring starts making an incremental profit and passes the breakeven point at around 60% 
extraction ratio, when the cumulative revenue balances the invested capital cost. The vertical black 
line shows the first criterion, the minimum extraction ratio, until which point, loading should always 
be continued. When loading continues after the first criterion, the decision box becomes active (shown 
as a red box in Figure 4). 

5.1 Decision box 
The decision to continue loading or stop and blast the following ring is very complicated in SLC because 
of the pulsating nature of ore and waste inflow at the draw point. The waste inflow can be followed 
by a large ore inflow in a very unpredictable way. Sometimes the loading of waste may be required to 
attain more ore volume in the ring. To facilitate a more efficient and flexible ring excavation, a decision 
box is superimposed on the operational profit curve (Figure 4). The top left corner of the box is fixed 
at the point of maximum profit.  

The decision box provides a window of calculated risk that helps the mine explore if more ore can be 
loaded from the draw point. The height of the box helps control dilution from the draw point and is as 
the economic risk that can be taken to reach additional volumes of ore. The length of the box helps 
maintain the overall economic viability of the mine. If many draw points are operated with a flat or 
decreasing operational profit curve, this will eventually reduce the total profit and cause losses in the 
long term.   

The decision box approach recommends loading to be continued as long as the operational profit curve 
is inside the decision box, and loading should be stopped when the curve goes outside the box. The 
decision box replaces the second and third criteria for the system currently used in the mine.  

In the example shown in Figure 4, the profit curve starts to plateau and fluctuate after 80% extraction 
ratio. The profit curve goes outside the decision box at 100% extraction ratio, and loading is stopped 
at approximately 105% extraction ratio. As stated above, the example was chosen to show the 
behaviour of the decision box approach if it were used at the Malmberget mine, but the ring was not 
loaded using the decision box approach. 
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Past production data were used to test the performance of the suggested decision box approach. 
Historical datasets, however, suffer from survivorship bias (Shekhar et al., 2019a), and a holistic 
analysis of the decision box approach requires an unbiased dataset. In this case, it was tested using a 
probability model (Shekhar et al., 2019a). The four parameters that need to be optimised are minimum 
extraction ratio, target profit per tonne, width and height of the decision box. Table 3 shows the range 
and resolution of the four parameters. A total of 20 520 different scenarios were generated by varying 
the four parameters. 

Table 3  Parameters for generating scenarios for decision box approach 

Parameter Lower range Upper range Resolution No. of Scenarios 
Minimum extraction ratio 50%  130% 10% 9 
Target profit per tonne Confidential information 6 
Width of decision box 5% 50% 2.5% 19 
Height of decision box 10000 SEK 200000 SEK 10000 SEK 20 

 

5.2 Analysis of the decision box approach  
Finding the optimal scenario for maximising the operational profit and minimising the number of rings 
mined requires selecting scenarios that are at, or close to, the peak of the plot in Figures 1 to 3. 
However, if the aim is to maximise mine life whilst achieving a defined target profit, then a scenario 
before the peak should be selected. This involves a critical balance between dilution and ore recovery 
for caving operations, as an increase in recovery also increases dilution.  

Figure 5 shows the results for the 20520 scenarios generated by varying the four parameters for the 
proposed decision box method. As in the previous analysis, the x-axis shows the number of rings 
mined, whilst the y-axis shows the estimated annual operational profit. The black marks represent the 
different scenarios and the blue marker shows the recommended strategy for the selected optimal 
parameter values.  
 

 
Figure 5 Scatter plot for the decision box approach. Blue marks the recommended strategy 

The trends for the scatter plot are similar to those in Figure 1, with a peak and then a flatter descending 
trend at the end. The smaller the decision box gets, the more rings are mined, as the profit curve easily 
goes outside a smaller decision box. The number of rings mined is positively correlated with the target 
profit per tonnage. However, the operational profit has a more complex relationship with the target 
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profit per tonnage. The assigned minimum extraction ratio does not affect the number of rings mined 
and the operational profit for lower values of the target profit per tonne, but for higher values of target 
profit per tonnage, the minimum extraction ratio becomes the dominant factor, as shown by the last 
six scatter plot marks after the peak in Figure 5. These points are directly correlated with the minimum 
extraction ratio. The optimal size of the decision box is decided by balancing the operational profit 
against the number of rings mined. The box size that achieves the operational profit target with a 
minimum number of rings mined should be selected.  

5.3 Identifying optimal parameter values 
For the decision box approach, the parameter values for the model must be defined. In this case, 
heuristics are used to select the parameter values since many scenarios can achieve the similar annual 
operational profit, partly because the simulation assumes an ideal mine operation and does not take 
into account draw points which have to be closed because of safety issues or other loading issues 
(hang-ups, ring freeze, poor fragmentation, brow failure). The parameter values selected are: 

1. Minimum extraction ratio: Minimum extraction ratio from 50% to 130% was tested and analysed. 
If a low minimum extraction ratio is used, individual draw points may be closed earlier, leading to an 
increasing number of mined rings and an increasing sinking rate. The minimum extraction ratio 
becomes a dominant parameter for high values of target profit per tonnage. Hence, a minimum 
extraction ratio criterion is important to encourage continuous caving and to reduce the sinking rate. 
Marker trials have shown that certain draw points can initially have high dilution due to shallow draw 
(Nordqvist and Wimmer, 2016). A minimum extraction ratio criterion can address this material flow 
issue whilst keeping a check on dilution. A minimum extraction ratio of 60% is recommended as a 
conservative estimate even though it is lower than the current minimum ratio of 80%.   

2. Width of the decision box: In order to understand the effect of the width of the box, scenarios with 
lower values of target profit per tonne were analysed. At higher values of target profit per tonne, the 
minimum extraction ratio becomes the dominant parameter and is therefore not useful to select the 
width of the box. Figure 6 shows the scatter plot for the width of the decision box versus the number 
of rings mined.  

 

Figure 6  Effect of the width of the decision box 

As the width of the box increases, the number of rings mined decreases. The gradient of the scatter 
decreases after 20% for all scenarios. Therefore, a conservative estimate of the width of the decision 
box is 20%.  
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3. Height of the decision box: The height of the box was varied from 10000 SEK to 200000 SEK. In 
Figure 6, the scenarios after 20% width of the decision box are clearly divided into two groups; those 
in the upper group are unaffected by the width of the decision box, but those in the lower one have a 
negative trend. The upper group consists only of smaller values for the height of the box (10000 to 
30000) whilst larger values are all located in the lower group. This means that for smaller values for 
the height of the box, the height of the box dominates over the width of the box, but for larger values 
for the height of the box, the width of the box dominates. During loading, it’s ideal to have a width as 
the dominant parameter, as it promotes a decrease in the number of rings mined and an increase in 
ore recovery. If the height of the box is a dominant parameter, smaller periodic waste inflow will trigger 
the closing of draw points as the height of the box will necessarily be smaller. But draw points should 
be closed if the waste flow is sustained; this can be achieved by having a higher value of the height of 
the box. As the height was found in the simulations to be dominant up to 30 000 SEK, a height of 50 
000 SEK was selected as a conservative estimate for the decision box. 

4. Target profit per tonnage: The target profit per tonnage is a dominant parameter that affects the 
other parameters, as well as the output. As the target profit per tonne increases, the operational profit 
first increases and then decreases because, for lower values of target profit per tonne, the decision 
box drives the loading at the draw point, whilst for higher values, the minimum extraction ratio 
becomes the dominant parameter. High demand on the target profit per tonne may, therefore, lead 
to early closing of draw points and over-mining, which, in turn, causes ore loss and reduction in 
operational profit. In this case, lower values of target profit per tonne which still can meet the required 
annual operational profit are selected.  

The blue marked point in Figure 5 is the scenario corresponding to the above parameters and has been 
recommended for testing at the Malmberget mine. The scenario is not near the peak of the operation 
profit versus the number of rings mined curve and lies to the left of the peak. This is a strategic mine 
planning decision taken with the aim of reducing the sinking rate of the mine whilst keeping the same 
annual operational profit. The simulation result for the current loading criteria estimates higher 
operational profit than the mine achieves in reality. With the current GUI, the compliance with loading 
criteria is low; the mine aims to change this by using the new GUI based on the decision box approach. 
The simulation shows results based on ideal mine operating conditions and discounts obstructions in 
the loading process. Based on the simulation results, the mine can achieve higher operational profit 
using the current loading criteria, but it will increase the sinking rate for the mine, and this is not a 
desirable result. 

6. Conclusion 
Two earlier developed mathematical models (probability model and economic model) were used 
together to evaluate the present draw control strategies at the Malmberget mine, and a new strategy 
was tested using a decision box approach. Based on the results, the following conclusions can be 
drawn: 

• The decision box approach is better for controlling the loading at the draw point, as it is 
sensitive to mine economics. The proposed approach has been recommended for mine to test, 
and the recommended initial parameter values for the box have been selected using heuristics.  

• The current approach for profit maximisation or NPV maximisation may lead to a reduction in 
the mine life. Mine planners are faced with the difficult task of balancing mine life with 
profitability, and an increase in mine life for a constant mine reserve may lead to a reduction 
in profitability. Planners may improve the sustainability of the mine by increasing ore recovery 
but encounter increased dilution. However, not taking this approach causes ore loss and poor 
sustainability. The developed model provides a roadmap to estimate the profitability and 
sinking rate for different draw control strategies. The final decision on parameter values for 
draw control remains a strategic and management decision.  
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Abstract  
This paper addresses the identification of the optimal draw control strategy for sublevel caving operations at 
Kiirunavaara mine, Sweden. The input data include bucket weights, bucket grades, final extraction ratio, 
economic data, and mining constraints. The study used a probability model to generate a set of simulated 
bucket weights and corresponding bucket grades; these acted as a virtual mine environment in which different 
draw control strategies could be tested. An economic model was used to estimate the operating profit for 
different draw control strategies. Based on the results of the simulation tests, an optimal draw control strategy 
was suggested for a field test at the mine. The results highlight the importance of dynamic loading control for 
SLC operations. They also demonstrate the importance of continuous draw point monitoring to optimize SLC 
operations. The paper offers a roadmap for mine digitization in which a ‘virtual mine’ model (probability model) 
is used for simulation and calibration, whilst an online application (economic model) is used at the mine in real 
time. 

Keywords: draw control strategy, smart underground mining, Load Haul Dump (LHD), sublevel caving (SLC), 
mine economics 

1. Introduction
Sublevel caving (SLC) is a highly mechanised mass mining method used to extract resources in 
standardised and independent unit operations (Hustrulid and Kvapil, 2008). Figure 1 shows the layout for 
a typical SLC operation at Kiirunavaara mine, Sweden. The ore body is vertically divided by development 
drifts and is blasted in near-vertical slices called rings (Figure 1). The vertical distance between production 
drifts is called the sublevel interval. The blasted ore is loaded from the development drift, also known as 
production drifts. The location in the drift from where ore is loaded is called a draw point. 

Figure 1 Typical SLC layout in Kiirunavaara mine (modified from Shekhar et al. 2016) 
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Two simultaneous processes occur during loading at the draw point: 

1. Ore-waste mixing: In SLC, the blasted ore is continually mixed with the caved material. The caved 
material is a mixture of ore left from surrounding production rings and the caved hanging wall. 

2. Chaotic material flow to the draw point: Results from marker trials have shown that material flow in 
SLC is not uniform and ellipsoidal but chaotic and non-uniform (Power, 2004, Brunton, 2009; 
Wimmer et al. 2015; Nordqvist and Wimmer, 2016). During regular SLC operations, material flow is 
affected by rock mass properties, ore geology and geometry, borehole deviations, chargeability, 
blasting performance, backbreak, loading issues (hang-ups, brow failure, waste intrusions, poor 
fragmentation or ring freezing), and operator influence (Laubscher, 1994; Laubscher, 2000; Bull and 
Page, 2000; Hustrulid and Kvapil, 2008; Wimmer et al. 2015; Gustafson et al. 2016; Danielsson et al. 
2018; Ghosh, 2017). A pulsating flow of ore and waste has also been observed by Gustafsson (1998). 
For an individual draw point, the material grade varies significantly because of the above processes 
(see Figure 2).  

 
Figure 2 Bucket grade versus extraction ratio for a ring at Kiirunavaara mine 

Draw control refers to the regulation of loading at the draw point (Shekhar et al. 2016). Closing a draw point 
too early leads to ore loss and closing it too late leads to increased dilution. Past and existing draw control 
strategies have addressed this in various ways, but have left out two primary issues: 

1. Simulation of non-uniform and chaotic flow: Material flow simulation models are valuable in 
predicting cave front propagation and optimising mine design (Cundall et al. 2000; Diering, 2007; 
Jamieson, 2012; Power and Campbell, 2016). Material flow simulation models, such as the void 
diffusion approach, cellular automata (NSO model, PGCA model, PCSLC models), or numerical 
models, (REBOP model) are unable to simulate the pulsating and random behaviour characteristic of 
the material flow when loading at the draw point.  

2. Lack of a draw point monitoring system: A draw point monitoring system should detect the ore 
grade at the draw point. However, most caving operations today use mill grade instead of mine 
grade as the input for draw control model calibration and optimisation (Jamieson, 2012; Power and 
Campbell, 2016) because of the lack of technology to quickly and accurately monitor material grade 
at the draw point. For the iron ore deposits at Kiirunavaara and Malmberget mines in Sweden, the 
density difference between ore and waste rock is exploited to estimate material grade at the draw 
point (Davison, 1996; Klemo, 2005) 

This paper discusses the application of two previously developed mathematical models to determine the 
optimal draw control strategy for the Kiirunavaara SLC operations. The study used a probability model to 
generate a ‘virtual mine’ environment on which different draw control strategies could be tested. Then, an 
economic model assessed which draw control criteria best suit the mine operation. A new set of loading 
criteria is proposed in the paper which has been termed as the ‘decision box’ approach. Finally, the paper 
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describes the full scale test currently being conducted at Kiirunavaara mine using the ‘decision box’ 
approach for draw control. 

2. Mine description 
The Kiirunavaara ore body consists of magnetite ore with magmatic intrusions. It is about 4km long with 
an average width of around 80m. The strike is in the N 10° E direction, with a dip of about 60° SE towards 
Kiruna city (Nordqvist and Wimmer, 2014). The iron percentage in pure magnetite ore is 72.36%, but the 
average iron content for the ore body is 64%, and the grade varies, with iron content up to 69% (Shekhar 
et al. 2017). SLC is the mining method practiced at Kiirunavaara mine. LHD machines load material from 
the draw points. These LHD machines use a Loadrite system to measure the bucket weight of the loaded 
material (Davison, 1996). A pressure transducer measures the hydraulic pressure in the lift cylinders of the 
LHD’s arms connecting the machine to the bucket. It converts the hydraulic pressure into a weight 
(Davison, 1996) which is displayed on the computer screen for the operators inside the cabin of the LHD 
machine through the Wireless Loader Information System (WOLIS) (Adlerborn and Selberg, 2008) (Figure 
3). The average ore density is 4.6 - 4.8 tonnes/m3 and the average waste density is 2.7 - 2.8 tonnes/m3 

(Klemo, 2005). WOLIS exploits the density difference to estimate the amount of ore and waste present in a 
loaded bucket. To do this, it uses the bucket weight from Loadrite, together with an assumed theoretical 
volume of the loaded material, to calculate the grade of the material in each bucket. In short, WOLIS 
provides a grade for every bucket loaded at the draw point, and this grade is used for draw control. 

 

Figure 3 WOLIS screen inside LHD machine (Courtesy LKAB) 

On the WOLIS screen installed in the LHD, the operators can see additional processed information, such as 
extraction ratio, Fe% for the last 15 buckets, total planned tonnage, and tonnage extracted from the ring. 
The information helps the mine decide if loading should be continued or discontinued at a particular draw 
point. In Kiirunavaara mine, the extraction ratio is used as a loading criterion. Loading is started for a blasted 
ring and continued until the extraction ratio for the ring has reached the target final extraction ratio. The 
final extraction ratio value changes, and the decision to stop loading is subjective and depends on the 
assessment of the mine personnel. 

3. Model description 
Two kinds of data were used to create the mathematical models. The probability model was created using 
historical production data. This included bucket weights and the corresponding bucket grade and 
extraction ratio (Shekhar et al. 2019a). Extraction ratio is the ratio of actual tonnage extracted from a blasted 
ring to the planned tonnage designed to be extracted from the ring. The economic model used production 
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data, along with mine economic data collected at a series of meeting and from internal documents at the 
mine (Shekhar et al. 2019b).  

3.1 Probability model 

The proposed probability model captures the variation and uncertainty caused by the non-uniform and 
chaotic nature of material flow to the draw point (Shekhar et al. 2019a). First, it captures the uncertainty 
caused by fragmentation and the bucket fill factor during loading by using a calibrated ore-waste 
distribution model (Shekhar et al. 2019a). Second, it captures the variation caused by the mixing of ore and 
waste during loading at the draw point by using a mixing model (Shekhar et al. 2019a). The mixing model 
is a stochastic parametric function, controlled using mining constraints. Bayesian simulation is applied to 
the probability model to generate the simulated bucket weight and corresponding bucket grade and 
extraction ratio data (Shekhar et al. 2019a). The historical production data suffer from survival bias, but the 
simulated data are unbiased. Survival bias is caused when observations are collected from sources which 
passed some selection process and overlook other sources (Elton et al. 1996; Schneeweis et al. 1996). 
During mining operations, poorly performing draw points are generally closed early, whilst well-
performing ones continue to produce ore until they reach very high extraction ratios. With increasing 
excavation ratios, the data become increasingly less representative of the real geological ore grade 
distribution because of survival bias. Hence, in this study, a virtual mine or digital twin was created from 
the simulated data; different draw control strategies were tested on those data before field tests were 
performed. Figure 4 shows the schematic diagram for the four stages of the probability model.  

 

Figure 4 Framework of the probability model 

3.2 Economic model 

The proposed economic model provides an economic assessment of the draw point performance using 
principles of mine economics (Shekhar et al. 2019b; Shekhar et al. 2019c). The operational profit of a single 
ring is defined according to equation 2:  

 Operational profit 
=  Operational revenue − operational cost − fixed cost − target profit 

(2) 

Each loaded bucket contains a certain amount of ore, estimated using the weight of the bucket. The cost 
incurred and revenue generated from each bucket is estimated from the bucket weight and bucket grade. 
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The mathematical formula for the economic model from the 1st bucket to the nth bucket is calculated 
using equation 3: 

 
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑂𝑂𝑂𝑂𝑂𝑂𝑝𝑝𝑂𝑂𝑂𝑂 =  ��𝑊𝑊𝑖𝑖 �(𝑅𝑅 − 𝐶𝐶3 − 𝐶𝐶4 − 𝐶𝐶5) × �

𝐺𝐺𝑖𝑖 − 𝐴𝐴
𝐵𝐵

� − 𝐶𝐶2��
𝑛𝑛

𝑖𝑖=1

− 𝐶𝐶1 × 𝑃𝑃𝑃𝑃 (3) 

where  

Wi = Bucket weight (tonnes) 

Gi = Estimated bucket grade (Fe%) 

R  = Revenue from selling pellets (SEK/tonnes) 

C1 = Cost of development, drilling, charging and blasting (SEK/tonnes) 

C2 = Cost of loading, transport, crushing and hoisting (SEK/tonnes) 

C3 = Cost of sorting, benefication, pelletisation, waste handling, shipping, and overhead costs 
(SEK/tonnes) 

C4 = Fixed cost, including depreciation and other cost components for the mine (SEK/tonnes) 

C5 = Target profit, i.e., the minimum amount of profit the mine expects to achieve (SEK/tonnes)  

PT = Planned tonnage of the ring (tonnes) 

(Gi-A)/B  = Conversion factor (A and B are constant values specific to processing plants) used by 
Kiirunavaara mine to estimate pellet output for a given ore grade (LKAB, 2002).  

In this study, the operational cost parameters taken into account were development, drilling, charging, 
blasting, loading, transportation, crushing, mineral processing, and logistics (Shekhar et al. 2019b). 
Strategic cost components like fixed cost and target profit were also included to help achieve the mine’s 
profitability targets. With the inclusion of these various parameters, the economic model is able to quantify 
the economic performance of an individual draw point.  

4. Optimising draw control strategy 
The aim in draw control optimisation is to achieve optimal, safe, and sustainable mining operations. Most 
caving operations use Net Present Value (NPV) maximisation as the primary strategy (Jamieson, 2012; 
Campbell and Power, 2016). NPV maximisations are used to identify extraction ratio-based draw control 
strategies to meet long and short-term mine objectives (Jamieson, 2012; Campbell and Power, 2016). A 
continuous draw point monitoring system would allow the mine to optimise dynamic draw control 
strategies which are not primarily dependent on extraction ratios.  

4.1 Proposed decision box approach 

The study tested a set of draw control strategies using the economic model. The goal was to provide a 
dynamic draw control system. The proposed approach is called the ‘decision box’ approach. The economic 
model provides a real-time economic assessment of the draw point performance to guide regulation of 
loading at the draw point (Shekhar et al. 2019b). Figure 5 shows the economic model applied to historical 
data from Kiirunavaara mine.  
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Figure 5 An example of a production ring from the Kiirunavaara mine 

In the figure, the extraction ratio is represented on the x-axis, and operational profit is represented on the 
y-axis. The cost of development, drilling, charging, and blasting is added for the planned tonnage of the 
ring and represented as a negative capital cost in the graph. As loading continues, depending on the 
weight and grade of the bucket, the cost and revenue are estimated for each bucket and cumulatively 
added and displayed by the economic model. In Figure 5, the operational profit curve passes the breakeven 
point at approximately 65% extraction ratio. A minimum extraction ratio is defined; until this point, loading 
should be continued (black vertical line). The decision box becomes active after the minimum extraction 
ratio target is reached.  

4.2.1 Decision box 

In Figure 5, a decision box is superimposed on the cost function of the economic model (Shekhar et al. 
2019c). The decision box always has the top left corner fixed to the point of maximum profit (Shekhar et al. 
2019c). Loading should be continued as long as the operational profit curve is inside the box and stopped 
when the curve goes outside the box.  

As more ore is loaded, the curve goes up, and the decision box follows the curve. If more waste is being 
loaded, the curve starts to go down; the decision box controls the amount of low grade ore that can be 
accepted before loading should be stopped. The decision box approach therefore provides an opportunity 
to take calculated risks with the objective of increasing ore recovery by loading more material from the 
draw point.  

The size of the decision box is defined by the following two limits: 

1. Height limit: When continuous flow of dilution is encountered at the draw point, the profit curve 
goes down and exits the decision box at the bottom. Hence, the height of the box regulates the 
maximum amount of dilution that can be economically motivated for the opportunity to recover 
additional volumes of ore.  

2. Length limit: If a non-optimal mixture of ore and waste is being loaded continuously, the operational 
profit curve will either plateau or show a downward trend and eventually exit the decision box on the 
right side. If a number of draw points are loaded with a plateaued or downward trend, the mine’s 
operational profit will be reduced. Therefore, the length limit helps maintain the overall economic 
viability of the mine by balancing profit against resource conservation.   

In Figure 5, the profit curve starts to fluctuate after 80% extraction ratio, initially going down before 
climbing back up for a period of loading. The profit curve goes outside the decision box at 115% extraction 
ratio, and loading is stopped at approximately 120% extraction ratio. This example was selected from past 
production data to show the behaviour of the decision box approach if it were used at Kiirunavaara mine. 
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The decision box has four parameters that decide the nature of draw control for the mine: minimum 
extraction ratio, target profit per tonne, width, and height of the decision box. To optimise the draw 
control, the optimal values for the four parameters need to be identified. In this case, the effect of each 
parameter and the effect of the combinations of the four parameters were quantified using the probability 
and economic models. Table 1 shows the range and resolution of the four parameters used to create 
different scenarios; overall, 20,520 different scenarios were generated by varying the four parameters. The 
generated scenarios were used in the virtual mine created by the probability model. Finally, the results of 
the simulation were assessed using the economic model.  

Table 1 Parameters for generating scenarios  

Parameter Lower range Upper range Resolution No. of Scenarios 

Minimum extraction ratio 50%  130% 10% 9 

Target profit per tonne Confidential information 6 

Width of decision box 5% 50% 2.5% 19 

Height of decision box 10000 SEK 200000 SEK 10000 SEK 20 

 

4.3 Constraints and key performance indicators 

The primary mining constraint was the annual production target of 27 MT, a figure based on the mine’s 
long-term planning. Fleet capacity and draw point availability were not considered, as these constraints 
are addressed in mine scheduling and long-term planning. The mine has blasting constraints and mining 
sequence constraints, but they don’t affect the loading control at the draw point once loading has begun 
(Shekhar et al. 2017). A total of 8000 production rings were simulated up to an extraction ratio of 400%. 
The simulated rings had varying planned tonnage to simulate the ore geometry and ring location. 
Simulated rings were mined based on the draw control scenario, and loading from the virtual draw point 
was stopped when the loading criteria for the decision box approach were met. Simulated rings were 
mined until the total bucket weights loaded for all the virtual draw points reached the target annual 
production for Kiirunavaara mine.  

The two key performance indicators (KPI) used to identify the optimal draw control strategy were number 
of rings mined and annual operational profit. Number of rings mined helps quantify the sinking rate of the 
mine. A decrease in the number of rings mined reduces the sinking rate and prolongs the mine life. Annual 
operational profit targets are accurately known for different iron ore prices (past or predicted) and mining 
costs, making this an important KPI for assessing draw control. These two KPIs help achieve the targets for 
sustainable mining at Kiirunavaara mine (LKAB, 2018). For a sustainable mining operation, an optimal draw 
control strategy should maximise operational profit whilst minimising number of rings mined.  

5. Results and discussion 
Simulations were performed on the virtual mine to calculate the number of rings mined and annual 
operational profit for different draw control scenarios. Figure 6 shows the scatter plot for the 20,520 
scenarios represented by black and red marks; these were created by varying the four parameters 
mentioned above. The x-axis represents the number of rings mined, and the y-axis represents the 
estimated annual operational profit.  
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Figure 6 Scatter plot for the decision box approach with the recommended strategy 
highlighted in blue and all the scenarios in black and red (dominant criterion is 
minimum extraction ratio)  

In Figure 6, as the number of rings mined increases, the operational profit first increases with a steeper 
trend until it reaches the peak, after which it decreases with a flatter trend. These trends are affected by the 
four parameters (minimum extraction ratio, target profit per tonne, and height and width of the decision 
box) of the decision box approach. The general behaviours observed in Figure 6 are: 

1. Size of the decision box: When the box is bigger, a larger amount of waste inflow and a longer 
interval of waste inflow can be tolerated before the curve goes outside the box. However, as the box 
gets smaller, the chances of the operational profit curves going out of the box increase, especially as 
the material flow is chaotic and non-uniform; see Figure 2. Therefore, as the size of the box 
decreases, rings are closed earlier, as the curve moves from left to right. 

2. Effect of target profit per tonne on number of rings mined: The target profit per tonne is positively 
correlated with the number of rings mined. For a higher value of target profit per tonne, the curve 
goes outside the decision box quickly for the same material flow condition, leading to an increase in 
the number of rings mined. 

3. Interaction between target profit per tonne and minimum extraction ratio: The minimum 
extraction ratio does not affect the KPIs for lower value of target profit per tonne, but it becomes the 
dominant parameter for higher values of target profit per tonne, as shown by the red scatter marks 
at the right-most end of the scatter plot.  

The next step was to determine the optimal values for minimum extraction ratio, target profit per tonne, 
and size (height and width) of the decision box. This was done by balancing operational profit and number 
of rings mined. Those parameter values which achieved the desired operational profit target whilst 
minimising the number of rings mined were selected.  

5.1 Identifying optimal draw control 

During simulation, all four parameters affected draw control but were dominant and non-dominant in 
different scenarios. Ideally, the minimum extraction ratio should be the dominant parameter when the 
extraction ratios are low (0-60%), and the decision box should be the dominant parameter when the 
extraction ratios are high (>100%). Heuristics can be used to identify the optimal parameter values in the 
decision box approach, as multiple scenarios are able to achieve the annual operational profit target. This 
is partly because simulation considers ideal operating conditions, but, in reality, production can be affected 
by safety, loading, and rock transportation issues (hang-ups, brow failure, ore pass loss etc.).  

The selected parameter values were: 
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1. Minimum extraction ratio: Simulation results for the minimum extraction ratio showed that for 
lower values of target profit per tonne, the minimum extraction ratio was not the dominant 
parameter. But for higher values of target profit per tonne, it became a dominant parameter. On the 
one hand, minimum extraction ratio is needed to maintain continuous caving. It also helps loading 
from draw points which show trends for shallow draw with higher dilution at low extraction ratio 
which transforms to standard draw at higher extraction ratios (Nordqvist and Wimmer, 2016). On the 
other hand, higher values of this parameter lead to an increased number of rings mined, especially 
for higher values of target profit per tonnes. Hence, the final extraction ratio of 60%, which was near 
the lower limit of the analysed value, was selected. 

2. Width of decision box: In the simulations, the width of the decision box was a dominant parameter, 
especially at lower values of target profit per tonne. Figure 7 shows the scatter plot for the width of 
the decision box versus the number of rings mined for lower values of target profit per tonnes.   

 
Figure 7 Effect of decision box width 

In general, in the simulations, the number of rings mined was negatively correlated with the width of 
the decision box. Thus, in the lower half of the scatter plot in Figure 7, corresponding to larger values 
for box height, the width of the box is a dominant parameter. As the height of the box increases, the 
width becomes even more dominant, as shown by the increased gradient of the scatter for the 
middle and lower half of the scatter plot. The gradient becomes relatively flatter after 20% 
(especially for the middle part of the scatter) for the corresponding values for box height. Hence, for 
this parameter, the width of the decision box, 20% was selected as a conservative limit. 

3. Height of the decision box: Simulation was performed for different values of the height of the box, 
ranging from 10000 SEK to 200000 SEK. For smaller values (10000 to 30000), the height was a 
dominant parameter. As noted above, for larger values of the height of the box, the width becomes a 
dominant parameter. During loading it’s ideal to have width as the dominant parameter, as it 
promotes a decrease in number of rings mined and an increase in ore recovery. If the height of the 
box is a dominant parameter, smaller periodic waste inflow will trigger closing of draw points as the 
height of the box will necessarily be smaller. But draw points should be closed if the waste flow is 
sustained; this can be achieved by having a higher value of the height of the box. As the height was 
found in the simulations to be dominant up to 30 000 SEK, a height of 50 000 SEK was selected as a 
conservative estimate for the decision box. 

4. Target profit per tonne: In the simulations, the target profit per tonne was varied to achieve 
different levels of operational profit. A cost function based on fixed costs, variable costs (primarily 
operating cost), and revenue components lacks the ability to modify the mine operation for different 
market conditions and metal prices. A target profit value helps provide flexibility for the mine to aim 
for different operational profit targets based on the market and mine conditions. The target profit 
per tonne value needs to be varied to calibrate the correct value to achieve different levels of 

9



operational profit. As Figure 7 shows, as the target profit per tonne increases, the operational profit 
first increases and then decreases. For higher values of target profit per tonne, the profit curves goes 
outside the box as soon as the minimum extraction ratio criterion triggers; this leads to early 
stoppage of loading at the draw point because the target profit values are too high and cannot be 
achieved when smaller amounts of dilution are introduced. Based on these considerations, a lower 
value of target profit per tonne was selected to keep the decision box the dominant criterion and to 
trigger the decision box at higher extraction ratios than the minimum extraction ratio criterion.    

The parameters values recommended for testing at Kiirunavaara mine are shown by the blue point in 
Figure 6. The recommended scenarios are on the left of the peak of the scatter plot. This is counterintuitive 
to the traditional wisdom of maximised annual operational profit or maximised NPV. The decision was 
based on strategic mine planning needs, with the aim of reducing the sinking rate of the mine whilst 
achieving the target operational profits. For a constant mine reserve, NPV maximisation leads to reduced 
mine life and ore recovery, as the strategy demands mining higher grades as soon as possible. Sustainable 
and strategic mine planning requires a reduction in profitability to increase the mine life. The current 
loading criteria suffer from compliance issues, largely because the Graphical User Interface (GUI) used is 
complicated and leads to subjective decisions on when to stop loading at the draw point (Gustafson et al. 
2019). Hence, a comparison of the current criteria with the recommended scenario was not feasible. A mine 
test was recommended and approved to test the effectiveness of the decision box approach for draw 
control. 

6. Mine test setup 
Figure 8 shows the GUI setup for the mine test in which the economic model was integrated with the 
existing mine information system (GIRON). All information is presented in the native Swedish language for 
clarity and convenience of the mine. Real time assessments of all draw points are available with options for 
sorting draw points by production areas or by time stamps (active in last 24 hours or last hour).  

 

Figure 8 GUI setup for the mine test 

Details such as location, assigned machine, current extraction ratio, average grade, and loading status of 
selected draw points are displayed on the left side of the GUI. Average grade provides information about 
the overall average quality of the material drawn from the draw point. Loading status tells if loading is 
ongoing, or the draw point has been closed. Loading status also provides information about special 
reasons for closing a draw point, e.g., loading issues such as hang-ups. On the right side of the GUI, the 
operational profit curve based on the economic model and decision box approach is displayed for a 
selected draw point; this is indicated by a bold highlighted row on the list of draw points to the left. 
Minimum extraction ratio and decision box criteria can be seen on the operational profit curve. The top 
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right side shows information on the selected draw point, such as current extraction ratio, moving average 
grade (for last 25% extraction ratio), average grade, and ring location with respect to cave and loading 
status. The ring location where the rings connect with the cave front instead of the intact hanging wall is 
called ‘Rasinbrott’; rings before this location can have lower extraction ratio targets to avoid caving related 
issues.  

The mine is currently testing the model against the present system and evaluating various aspects of the 
GUI performance, including soft aspects, such as ease of use and accessibility for mine personnel (Figure 
9). The mine is also planning to monitor mine performance by collecting data on number of rings mined, 
average mine grade, and pellet production. This will help evaluate the effectiveness of the decision box 
approach to draw control.   

 

Figure 9  Test environment at Kiirunavaara mine 

7. Conclusion 
A new draw control strategy, the decision box approach, applies two previously developed mathematical 
models: a probability model and an economic model. The analysis of its performance in simulations leads 
to the following conclusions:  

• The decision box approach provides the mine with the operational flexibility to take a calculated 
economic risk when trying to recover additional volumes of ore from a draw point. 

• The decision box approach can handle the non-uniform and chaotic nature of material flow by 
providing a real time economic assessment of the draw point performance; it does so by combining 
principles of mine economics with the continuous draw point monitoring system currently used in 
Kiirunavaara mine. 

• The paper highlights the nature of difficulty faced by mine planners when optimizing draw control for 
caving operations. The final decision on parameter values for draw control remains a strategic and 
management decision. The primary objective for draw control optimisation used here was to reduce 
the sinking rate of the mine whilst achieving the desired annual operational profit based on mine and 
market conditions. This is, to some extent, different from the traditional profit maximisation or NPV 
maximisation strategy. The proposed approach improves sustainability by increasing mine life and 
ore recovery at the cost of increased dilution. 
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