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Abstract 
The demand for minerals has been increasing ever since they first were found, and since the mining deposits 

contains lower and lower grades of minerals the situation for mining companies are becoming more challenging 
every year. Therefore the need for more effective mining has never been higher. Boliden has for many years been 
working with simulations of various kinds and has for the last years been considering more and more autonomous 
mining solutions. In Garpenberg, Boliden already runs with several remote controlled machines with operators 
placed above the ground. This is a significant step towards making the mines safer and more efficient. 

An underground mine is a complex process with logistics and many different operations. It starts with the main 
ramp, and spreading out from the ramp different drifts are being developed in order to mine the whole ore body. 
From the drifts or stopes the ore is transported to a crusher before it is transported up to the surface. 

The thesis will focus on automation of different production activities, e.g. bolting, drilling and loading, and 
thereby calculate e.g. production outcome, utilization rates of machines and finding bottlenecks. In addition shorter 
operating times for both manual and autonomous machines will also be investigated. As final studies the time 
between that a job is finished and the can be started and maintenance will be simulated along with a maxed 
scenario where almost all machines are improved.  

The aim is to provide Boliden with results that indicate how much potential they might have in their production 
in Kristineberg with improvements of the current equipment, machines and procedures. Further the aim is to see if it 
is worth to invest in autonomous machines. Will autonomous machines result in a higher production outcome? 

The results showed that the bolters were clearly the bottlenecks that set the pace of the whole production. As the 
bolters were so undoubtedly the bottlenecks, improvements of the other machines did not extensively impact the 
results. The result for 10% faster bolters became 5,6  %, for autonomous bolters the production increased with 
6,1  % and when an extra bolter was inserted it resulted in a 7,6  % higher production. Further, improvement of the 
time between that a job is finished and the next can be started and wait time before repair for micro faults showed 
that to increase the production, focus must not always lie on the machines.  

In the future, Boliden needs to work on reducing the bottlenecks the bolters are causing. From the production 
point of view they should buy another bolter to tackle it. But is has to be further investigated from a more economic 
standpoint as well, as it causes extra costs for personnel, maintenance, capital investment etc. as well. 
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1   Introduction 

The demand for minerals has increased ever since they first were found, and since the deposits contains lower 
and lower grades of valuable minerals the situation for mining companies are becoming more challenging every 
year. Although several researchers, e.g. (May, Prior, Cordell, & Giurco, 2012), (Mudd & Ward, 2008), (Prior, 
Giurco, Mudd, Mason, & Behrisch, 2012) are talking about “Peak minerals”, the need to increase efficiency will still 
be very high the forthcoming years. (Govinda Raj, Vardhan, & Rao, 2009), (Konyukh, Galiyev, & Li, 1999) As the 
mines become gradually deeper the need for safer mining technologies will increase as the risk of collapse will be 
greater due to overwhelming pressure in rock walls. (Abrahamsson, Johansson, & Johansson, 2009)  

The minerals industry is slowly adapting to these new conditions by increasing their use of automation 
technologies. (Lynas & Horberry, 2010) Accenture (2010) defines autonomous mining equipment as: Equipment 
that does not require a person physically on the equipment or to remotely control its operation. Automated mining 
equipment operates via a programmed routine or is centrally controlled, with relatively few people overseeing the 
operation. Fully autonomous machines are in various extent emerging technologies that have not reached the market 
yet, but the development is rapidly growing. It is predicted that automation of mining operations will be become a 
standard feature in mining in the future. (Wagner, 2003) In order to support their decision making there exist a 
desire from companies that to in advance simulate future mining solutions. (Huang & Espley, 2005) 

Simulation is widely used in all types of industries and fields and plays a crucial role in the evaluation process. 
(Huang & Espley, 2005) It has become an important tool in industries today as it lets you see, with a high degree of 
probability, the results of tomorrow. To support decisions, planning and optimization purposes and for increased 
understanding in mining operations, simulation can be used to analyze numerous systems such as process flows or 
fleet management. (Abubakary, Greberg, & Schunnesson, 2014)  

Boliden has for many years worked with simulations of various kinds and has been considering more and more 
autonomous mining solutions for the last years. In Garpenberg, Boliden already runs with several remote controlled 
machines with operators placed above ground. This is a significant step towards making the mines safer and more 
efficient, but they still have the high production cost for operators.  

1.1   Boliden 

In 1924 the first gold was found in the Boliden area, and during more than 90 years Boliden has grown and 
developed their mines to be among the most productive in the world. In order to grow Boliden has made expansions 
and acquisitions and now has mines, concentrating plants and smelters in Sweden, Norway, Finland and Ireland. 
(Boliden, 2015) The production of different metals in concentrate exceeded 433 million tonnes last year and the 
total revenue was nearly 37 billion kr. (Boliden, 2015)  

1.2   The underground mining process 

An underground mine is a complex process with logistics and many different operations. It starts with the main 
ramp, and spreading out from the ramp different drifts are being developed in order to mine the whole ore body. 
From the drifts or stopes the ore is transported to a crusher before it is transported up to the surface. The 
transportation up to the surface is usually done through a skip station. A skip can be compared to an elevator, where 
its purpose is to transport material or people vertically. An overview of a typical underground mine can be seen in 
Figure 1. 
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Figure 1. Overview of an underground mine. Source: (Boliden, 2015) 

At the stope or face where most of the work is done mining the ore, the typical continuous cycle involves 12 
phases. The cycle with its main steps can be seen in Figure 2. 

 

 
Figure 2. Typical mining cycle. Sources: (Atlas Copco, 2015) (Jama, 2015) (Volvo CE, 2015) 

The effective time it takes to complete one full cycle for a downward benching is 22,5  ℎ, and that is without 
lunch breaks, shift transitions, travel and other disruptions.  

1.3   Project overview 

Boliden are working together with SimMine on a model to simulate mine production at the Kristineberg mine. 
That is because it is wanted to test different ideas of automation without the actual cost and time of buying and 
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implementing it. The thesis will focus on automation of different production activities, e.g. bolting, drilling and 
loading, and thereby calculate e.g. production outcome, utilization rates of machines and finding bottlenecks. In 
addition shorter operating times for both manual and autonomous machines will also be investigated. As final 
studies the onboard dispatch and reporting system Mine Insight (MIS) and maintenance will be simulated. All 
simulations will be made in SimMine. The thesis will mostly be carried out at the office in Boliden except a two-
week introduction at Kristineberg.  

1.4   Constraints 

The thesis is focused on the Kristineberg mine as it seems suitable for autonomous production as they e.g. 
already have wireless network in the whole mine, and because it already exist a commenced model over the mine. If 
all machines and different type of procedures would have to be simulated, the scope would be too wide. 
Consequently, some operations that, according to estimations from Boliden, have the least potential will be left out. 
For example charging and washing are two operations that will be outside the scope.  

1.5   Aim 

The aim is to provide Boliden with results that indicate how much potential they might have in their production 
in Kristineberg with improvements of the current equipment, machines and procedures. That means shortening of 
operating times, more effective operations control and improved maintenance. Further the aim is to see if it is worth 
to invest in autonomous machines or improve the current fleet. How will an improved fleet stand against 
autonomous solutions?  

1.6   Theory 

Banks (2000) defines simulation as the imitation of the operation of a real-world process or system over time. 
Simulations are used in a broad range of fields, from prediction of future economic states to designing new 
workstations in factories from e.g. the best ergonomic and productivity point of view. T. Ören (2011) gives a list of 
about 400 different types of simulations, which shows the vast range simulations can be used for.  

One of the many reason why simulations have become such an important tool for many companies today, is that 
to try new ideas they do not need to allocate resources for acquisition of things. They test and analyze the ideas in a 
virtual world instead. The typical cost of a simulation study is less than 1  % of the amount spent on testing it in the 
real world. (Banks, 2000) This makes simulations very desirable for the mining industry as it is a very capital 
intensive business. Often hundred of millions or even billions SEK are tied up in machinery and process equipment, 
which creates the need to operate them as effectively as possible. (Robbins, 2000) With simulation, the mining 
industry can plan, improve, adjust and analyze their production. (Fjellström, 2011)  

1.6.1   Simulation paradigms 
For discrete event simulation there are three major paradigms (e.g. programming styles), they can best be 

described as approaches to solve how things happens in the simulation. (Balci, 1988), (Matloff, 2008) The three 
paradigms are; activity oriented, event oriented and process oriented. They all acts as world views of how the 
simulation model is built. (Matloff, 2008) In Figure 3, the accesses between the paradigms are presented.  
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Figure 3. Integration of usual world views. (Muzy, 2009) 

Activity oriented 
An activity is defined as “is what transforms the state of a system over time”. (Muzy, 2009) An activity is what 

happens between two events, it starts and ends with an event. (Balci, 1988) The activity-oriented paradigm can also 
be called the continuous simulation, as the program continuously checks all the activities and if an event has 
occurred. (Matloff, 2008) The program divides the time into small discrete time steps, and checks the state of the 
system at every time step, see Figure 4. For most of the small incremental steps nothing has happened in the system, 
which makes all computations a waste of computer resources. (Jundén, 2011) Though nothing is wrong with this 
paradigm, usually the simulations are going to be very slow to execute. (Matloff, 2008) 

 

 

Figure 4. The activity oriented paradigm. (Balci, 1988) 

Event oriented 
With the event oriented paradigm the idea is to list all event in a priority queue, and then let the program jump 

between events. (Balci, 1988) The priority of the list is managed by the time the events are set to happen. When the 
program executes the next event it also updates the simulation time to that event’s occurrence time. (Balci, 1988) By 
jumping between the events only instead of every small incremental time step, the simulation time become 
considerable faster than for e.g. the activity oriented. The process can be seen in Figure 5.  
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Figure 5. Event simulation process. (Cassandras & Lafortune, 2008) 

Process oriented 
In the process oriented world view, the programmer sees the e.g. customers as “entities”, and the entities 

undergoes a process. The process consist of events separated by time intervals. (Cassandras & Lafortune, 2008). 
First, the program updates the clock and then it moves the entity through as many processes as possible, before 
either terminating the simulation and present results or go back to the clock update phase again. The program logic 
can be seen in Figure 6. 

 

 

Figure 6. Logic of the process oriented paradigm. (Balci, 1988) 

1.6.2   Simulation softwares 
On the market today, there exist several different simulation softwares for simulation of mining operations. 

Some of the softwares are more focused on specific areas, while the other tries to cover as many processes as 
possible. The choice then of which simulation software to use will be critical in terms of speed of building the model 
and get accurate results. In the list below some of the available simulation softwares are presented.  
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•   Witness. Witness is a very general simulation software that lets the user simulate any business process. 
It can handle both manufacturing processes and service industries. The interface is user-friendly and it 
offers a full 3D environment. (http://www.lanner.com/en/witness/) 

•   AutoMod. The focus of AutoMod is simulation of production and logistics systems. But it has a very 
flexible architecture that allows the user to simulate a broad range of applications. Several simulation 
studies of mining systems has been done with AutoMod. (http://www.appliedmaterials.com/global-
services/automation-software/automod) 

•   SimMine. SimMine is a simulation software developed in Sweden and is solely focused on the mining 
industry. It is possible to obtain accurate simulation models with this package, due to that the staff has 
extensive knowledge and experience from the mining industry. (http://simmine.com/) 

•   Arena. The simulation software from Arena is used in a variety of applications, from call centers to the 
military. It has been around for 30 years and is a very comprehensive simulation software. 
(https://www.arenasimulation.com/) 

•   ProModel. ProModel offers a process simulator that uses Microsoft Visio as the base. As it works like 
an add-in to Visio, ProModel makes it easy to simulate workflows, value stream maps and flowcharts. 
(https://www.promodel.com/Products/ProcessSimulator/) 

1.6.3   Related research 
Over the years several simulation studies has been conducted at numerous mining sites. There has been studies 

regarding different ore handling systems, production optimization purposes, automation and rock mechanics. The 
mining industry might have been different if those simulation studies never were conducted. Because in almost all 
cases the cost of trying the modifications, improvements and different ideas in reality is often to high to justify. The 
research and simulation studies has helped the mining industry moving forward to becoming an efficient industry. 
Some of the research done are listed below: 

•   Simulation of an underground haulage system (Fjellström, 2011) 
•   Digital simulation model of sub-level caving (Wilke, 1970) 
•   Using GPSS/H to simulate complex underground mining operations (Sturgul & Smith, 1993) 
•   Computer simulation of stoping methods at the Z. C. Mines Broken Hill Operations (Potter, 

Richardson, Hoare, & Koenig, 1988) 
•   Surface mine system simulation and safety risk management (Zhang, Yu, Li, Yao, & Liu, 2006) 
•   Truck dispatching by computer simulation (Kim & Ibarra, 1981) 
•   Truck dispatching computer simulation in Aitik open pit mine (Forsman, Ronnkvist, & Vagenas, 1993) 
•   A stochastic optimization approach to mine truck allocation (Ta, Kresta, Forbes, & Marquez, 2005) 
•   A simulation model for mine production sequences (Aydiner, Çelebi, , & Paşamehmetoğlu, 2006) 
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2   Method 

The approach is to study one operation at the time and analyze the differences compared to a baseline. The 
baseline will be defined in Section 2.4. To be able to obtain clear and comparable results of the simulations only one 
parameter will be changed between the simulation runs. To secure that the data is statistically accurate, every 
simulation will be run at least 10 times with different random seeds.  

As SimMine offers limited options for comparisons between two simulations directly in the program, the results 
will be exported to Excel for comparisons. That way comparison between multiple simulations can be done 
simultaneously. The comparisons will be done using a number of metrics that are further described in Section 2.3.  

2.1   SimMine 

SimMine simulation software will be used for the simulations within this thesis. SimMine is distributed by a 
company with the same name, that is based in Malå, Sweden. They have been developing simulation software for 
15 years. SimMine is a discrete event simulation software that lets the user simulate and evaluate the development 
process and machinery in mines. To handle variations in the process it uses statistical distribution functions. The 
user interface is fully graphical and requires no coding by the user. To make validations easier, SimMine has a 3D 
environment and animation. An example of how the operating environment looks like in SimMine can be seen in 
Figure 7. 

 

 
Figure 7. Operating environment in SimMine. 

To mimic the reality as closely as possible SimMine offers advanced fleet management settings, where the user 
can enter work rules, different schedules for different machines, availability option etc. In addition, preferences for 
logic in decision making and route planning can also be entered.  

2.2   Simulation model 

Boliden together with SimMine started working on a model over the complete mine in Kristineberg last year, in 
order to simulate production and try new automation ideas. The model was built by using production data from 
2013 from the mine operations control and is consequently validated against the year 2013. In August, 2014 they 
implemented a different shift schedule in Kristineberg to increase the production. 
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In the simulator it is not possible to set a different schedule for different parts of the year within the simulation, 
and consequently this means that the chosen schedule will be the same the whole simulation. To solve this, the 
average production values per week are used for comparisons.  

Regarding the machine fleet it has also changed during 2013 and 2014, but this is solved by applying start dates 
for when the machines will be available. In the model there are also no free days because of vacation or days off, 
which will skew the results further. But when the model was validated the number of blasts per week has been the 
same. This means that the results will be correct, just a factor higher for all simulations. 

In this model there are two ways to define how autonomous machines work, one declares that the machines work 
continuously, which means that the machines during nights, shift transitions and meal breaks. The other states that 
the autonomous machines can only work during the time there are people in the mine but over meal breaks and shift 
transitions.  

When a machine suffers from a small fault the operator is usually capable of fixing them him-/herself. But in the 
case of autonomous machines there might not even be an operator or a mechanic nearby as they might be away on a 
break or doing something else. This would cause a downtime for the machine where nothing at all happens. 
SimMine handles this by specifying that the average extra time will be a distribution (in this thesis a triangular 
distribution) and that it will only happen with a frequency chosen by the user.  

2.3   Performance and result indicators 

In order to get as good information as possible from simulations or other work, it is essential that the right 
performance and result indicators are measured. (Parmenter, 2007) Indicators should identify what should be done 
and provide criteria for determining success or failure. (Kaufman, 1988). Which ones are supposed to be used differ 
from case to case, but to be able to get a quick overview over the whole business it is desirable to have a balanced 
set of measures. (Kaplan & Norton, 1992) Indicators should not only provide information over how the business is 
doing, but also show measures of the drivers of future performance. (Kaplan & Norton, 1996)  

The financial indicators only show part of what has happened in the past, but nothing how to create future 
financial value. (Kaplan & Norton, 1996) To address this, other indicators should be used in addition to financial 
indicators, such as measurements for customer satisfaction or performance drivers to be able to reach the strategy 
and vision. (Kaplan & Norton, 1996) Even though this thesis is not about a complete business, the theory behind the 
balanced scorecard can still be adapted to find effective indicators. The indicators chosen for this thesis are being 
described in the following subsections, and in the end a summary of the performance and result indicators and their 
definitions are listed in Table 1.  

2.3.1   Average face utilization 
This indicator is chosen because it can be used to determine the number of faces that should be open at the same 

time. It is wanted to have as few active faces as possible because of the costs of keeping a face open, but there still 
has to be enough faces to ensure that production can run smoothly at all times. For example, if one machine breaks 
down and blocks a face there still has to be another available face for the next machine to start working on. Even 
though the number by itself does not provide complete information about the situation, it could be very useful in 
combination with machine statistics. The average face utilization will be strongly dependent on the number of active 
faces – more active faces will give a lower utilization.  

2.3.2   Hours per blast 
This indicator tells how many effective machine hours in average that have been needed per blast, which can be 

compared to the total planned hours of the machines in order to understand how effective the development is. It is 
also dependent of which type of face that has to be mined. There are four different types available, all with different 
processing times. The time to mine the quickest face is about a fifth of the most time consuming face. Hours per 
blast will serve as an important indicator for the analysis of the simulation results.  

2.3.3   Number of blasts 
The most common way to measure production in mines today with this type of mining method (cut-and-fill) is 

by measuring the number of blasts or rounds. The reason they choose this result indicator instead of e.g. tonnes 
produced is because of the difference in tonnes per blast. Because number of blasts is so common and understood by 
mining people it is chosen here as the measurement of how the development is proceeding.  
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2.3.4   Utilization of planned time 
This is a measurement of how many machines that should operate at the same time. It is defined as the total 

worked hours divided by the total shift hours, and it will give the utilization of the machine fleet. If the utilization is 
low, it should be investigated if one machine can be removed and the production still can be maintained at current 
level. (Paraszczak, 2005) Utilization of planned time is commonly used in the mining industry to measure the use of 
available time. (Lewis Luiz Steinberg, 2001) (Paraszczak, 2005)  

2.3.5   Utilization of total time 
This indicator is a quantity of how effective the use of the year’s hours is. It is closely linked to utilization of 

planned time (described in Section 2.3.4) as it also is a measurement of the worked hours of the machine fleet. The 
shift schedule will be the most influencing factor for this measurement as it determines when and how long the 
machines can work.  

Table 1. Performance and result indicators 
Indicator Definition Symbol Unit 
Average face utilization The average of all face utilizations where the utilization is 

defined as: Worked hours on a specific face divided by the 
total active time of that face.  

AFU [%] 

Hours per blast The total worked hours divided by the total number of blasts 
with the baseline as 100  %. 

Hours/blast [%] 

Number of blasts Number of blasts in percent with the baseline as 100  %. # Blasts [%] 
Utilization of planned 
time 

The total worked hours divided by the total planned hours 
per year. 

UoPT [%] 

Utilization of total time The total worked hours divided by total hours per year. UoTT [%] 

2.4   Studies 

The average weekly production in Kristineberg for the last years with the old shift schedule has been ~30 
blasts/week (Boliden, 2015), this will be used as the reference line for the first study when the old shift schedule is 
compared to the new. The new shift schedule’s production data will then be used as the reference line for all the 
following studies in order to obtain results that conform better to the reality of today. This will make it easier to 
understand how the different scenarios are performing.  

There exist different types of schedules that define how the autonomous machines can work. They can either 
work when people are in the mine or they can work all the time, even when no people are present. The definitions 
for all schedules can be seen in Appendix A. 

As the drill rigs consist of two types of machines (normal drill rigs and a Simba) with large operating time 
differences, they will be simulated separately. The operation the Simba is usually used for takes in average four and 
a half times longer than an e.g. downward benching, which would make it difficult to determine which machine type 
that affected what, and that is why they are separated.  

Autonomous LHD’s are something that is sought by Boliden because it would save a lot if they could e.g. load 
during the night if the mine has no regular night shift. If the machines were autonomous it could mean that they blast 
at midnight when the people went home and when the new shift came in the morning all the ore and waste rock 
would had been removed from the faces. The increase in production could possibly be significantly improved by this 
and therefore there will be further research in this field. In addition, autonomous LHD’s would be able to start 
loading at the face considerable earlier than a manual solution that has to wait for the blast gases to be ventilated 
away.  

In order to see what effect trimming of an operation will have, studies regarding shorter operating times will be 
conducted. Trimming of an operation means in this case shortening of the operating time with 10 − 20  %. The 
operations that will be simulated with shorter operating times are bolting, drilling and loading. Even further 
shortening (e.g. 30 − 50  %) will probably require new technology and will only be simulated for bolters in this 
thesis, as they seem to be the biggest bottleneck in the early pre-results. It is also because it is wanted to see at which 
point the bolters would stop being the bottlenecks.  

Today the time between the operator is finished at one face and until he/she receives the next work order can be 
quite long, which contributes to waste of time. It can depend on for example that the operator needs to go to the gas 
station to refuel or that he/she has to go and get some equipment before the next job. Therefore it makes an 
interesting study to see how improvements of this will affect the results. As the time between the jobs is described 
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by a triangular distribution in SimMine, improvements will focus more on shortening the maximum values than the 
minimum values. That is because it is more likely that the maximum value gets shortened instead of the minimum in 
reality. These scenarios will be described as Mine Insight (MIS), the onboard dispatch and reporting system they use 
in Kristineberg, as it corresponds well to what Mine Insight is.  

Maintenance is a large time consumer as the working environment for the machines is rough and unforgiving. 
Even though the machines are in for preventive maintenance once a week they still suffer from some sort of failure 
almost every shift. The study will be to simulate improved reliability of the machines so they suffer from fewer 
breakdowns and that the repair time is shorter. It will also be tested to see what longer intervals between the 
preventive maintenance will result in. 

As a final study it will be investigated how high the production in Kristineberg can be in the future. The study 
will be conducted with improvements on almost all operation steps and procedures, in order to see the combined 
benefits from different machine types and other improvements. This will show Boliden where it is possible to reach 
within a couple of years.  

Table 2 summarizes all operations and procedures that should be investigated. Throughout all simulations 
bottlenecks will be sought and if found, they will be analyzed and discussed.  

Table 2. Simulation studies 
Operations and procedures 
Shift schedules 
Autonomous drill rigs 
Autonomous LHD’s 
Shorter operating times 
Mine Insight 
Maintenance  
Maxed scenario 

2.5   Autonomous operating times 

Two of the many advantages of autonomous machines are that they do not need breaks or change of operator. 
Both of these things are downtime because either the machine is at standstill because the operator is having a meal 
break or that the machine is waiting for the new operator. Other things that operators do are talking on the radio and 
talking to the foreman who comes by from time to time, these may not cause production to stop but most of the time 
it slows the production. 

Since the availability of autonomous machines on the market is limited, the operating times for the autonomous 
machines has to be estimated. The approach will be to use the effective operating time of a manually operated 
machine as the operating time of the autonomous machine. Earlier studies of autonomous drill rigs in Boliden mines 
showed that the operating times for autonomous drill rigs are shorter than for manually operated, if seen over a long 
period of time. (Marklund, 2014) This study was in collaboration with Atlas Copco and it investigated the effects if 
one boom was allowed to work autonomous while the operator handled the more difficult holes with the other. In 
the study they saw that the operating time could possibly be shortened up to 15 − 20 minutes for an average face. 
They say further that this is something that needs additional investigations in order to be able to draw a more 
accurate conclusion.  

Even though they say the possibly shorter operating times needs to be further investigated it can still serve as a 
guideline for this thesis. To acquire more data in order to determine the autonomous operating times for more 
machines a one day visit to Kristineberg was conducted in addition to the two week introduction. During the visit 
estimates and measurements were made to determine the manually operated machines waste of time. A typical 
unproductive time period is as mentioned e.g. meal breaks.  

2.5.1   Operating times 
Even though automation of different machines for mining is something that has been present over 20 years 

(Schunnesson, Gustafson, & Kumar, 2009), the integration of fully autonomous machines are still low. Extensive 
time studies of the few fully autonomous machines that are used today are outside the time scope of this thesis, 
which means that these operating times are the result of related research, shorter time studies, estimations and 
discussions. 
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Drill rigs 
To get an average waste of time the number of drill holes was set to 60, as this is the average number of drill 

holes at an average face. The average waste of time between the drilling was done until the operator started to move 
the boom to the next hole was measured to 3 seconds. Further it was estimated that the operator had to start over 
with both booms from standstill 6 times per face. That includes meal breaks, shift transitions and unforeseen 
stoppages. The time lost because the operator could only handle one boom at the time was measured to 25 seconds. 
Other downtime as talking to foreman, talking on radio and etc. was estimated to 300 seconds. The total waste of 
time for drill rigs is calculated in equation (1). 

 
#  ℎ𝑜𝑙𝑒𝑠×𝑒𝑥𝑡𝑟𝑎  𝑠𝑒𝑐𝑜𝑛𝑑𝑠  𝑝𝑒𝑟  ℎ𝑜𝑙𝑒 + 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑠×𝑠𝑡𝑎𝑟𝑡𝑢𝑝  𝑠𝑒𝑐𝑜𝑛𝑑𝑠 + 𝑜𝑡ℎ𝑒𝑟  𝑑𝑜𝑤𝑛𝑡𝑖𝑚𝑒

60
= 10,5  𝑚𝑖𝑛𝑢𝑡𝑒𝑠 (1) 

 
The result is lower than the estimated time from (Marklund, 2014) but he mentioned it needs more investigations 

in order to be final. The number shows that there is a lot of waste in the system that makes the operations runs 
slower. The average operating time for drill rigs through all kind of faces is just over 3,5 hours, which makes the 
waste about 5  % of the total operating time. 

 
Simba 
Since the Simba drill rig is doing all the drilling for vertical retreats, and as those take a lot more time the waste 

time will be greater. The average operating time for vertical retreat operation is almost 15,45 hours which make it 
stretch over two shifts. It is particularly the startups and other downtime that will increase for these operations and it 
is estimated that the total waste of time is 23,5 minutes, which are twice the normal drill rigs waste time. That 
equals to ten more startups (16 startups) and ~2,8 times more other downtime (830 seconds). The startups are 
estimated to be 10 more because of the fact that the Simba drill rigs suffers from failures a lot more than the regular 
drill rigs when drilling vertical retreats/rills. Statistic data from 2013 shows that the Simba are having a failure of 
any kind every third time (33  %) it is operated compared to 12  % for the regular drill rigs. (Boliden, 2015) 
(Boliden, 2015) 

The other downtime is increased because it will be more downtime due to e.g. the operator is busy with 
something, talking to the foreman or turn on/off electricity and water. All these things are estimated to add up to 
1  410 seconds or 23,5 minutes for an average vertical retreat operation. 

 
Bolters 
Even though the bolting operation differs from pure drilling it is still estimated that the same waste time is 

allocated (10,5 minutes). The reason behind that is even though the bolter only has one boom, the operator is 
outside much more to reload bolts. During the reloading the operator often inspects the face and ceiling to assess the 
bolting, and this takes dozens of seconds every time. Autonomous machines would not have the production waiting 
while assessing the bolting; instead it can be done while the bolting is in action. Further the statistical data from the 
whole year of 2013 states that in average, the bolters had more downtime than the drill rigs. (Boliden, 2015)  

 
LHD’s 
According to the statistic data over reported delays for 2013 in Kristineberg, the number of delays caused by 

failure of any sort for LHD’s was 133, compared to 451 for the drill rigs. (Boliden, 2015) This shows that the 
LHD’s are more reliable and suffers from fewer breakdowns than drill rigs, and the extra seconds from upstarts will 
be fewer. Further, studies at Inca’s Stobie mine in Ontario showed that automated LHD’s were more time efficient 
than manually operated ones. (Hedman, 1998) A study in Malmberget mine by Caterpillar and LKAB also showed 
that automated LHD’s were more efficient, they saw that the productivity increase can be as high as 25  %. 
(Caterpillar, 2008) 

However, studies conducted by Larson et al (2008) in Atlas Copco’s test mine Kvarntorp about autotramming 
showed an efficiency of approximately 0,97 compared to the manually operated system. They say further that the 
test route they used was fully illuminated, so the difference could be larger or smaller if it would have been run in 
the dark. However, during these test runs the operator had no need for talking to the foreman or the mine operations 
control center, which can be the case in a real operation and will most probably slow him/her down.  

Since the studies gives contradictory results, the operating times for autonomous LHD’s in this thesis will be 
7,6  % shorter than for the manually operated LHD’s. This equals to 10,0 minutes shorter operating time for a 
normal operation, and 76,67 minutes for loading at a vertical retreat. 
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3   Results and Analysis 

A total of 47 different scenarios have been simulated and the input data to all simulations can be seen in 
Appendix B. The simulation results can be seen in the following sections along with additional output data in 
Appendix C. 

3.1   Simulations 

The simulations started with the old shift to verify that the model gave the right output, and to have something to 
compare to later. With the old shift schedule the production outcome became 1  775 blasts, which can be compared 
to the result in 2013 for the real mine (1  244 blasts). This seemingly large difference in blasts is explained, as 
mentioned in Section 2.2, by the fact that in the simulation model there exist no vacations or days off. Since the 
number of blasts is only separated by a factor, and all the following simulation results will be measured in percent, 
the results will still be comparable. Further, as mentioned in Section 2.4 the new shift schedule will later serve as the 
baseline for the rest of the simulations. To see if the fleet of machines and number of personnel were suitable sized, 
some additional simulations were made with both personnel and machines removed. Simulations with “-X, -Xp” in 
the name have people or/and machines removed. “-X” means for that machines have been removed and “-Xp” that 
people has been removed. 

3.1.1   New shift schedule 
From statistics from the reality the increase in production between 2013 and 2014 was 13,45  %. (Boliden, 

2015) The increase is not only from the benefits of the new shift schedule, because as mentioned in Section 2.2, the 
new shift schedule was first implemented in August, 2014. Boliden also invested in new machines during those two 
years (Boliden, 2015), which makes it hard to predict which part of the increase that came from what. According to 
interviews with people at management level in Kristineberg the major part of the increase came from 
implementation of the new shift schedule, but they could not provide an exact percentage level because of the many 
factors influencing the result. 

With SimMine the increase in production became 13,1  %, see Figure 8, which is similar to the increase in 
reality. The result verifies that the new shift schedule can be used as the baseline to the following simulation 
scenarios.  

As mentioned in Section 2.2, it is not possible to simulate with different working schedules for parts of the year, 
and there is no vacations. This means that the fleet statistics will be higher. But as the analysis is done by comparing 
the change in output data rather than the actual output data, the simulation model can still be used.  

As seen in Figure 8 the average face utilization is up with 3,1  %, this comes from the fact that the new shift 
schedule has fewer meal breaks and shift transitions than the old schedule and instead longer shifts. This leads to 
fewer interruptions for the machines and operators when they are working, which increases the chance that the 
operator will have enough time to finish the task before the shift transition or meal break. Because of the fewer 
interruptions, the hours per blast is also affected in a positive way, since less time from shift transitions and meal 
breaks is being included.  

Both the utilization of planned and total time is showing increases greater than 2  %. Even though the planned 
hours only increased by 3,61  % between the shift schedules, the machines in the model were able to do 12,41  % 
more work, see BOL_New shift.xlsm in (Sjödin, 2015). This proves that it was the right the decision from a 
production viewpoint to change shift schedule.  
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Figure 8. Results for new shift schedule compared to the old shift schedule. 

3.1.2   Bolters 
In total ten different setups of bolters were simulated, the results can be seen in Figure 9 and Appendix C. Since 

bolting is a complex operation with many operation steps it was concluded that only one automated scenario was to 
be simulated and that the rest should be with manual machines with shorter operating times. The reason shorter 
operating times up to 50 % was simulated were to see when the bolters stopped being the bottlenecks. As it was 
quickly seen that the bolters were the bottlenecks and therefore the shortening of operating times made a substantial 
impact on the results, it was decided to try additional simulations with one and also two bolting machines and their 
operators removed. It was simulated for 10  % and 50  % faster bolting. Further to investigate how to reduce the 
bottlenecks, a scenario with an extra bolter (BD +1) was simulated, as that might be a way forward instead of 
improving them.  

 

 
Figure 9. Result for bolters compared to the standard case. 

The results show that the bolters are not fast enough to keep up with other machines when one bolter is removed 
from the −10%-scenario. The production falls 13,6  % compared to the standard case and is strongly due to that the 
bolters are the bottlenecks. The average idle time for the bolters is decreased from 2,9  % to 1,6  % which 
demonstrates the high occupancy the bolters have. (Figure 4, Appendix C) 

If the operating time was lowered to 50  % of the original they could still cope with the production even though 
one machine was removed. The result for that case was an increase in production with 8,3  %. The idle time shows 
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that the bolter no longer are the bottlenecks, instead it is the scalers and LHD’s that are having difficulties 
maintaining the production rate. (Figure 8, Appendix C) But if two machines were removed the bolters became the 
bottleneck again and the production was reduced by 4,4  %.  

In the scenarios where the bolters were manually operated and had shorter operating times a distinct trend 
developed. Up to 20  % improvement of the operating times the trend is steadily increasing. But after 20  % the 
increase in production is limited, which is due to the fact that the bolters no longer are the bottlenecks. (Figure 6 - 
Figure 7, Appendix C) What is interesting is that the average face utilization is in the same range, 1,1  –   1,7  %, for 
every scenario except two, the BD -10% -1, -1p and BD -50 % -2, -2p. Even though the bolters are becoming faster 
for each scenario the AFU is practically at standstill. There are two possible reasons for this; either the number of 
active headings are greater and therefore brings the utilization down, or that the total calendar cycle time is still 
about the same. The chance that the cycle time would be about the same even when the bolters are up to 50  % faster 
should be low, even though the operating times are a triangular distribution and can therefore statistically turn out to 
be the max value. As the simulation is run for a whole year the triangular distributions should also be nearing their 
mode values. If deeper analysis is applied it is seen that the number of active faces is increasing as the operating 
times become shorter, see BOL_BD -10% -1, -1p and BOL_BD -50% -2, -2p in (Sjödin, 2015). 

For the final scenario an extra bolter was inserted into the model, as it might be easier to invest in an extra bolter 
instead of making them operate faster. The results are similar to those for the BD -20 %-scenario, though a bit lower 
production (7,6  % against 8,5  %). But to be able to run with an extra bolter Boliden has to employ four extra 
operators to cover all shifts. In addition, more expenses for extra maintenance will also affect the revenue. The cost 
for those four people and the increased maintenance should not significantly reduce the profit, but that assessment is 
outside the scope of this thesis.  

3.1.3   Drill rigs 
In the results of the drill rigs, the first thing that it is seen is that the number of hours per blast is significantly 

lower for many scenarios compared to the standard case, see Figure 10. From the definition in Section 2.3 
hours/blast is the worked hours divided by the number of blasts. That means that a decrease in the number is due to 
either fewer hours worked or more blasts. If including other statistics in the analysis it can be seen that the number 
of blasts has increased in all scenarios, while the total worked hours oscillated with ±  ~1  % around 51  500 hours 
for all scenarios, see BOL_DR-documents in (Sjödin, 2015). 

Because of the relatively small increases in production compared to the improvements in operating times it is 
clear that the drill rigs are not bottlenecks in the system. This is confirmed by the decreasing utilization of planned 
and total time, as it is still the bolters that are setting the pace. It means that the decrease origins from the fact that 
the drill rigs work fewer hours and all the other machines except the bolters have more idle time.  

 

 
Figure 10. Result for drill rigs compared to the standard case. 

The average face utilization fluctuates some but since it is only about 0,5  % either way it could very well depend 
on the randomness from the distributions. Further, the number of blasts is consistently increasing as the operating 
times become shorter. But the increase is still low because as mentioned earlier the drill rigs are not the bottlenecks 
in the system and therefore does not significantly influence the result.  
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3.1.4   Simba 
As the Simba also is drill rigs but with a different type of main activity the results are similar to the normal drill 

rigs. The typical activity the Simba usually does is the vertical retreat drilling, this operation takes in average about 
4,5 times longer to drill than a downward benching. From the tables in Section 1 and Section 4 in Appendix C it can 
be seen that consistently more vertical retreats have been mined now. A vertical retreat blast is considerably larger 
than a normal blast e.g. a downward benching or drift, which means that all activities take longer to finish. As a 
result of this the average face utilization is increased in all scenarios, see Figure 11. It is the same explanations to 
why the hours/blast is greater in almost all scenarios, as the machines had to work more time at the faces instead of 
spending time travelling between them. (Figure 20 - Figure 27, Appendix C) 

All the simulations were very close to each other in terms of increase in production for the same level of 
improvement. Even though the autonomous scenarios have more available work time they still could not reach a 
significantly higher production, the largest increase became 0,8  %. This indicates that the Simba is not the 
bottleneck in the system and it is confirmed by the increase in idle time it gets. (Figure 20 - Figure 27, Appendix C) 

 

 
Figure 11. Result for Simba’s compared to the standard case. 

3.1.5   LHD 
Manual LHD’s today are well optimized in terms of loading and unloading speed. But since autonomous LHD’s 

might be even faster, scenarios for that were simulated. What can be seen in Figure 12 is that the increase in 
production for when the LHD’s can work continuously is steeper compared to the A18h-scenario. As the LHD’s can 
work more hours in the A24h-scenario it is more likely that the model is able to do an extra round before the shift 
ends.  

The reason the average face utilization is inconsistent for the A18h-cases is because of the number of rounds 
done. In the A18h -10 %-scenario the number of vertical retreats was four more (~3  %), but the total number of 
rounds were actually lower. (Table 15, Appendix C) As the vertical retreats take more time to mine in every aspect, 
it was the reason the average face utilization went up. But when they became even more improved (A18h -20 %), 
the AFU went down again and even lower than the unimproved scenario. The decrease is −0,1  % compared to the 
unimproved scenario and can be explained by the randomness in the simulation model. The facts that in total four 
more faces were worked on can be seen as a very small factor. (Table 15 - Table 16, Appendix C)  

Even though the increase in production was not higher than 1,3  % in the best scenario, automation of LHD’s is 
still something that should be evaluated in reality. There are two reasons for this; the first is that loading, unloading 
and hauling are relatively easy operations, which means it should not be that hard to automate. The second is that 
loading at a face is very dangerous, because of the risk of secondary collapses. The scope for this thesis is to look at 
it from a production point of view and from that viewpoint and with a realistic improvement of the machines (~5 - 
10%), the increase in production might not be enough. But if the safety aspect is included and the fact that there will 
be no need to wash the blast or wait for the blast gases to be ventilated away, it might be worth to invest in in the 
future. The problem however is that when there is a low amount of material left at the face and it is spread out close 
to the walls, the loading becomes much more difficult. The chance that an autonomous LHD would be as quick as a 
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skilled operator is very low, which counteracts the otherwise positive effects. Maybe the way forward would be to 
go to tele-remote controlled LHD’s so the operators could take over when only the inaccessible material is left.  

 

 
Figure 12. Result for LHD’s compared to the standard case.  

3.1.6   Mine Insight 
Today the time from when one operator is finished with a task until he/she starts to move to the next can 

sometimes take a while. In the simulation model the time between jobs is described by a triangular distribution, 
because of that it was decided to decrease the maximum value more than the minimum value in the different 
scenarios as it is more likely that the maximum value gets improved than the minimum in reality. As the time affects 
every process for every machine, even a small improvement should make an impact on the results. The result can be 
seen in Figure 13.  

 

 
Figure 13. Result for improved MIS compared to the standard case. 

As seen in the figure the production is steadily increasing as the wait time gets shorter. The production increase 
range between 0,6  –   1,3  %, which is good considering the small improvements.  

If looking at the worked hours at faces between the scenarios it can be seen that the increase is: 681  ℎ, 937  ℎ 
and 987  ℎ respectively, see BOL_MIS-documents in (Sjödin, 2015). Consequently, this explains the increase in 
utilization of planned and total time. The number of faces worked at during these scenarios is slightly higher or even 
lower than the standard case. [BOL_MIS-documents in (Sjödin, 2015)] This in addition with the increase in worked 
hours pushes the average face utilization up.  
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However, the hours per blast are also increased, this is due to the fact that the increase in worked hours is higher 
than the increase in number of blasts, see Table 3. What those numbers says is that it now takes longer to finish a 
round, which is abnormal since all machines still have the same operating times. It may depend on the fact that the 
model is finite and it only exist a limited number of faces, which can cause machines to wait for other machines to 
be finished. In addition more vertical retreats were mined in all scenarios which also impacts the hours per blast, see 
Table 1 and Table 18 - Table 19 in Appendix C. 

Table 3. Increase in worked hours and number of blasts. 
Scenario Increase in worked hours Increase in number of blasts 
MIS -10%, -10%, -20% 1,3  % 0,6  % 
MIS -10%, -20%, -30% 1,8  % 0,9  % 
MIS -20%, -20%, -30% 1,9  % 1,3  % 

3.1.7   Maintenance 
When simulating improved maintenance there are many different approaches that can be taken. Here it is divided 

in three categories consisting of: preventive maintenance (PM), mean time to repair (MTTR) and mean time 
between failures (MTBF). To narrow it down more, for the MTTR and MTBF improvements only the settings for 
micro faults were adjusted as it was concluded that it is easier to prevent them in reality than the major breakdowns. 
The improvement means that it is 5, 10, 20  % longer between services or failures or that the time to repair the fault 
is shorter, see Table 9 - Table 11 in Appendix B. 

In the first three scenarios the time between preventive maintenance is, as mentioned earlier, longer. In the 
simulation model the only effect from adjusting this value is that the machines work more and are spend less time in 
the workshop. In real life there may be other side effects e.g. the machines suffer from more breakdowns or lose 
performance. This is something that has to be further investigated if investment decisions are to be based on this. 

The results together with all other scenarios for improved maintenance can be seen in Figure 14. The results 
shows that one should be careful on proceeding with making longer intervals between preventive maintenance in 
real life as the increase in production is limited. The production increase became 0,6  % when the intervals were 
extended with 20  %.  

Further, it can be seen that the hours/blast looks like a triangle with a top for the PM -10%-scenario. Analysis of 
mined faces shows that number of mined vertical retreats were seven more, see Table 1 and Table 20 in Appendix 
C. Because a vertical retreat takes so much longer to mine the machines have to stay longer at the face before it is 
finished and that is the reason the hours/blast is increased. As the fleet of machines spend less time in the workshop 
for preventive maintenance and instead more time working the UoPT and UoTT are higher as well. This also helps 
pushing the AFU up as the machines can be at the face for longer periods instead of going back and forth to the 
workshop.  

The results for the scenarios where the mean time to repair for micro faults is improved can be seen in the same 
figure and it is clear that particularly the AFU and number of blast are considerably higher than the results for the 
improved preventive maintenance scenarios. The average face utilization is by the definition in Section 2.3 the 
worked time divided by the active time of a face, which means if the number is higher the number of active faces are 
more correct up to a certain level. The AFU increase ranges between 0,5  –   1,4  % and the interesting thing is that the 
number of faces worked at is lower in all scenarios compared to the standard case, which indicates that the machines 
are spending more time at the face and less time at standstill waiting on repair, see BOL_MF MTTR-documents in 
(Sjödin, 2015). 

The production increase is much steeper than in the previous scenarios and ranges up to 1,3  %. From the fleet 
data in Figure 40 - Figure 42 in Appendix C it can be seen that all machines are in various extents having more work 
time, which confirms that the improvement affects the whole fleet and the machines together are pushing the 
production higher. The increase in production has also been distributed equally over all types of faces, which means 
that the UoPT and UoTT are showing consistent increases. Further, as the increase in worked hours and the number 
of blasts is similar for all scenarios the hours/blast is about the same. [BOL_MF MTTR-documents in (Sjödin, 2015)] 

The last maintenance scenario is the scenario where mean time between failures for micro faults was simulated. 
An improvement means that the mean time between failures will be longer. The results can be seen in Figure 14. 
Both the utilization of planned and total time is similar to the previous scenarios. In theory it should be higher as an 
improvement of the time between failures has a bigger impact than an improvement of the repair time once they are 
broken. This is partly due to the same reasons as mentioned earlier that the increase had been distributed equally 
over all types of faces, and partly due to the fact that the bolters are very close to their maximum performance and is 
therefore setting the pace of the whole production. (Figure 43 - Figure 45, Appendix C) This means that some of the 
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other vehicles occasionally have to wait for the bolters to be finished and as a consequence their idle time will be 
increased. Those are the reasons why the UoPT and UoTT are not higher than they are. The increase in hours/blast is 
low in the first two scenarios but then in last it went up to 0,8  %. Analysis of this shows that while the number of 
blasts increased with about the same between the scenarios, the difference in worked hours is almost doubled 
between the -20 %- and the -10 %-scenario compared to the -10 %-scenario and the standard case, see BOL_MF 
MTBF-documents in (Sjödin, 2015). Deeper analysis of the fleet data reveals that there is not a single type of 
machines that is causing this; instead it is distributed on all machine types. As the number of vertical retreats mined 
was about the same for all scenarios the conclusion to be drawn from this is that it was caused by randomness in the 
simulation model. Since the model only runs for a year it is possible that the results deviate from the theoretical 
mean result. 

The average face utilization looks a triangle where the top is on the -10 %-scenario. From the total number of 
rounds of types of faces mined in Table 23 - Table 24 in Appendix C and with the operating times in Appendix B it 
can be seen that more time consuming faces were mined in the -10 %-scenario than in the others and therefore made 
the spike in the graph. The increase in production is consistent over all three scenarios and it demonstrates the 
potential that exist in more reliable machinery.  

 

 
Figure 14. Result for improved maintenance compared to the standard case.  

3.1.8   Maxed scenario 
The final study was as mentioned in Section 2.4 the maxed scenario. In this scenario almost all machines are 

improved in some way, only the concrete-, charger- and watering vehicles have been left as standard. The results for 
the maxed scenario can be seen in Figure 15.  

As a result of that almost every machine can work quicker, the hours/blast is decreased with −12,5  %. Even 
though the production increased with 22,5  % the worked hours only increased with 7,2  %, see BOL_Maxed in 
(Sjödin, 2015). This shows that there is a lot of potential lost in reality as the bolters are now slowing every other 
machine down, see Figure 46 in Appendix C. The average face utilization increased with 3,6  %, which indicates that 
the number of active faces still might be too many. As an active face requires e.g. ventilation and reinforcements, it 
costs money to keep it open, therefore it is desired to have as few as possible active.  

Utilization of planned time increased 2,7  %, which comes from the fact that the machines did not have to wait as 
much now on other machines as before. That raised the utilization of total time as well, along with the fact that as 
the machines can operate faster they will be able to do more jobs before the shift ends.  
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Figure 15. Result for the maxed scenario compared to the standard case. 
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4   Discussion 

The aim was to provide Boliden with data that showed how much unused potential that exists in the machinery, 
equipment and to some extent procedures. Consequently, the thesis was an investigation of where the problems were 
in today’s production in Kristineberg. The results from the thesis is then supposed to work as a basis for future 
investment decisions. The results showed that Kristineberg has a lot to work on to become more efficient and more 
profitable. The simulation results will help Boliden makes those decisions on which part of the operation the focus 
should lay on. But as with every simulation model it is not a hundred percent correct, which in this case is because 
of the uncertainty that comes from having a production run by human operators and ever changing production 
conditions. The model has been validated and are showing the right output for the cases that can be verified with the 
real operation, but as the model has its simplifications and estimations the output can only be trusted to a certain 
percentage level. The 95  % confidence interval is ±~1  % for the results.  

The choice by Boliden of using SimMine simulation software has proven to be wise. As the people at SimMine 
has in-depth knowledge and experience of the mining industry and that the software is fully focus at mines an 
accurate simulation model could be built. Since SimMine is an event oriented simulation software the simulations 
were quick, which made it possible to test many different scenarios. It would have been a lot harder to do this many 
simulations if the software was programmed as e.g. activity oriented.  

One of the question asked in Section 1.5 was if it was worth it to invest in autonomous machines. The simulation 
results show that for some types of machines the increased production will justify the investment. But for drill rigs 
and Simba’s its hard to defend automation, due to the reason that they are so far from being bottlenecks in the 
system so the results are not significantly affected. Which made it hard to see the any impact from automation of 
those machines. For example the LHD’s, the advantages from making them autonomous or semi-autonomous should 
be enough to justify investment.  

Even though every mine is different from each other the results from this thesis showed together with the related 
research that there are big production increases and production cost decreases to be gained from the current 
operations in mines. They showed that simulation can be a very useful tool for future decisions and planning.  
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5   Future work 

The focus of this thesis has been from a production point of view which means that only limited economic 
aspects have been taken into account. Consequently, this necessitates further investigations from an economic point 
of view before any final decisions should be taken.  

As it is clear that the bolters are the biggest bottleneck in the production, Boliden needs to work hard to increase 
the efficiency of them as they are probably the bottlenecks in other mines as well. Some productivity increase could 
be gained by pushing the Standard Operating Procedure (SOP) harder and really make everyone follow it. Because 
now, during the two weeks introduction in Kristineberg it was noticed that almost every operator is doing the work 
differently. Even though observations of the operators were during a short period of time, the conclusion is that the 
difference in operating time between operators could be up to 15  %. Another way forward with the bolters are to 
buy another one, as seen in the results the gain from implementing just one extra bolter was significant. (Figure 9)  

When the bolters operating times were improved with −50  % the LHD’s and scalers started to become the 
bottlenecks. I cannot see how the scalers are going to be faster with today’s technology so the machines to focus on 
next could be the LHD’s. 50  % faster bolters might be very hard to achieve but the results at least showed which 
type of machines that will be the next bottleneck.  

As showed in Section 3.1.6 the MIS-simulations gave results that were good. However, improvement of this 
time will possibly be difficult. For example if the operator needs to refuel the machine between jobs he/she cannot 
drive faster to the gas station than the speed limit allows.  

Another interesting continuation to the simulations in this thesis would be to look at more combinations of 
automation solutions instead of one machine type at the time. The only time this thesis touched this area was the 
final study when all properties of almost all machines and procedures were maxed at the same time. A more realistic 
happening in the future would maybe be to automate the LHD’s and the drill rigs and the same time optimize the 
bolting operation. Therefore it would be interesting to study this and see if there exists a need for e.g. increased 
personnel for maintenance and supervising.  

The results from the maintenance simulations showed that there is potential in preventing and more quickly 
repairing micro faults. As micro faults are so commonly present there is a lot to be gained from improvements. By 
rotating the operators less on the machines maybe a bond between the operator and machine can be established. That 
way maybe he or she is more careful with it. To be able to repair the faults more quickly better preparations and a 
bigger supply of spare parts on the machines can be a solution.  

The drill rigs and the Simba is not the bottlenecks today and were never close to being it either for any scenario 
simulated. It should be further investigated to see what happens if a drill rig is removed or that it is only manned 
75  % of its available time. As long as the production is maintained the less vehicle hours you can have – the better.  

As mentioned in Section 3.1.5 it should be considered to invest in autonomous LHD’s, as they do not only 
increase the production. In addition to improve the safety in the mine as no operator is present on the machine, 
autonomous LHD’s also has the advantage that they can start work earlier as there is no need for washing the blast 
or ventilate the blast gases. Rough estimates indicate that ~30 minutes per blast could be saved from this.  
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6   Conclusion 

It might seem easy in the simulation program just to assume that all things work as they should, but in real life 
there are many challenges before fully automated machines are widely implemented. For example there are a lot of 
things around the automated machines that needs to be fixed before they can be started; infrastructure, supervision 
and so on. That can very well reduce or even take away all the potential profitability from an increased production, 
and as automation is still a quite new technology it is expensive to buy.  

One aim with the thesis was to investigate utilization rates of machines in order to see if the size of the fleet was 
reasonable. The simulation results showed that the fleet was under dimensioned. The bolters had big problems 
keeping up. But if the way forward is to buy another bolter is unsaid. The simulations scenarios with manual bolters 
but shorter operating times showed that there was still a potential in manually operated machines. Even with a 10  % 
improvement of the operating times the increase in production became 5,6  %. An extra bolter gave an increase in 
production of 7,6  %, which is significant for one extra machine. If the bolters were automated and ran with the 
schedule A18h the increase became 6,1  %. As seen here there are multiple ways forward and which one that is the 
right one is impossible to answer. They all have their advantages and disadvantages regarding safety, costs, 
requirements and need for personnel.  

Further, the simulations regarding minor faults showed how the faults are affecting the results, and it shows that 
a lot of potential is lost today. For example, Boliden could increase their production in Kristineberg with 0,8 −
0,9  % if they repaired minor faults 10  % quicker or that if minor faults appeared with 10  % longer intervals.  

Today, the number of autonomous machines on the market is limited, which makes the decision to invest in 
more autonomous solutions difficult. Even though the industry is sure that more and more automation is coming, the 
risk today is not insignificant. In the framing of research questions in the beginning of the thesis part of the aim was 
to provide Boliden with more information about how autonomous machines or improved manual ones would affect 
the production. This thesis presents results that shows Boliden how the production would be with several different 
automation solutions. As mentioned in Section 5 more work should be done regarding simulation of combinations of 
automation solutions, not a single machine type at the time.  
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Appendix A.   Definition of working schedules 

Definitions of colors 

 
 
Old shift 

´  
Work time per week: 87h 50min 
 
New shift 

 
Work time per week: 100h 20min 
 
Autonomous, can only work when people are present, A18h 

 
Work time per week: 124h 15min 
 
Autonomous, can work all the time, A24h 
It means that the machines work continuously during nights and days. No stops or other delays caused by shift 

transitions or food breaks. Work time per week: 168h 

Other  delay Shift  end

Start Stop Start Stop Start Stop Start Stop Start Stop Start Stop
Mon 06:45 08:40 10:50 13:00 14:45 17:30 18:50 22:00 23:00 24:00
Tue 00:00 01:30 02:50 09:40 10:50 13:00 14:45 17:40 18:50 22:00 23:00 24:00
Wed 00:00 01:30 02:50 09:40 10:50 13:00 14:45 17:40 18:50 22:00 23:00 24:00
Thu 00:00 01:30 02:50 09:40 10:50 13:00 14:45 17:40 18:50 22:00 23:00 24:00
Fri 00:00 01:30 02:50 09:40 10:50 13:00 14:45 17:40 18:50 22:30
Sat 06:45 09:30 10:50 12:10
Sun 06:45 09:30 10:50 12:10

Start Stop Start Stop Start Stop Start Stop Start Stop Start Stop
Mon 06:15 09:45 11:10 14:45 15:45 19:00 20:00 24:00
Tue 06:15 09:45 11:10 14:45 15:45 19:00 20:00 24:00
Wed 06:15 09:45 11:10 14:45 15:45 19:00 20:00 24:00
Thu 06:15 09:45 11:10 14:45 15:45 19:00 20:00 24:00
Fri 06:15 09:45 11:10 14:45 15:45 19:00 20:00 24:00
Sat 06:15 09:45 11:10 14:45 15:45 19:00 20:00 24:00
Sun 06:15 09:45 11:10 14:45 15:45 19:00 20:00 24:00

Start Stop Start Stop Start Stop Start Stop Start Stop Start Stop
Mon 06:15 24:00
Tue 06:15 24:00
Wed 06:15 24:00
Thu 06:15 24:00
Fri 06:15 24:00
Sat 06:15 24:00
Sun 06:15 24:00
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Appendix B.   Input data 

Table 1. Bolting 

 Downward benching         
[min/length m] 

Access             
[m/length m] 

Vertical retreat/rill 
[min(length m] 

Drift                                            
[min/length m] 

 Min Mode Max Min Mode Max Min Mode Max Min Mode Max 
Standard bolter             
Bolt drill times 13,53 30,68 47,83 17,56 24,08 30,61 0 0 0 9,21 35,61 56,01 
Bolting times 19,37 41,73 64,09 21,91 28,43 34,96 0 0 0 12,60 36,12 59,65 
Bolter -10%             

Bolt drill times 12,18 27,61 43,05 15,80 21,67 27,55 0 0 0 8,29 32,05 50,41 
Bolting times 17,43 37,56 57,68 19,72 25,59 31,46 0 0 0 11,34 32,51 53,69 
Bolter -20%             

Bolt drill times 10,82 24,54 38,26 14,05 19,26 24,49 0 0 0 7,37 28,49 44,81 
Bolting times 15,50 33,38 51,27 17,53 22,74 27,97 0 0 0 10,08 28,90 47,72 
Bolter -30%             

Bolt drill times 9,47 21,48 33,48 12,29 16,86 21,43 0 0 0 6,45 24,93 39,21 
Bolting times 13,56 29,21 44,86 15,34 19,90 24,47 0 0 0 8,82 25,28 41,76 
Bolter -50%             

Bolt drill times 6,77 15,34 23,92 8,78 12,04 15,31 0 0 0 4,61 17,81 28,01 
Bolting times 9,69 20,87 32,05 10,96 14,22 17,48 0 0 0 6,30 18,06 29,83 

Autonomous bolter -50%             
Autonomous bolt drill times 5,62 14,20 22,77 7,64 10,90 14,16 0 0 0 3,46 16,66 26,86 
Autonomous bolting times 8,54 19,72 30,90 9,81 13,07 16,34 0 0 0 5,16 16,92 28,68 

 

Table 2. Drilling 

 Downward benching 
[min] Access [min] Vertical retreat/rill [min] Drift [min] 

 Min Mode Max Min Mode Max Min Mode Max Min Mode Max 
Standard drill rigs             

Drill rigs 75,75 194,3 312,9 90,8 120,8 150,8 0 0 0 208,84 335,93 463,01 
Simba 75,75 194,3 312,9 90,8 120,8 150,8 409,86 927,55 1445,25 208,84 335,93 463,01 

Drill rigs -10%             
Drill rigs 68,18 174,87 281,61 81,72 108,72 135,72 0 0 0 187,96 302,34 416,71 

Simba 68,18 174,87 281,61 81,72 108,72 135,72 368,87 834,80 1300,73 187,96 302,34 416,71 
Drill rigs -20%             

Drill rigs 60,6 155,44 250,32 72,64 96,64 120,64 0 0 0 167,07 268,74 370,41 
Simba 60,6 155,44 250,32 72,64 96,64 120,64 327,89 742,04 1156,20 167,07 268,74 370,41 

Autonomous drill 
rigs             

Drill rigs 65,25 183,80 302,40 80,30 110,30 140,30 0 0 0 198,34 325,43 452,51 
Simba 65,25 183,80 302,40 80,30 110,30 140,30 386,36 904,05 1421,75 198,34 325,43 452,51 

Autonomous drill 
rigs -10%             

Drill rigs 58,73 165,42 272,16 72,27 99,27 126,27 0 0 0 178,51 292,89 407,26 
Simba 58,73 165,42 272,16 72,27 99,27 126,27 347,72 813,65 1279,58 178,51 292,89 407,26 

Autonomous drill 
rigs -20%             

Drill rigs 52,2 147,04 241,92 64,24 88,24 112,24 0 0 0 158,67 260,34 362,01 
Simba 52,2 147,04 241,92 64,24 88,24 112,24 309,09 723,24 1137,40 158,67 260,34 362,01 

 

Table 3. LHD 
 Downward benching Access Vertical retreat/rill Drift 
 Min Mode Max Min Mode Max Min Mode Max Min Mode Max 

Standard Toro             
Cleaning [min/length m] 3,6 12,1 20,7 11,0 14,2 17,5 0 0 0 8,7 21,8 34,9 

Face cleaning [min] 16,5 55,8 95,1 50,4 65,4 80,4 12 72 132 29,8 71,7 133,5 
Loading [min/length m] 21,91 28,43 34,96 21,91 28,43 34,96 47,14 218,27 389,4 18,81 51,48 84,15 
Standard L180, Extra             
Loading [min/length m] 21,91 28,43 34,96 21,91 28,43 34,96 47,14 218,27 389,4 18,81 51,48 84,15 

Standard L120             
Fine cleaning [min] 0 0 0 0 0 0 0 0 0 23,12 45,01 66,9 
Autonomous Toro             

Cleaning [min/length m] 1,43 9,93 18,53 8,83 12,03 15,33 0 0 0 6,53 19,63 32,73 
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Face cleaning [min] 14,33 53,63 92,93 48,23 63,23 78,23 9,83 69,83 129,83 27,63 69,53 131,33 
Loading [min/length m] 19,74 26,26 32,79 19,74 26,26 32,79 44,97 201,60 372,73 16,64 49,31 81,98 
Standard L180, Extra             
Loading [min/length m] 19,74 26,26 32,79 19,74 26,26 32,79 44,97 201,60 372,73 16,64 49,31 81,98 

Standard L120             
Fine cleaning [min] 0 0 0 0 0 0 0 0 0 20,95 42,84 64,73 

Autonomous Toro -10%             
Cleaning [min/length m] 1,28 8,93 16,67 7,94 10,82 13,79 0 0 0 5,87 17,66 29,45 

Face cleaning [min] 12,89 48,26 83,63 43,40 56,90 70,40 8,84 62,84 116,84 24,86 62,57 118,19 
Loading [min/length m] 17,76 23,63 29,51 17,76 23,63 29,51 40,47 181,44 335,46 14,97 44,38 73,78 

Standard L180, Extra        -
10%             

Loading [min/length m] 17,76 23,63 29,51 17,76 23,63 29,51 40,47 181,44 335,46 14,97 44,38 73,78 
Standard L120 -10%             

Fine cleaning [min] 0 0 0 0 0 0 0 0 0 18,85 38,55 58,25 
Autonomous Toro -20%             
Cleaning [min/length m] 1,14 7,94 14,82 7,06 9,62 12,26 0 0 0 5,22 15,70 26,18 

Face cleaning [min] 11,46 42,90 74,34 38,58 50,58 62,58 7,86 55,86 103,86 22,10 55,62 105,06 
Loading [min/length m] 15,79 21,00 26,23 15,79 21,00 15,79 35,97 161,28 298,19 13,31 39,44 65,58 

Standard L180, Extra        -
20%             

Loading [min/length m] 15,79 21,00 26,23 15,79 21,00 15,79 35,97 161,28 298,19 13,31 39,44 65,58 
Standard L120 -20%             

Fine cleaning [min] 0 0 0 0 0 0 0 0 0 16,76 34,27 51,78 
 

Table 4. Scaling 
 Downward benching Access Vertical retreat/rill Drift 
 Min Mode Max Min Mode Max Min Mode Max Min Mode Max 

Standard Scaler             
Scaling [min/length m] 18,7 35,4 52 21,9 28,4 34,9 0 0 0 14,8 33,6 52,5 

Face scaling [min] 66,9 151 235 100,8 130,8 160,8 16,6 69,4 122,3 40 142,7 245,5 
Scaler -10%             

Scaling [min/length m] 16,83 31,86 46,80 19,71 25,56 31,41 0 0 0 13,32 30,24 47,25 
Face scaling [min] 60,21 135,90 211,50 90,72 117,72 144,72 14,94 62,46 110,07 36,00 128,43 220,95 

 

Table 5. Shotcreting 

 Downward benching 
[min/m3] Access [min/m3] Vertical retreat/rill 

[min/m3] Drift [min/m3] 

 Min Mode Max Min Mode Max Min Mode Max Min Mode Max 
Standard 
Shotcrete             

Shotcreting 0,98 10 19,01 6,61 9,87 13,13 0 0 0 0,7 9,87 19,05 
Shotcrete -10%             

Shotcreting 0,88 9,00 17,11 5,95 8,88 11,82 0 0 0 0,63 8,88 17,15 
 

Table 6. Charging 
 Downward benching [min] Access [min] Vertical retreat/rill [min] Drift [min] 
 Min Mode Max Min Mode Max Min Mode Max Min Mode Max 

Standard charger             
Charging 52 94,14 136,25 100 130,8 160,8 84,4 179 273,7 68,59 121,3 174 

 

Table 7. Washing 
 Downward benching [min] Access [min] Vertical retreat/rill [min] Drift [min] 
 Min Mode Max Min Mode Max Min Mode Max Min Mode Max 

Standard water vehicle             
Washing 0 9,42 22,33 17,7 17,7 17,7 0 34,22 76,16 0 10,83 21,72 

 

Table 8. Mine Insight 
 Min [min] Mode [min] Max [min] 

Standard MIS 15 22 30 
MIS -10%, -10%, -20% 13,5 19,8 24,0 
MIS -10%, -20%, -30% 13,5 17,6 21,0 
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MIS -20%, -20%, -30% 12,0 17,6 21,0 
 

Table 9. Preventive maintenance 
Bolter as example Interval [h] 

Standard PM 200 
PM -5% 210 

PM -10% 220 
PM -20% 240 

 

Table 10. Micro fault, MTBF 
Bolter as example MTBF [h] 

Standard 10,0 
-5% 10,5 

-10% 11,0 
-20% 12,0 

 

Table 11. Micro faults, MTTR 
Bolters as example MTTR [h] MTTR deviation [h] 

Standard 1,0 0,25 
-5% 0,95 0,2375 

-10% 0,9 0,225 
-20% 0,8 0,2 
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Appendix C.   Results  

1   New shift schedule 

Table 1. # rounds per face type. 
New  shift  schedule      Old  shift  schedule  

Face  type   #  rounds      Face  type   #  rounds  
Access   192      Access   167  
Downward  benching   892      Downward  benching   804  
Drift   578      Drift   489  
Vertical  retreat   129      Vertical  retreat   117  
Total   1791      Total   1577  

 

 
Figure 1. Fleet data; new shift schedule to the left, old shift schedule to the right. 

2   Bolters 

Table 2. # rounds per face type. 
BD  -5%      BD  -10%  

Face  type   #  rounds      Face  type   #  rounds  
Access   199      Access   205  
Downward  benching   910      Downward  benching   930  
Drift   600      Drift   609  
Vertical  retreat   135      Vertical  retreat   137  
Total   1844      Total   1881  
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Table 3. # rounds per face type. 
BD  -10%,  -1,  -1p      BD  -20%  

Face  type   #  rounds      Face  type   #  rounds  
Access   217      Access   203  
Downward  benching   860      Downward  benching   957  
Drift   708      Drift   640  
Vertical  retreat   120      Vertical  retreat   133  
Total   1905      Total   1933  

 

Table 4. # rounds per face type. 
BD  -30%      BD  -50%  

Face  type   #  rounds      Face  type   #  rounds  
Access   198      Access   197  
Downward  benching   965      Downward  benching   973  
Drift   635      Drift   642  
Vertical  retreat   141      Vertical  retreat   137  
Total   1939      Total   1949  

 

Table 5. # rounds per face type. 
BD  -50%,  -1,  -1p      BD  -50%,  -2,  -2p  

Face  type   #  rounds      Face  type   #  rounds  
Access   197      Access   198  
Downward  benching   964      Downward  benching   894  
Drift   640      Drift   780  
Vertical  retreat   129      Vertical  retreat   129  
Total   1930      Total   2001  

 

Table 6. # rounds per face type. 
BD  A18h      BD  +1  

Face  type   #  rounds      Face  type   #  rounds  
Access   197         197  
Downward  benching   947         948  
Drift   616         633  
Vertical  retreat   131         137  
Total   1891         1915  
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Figure 2. Fleet data; BD -5% to the left, new shift schedule to the right. 

 

 
Figure 3. Fleet data; BD -10% to the left, new shift schedule to the right. 
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Figure 4. Fleet data; BD -10%, -1, -1p to the left, new shift schedule to the right. 

 

 
Figure 5. Fleet data; BD -20% to the left, new shift schedule to the right. 
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Figure 6. Fleet data; BD -30% to the left, new shift schedule to the right. 

 

 
Figure 7. Fleet data; BD -50% to the left, new shift schedule to the right. 
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Figure 8. Fleet data; BD -50%, -1, -1p to the left, new shift schedule to the right. 

 

 
Figure 9. Fleet data; BD -50%, -2, -2p to the left, new shift schedule to the right. 



 

 
 

11 

 

 
Figure 10. Fleet data; BD A18h to the left, new shift schedule to the right. 

 

 
Figure 11. Fleet data; BD +1 to the left, new shift schedule to the right. 
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3   Drill rigs 

Table 7. # rounds per face type. 
DR  -10%      DR  -20%  

Face  type   #  rounds      Face  type   #  rounds  
Access   193      Access   195  
Downward  benching   894      Downward  benching   880  
Drift   571      Drift   587  
Vertical  retreat   134      Vertical  retreat   132  
Total   1792      Total   1794  

 

Table 8. # rounds per face type. 
DR  A18h      DR  A18h  -10%  

Face  type   #  rounds      Face  type   #  rounds  
Access   201      Access   201  
Downward  benching   886      Downward  benching   884  
Drift   571      Drift   579  
Vertical  retreat   130      Vertical  retreat   133  
Total   1788      Total   1797  

 

Table 9. # rounds per face type. 
DR  A18h  -20%      DR  A24h  

Face  type   #  rounds      Face  type   #  rounds  
Access   198      Access   193  
Downward  benching   887      Downward  benching   896  
Drift   585      Drift   580  
Vertical  retreat   129      Vertical  retreat   124  
Total   1799      Total   1793  

 

Table 10. # rounds per face type. 
DR  A24h  -10%      DR  A24h  -20%  

Face  type   #  rounds      Face  type   #  rounds  
Access   195      Access   199  
Downward  benching   891      Downward  benching   875  
Drift   577      Drift   592  
Vertical  retreat   133      Vertical  retreat   129  
Total   1796      Total   1795  
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Figure 12. Fleet data; DR -10% to the left, new shift schedule to the right. 

 

 
Figure 13. Fleet data; DR -20% to the left, new shift schedule to the right. 
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Figure 14. Fleet data; DR A18h to the left, new shift schedule to the right. 

 

 
Figure 15. Fleet data; DR A18h -10% to the left, new shift schedule to the right. 
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Figure 16. Fleet data; DR A18h -20% to the left, new shift schedule to the right. 

 

 
Figure 17. Fleet data; DR A24h to the left, new shift schedule to the right. 
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Figure 18. Fleet data; DR A24h -10% to the left, new shift schedule to the right. 

 

 
Figure 19. Fleet data; DR A24h -20% to the left, new shift schedule to the right. 
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4   Simba 

Table 11. # rounds per face type. 
Simba  -10%      Simba  -20%  

Face  type   #  rounds      Face  type   #  rounds  
Access   197      Access   205  
Downward  benching   887      Downward  benching   879  
Drift   580      Drift   581  
Vertical  retreat   129      Vertical  retreat   134  
Total   1793      Total   1799  
 

Table 12. # rounds per face type. 
Simba  A18h      Simba  A18h  -10%  

Face  type   #  rounds      Face  type   #  rounds  
Access   195      Access   202  
Downward  benching   882      Downward  benching   883  
Drift   573      Drift   574  
Vertical  retreat   136      Vertical  retreat   136  
Total   1786      Total   1795  

 

Table 13. # rounds per face type. 
Simba  A18h  -20%      Simba  A24h  

Face  type   #  rounds      Face  type   #  rounds  
Access   206      Access   200  
Downward  benching   893      Downward  benching   891  
Drift   573      Drift   570  
Vertical  retreat   132      Vertical  retreat   131  
Total   1804      Total   1792  

 

Table 14. # rounds per face type. 
Simba  A24h  -10%      Simba  A24h  -20%  

Face  type   #  rounds      Face  type   #  rounds  
Access   200      Access   203  
Downward  benching   882      Downward  benching   892  
Drift   578      Drift   577  
Vertical  retreat   135      Vertical  retreat   131  
Total   1795      Total   1803  
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Figure 20. Fleet data; Simba -10% to the left, new shift schedule to the right. 

 

 
Figure 21. Fleet data; Simba -20% to the left, new shift schedule to the right. 
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Figure 22. Fleet data; Simba A18h to the left, new shift schedule to the right. 

 

 
Figure 23. Fleet data; Simba A18h -10% to the left, new shift schedule to the right. 
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Figure 24. Fleet data; Simba A18h -20% to the left, new shift schedule to the right. 

 

 
Figure 25. Fleet data; Simba A24h to the left, new shift schedule to the right. 
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Figure 26. Fleet data; Simba A24h -10% to the left, new shift schedule to the right. 

 

 
Figure 27. Fleet data; Simba A24h -20% to the left, new shift schedule to the right. 
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5   LHD 

Table 15. # rounds per face type. 
LHD  A18h      LHD  A18h  -10%  

Face  type   #  rounds      Face  type   #  rounds  
Access   202      Access   194  
Downward  benching   894      Downward  benching   890  
Drift   573      Drift   580  
Vertical  retreat   130      Vertical  retreat   134  
Total   1799      Total   1798  

 

Table 16. # rounds per face type. 
LHD  A18h  -20%      LHD  A24h  

Face  type   #  rounds      Face  type   #  rounds  
Access   203      Access   204  
Downward  benching   897      Downward  benching   903  
Drift   571      Drift   565  
Vertical  retreat   132      Vertical  retreat   131  
Total   1803      Total   1803  

 

Table 17. # rounds per face type. 
LHD  A24h  -10%      LHD  A24h  -20%  

Face  type   #  rounds      Face  type   #  rounds  
Access   201      Access   204  
Downward  benching   896      Downward  benching   889  
Drift   572      Drift   591  
Vertical  retreat   136      Vertical  retreat   130  
Total   1805      Total   1814  
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Figure 28. Fleet data; LHD A18h to the left, new shift schedule to the right. 

 

 
Figure 29. Fleet data; LHD A18h -10% to the left, new shift schedule to the right. 
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Figure 30. Fleet data; LHD A18h -20% to the left, new shift schedule to the right. 

 

 
Figure 31. Fleet data; LHD A24h to the left, new shift schedule to the right. 
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Figure 32. Fleet data; LHD A24h -10% to the left, new shift schedule to the right. 

 

 
Figure 33. Fleet data; LHD A24h -20% to the left, new shift schedule to the right. 
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6   Mine Insight 

Table 18. # rounds per face type. 
MIS  -10%,  -10%,  -20%      MIS  -10%,  -20%,  -30%  

Face  type   #  rounds      Face  type   #  rounds  
Access   204      Access   199  
Downward  benching   895      Downward  benching   888  
Drift   572      Drift   585  
Vertical  retreat   132      Vertical  retreat   131  
Total   1803      Total   1803  
 

Table 19. # rounds per face type. 
MIS  -20%,  -20%,  -30%  

Face  type   #  rounds  
Access   202  
Downward  benching   894  
Drift   580  
Vertical  retreat   132  
Total   1808  
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Figure 34. Fleet data; MIS -10%, -10%, -20% to the left, new shift schedule to the right. 

 

 
Figure 35. Fleet data; MIS -10%, -20%, -30% to the left, new shift schedule to the right. 
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Figure 36. Fleet data; MIS -20%, -20%, -30% to the left, new shift schedule to the right. 

7   Maintenance 

Table 20. # rounds per face type. 
PM  -5%      PM  -10%  

Face  type   #  rounds      Face  type   #  rounds  
Access   199      Access   200  
Downward  benching   886      Downward  benching   880  
Drift   573      Drift   582  
Vertical  retreat   131      Vertical  retreat   135  
Total   1789      Total   1797  

 

Table 21. # rounds per face type. 
PM  -20%      MF  MTTR  -5%  

Face  type   #  rounds      Face  type   #  rounds  
Access   198      Access   195  
Downward  benching   896      Downward  benching   894  
Drift   573      Drift   579  
Vertical  retreat   129      Vertical  retreat   126  
Total   1796      Total   1794  

 

Table 22. # rounds per face type. 
MF  MTTR  -10%      MF  MTTR  -20%  

Face  type   #  rounds      Face  type   #  rounds  
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Access   203      Access   202  
Downward  benching   889      Downward  benching   897  
Drift   580      Drift   584  
Vertical  retreat   133      Vertical  retreat   131  
Total   1805      Total   1814  

 

Table 23. # rounds per face type. 
MF  MTBF  -5%      MF  MTBF  -10%  

Face  type   #  rounds      Face  type   #  rounds  
Access   193      Access   199  
Downward  benching   903      Downward  benching   898  
Drift   572      Drift   576  
Vertical  retreat   130      Vertical  retreat   131  
Total   1798      Total   1804  

 

Table 24. # rounds per face type. 
MF  MTBF  -20%  

Face  type   #  rounds  
Access   200  
Downward  benching   891  
Drift   587  
Vertical  retreat   131  
Total   1809  
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Figure 37. Fleet data; PM -5% to the left, new shift schedule to the right. 

 

 
Figure 38. Fleet data; PM -10% to the left, new shift schedule to the right. 
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Figure 39. Fleet data; PM -20% to the left, new shift schedule to the right. 

 

 
Figure 40. Fleet data; MF MTTR -5% to the left, new shift schedule to the right. 
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Figure 41. Fleet data; MF MTTR -10% to the left, new shift schedule to the right. 

 

 
Figure 42. Fleet data; MF MTTR -20% to the left, new shift schedule to the right. 
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Figure 43. Fleet data; MF MTBF -5% to the left, new shift schedule to the right. 

 

 
Figure 44. Fleet data; MF MTBF -10% to the left, new shift schedule to the right. 
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Figure 45. Fleet data; MF MTBF -20% to the left, new shift schedule to the right. 

 

8   Maxed scenario 

Table 25. # rounds per face type. 
Maxed  

Face  type   #  rounds  
Access   221  
Downward  benching   1088  
Drift   729  
Vertical  retreat   152  
Total   2190  
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Figure 46. Fleet data; Maxed scenario to the left, new shift schedule to the right. 

  


