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Sammanfattning
Syftet med denna avhandling är att optimera fragmenteringen i Bolidens Minerals
dagbrott Aitikgruvan. Sprängning är en av huvudprocesserna i gruvbrytning och dess 
resultat har stor inverkan på gruvans totala ekonomi. Resultatet av fragmenteringen
påverkar inte bara gruvans produktivitet och enhetskostnader utan även de
efterföljande processerna krossning och malning i anrikningsverket. 

Optimeringar av delar i ett system leder ofta till en suboptimering av hela systemet.
Traditionellt har gruvan och anrikningsverket varit uppdelade i separata 
resultatenheter med följd att gruvan suboptimerad sprängningen mot gruvans
kostnader, utan hänsyn till resultatet längre fram i produktionskedjan. 

I det här arbetet inriktas designen av sprängningen mot de optimering av hela 
processen gruva och anrikning, d.v.s. maximera genomsättningen. Primärkvarnarna i
anrikningsverket har identifierats som flakhals i produktionssystemet,
gruva/anrikningsverk, varför sprängoptimering inriktas mot att maximera
genomsättningen i dessa. 

Aitikgruvan är utrustad med teknik som möjliggör spårning av malmen från position i 
gruvan genom anrikningsverk, vilket medför att även resultat i anrikningsverk, t.ex. 
genomsättning i primärkvarnarna, kan återkopplas till dess ursprungliga position i 
gruvan.

Utifrån kvarnarnas beteende, fyllnadsgrad, effekt och ingående styckefall, under 
produktion, kan en optimal förändring i styckefall bestämmas. Med utgångspunkt från 
att malmen har lika fragmenteringsegenskaper i dess stupningsriktning kan antagandet 
göras att malmen i underliggande pall har liknande mekaniska egenskaper som den 
aktuella salvan/området, vilket antas ge lika resultat vid samma sprängdesign. Det 
optimala styckefallet återkopplas till gruvan och en sprängdomänsindelning och 
sprängdesign för dessa domäner kan göras för nästkommande brytningsnivå. 

Med utgångspunkt från det optimala styckefallet för primärkvarnarna för de olika 
områdena i gruvan, bestäms sprängdesignen för underliggande pall med hjälp av en 
sprängmodell och en krossmodell. För att modellera krossningen och sprängningen 
görs inga laboratorietest eller fältarbeten, utan de ingående parametrarna fås ur den
styckefallsfördelning, både före och efter kross, som uppnås i de olika 
sprängdomänerna.

För att undersöka om finare styckefall ger ökad genomsättning i primärkvarnarna har 
fem testsalvor skjutits och utvärderats. Salvorna har jämförts mot de salvor som låg 
rakt ovan i föregående pall. Testsalvorna fick 35 % högre specifik laddning än vad
som vanligtvis används. Salvornas position i gruvan var inte valda utifrån
sprängdomänsindelningen, utan tagna när tillfälle gavs. Genomsättningsökningen för 
de fem testsalvorna blev i medel åtta procent. För de två testsalvorna som låg i 
sprängdomänen som har den högsta förväntade genomsättningsökningen blev 
genomsättningen 14 respektive 22 procent högre. 

Den samlade kunskapen om styckefallets inverkan på genomsättningen i 
primärkvarnarna pekar mot att finare styckefall i regel ger högre genomsättning.
Innan metodiken med att bestämma det optimala styckefallet kan användas fullt ut, 
måste fler undersökningar göras för att fastställa sambanden, framförallt behövs fler 
testsalvor. För utveckling av kross- och sprängmodellerna måste styckefallsmätningen
bli mer tillförlitlig.
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Abstract
The objective of this thesis is to optimise the fragmentation at Boliden Minerals open 
pit mine Aitik. Blasting is one of the main operations in mining, and its performance
has a major impact on the overall economy of the mine. The fragmentation process 
affects not only the local productivity and unit costs of the mining department. It also 
affects the performance of the subsequent comminution steps, crushing and grinding. 

Local optimisation of parts of a production system, quite often results in a sub-
optimisation of the total system. Traditionally the mine and the mill have been divided
into different cost centres, with the consequence that the mine has sub optimised the
blasting for the mining costs, without consideration to the result further down the 
production.

In this work the optimisation of the blast fragmentation has been aimed at the optimal 
for the whole process mine and mill, i.e. maximising the throughput. The primary
grinding in the mill has been identified as the bottleneck of the production system
mine and mill, therefore the blast optimisation has been aimed at maximising the
throughput in these. 

The Aitik mine has equipment for tracking the ore from positions in the mine through 
the mill, which makes it possible to back track grinding results, e.g. throughput in 
primary grinding, to their origin in the mine.

From the behaviour of the grinding mills, fill level, power and feed size, during
production, an optimal change in fragmentation can be determined.

Since the ore has similar fragmentation properties along the dip of the ore, it is 
assumed that the ore properties in underlying mining level is similar to what the
current blast/domain has, which should give similar results with the same blast design. 
The optimal change in fragmentation is back tracked to the mine and a blast domain
classification and blast design for the underlying mining level can be done. 

By using the optimal change in fragmentation for the primary mills, the blast design
for the underlying mining level are determined by using a blast model and a crusher
model. No laboratory work or field tests are used for the blast and crusher modelling.
The input parameters are obtained from the size distribution, before and after crusher, 
achieved from the different domains.

To investigate if finer fragmentation results in higher throughput in the primary
grinding, five trial blasts were evaluated. The trial blasts were compared to the
neighbouring blasts in the bench above. The trial blasts had 35 % higher powder
factor than standard blasts. The location of the trial blast was not chosen with regard 
to the blast domains, but taken when and where possible. The average increase in 
throughput for the five trial blasts were eight percent, and for two of the trial blasts, 
which were located in the blasting domain where the expected increase in throughput 
was highest, the throughput increased by 14 and 22 percent. 

The gathered knowledge of the influence of the feed size on the grinding performance
indicates that a finer fragmentation generally gives a higher throughput. Before the 
method with calculating an optimal change in fragmentation can be fully applied, 
further investigations needs to be done to ensure the relationships. Above all more
trial blasts are needed. For the development of the blast and the crusher model the 
fragment size measurement has to be more reliable. 
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1 Introduction 
Drilling and blasting is one of the main operations in open-pit mining, and its 
performance has a major impact on the overall economy of the mine. The
fragmentation process affects not only the local productivity and unit costs of the 
mining department. It even influences the performance of the subsequent
comminution steps, particularly when autogenous grinding is employed, and thus the 
throughput of the total production system.

Traditionally mines have been divided into different departments, or cost centres, e.g. 
a mining department and a milling department. The mining department has been
responsible for the productivity and costs in the open-pit. The mining department will 
then try to minimise its costs for drilling and blasting by increasing spacing and hole 
diameters, while supplying the tonnage required by the processing plant. Since the 
loaders and the truck fleet are within the responsibility of the mining department, the
digability, the ease of which the ore can be dug, of the muck pile, i.e. mean fragment
size, amount of boulders etc., will govern how much the specific charge may be
reduced or increased.

The size distribution, or fragmentation, of the ore supplied to the comminution
process may have a significant impact on the throughput of the mill, Valery et al. 
(2001), but the relationship is not yet fully understood. It is not very likely that the 
optimum fragmentation that minimises the drilling and blasting costs of the mining
department at the same time will maximise the throughput and minimise the 
production costs of the mill.

The Aitik mine is an open-pit copper mine situated in the northern part of Sweden.
From the pit the ore goes through crushing, autogenous grinding and flotation to 
produce a copper concentrate. The mine commenced production in 1968 with an 
annual production volume of two million tonnes of ore. As the metal prices have 
dropped, new larger scale equipment have made it possible to increase the production 
capacity of the mine, thus maintaining its profitability. Over the years three major
expansions, with large investments, led to an annual production of 16 million tonnes 
of ore in 1993. After the latest expansion much work has been done to increase the 
capacity in the existing mill, above all improvements and increased utilisation of the 
mills. This work increased the capacity by two million tonnes, to the current annual 
production of 18 Mt ore, but the primary grinding is still considered to be the 
bottleneck of the mine/mill system. A proposed further increase in mine production
involving the construction of a new grinding circuit does not seem to be economically
viable, due to the magnitude of the investment required. 

The very high fixed costs involved in mining assure that an increase in sales volume
almost always will improve the profitability of the mine, even if the variable costs 
should increase somewhat. The theory of constraints, Goldratt and Cox (1992), 
explains that as long as there is a market demand, the production capacity and sales 
volume is limited by one single constraint or bottleneck within the production system. 
To increase the production capacity of the system as a whole, this constraint must be 
identified and its throughput maximised. Observing the system and see where the 
material is stocking identifies the bottleneck, the following operation is the 
bottleneck. In Aitik the primary mills are the bottleneck. Local optimisation of parts 
of a production system, quite often results in a sub-optimisation of the total system.
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To increase the throughput of a bottleneck one may:

Make sure the bottleneck runs at maximum capacity. 

Make sure that it is never idle, e.g. due to lack of raw material.

Reduce downtime for breakdowns, maintenance and set-up. 

Reduce the processing time required at the bottleneck. 

Add more capacity. 

To exploit a bottleneck in primary grinding to its maximum the mine should: 

Maximise the availability of the autogenous mills.

Maximise the production time at the mills and minimise the idle time.

Make the mills run at maximum capacity/load.

Make sure the primary mills are never starved for ore. 

Provide a mill feed that requires minimum processing time at the primary 
mills.

Good maintenance is essential in achieving the three first points on the list. 
Maintaining some over capacity in the open-pit together with an appropriately sized
stockpile before the primary mills will prevent minor breakdowns in the open-pit from
causing the mill to shout down or have to operate at reduced capacity. The final point
of providing a mill feed that requires minimum processing time at the primary mills
has been the objective of this investigation. 

1.1 Hypotheses 
The primary grinding mills are considered to be the bottleneck of the whole system
mine and mill. The result of blasting, and crushing, will affect the throughput in the
primary mills and successively the overall profitability of the whole operation.
Mechanical properties and feed size distribution of the mill feed controls the 
throughput in the primary mills.

Today the same blast design is used for the whole ore body, irrespective if there are
large variations in the mechanical properties of the ore. Due to the variations of the
mechanical properties, it is impossible to find one optimum fragmentation for the 
whole mine. By adapting blast design for different areas it should be possible to 
design individual blasts so that the result is closer to the optimum than the current
design is. For example areas where the optimum fragmentation is finer than achieved, 
by the current blast design, should be blasted finer, which can be achieved by
increasing the specific charge, the amount of explosives per volume blasted. 
Decreasing the burden and spacing and/or increasing the amount of explosive in the
blast holes can increase the specific charge. 
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2 Theoretical background
This part of the work starts with a description of the theory behind “what to optimise
and why”, followed by a part that describes the primary grinding, which is the subject 
of the optimisation, how it works and what affects the result. After this the mechanical
properties of the ore, that affects the result in the fragmentation process, is treated.
The material description is followed by a description of how to fragment the material,
i.e. the different unit operations involved in the fragmentation process and theories of 
how to model them and how to measure the parameters that affects the result.

Julius Kruttschnitt Mineral Research Centre, JKMRC, in Brisbane, has a long history 
of research in the field of optimising the overall profitability for mines. Their concept 
of modelling and simulating the different comminution steps, have been given the 
name Mine to Mill, M2M. For these purpose JKMRC developed the programs
JKSimBlast, to model the blast fragmentation, and JKSimMet to model crushing and 
grinding. Mining and processing involves several different unit operations, all with 
different requirements for efficiency, but optimising one of the unit operations may
not be the optimum for another. Grundstrom (2001) gives some examples of potential 
areas for M2M optimisation, these are: 

Reduction in blast damage and ore dilution resulting in increased volume of
final products. 

Improvements in loader/excavator productivity through muckpile digability 
and increased bucket and truck fill factor. 

Increase in crusher throughput due to changes in ROM pad material size 
distributions.

Improvements in mill throughput, reduction in energy consumption per tonne 
of processed ore. 

Reduction in energy consumption for downstream processing, including 
crushing and grinding. 

Means to increase liberation of valuables leading to enhanced mill recovery.

2.1 Grinding
Grinding is the final step in the comminution process. In the grinding process the 
lump ore containing both valuable metal sulphides and gangue minerals is broken 
down to fragments, small enough that each fragment consists of either ore or gangue. 
The required fragment size in order to free the ore minerals from the gangue is 
normally less than 100 m. In most mining operations, the grinding is performed in
tumbling mills utilising loose grinding media, lifted by the rotation of the drum to 
break the ore lumps by different breakage mechanisms. The grinding media can be 
steel balls or -rods or the ore itself as in autogenous grinding. Grinding is usually 
performed wet and when the mill is rotated ore and water, the mill charge, is 
intimately mixed.

Several grinding steps, i.e. primary, secondary and tertiary, may be needed to achieve 
the desired size of the product. The size of the apertures in the grate, see Figure 2.3, of 
the mills control the maximum size of the product, i.e. the size of the grate in the 
primary mill gives the top size for the feed to the secondary mill.
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Where primary grinding is the bottleneck of the production system, as in Aitik, the 
throughput of the primary mills should be maximised, whilst remaining the desired 
degree of liberation, in order to maximise the profit of mine. One way to increase the 
throughput is to provide a mill feed that requires minimum processing time in the mill
to achieve the required size reduction. 

The throughput of a tumbling mill (tonnes/hour) is influenced by the size distribution
of the mill feed and the strength of the material, as well as type of motion in the mill
and the spaces between the individual pieces of the medium in the mill, Wills (1997). 

2.1.1 Strength of the ground material
The fundamental condition to break rocks is that the load, compressive, shear or 
tensile, on the material needs to be larger than its strength. Rocks in general are brittle
heterogeneous materials. The heterogeneity of rock materials is caused among others 
by mineral composition, grain size, grain shape, grain strength, porosity and micro
cracks. Due to this heterogeneity the intrinsic properties of rock vary from one rock 
type to another. The strength of a material is the maximum stress it can sustain, under
a given set of conditions, while hardness is a materials resistance to indentation. 

Rock minerals are crystalline materials where physical and chemical bonds holding 
the atoms together. Tensile or compressive loading can break the crystalline lattice.
The internal stress in rocks are not evenly distributed, even if the rock is uniformly
loaded, since they consists of a variety of minerals dispersed as grains of various 
sizes. The stress distribution depends on the mechanical properties of the individual 
grains, but the most important factor is the presence of cracks that acts as sites for
stress concentration, Wills (1997). Cracks and weaknesses occur naturally within rock 
materials but blasting, crushing and other handling of the material induce more
cracks.

Comminution theories assume that the material is brittle, but in fact crystals can store
energy without breaking, and release the energy when the load is removed. Brittle 
materials relieve the strain energy mainly by crack propagation, while a tough 
material can relax strain without crack propagation. 

The static fracture toughness, K1C, is an intrinsic property of rock materials,
indicating their ability to resist fracture initiation and propagation. Increased 
confining pressure results in an increase in fracture toughness, Al-Shayea (2002). The 
grain size affects the fracture toughness in the way that K1C decreases with increase
in grain size, Huang and Wang (1985). 

In recent years the effect of different loading rates on fracture toughness has been 
studied. By using a split Hopkinson pressure bar, SHPB, Zhang et al. (1999) showed 
that the static Fracture toughness of the rock was nearly a constant, but the dynamic
fracture toughness K1D increased with the loading rate, Figure 2.13. 

For use in comminution models different methods for rock characterisation have been 
developed. JKMRC uses two different methods to determine the breakage
characteristics for AG/SAG mills, drop weight tests for impact breakage and tumbling
test for abrasive breakage, Napier-Munn et al. (1996). 

The equipment used for the drop weight tests consists of a steel drop weight that 
crushes single rock samples. By changing the release height and the mass of the drop 
weight, a wide range of impact energies can be tested. For the tests rock samples are 
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typically sized into five size fractions. For each size fraction, 20 to and 50 particles
are broken at each of three energy levels. 

The products of all particles for each size/energy combination are collected and sized. 
By convention they use the percentage passing one-tenth of the original particle size,
this is referred to as the T10 value. In this way, a set of T10 and the specific energy, 
Ecs (kWh/t), values are produced for all of the energy/size combinations. Equation 
2.1 relates the T10 value to the specific energy. 

csbEeAT 110 ,        (2.1)

where, A and b are ore specific impact parameters. By using the energy/size
combination data values the best fit A and b parameters are calculated. The parameter
A represents the limiting percentage of T10 achievable and b relates the grade of 
breakage to the absorbed energy (kWh/t) and a small value indicates a high resistance 
to impact.  The product of A*b provides a useful parameter as A and b interact to
some extent, Morrison and Morrell (1998). 

The abrasion breakage testing is characterised using a tumbling test of selected single
size fractions in a laboratory mill. The abrasion test tumbles 3 kg of size particles, 38-
55 mm, for 10 minutes at 70% critical speed. The resulting product is then sized and 
the T10 value for the product is determined, similar to the drop weight test. The 
abrasion parameter, TA, is then defined as 10/10TTA . A lower value of TA indicates
a greater resistance to abrasion breakage.

2.1.2 Feed size distribution
The feed material to an autogenous mill is normally primary crushed material, which 
varies in size distribution. The influence of the feed size distribution is not fully 
understood, but for autogenous grinding three important fractions can be identified; 
coarse material, fines and critical sized material. In autogenous mills the feed should 
ideally provide large enough lumps to generate kinetic energies high enough to break 
smaller rocks. The coarser the large lumps are the better the mill will perform, Napier-
Munn et al. (1996). The fine material, less than the grate apertures, does not need to 
be ground and is essentially “free” throughput for the mill, Valery et al. (2001).

Critical size material is the particles, that are too small to efficiently grind other 
particles and too large to be efficiently ground themselves. These particles tend to 
accumulate in the mill and reduce the capacity and thus the throughput of the mill.
The sizes of the critical particles are dependent on the configuration of the mill and 
the mechanical properties of the feed, Metso Minerals (2004). In short the optimal 
feed size for autogenous mills consists of a large amount of fine and coarse material
and as little as possible of intermediate sizes. 

2.1.3 Mill geometry
Several breakage mechanisms are involved in AG grinding amongst them are: impact,
abrasion and attrition, Napier-Munn et al. (1996), all of them involve tensile, 
compressive and shear fracturing. Abrasion occurs when two or more particles moves
along their planes of contact and small pieces of the surface are worn off, leaving the 
core of the particle largely intact. Abrasion is considered to be the main mechanism of 
comminution in autogenous grinding, Wills (1997). Attrition occurs in similar
condition as the abrasion mechanism, except that small particles are trapped and 
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broken in between larger ones. Dependent on the kinetic energy in which larger
particles hits smaller ones, impact breakage occurs. Figure 2.1 shows the principal of 
the breakage mechanisms.

Figure 2.1 Principal breakage mechanisms, after Napier-Munn et al. (1996). 

The different breakage mechanisms that occur within the tumbling mills are allocated
mainly to two positions in the mill, Figure 2.2. The first position is the toe region
where impact breakage occurs, and the second is within the body of the charge as it is 
lifted by the rotation of the mill. The frequency with which the charge turns, and the
energy of impact determine the amount of breakage that occurs. Abrasion and attrition 
mainly influences the breakage of finer particles and occur within the body of the
charge, as it is lifted by the rotation of the mill. The body of the charge comprises a 
series of layers that slip over each other, and the frequency of breakage depends on 
the relative velocity of the layers, which is dependent on the internal friction angel of
the material and the rotational speed of the mill. The impact energy is dependent of 
the height of the fall and the weight of the lumps.

2.1.4 Rotation speed
The rotational speed of the mill is important since it governs the nature of the product,
grain size distribution, throughput and the amount of wear on the mill linings. If the 
speed is too low the grinding medium tends to roll down to the toe and essentially
abrasion grinding occurs. If the rotational speed is too high the grinding media hits the 
mill linings instead of the toe of the charge, and the linings wear rapidly. If the speed
is even higher, above “critical speed” the whole mill charge starts to centrifuge. An 
increase in speed up to 40-50% of the critical speed increases the capacity, e.g. 
throughput, of the mill. In practice mills are driven at 50-90% of critical speed, Wills
(1997).
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Figure 2.2 Motion of charge in tumbling mills, after Wills (1997). 

The geometry of the grinding mills affects the size of the final product. A small
diameter to length ratio gives a finer product than a large diameter mill does, since
more of the breakage is caused by abrasion, Wills (1997). 

2.1.5 Water content
A very important parameter in autogenous grinding is the water content in the mill 
charge, since it affects both the product size and the throughput. The water added to 
the mills works as transportation media for the fine particles. Normally, in AG 
grinding, the mill charge consists of about 60 percent solids by weight. When the 
water content is high, a slurry pool forms at the toe of the charge, Figure 2.3. This 
slurry pool provides a rapid path for slurry transport through the mill, and the product
becomes coarser since the hold up time for the slurry is short.

Figure 2.3 Schematic of a slurry pool formation, after Napier-Munn et al. (1996). 
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A charge with low content of water becomes low in density, since the voids between
the grinding media will not be filled with slurry. In this case no slurry pool is formed,
the flow rate through the mill is low and over-grinding will occur.

2.1.6 Summary of grinding theory
The throughput in grinding mills is dependent on the mechanical properties of the mill
feed, the mill dimensions and how the mill is operated i.e. rotational speed, water 
content, fill level etc. In general the throughput in the mills is lower the higher the
strength of the feed material is, and the strength of the material is mainly dependent 
on the weaknesses within the material i.e. cracks and flaws. Blasting and other ore 
handling operations induces weaknesses into the material. The throughput is affected 
by the whole feed size distribution. Fine particles are mainly subjected to abrasive
breakage and the more fine material the higher throughput, particles smaller than the
opening in the grate are “free ground”. The coarse material is needed for breaking, by 
impact breakage, the intermediate part of the size distribution.

The thesis continues with how to influence the mill feed.

2.1.7 Comminution models
The purpose of comminution models is to avoid large-scale trial and error tests. The 
original idea was to find some simulators/models that could model the grinding mills,
and determine the optimal size distribution for domains, with different mechanical
properties, in the mine. An alternative to modelling is statistical analyses on historical
data.

Many different comminution models have been developed over the years. 
Comminution models can be divided into two main classes, Napier-Munn et al. 
(1996):

those that consider a comminution device as a transform between a feed and 
product size distribution, black box models, and 

those that consider each elements within the process, fundamental models.

The black box models are still the most common used today, at present the 
fundamental models require too much computer power. 

JKMRC have long research in the field of simulating grinding circuits etc. and a 
simulation package, JKSimMet, have been developed. JKSimMet is one of the most
used in the field of simulating mill design, pilot scale-up and optimisation, Napier-
Munn et al. (1996). For optimisations, grinding models can be used to determine an 
optimal feed size distribution for different materials, which can be used as input
parameters to the blast planning and crusher settings. Figure 2.4 shows in a simplified
way the model process that occurs in AG/SAG mills. Feed enters the mills and is 
subjected to breakage by collision with the mill shell or other particles. The ore
particles either exit the mill via the grate or undergo further collisions. The grinding
process, in the model, has essentially three components, Morrell (1992): 

particle transport out of the mill, discharge rate,

collision frequency, breakage rate and 

ore size distribution after collision, appearance distribution function. 
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Figure 2.4 AG/SAG mill process mechanisms, Morrell (1992).

Mathematically this can be expressed, Whiten (1974), as: 
i

j
iiijjjii srasrfp

1
,       (2.2)

and

iii sdp ,         (2.3)

where,

fi = mass flow rate of size fraction i in the mill feed,

pi = mass flow rate of size fraction i in the mill discharge,

si = mass of size fraction i in the mill load,

ri = breakage rate of size fraction i, 

aij = appearance function (fraction of broken particles from size fraction j which 
appears in size fraction i, and 

di = discharge rate of size fraction i. 

The breakage rate is the frequency of which breakage collisions of particles occur in 
the mill. The breakage rate varies with different operating conditions and particle size,
Napier-Munn et al. (1996). A typical breakage rate distribution curve is shown in 
Figure 2.5, where the characteristic shape, of the curve, can be explained by the 
different breakage mechanisms in the mill. The fines part of the curve is related to
impact and the coarse part are related to abrasive breakage. The intermediate size, the 
dip of the curve, are associated with the critical size, which can limit the throughput
by building up to excessive levels, Morrell and Morrison (1996). 
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Figure 2.5 Typical breakage rate distribution curve, Napier-Munn et al. (1996). 

The product size distribution after each breakage collision is described by an 
appearance function of the mill feed. The shape of the size distribution varies with the
amount of energy that is imparted to the particle. The breakage mechanisms within 
AG/SAG mills produces different size distributions, impact breaks the particles into
fragments, while abrasion is a surface phenomenon that leaves the original particle
largely intact. Two different breakage classes are defined, high-energy breakage for
impact breakage and low energy for abrasion and attrition, Morrell (1992). The 
appearance function for the different classes can be generated by breakage and 
abrasion test. The relationship between product size and energy input are described by 
the characteristic size, t10, see equation 2.1. 

Comments on comminution models 
In general the input data for grinding models needs more or less laboratory work to be 
obtained. In cases where the mechanical properties of the ore is similar in the whole 
mine or consist of a few different “ore types”, it is manageable to use simulations for
optimising the production. In the cases where the ore properties vary all over the
mine, simulations are too static or needs too much laboratory work to be a suitable
way to optimise the production. 

Unfortunately, at present, the available mill models are too insensitive to apply to 
autogenous mills and does not, in an acceptable way, account for changes in the
fragment size distribution. For instance the breakage rate function in JK-SimMet,
which describes the relationship between the breakage rate and fragment size, are 
static and does not consider the fragment size distribution. In this model the finer the
mill feed is, the higher the throughput will be, even if the coarsest fragments (our 
grinding media) are replaced by critical size fractions. The JK-SimMet model might
be relatively correct for semi autogenous mills but not for autogenous mills. Due to 
the problems with the simulation models for autogenous grinding and the need of too 
much laboratory work and field tests, Boliden decided to develop a method to 
determine the optimal fragmentation, see chapter 4.2. 
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2.2 Crushing 
Generally crushing is the first mechanical step in the comminution process of a 
mining operation. The purpose of crushing is to break the largest lumps from the run 
of mine material into smaller pieces, which can be handled in the later process, i.e.
belt conveying and grinding. For mining operations there are two main types of 
crushers, jaw and cone or gyratory crushers. Gyratory crushers have in general higher 
capacity than jaw crushers and are predominantly used in open pit mining operations. 
In principal a gyratory crusher consists of a spindle carrying a conical grinding head, 
seated in an eccentric sleeve, Figure 2.6. The head sweeps a conical path within the
crushing chamber and crushes the feed material on a full circle. 

Figure 2.6 Gyratory crusher: (a) functional diagram, (b) cross-section, Wills (1996). 

Gyratory crushers can crush up to 5000 tonnes per hour with a top size of about 1.5 m 
with a closed side set, CSS, of 200 mm. According to Napier-Munn et al. (1996), the 
most important machine dimensions are: 

throat dimension, largest rocks that can be crushed, 

open side setting, OSS, largest fall through aperture, 

closed side setting, CSS, 

stroke or throw and 

liner dimensions.

The capacity of the crusher is dependent on the feed size of the material, strength of 
the feed and the filling of the crusher chamber. Coarse feed gives low capacity and
vice versa. The crushing of the material is not affecting the shape of the grain size
distribution curve that much, in fact mainly the coarsest material is being crushed, the 
finer material is originated by blasting, Simkus et al. (1998). By choke feeding 
gyratory crushers more fines material can be produced, by inter particle breakage,
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Napier-Munn (1996). The blasting affects the crushing performance in several ways, 
besides that the rock mass is liberated which it is weakened by increasing the amount
of cracks/micro- cracks, Nielsen and Kristiansen (1996) and Eloranta (2001). 

A concept of a crusher model that gives the product size after the crusher is described
by Valery et al. (2001). The concept of the crusher model is that the feed material
undergoes a series of breakage and classification stages as it passes the crusher
chamber, see Figure 2.7.

Classification Breakage

ClassificationProduct Breakage

ClassificationProduct

and so on

Feed

Classification Breakage

ClassificationProduct Breakage

ClassificationProduct

and so on

Feed

Figure 2.7 Concept of a crusher model, after Valery et al. (2001).

In this model each breakage stage is assumed to produce the same relative size 
reduction, by using the T10 parameter determined by JKMRC drop weight tester. The
closed side setting, CSS, and the open side setting, OSS, control the classification part 
of the model. If the rock is larger than the OSS it will be broken and conversely, if it
is smaller than the CSS it will fall through without any breakage. For rocks with the 
size between CSS and OSS a probability that the rock will remain in the chamber or
pass through exists. The classification model is described by three parameters K1, K2 
and K3 where K1 and K2 ideally should be equal to CSS and OSS, K3 describes the 
shape of the curve between K1 and K2, Figure 2.8.

Figure 2.8 Classification function for the crusher model, Valery et al. (2001). 

ibution,In summary, gyratory crushers mainly affects the coarsest part of the size distr
i.e. changing the crusher openings affects the size of the largest rocks in the product. 
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2.2.1 Evertsson’s crusher model
Evertsson’s crusher model, Evertsson (2000a) and Evertsson (2000b), aims to predict 
the performance of cone crushers and is developed in four steps, modelling of the
process of size reduction, characterisation of the behaviour of rock material during 
fragmentation, modelling of the material flow through the crusher chamber and the 
interaction between material flow and size reduction. 

The fragmentation of the material is modelled as several repeated crusher steps, and
each step describes by a selection function and a breakage function, similar to the JK-
model. The selection function gives the probability that a single particle will be
broken, when several particles are compressed. The selection is assumed to be
dependent on the degree of compression and the span of the size distribution. The 
breakage function describes how a single particle of rock breaks into smaller pieces.
For a given particle, the breakage function is assumed to be dependent only on the 
degree of compression for a specific rock type. The size reduction increases with
increasing compression.

Different properties for rock materials determine the breakage and selection function. 
The material is characterised, i.e. values for the selection and breakage function, in 
laboratory testing by compression crushing tests. 

Since the crusher process is modelled as several repeated crushing steps, the model
predicts where and how the rock material is compressed. The model is based on
Newton’s law of motion and the flow through the crusher is described by the
mechanisms sliding, free fall and squeezing. Through several simulations it is evident
that free fall is the most important mechanism for the flow of material.

In addition to breakage behaviour and size distribution of the feed, the crusher model
considers the layout of the machine, crusher chamber geometry and how the crusher is
operated, opening gap, stroke and eccentric speed. 

The determining factors for the fragmentation process in a cone crusher has been 
identified to fracture mechanism, number of crushing zones and degree of 
compression. The fracture mechanisms are single and/or inter particle breakage. 

Single particle breakage has an unfavourable effect on the shape of the particles and 
inter particle breakage has a favourable effect. The fracture mechanism is determined
by bed thickness and stroke. The number of crushing zones is equal to the numbers of 
times that the rock material will be treated, and are mainly determined by the 
eccentric speed. The degree of compression in each crushing zone comes from stroke, 
opening gap, layout of the crusher chamber, the dynamics of the crusher and how 
much material that is in the inlet of the crusher.

13



2.3 Rock breakage by blasting 
Since crushing mainly affects the largest rocks, the size distribution of the mill feed is 
mainly governed by the blasting. 

According to Scott et al. (1996) the fragments in a muck pile has three sources: 

Fragments formed by new fractures created by detonating explosive charge. 

In-situ blocks that have simply been liberated from the rock mass without 
further breakage. 

Fragments formed by extending the in-situ fractures in combination with new 
fractures.

Rock fragmentation by blasting is achieved by dynamic loading introduced into the 
rock mass. The explosive loading of rock can be separated into two phases, the shock 
wave and gas pressure phase, Figure 2.9. 

Figure 2.9 a) Shock wave propagation, b) gas pressure expansion, Scot et al. (1996). 

The detonation of an explosive charge in a blast hole gives rise to a strong initial
shock wave which then decays into stress waves, P- and S-Waves, in the surrounding
rock mass, initially as compressive strain waves radiating from the blast hole, Persson 
et al. (1994). In a plane normal to the axis of the blast hole, the stress wave can be 
considered to have radial and tangential components of stress. Initially, close to the
hole, the radial and the tangential stresses are compressive, Scott et al. (1996). The 
high pressure to which the rock is exposed shatters the area around the blast hole, the 
crushed zone, and exposes the space beyond that to high tangential strains and 
stresses. The crushing continues until the stress has been attenuated to below the 
dynamic compressive strength of the rock. In ‘primitive’ rock the thickness of the 
crushed zone, for a hole with a diameter of 40 mm, is about the same as the radius of 
the hole, Langefors and Kihlström (1963). For porous rocks with less strength the
crushed zone can be much larger. After a while the tangential stress close to the blast 
hole, induced by the radial compressive wave, becomes tensile, Figure 2.10. If the 
tangential tensile stress exceeds the dynamic tensile strength radial cracks form.
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Figure 2.10 Radial compression inducing a tangential tensile stress, Scott et al. 
(1996).

Close to the blast hole the number of radial cracks is quite large, but only a few of 
them propagate far. As the velocity of the radial crack propagation is initially  ~1000 
m/s, gradually decreasing, and the shock wave velocity in hard rock is about 4000-
5000 m/s, the radial crack length by the time the shock wave reaches the free surface 
is less than 25 percent of the distance to the free surface, Holmberg and Persson
(1994).

When the compressive wave meets a free surface it is reflected back to the hole as a 
tensile wave and a shear wave, see Figure 2.9a. If the tensile stress, of the reflecting
wave, is greater than the dynamic tensile strength, spalling will occur. The spalling
mechanism is only of importance for very small burden or if an open joint closer to 
the hole reflects the compressive wave, Scot et al. (1996). However even if the tensile 
stress is too low to start new fractures, they can still extend existing cracks within the
rock mass, due to increased stress at the tip of those cracks that are parallel to the
curved, returning wave front, Holmberg and Persson (1994). 

The gas pressure face is a much slower, quasi-static, process than the shock wave 
phase, which takes place within a few milliseconds. Even if the stress caused by the 
explosive gases is much lower than the stress caused by the shock wave, it can still 
fracture the rock mass due to the lower loading rate. The explosive gas pressurise the
borehole and applies a radial compressive stress, sufficiently large to initiate and
propagate cracks. The high pressure gas penetrates the primary radial cracks, and
natural cracks, and extend them further, the free rock surface in front of the blast hole 
yields and is moved forward, Langefors and Kihlström (1963). There is very little 
overall displacement of the rock mass prior to this time, and as the gas penetrates into
the crack network the pressure drops. 

Further breakage mechanisms of the liberated rock fragments have been reported. 
These breakage events can be subscribed to autogenous breakage i.e. collisions of 
particles, blast waves being trapped inside the fragments, Winzer and Ritter (1980),
and the sudden release of confining stress causes the rock to fall apart, Hagan (1973). 

2.3.1 Mechanical properties of rock for blasting purposes
Fragmentation of rock by blasting, in contrast to crushing and grinding, is a rapid 
disintegration of rock. In blasting practices the rock is exposed to both low loading
rate, “static”, and dynamic loading, whilst the fragmentation in crushing and grinding 
only are affected by static loading. 
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For rocks there is a huge different between the intact rock strength, here rock strength,
and the rock mass strength, which consists of both intact rock and the discontinuities
within the rock mass. The mechanical behaviour of rocks spans over a wide range of 
scale, from microscopic cracks to regional fault systems. Dependent on the issue in 
consideration different properties of the rock mass controls the strength. Figure 2.11 
shows the wide range of rock, the transition from intact rock to heavily jointed rock
mass.

Figure 2.11 Variations in rock mass description with scale, Scott et al. (1996). 

The strength of rock can be described by many parameters and the strength of a rock 
material varies depending on the parameters examined, i.e. tensile strength and 
compressive strength, static or dynamic loading. In contrast to steel the strength of
rock is dependent on the direction of the load, the unconfined compression strength is 
10-15 times higher than the unconfined tension strength. The strength of rock is
increasing with increasing confinement, for example under uniaxial strain conditions 
the strength of granite is much above the strength of hard steel, Persson et al. (1994). 
With increasing confinement pressure brittle failure becomes ductile and due to 
closing of micro cracks Young’s modulus increases, Brady and Brown (1993). 

In failure of rocks there is an element of creep involved, which means that the time of 
loading or the loading rate affects the strength of the material, higher loading rate 
gives higher compressive strength. Persson et al. (1994). The dynamic compression
strength is considerably greater than the dynamic tensile strength, so tension fracture 
is an important fracture mechanism in hard massive rock, Scott et al. (1996). Young’s 
modulus increases with increasing loading rate, Bohloli (2001).

Fracture mechanics is a useful and important discipline for solving rock-engineering 
problems. According to Persson et al. (1994), the most important aspect of the
strength of brittle materials is their ability to break by crack propagation. Existing
cracks, or newly formed cracks, propagate due to concentration of tensile stresses at 
crack tips, Figure 2.12. 
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Figure 2.12 Stress concentration at the crack tip, after Persson et al. (1993). 

The static fracture toughness, K1C, is an intrinsic property of rock materials,
indicating their ability to resist fracture initiation and propagation. Increased 
confining pressure results in an increase in fracture toughness, Al-Shayea (2002). The 
grain size affects the fracture toughness in the way that K1C decreases with increase
in grain size, Huang and Wang (1985). 

In recent years the effect of different loading rates on fracture toughness has been 
studied. By using a split Hopkinson pressure bar, SHPB, Zhang et al. (1999) showed 
that the static Fracture toughness of the rock was nearly a constant, but the dynamic
fracture toughness K1D increased with the loading rate, Figure 2.13. 

Figure 2.13 Fracture toughness versus loading rate, Zhang et al. (1999). 

Perhaps the most important property of the rock in the context of bench blasting is the 
contents of structures of fissures, bedding planes, faults, cracks etc generally called
weak planes that are always present in natural rock mass.

During the last fifty years much work has been done in the field of rock mass
classification and different rock mass strength criterions have been developed. The
problem of characterising a rock mass for blasting purposes is so complex that 
analytical solutions are not possible, Lilly (1986). However some different approaches 
have been developed during the years and different classification systems have been 
developed.
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The rock constant, c Langefors and Kihlström (1963), is an empirical measure of the
amount of explosives needed to loosen one cubic meter of rock. The rock constant is 
determined by trial blasts in a vertical bench, 0.5 to 1.0 m, the burden is equal to the
bench height and the dept of the drill holes is 1.3*burden with a diameter of about 32 
mm. The trial blasts starts by choosing a starting point, burden, and dependent on the 
result of the blast a new burden is chosen, if the charge is insufficient to break out the
burden a new blast with less burden is shot. The process is repeated until the centre of 
the gravity of the rock mass is thrown forward a distance of 0 to 1 m. Finally c is
calculated by multiplying the amount of explosives used per m3 of rock by 1.2.
Persson et al. (1994) found that the c-value normally lies near to 0.4 for most rock 
types, but can vary from 0.2 up to 1.0. 

A blasting index, BI, developed by Lilly in the mid 1980:s, correlates with the powder
factors for blasting in iron ore mines. The blasting index is based on strength, 
structure, density and hardness of the rock, Lilly (1986). Equation 2.4 describes the BI 
as:

)(5.0 HSGIJPOJPSRMDBI ,     (2.4)

where the input parameters and their ratings are given by Table 2.1. 

Table 2.1 Lilly’s Blastability index parameters and description. 

Parameter Rating
1 Rock Mass Description (RMD) 

Powdery/Friable 10
Blocky 20
Totally Massive 50

2 Joint Plane Spacing (JPS)
Close (<0.1 m) 10
Intermediate (0.1 to 1 m) 20
Wide (>1 m) 50

3 Joint Plane Orientation (JPO) 
Horizontal 10
Dip out of face 20
Strike normal to face 30
Dip into face 40

4 Specific Gravity Influence (SGI) =
25*SG-50, where SG is the density in 
(t/m3)

5 Hardness, Moh’s scale, (H), 1 to 10 

In order to use Lilly’s blastability index one needs to develop a relationship between
the BI and the powder factor required to break the rock mass for the specific site,
Scott et al. (1996). 
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2.4 Bench blasting

2.4.1 General description
The purpose of blasting is to fracture and move the in-situ rock mass, so it can be
efficiently handled in down stream processes as loading, crushing and grinding. The 
influencing factors of the fragmentation result in bench blasting, are the mechanical
properties of the rock mass and the design of the blast i.e. geometry, explosives, 
ignition pattern and delay times etc. A brief overview of the geometry and the 
terminology of typical bench blasts can be seen in Figure 2.14. 

Figure 2.14 Bench blast geometry and terminology.

The specific charge, q, is a commonly used unit in blasting practices, it can be either
explosives consumption per cubic meter of rock or per tonne. In this work, specific 
charge is defined as explosive in kilograms per cubic meter of rock, equation 2.5, 

HSB
Qq

,        (2.5)

where Q is total charge weight per hole, kg, B, S and H as in Figure 2.14. 

The burden is the distance between two rows of blast holes. Many empirical formulas
for calculating the burden exist in the literature, see Rustan (1990). To limit the span 
where to find the optimum fragmentation one can use the well known Langefors 
formulae, equation 2.6, for calculating the maximum burden, Bmax, Langefors and 
Kihlström (1963). 

BSfc
EpDB

/33max

      (2.6)

where

D = diameter of blast hole (mm),
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p = degree of packing or density of explosive (kg/dm3),

E = weight strength of explosives, 

S = spacing (m),

B = burden (m),

c = rock constant, c,+0.05 for 1.4<B<15m and 

f = degree of confinement, 1 for vertical holes and 0.95 for 3:1 inclined holes. 

2.4.2 Blast Fragmentation Models
A number of different fragmentation models have been developed over the years. In 
most of the models the average fragment size, X50, is calculated and some of the
models describes the whole fragment size distribution. The input parameters to the
models are rock properties, explosive properties and the geometric design of the 
blasts. The designs of the blasts are known and the explosive properties for the 
models can be found by simple tests, but the mechanical properties of the rocks are
more difficult to obtain, i.e. the strength of the rocks in heterogeneous rock and the
joint properties in bench blasting where no free surfaces can be found. The difficulties 
obtaining the rock properties gives that the accuracy of the fragmentation models are 
relatively poor, but they gives a hint of the influence of changing the design of the 
blasts.

The models only predicts the sieve size and do not consider the shape of the particles 
or the weakening of the material, due to the micro cracks originated from the high 
loading rate in blasting, Ouchterlony (2003). The Kuz-Ram model by Cunningham 
(1983) and (1987) and JKMRC:s models TCM and CZM are described below. Both 
the TCM model and the CZM model are further developments of the Kuz-Ram
model.

Kuz-Ram model 
One of the most commonly used fragmentation models is the empirical Kuz-Ram 
model. The Kuz-Ram model, Cunningham (1983) and (1987), is based on the average

fragment size, , derived by Kuznetsov in (1973), equation 2.7, and a Rosin-
Rammler distribution. 
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     (2.7)

where:

V0  = Volume of blasted rock (m3),

Q = charge weight (kg), 

E = strength of explosive (% ANFO) and 

A = rock factor. 

The rock factor, A, is used to modify the average fragmentation based on the rock 
type and blast direction. The rock factor is calculated by equation 2.8 originally 
developed by Lilly, see equation 2.4.
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)(06.0 HFRDIJFRMDA ,      (2.8)

where

RMD = Rock Mass Description = 10 (powdery / friable), JF (if vertical joints) and 50
(if massive),

JF = Joint factor = JPS + JPA = Joint Plane Spacing + Joint Plane Angle, 

JPS = 10 (if vertical joint spacing, Sj < 0.1 m), 20  (if Sj < oversize) or 50 (if Sj > 
oversize)

JPA = 20 (if dip out of face), 30 (if strike  face), or 40 (if dip into face) 

RDI = Rock Density Influence = 0.025* (kg/m3)-50

HF = Hardness Factor = Emodulus/3 (if Emodulus <50(GPa)) or c(MPa)/5 ( if 
Emodulus > 50 (GPa)) 

The size distribution of the fragmented rock is calculated by using equation 2.9. 
n

X
XxP
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     (2.9)

where

P(x) = Percentage of material less than the size X (%), 

n = uniformity index, 

X = size of material (m) and 

X50 = average fragment size (m).

The uniformity index, n, is calculated by equation 2.10 as: 
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, if 
using staggered pattern, multiply by 1.1. (2.10)

where,

B = burden (m),

S = spacing (m),

D = charge diameter (mm),

W = standard deviation of drilling accuracy (m),

BCL = bottom charge length (m),

CCL = column charge length (m),

H = bench height (m) and 

L = Total charge length (m).

The uniformity index, n, determines the shape of the fragmentation curve. High 
values on n gives uniform sizing i.e. small amount of fines and oversized material,
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normally n ranges from 0.8-2.2, Cunningham (1983). The effects of the blasting 
parameters on n are also given in the article, Table 2.2. 

Table 2.2 Effect of blasting parameters on n, Cunningham (1983). 

Parameter n increases as parameter 
Burden/Hole Diameter Decreases
Drilling accuracy Increases
Charge Length/Bench Height Increases
Spacing/Burden Increases
Staggered Pattern Increases by 10% 

JKMRC – Models 
Kanchibotla et al. (1999) and Grundstrom et al. (2001) has demonstrated that the Kuz-
Ram model underestimates fines part of the fragment size distribution. Since the 
fragmentation of blasted rock occurs by more than one mechanism the fragment size 
distribution cannot be modelled by only one distribution, Djordjevic (1999). JKMRC 
has developed two fragmentation models, the Crushed Zone Model (CZM) and the
Two Componet Model (TCM). The models combine two distributions, one for the
fines and one for the coarse part of the distribution. Both models are based on the 
Kuz-Ram model, with some variations, for the coarse part, and the generation of fines 
from a crushed zone adjacent to the blast holes, Figure 2.15. 

Figure 2.15 Fragment size distribution for TCM and CZM 

TCM – Two Component Model 
The resulting fragmentation after blasting can be considered to be a mixture of two 
sets of rock fragments. Adjacent to the blast holes the fragmentation originates from 
compressive shear failure, the fines part, further from the blast holes the 
fragmentation of the rock to a large content are created by tensile failure, the coarse
part of the fragment distribution, caused by extensions of in-situ weaknesses, cracks 
and joints etc. The Two Component Model is constructed by two Rosin-Rammler
functions, equation 2.11, to handle the two sets of fragments, one for the coarse part
and one for the fines part, Djordjevic (1999). 
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, (2.11)

where:
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P(x) = Percentage of material less than the size X (%), 

x = size of material (m),

Fc = part of rock that fails by shear compression,

a = mean fragment size in tensile failure region,

b = uniformity coefficient in tensile failure region, 

c = mean fragment size in compressive failure region and 

d = uniformity coefficient in compressive failure region. 

A blast chamber tests is used to obtain the fines input parameters to the TCM.
Representative samples for the blasting areas are blasted in the blast chamber, and the 
resulting fragments are sieved. Crum et al. (1990) has shown that the generation of 
fines is independent of scale, which gives that the blasting parameters c and d can be 
found by fitting the sieved material to a Rosin-Rammler distribution. The factors a
and b are the same as the Kuz-Ram parameters X50 and n in equation 2.9, with some 
modifications of JPS and RDI. The part of the fragmentation that fails due to shear
compression, Fc, is determined by calculating the area of the crushed zone adjacent to
the blast hole and divide this by the total area of the blast, equation 2.12 as: 

SB
rF c

c

2

        (2.12)

Where

rc = crushed zone radius (m),

B = burden (m) and 

S = spacing (m).

The crushed zone radius, rc, is calculated by:
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where

rb = borehole radius (m),

TSinsitu = in-situ tensile strength (MPa)=

18.0

(m)sizeblockmean
05.0strengthTensile

,

Pb = borehole pressure (Pa), assumed to be half of the detonation pressure, = 8

2
d

e
C

where e  = density of explosives (kg/m3) and Cd = velocity of detonation (m/s).
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CZM – Crushed Zone Model 
The Crushed Zone Model, CZM, similar to the Two Component Model, uses two 
Rosin-Rammler functions to describe total fragment distribution. In contrast to the 
TCM that uses the two distributions simultaneously, the CZM uses one distribution 
for the coarse material and one distribution for the fine material. The two distributions 
join at a characteristic size, xc, which is dependent on the rock mass properties, 
Kanchibotla et al. (1999), see Figure 2.16. 

Figure 2.16 Fines and coarse size distribution for the CZM, Kanchibotla (1999). 

The coarse part of the fragmentation is similar to the Kuz-Ram equation with some
smaller changes in the rock factor, A, and the uniformity index, ncoarse. The
distribution is given by equation 2.14, 

coarsen

c
c x

xxPxP *1exp1100

    (2.14) 

where,

P(x) = Percent passing sieve size x (%), 

P(xc) = Percent passing at characteristic size, xc, (%), 

x = sieve size (m),

xc = characteristic size (m) and 

ncoarse = uniformity index used for coarse part. 

According to Thornton et al. (2001a), is the uniformity index for the coarse part is 
determined as Cunningham (1987), and described by: 
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The fines part of the fragment size distribution originates from a crushing zone that is 
described by a cylinder around the explosives in the blast holes. The radius of the 
crushed zone is calculated as the distance from the borehole to the point where the
radial stress exceeds the compressive strength, c, of the rock. The stress, x, at 
distance x, around the blast holes is described by Jaeger and Cook (1979), as 

2

x
rPdx

,        (2.16) 

where Pd is the detonation pressure, r is the radius of the blast hole and x is the
distance from the blast hole. By rearranging equation 2.16 and letting x be equal to 

c, the crushed zone radius, rc, becomes,
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.         (2.17) 

The detonation pressure is given by, 

4

2
d

ed
CP

,         (2.18) 

where

e  = density of explosives (kg/m3) and

Cd = velocity of detonation (m/s).

The merging point for the two distributions is determined by the proportion of fines 
material originated from the crushed zone, i.e. as the percentage of fines increases, the 
merging point increases, Thornton et al. (2001a). For stronger rocks, UCS>50MPa, 
good results are given with x50 as the characteristic size, xc, and x90 gives better 
results for weaker rocks, UCS<10 MPa. For the intermediate strength rocks the 
merging point varies between x50 an x90, Kanchibotla et al. (1999). The fraction of 
crushed material, Fc, is determined by, equation 2.19, and is empirically given a top 
size of 1 mm. 

blastofVolume
crushedVolumeFc

.       (2.19) 

The fine part of the fragment size distribution is given by 

finen

c
c x
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,     (2.20) 

where nfine is the uniformity index for fine end of the distribution. The uniformity
index for the fine material is calculated by rearranging the Rosin-Rammler equation, 
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equation 2.20, and applying the known fractions of crushed material with the size of 1 
mm, equation 2.21, 
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.       (2.21) 

A sensitivity analysis, by Thornton et al. (2001b), on data from a blast to identify the
top five input parameters that affects the modelled fragmentation result, for different
fractions, showed that UCS, explosive length and VOD has the highest influence on 
the fine end of the distribution, Table 2.3. The critical parameters for the coarse part 
are the in-situ block size, explosive length and the bench height. 

Table 2.3 Sensitivity of fragmentation results to input parameters for CZM 

2.4.3 Comparison of blast fragmentation models
The blast fragmentation models above have their pros and cons in the usability and 
the accuracy in predicting the fragmentation results. The input parameters needed for 
the models are shown in Table 2.4, Hall and Brunton (2001). Good availability means
that the parameter usually is available on site, fair availability requires surveys on site,
and poor means that data needs to be obtained by laboratory testing. The ease of 
which the input parameters can be obtained to the Kuz-Ram and the CZM model are 
approximately equal. The input parameters to the TCM are hard to obtain and needs a 
great deal of laboratory testing.

Table 2.4 Availability of input parameters for fragmentation models.
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In Hall and Brunton (2001) a comparison of the TCM and CZM where done and 
compared with run-of-mine, ROM, image analysed data measured with Split system.
The data analysed comes from 14 blasts in moderately to high strength rock, 
81<UCS<161 MPa. Their conclusions of the analysis were: 

The CZM generally provides a better estimation of ROM measured by Split 
for the 14 blasts. 

Both the TCM and CZM generally estimate a coarser fragmentation than that 
measured by the Split system.

The CZM generally varies less from the Split results in the fine to intermediate
size range, 1-100 mm. 

The coarse end of the fragmentation are modelled relatively well for both the 
TCM and CZM. 

The CZM requires more easily obtained input parameters than the TCM does. 

Conclusions from the analysis of blasting models 
The blast models requires too much field tests to be a part of the daily planning, of the
blasts, but for individual blast they may be a useful tool to estimate the blasting result. 

The blasting models compared gives similar results for the coarse part of the size 
distribution. The Kuz-Ram model under estimates the fines part of the fragmentation,
which is an important factor for the “grindability” of the ore. The input parameters to 
the CZM require less field tests and laboratory work, than TCM, to be obtained. In 
this work the Crushed zone model are used with a modified method to determine the 
input parameters, see chapter 4.3.1. 

2.5 Fragment size analysis 
The true fragment size distribution is determined by sieving, but in most mining
operations, due to the scale, it is a too time consuming and expensive operation. The
only suitable way to measuring the fragmentation result is to use some kind of image
analysis system. Maerz and Zhou (1998) gives some examples of advantages of 
optical systems, compared to sieving, these are: 

Measurements can be completely automated

Many more measurements can be made, increasing statistical reliability.

No interruption of the production process, and 

Screening is too prohibitive in cases of large assemblages of rock. 

In general image analysis systems consists of three key features, first the material are 
photographed/filmed at a suitable location, then the pictures are segmented into 
individual grains, and finally grain areas/volumes are calculated before the size
distribution can be determined.

In all of the three steps in image analysis different sources of errors induces
inaccuracies to the final result. Errors related to optical systems can be considered in 
four classes, Maerz and Zhou (1998), 

Errors related to the method of analysis of images

Errors related to sample presentation 
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Errors related to the imaging process and 

Errors related to the sampling process.

A fundamental condition for a successful analysis is that the pictures are of good
quality i.e. good lighting conditions, to avoid shadows, and pictures taken 
perpendicular to the surface, to avoid perspective distortion. Due to segregation of the 
material analysed, it is not sure that the pictures are representative for the size 
distribution. Other problems with the images are that they just show the surface of the
material, and should represent a three-dimensional size distribution. Moreover the
theoretical limit of resolution is about two orders of magnitude, i.e. the largest block
is 100 times larger than the smallest, Maerz and Zhou (1998). 

3 Aitik - site description 

3.1 General 
The Aitik mine is located in northernmost part of Sweden, in the municipality of 
Gällivare. The ore is a low-grade copper mineralisation with about 0.4 percent of 
copper, 0.2 g gold/tonne and 3.5 g silver/ tonne. The mineralisation occurs in veinlets
and disseminations of chalcopyrite within a westerly dipping altered porphyritic
diorite. The ore zone is 2500 x 300 m in size and dips about 45o to the west and the
plunge varies from very steep to flat. 

The ore is mined in an open pit with an annual production of 18 Mt of ore and about
25 Mt of waste rock. 

The ore flow in Aitik, Figure 3.1, starts with drilling and blasting, then the ore is 
loaded with excavators and hauled with trucks to the in pit crusher. The ore is crushed 
and transported on a conveyor belt, to two ore piles that feeds the grinding mills.
After grinding the ore goes through flotation, thickening, dewatering and finally 
drying. The concentrate is transported to the Rönnskär smelter.

Figure 3.1 Schematic ore flow from mine to smelter.
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3.2 Geology 
The Aitik mine is situated in the shear zone between the Svecofenian and the Karelian
plate and are of Precambrian age. The area consists of metamorphosed plutonic, 
volcanic and sedimentary rocks. The ore body is continuous in the dip direction and 
strikes from north to south with a dip of about 40° to 50° to the west. Shear zones 
surrounds the ore body and divides the mine into a northern and a southern part. 

The footwall, in the west, consists mainly of biotite gneiss and diorite. There is no 
distinct contact between the footwall rocks and the ore zone, the cut of grade gives the 
limit. At the footwall the ore zone consists of biotite gneiss and biotite schist with 
muscovite schist towards the hanging wall. Pegmatite dykes occur within the ore 
body. The main rock types in the ore zone can be found sporadic anywhere within the 
ore zone, i.e. lenses of muscovite schist can be found close to the footwall etc., Figure 
3.2. It can sometimes be difficult to separate the biotite schist and biotite gneiss due to 
a gradual transition between them. The hanging wall mainly consists of amphibole
gneiss and the contact is very distinct. 

Figure 3.2 Horizontal geological interpretation at level 225 m.

The strength of the rock types in the ore zone has been investigated several times,
Table 3.1. The results from the investigations have varied to some extent, but the 
overall result is distinct. Muscovite schist is the weakest and the biotite gneiss is the
strongest rock type in the ore, if pegmatite is disregarded. From point load tests the
unconfined compressive strength of the rock has been calculated as the point load test
index, IS50 times 24. 
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Table 3.1 Rock strength, in the ore rock types, with 95 % confidence interval. 

 Schmidt hammer tests 
[MPa]

Point load tests 
[MPa]

Point load tests 
[MPa]Rock type

Normal to 
Foliation

Number
of tests 

Normal to 
foliation

Number
of tests 

Normal to 
Foliation

Number
of tests 

Muscovite schist 46.0±11.0 6 28.6±5.7 25 67.1±7.2 56
Biotite schist 75.0±28.1 3 74.6±12.7 28 88.0±10.7 70
Biotite gneiss 81.1±7.9 27 112.1±11.9 21 121.0±7.0 147
Pegmatite 82.5 1 141.6±16.6 37
References Sjöberg (1999) Valery et al. (2002) This study 

3.3 Drilling and Blasting 
The drilling of the blast holes can be divided into two categories, one for the contour 
holes and one for the production holes, Figure 3.3. A contractor drills the contour 
holes with five inch and six inch holes. The bench height is 15 m and sub drilling 2 m.
The burden and spacing of the production holes are with the current design 7.75 x 
9.75 m. The diameter of the production holes is 311 mm for three of the drill rigs, and 
270 mm for the fourth. The average rate of drilling, per drill rig, is about 17 m per 
hour, but large variations occur due to difference between the drill rigs, operators and 
the rock characteristics. 

Figure 3.3 Current drill and blast design, for the ore. 

The production drill rigs are equipped with Aquila measurement while drilling, 
MWD, systems. Examples of parameters logged by the MWD-systems are torque, 
weight on bit, rate of penetration etc. The rotational torque is one of the parameters
that give an indication of the rock characteristics for each hole drilled. The different 
MWD parameters can be plotted to their coordinates in the mine, showing a two 
dimensional map of the drilling characteristics at different areas in the mine,
indicating variations of the mechanical properties of the rock. Figure 3.4 shows the
torque parameter plotted for the holes drilled on the bench at level 240, the green 
areas means that the rock gives a low resistance on the drill bit and red areas means a 
high resistance. There should be a correlation between the drilling characteristics and 
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some of the rock characteristics, i.e. strength, structures, grindability etc. which will 
be studied in future researches. 

NORTH

Figure 3.4 Figure showing the MWD parameter, torque, at level 240 m.

The blasting in Aitik is done with emulsion explosives. The average density of the 
emulsions in the holes is about 1150 kg/m3 and the velocity of detonation, VOD, is
about 5700 m/s. Over the years there has been a trend to decrease the powder factor in 
the mine, due to increasing scale of the mining equipment, Figure 3.5. 
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Figure 3.5 Powder factor in Aitik over the years. 

After the holes are charged they are plugged with about 6.5 meters of crushed and 
screened stemming material, 11-25 mm. Dyno Nobels Nonel ignition system is used 
for the ignition of the blasts with 176 ms delay between the rows and 42 ms between 
the holes in the rows. The direction of the blast is to the foliation of the ore body. The
ignition of the blasts normally takes place at the outermost holes of the blasts, like in
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conventional bench blasting. When the blast has reached a couple of rows into the 
blast the confinement from the blasted material is so big that the swelling mainly goes 
in axial direction of the holes, like crater blasting. This makes a selective loading of
the different ore qualities, high/low grade, possible. Each round is on average about
450 000 tonnes. 

3.4 Loading and Hauling
Four shovels, with varying bucket size from 17 m3 to 43 m3, are used for loading the
ore and waste rock in the mine. A Caterpillar 994 wheel loader, 16 m3 bucket,
completes the loading fleet. 25 trucks haul the ore and the waste rock to the crusher or 
to the waste dumps. To optimise the production, all trucks and the shovels are 
equipped with the MineStar system, see chapter 3.7, which schedules and assigns the 
trucks to the different shovels and dumps. 

3.5 Crushing and storage 
The main part of the primary crushing is done at the crusher station in the pit, at 165 
m level. The crusher station consists of two parallel gyratory crushers, model Allis 
Superior 60-109. Two older crushers on the surface are still in use but only during
periods of maintenance and break downs of the crusher station in the pit. The opening 
of the main crushers is 152 cm and the diameter at the lower part of the mantel is 277 
cm. The closed side setting, 16 - 18 cm, determines the crusher product. The coarsest 
rocks after the crusher varies from 35 cm to 40 cm with variations depending on the 
characteristics of the ores. A belt conveyor transports the crushed ore to two 
stockpiles. The total stockpile capacity is about 50 000 tonnes, i.e. 16 – 20 hours of 
full production in the mill.
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3.6 Grinding
There are three grinding sections, B C and D, in the concentrator plant, with a total of 
five grinding lines, Figure 3.6. 

Figure 3.6 Schematic picture over the conveyor system and the grinding sections. 

Each grinding line consists of two mills, one primary autogenous mill and a secondary 
pebble mill. The pebbles for the secondary mill are extracted from the primary mill,
and controlled by the power requirement from the pebble mill. The grinding lines are
operating in a closed circuit with a screw classifier, the coarse material from the 
classifier is fed back to the primary mill, Figure 3.7. 
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Figure 3.7 Schematic picture of a grinding line in Aitik. 

There are two grinding lines in the oldest section, section B. The primary mills are 
10.5 m long and have a diameter of 6 m, the installed effect is 3600 kW. The pebble 
mills are 4.5 x 4.8 m with an effect of 1250 kW. The throughput in each grinding line
is on average about 350 tonnes/production hour (t/p.h.). Both the primary mills and 
the pebble mills are run at 75 % of the critical speed.

In section C there is only one grinding line. The autogenous mill is 12.5 m long and
has a diameter of 6.7 m, with an installed effect of 6600 kW. The pebble mill is 5.2 x 
6.8 m with an installed effect of 2500 kW. The throughput in section B is on average
550 t/p.h. The primary mill and the pebble mill are run at 76 and 73 % of the critical 
speed respectively.

The newest section, section D, consists of two grinding lines. Both the primary and 
the secondary mills have the same size as those in section C. The installed effects are 
6000 and 3000 kW respectively. The throughput for each grinding line is on average
550 t/p.h. The mills are run at 75 % of the critical speed. 

The grindability of the ore, the ease of which the ore is ground, varies depending on 
the mechanical properties, strength and feed size distribution. The throughput in the
grinding stage varies between 1500 and 3200 t/p.h, the average throughput is 2350 
t/p.h. The power utilisation of the primary mills, for the different grinding sections, is 
3200 kW for section B and 5200 kW for section C and D. The energy consumption,
kWh/tonne, varies between the different sections and with different ore
characteristics. The magnitude of the energy consumption is 9.1 kWh/tonne with a 
standard deviation of 1.4 kWh/tonne.

Water added to the mills is constant to the ore feed, tonnage, and the charge consists
of 55-60 percent solids by weight. The final product after the grinding lines has a k80 
value of 180 m and the amount of material smaller than 45 m is 25 percent by
weight.
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3.6.1 Mill control in Aitik 
Either the charge level or the mill engine power, P, control the feed rate of the mill.
The engine power constraint is set by the maximum load on the gearbox and the 
charge level constraint comes from when the mill starts to overflow.

From the ore piles, the ore feed, tonnage, and the water feed is the only controllable
input parameters that can be manipulated to influence the throughput in the mills.
Since the water feed is constant to the ore feed, the ore feed is the only controllable
input parameter. This means that the control system consists of one input parameter,
ore feed, and two output parameters, mill power and charge level. 

The charge level is the angle between the toe angle and the shoulder angle. The toe 
angle is defined as the angle between the vertical line and point where the lifters hit 
the charge or the pulp, and the shoulder angle as the angle from the vertical line to the
point where the lifters leave the charge, Figure 3.8.

Figure 3.8 Charge definition and toe angle measurement.

To measure the charge level in the mill a strain gauge is installed in one of the lifters
in the mill. The lifter deflection is measured as it rotates through the mill contents.
The strain gauge gives a distinct signal for the toe angle measurement, but much noise
from the shoulder angle measurement. The toe angle itself gives good information
about the charge level, Berggren et al. (2000), and consequently a change in the toe
angle indicates a change in the charge level. 

The constraint that demands the least ore feed, i.e. the one that is closest to its 
limitation, controls the ore feed. This signifies that the mill is always at one of its 
limitations, which consequently gives the highest possible throughput for the mill.
Figure 3.9 shows an example where the ore feed to mill 11, see Figure 3.6, initially 
has been limited by engine power, 5200 kW, is being limited by toe angle, 70 degrees. 
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Figure 3.9 Mill control showing change from effect control to toe angle control. 

3.7 Existing monitoring systems and data collection

3.7.1 MineStar
MineStar is a mining information system delivered by Caterpillar, see Figure 3.10. It 
consists of three subsystems. The production control is based on communication 
between the machines in the mine and a dispatcher.

Figure 3.10 Schematic picture over the MineStar system.
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MineStar, schedules and assigns the machines to the correct locations to
optimise the production. It provides productivity information from trucks and 
loading equipment i.e. tonnage and coordinates etc. The system monitors
material movement and type, to ensure material is moved to the proper 
location.

CAES, Computer Aided Earthmoving System, is a system that gives the 
loading operators the information needed to achieve planned bench heights 
and grade control.

Aquila Drill Management provides operators with an on-board graphical drill 
pattern, with hole depths, and with drill positioning. The Aquila system
includes a MWD application that measures drilling characteristics, i.e. torque, 
rate of penetration, weight on bit etc. 

In Aitik all of the mining machines are connected to the MineStar system, and the 
positions and a time stamps, for all of the events and all of the machines, are stored in 
a database. 

3.7.2 Fragment size analysis
The Aitik mine have two SplitOnline image analysis systems, one for the mine and 
one for the mill, comprised of five cameras for each system. The systems were
installed and calibrated during July 2003. The five cameras in the mine system 
monitors the four truck dump bays and the conveyor belt after the discharge from the
primary crusher, belt 189. The system in the mill monitors all the conveyors feeding
the primary mills, belt 130, 140, 150, 160 and belt 170, named B130-170 in Figure 
3.6. The analysed data, K10 - K100, are stored in databases. K10 is the sieve size
where ten percent of the material passes and K100 is the size where all of the material
passes. Combined with the MineStar data the result can be linked to the location in the
mine. Table 3.2 gives an example of image analysis data from the mine system 
database. The analysed data from the mill system is not connected with a truck cycle 
identity, due to problems with tracking the material in the ore storage, but by batching 
data into larger units they can be linked by its time stamp. FRAME COUNT in Table 
3.2 is the number of pictures analysed. 

Table 3.2 Example of image analysis data. 

CAM-
ERA TIME

K10
(mm)

K20
(mm)

K30
(mm)

K40
(mm)

K50
(mm)

K60
(mm)

K70
(mm)

K80
(mm)

K90
(mm)

K100
(mm)

TRUCK-
CYCLE ID

FRAME
COUNT

4 11:51 2.7 16.4 44.3 88.8 152 237 338 459 648 1237 275103 5
4 11:53 4.6 20.3 47.6 87.1 139 206 284 381 523 980 275093 5
4 12:24 2.8 16.1 43.6 88.5 153 244 355 478 653 1255 275117 5
4 12:52 4.3 23.0 59.2 113.7 187 276 370 476 616 963 275147 5
4 12:55 5.0 25.1 64.2 125.3 212 322 462 643 877 1413 275121 5
4 13:00 5.2 25.9 64.2 121.5 199 297 409 541 723 1205 275119 5

In addition to the image analysis system the mill in Aitik has a laser distance
transmitter installed above belt 160, to estimate the fragment size. This system
measure the distance to the material on the conveyor belt, and the standard deviation 
in the signal gives an indication of the feed size, i.e. larger rock fragment sizes on the
belt gives larger standard deviation of the signal. This system gives only one value of 
the fragmentation not the whole distribution as the SplitOnline system does, but the
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results correlates well with the K60 value from the image analysis, both in magnitude
and variance, Figure 3.11. 
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Figure 3.11 Image Analysis K60 vs. laser measurement, Belt 160. 
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4 Method - optimisation of fragmentation
The primary mills is the constraint in Aitiks production system, and the objective of 
this investigation is to provide a mill feed that requires minimum processing time in 
the autogenous mill. As the mechanical properties of the ore varies within the pit, ore
from different parts of the pit may require different fragment size distributions in 
order to ensure maximum throughput in the mill. The research design for this work 
has been: 

The mill production data were matched to the position in the mine, from where 
it was loaded.

The relationship between feed size and throughput in the primary mills was
investigated. Based on the performance of the primary mill an optimum
change in feed size, S, from each particular location in the mine was 
determined. With the assumption that the ore properties are continuous along 
the dip of the ore, the calculated optimum change in fragmentation can be used 
as an input parameter for the blast design for the underlying blasts. The pit has 
been divided into blast domains with similar requirements in change of the
feed size. 

For the different blast design an optimal blast design has been determined by 
using a blast model and a crusher model. The rock dependent input parameters
to the blast model have been determined by fitting the curve from the blast 
model to the sieved curved attained by image analysis. With known input 
parameters to the blast model, a crusher model and known optimum change in 
feed size, S, from the bench above, the optimal blast design for the different 
domains can be determined.

To verify if a change in feed size did result in the predicted change in mill
throughput, full-scale trial blasts with modified blast design were performed
and evaluated. 

4.1 Data collection and treatment 
Production data from the mine and the mill has been correlated to analyse the
throughput, fragmentation etc. that has been achieved from different positions in the 
mine. To make the huge amount of data in the databases more manageable it has been 
divided into suitable units. In the mill production database minute values for all the
data, throughput, energy consumption, fill level, image analysis data etc. are stored. In 
this work mean values per day for each of the measured/calculated values has been 
used for the analysis.

The position of the trucks when loaded and the time when the trucks were dumping
into the crusher given by the MineStar system, have been used to match the
production data from the mill to the mine. The use of the truck position instead of the
bucket position was because not all of the loaders give the bucket position. On
average the truck position is 20 meters away from the actual position from the bucket
position when loaded and can be up to 40 meters away from the bucket position but 
this has been disregarded. 

In Aitik every year about 90 thousand truckloads of ore are dumped into the crusher,
to make this manageable, the mine has been divided into blocks. Each block has a size 
of 10x10x15 meters, which corresponds to about 20 truckloads. The median time
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when the blocks has been loaded has been used in the matching of the mine and the 
mill data. 

Since there are several loaders in the mine, feeding the crusher from different 

consumption in the mills can be used as a measurement

throughput in the mills.

Mill 5 7 9 11 13

positions, only days when more than 65 % of the production volume comes from one 
single loading position has been approved for analysis, which is about 65% of the 
days. The average number of trucks dumping into the crusher is about 250 per day. To 
compensate for the time in the ore piles and bins the median time for the blocks are
matched with the mill data twelve hours later. The volume of ore in the piles/bins are
not constant, sometimes they are full and sometimes empty, this has not been
considered in the matching.

The throughput or the energy
of grindability of the ore, the ease of which the ore can be ground. In this work the
average throughput, tonnes per hour per mill, is used as grindability. The different
grinding mills have different characteristics, i.e. throughput and power draw, and just
using the actual throughput could give a misleading result of the grindability, for
instance if the mill with the highest throughput is out of production the average
throughput per mill becomes lower. In this situation it is not the grindability of the ore
that is measured. To compensate for this the production data has been normalised, so 
that the grindability is independent of which mills that are operating. Mill production 
data from 2002-01-01 to 2003-04-27, and only days when the individual mills had 
more than 15 production hours per day has been used in the analysis and. Mill 13 had
the highest throughput and most production hours of the mills, for the period used for
the normalisation, therefore it has been used as reference mill, and data from the other
mills were normalised to this, i.e. multiplied by a factor, Table 4.1, to achieve the 
same average throughput as mill 13 has. 

Table 4.1 Factors for normalisation of the

Factor 2.31 2.84 1.11 1.29 1

Since mill 13 has the highest throughput of the mills, tonnes/hour, this normalisation
would result in a higher value for the other mills than what the actual throughput is. 
Just to make the values for normalised throughput more recognisable it has been 
multiplied by a factor, 0.669, which makes the average value of the normalised
throughput equal to the average value of the actual throughput. As for the throughput 
the mill engine power consumption, kWh/tonne, differs between the mills and has
been normalised in the same way. 

40



4.2 Method to determine the optimal fragmentation 

4.2.1 Optimal fragmentation for the grinding mills 
The original idea was to find a simulator/model that could model the grinding mills,
and determine the optimal mill feed and blast designs for different domains in the 
mine. Because of the deficiencies in the existing simulators, see chapter 2.1.7, 
Boliden developed a method that allows the bottleneck in the system, the primary
mills, decide what the optimal change in fragmentation is. In this part the laser
transmitter has been used to measure/estimate the fragmentation, see chapter 3.7.2. 

The mill control system in Aitik, see chapter 3.6, has been used to estimate the
optimal fragmentation for the primary mills. The control system controls the ore feed
rate to the mill, either by a maximum power limitation or by a maximum charge level
limitation, toe angle limitation. Tests with constant ore feed rate, Berggren et al. 
(2003), have shown that the fragmentation affects the mill engine power drawn in the 
way that finer fragmentation requires less engine power, Figure 4.1. In all this work 
ore feed rate and throughput are interpreted as the same thing, since all the material
that enters the mill has to leave it too.
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Figure 4.1 Correlation between power and grain size during constant ore feed. 

The grain size influence on the toe angle is more difficult to detect. Figure 4.2 shows 
the variation of the ore feed rate during a period when the toe angle has been the
limitation of the feed rate, i.e. the influence from the feed size has propagated from 
toe angle to ore feed rate. 
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Figure 4.2 The figure shows how changes in grain size affects the ore feed rate during 
a period with constant toe angle. 

The throughput is increasing with increasing size of the particles, during periods with 
toe angle limitation, constant charge level. Increasing grain size gives decreasing toe
angle and vice versa. The mechanisms why the toe angle increases with decreasing
grain size has several explanations, these are: 

Fines material goes directly from the ore feed to the pulp and increases the 
pulp volume.

The permeability of the charge is lower with finer ore feed and the pulp cannot 
penetrate the charge as much as with a coarser charge. 

The friction angle is lower for the finer material and the whole mill charge 
slides down, which gives larger toe angle. 

The conclusions of these tests are that the throughput in the primary mills increases 
with finer feed grain size, during periods when the ore feed rate of the mills has been
limited by the power limitation, and the throughput decreases with finer feed grain 
size during periods when the feed rate is limited by the toe angle limitation.

The huge amount of data coming from the mine and the mill needs to be compressed
into manageable units, in this case the mine has been divided into blocks, i, 10x10x15 
m, i.e. an area of ten by ten meters and the whole bench height. Each block contains 
of about 20 truckloads. Corresponding to each block mined there is an average toe
angle, i and an average mill engine power, Pi, depending on the mechanical
properties of the ore. To find the optimal mill feed size for block i, the following
assumptions, for the changes in toe angle ( ) and mill engine power ( P), are made:
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iiii qcSaqSf , ,      (4.1) 

iiii qdSbqSfP , ,      (4.2) 

where:

Change in toe angle, due to change in fragment size, (degrees),

S Change in fragmentation to maximise the throughput, (cm),

q Change in throughput, due to change in fragment size, (t/p.h), 

P Change in mill engine power, due to change in fragment size, (kW),

and a,b,c and d are constants. 

Absolute values for toe angle and power at optimum fragmentation are then given by:

iiii qcSalim , and       (4.3) 

iiii qdSbPPlim ,       (4.4) 

where:

lim Toe angle limitation, constant, (degrees), 

i Average toe angle for block i, (degrees),

Plim Mill engine power limitation, constant, (kW),

Pi Average mill engine power for block i, (kW),

Two independent expressions for the change in mill throughput, q, can be extracted 
from equation 4.3 and equation 4.4. The first expression concerns the toe angle 
properties and the second the power properties. 

c
Saq iii

i
lim        (4.5) 

d
SbPPq iii

i
lim        (4.6) 

The optimised control system for the mill gives that the constraint, equation 4.5 and
equation 4.6, that demands the least ore flow, determines the flow rate to the mill. The 
optimal change in fragment size, for block i, can be found where the two constraints
are equal, Figure 4.3, which gives: 

adbc
dPPc

S ii limlim      (4.7) 
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Throughput

Figure 4.3 Change in fragmentation to obtain optimum throughput in the primary mill.

The optimal fragmentation for each block, i, in the mine can be determined by: 

ii SSS ,         (4.8) 

where Si is the fragmentation size for block i. 

The maximal change in throughput, qMAXi can be determined by combining equation 
4.5 and equation 4.7 or equation 4.6, which gives:

bcad
bPaq ii

MAXi .       (4.9) 

The maximal throughput for the block i, , becomes: MAXiq

MAXiiMAXi qqq ,       (4.10) 

where qi is the average ore throughput for block i, t/p.h. 

During normal production it is difficult to obtain constant conditions, for the mills, the 
process is always moving in one direction or another, see Figure 4.2 and Figure 4.3. 
Dynamical modelling is compensating for these process variations and has been used 
to estimate the parameters a-d, Berggren (2003). The Laplace transfer function 
achieved from the dynamic modelling gives a good description of how the system 
behaves, due to process variations. The transfer function used her is of the type, 

se
Ts

KG
1 , where

K = static gain, 

 = dead time,

s = variable and 

T = time constant. 

From Figure 4.2 the relationship between the mill feed size and the mill power can be
determined. The dynamic model calculated from this data is expressed in Laplace 
transformation as: 
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In similar ways the transfer functions for ore feed rate on mill power, GPq, mill feed
rate on toe angle, G q and how the mill feed size affects the toe angleG S are 
determined as: 
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The static gain, achieved above, gives the parameters a-d. 

a = -1.4 degrees/cm

b =  210 kW/cm

c = 0.06 degrees*hour/t

d = 8 kWh/t

The parameters a-d and the mills limitations, power and toe angle, with equation 4.7
gives:

8.23
24806.08 ii

i
P

S ,       (4.11)

which has been used for the blast domain classification and, with a crusher model, can 
be used as a design parameter for the blast planning. 

The expected maximum increase in throughput, qMAXi, with the parameters a-d 
becomes:

8.23
4,121021980 ii

MAXi
P

q .      (4.12)
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4.2.2 Blast domain classification 
In order to optimise the throughput in the primary mills, the blast design at different
positions in the mine has to be different, since the mechanical properties of the ore
differs. The mine has been divided into different areas, blast domains, with different 
blast design to maximise the throughput in the primary mills. To make the blast 
design manageable it is necessary not to have too many blast domains and keep the 
domains simple. In this work the mine has been divided into three blast domains. This 
has been achieved by letting the primary mills determine the size/location of the
different domains.

The production data from the mill, throughput etc., was matched to the positions in 
the mine from where it was extracted, see chapter 4.1. The achieved production data 
have been plotted in polar coordinates to compare the parameters for different 
benches, Figure 4.4. Normally the loaders load the whole bench width in one day and 
the data has been averaged along the radii. The polar coordinates are defined with the 
pole or origin at the Cartesian coordinate (7910, 4270). The polar angle is zero in 
north direction and increasing with counter clockwise rotation, see Figure 5.1. 

Figure 4.4 Grain size, toe angle and mill power plotted in polar coordinates for bench 
225 and 240. 

By using the production data in Figure 4.4 and equation 4.11, the optimal change in 
fragmentation, S can be calculated. In Figure 4.5 the parameter S, for bench 225 
and 240, has been plotted and since the blast design has been constant for bench 225 
and 240 the blasting domains can be defined. Areas where S is negative should have 
finer fragmentation on the next mining level and coarser for positive S.
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Figure 4.5 Calculated optimal change in fragmentation, S, for bench 225 and 240. 

By plotting, S, calculated from mill data, against the corresponding coordinates in 
the mine, a general overview of how the fragmentation should be altered to achieve
the optimal throughput in the primary mills, on the next mining level, can be seen,
Figure 4.6 and Figure 4.7. 

Figure 4.6 The calculated optimal change in fragmentation, S, for bench 225. 
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Figure 4.7 Optimal change in fragmentation, S, for bench 240 

Figure 4.8 shows the throughput in the primary mills, q, and the potential increase in
throughput, q+ q, that can be achieved by optimal fragmentation.

Figure 4.8 Throughput, q, and potential increase in throughput, q+ q, due to optimal
fragmentation.
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4.3 Method to achieve the optimum fragmentation 

4.3.1 Blast modelling
Since the mechanical properties of the ore vary in the mine, the ore body was divided 
into areas with similar properties, blast domains, to be modelled properly. The blast 
model used is the Crushed-Zone-Model, CZM, by JKMRC, see chapter 2.4.2. The
rock dependent input parameters, e.g. the rock factor, A, and the radius of the 
crushing zone, rc, needs much field work and testing to be obtained. Instead of
calculating the parameters A, and rc by equation 2.8 and equation 2.17, the result from 
the image analysis, before and after the crusher, has been used to estimate the rock 
factor, A, and the radius of the crushing zone, rc. The current blast design, Table 4.2, 
has been used to estimate the input parameters.

Table 4.2 Current blast design used to estimate the input parameters to the CZM 

Parameter Parameter
Burden (m) 7.75
Spacing (m) 9.75
Stemming (m) 7
Sub drill (m) 2
Hole diameter (m) 0.311
Relative weight strength 85 % 
Bench height (m) 15
Density of explosives (kg/l) 1.25

The blast design in Table 4.2 applied to the Crushed Zone model, equation 2.14, gives 
the uniformity index for the coarse part, ncoarse= 1.31 and the specific charge becomes
0.84 kg/m3.

The rock factor, A, is determined by using the CZM to the achieved fragmentation
result for the coarse part of the fragment size distribution. Minimum root mean square 
of the coarse part, k80 and k90, of the crushed zone model, equation 2.14, and the
image analysis result are used. In a similar way the crushed zone radius has been
determined, but here the fines part, k20 and k30, of the model, equation 2.20, and 
image analysis were used, see Figure 4.9. The input data for calculation of A and rc
can be seen in Appendix 1. 
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Figure 4.9 Determination of the input parameters, A and rc to CZM. 

Big differences in the image analysis, at the truck dump, between night and day have 
been detected. The difference is due to the changes in the lighting of the truckload, the 
system interprets darker areas in the pictures as fines. Only data from image analysis
during daylight has been used for the estimation of the input parameters.

The image analysis data from the conveyor belts has better resolution of the finer part 
of the size distribution than the truck dump system data. This is because the cameras
are positioned closer to the material/ore and has constant lighting conditions. Since 
the truck dump cameras take pictures from a longer distance, the analysis of the finer
fractions becomes poor. To compensate for this the fine part of the analysis from the
camera above the conveyor belt after the crusher, belt 189, has been merged to the 
data from the cameras at the truck dump. The data has manually been adjusted to fit
the fines part of the datas after the crusher, Figure 4.10. Appendix 1 shows the image
analysis data used for the adjustment of the size distribution for the individual blast 
domains.
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Figure 4.10 Adjusted image analysis from the truck dump.

The ore dumped into the crusher comes from one main loader and from a couple of 
smaller loaders located in the mine. The data used to estimate the parameters for the 
different blast domains have been selected from periods when more than 90 % of the
trucks have come from one loader, i.e. about 35% of the days. For the different blast
domains, image analysis data from 127, 224 and 168 truck loads have been used for
the determination of the rock dependent parameters A and rc. Due to wear in the 
crusher the crusher settings have been adjusted several times during the analysed
period. This has been disregarded in the determination of the parameters.

4.3.2 Crusher model
To be able to predict the feed size distribution to the grinding mills the blast model is 
not sufficient, the crusher needs to be modelled to. The crusher model used here is 
similar to the one used by JKMRC, see Figure 2.7, i.e. feed is classified and crushed 
in several steps, each step contributes to the final fragment size distribution. The 
classification part of the model separates the fragments that have passed through the 
crusher, from the material that will be crushed. The breakage part of the model gives 
the size distribution of the rock after crushing. The open side setting, OSS, and the 
closed side setting, CSS, control the probability that a rock will be crushed, Valery et 
al. (2001). If the size of the rock is less than CSS, it will pass through the chamber
without being crushed. Due to the schistosity of the ore in Aitik larger rocks than OSS 
can pass the crusher, this larger size, MAX, is found in the image analysis data from 
the analysis after the crusher. If the size of the rock fed to the crusher is larger than
the MAX it will be crushed.

For rock fragments in the size between CSS and MAX the probability that a smaller
fragment will be crushed is less than the probability that a large rock will be crushed,
with the assumption that the crusher is not choke fed. A large rock fragment close to 
MAX will be exposed to the crusher head during a longer distance than a small
fragment. Therefore the probability of breakage of rocks, with the size between MAX 
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and CSS, is chosen to be described by an ellipsoid with the radius of the distance
between MAX and CSS, Figure 4.11. 
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Figure 4.11 Probability of breakage in the crusher. 

The probability function of breakage, PB, becomes:

CSSMAX
XMAXCSSMAX

PB

2
0

2

,     (4.13)

where X0 is the fragment size before breakage.

The material in each size is crushed into a new size distribution, with the assumption
that the average new size of the crushed material is half of the origin size. It is
obvious that not all of the crushed material will become half of the origin size, some
will be finer and some coarser. The author has chosen to let the new distribution to be
described by a semi circular shape, with a radius of half of the origin size, Figure 
4.12.

52



0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0

Size

%
 p

as
si

ng

0

D
is

tr
ib

ut
io

n

Cummulative distribution
Distribution after breakage

Q

X

n

0

X /20

X

Figure 4.12 Size distribution for each size, in crusher model, after breakage.

The breakage distribution, BX0, of each fraction X0 after crushing, is obtained by 
dividing the area under the semi circle up to each fraction X with the total area under 
the semi circle. 

The semi circle in Figure 4.12 is described by 
2

02
2

0

22
X

Y
X

X , which 

gives:
2

0 XXXY        (4.14)

The area is given by the integral of equation 4.14 as: 
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The breakage distribution, BX0, then becomes:
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X     (4.16) 

The amount of material, QXn in each fraction X after each breakage step n, is obtained 
by multiplying the breakage distribution, equation 4.13, with the probability of
breakage, equation 4.16, and QX0n, the amount of material in each size before
breakage step n, i.e. 

nXBXXn QPBQ 00 **        (4.17) 

If the fragment size before breakage is less than MAX, the breakage function for each 
fraction becomes:
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If the fragment size before breakage is larger than MAX, the breakage function, QXn,
for each fraction can be calculated by:
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where,

QXn = amount of material in each size after breakage step n, 

QX0n = amount of material in each size before breakage step n, 

X0 = fragment size before breakage, 

X = fragment size after breakage,

MAX = maximum size after breakage, 

PB = Probability of breakage. 

The closed side setting, CSS, is set to 0,18 m and the MAX size, is set to 0.6 m to fit
the coarse part of the image analysis after crusher, se Figure 4.13. 
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Figure 4.13 Fitting of the crusher model to the image analysis. 
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5 Results

5.1 Blast domain classification
By transforming the data, Figure 4.5, to Cartesian coordinates one gets a better 
overview of where the defined blasting domains are located in the mine, Figure 5.1. 
Blast domain B and C should have finer fragmentation and blast domain A unchanged 
fragmentation.

Figure 5.1 Defined blasting domains for push back four. 

By using the method described in chapter 4.3.1 on bench 270, the input parameters to
the blast model, A and rc, for the different blast domains are obtained, Table 5.1. 

Table 5.1 Input parameters for the blasting domains

Domain A B C
A 3.1 3.8 3.8
rc 2.65 2.40 2.45

The input parameters to domain A differs from the other domains e.g. the crushed 
zone radius, rc, is larger and the rock factor, A, is smaller. The larger rc for blast
domain A can be interpreted as the strength of the ore is lower for this part, and the 
smaller A can be understood that the rock mass contains more fissures. The input 
parameters, both A and rc, for domain B and C are very similar and it is likely that the
fragmentation results, with the same blast design, for these two domains are similar.

By using the image analysis to determine the input parameters to the blast model a lot 
of fieldwork and testing of the material can be avoided. The quality of the image
analysis after the crusher, where the lighting conditions are constant, are much better 
than the quality of the analysis at the truck dump. The parameter rc is of good quality 
since it is determined by the fines part of the fragment size distribution, which comes
from the analysis after the crusher. The determination of the rock factor, A, is very
uncertain since it is based on few data from the image analysis at the truck dump with 
varying lighting conditions and problems with correct triggering of when the images
should be taken. To avoid the problems with varying lighting conditions at the truck 
dump, only image analysis data extracted during daylight has been used. 
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5.2 Trial blasts
To investigate if finer fragmentation could increase the throughput in the primary
mills, five full-scale trial blasts were made with a 35 % higher powder factor than
standard blasts, blast A, B, C, D and E, Figure 5.2. Blast A was blasted before the 
image analysis system was installed, and blast B through E after the installation.

Due to production issues with difficulties to get large enough blasts, which could in 
most part be hauled separately, the location of the trial blast could not be chosen 
freely, but taken when and where possible. The locations of the trial blast are shown
in Figure 5.2. Blast A were mined on level 240, B on 270, C on 285 and D and E on 
level 315. 

Figure 5.2 Location of the trial blasts. 

Since the ore has similar mechanical properties along the dip of the ore, the result of 
the trial blasts was compared to the results from the neighbouring blasts in the bench 
above. Blast Ref#A is the reference blast to blast A, and blast Ref#B is the reference
blast to blast B and so on with the exception of blast C which is situated directly
below trial blast B, why the same reference blast, Ref#B is used. The designed 
parameters for the trial blasts and the reference blast are shown in Table 5.2. After the
first two trial blasts with a coarse upper part of the muck pile, the drilling pattern were 
changed but the powder factor were held constant by decreasing the stemming length.

Table 5.2 Design parameters for the trial blasts. 

A B C D E Ref#A-B Ref#D-E
Burden (m) 7.0 7.0 7.5 7.3 7.3 7.75 8.0
Spacing (m) 8.4 8.4 9.0 9.2 9.2 9.75 10.0
Hole diameter (mm) 311 311 311 311 311 311 311
Sub drill (m) 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Stemming (m) 7 6.5 5.0 5.0 5.0 7.0 6.5
Powder factor (kg/m3) 1.08 1.13 1.13 1.13 1.13 0.84 0.83

For the trial blasts only the design of the production holes were changed, the standard 
design for the contour holes were used. 
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The expected fragmentation results for the crusher product, Table 5.3 for the reference 
blasts and the trial blasts has been estimated by the blast and crusher model described 
in chapter 4.3. The design parameters, Table 5.2, and the blast domains with their 
input parameters for the blast modelling, Table 5.1, were used as input parameters for
the calculations. The trial blasts (except trial blast A) were located a couple of 
benches below the mining levels where the blast domains were classified and the rock
properties in the blast domains were characterized. This would of course introduce
error in material properties, but possible errors has been disregarded. 

Table 5.3 Expected crusher product, K60, for the reference blasts and the trial blasts. 

Blast K60 reference blasts 
(mm)

K60 trial blasts
(mm)

Difference

A 92.1 76.3 -17%
B 103 87.9 -15%
C 103 87.9 -15%
D 93.2 76.5 -18%
E 93.2 76.5 -18%

5.2.1 Results 
The results from the trial blast and the reference blasts are shown in Table 5.4 to 
Table 5.6. Table 5.4 shows the throughput results for the trial blast compared to the 
reference blasts on the neighbouring bench above. The throughput is the normalised
throughput, tonnes per production hour. The average increase in throughput for the
trial blasts was about nine percent, the average change in throughput from the
individual blasts spans from –3% to +22%. 

Table 5.4 Achieved throughput for the trial blasts and the reference blasts. 

Blast
Throughput from 

trial blasts 
(t.p.h)

Throughput from 
reference blasts 

(t.p.h)

Difference

A 463 478 -3 %
B 452 398 14 %
C 486 398 22 %
D 505 455 11 %
E 468 466 0 %

Table 5.5 shows the achieved crusher product, K60, for belt 189, for the trial blast and 
the reference blasts. K60 is the average K60 values for the blasts measured by the
image analysis system after the crusher. The image analysis system was not installed
when trial blast A was crushed, and the system was down for the period when 
reference blast D was crushed. 
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Table 5.5 Measured crusher product size K60, belt 189, for the trial blasts and the
reference blasts.

Blast Trial blasts
(mm)

Reference
blasts (mm) Difference

A No data No data -
B 89.7 95.1 -6 %
C 78.9 95.1 -17 %
D 91.6 No data -
E 88.5 93.4 -5 %

Table 5.6 shows the achieved feed size to mill 11, for the trial and the reference
blasts. As we pointed out earlier in 3.7.2 that the standard deviation in the signal gives 
an indication of the feed size, i.e. larger rocks on the belt give larger variation of the 
signal. The laser distance transmitter mounted above the conveyor belt, feeding mill
11, measured the feed grain size. More results, e.g. (normalised throughput, 
normalised grinding energy effect and toe angle) for mill 11, normalised grinding 
energy, crusher capacity and digability, from the trial blast can be seen in appendix 2. 

Table 5.6 Achieved feed grain size, mill 11 laser, for the trial blasts and the reference.

Blast Trial blasts
(std.dev.)

Reference blasts
(std.dev.) Difference

A 9.2 8.4 10 %
B 9.5 9.1 4 %
C 10.4 9.1 14 %
D 8.6 9.6 -10 %
E 9.1 9.5 -4 %
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5.3 Discussion 
The method used in this work, to optimise the fragmentation is to apply the result 
from one mining level to the design on the underlying bench. The bottleneck in the 
system mine and mill is the primary mills. From the behaviour of the primary mills an 
optimal change in fragmentation is determined. A blast model and a crusher model are 
then used to decide the blast pattern for the underlying bench. This method to 
determine the optimal change in fragmentation disregards if there is a covariance 
between grain size and strength. The influence of the rock weakening due to blasting 
is also disregarded, see Nielsen and Kristiansen (1996). The procedure to maximise
the throughput in the primary mills does not need any fieldwork or laboratory tests,
but demands a great deal of equipment for tracking and measuring the ore and the
behaviour in the mill, and finally space and structure to store all data collected.

An alternative methodology to the one used here is to simulate/ calculate an optimal
fragmentation for ore from different areas within the mine, see Valery et al. (2001). 
Much fieldwork and testing of the material are required for such a method, to make
the results reliable. Simulations prerequisites that the blast domains are outlined
before the sampling and testing of materials, for the input parameters to the models,
which is before one really know the true limits of the blast domains. Furthermore the 
grinding models available, at present, does not in a realistic way describe changes in 
the fragmentation. Autogenous grinding demands grinding media, larger lumps, to 
work properly. If one in JK-SimMet, see chapter 2.1.7, changes the coarsest 
fragments of the feed material to intermediate sizes, the throughput increases which is 
not in agreement with practical experience.

5.3.1 Blast domain classification
By letting the bottleneck, the primary mills, and their limitations decide what the 
optimal change in fragmentation, S, and from this made a blast domain
classification, is believed to be a good methodology for optimise mine to mill
production. However it should be said that the data that has been used for the 
classification is “noisy” and several changes can be done to improve the analysis. 

Only production data from mill 11 has been used. An increased throughput in 
mill 11 does not necessarily means an increased total throughput. By 
implementing similar equipment, for measuring the toe angle as in mill 11, in 
other primary mills, would improve the classification of the domains.

The laser distance transmitter just gives one value for the feed size
distribution, which correlates to K60, but it is not obvious that this gives the 
best correlation between feed size and toe angle. The correlation might be 
improved by using the image analysis system, which gives the whole feed 
grain size distribution. 

Wear in the mill, grate and the lifters, affects the pulp level, toe angle, with the 
consequence that S will be affected, which has been disregarded in the
analysis.

The tracking of material from the positions in the mine to the grinding mills
can be improved. The tracking of the ore within the mine is good and the mill
production data can be divided into units with good accuracy, but the time
between the truck dump and primary mills has a great deal of uncertainty. In 
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this work a twelve hour time delay has been assigned to all the trucks, 
independent of the levels in the ore storage and the production rate in the 
grinding mills. A simple model of the conveying system and the ore storage 
would improve the tracking of the material. Segregation in the ore storage is 
another problem that has been disregarded in this work.

In the blast domain classification only days when more than 65% of the total 
loading per day, coming from one loader has been used. This means that up to 
35% of the grinded ore could have come from other positions in the mine,
which affects the quality of the analysed data. In average 86% of the crushed
ore comes from one loader, in this study. 

The grindability of the ore is dependent on the strength and the feed size 
distribution. This method to determine the optimal change in fragmentation
does not take into account the strength of the ground material, only fragment
size.

5.3.2 Blast and crusher model 
By using the image analysis results to obtain the rock dependent parameters A and rc,
equation 2.8 and 2.17, much field/laboratory tests can be avoided. The image analysis 
of the crusher product, belt 189, has been calibrated and has constant lighting 
conditions, which makes the analysis results reliable and consequently the
determination of the crushed zone radius, rc, will be reliable. The determination of the
rock factor, A, comes from the coarse part of the image analysis from the truck dump 
cameras, which has several sources of error that makes the calculation of the rock
factor, A, less reliable than the determination of the crushed zone radius. The lighting 
conditions varies much and to compensate for this only data from the image analysis 
during daylight has been used, but still remains the problems with different lighting
conditions dependent on different weather conditions e.g. sunshine gives shadows in 
the images and rain and snow makes the images blur. Another source of error in the 
determination of the rock factor is the timing of the triggering of the truck dump
cameras, sometimes the triggering is too early and sometimes too late, which does not
make the analysis representative for the whole truckload. 

The crusher model is based on the assumptions that mainly the coarsest particles of
the size distribution are crushed down, and particles less than the close side settings,
CSS, passes the crusher chamber unchanged. Just by observing the crusher as the 
trucks dumps into the crusher bay one can see that the assumptions seems reasonable, 
since the finer particles just passes the crusher chamber unchanged, the mid sized 
particle maintains just a short while, and the larger particles are detained for a longer 
time. In the model autogenous crushing is disregarded. The model assumes the same
geometric size reduction irrespective of the mechanical properties of the ore, in reality 
it is not likely that the crusher product would be the same for muscovite schist and
biotite gneiss with the same feed size distribution. More work needs to be done with 
the breakage distribution function, equation 4.18 and 4.19, and the probability of
breakage function, equation 4.13, when the reliability of the image analysis at the
truck dump is improved.

5.3.3 Trial blasts
By increasing the powder factor by 35 percent for the trial blasts, the average increase
in throughput, for the five trial blasts was eight percent. This indicates that there is a
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huge potential in adjusting the blast design in the different domains. It should be
mentioned that the trial blasts were located several benches below the ones that were
used for the blast domain classification and a comparison of the results of the trial
blasts and the blast domains are not fully reliable. The trial blasts, B and C, were
located below blast domain B, see Figure 5.1, and these blasts gave 14 and 22 percent 
higher throughput than the reference blast. The three remaining blasts were located 
below blast domain A. Blast D had ten percent higher throughput than the reference
blast, and for the other two, blast A and E, no increase in throughput could be seen. 
Only the fragmentation result from trial blast C were close to the expected
fragmentation result, -17% for the achieved crusher product, Table 5.5, and the –15% 
for the expected fragmentation result, Table 5.3. The three trial blasts with high 
increase in throughput, trial blast B, C and D, showed the highest decrease in the grain 
size of the crusher product. The width of the trial blasts varied, which affects the 
influence of the boundary conditions of the blasts e.g. contour holes and confinement.
Trial blast C, D and E were narrow blasts, for Aitik conditions, which increases the 
influence of the boundary conditions. 

The trial blast were compared with neighbouring reference blasts in the bench above, 
which reduces the influence of different mechanical properties of the ore, since the 
ore has similar mechanical properties in the dip direction. A problem with this pairing
of blasts is that there is a long time, up to several months, between the reference blasts
and the trial blasts. During this period a great deal of changes in the crusher and the
mill occurs e.g. wear, crusher settings, replacing of mill linings and grate, which 
affects the capacities of the individual grinding mills. A way to reduce the influence
of the milling capacities could be to compare blast neighbouring each other in the
same bench. However the influence of different ore properties may increase, since 
location of the blasts needs to be at least 100 meter apart, due to the tonnage needed to 
avoid the influence of the ore storage. By comparing blasts in different benches, the
distance between the blasts is just 15 meters. It is the authors believe that the
influence of the mechanical properties of the ore is of greater importance than the 
influence of changes in the grinding mills, since the evaluation of trial blasts is made
on averages from five grinding mills, and it is not likely that for instance replacement
of linings in one of the mills has a larger effect on the total capacity of all of the mills
than changes in mechanical properties the ore has.
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6 Conclusions 
A method to optimise the fragmentation in order to maximise the overall profitability 
of the mine and the mill has been proposed. The objective of the optimisation is to 
maximise the throughput, consequently income, of the whole system, mine and mill.
The method is based on optimising the fragmentation in such a way that the capacity 
of the bottleneck, primary grinding, is maximised. From the behaviour of the primary
grinding mills, an optimal change in fragmentation, S, is determined for different 
blasting areas in the mine. The new blasting design is to meet the requirement from
the bottleneck, the primary grinding. 

Based on this method five trial blasts were designed. The average increase in 
throughput for the five trial blasts was eight percent. For two of the trial blasts, which 
were located in a blasting area where the optimal change in fragmentation was lowest
and therefore the expected increase in throughput was highest, the throughput 
increased by 14 and 22 percent, respectively. The present work therefore indicates
that the proposed optimisation method works well. 

To increase the throughput in the primary grinding mill the optimal change in the 
input fragment size has been worked out through our model. This optimal change is 
transferred into an optimal change in one mining level through a crusher model for the 
blast design of the underlying bench. A blast model is then used to decide the blast 
pattern for the underlying bench. Of course the blast domains are not static but should 
be updated for every mining level and the results should be applied to the underlying 
bench. The trial blasts indicate that the assumption, i.e. the rock material in the 
underlying bench has same properties as that of one bench above in many cases, 
works reasonably well although this must depend on the geology in site. 

To investigate if finer fragmentation could increase the throughput in the primary
mills, the five full-scale trial blasts mentioned above were blasted with a 35 % higher
powder factor than the ordinary blasts. The five trial blasts increased the average
throughput of the primary grinding by 8 %, indicating that the method seems to be 
valid for Aitik. 

The present optimisation method does not need any field or laboratory tests, but relies
on online measurements. This method works rather well in Aitik. It is believed that it 
is also valid in other mines equipped with modern monitoring system and image
analysis equipment. The great advantage of this optimisation method is that it can
track the dynamic variation with the production development. This method of course
puts great demands upon the reliability of the measuring equipment and data 
handling. Today the tracking of the ore in the mine is fairly good but the tracking of 
the ore through the mill needs to be improved. The measurements of performance and
material properties need an overall improvement, in particular the fragment size 
measurement at the truck dump and documentations of changes in the mills and the 
crushers.

The gathered knowledge of the influence of the feed size on the grinding performance
in Aitik indicates that a finer fragmentation generally gives a higher throughput. 
Before the method, by calculating a desired change in fragmentation to optimise the 
mill throughput by taking account of the variation in the machine power and toe
angle, can be fully applied, further investigations need to be done to ensure the
relationships. In addition, more trial blasts are also needed. 
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7 Future work
The method proposed in the work to maximise the throughput in the primary mills can
be further improved, by better measurements of fragmentation and tracking of 
material. Recommendation for future work is summarised below. 

Improve the reliability of the image analysis, primarily adjusting the triggering
of the truck dump cameras.

Verify the blast and crusher models.

Implement “the optimal change in fragmentation”, S, for all of the mills.

Investigate the influence of the high loading rates on the strength of rock, the 
influence of micro cracks etc. 

Improving the model of finding the optimal fragmentation. Use the image
analysis system instead of the laser distance transmitter, for fragmentation
measurements, and use other parameter than just one value of the fragment
size distribution i.e. specific surface or two or more points on the size 
distribution.

Investigate if the measurement while drilling, MWD, system can be used to 
characterise rock properties i.e. blastability, crushability or grindability. 

Develop a method to measure the digability of the ore, for the loaders. 
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Appendix 1 Image analysis data used for the blast
domains

Data Truck dump Belt 189 Adjusted size 
distribution

Domain A B C A B C A B C
K10 0.54 0.95 0.70 1.95 3.41 3.00 1.95 3.41 3.00
K20 2.00 6.47 2.99 8.19 12.45 11.31 10.35 15.89 14.59
K30 9.6 20.5 12.8 18.8 26.4 24.4 27.1 38.9 37.2
K40 26.5 47.1 35.5 34.0 44.8 42.1 54.3 74.6 71.0
K50 58.6 90.6 78.8 53.7 67.7 64.6 92.5 121.9 119.7
K60 122.3 156.0 151.6 78.6 95.2 91.5 144.5 182.4 182.4
K70 204.5 255.4 258.0 105.3 123.9 120.0 204.5 261.8 258.0
K80 329.4 388.3 386.5 136.0 157.2 153.2 329.4 388.3 386.5
K90 503 544 577 181 206 203 503 544 577

K100 957 948 1144 330 364 362 957 948 1144
Count 127 224 168 3898 4677 2537
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Appendix 2 Results of the trial blasts

Blast A Ref#A B C Ref#B D Ref#D E Ref#E

Throughput
(tonnes/hour) 463 478 452 486 398 505 455 468 466

Grinding energy 
(kWh/tonne) 9 9.1 9.3 8.1 11.4 8.1 9.2 8.9 8.9

Throughput mill 11 
(tones/h) 501 510 513 578 435 454 422 486 469

Grinding energy 
mill 11 (kWh/tonne) 9.9 9.4 9.8 8.9 11.7 10.0 11.8 10.0 10.1

Effect mill 11 (kW) 4651 4351 4938 5016 4639 4322 4921 4547 4659

Toe angle mill 11 
(degrees) 64.1 63.6 61.8 57.9 56 62.6 64.6 No

data 66.9

Mill 11 feed grain 
size (Std.dev.) 9.2 8.4 9.52 10.4 9.1 8.6 9.6 9.1 9.5

Grain size k60 belt 
189 (cm) 

No
data

No
data 8.97 7.89 9.51 9.16  No 

data 8.85 9.34

Crusher capacity 
(tonne/hour) 3885 3609 4126 4774 3882 No

data
 No 
data

No
data

No
data

Digability MineStar 
(seconds/bucket) 18.8 18.2 16.7 18.7 16.6 19.9 19.7 19.2 18.8

Digability Operator 
* (subjective) 3.11 3.36 3.2 3.2 3.2 3.38 3.0 3.38 3.75

* Every shift, the operators of the loaders gave a score of how the blast was to load, 
ranging from one to six, where the score one was very easy to load and the score six 
was very difficult to load.
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