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1.	 INTRODUCTION

Boliden Mineral AB’s Aitik open pit copper mine is 
situated at Gällivare near the polar circle in North 
Sweden. It produces about 18 Mton of 0.4 % grade 
ore, with an addition of 3.5 g silver and 0.2 g gold 
per ton, and 23 Mton of waste rock annually. The 
mineralization occurs in veinlets and disseminations 
of chalcopyrite within a westerly dipping altered 

porphyritic diorite. Recently a doubling of the 
production has been commissioned, including a 
new mill. 
	 Optimization of the fragmentation and 
comminution in order to improve mill throughput is 
a long standing goal at Aitik (Berggren et al. 2000, 
Viklund et al. 2003, Bergman 2005). One part of 
Bergman’s work focused on dividing the mine into 
blasting domains, based on the throughput in the 
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primary AG mills so that the blast design could 
be adjusted to maximum throughput. The CZM 
blasting model (Kanchibotla et al. 1999), an in-
house crusher model and imaging software (Split 
Online) were used as part of the work. The MineStar 
system was used to keep track of the ore. 
	 Five suitable production rounds with a 35 % 
higher specific charge were monitored; yielding a 
model based expected finer fragmentation of 15-18 
% based on the x60-value of the crusher product. 
The change in AG mill throughput lay in the range 
-3 to 22 %, with an average increase of 8 %. The 
two rounds blasted in the domain where the largest 
increase in mill throughput was expected gave 
the highest increases, 14 and 22 % respectively. 
Bergman’s (2005) conclusion was that a finer 
fragmentation generally gives a higher throughput 
but before an optimal change in fragmentation can 
be calculated, further investigations need to be 
done to ensure the relationships; more trial blasts 
are needed. For the development of the blast and 
the crusher model the fragment size measurements 
have to be more reliable.
	 The work presented here is part of Swebrec’s 
project Model for bench blasting and crushing in 
open cast mining, which as a long range goal has 
to increase the mill throughput. In blasting models 
(Cunningham 1983, Kanchibotla et al. 1999), the 
rock mass factor A is by far the most variable 
parameter. In some preliminary work, stereo-
photogrammetry (Gaich et al. 2004) was used to 
map the blast faces and to obtain structural in-data 
for an A-calculation (Nyberg 2005). 
	 This paper describes the extensive monitoring of 
production blast 4141-2, shot June 28th, 2005. The 

structural mapping had indicated the possibility that 
the round could be divided into two blast domains, 
BE and BW. An important purpose of the work was 
to relate the fragmentation to the blast to rock mass 
properties or at least to the domains. Three methods 
were used to measure the fragmentation; Split 
Online (www.spliteng.com), which is installed at 
the hopper of the primary crusher, Split Desktop, 
acting on photos of the truck loads, and a hybrid 
method in which 0-250 mm sieve samples were 
used in conjunction with the Swebrec distribution 
(Ouchterlony 2005a) and x50 and x80 data obtained 
from the Split systems. A detailed monitoring of 
the drilling and charging was also made in order 
to eliminate variations in these properties on the 
fragmentation. Our paper is based mainly on 
Swebrec report 2006:1 (Nyberg et al. 2006).

2.	 ROUND 4141-2

The open pit at Aitik measures about 2500×750 m 
and the ore strikes N20W. The ore zone dips about 
45º to the west. The bottom of the pit lay about 330 
below the reference level at this time. The mining 
is done using double 15 m benches with vertical 
Ø311 mm (12¼”) production holes charged with 
bulk emulsion. Round 4141-2 was situated on the 
300 m level on the hanging wall, with the side face 
facing local NW, see Figure 1. The round is roughly 
125×35 m and contains about 67,000 m3 or 187,000 
ton of ore.
	 The local geology coincides well with the 
middle angle foliation area (FOM) described by 
West et al. (1985). Six coring holes were drilled 
prior to the blast in order to correlate the earlier 

Figure 1. Overview of Aitik pit with round 4141-2 marked by fat arrow. Note mine’s north direction.
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face mapping with the structures inside the blast, 
see Figure 2. Figure 3 shows the core mapping. The 
agreement with the face mapping was reasonable in 
that the major dip direction is around N15E in both 
stereograms.

Figure 2. Round 4141-2 (original round 4141-1 less 
broad part north of 520-525 m). Free bench side facing 
NW. Six coring closer to wall, oriented to catch important 
structures.

Figure 3. Stereogram for core mapping of round 4141-2.

An attempt was also made to correlate the joint 
spacing in the cores and on the side face. We would 
have expected the side face to give the lower values 
because the presence of blast damage. Despite 
the high resolution of the stereo-photogrammetric 
method, about 50 mm, this was not the case. The 

average joint spacing from the cores was about 0.3 
m. Line mapping on the face along projected core 
hole positions gave 0.5 m and surface mapping 0.7-
1.3 m. This has lead to a reconsideration of how we 
evaluate the stereo images. The data as such are not 
unreasonable though, as Sjöberg (1999) gives an 
average spacing for the dominating joint set on the 
midpart of the hanging wall as 1.0±0.6 m.
	 An analysis of drill cuttings from the production 
holes shows that round 4141-2 contains mainly 
biotite schist. In the western part of the round, 
several holes with mainly biotite gneiss and 
muscovite schist appear. Bergman (2005) gives 
their respective UCS values, as determined from 
the point load strength, as 75-90, 110-120 and 30-
65 MPa. The structural mapping shows that western 
1/3 of the side face is rougher than the eastern 2/3 
and that it is permeated by two additional and more 
diffuse joint systems than the main joint system, 
which permeates the whole face.
	 This led to the hypothesis that round 4141-
2 could be divided into two separate geological 
domains with different fragmentation properties, 
blasting east (BE) and blasting west (BW). Our 
investigation did however not support this division, 
the main reason being the large scatter and 
uncertainties in the recorded fragmentation data as 
shown below.

Figure 4. Round 4141-2 with collaring positions of blast 
holes.

	 Round 4141-2 was comparatively small by Aitik 
standards so as not to interfere with construction of 
the ramp from the 285 m level. It had 44. Ø311 mm 
production holes, 61. Ø152 mm holes in helper rows 
and 14. Ø127 mm holes directly on the southern 
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part of the remaining wall. See Figure 4. The 
contour blasting was also non-standard in that the 
first 80 m of the contour consisted of a previously 
blasted presplit (top part of Figure 4). The normal 
procedure is smooth blasting with Ø127 mm holes 
like in southern part. Presplitting or preshearing is 
used today when reaching a steep inter-ramp slope 
angle is vital (Marklund et al. 2007). Drilling and 
charging data are given in Table 1.

Figure 5. Energy distribution on 293 m level, 1 m below 
stem level. Note rotation of round.

	 The holes were charged with Titan 6080 SSE 
hot gassed bulk emulsion from Dyno Nobel. The 
emulsion contains 20% ANFO. The matrix density 
lies in the range 1420-1440 kg/m3. The targeted 
average in-hole density of the gassed emulsion is 
1180 kg/m3. Our calculations point to an in-hole 
density in the range 1160 to 1240 kg/m3 from 
top to bottom with an average of about 1200 kg/
m3. The initiation was made by the Nonel Unidet 
system, using a 42 ms in-row delay and a 176 
ms delay between rows for the production holes. 
The holes had two detonators, each in a 1.8 kg 
primer, connected to two different trunk lines for 

redundancy reasons and with 42 ms delay between. 
The primers were initially positioned at the bottom 
but then both pulled up 1 m and then one of them 1 
m more.

Figure 6. Side face of charged round 4141-2.

	 JKSimblast (www.jktech.com.au, www.
soft-blast.com) was used to visualize the energy 
distribution in the round, see Figure 5. The burden 
on the surface lies in the range 6.9 - 8.0 m with 
the average at 7.5 m and the spacing in the range 
8.7 - 10.6 m with the average at 9.9 m. Figure 5 
shows that the rotated pattern has given areas with 
a low energy concentration where the production 
holes meet the helper row. The crest breakage along 
the side face, see Figure 6, and the desire to avoid 
large amounts of ore thrown on to the 330 m level 
explains why the energy concentration is low along 
the face. The uneven energy spots around the blast 
holes in Figure 5 shows that the explosive columns 
reach a relatively uneven top level.
	 The uncharged hole length was measured for 19 
production holes and 68 of the helper and contour 
holes before the stemming was put in. The data are 
given in Table 2.

Hole data Planned drilling data Actual Actual Specific
Diam. No. of Burden Spacing Subdrill Stem. depth charge charge
mm holes m m m m m kg/hole kg/m3

311 44 7.7 9.7 1.02/0.0/2.0 6.0 15.8±0.8 878.7 0.88
152 61 6.0/4.31 5.0/4.11 0.0 3.0 14.6±0.2 235.9 0.84
127 14 4.9 3.1 0.5 5.0 15.4±0.1 155.7 0.77

Table 1. Drilling and charging data for round 4141-2.

Note: 1. First figures gives burden or spacing values for helper row, 2nd ones values for row in front of presplit.	2. First 
figure gives subdrill for 1st production row, 2nd one for row over crest below, 3rd for remaining rows.



- 51 -

Table 2. Data for uncharged hole length.

Diam. No. of Planned Range
Mean±std. 

dev

mm holes m m m

311 19 6.0 4.8 - 8.4 6.7±0.9

127+152 68 5.0/3.0 2.6 - 8.8 5.4±1.5

	 The rise of the explosive column during the 
gassing was monitored roughly every six minutes 
in six holes; four dry (# 22, 27, 30 & 31) and two 
wet ones (# 41 & 44) with 1.4 and 1.8 m of water on 
top of the explosive after the charging was finished. 
The rise of the explosives columns versus time is 
nearly exponential and 90 % of the final level is 
reached within 15 minutes. In the dry holes, the 
column rises on average 1.35 m and in the wet ones 
0.85 m. It is plausible that the hydrostatic pressure 
of the water column explains the difference of 0.5 m.
	 This difference is however not large enough 
to explain all of the scatter in the uncharged hole 
length; an uneven bench surface and an uneven 
drill depth both contribute. The information 
gathered in this project inspired the mine to change 
the charging practices to obtain an even top level 
for the explosive columns rather than loading the 
same amount of explosive in each hole. The main 
expected benefit is a lowering of the number of 
boulders produced in the blasts.
	 The VOD was measured in four adjacent holes 
(#32-35), using the instrument MicroTrap from 
MREL. The nominal delay times of 25, 42 and 42 
ms respectively were found to be 26.9, 42.2 and 
36.0 ms respectively. The only good record was 
obtained in hole #35 where the VOD was about 
6200 m/s over the bottom 5 m and about 5000 m/s 
over the top 3 m, giving an average of 5700 m/s. A 
partial record in hole #33 gave the value 6000 m/s. 
These data lie within the product specifications.
	 Video and high speed filming of round 4141-
2 showed no obvious misfires so the poor VOD 
records probably reflect on our measurements 
rather than the blast function.

3.	 FRAGMENTATION MONITORING

3.1	 General description

Round 4141-2 was loaded and hauled during the 
period of June 30th to July 5th, 2005. A P&H 1150 

shovel with bucket size 43m3 load the rock onto a 
fleet of 25 trucks; 172 ton Cat 789s, 218 ton Cat 
793s and 218 ton Unitrig MT 4000s. All shovels 
and trucks are equipped with the MineStar system 
(Renström 2007) so that the digging position 
of each truck load and its dumping time into the 
primary crusher is recorded, in principle. The 
hauling of round 4141-2 required the better part of 
693 truck loads from this part of the mine. The loads 
were dumped in the twin primary crushers, Allis 
Chalmers Superior 60-109 with an opening of 1520 
mm and a closed side setting of 160-180 mm. This 
determines the size of the crusher product, whose 
top size varies from 350 to 400 mm, depending on 
the ore (Bergman 2005).
	 The blast fragmentation was analyzed with two 
digital image based systems, Split Online and Split 
Desktop. Ten cameras have been installed in the 
Split Online system at Aitik. Four are mounted at 
the dumping points of the two primary crushers in 
the pit; camera 1 at crusher #4 south, no.2 at crusher 
#4 north, camera 3 at crusher #5 south and no. 4 
at crusher #5 north. One camera is mounted over 
product belt #189 directly behind the crusher, two 
over the feed belts #160 and 170 to the primary 
AG mills # 6 and 7 respectively and three over the 
feed belts to AG mills #3-5. Between belt 189 and 
the other belts there is a homogenization stock pile 
with about a 24 h capacity. Sieving of belt cuts from 
all belts has been used for an individual calibration 
of the belt cameras in the Online system.
	 Split Online in principle takes 5 photos in 
succession of each truck load as it is being dumped 
into the hopper and averages the size distributions. 
In this way segregation effects are supposedly 
suppressed. The triggering has been somewhat 
problematic though, the first installed ultra sound 
sensor froze. Then a laser trigger was installed that 
sensed the lifting of the tray. This worked because 
only one kind of truck was in use at that time. Now, 
with three truck types of different sizes running, 
triggering is again problematic.
	 Of the 693 truck loads, 502 were analyzed with 
Split Online. The photos were recorded around 
the clock between 15:33 on June 30th and 12:51 
on July 3rd. No photos were recorded during 4 
hours around midnight July 1st to 2nd. The average 
payload was 188 ton with only 3 loads less than 160 
ton. For 461 of these loads the digging coordinates 
were available. Figure 7 shows that 97 of these lie 
outside the boundaries of the round. This rock was 
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most likely thrown from the first rows in the round 
but it may be contaminated by material from other 
rounds. The statistics (mean ± standard deviation) 
for the average fragment size x50,online  became 173 
± 111 mm for the digging points outside the round 
and 169 ± 109 mm for those inside. The difference 
is insignificant so all 502 loads were treated as 
belonging to round 4141-2 with the overall data 
171 ± 108 mm. 

Figure 7. Digging coordinates of Online data. White line 
separates tentative blasting domains BE and BW.

Figure 8. Photo #79, left, and edited delineation image in 
Split Desktop, right.

	 Split Desktop is a stand alone, PC-based system 

that is used to measure muck pile fragmentation 
from single photos. A digital systems camera, a 
Canon EOS 350D with a telephoto lens, was used 
to photograph 162 truck loads close to the digging 
point during daytime. Of these 89 were analyzed in 
detail using the Split Desktop system and of these 
the digging coordinates for 79 truck loads were 
available. Fifteen of these in turn lay outside the 
round.
	 The left side of Figure 8 shows photo #79 of 
truck 85 with an inner/outer tray width of 638/670 
cm. This width is used as the scale in the photo. 
The right hand side shows the edited image with 
block delineation. To obtain this result about 20 
minutes of retouching or editing of the delineation 
was needed, see below. The time consuming editing 
is why only 89 of the 162 photos were analyzed in 
detail.
	 All photos were taken at approximately the 
same angle to and the same distance from the truck. 
In general the lighting conditions were good but 
dust is present in some photos. More than half of the 
photos were obtained under direct sunlight, which 
makes it hard to interpret shadows in the images.
	 A deliberation on what fines factor f to use 
in the Split Desktop analysis was made. Figure 9 
shows that any fines factor has a substantial effect 
on the fragmentation curve but that the difference 
between using f = 20 and 50 % is small when x 
> x50. The fragmentation at Aitik is comparatively 
coarse and it is mainly the x50- and x80-values that 
we will compare, but the x20-values are sometimes 
included in our analysis. The fines factor f = 20 % 
was used in the Split Desktop analysis below.

Figure 9. Uncorrected and fines corrected (f = 20 and 50 
%) Split Desktop curves.

	 The combined effect of all this is that the 
unedited Split Online fragmentation curves 
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coincide reasonably well with the unedited Desktop 
curves for the coarsest fragments, say x > 205 mm. 
The editing of the Desktop images makes the 
fragmentation curves considerably coarser though. 
See Figure 10.

Figure 10. Comparison of Split Online curve (largest 
amount of fines) with unedited and edited Desktop image 
of same truck. 

	 The question is whether the segregation 
suppression in Split Online could compensate for 
all the errors and inconsistencies in the unedited 
images. For two reasons we think rather not. Firstly 
the planned number of photos per truck load, 5, 
was quite often substantially less. About 1/3 of the 
inspected sets contained only 1-2 photos. Secondly 
the Desktop photos were taken close to the digging 
point so as to minimize segregation caused by 
transport vibrations.
	 Apart from these measurements four muck 
pile samples were taken for laboratory sieving. 
A shovel was used to take one sample 2 m below 
the top surface and 3 samples from 2 m above the 
digging level. The samples were put aside and from 
each one barrel of -250 mm material was taken 
with a small wheel loader. The barrel contents 
were dry sieved at an accredited road laboratory, 
Väglaboratoriet i Norr AB in Boden, to obtain the 
whole size distribution in the range 0.063-250 mm.

3.2 Numerical comparison of Split Desktop and 
Split Online data

	 Of the 502 Split Online photos or image sets 
analyzed, 461 had digging coordinates. Of these 97 
lie outside the boundaries of the round. The mean 
values for x20, x50 and x80 for all subsets are nearly 
identical; they lie within ±1-2 mm of the total mean 
when the standard deviation lies in the range 30-
220 mm. Thus the data may be considered identical 

and a statistical analysis has been made on the total 
set of 502 values.
	 Histograms of x50 and x80 are shown in Figures 
11a-b. The data are better represented by lognormal 
distributions than by normal distributions. The 
standard statistics are given in Table 3.

Table 3. Statistics for fragmentation data evaluated with 
Split Online.

Quantity Minimum Maximum
Arithmetic
mean ± std 

dev.
x20 0 313 20 ±   29
x50 14 753 171 ± 108
x80 167 1768 602 ± 215
xmax 470 3399 1484 ± 470

Figure 11a. Histogram of x50,online, 502 data.

Figure 11b. Histogram of x80,online, 502 data.
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	 The data was further analyzed e.g. with respect 
to which camera in the installation that took the 
photos and to the time of day. The statistics for the 
subsets of photos taken with the different cameras 
are given in Table 4.

Table 4. Statistics for fragmentation data divided into 
subsets with respect to camera.

Camera 1 2 3 4 1-4

No.  
of sets 290 46 166 0 502

x20 25±  31 25±  39 9±  20 - 20±  29

x50 200±  97 210±128 109±  94 - 171±108

x80 633±195 735±213 511±216 - 602±215

	 We note that firstly that no photos were taken 
with camera 4 (crusher #5 north), most likely due 
to trigger failures. Secondly, the x20-, x50- and x80-
values for the photos taken by camera 3 are much 
lower than the values obtained with the other two 
cameras. Figure 12 show the histograms for x50 
obtained with cameras 1 and 3. The same lognormal 
character as before is visible.

Figure 12.  Histograms for x50-values from photo sets 
taken with cameras 1 and 3.

	 The finer fragmentation measured with camera 
3 came as a surprise. There are several possible 
explanations but the most plausible one is light 
conditions. There is a general feeling at Aitik that 
Split Online gives fragmentation values that vary 
with the daylight (Bergman 2007). A time series for 
x50 is given in Figure 13.

Figure 13. x50,online time series with cosine function fit. 
Time starts on June 30th, 00:00 h.

	 A function fit was attempted to the time series 
data. This gave x50 = 173 - 42·cos[π/12·(t-1.16)], 
with time t in hours. The 24 h cycle came out 
of the fit. The successful curve fit supports the 
hypothesis that the fragmentation measurements are 
influenced by the light conditions The coefficient 
of determination is low however, r2 = 0,07, and 
the influence of light is dwarfed by the normal 
variations in the data so it can’t be ruled out that 
this correlation is coincidental. In that case there 
must be another explanation for the camera 3 effect. 
A similar procedure for x20 and x80 gives similar 
results. 
	 A similar analysis was made for the Split 
Desktop data. 89 photos of truck loads taken near 
the digging point were analyzed and with Desktop 
with the fines factor f = 20%, including delineation 
editing. A histogram of x50 is shown in Figure 14. 
These data are also better represented by lognormal 
distributions than by normal distributions. Table 5 
gives the statistics.

Figure 14. Histogram of x50,desktop, 89 data.
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	 It is obvious that the Desktop fragmentation 
data are much coarser than the Online data, 
compare Tables 3 and 5 e.g. As the Desktop photos 
were taken between 06:40 and 17:00 they are not 
affected by light conditions to the same degree. 
Only 6 of the 89 photos analyzed were of trucks 
that later dumped their load under camera 3. There 
will however most probably also be a difference in 
results for photos taken under cloudy conditions, 
i.e. diffuse light or under direct sunlight.

Figure 15. Corresponding Split data; x50,online vs. x50,desktop. 

It was possible to match the digging coordinates 
and times of 59 Desktop data with corresponding 
Online data. Statistics for the x50- and x80-values 
divided by day are given in Table 6. Figure 15 shows 
the correlation diagram for x50 with the digging 
coordinates divided between inside and outside the 
perimeter of the round. A corresponding diagram 
for x80 has essentially the same characteristics.
	 The immediate impression of Figure 15 is 
firstly that there is no correlation between the Split 
Desktop and Online values. Linear regression fits 
give r2-values in the range 0,01-0,02. It doesn’t seem 
to matter either whether the digging coordinates lay 
inside or outside the round. This poor correlation 
means that we statistically could just as well state 
that x50,online is independent of x50,desktop or x80,online 
of x80,desktop!
	 However, the physics of the situation require a 
correlation and if a linear line through the origin is 
fitted to the data we obtain

	(1a)

	 (1b)

Quantity Minimum Maximum Arithmetic
mean ± std dev. Split average

x20   22   294 119 ±   62    80

x50 176 1049 458 ± 175   425
x80 436 1814 888 ± 307   849
xmax 796 2467 1403 ± 374 1971

Table 5. Statistics for fragmentation data evaluated with Split Desktop, f = 20%.

Day June 30 July 1 July 3 July 4 4 days All data
No. of data 11 14 14 20 59 89/502

Split Desktop, f = 20%
x50 572±172 450±143 412±204 481±151 474±941 458 ± 175
x80 941±264 890±265 892±345 1011±362 941±317 888 ± 307

Split Online
x50 215±134 166±  75 200±161 224±113 203±122 171 ± 108
x80 677±308 537±251 639±276 652±315 626±270 602 ± 215

Table 6. Statistics for correlated Split Desktop and Online data.
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Figure 15 contains the upper lines and the lines 
with 2× and ½× the best fit slope values. The 
poor correlation expressed by these data is a 
disappointment.
	 The dividing line between the two geological 
domains BE (blasting East) and (blasting West) 
with different fragmentation properties is roughly 
given by a line defined by the local x-y coordinates 
(7474.7; 4540.0) and (7439.1; 4558.6). See Figure 
7. The scatter in the fragmentation data are such 
that the fragmentation statistics obtained with Split 
Online and Desktop gives no ground for saying 
that the tentative divisions BE and BW represent 

different blasting domains, i.e. contain rock with 
different blastabilities.

3.3	 The fragment size distribution of round 4141-2 

A remaining question is what a representative 
fragment size distribution for round 4141-2 could 
look like. 
	 We will bring in the ubiquitous capacity of the 
Swebrec function to reproduce sieving curves for 
blasted and crushed rock (Ouchterlony 2005a). 
The Swebrec function in its basic, three term form 
reads

Barrel 1 2 3 4 Ave. 1-4

Mesh Passing Passing Passing Passing Passing

mm % % % % %

250 100.0 100.0 100.0 100.0 100.0

180 89.1 91.0 71.3 97.2 86.9

125 79.3 83.2 47.7 89.9 74.7

90 69.0 69.3 38.4 81.6 64.1

63 59.0 58.0 30.5 72.0 54.4

45 50.9 50.0 25.3 63.8 47.1

31.5 43.6 41.5 20.2 55.3 39.8

22.4 36.9 34.6 16.7 47.2 33.5

16 31.7 29.1 14.3 40.8 28.7

11.2 29.5 25.8 12.3 36.9 25.8

8 27.0 22.9 11.0 32.9 23.2

5.6 24.4 20.0 9.9 29.4 20.7

4 22.3 17.9 9.1 25.9 18.6

2 19.7 15.7 8.1 21.9 16.2

1 17.7 14.3 7.4 19.2 14.5

0.5 16.2 13.0 6.7 17.1 13.1

0.25 13.3 9.7 5.4 13.7 10.4

0.125 7.2 4.4 2.7 7.3 5.3

0.063 3.7 2.2 1.4 3.7 2.7

0 0.0 0.0 0.0 0.0 0.0

Mass, kg 350.3 367.9 358.5 322.9 1399.6

Max, mm 200 235 245 185 245

Table 7. Laboratory sieving data for Aitik barrel samples.
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	(2)

Section 3.1 describes how the four barrels with 
about 350 kg each of material from the round were 
obtained. The primary data are given in Table 7 
below. 
	 The data are visualized in Figure 16. The scatter 
is quite large but the curve for barrel 1, which taken 
near the top of the muckpile, is not very different 
from the average of barrels 2-4, which were taken 
nearer to the digging level. Thus the mass weighted 
average curve for all for barrels will be taken to 
represent the round.

Figure 16. Sieving curves of barrel samples, including 
mass weighted average curve.

	 The question is how to use these data to improve 
the estimated fragment size distribution of round 
4141-2 when we don’t know what percentage of 
the whole round the barrel material represents. 
	 In the Vändle quarry (Ouchterlony et al. 2006) 
four test piles representing about 1/25 of each 
round were built, containing 400-600 ton. From 
each of these 100 ton were run over grizzlies 
and two sieves with #100 and #40 mm mesh and 

each fraction weighed. Thus two fixed points with 
known percentages were obtained. Onto the 40 
mm point, a fines tail, i.e. a set of data from lab 
sieving of samples of the -100 mm material, was 
extrapolated using the Swebrec function. The lab 
data percentages were simply rescaled or multiplied 
by a factor that generated a continuous curve. The 
slope value at the 40 mm point became more or less 
continuous, which supported the approach.
	 Grafting or merging of two data sets like this 
is possible when the top size of the laboratory data 
(100 mm) overlaps the smallest sieving point (40 
mm). At Aitik we have no fixed sieving points, 
only the Split generated curves that we expect to 
contain increasingly larger errors when the mesh 
size becomes finer. Making test piles of 1/25 of the 
round would still yield piles with about 7,500 ton of 
rock, which are not viable to sieve. Manageable test 
piles, say 500 ton, risk becoming unrepresentatively 
small.
	 We can select two points on the Split curves 
towards the upper end though, where the accuracy 
is hopefully better, to serve as the fixed points. We 
have chosen x50 and x80. That part of the lab data, 
where the sieving curve is concave upwards, i.e. 
0.5-125 mm is then rescaled with the amount of 
-125 mm material that minimizes the r2-value of 
a Swebrec function fitting. The credibility of this 
procedure relies on the fit in more than 95 % of the 
hundreds of sieving curve data fitted having given 
r2 values of 0.995 or better, over a range of up to 
0.5-500 mm.
	 The procedure was repeated for Split Online 
(502 data, see Table 3) and Split Desktop (89 data 
with f = 20%, see Table 5) with slightly rounded x50 
and x80 values. The Swebrec parameters are given 
in Table 8.
	 The fragment size distribution for the Split 
Desktop (f = 20%) entry in Table 8 is shown in Figure 
17. Note that the data at 180 and 250 mm are not 
included in the fitting, nor the data for x ≤ 0.5 mm. 

Method Fixed points Amount Swebrec function parameters
x50 x80 -125 mm x50 xmax b r2 s50·x50

0,75

mm mm % mm mm 1/mm0.25

Desktop f = 20% 425 850 22.4 426 1565 1.834 0.9998 0.078

Online 170 600 43.7 175 2922 2.462 0.9987 0.060

Table 8. Parameters relating to fitting procedure with Swebrec function.
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Figure 17. Curve fit to combined data; Desktop x50 and x80 
plus sieve sample 0.5-125 mm. 

	 We also have access to belt cuts, nine each 
weighing 280 to 450 kg, from belts #160 & 170 
that carry the product of the primary crusher. The 
belt cut material belongs to another round though 
so we can not be sure of how representative it is of 
round 4141-2, for which no belt cuts were made. At 
the time of the monitoring, the extreme difference 
between the Online and Desktop values, x50 = 170 
or 425 mm e.g., was not known. 
	 The belt cuts were sieved over the range 4-300 
mm and Swebrec functions fitted, with r2 = 0.996 on 
average and never worse than 0.990. The Swebrec 
parameters for the cuts from belt 160 lay in the 
ranges x50 = 60-130 mm, xmax = 300-430 mm and 
b = 1.38-2.29. The corresponding data for the cuts 
from belt 170 were x50 = 50-150 mm, xmax = 215-
380 mm and b = 1.18-1.72. The average x50-values 
lay within 1 mm of each other though so the data 
from belts #160 & 170 were pooled. 
	 The overall, weighted average sieving curve 
is described by the parameters x50 = 91.6 mm, xmax 
= 302 mm, b = 1.566 and r2 = 0.9992. With some 
reservation, it is taken as an estimate of the crusher 
product. It is shown as the upper curve in Figure 18, 
together with Swebrec function curves for the Split 
data as given in Table 8.
	 As the crusher product must be finer than the 
feed, any feed curve that tends to cross the product 
curve is suspect. The uncertainty in the statement 
comes from the fact that the product curve was 
obtained from the rock of a different round. An 
important question is how close to the product 
curve the feed curve can go. 
	 Bergman’s crusher model (2005) relies on the 
crusher being run with an empty chamber so that all 
material smaller than the closed side setting passes 
right through and that the crushing of coarser pieces 

doesn’t contribute much to the finest material. The 
crusher models of the JKMRC (Napier-Munn et al. 
1996) and Evertsson’s (2000) SPB crushing curves 
may however be interpreted differently.

Figure 18. Comparison of crusher feeds and product.

	 Start with an estimate of the fragment size 
where half of the material is crushed and half 
passes through uncrushed. The opening of the 
gyratory crusher at Aitik varies within the range 
200-600 mm and the 50 % crushing size is then 
about 250 mm. According to the Online curve in 
Figure 18, about 40 % of the feed is larger than 250 
mm. The average feed size that will be crushed is 
then approximately given by x80 or 600 mm. The 
comminution of this crushed material thus becomes 
about 100·(1-250/600) = 60 %. The SPB crushing 
curves of Evertsson (2000) may then be interpreted 
as saying that the portion of material that is reduced 
in size by a factor of 10 or more, i.e. to less than 25 
mm, becomes 20 % of the crushed material or about 
10 % of the total.
	 As a consequence, the feed curve in Figure 18 
would roughly have to lie considerably below the 
corresponding product curve when x = 25 mm, i.e. 
the 10 % just mentioned. In the Vändle investigation 
(Ouchterlony et al. 2006) the test piles were sieved, 
before crushing (100 ton) and after. Of the 28 %, -
35 mm material in the crusher product, roughly half 
was caused by the blasting and half by the crushing. 
This supports the 10% mentioned above as being of 
the right magnitude.
	 At 25 mm, the Online feed curve lies at most 
a few percent below the product curve, which is 
uncomfortably close. Note our previous comment 
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though, that the belt cuts were taken from a different 
round and hence the corresponding curve involves 
an uncertainty as to its position. The distance to the 
Desktop feed curve is large enough. 
	 The feed curves constructed with the Swebrec 
function give xmax-values that can be compared with 
the estimates of “Top size”-data from the image 
analysis, c.f. Table 8 with Tables 3 and 5. An xmax-
value of about 2.0 m is acceptable, but not more, as 
Aitik considers rocks larger than 1.5×1.5×1.5 m to 
be oversize that seldom is loaded onto the trucks. 
To achieve xmax-values of about 2.0 m we would 
need to use a fines factor that is somewhat larger 
than 0.2. Such a curve would lie a bit above the 
Desktop feed curve in Figure 18.
	 The coarse materials range in the fragmentation 
size distributions above is not as reliable as the 
fines part for several reasons. Firstly, the bench 
blasting at Aitik is done with very low benches 
and resembles crater blasting as the uncharged or 
stemming part 6 m is substantial compared to the 
bench height of 15 m. This stemming part and the 
size face of the round is the source of most of the 
large rocks. The stemming part contains previously 
blast damaged material so there is a possibility 
of the true distribution being somewhat bimodal. 
Further, rounds as large as those in Aitik have never 
been sieved in their entirety and are not part of the 
data base of the Swebrec distribution. Thus the 
coarse materials range should probably not be used 
to draw any hard conclusions.
	 What can be done is to provide limits for the 
feed curves, the curves for the blasted material, 
by measuring the contribution of the gyratory 
crushers to the fines of the crusher product like at 
Vändle. In practice this could be done by crushing 
a number of large rocks and by sieving the progeny 
and weighing the fractions. This would sharpen the 
estimated 10 % distance between product and feed 
curve in Figure 18.
	 The product curve couldn’t very well be 
used to compute the feed curve as the process is 
irreversible. The net power draw of the crusher 
would be a helpful indicator though as the Online 
and Desktop feed curves in Figure 18 predict a large 
difference in the amount of material crushed. Using 
the 50 and 100 % crushing lines, 250 and 600 mm 
respectively, the Online curve predicts that 20-40 % 
of the feed is crushed. The Desktop curve predicts 
that 35-65 % or nearly twice as much is crushed. 
	 Another indicator of some use is the composite 

slope parameter s50·x50
0,75 (Ouchterlony 2005b). 

For full scale blasting its value should be around 
0.12. However, as the scale of the Aitik blasts is so 
much larger than those in the data base, the value 
0.078 in Table 1 and maybe even 0.06 could not be 
excluded.

4.	 CONCLUSION AND DISCUSSION 

Round 4141-2 in the Aitik mine, containing 187,000 
ton of ore, was monitored as part of a Swebrec 
blasting project. Detailed drilling and charging data 
were obtained. Some focus was put on the energy 
distribution in the round and of the rise of the 
explosive columns during gassing, which was found 
to be higher in dry holes than in wet ones. This has 
e.g. led the mine to enforcing an even top level of 
the explosive columns during the charging. 
	 The fragmentation monitoring of the muck 
pile rock used both the Split Online installation at 
the primary crusher and individual photos of the 
trucks, taken close to the digging point. Our work 
has pointed out several deficiencies in the methods 
such as several different types of delineation errors 
and lighting or possibly camera effects. All of these 
contribute to the considerable scatter in the data.
	 With Split Online 502 sets of up to 5 photos 
were obtained, 461 of which had associated digging 
coordinates. For Split Desktop 162 photos were 
obtained but only 89 of these were analyzed due to 
the required editing of the faulty automatic block 
delineation. The editing required about 20 min per 
image. The overall statistics for the x50- and x80-
values obtained with Online and Desktop became

	 (3a)

	 (3a)

Histograms show that x50 and x80 basically follow 
log-normal distributions. The scatter in the data 
didn’t warrant the subdivision of the data with 
respect either to the digging inside or outside the 
round perimeter or with respect to a preliminary 
subdivision of the round into different blasting 
domains. 
	 A simple statistical analysis of the Online 
data revealed a dependence in the data on what 
is probably light conditions. This shows up as a 
diurnal variation around the x50 mean of about 
Δx50 = ±42 mm, which is small compared to the 
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scatter and hence could have other explanations. 
One possibility is that it is camera related as the 
average fragment size from photos taken with 
camera 3 was x50 = 109 mm instead of the 200 to 
210 mm obtained with cameras 1 and 2. Camera 3 
was chiefly used during night time though and we 
think light conditions the more probable cause.
	 For 59 pairs of the Split Online and Desktop 
data, the digging coordinates could be matched. 
The remarkable fact is that the correlation between 
the Online and Desktop fragmentation data is next 
to non-existent. 
	 The averaged fragment size distributions from 
the Online and Desktop data could be represented by 
the Swebrec function quite well down to fragment 
sizes of about 20 mm. By using barrel size sieve 
samples the good fit of these distributions could be 
extended down to 0.2 mm.
	 The procedure by which these distributions 
were computed was based on lab sieving data over 
the range 0.5-125 mm plus the x50- and x80-values 
obtained with Online and Desktop. It offers an 
alternative for determining the complete fragment 
size distribution of a blasting round. An attempt 
was also made to determine which of the Online 
and Desktop data is more credible. The Online data 
comes uncomfortably close to exceeding the sieving 
curves from belt cuts, since a product curve must 
always stay above the corresponding feed curve. In 
the future power draw information from the crusher 
could be used to make a better decision.
 	 In the end, the fragmentation data obtained by 
Split Online and Desktop at Aitik must be regarded 
with suspicion, the former more than the latter. One 
way to remove this suspicion would be to suppress 
the scatter.
	 Three immediate ways to make the scatter or 
the effect of the scatter smaller suggest themselves. 
The first one is to increase the number of trucks 
photographed and evaluated with Split Desktop. As 
a manual editing of about 20 min of the delineations 
in an image was found necessary, this too is time 
consuming. It took almost 4 man-days to edit the 89 
Desktop images or about as long time as it took to load 
the round. On a regular basis the editing of less than 
20 % of all truck images would occupy one person 
more or less full time plus the person who takes the 
photos. The cost would then be about 2 man-years per 
year or quite unacceptable. Even if the editing time 
were reduced to 10 minutes, the 2 man-years would 
only account for 40 % of all truck photos. 

	 Secondly, if the triggering is made to work 
better, several of the errors in the delineated images 
would vanish, but not all. The number of good 
photos would increase and the scatter probably 
decrease.
	 If this is not feasible, we need to find an 
intelligent way of sorting the Online photos, images 
and final data, hoping that this reduces the scatter 
in the fragmentation data. A quick manual sorting 
according to the following criteria is a possibility 
e.g.
1.	 Photo set too small, say 2 or less, then discard 

(culls about 33 % of photos for round 4141-2)
2.	 Photos of (partially) empty truck trays in set, 

then discard (culls say another 20 %)
3.	 Delineation of five largest fragments OK for 3 or 

4 of 5 fragments in an image, then keep
4.	 Keep only data within  0.25 < xmax < 2.5 m, 

discard other data
5.	 Keep only data for which x20 > 50 to 100 mm
Points 4-5 could be done automatically. Assume 
that points 1-3 take 2.5 minutes per set of photos 
and delineation images. For round 4141-2 with 
its 693 truck loads, this would also take 2-4 man-
days to do and it is dull, repetitive labour. The cost 
would then be 0.5-1 man-years per year, depending 
on the quality of the Online photos. This is still an 
appreciable cost.
	 Sanchidrián et al. (2006) have analyzed muck 
piles in a limestone quarry. They let 20 muck pile 
photos represent the round, based on a statistic 
arguments. They reject bad photographs, such as 
half-empty hopper, bad illumination, shadows, 
etc. and then, like us, spend 20 minutes of editing 
the images obtained in the analysis with Split 
Desktop. In addition they identify outliers among 
the fragmentation curves. This is based on the fact 
that that the distribution of x50 is log-normal, which 
was seen above. The median absolute deviation 
about the median (MAD) has been used as robust 
variance estimator. When a curve in the set of 20 is 
rejected a new photo is analyzed.
	 Sanchidrián et al. (2006) also find that blasts 
with large differences in the amount of fines require 
a differentiated treatment. The reason is that the 
fine sizes tend to be the more underestimated in the 
image analysis as they become more abundant. This 
has been accomplished by means of a variable fines 
adjustment factor. In the end they find that despite 
of the unavoidable errors and the ubiquitous large 
scatter in the data, the system is sensitive to relative 
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changes in fragmentation. 
	 We could not say this from the study of only 
round 4141-2 at Aitik. A new blasting project has 
started at Aitik though. In it up to 20 rounds with 
a pair-wise trial of normal and substantially raised 
specific charge is going to be made. Its monitoring 
will hopefully lead to the conclusions that the 
Online system is sensitive to long term changes in 
fragmentation.
	 One way of reducing the unwanted influence of 
light conditions could be to use reference trays for 
the Online system. A tray with rock fragments with 
a known or at least a given size distribution would 
be mounted at the same angle towards the sky as the 
truck tray dumping, and, a photo of the tray taken 
each time a photo of the truck load is taken. In this 
way the sun’s position, sunny or cloudy sky etc. 
could be compensated though a multiplier, which 
may even depend on fragment size.
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