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FIG 10 - 3D image analysis, load-haul-dump bucket, sample 3: (A) 2D image, (B) 3D data, (C) non-overlapped particles, (D) areas-of-fines.

FIG 11 — Percentile x, , sieve result versus 3D image analysis.
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FIG 12 — Relative error Xg and Xy
However, the relative error for finely fragmented samples
(3 and 4) is extremely large. Obvious errors in the delineation
are not recognisable. It rather suggests that the analysed
surface is not representative for the sample itself, ie it wrongly
reflects a much coarser fragmentation (segregation effects
during mucking).

Fine fragmentation seems to be well described only by
2D image analysis of bucket images. Its relative error is still
<28 per cent for x,; and 71 per cent for x.

It can be observed that all image analysis at the drawpoint
tends to give a coarser estimate for fragmentation than the
sieve result (except sample 2, 2D). By contrast, image analysis
of bucket fragmentation could give either a coarser or finer
estimate compared with the sieve result.

The size curves are rather based on an attempt to capture
the reality of the visible rocks on the surface, which can be
assumed to be not representative for the entire material.
Specifically, the analysed surface for a bucket is markedly
smaller than the ‘mucked area” at the drawpoint. Hence a
larger spread of the error would be expected for the analysis
of bucket images (Wimmer and Ouchterlony, 2009). However,
the contrary is the case in this study. Again, segregation effects
during mucking may have caused that.

Additional difficulties exist in sampling and are related to
the following:

e Non-representative image

Some fragments might be part of images but were not actually
mucked (and vice versa).

Self-breakage

Some fragments might break during handling process depending
on shape and strength.

Sample size

The coarse data should be carefully reviewed as it relies on the
technique to combine individual measurements (only a few
boulders) with sieving data. Hence, it could be claimed that the
current sample size is - from a sampling theory point of view -
not representative to adequately describe the upper part of the
fragment size distribution.
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2D compared with 3D image analysis.

It should be emphasised that - based upon the analysis of
these four samples - the 2D analysis with manual editing is
not inferior to a fully automated 3D analysis. Problems with
correct delineation could exist for both methods and it is often
uncertain if they are related to the quality of input data or
algorithms. In particular, to improve 3D image analysis on the
existing data further development is needed.

The 2D analysis proved to produce reliable results based
upon filtered ortho-images and a specific analysis strategy
and provided that five to ten minutes processing time/image
is acceptable. Still, some inherent problems are connected
with all imaging based system. Their results should therefore
always be considered in a comparative way and rather used
to show trends rather than absolute values.

These are the main reasons to, for the time being, proceed
with 2D analysis for the analysis of SLC ring fragmentation.

MEASUREMENT OF SUBLEVEL CAVING BLAST
RING FRAGMENTATION

To assess and successively improve the present-day
functionality of large-scale SLC a multistage test program
is underway at the Kiruna mine (Nordqvist and Wimmer,
2014). An essential part is the study of gravity flow of
broken rock by using radio frequency identification (RFID)
markers. However, compared to previous similar tests, a
holistic approach is pursued for the first time: Blast function,
fragmentation and gravity flow are studied along with
the possible influencing factors. As part of test stage 1,
fragmentation was studied by 2D image analysis for four SLC
blast rings (ring ID 15-18, drift 101, block 12 at 820 m level).
For this purpose, about one every three/four images was
analysed on the basis of the afore described methodology.
In total, 464 images were analysed semi-automatically.

Fragmentation analysis of subsequent sublevel
caving blast rings

Fragmentation varies a lot during the extraction process,
see Figure 13. The individual data has a pronounced trend
towards smaller and fewer outliers from ring 15 to 18 for
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FIG 13 - Variation of percentile x , within blast rings 15-18, drift 101.

x,,- The same applies for x,. A connection with the actual
blast function is most likely. A ‘combined fragment size
distribution’” shows that differences in fragmentation
among different analysed rings are small though: The
percentile x,, lies in the range 56-68 mm and x, in
232-291 mm, respectively. The Rosin-Rammler uniformity
index for individual samples lies in the range of 0.22-1.48
but has median values (0.53-0.62) for entire rings that are
not that different. The low value indicates inhomogeneous
fragmentation.

Oversize may seriously impact the gravity flow but also
downstream processes. The definition of oversize is based
on the present gap of grizzlies installed at certain orepasses.
It was recently decreased from 1.0 to 0.7 m to prevent the
orepasses from excessive damage and hang-ups. The
occurrence of oversize during extraction and the frequency
are investigated in the following.

e Occurrence during extraction
Some boulders occur at very low extraction rate, which
presumably originate from the uncharged part at the collar.
The number of boulders further increases at about 2000 t of
drawn ore and reaches about seven to nine boulders per 1000 t.
It keeps about constant during further extraction but may also
increase drastically at the end (eg about 16 boulders/1000 t for
ring 15). A similar trend applies for the occurrence of boulders
>1 m, but there are only about two boulders per 1000 t.

e Frequency of different boulders
The frequency of different boulders is shown in Figure 14.
Foremost, it illustrates again that the definition of oversize
is crucial for the number of boulders that need to be handled
(eg at the grizzly). For this specific case the reduction in
the gap of grizzlies from 1 m to 0.7 m implies an increased
boulder handling by a factor of about 3-4. Interesting to note
is also that the total number of boulders/1000 t continuously
decreased with subsequent ring blasts (rings 15 to 18).

Table 5 summarises the production data and results from
fragmentation and gravity flow measurements.

7. Itis calculated together with standard deviation by Split-Desktop based upon all analysed
images of a single blast ring. The values derived are close to the median of all individual
percentiles.

For the study of gravity flow, three marker rings (M1-M3)
with a planned distance in-between of 0.75 m were drilled in
each burden (3 m). M1 is closest, M2 is midway and M3 is
furthest from the actual blast ring.

It should be mentioned that, for this test site (drift 101),
exceptionally large drilling deviations are found especially
for the marker holes. This caused (at least) M3 to often
penetrate into the preceding burden. Hence, it is important
for further analysis to not classify it as back-break but rather
as additional markers which lie closer to the blastholes.

It is evident from the data that most markers are extracted
close to the blasted ring plane which suggests that a flattened
shape of the draw body, so-called ‘shallow draw’ (Wimmer,
2012) exists for the studied rings. A visualisation of the flow at
different times in 3D reveals that propagation to full ring height
occurs often within ten to 20 per cent extraction. Its spatial
developmentmay vary butislikely related toisolated flow zones
close to the blastholes. Further extraction from the actual ring
(M2 mainly) occurs first at around 70 per cent extraction (ring
15+18) or rather late at 110-120 per cent extraction (ring 16+17).
The presence of shallow draw also means that a considerable
amount of material mucked may derive from above at early
stages. However, the number of recovered markers and also the
estimated draw width still indicate a positive correlation with
overall production figures like ‘ore recovery/total extraction’
or ‘ore recovery at 100 per cent extraction’. The latter is not
dependent on any possible extraction criteria.

With respect to fragmentation, it seems beneficial if the
material has small variances only (see Figure 13), a small
X, and reduced number of boulders (see Table 5). This way,
an increased primary recovery (eg recovered markers for
ring 18) is achievable. Due to an early disturbed character of
flow the present data does not allow to draw conclusions on
the width of draw and fragmentation parameters.

Comprehensive analysis (an example)

Generally, fragmentation is affected by the actual blast
function (see Figure 1). In particular for SLC, the semi-
confined blasting situation and an increased percentage
of undetonated charges play an important role. However,
the presented example investigates the effects of varying
fragmentation on gravity flow only.
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FIG 14 — Cumulative distribution of boulders/1000 t versus size, rings 15-18, drift 101.
TABLE 5
Summary of production data, fragmentation and gravity flow measurements, rings 15—18, drift 101.
Sublevel caving blast ring D 15 16 17 18
Insitu ore t 321 6172 7028 7252
Insitu waste t 168 2 64 0
Total mass t 7489 6194 7092 7252
Extraction % 129.5 1518 139.6 1356
Production
Ore recovery % 98.9 119.6 102.1 114.6
Dilution % 254 215 275 155
Ore recovery/extraction - 0.76 0.79 0.73 0.85
Ore recovery at 100% extraction % 83.8 79.9 725 87.6
Buckets # 389 373 405 3n
X, mm 55.9 67.9 66.3 58.1
Xg mm 2913 2515 269.0 2323
Fragmentation X mm 1586.2 1492.8 1412.6 1520.2
n - 0.53 0.62 0.59 0.60
Oversize >0.7m # 90 61 63 44
Oversize > Tm # 25 15 16 14
Marker ring® D M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3
Installed # 70 64 69 69 69 72 63 65 59 70 66 67
) Recovery at t,” % 0 8 32 3 16 32 5 6 41 0 8 54
Gravity flow
Recovery att, % 56 61 6 64 45 1 54 57 10 63 70 22
Recovery at t,’ % 0 0 0 1 0 0 0 3 0 1 0 0
Maximum draw width m 105 ns 9.5 125

a.Three marker rings (M1-M3) within each burden (M1 closest and M3 furthest from blast ring); b. prior to mucking; . during mucking; d. after mucking of actual blast ring.

The potential for a comprehensive analysis is exemplified Fragmentation is described by x,, and the cumulative number of

by means of blast ring 15. Figure 15 composes different data boulders (>0.7 m).
o Bucket weight (secondary y-axis)

Bucket weights are registered for each mucking cycle. Due
e Fragmentation (primary y-axis) to the large difference in specific weight of magnetite ore

measured during the extraction process:
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FIG 15 — Bucket weight, fragmentation and flow disturbances versus extraction rate, ring 15, drift 101.

(4.6 g/cm®) and waste (2.7 g/cm?®) it can be used for draw
control. The Fe-content for each bucket is calculated assuming
a constant volume (full bucket).®
e Flow disturbances (x-axis)

Flow disturbances are indirectly described by the occurrence of
large boulders (>2 m) and volume changes at the drawpoint by
sudden large outflows (>40 m’) due to the release of temporary
hang-ups.

Primarily, the present data reveals a correlation (R? = -0.63)
of bucket weight and fragmentation: Fe-rich buckets (weights
>25 t) are associated with relatively fine fragmentation and
a reduced number of boulders. Together with a coarser and
more varying fragmentation flow disturbances occur more
frequently.

Certain specific areas might be distinguished from the data.
In the following, an attempt is made to interpret them in
combination with a study of the gravity flow (see Figure 16).
e (0-30 per cent extraction
Shallow draw takes place; already at ten per cent extraction the
full ring height is achieved. The ore closest to the blastholes is
finely fragmented which is reflected by the parameter x, below
50 mm and almost no oversize. The Fe-content gradually
decreases after an initial peak.

e 30-70 per cent extraction
Only a few markers, those that are close to the blastholes, are
sporadically detected. Hence, the material mucked derives
primarily from above. Favourably though, the mucked material
seem to consist of ore remnants (bucket weights are still around
25 t). Fragmentation varies considerably and a series of flow
disturbances (outflows) occur.

e 70-90 per cent extraction
Clearly, starting at around 70 per cent extraction, a lot of
markers from the mid-part (M2 marker ring) are extracted.
They originate mainly from the lower part of the blast ring. The
sudden change from shallow draw behaviour to a deeper draw
is notable. The data suggests though that a sudden release of a
hang-up in combination with the single, large detected boulder

8. Aweight of >27.5 t corresponds to a bucket with 71 per cent Fe-content whereas <17.5t
corresponds to a bucket with waste only.

(at ~72 per cent extraction) could have been the cause. Fe-
content peaks and at the same time fragmentation again is fine.
e 90-129.5 per cent extraction

Some individual markers are still detected from the mid-part, but
most come from higher parts of the blast ring (90-110 per cent
extraction). Apart from that, it is believed that additional
material from above is drawn. At this time it seems to be more
diluted though resulting in smaller bucket weights (around
20 t). Its fragmentation shows large variations. The parameter
x,, fluctuates between 100-300 mm and boulders become more
frequently detected. The extraction ends at 129.5 per cent.

The analysis above illustrates that the fragmentation of
material surrounding the blasted rings is much coarser.
It may consist of ore remnants from above but also waste rock
from the hanging wall.

For the subsequent ring blasts (ring 16-18), shallow draw
was present as well. A transition to ‘normal’ flow seems to
be difficult once disturbed flow is present. Foremost, it is
essential to identify the actual causes in order to avoid its
occurrence in the long-term. Possible causes might be related
to layout/ design and working practices. For the time being, it
is important to identify such problems during production and
to counteract them properly. This could imply for instance
to extend the extraction period or the attempt to penetrate
further into the muck pile to mobilise it.

SUMMARY AND CONCLUSIONS

Fragmentation plays a central role in sublevel caving (SLC).
It has an impact on gravity flow and consequently on ore
recovery/dilution. It also affects the mucking efficiency and
further downstream processes. This concerns boulder handling
but also wear and possible hang-up problems in orepasses.

Different techniques to measure fragmentation in
production environment were investigated. Image acquisition
systems were mounted to document both the drawpoint itself
and the LHD buckets for each mucking cycle. 3D images were
generated by means of photogrammetry software.

The quick rating system (QRS) enables a fast estimation of
fragmentation in LHD buckets based upon reference images.
It showed consistent results between different users and when
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FIG 16 — Spatial recovery of radio frequency identification markers at different extraction, ring 15, drift 101.
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compared to Split-Desktop results. One of the limitations
is tough to correctly classify fine-medium fragmentation
(200 mm) with inhomogeneous character. If small variations
are expected, a more advanced delineation code needs to be
used. A comparison of 2D and 3D image analysis was made
and validated against results from sieving. Both methods
capture reasonably well coarsely fragmented samples at the
drawpoint. Fine fragmentation seems to be well described
only by 2D image analysis of bucket images. This might have
technical explanations (image resolution and quality) but
also be related to sampling difficulties. The size distribution
curves are based on visible rocks on the surface only which
might not be representative for the entire sample. It should
be emphasised that - based upon the analysis of these four
samples - the 2D analysis with manual editing is not inferior
to a fully automated 3D analysis. Problems with correct
delineation appear to exist for both methods and it is often
uncertain if they are related to the quality of input data or to
the algorithms.

The 2D analysis produced reliable results based upon
filtered ortho-images and a specific analysis strategy provided
that five to ten minutes processing time/image is acceptable.
Still, some inherent problems exist to any imaging based
system. The results should therefore always be considered in
a comparative way showing trends. The above mentioned,
are the main reasons, for the time being, to proceed with 2D
analysis for the analysis of SLC ring fragmentation.

To assess and successively improve the present-day
functionality of large-scale SLC a multistage test program
is currently realised at Kiruna mine. As part of test stage 1,
fragmentation was studied by 2D image analysis for four SLC
blast rings.

Fragmentation varies a lot during the extraction; variations
among different analysed rings are small though. The
percentile x, varies from 56-68 mm and x,, from 232-291 mm,
respectively. The uniformity index n also varies considerably
for individual samples, but for entire rings the median is very
similar (0.53-0.62). The low value indicates inhomogeneous
fragmentation. Boulders (>0.7 m) are less frequent in the
beginning of extraction (0-20 per cent) but increase markedly
during further extraction. The limit set for oversize is crucial
for the number of boulders that need to be handled (eg at the
grizzly): a reduction in the gap of grizzlies from 1 m to 0.7 m
implies an increased boulder handling by a factor of about 4.

The study of gravity flow showed that disturbed flow
(shallow draw) was present for the studied rings. The draw
depth was at maximum 1.5-2 m and the width about 10-
13 m. A more uniform fragmentation, a small x,, and reduced
number of boulders, seems to be related to an increase in
ore recovery. Due to an early disturbed character of flow the
present data does not allow to draw conclusions on the width
of draw and fragmentation parameters.

Finally, the potential for a comprehensive analysis was
demonstrated. Primarily, the present data reveals a close
correlation between bucket weight and fragmentation:
buckets with high Fe-content are associated with relatively
fine fragmentation and a lower number of boulders. In this
case, the mucked material originates from the actual blasted
ring. By contrast, the fragmentation of material from outside
(above) is much coarser and causes more frequently flow
disturbances.
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