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1. INTRODUCTION

Sub-level caving (SLC) is a mass mining method, 
which was pioneered at LKAB in north Sweden 
(Janelid and Kvapil 1966). The mining method 
requires blasting of ore rings against debris i.e. the 
blasting will be under confined conditions and this 
is illustrated in Figure 1. 
 The debris in the front of the production or ring 
blasts will act as a wave trap and this in turn means 
that the amplitude of the wave’s reflection will 
decrease, which will affect fragmentation. This will 
also affect the horizontal movement of the blasted 
ore which is of importance for the swelling. The 

result of insufficient swelling of the ring, can be 
that the ore flow is prevented when loading starts 
(Figure 2). 
 Investigations at the Ridgeway mine (Power 
2004a, b) have given the following model of the 
post blast situation, see Figure 3. Fingers of mobile 
material surround the blast holes but a large part 
of the ring remains immobilized during draw. 
Unfortunately there are many competing and 
conflicting models for how SLC blasting and the 
ensuing flow of broken ore and caved waste rock 
work for example Gustafsson (1998). Therefore 
there is a need for work that investigates the 
mechanisms of SLC blasting and flow.
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ABSTRACT: Sub-level caving (SLC) is classified as a mass mining method and there is increasing interest 
in its application worldwide and under a very wide range of geotechnical environments. In terms of flow, the 
caved rock or debris at the interface first acts as a wave trap, which may reduce the fragmentation. Model 
scale tests are being made to understand the mechanisms of rock breakage and therefore fragmentation 
under relatively confined conditions. To minimize geometrical and geological effects, tests were conducted 
mainly on cylinders of magnetic mortar of size Ø140×280 mm and PETN cord with different strengths was 
used as explosive in a center hole, giving a specific charge between 0.2 and 2.6 kg/m3. The size distributions 
of the blasted material and the aggregate as well as the swelling of the cylinders have been measured. 
For the latter, a freezing-slicing method was developed. The results show that the confinement results in 
fragmentation being coarser when compared to that from free cylinders, and that the properties of the debris 
have a strong influence on the fragmentation and the swelling.
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Figure 1. Illustration of the top part of a SLC ring blast.

Figure 2. Loading after a sublevel production blast.

Figure 3. Result of SLC blasting under confined 
conditions.

The assumptions of what properties of the debris 
that can affect the results are shown in Table 1.

Table 1. Assumed properties of the debris which affects 
the fragmentation.

No. Factor
1 Size distribution of the debris 
2 Thickness of the layer of debris

3 Degree of packing, both due to previous 
blasts and from debris above

4 Differences in density between ore and 
debris 

 LKAB and other mining companies who are 
listed in the acknowledgements, have engaged in 
a joint research project managed by the Sustainable 
Minerals Institute at the University of Queensland. 
A subproject in this Mass Mining Technology or 
MMT project concerns SLC blasting. It is lead 
by Swebrec with the aim of understanding the 
mechanisms associated with confined blasting, 
i.e. how the debris affects the fragmentation and 
swelling in production blasts, are investigated. 
The objective is to give input or validation data 
for caving simulations or models and to create 
guidelines for a proper design of SLC blasts.
 To study this phenomenon in large scale is 
difficult, since the mining method itself blocks 
the visibility. One possibility is to investigate the 
fragmentation and swelling in small scale. New 
findings have shown that the fragmentation in small 
scale can be comparable to an acceptable degree 
with that occurring in full scale (Ouchterlony and 
Moser 2006).
 The work presented here is a part of the PhD 
research undertaken by the principal author and 
through the University of Lulea. More than one 
hundred tests have been made under different 
conditions thus providing a unique set of data that 
can be used to understand some of the mechanisms 
of confined blasting and more importantly data 
which can be used to validate numerical models 
with the potential of being applied for full scale 
design. The authors of this paper acknowledge 
that the small scale tests carried out do not fully 
replicate the conditions and practices found in full 
scale but they should give acceptable insight into 
possible mechanism of confined blasting and its 
impact on fragmentation and compaction.
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2. METHODOLOGY

The first phase of testing consisted of demonstrating 
that a debris confinement had a significant coarsening 
effect on the fragmentation of model specimens of 
magnetite ore and that the same effect could be 
obtained in specimens of synthetic ore, a magnetic 
mortar with about 30 % magnetite. The magnetic 
mortar was then used in most ensuing tests. The 
recipe of the mortar (Table 2) was modeled on 
work done in the Less Fines project (Moser 2003 & 
2005). Here Ø190 mm specimens were used but it 
was shown that Ø140 mm specimens would just a 
well and this size was chosen to minimize materials 
handling.

Table 2. Magnetic mortar recipe.

Portland cement 25.6 %
Water 12.6 %

Glenium 51 ( plasticizer) 0.3 %
Tributylphosfate (defoamer) 0.1 %

Magnetite powder 29.7 %
Quartz sand 31.7 %

 In the second phase of testing the effort focused 

on developing a test design that would give 
reproducible results. Hence the effect of factors 
like debris grading and packing, thickness of debris 
layer, specimen moisture saturation, details of the 
explosives source like decoupling and water in 
the air annulus etc were investigated to arrive at a 
standard set-up for further use.
 The set-up was to use cylinders of size Ø140×280 
mm with a centered hole for the explosive. The test 
design is shown in Figures 4 and 5, where the PETN 
cord with a taped detonator at the top may be seen. 
To investigate how the confinement influences the 
fragmentation, both free face and confined shoots 
were undertaken. The free face shots (see Figure 
5) were only standing on three spacers made of 
aluminum, so that the friction forces could be 
neglected. The confined cylinder shots (see Figure 
6) were surrounded by 6 mm thick steel tubing 
with the inner diameter of 309 mm. This size was 
selected after a test series with varying diameter 
of the steel tube. In the annular space between the 
test cylinder and the inner wall of the steel tube, 
crushed granite aggregate was packed to simulate 
the SLC conditions. The aggregate was obtained 
from the Sunderbyn quarry near Luleå. 
 The standard size distribution of the debris was 
selected during the second phase of testing to follow 
the Swebrec function with parameters x50 = 8 mm, 

Figure 4. Test set-up under confined conditions.
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xmax = 16 mm and b = 2.1 (Ouchterlony 2005a). 
The specimen with aggregate and steel tubing was 
placed on a piece of chipboard, in order to keep the 
debris in place. 

Figure 5: Free test set-up.

Figure 6. Confined test set-up.

 Due to its ideal detonation properties PETN 
cord was selected as the explosive. Its range of 
linear charge concentration values, 1.5 to 40 g/m, 
gave us the possibility to vary the specific charge 
over a wide range. Cord gives a much safer 
working environment than granular PETN and the 
degree of packing will not vary very much from 
test to test. The cord was decoupled and we tried 
to keep the coupling ratio as constant as possible 
during our tests. The use of PETN was discussed 
at lengths particularly given that it was decoupled. 
The decoupling compensates to some extent for 
the higher detonation pressure of the PETN and 
makes it relatively like a fully coupled emulsion. 
However tests using alternative and bulk explosive 
were shown to be problematic and also where close 
to their critical diameter given the diameter of the 
charge holes used (Braithwaite 2006 ).
 The recipe of the magnetic mortar is given in 
Table 2. The material was cast in batches and rather 
than measuring the elastic and strength properties 
of each batch to ascertain their repeatability, a 
reference shot was made for each batch and the 
fragmentation measured. The reference shot has 
usually been a free specimen with a 20 g/m charge. 
If x50 lay within ±1 mm it was considered that the 
batches had more or less identical fragmentation 
properties. The hole in the specimen was cast 
rather than drilled to make the hole position and the 
hole diameter as exact as possible. The specimen 
ends were cut to accurate length with a diamond 
saw. The specimens were weighed and the density 
statistics so far obtained for the mortar are 2511±25 
kg/m3. The elastic and strength properties have been 
measured separately.
 The fragmentation results for magnetic mortar 
were later compared against the fragmentation 
results of 4 different magnetite types from the mine. 
They were chosen for their perceived variation in 
blastability. The evaluation showed similarities in 
fragmentation and the average or median fragment 
size (x50), but for two the types did not give 
satisfying results with respect of repeatability. It is 
still of great importance to make comparing shots 
for magnetite, from which results will be presented 
later.
 The tests were made in a rubber lined container 
at Swebrec´s test facility which is situated at FOI’s 
site at Grindsjön (Swedish Defense Research 
Agency) premises. Material losses from blasting 
of less than 2 % were typical due to the enclosed 
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container. After blasting, the material was machine 
sieved and separated from the debris with a 
magnetic separator. Two complete fragmentation 
curves could then be obtained; one from the test 
specimen and one from the debris. The efficiency of 
the magnetic separator was better than 98 %, i.e. it 
could not identify about 2% of the mortar material. 
 The specific charge was varied by using PETN 
cord with strengths varying from 40 g/m to 1.5 g/
m (Table 3).  In total, six different specific charges 
have been used and the decoupling ratio was held 
constant by casting holes of different diameters in 
the specimens. The reference value of the standard 
SLC operation at LKAB amounts to 1.3 kg/m3. 
In our tests with PETN, the strength of 20g/m in 
a Ø140 mm cylinder results in the same specific 
charge.

Table 3. Specific charge with different strengths of PETN.

Strength, g/m 1,5 3 5 10 20 40
Specific 

charge, kg/m3 0.10 0.20 0.33 0.65 1.30 2.60

 Since already very small deviations in a small 
scale can affect the result in large scale, it was of 
importance that the not tested parameters (VOD, 
density, size distributions of the debris etc) were 
held as constant as possible. A series of tests on the 

PETN were made to measure how the VOD varied 
with different cord diameter. The results showed 
that the PETN cord did not have any significant 
variations in VOD (Table 4) 
 Since the properties of the debris in a mine are 
difficult to determine, a sensitivity analysis of them 
was made, which involved size distribution and 
stiffness variations during a number of tests. The 
size distribution was e.g. varied by using the fraction 
4-8 mm as confining debris instead of 0-16 mm. The 
stiffness is most likely higher in large scale, due to 
high pressures from the overlaying debris. This 
results in a higher degree of packing and increased 
stiffness. By adding 10% of plaster of Paris to the 
debris, the stiffness could also be increased in the 
model tests. To investigate what influence the degree 
of packing has, the debris was in a couple of cases 
poured in instead of tamped in the space between 
the specimen and the tubing. The different types of 
debris tested are listed in Table 5.
 To determine the swelling of the cylinders, 
a special freezing technique was developed. The 
blast tests were then made in plastic tubes instead 
of in steel tubing and after the blast the tubes were 
sealed, filled with water and frozen by placing the 
assembly in a cold storage room. After getting 
them completely deep frozen, the assemblies were 
sawn in circular slices with a thickness of about 40 
mm. This gave the opportunity of measuring the 
swelling and cracking along the holes. The principle 

PETN cord strength, g/m 40 20 10 5 3 Mean±std.dev
VOD, m/s 7390 7683 7243 7113 7201 7309±207

Type of debris Purpose of use
Standard debris #1:

0-16 mm crushed aggregate – tamped
Simulate a complete distribution of the confining debris with 

the same x50 as in the mine, scaled down to 1:30-1:40
0-16 mm crushed granite – poured Same as above, but with lower porosity and interlocking

4-8 mm crushed granite Standard debris#2: Investigate how a narrow distribution and a higher porosity as 
a result of the distribution affects the fragmentation

0-16 mm crushed granite + 10% of the dry 
weight with Plaster of Paris Increased stiffness and lower porosity of the debris

0-12 mm crushed granite – tamped Scaled down size distribution for the evaluation of magnetic 
mortar as a model material

Table 4. Velocity of detonation (VOD) for different cord strengths, one or two shots for each.

Table 5. Investigated properties of the debris.
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is illustrated in Figure 7 and one of the test set-ups can 
be seen in Figure 8. The difference in fragmentation 
between plastic tube and steel tube was checked and 
found to be within the error margins.
 The method has given much valuable information, 
in terms of crack mapping, crack separations and 
swelling. As Figure 7 shows, there is always a crater 
effect at the top of the specimen present, which 
rendered measurements over the total height of the 
cylinder impossible.
 In most circumstances clear results on swelling 
and cracking could be obtained. On the slices the 
movement of the fragments was easy to identify. 
Figure 9 is an example of what it normally looked like 
in the lower region of the cylinder. It was possible to 
measure the number of cracks and the crack separation 
along the hole up to the crater. This then also makes it 
possible to visualize the swelling in 3D after blasting.

Figure 7. The principle of measuring the swelling of the 
specimen or the compaction of the debris.

Figure 8. Test set-up, swelling shot.

3. SELECTED RESULTS

Including the set-up development, a total of 91 shots 
have been made to investigate effect of surrounding 
debris on the fragmentation. Measurements on the 
material properties and packing tests have been 
additionally made. Initially the tests were focused 
on how the confinement affects the fragmentation. 
To then vary the specific charge gave also answers 
on how much of the explosive’s energy that went 
to movement and fragmentation. Selected results 
from this testing are presented here (Johansson et 
al. 2007).

Figure 9. Example of a slice from specimen MM7_11_06 
( PETN 20g/m ), shot with aggregate and Plaster of Paris 
confinement. 

3.1 Blast tests with magnetite

Four different kinds of magnetite have been tested 
in the final set-up with Ø140×280 mm specimens. 
The new magnetite cylinders were drilled out from 
drift walls at different locations in at LKAB Kiruna 
mine. Centered 8 mm holes were then drilled in the 
cylinders and the objective of these tests was to 
see how the fragmentation varied among different 
magnetite types and to detect possible differences 
in fragmentation, both within the magnetite and as 
compared with the magnetic mortar.
 For each type of magnetite 4 shots were made; 
2 free and 2 confined. PETN with the strength of 20 
g/m was selected, which gave a specific charge of 
1.31 kg/m3 or 0.27 kg/ton. The surrounding debris 
followed the same Swebrec size distribution (0-16 
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mm) as earlier described and the results of the tests 
can be seen in Figures 10 and 11. 
 The fragmentation curves follow the 
Swebrec function very well and the coefficient of 
determination r2 is on average 99.8 % when all tests 
are taken into account. Therefore the fragmentation 
curves are well represented by the three curve 
parameters x50, xmax and b in Table 6.
 Table 6 shows that there is a large scatter in x50, 
both for the free and confined shots. For the free 
face tests the range for x50 is between 13.7-28.3 mm 
and for the confined tests the value lies in the range 
21.9-34.1mm. Note though that for all four kinds of 
magnetite, the confined shots always give a coarser 
fragmentation.
 Concerning the repeatability the scatter in the 
x50-values for magnetites M2 and M3 lay within 
±0,5 mm, whereas for magnetites M4 and M5 
the scatter ±3 mm is not really acceptable. This is 
probably an effect of natural discontinuities and 
damage in the specimens.
 The result confirms that magnetite is not a good 
model material to use in an investigation of how the 
confinement affects the fragmentation and swelling. 
The variation in material properties is simply too 
large. 
 The next to last column contains a composite 
curve parameter. s50 is the slope of the fragmentation 
curve at x50. Ouchterlony (2005b) found that the 

product s50xx50
0,75 becomes about 0.25 for tests 

where free model cylinders and cubes are blasted. 
The data in Table 6 confirms this experience.

3.2 Magnetic mortar as a model material

First the confinement effects on the average 
fragment size, the x50-value, were investigated. 
The use of specimens with the dimensions Ø190 
mm and Ø140 mm, gave the possibility to see how 
sensitive the model was to volume changes. To 
work in a smaller scale, but with nearly identical 
results saves a lot of time. 
 In Figure 12 the effect of the confinement on x50 
is clearly seen. The confinement raises the x50-value 
from about 15 mm up to about 30 mm when the 
specific charge is 1.3 kg/m3. 
 The first conclusion is that specimen size it 
has a minimal influence (Figure 13). The PETN 
cord with the strength of 40 g/m in an Ø190 mm 
specimen gives almost the same result as a Ø140 
mm specimen with 20 g/m PETN cord. Note that 
the tests with smaller specimens were made in steel 
tubes with a diameter of 230 mm and a different 
distribution of the debris. Further tests showed that 
the fragmentation was basically the same as for 
the large specimens, when a larger steel tube was 
used. Thus the tests could be made with the smaller 
specimens.

Figure 10. Size distributions resulting from the testing of confined magnetite.
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Figure 12. Average fragment size x50 versus specific charge.

Figure 13. Average fragment size x50 versus specimen size. 

Figure 14. Average fragment size x50 versus debris 
density.

The effect of the density of the debris can be seen 
in Figure 14. The debris during these tests was 
magnetite with the same distribution as the smaller 
cylinders (0-12 mm) and to make the magnetic 
separation possible, the mortar was made without 
any magnetite content. The only variables in this 
test were the densities. The fragmentation of the 
non-magnetic mortar under free conditions is the 
same as for the magnetic mortar. The increase of x50 
is considerable i.e. the density of the debris affects 

Figure 11. Swebrec function fit to data for specimen Mg_2_2_05 of magnetite.
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the fragmentation quite much. It can be seen in 
Figure 14 that the x50-value increases from about 26 
mm up to 32 mm, i.e. with 25%.

Figure 15. Average fragment size x50 versus with the 
specific charge q.

3.3	 The	effect	of	the	specific	charge	on	x50

The specific charge was varied from 0,2 kg/m3 to 
2,6 kg/m3 (PETN cord from 1,5g/m to 40 g/m) and 
the results follow a clear trend and all fragmentation 
curves follow the Swebrec-function very well. To 
visualize the effect of the specific charge in a clear 
way, x50 is plotted versus the specific charge, see 
Figure 15. 
 The curve fits that have been calculated for free 
and confined conditions as follows with q in kg/m3:

 
for free shots, and (1)

 for confined shots. (2)

Test no. x50mm xmaxmm b s50xx50
0,75 Confinement

M2 magnetite
43 20,5 61,2 2,361 0,253 Free
44 20,4 66,5 2,495 0,248 Free
45 26,0 94,6 3,115 0,267 Debris #1
46 26,6 65,3 2,376 0,291 Debris #1

M3 magnetite
47 13,7 51,3 2,191 0,215 Free
48 13,3 46,7 2,589 0,269 Free
49 21,9 79,1 2,737 0,247 Debris #1
50 22,6 59,4 2,112 0,251 Debris #1

M4 magnetite
51 28,3 123,0 2,907 0,214 Free
52 22,6 90,1 2,980 0,247 Free
53 34,1 71,9 2,034 0,282 Debris #1
54 32,9 78,0 2,273 0,275 Debris #1

M5 magnetite
55 22,2 52,7 2,003 0,266 Free
56 16,0 60,8 2,995 0,280 Free
57 24,7 72,1 2,431 0,255 Debris #1
58 26,0 94,6 3,115 0,267 Debris #1

Ave all 19,6 69,0 2,565 0,249 Free
Ave all 26,8 76,9 2,524 0,267 Debris #1

Table 6. Swebrec function’s curve parameters from tests on magnetite. Specific charge 1,31 kg/m3.
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One observation in Figure 15 is that at the lowest 
specific charge, the fragmentation seems to be 
independent of the confinement i.e. the confining 
debris does not influence the fragmentation. Clearly 
x50 cannot be much larger than the specimen radius 
Ø/2 if the specimen has been fractured. Another 
observation is that the effect of the confinement 
increases when the specific charge increases. This 
can be interpreted as that radial cracks are mainly 
independent of the confinement as long as there is a 
relatively free surface. 
 The slope in the diagram, i.e. the exponent of 
the q-dependence is -0,84 for the free specimens. 
This is quite close to the value -0,8 used in the 
ubiquitous Kuz-Ram model (Cunningham 1983, 
1987). It is however at odds with the experience 
presented by Ouchterlony and Moser (2006), where 
the exponent value lies in the range 0,96-1,53 for 
14 different rocks or mortar material. The exponent 
-0,4 for the confined shots was unexpected. An 
explanation behind this phenomenon could be that 
the debris has a non-linear stiffening behavior, 
which affects the tension wave that is created at the 
specimen-debris interface. 

3.4	 The	stiffness	of	the	debris	and	its	effect	on	x50 

Figure 16. Average fragment size x50 versus specific 
charge, with plaster of Paris mixed into the debris.

The caving debris at the production front is 
most likely exposed to high pressures due to the 
relatively large depth of the mine. Production at 
LKAB is now mainly on the 907 m level with a 
hanging wall pressure that increases with time. A 
hypothesis is then that the stiffness of the debris 
at the production level increases with depth. This 

effect could e.g. be modeled in our tests by adding 
plaster of Paris, which also increases the degree of 
packing of the debris. This we did by dry mixing 
of 10 % by weight of plaster to the aggregate and a 
slow adding of water. The plaster was given time to 
cure before the testing.
 The testing procedure was the same as 
described earlier and a complete test series was 
made with only the parameter of specific charge 
being changed. The results can be seen in Figure 
16.
The first observation is that the slope of the fragment 
size curve for the confined tests with aggregate 
plus plaster of Paris is very similar to the slope of 
the curves for the free shots. The exponents of the 
curves are -0,76 and -0,84 respectively and quite 
comparable. The cause of this deviation from the 
-0,40 value for the aggregate confinement could be 
that the plaster stabilized debris in its initial state 
already has a stiffness more like that of a solid 
material than that of the aggregate with its non-
linear stiffening behavior.
 From a specific charge of 0,2 kg/m3 to 0,65kg/
m3, the fragmentation is almost the same and x50 is 
roughly equal to the diameter Ø/2 of the cylinder.
 Another observation is that for a specific charge 
of 2,6 kg/m3 the fragmentation seems  independent 
of the properties of the debris. The area, which is 
marked in grey, is where the properties of the debris 
will affect the fragmentation.

3.5	 Diametral	swelling

Figure 17. The diametral swelling against debris #1 versus 
slice position for q in the range 0.2-1.3 kg/m3.

The test set-up for these tests is shown in Figure 8. 
They have till now only been made on specimens 
of magnetic mortar. The purpose was to see what 
effect specific charge, debris type and stiffness 
have on the swelling of the cylinders. In effect, for 
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each fragmentation shot confined in steel tubing, a 
swelling shot in plastic tubing has been made. The 
diametral swelling was measured on both surfaces 
of the frozen slices, in three directions with a 120º 
between and the average value calculated. The first 
parameter that was varied was the specific charge 
and the results of these tests for standard debris #1, 
pure tamped aggregate, are shown in Figure 17. 

Figure 18. Swelling at a specific charge of 0.33 kg/m3 for 
the plaster stabilized debris, standard debris #2.

The swelling curves all start at about 2 mm at the 
bottom (position 0 in Figure 17) and then they 
gradually increase with a slope that depends on 
the specific charge. An important observation for 
all tests is that the slope values all have a dramatic 
increase at a certain point. This point shows up 
as a knee in Figure 17 and its depth from the top 
basically increases with an increasing specific 
charge. At a certain point the fragments have 
become so disordered that it is meaningless to 
define a swelling value. This point marks, more or 
less, the bottom point of a crater that starts at the top 
of the specimen.

Figure 19. Swelling at a specific charge of 0.66 kg/m3 for 
the plaster stabilized debris, standard debris #2.

 By stabilizing and thus changing the stiffness of 
the debris by adding plaster of Paris, the swelling 
changes dramatically. Two examples are shown in 
Figures 18 and 19.
 The swelling in the bottom is fully comparable 
between the two different properties of the debris, 
in the both cases shown in Figures 18 and 19. What 
then occurs is a stable swelling for the cases with 
the stiffer debris, which is totally different from the 
linear increase earlier observed for the specimen 
with pure aggregate confinement. The figures 
show that during this stable swelling, the swelling 
increases with about 2 mm or 40% when the specific 
charge is doubled.
 The results of all tests with plaster of Paris 
stabilized debris can be seen in Figure 20. 

Figure 20. Swelling for standard debris #2, aggregate with 
plaster of Paris for different cord strengths.

Figure 21. Swelling 210 mm above the bottom for sample 
MM7_15_06 shot with q = 2.6 kg/m3.

Figure 20 shows that the stable swelling appears in 
all tests except at the highest load, PETN 40 g/m 
or q = 2.6 kg/m3. For this specific charge value, the 
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swelling data shows the same trends as in the earlier 
tests with pure aggregate. The bilinear behavior then 
appears independently of the initial stiffness of the 
debris. This may be a sign that the initial bonding 
of the aggregate pieces that the plaster causes has 
broken down. One slice from a specimen confined 
by plaster stabilized debris can be seen Figure 21.

4. DISCUSSION

Simple, small scale tests such as reported in this 
paper are a first step towards understanding the 
actual and more complex behavior of blasting in 
confined situations such as those found in SLC 
operations. The use of a simple specimen geometry 
and a set-up, which gives reproducible results, 
allows for a controlled study of the fundamental 
principles. As such the actual effects of the 
confinement can be found and analyzed. The effects 
found using our model material, a magnetic mortar 
must exist also for magnetite ore, but are probably 
of a different magnitude. Considering the variation 
in materials properties magnetite is not a suitable 
model material for test series in which many 
specimens are blasted.
 Under these relatively ideal and controlled 
conditions, the tests clearly show that confinement 
has an effect on fragmentation, it makes the 
fragmentation coarser. Although the exact behavior 
of the confinement is still under investigation, it can 
already be said that the slope of the x50 versus q in 
Figure 16 for pure aggregate confinement is quite 
different compared to the free face shots with an 
increase in slope value from -0.76 to -0.40. This 
behavior is very interesting and requires further 
analysis. An explanation could probably be found 
in a non-linear stiffening effect of the aggregate. 
On the other hand, for tests with a higher degree of 
packing and stiffness of the debris (+10% plaster 
of Paris), the slope value nearly agrees with that of 
free face shots, compare -0.84 with -0.76. 
 The freezing-slicing method of measuring 
the swelling of the specimen, or equivalently the 
compaction of the debris is new as far as we know. 
It offers a unique opportunity to obtain the results 
of a model blast close in. Our testing shows that the 
swelling/compaction behavior of pure aggregate is 
different than that of plaster stabilized aggregate. 
Apart from a cratering effect at the free top end of 
the specimen, where the initiation took place, the 
swelling tends to be symmetrical with respect to the 

mid-plane of the specimen. For the pure aggregate 
the swelling is larger at the same explosive load 
and definitively non-symmetrical. As the holes 
of a SLC ring are up 15-20 times longer than the 
burden, it may be advisable to use longer specimens 
in future testing so as to avoid too much influence 
of end effects.
 The set up used makes it possible to measure the 
influence of different properties of the debris on the 
fragmentation and on the swelling/compaction with 
good accuracy. As discussed, there are still boundary 
effects to take in consideration. One matter, which 
is being investigated in the continued work is the 
effect of the point of initiation, top or bottom and 
the associated matter of effect of specimen length. 
Another is the effect of pressure on the debris such 
as could be present in deep mining. Yet another 
is the possible difference in outcome between a 
decoupled and a fully coupled explosive.
 A conscious effort is also being made to measure 
data that are of importance to the modeling of our 
set-up and the associated blasting results. This 
effort is supported by acceleration measurements at 
the interface between the specimen and the debris.
 The authors are of the opinion that this model 
blasting work will help increase the understanding 
of how SLC blasting works and the conditions for 
the ensuing flow that this blasting creates.

5. CONCLUSIONS

The following results have been obtained in our 
model scale blasting testing with cylindrical 
magnetite and magnetic mortar specimens that have 
been either unconfined (free) or confined by either 
pure aggregate or plaster stabilized aggregate:  
- The variation in material properties makes 

magnetite a poor model material in small scale 
testing. On the other hand, our magnetic mortar 
material has shown repeatable fragmentation 
properties over many batches

- The confinement reduces the fragmentation 
considerably, i.e. makes it coarser, both for the 
magnetite and the magnetic mortar 

- In all cases where the magnetite and magnetic 
mortar specimens broke up into fragments, the 
Swebrec function describes the fragmentation 
obtained quite well in the size range 0.25 mm 
and up

- The average fragment size x50 for confined 
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specimens is less sensitive to changes in specific 
charge than are free specimens. This may be 
explained by the aggregate getting progressively 
stiffer as the charge concentration and swelling 
increases. This behavior of the aggregate debris 
could be an important property for the mines

- The fragmentation is quite different for the four 
different qualities of magnetite studied. For the 
free specimens x50 lies in the range 13.3-28.3 
mm and for the confined specimens the range is 
21.9-34.6 mm

- The fragmentation of the confined magnetite 
specimens is coarser than for the free specimens 
for all four qualities. The difference is on average 
37 % and there is no overlap

- Specimens confined by pure aggregate gives a 
bilinear swelling, increasing from the bottom 
and up. At the top there is a totally shattered 
crater whose depth increases with increasing 
specific charge

- When plaster of Paris is added to the aggregates, 
the swelling is stabilized except for a specific 
charge of 2.6 kg/m3. For this specific charge, 
both kinds of debris allow a bilinear swelling

  Most of the tests made up to 2006 have here 
been discussed and reported here. Our tests have 
continued during 2007 and involve for example 
change of explosive, a finer distribution of the 
debris and adding confining pressure to the debris. 
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