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Abstract 

Sub-level caving (SLC) is classified as a mass mining method and there is an increasing 
interest in its application worldwide and in a very wide range of geotechnical environments. 
Design of sub-level blasting rounds and optimization has become more important now when 
the sizes of the blasting rings have become larger. Sufficient fragmentation is one of the key 
factors and in confined blasting, as in sub-level-caving, this influences the mobilization of 
the blasted ring. The caved rock or debris at the interface first acts as a wave trap i.e. the 
debris at the SLC interface reduces the fragmentation and the swelling of the blasted ring 
and it dissipates the explosive energy. These phenomena may immobilize the blasted ring, 
causing ore losses. 

Small-scale blasting has been carried out to investigate and clarify this phenomenon. To 
minimize geometrical and geological effects, tests were made on Ø140 mm cylinders of 
magnetic mortar, which fractures like magnetite but is a less variable material. The 
cylinders were placed inside a Ø300 mm steel cylinder and confined by packed aggregate. 
The explosive source was decoupled PETN cord with different strengths in a center hole, 
which gave a specific charge between 0.2 and 2.6 kg/m3. The magnetic mortar and the non-
magnetic aggregate allowed for post-blast magnetic separation. The setup provides very 
repeatable results. The fragmentation of the blasted mortar and the aggregate plus the 
swelling of the confined mortar cylinders have been measured. As a reference, free mortar 
cylinders without radial confinement were used. More than 160 tests have been made with 
the cylindrical set-up. 

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 of the blasted materiel/compaction of the 
confining material. For the latter, a freezing-slicing method has been developed. The 
cylinders could thus be sliced perpendicular to the charged hole and then photographed to 
measure the radial expansion at different heights. The acoustic impedance between blasting 
material and confining debris has been applied to give a material description in a simple and 
physical form. This, in combination with the specific charge, has been shown to influence 
the fragmentation and compaction to a great extent. For the compaction, the porosity of the 
confining debris is also an influencing factor. Two prediction equations have been presented 
with high coefficients of determination, both for fragmentation and compaction. The tests 
have also been shown to be a good input for numerical modelling of blast compaction and 
reliable input for future numerical modelling of blast fragmentation. 

Further, a series of detailed small-scale tests have been made to investigate the use of short 
delays to promote better fragmentation caused by shock wave interactions. The block design 
had a size of 650/660×205×300 mm (L× W× H) and two rows with five Ø 10 mm blastholes 
in each row. The spacing and burden were 110 mm and 70 mm respectively, giving an S/B 
ratio of 1.6. The results showed no distinct differences or high improvements of the 
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fragmentation when the delays were in the time range of interactions compared to no shock 
wave interactions. The decrease of x50 was around 20 % at a delay time ~1.1 ms/m burden 
compared with longer delays like 2 ms/m. A statistical analysis of the results has been made 
to evaluate the minimum at short delays and it is not significant. 

Keywords: confined blasting, model scale, fragmentation, sub-level caving, granular 
material, debris, shock wave, delays 
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Sammanfattning 

Skivrasbrytning som används av bland annat LKAB är en så kallad storskalig 
brytningsmetod och intresset för denna metod ökar nu internationellt genom dess flexibilitet 
att verka under olika geologiska förhållanden. Nu har designen av skivraskransar och dess 
optimering blivit viktigare eftersom dessa kransar ökar i storlek. Kontaktytan mellan malm 
och rasmassor reducerar fragmenteringen och hindrar svällningen av den sprängda 
malmkransen dvs. malmen är inspänd. Detta fenomen kan förhindra rasmassornas rörlighet, 
vilket i sin tur kan leda till malmförluster. En annan viktigt faktor i processen är vilken 
styvhet rasmassorna har, vilket kan relateras till hur kompakterade de är. Ju mindre styvhet, 
desto mer rörliga är massorna. Om massorna inte är malm, så finns risken att malmen späds 
ut dvs. en ökad gråbergsinblandning. För en framgångsrik skivrasbrytning krävs det att 
malmen är nog fragmenterad och att dess rörlighet är tillfredsställande när lastningen 
påbörjas. Rörligheten alternativt svällutrymmet beror på hur mycket kransen klarat att 
kompaktera rasmassorna framför sig, vars effekt är dubbel eftersom ju mer massorna 
kompakteras desto stabilare kan man förvänta att de blir mot att rasa ner i malmen och ge 
s.k. gråbergsinblandning. Vid för hög kompaktering kan man dock förvänta sig att malmen 
skjuts fast i rasmassor vilket leder till malmförluster. Att studera detta fenomen under 
storskaliga förhållanden är mycket svårt, nästintill omöjligt på grund av brytningsmetoden 
själv.     

Modellförsök har utförts för att få bättre förståelse av vilken påverkan inspänningen har på 
fragmenteringen samt för att få en bättre kunskap om kompakteringen som sker under dessa 
förhållanden. Genom att använda cylindriska provkroppar av magnetitbruk med diametern 
140 mm, dvs utav ett väldefinierat material har de geologiska och geometriska effekterna 
kunnat minimeras, testförsök visade att dess fragmentering liknar magnetits dock med 
mycket lägre spridning. Provkropparna placerades i en stålcylinder med diametern 309 mm 
för fragmenteringsförsöken och för kompakteringsförsöken användes en plastcylinder med 
diametern 293 mm. I hålrummet mellan provkropp och cylindrar packades omgivande 
massor med olika fysikaliska egenskaper. En ny metod att mäta och utvärdera 
kompakteringen har utvecklats, vilken innebär att man fryser ner de sprängda proven för att 
sedan såga upp dem diametralt. Sprängämnet som användes var frikopplad pentylstubin som 
placerades i ett centrumhål i cylindern. Genom att använde sig av olika styrkor på 
pentylstubinen, kunde den specifika laddningen varieras mellan 0.2 and 2.6 kg/m3. 
Magnetseparering användes därefter för att särskilja det sprängda materialet från det 
omgivande materialet. Detta förfarande har visat sig vara högst repeterbart och för att ha en 
materialkontroll mellan olika gjutningar, utfördes referensskott med fria cylindrar. Totalt 
har det gjorts mer än 160 sprängförsök med de cylindriska provkropparna. 

Den akustiska impedansen för provmaterial och omgivande massor har tillämpats för att ge 
en kompakt och fysikalisk beskrivning av materialberoendet. Detta i kombination med 
specifik laddning har visat sig påverka fragmentering och kompaktering till en stor grad. För 
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kompakteringen gäller även de omgivande massorna porositet. Genom statistisk analys har 
prediktionsekvationer tagits fram för de två fallen med hög förklaringsgrad. Därutöver har  
dessa resultat visat sig vara bra och tillförlitliga resultat för numeriska modeller för 
kompaktering samt med stor sannolikhet även för framtida fragmenteringsmodeller. 

Utöver detta har även en serie av försök utförts för att undersöka effekten av korta 
tidsintervall vid initiering vid flerhålssprängningar likt en pallsalva. Syftet var att se om det 
fanns ett sätt att använda sig av stötvågsinteraktioner mellan spränghålen för att förbättra 
fragmenteringen. Provkropparna var block med måtten 650/660×205×300 mm (L× B× H) 
med två rader à 5 spränghål med diametrarna 10 mm. Hålavstånden (S) var 110 mm och 
försättningen (B) var 70 mm, vilket gav en S/B kvot på 1.6. Totalt testades 15 block i denna 
försöksserie och resultaten visade inga stora förbättringar gällande fragmentering vid 
jämförelser mellan fördröjningstider där stötvågssamverkan fanns och tider då inga 
stötvågsinteraktioner fanns mellan de olika hålen. Minskningen av medelstyckefallet x50

visade sig vara ca 20 % bättre vid fördröjningstid på 1.1 ms/m försättning jämfört med den 
längsta testade tiden på 2 ms/m försättning. Minimumet har även analyserats och 
utvärderats genom statiska analyser utan att visa sig vara signifikant. 

Nyckelord: sprängning, modellskala, fragmentering, kompaktering, skivrasbrytning, 
granulära material, rasmassor, stötvågssamverkan, fördröjning
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1 Introduction 
More and more mining activities around the world apply mass mining methods such as Sub-
level caving (SLC). It was pioneered at LKAB in north Sweden (Janelid & Kvapil, 1966). 
This mining method involves blasting under confined conditions i.e. the rock that is to be 
blasted is prevented from free swelling. Cullum (1974) defined it as “the action of blasting a 
slice of rock against either previously blasted material or caved material or fill”. Why is it 
necessary to achieve an understanding of this phenomenon? The need for understanding this 
and its effects could be linked to the flow of the broken material, i.e. how much of the 
blasted material is recovered when the loading starts. A successful flow of fragmented ore, 
as in SLC, is dependent on how well the material is broken up and how much it is confined 
post-blast. Detailed analysis of the influences of the confined masses has not been done 
before. Many investigations have been made though into the gravity flow i.e. how the 
fragmented rock or debris behaves during mining. The focus of this thesis is on the 
fragmentation of the unfractured ore and the compaction of the confining masses. The part 
where the fragmentation is investigated has two inputs: firstly the effect of the confinement 
itself and secondly the effects of shock wave interactions in terms of fragmentation.  

1.1 Fragmentation in confined blasting environment 
A confined environment’s effect on the fragmentation can be seen as a wave trap, i.e. all 
energy from the blast holes will not be reflected back as a tension wave, some will be 
transmitted out into the debris/confining material. Earlier small-scale blast tests in the field 
of confined blasting have been carried out, giving conflicting results. Volchenko (1977) 
stated that the fragmentation improved under confined conditions as did Federenko & 
Kovtun (1977), where their best fragmentation was obtained at a porosity of the confining 
material in the range of 30-34%. Similar conditions were later tested by others (Jarlenfors & 
Holmberg, 1980) and their results contradicted the earlier tests. They found no indications 
of an ideal volume of swell to promote the fragmentation. Their results indicated a 
coarsening effect. This was also argued by Rustan (1970), who carried out complex small-
scale testing with three different designs: conventional SLC-profile, silo-profile and bench 
model, showing a coarsening effect when confinement was used. Olsson (1987) made half-
scale tests of confined bench blasting with quite irregular trends in the fragmentation, 
though indicating an optimum in fragmentation when the allowable swell was 40-50%. 

1.2 Compaction of confining masses 
Blast compaction of granular materials can be found in mining and multiple blasting of rows 
in quarrying. In sub-level caving, the ore to be blasted is confined by granular caved rock or 
caving debris. The properties of the waste material from the hanging wall are hard to 
determine, due to the mining method itself. Power (2004a, 2004b) and Gustafsson (1998) 
published conflicting models of the full-scale behavior of a post-blast situation. Power’s 
model showed, for example, fingers of mobile material that surrounded the blast holes, 
though the larger part of the ring was immobilized during draw.  
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The granular debris undergoes compaction, which involves inter-particle crushing under 
high strain rates. This changes the size distribution of the debris, so after each blast there are 
new boundary conditions. The compaction depth will vary all along the hole length due to 
the varying specific charge in the blast ring, since the blast holes are diverging. 

1.3 Timing effects on fragmentation 
A correct timing between the blastholes to optimize the fragmentation would be highly 
appreciated both by the mining and quarrying industry. Both the research community and 
practitioners have tried to understand the influence of timing for a long time. One aspect 
that is still undergoing discussion is the shockwave/stress wave interaction and its influence 
on fragmentation based on published work by Rossmanith et al. (1997, 2004) and 
Rossmanith (2002). He described a 2D-model where a positive effect of shock wave 
interaction could be achieved in terms of fragmentation. The assumptions are though 
infinite long charge lengths and fully developed P- and SV- Mach waves throughout the 
medium. Rossmanith (2002) refers to industrial cases where positive effects of shock wave 
interactions have been found. Unfortunately these are not available for review.  

Today, electronic delays could be set down to 1 millisecond between the blast holes, which 
is in the range where it may be possible to design for shockwave interactions. Katsabanis et 
al. (2006) through small-scale tests on granodiorite blocks questioned this influence though, 
recommending delays between 3.3-13 ms/m of burden instead i.e. in the time range where 
no shock wave interactions occur. Their set-up allowed the produced stress waves to stay in 
the blocks however, since they were all unconfined. Others as Stagg & Roll (1987) tested 
different delays on a 6.7-m limestone bench which indicated an ideal timing of 3.3-26 ms/m 
of burden in terms of fragmentation. Stagg & Nutting (1987) made blast tests on reduced 
scale concrete blocks with the resulting recommendation to hold delays > 3.3 ms/m of 
burden. Here the shock waves will not co-operate according to Rossmanith (2002), but other 
interactions may occur (gas, fractures, reflections) which may influence the result. 

Vanbrabant et al. (2006) made full-scale observations using a scheme inspired by 
Rossmanith (2002). Here the purpose was to create an overlap of the tensile tails of the P-
waves generated by the blast holes. This scheme and precise initiation, image analysis of the 
fragmentation indicated that the average fragmentation (x50) was improved by nearly 50%. 
Rosenstock (2004) allegedly improved fragmentation with a wave interaction scheme. 
Nevertheless, the fragmentation was not measured. 

1.4 Objective and research questions 
The objective of the research presented in this thesis was to understand the mechanisms in 
blasting under confined conditions and relate it to fragmentation, compaction and timing.

RQ1: How do the confinement and its properties influence the fragmentation? 

RQ2: What influences the compaction of the confining materials? 

RQ3: Do short delays influence the fragmentation? 
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The thesis examines these research questions separately based on the appended papers I-V. 
Some papers deal with two of the research questions. 

1.5 Scientific approach 
Confined blasting and influence of delay times are difficult to study on a large scale; 
therefore two types of small-scale test set-ups were used. It was consequently possible to 
investigate many influencing factors on both fragmentation and compaction. From the large 
number of tests, influencing factors are presented and interlinked with each other in a 
physical relationship. Some new testing methods have been developed and evaluated in this 
thesis too. Earlier findings have shown that small-scale tests in many ways are comparable 
with large-scale tests (Ouchterlony & Moser, 2006).  

1.6 Limitations 
This thesis is limited to small-scale blasting and does not cover any full-scale tests, though a 
theoretical discussion concerning earlier published full-scale experiments vs. the small-scale 
results is provided. The thesis is limited to the fragmentation and compaction part in 
confined blasting. It does not cover the fragmentation and compaction in relationship to 
cavability.   

1.7 Structure of the thesis 
In the first chapter, the introduction describes the research objective with its research 
questions on the basis of earlier published work by others concerning the confined blasting 
environment and timing effects. Chapter 2 presents the methodology to obtain the answers 
to the research questions above. 

The results of the tests made are presented in Chapter 3 in the order of each research 
question. A general discussion concerning the research questions with respect to the results 
is held in Chapter 4. The concluding remarks are presented in Chapter 5 and suggestions for 
future research are presented in Chapter 6.

To give the reader a better understanding of how the appended papers are linked to the 
research questions, a flow chart (Figure 1) is provided to visualize the path to the answers of 
the research questions. 
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Figure 1: The relationship between research questions and appended papers.
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Paper I 
Blasting against aggregate confinement, fragmentation and swelling in model scale
Authors: Daniel Johansson, Finn Ouchterlony and Ulf Nyberg.  

Daniel Johansson performed all the blast tests with assistance from Ulf, especially with the 
VOD measurements. He also carried out the sieving and compaction analysis and was the 
main author of the paper.  

Paper II 
Blasting against confinement, fragmentation and compaction in model scale 
Authors: Daniel Johansson, Finn Ouchterlony, Lars Martinsson, Jonas Edin and Ulf Nyberg.  

Two students, Lars and Jonas made some of the tests under the supervision of Daniel. Their 
results in combination with results from Paper I were evaluated and presented in this paper 
by Daniel Johansson as the main author. 

Paper III 
Dynamic blast compaction of some granular materials: small-scale tests and numerical 
modelling of a mining-related problem 
Authors: Daniel Johansson, Tomas Villegas and Finn Ouchterlony. 

Daniel Johansson contributed mainly to the part of the paper concerning small-scale tests 
and the comparison between numerical results.  

Paper IV 
Fragmentation in small-scale confined blasting 
Authors: Daniel Johansson and Finn Ouchterlony

Daniel Johansson is the main author of the paper, which is based on earlier data in Paper I-
III and new data. 

Paper V 
Shock wave interactions in rock blasting – the use of short delays to improve fragmentation 
in model-scale 
Authors: Daniel Johansson and Finn Ouchterlony 

Daniel Johansson did all the preparations, blast tests and sieving which this paper is based 
upon. He is the main author of this paper. 
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2 Methodology 
Very small deviations in a model scale can affect the interpretation for large-scale 
conditions. Thus, to keep the not tested parameters (VOD, density, size distributions of the 
debris etc) as constant as possible is of great importance. A model material made of mortar 
(Table 1) mixed with magnetite fines has showed to have good repeatability between 
different batches, as the standard deviation of x50 for the free face shots with 20 g/m cord 
was less than 1 mm, x50 = 15.2 ± 1.0 mm over 19 shots (Johansson, 2008). 

Table 1: Magnetic mortar recipe. 

Ingredient  % 
Portland cement (Cementa) 25.6 
Water 12.6 
Glenium 51 (plasticizer) 0.3 
Magnetite powder (Minelco KPC) 29.7 
Quartz sand (SIKA) 31.1 
Tributylphosfate (defoamer) 0.1 

The model-scale tests made for this thesis have two different types of set-ups. Firstly, a 
cylindrical set-up was used to analyse the fragmentation and compaction of the granular 
material. For the tests concerning initiation delay, the set-up was changed to a rectangular 
block with multiple holes. The fragmentation analysis was the same regardless of which set-
up used (Figure 2).  It allowed fragmentation analysis down to 63 μm. 

Figure 2: Sieving process for small-scale tests. 
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2.1 Fragmentation under confined conditions 
Nearly all confined shots were made with a cylindrical test set-up. The design was a 
cylinder of size Ø140×280 mm with a centered hole for the explosive. All cylinders were 
cured for at least 28 days before testing. Under these conditions geometry as an influencing 
factor could be minimized. The centered hole varied between 5-12 mm to ensure as constant 
a coupling ratio as possible, when the effect of a specific charge was investigated. Here both 
free face and confined shots were undertaken. The free face conditions functioned both as a 
base case and an indicator for measuring the material properties between different casts of 
model material. The base case was a free face cylinder standing on a three aluminum stilts 
(Figure 3). The explosive source was decoupled PETN-cord of different strengths (Table 2), 
in order to vary the specific charge in the test cylinder. 

Figure 3: Set-up for free face tests. 

Table 2: PETN-cord properties. 

PETN cord strength, g/m 40 20 10 5 3 Mean ±±±± std. dev. 
VOD, m/s 7390 7683 7243 7113 7201 7309 ± 207 
Specific charge q, kg/m3 2.6 1.3 0.65 0.33 0.20  

The confined environment was simulated when the cylinders were surrounded by a steel 
cylinder with an inner diameter of 309 mm, in which the annulus between the two cylinders 
was packed with debris with different properties (Figure 4). 
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Figure 4: To the left: Principal design for confined shots.  To the right: Fragmentation test set-up before shot. 

Four kinds of granular material were tested for their effects on the fragmentation and 
compaction. They are described in Table 3. The x50 = 8 mm of material #1 was chosen to be 
about in the same proportion to burden R = 70 mm as the commonly used estimate that x50 ≈
250 mm in an SLC ring with 3 m burden. Proper fractions to make up a Swebrec 
distribution (Ouchterlony, 2005 & 2009a) were used, see Table 3. 

Table 3: Tested granular materials. 

Debris 
material 

No 

Description Porosity 
 pa  [%] 

cpa

[m/s] 
Average 
density 
 [kg/m] 

Swebrec 
distribution 
parameters 

#1 Crushed granite  
UCS=240 MPa  

36 1168 1696 1 x50 = 8 mm , xmax =  
16 mm and b = 2.2 

#2 Crushed granite , 0-16 mm, 
with Plaster of Paris 

30     900 2 1868 - 

#3 Crushed granite, 0-16 mm 20  1047 2050 x50 = 4 mm, xmax =  
16 mm and b = 1.3 

#4 Crushed non-magnetic mortar, 
0-16 mm UCS=50 MPa 

32   596 1428 x50 = 8 mm, xmax =  
19 mm and b = 2.6 

Note 1: Max density as measured by the Proctor method was 1980 kg/m3 for debris #1 
Note 2: For debris #2, cpa was measured using an emulsion explosive 

To create a surrounding pressure from the aggregate to the test cylinder, a slotted steel 
cylinder was used (Figure 5). The diameter was 309 mm in its initial state and it had been 
cut up into 3 equal parts along its axis. Steel L-profiles were welded on along these slots, 
each equipped with bolts. The steel cylinder was also fixed on a plywood board with two 
bolts. By decreasing the effective diameter, through tightening the bolts in the slots, a 
confining pressure on the specimen was established. To keep the confining material in place 
and to minimize the cratering effects, the debris was sealed off by a steel lid and three 
cotters. The material was then fixated axially and which resulted in a more robust condition 
for correctly induced stresses on the surface of the cylinder. 
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Figure 5: Test set-up for induced confining stresses 

Trials on the set-up showed a maximum confining stress of 0.86 ± 0.05 MPa (30 Nm on the 
bolts), through measurements by overcoring equipment. The induced stresses could be 
higher, but the risk of failure in the cylinder would then also be higher. The 2nd stress state 
chosen was half of the maximum i.e. in practice 0.42 ± 0.04 MPa. 

2.2 Compaction 
By replacing the steel cylinder with a plastic tube that was reinforced by straps to prevent it 
from breaking as trials indicated, the compaction could be measured (Figure 6). This change 
from steel to plastic only influenced the fragmentation marginally (Johansson, 2008). The 
same explosive source as in Table 2 was used. 

Figure 6: Test set-up for compaction shots. 

After the specimen blasting in the tube, it was carefully filled with water and frozen solid in 
a freezing room. The plastic tube was then sawn into slices transversely to the cylinder axis 
(Figure 7).  
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Figure 7: Principle of compaction measurements. 

The frozen slices were photographed and the specimen diameter measured along three 
equally spaced lines A-A to C-C (Figure 8) on each side. The start of cratering could be 
found, when the deviations between the three measurements increased substantially and the 
clear boundary between model material and debris was smeared out.  

Figure 8: Measuring method of slices. To the left: Example of photograph taken before measuring. To the 

right: scheme for compaction measurements. 

2.3 Timing effects set-up 
The set-up for the design was a block size of 650/660×205×300 mm (L× W× H) and two 
rows with five Ø 10 mm blastholes in each row (Figure 9). All blocks made were hardened 
for at least 28 days. The set-up allowed two tests from each block i.e. rows 1 and 2 were not 
shot simultaneously and the firing sequence was sequential, firing from one end in the first 
row and from the other end in the second row. The burden and spacing was 110 mm and 70 
respectively, giving spacing and burden ratio of ≈ 1.6. One concern was the reflected waves, 
which could reflect back into the block at the boundary. Therefore the block was confined at 
three surfaces by a yoke. This U-shaped yoke was made of a high strength concrete, which 
was cast integral with a steel plate with rebars. The width was 250 mm i.e. the travel length 
for the reflected stress waves increased by 500 mm. In the space (10 mm) between the yoke 
and the test block a fine-grained expanding grout was filled. In the layer of the fine-grained 
grout at a vertical depth of 10 mm, three accelerometers were installed. In the extension 
planes of each row, two piezoelectric accelerometers (model DY 3200B2M) and a third one 
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(model B&K 8309) was placed at the midsection behind the back row. As a main recorder, a 
Picoscope 4424 with 20 MS/s with a 12-bit resolution was used for all tests.  

Figure 9: Left: Front of set-up for free face shots. Right: Set-up from the back. 

Decoupled PETN-cord with the strength of 20 g/m was the explosive source (Table 2), 
giving a specific charge (q) of 2.6 kg/m3. Based on an explosive density of 1400 kg/m3, it 
gave a coupling ratio of 2.4. By using different PETN-cord lengths, it was possible to adjust 
the delay times with high accuracy. A trunk line was made with T-connections to each hole. 
The selected cord was a 5 g/m with a VOD of about 7100 m/s. A 59 mm high cylindrical 
initiation mounting block of plastic was positioned above each hole (Figure 10), designed to 
allow precise measurements of time of initiation. The 5 g/m cord had a blasting cap no. 8 at 
its end 30 mm into the mounting block, followed by a bead of plastic explosive to ensure a 
proper initiation of the main explosive. The initiation time was measured by short-circuiting 
a coaxial cable, which was also installed in the mounting block. 

Figure 10: Mounting block for initiation time measurements. 
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To emulate debris confinement as in the blasting conditions of SLC blasting, a 10 mm thick 
trough-shaped steel plate was mounted in front of the free face of the block for row 1 shots 
and a flat steel plate for row 2 shots (Figure 11). Both types were attached by eight M16 fang 
bolts on the yoke. In front of the block a space of 65-70 mm depth (depending on row 
number) was filled with debris material of the same properties as debris #4 in the single shot 
tests, i.e. crushed non-magnetic mortar (Johansson, 2008, Johansson et al., 2010, 2011). 

Figure 11: Set-up for confined shots. 

After each row had been shot, the blasted material and confining debris material were 
collected, separated with a magnet separator and sieved. An attempt was made to keep the 
debris density and porosity the same independently of row number and test.  

2.4 Full-scale vs small-scale 
A proper scale for the input parameters has to be derived; therefore a dimensional analysis 
is suitable for this set-up (Taylor, 1974). Firstly, three different sub-groups were formed in 
terms of properties: Blasting material, Explosive and Confining material. The conditions 
can be described by 17 identified different parameters (Figure 12) 

L

Figure 12: Input parameters for dimensional analysis. 
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A more detailed description of the 17 parameters is as follows: 

Blasting material: specimen height L (m), radius R (m), density ρ (kg/m3), modulus of 
elasticity E (N/m2), wave speed cp (m/s) and strength parameter σBT (N/m2).  

Explosive: density of the explosive ρe (kg/m3), velocity of detonation VOD (m/s), explosive 
energy e (MJ/kg), γ (adiabatic constant) and charge diameter Ø (m) 

Confining material: degree of packing ρa (kg/m3), porosity pa (%), strength parameter UCS 
(N/m2), Ra (layer thickness in m), x50a (average size in m) and wave speed cpa (m/s) 

In confined blasting the main processes are cracking of the model material and crushing of 
the confining aggregate. I.e. suitable strength parameters ought to be tensile strength (σBT) 
or fracture toughness for the model material and compressive strength (UCS) for the 
confining material.  

The Explosive group parameters were further analysed. One assumption that has to be made 
is that the process is assumed to be a 2-D situation and that the detonation details are 
irrelevant for this phenomenon. This reduces the number of parameters by 3 (L, VOD and γ
vanish). There are now two parameters in this group, Ø and ρe. A more suitable term could 
be the specific charge, q (kg/m3), since this is a better description of the explosive effect. By 
this rearrangement the initial 17 parameters have been reduced to 13 (m=13). 

According to Buckingham’s theorem, the number of discrete and independent 
dimensionless products (Π:s) that can be formed is equal to the difference between the 
number of parameters and dimensions. The focus is the fragmentation of the blasted 
material i.e. x50. Bearing that in mind, the suitable normalisation dimensions could be R, ρ
and cp (n=3). This gives total of 10 (m-n) discrete and independent products. In our case this 
will be as follows: 

x50/R = F(Π1,, Π2, Π3, Π4, ... Π10),      (1) 

where Πi is a dimensionless number.  

Using the explicit parameters gives the following Πi:s for this set-up: 

x50/R = F(q/ρ, ρa/ρ, pa, E/ρcp
2

, Ra/R , x50a/R , UCS/ρcp
2

, σBT/ρcp
2

, e/cp
2,cpa/cp)  (2)

                                                                         
The Π-groups should be set and analyzed in relationship with full-scale conditions  
(Table 4). The model’s results should be scalable, if there is good agreement between small- 
scale and full-scale Πi:s. 
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Table 4: Estimated relationship between full-scale and small-scale conditions (magnetic mortar) after 

dimensional analysis. 

Π Small-scale Full-scale  
Π1 = q/ρ, 0.00004-0.00104 0.00026 
Π2 = ρa/ρ For debris 1 = 0.66 

For debris 2 = 0.72 
For debris 3 = 0.83  
For debris 4 = 0.55  

0.4

Π3 = pa 20-36% 25-35% 
Π4 = E/ρcp

2 0.6 0.4-0.65 
Π5 = Ra/R 1.21 - 
Π6 = x50a/R 0.11 0.083 
Π7 = UCS/ρcp

2 For debris 1=5.5 
For debris 4=1.4 

1.3

Π8 = σBT/ρcp
2 0.144 0.080 

Π9 = e/cp
2 0.41 0.13 

Π10 = cpa/cp For debris 1 = 0.31 
For debris 2 = 0.24  
For debris 3 = 0.28 
For debris 4 = 0.16 

- 

In full-scale conditions, some parameters and results are not measurable. Two examples are 
Π5 andΠ10 where the model does not have a corresponding value in full-scale conditions. 
For Π5 (= Ra/R) a detailed comparison is not possible since the full-scale behaviour is very 
difficult to determine. Π8 may be neglected in this comparison, since initial trials indicated 
similar fragmentation between magnetite and the model material. The explosive used in 
full-scale conditions is an emulsion explosive and this explosive type is nearly impossible to 
use in small-scale conditions. This is due to its large critical diameter (Johansson, 2008). 
The selected explosive source PETN has ideal detonation properties i.e. it is more or less 
independent of diameter. A suitable approach to compensate the lower energy content of the 
emulsion is to decouple the PETN-cords used, this lowers the blast hole pressure, which 
may then simulate the full-scale conditions better. A more relevant and understandable 
alternative would be to combine Π2 and Π10, into an impedance ratio Za/Z which could be 
called Π2

’.
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3 Results 

3.1 Fragmentation in small-scale confined blasting 
Fragmentation in full- and model-scale blasting both generally follow the Swebrec function 
extremely well: usually r2 > 0,995 in 95% of cases (Ouchterlony 2005, 2009a). This is also 
the case for SLC blasting (Wimmer, 2008) and for the model-scale blasting tests presented 
in this thesis. This is a clear indication that the fragmentation mechanisms in full- and 
model-scale blasting are similar and it supports the proposition that our model-scale blasting 
can offer insight into full-scale confined blasting, such as the SLC.   

3.1.1 Robustness of set-up 
Each testing method has to be evaluated on its repeatability, robustness and its capability to 
present reliable data. The repeatability had to be good and the mortar breakage 
characteristics had to be the same regardless of which batch the mortar was made from. 
Therefore, for each batch an unconfined reference shot (q=1.3 kg/m3) was made to 
investigate the repeatability and the material properties were held as constant as possible. 
The average x50 for all reference shots was 15.2 ± 1.0 mm based on 19 shots i.e. the 
repeatability was good. Test series investigating explosive source, coupling and direction of 
initiation were also made and their effects were found to be marginal except for the 
explosive source. Initial tests for this work involved larger test specimens i.e. cylinders with 
the dimensions Ø190 mm. Introducing a smaller specimen size, would both minimize the 
volume to be handled and give a possibility to see how sensitive the model was to volume 
changes. Both free face conditions and confined conditions were tested.  
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Figure 13: Average fragment size x50 versus specimen size for the magnetic mortar. 
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As seen in Figure 13, for the free face shots the specimen size has a minimal influence on 
the fragmentation (x50) The PETN cord with the strength of 40 g/m in an Ø190 mm 
specimen gives almost the same result as an Ø140 mm specimen with 20 g/m PETN cord. 
For the confined shots, there was a difference although the confining material (debris) and 
the steel tube had also been scaled down, from an x50 of 8 mm down to 5.6 mm of the debris 
and the steel tube diameter from 309 mm down to 230 mm. Additional tests showed that 
this difference was basically the same, when a larger cylinder and the same confining 
material as in Ø190 shots were used. 

The effect of the specimen length was investigated for two reasons. Firstly to evaluate the 
assumption of a 2-D state made in the dimensional analysis in Section 2.4 and secondly to 
use a similar length/burden ratio as in a SLC-ring which varies from 8-18. For practical 
reasons the L/R ratio was set to 8, this due to the weight of the masses that had to be 
handled and sieved. Totally 4 shots with this ratio were made and one comparison is seen in 
Figure 14: the fragmentation is practically independent of the L/R ratio except for sizes less 
than 1 mm. So the assumption made in the dimensional analysis is acceptable. 
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Figure 14: Fragmentation for specimens with different length/burden ratios at Π1 = 5.2x10-4 (q = 1.3 kg/m3). 

3.1.2 x50 versus confinement 
This set-up has been tested for more than 80 blast tests, both under free face and confined 
conditions (Figure 15). The dimensional analysis made in Section 2.4 identified a factor Π1

(= q/ρ). Therefore the fragmentation results for the different confinements were further 
analysed versus Π1. There is an upper limit of fragment sizes due to the model set-up i.e. the 
radius of 70 mm of the cylinder. x50 –values of this magnitude occur when Π1 < 0.00026. 
This region is not of great importance for full-scale conditions though, but it is an indication 
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of where the limit of the effect of confinement is. A total number of 62 data points are still 
in the analysis, when these points are excluded. 

Figure 15: Left: Example of free face shots after blast. Right: Example of confined shots after blast. 

 
In Figure 16 the x50 values have been plotted versus Π1 where the effect of the confinement is 
clearly seen. For the range 0.00026 < Π1 < 0.00104 there seem to exist well defined and 
straight slopes for each confining condition. The scatter of fragmentation for the confined 
shots with debris #1 can be seen as porosity effects (Johansson, 2008). This is due to the 
fact that some of these tests also involve tests with induced confining pressure (described in 
Section 2.1), where the volume of void is reduced in the confining material. For this 
sufficiently large specific charge the influence of the confinement on x50 is an increase of 
the average sizes of over 100 %, depending on the confining material used in the set-up. 
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Figure 16: x50 versus Π1 for all tested confining materials. 
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The individual fits can be achieved with following equations: 

x50 (mm) = 0.033/Π1
0.81 for free face      (3)

x50 (mm) = 0.073/Π1
0.80

    
for debris #1       (4) 

x50 (mm) = 0.13/Π1
0.76 for debris #2     (5) 

x50 (mm) = 0.19/Π1
0.70 for debris #3     (6) 

x50 (mm) = 0.12/Π1
0.71    for debris #4     (7)

  
As seen in the individual fits (Equations 3-7), the q-exponent lies between 0.70-0.81 for the 
tested conditions (Π1 is directly proportional to q-value since the ρ is the same for all shots). 
The Kuz-Ram equation (Cunningham, 1987) uses the power 0.8, which is quite close to our 
shots. The porosity clearly influences the fragmentation, which can be seen in the 
differences between debris #1 and # 3. Both of the compositions were made of the same 
material and the average P-wave velocities do not differ to any great extent. They both 
appear to lie in the same range of 1100-1200 m/s. The amount of fines produced differs also 
between the different confining conditions. As seen in Figure 17 the amount of fines is 
higher for both debris #1 and debris #4. Here the blasted material is allowed to move more, 
so fines from cracks are produced to a greater extent. 
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Figure 17: Fragmentation curves for magnetic mortar specimens with different confinements at Π1 = 5.2x10-4
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It could be assumed that the reflected stress wave will be the main influence on the 
fragmentation, since the dominating failure mechanism in blasting is tensile failure (Field & 
Ladegaard-Pedersen, 1971). The impedance ratio presented in the dimensional analysis 
could therefore be used in this case, introducing the acoustic impedance values for the two 
materials, the cylinder (Z) and the debris (Za). From here the stress wave reflection 
coefficients at the specimen debris interface could be calculated (Mavko, 1998). Rustan et. 
al. (1983) identified this as vital for the blastability of a material. The stress wave reflection 
transmission coefficient for 1D wave propagation is then as follows: 

Stress wave coefficient, Re = (Z-Za)/(Z+Za) = f(Π2, Π10)  = Π2
’                                 (8)                  

  
                         where 

Z =  ρ·cp, equation for the acoustic impedance of the specimen material  
Za = ρa·cpa, equation for the acoustic impedance of the confining material  

This states that under fully free face conditions the entire wave is reflected back into the 
specimen. Depending on debris properties, a varying degree of the wave is reflected. This 
scheme allows all tests to be analyzed in the same process i.e. from free face shots to 
heavily confined shots. A link between magnetite and magnetic mortar in terms of 
fragmentation could be to found in Π8 (= σBT / ρcp

2), where the tensile strength is 
introduced. 

A suitable approach is a multiple non-linear regression model, which is based on 
dimensional analysis. This gives a model equation as follows: 

x50 =  Π1
α1·Π2

’α2 ·Π8
α3·F(Π3, Π4, Π5, Π6, Π7, Π9)     (9)                 

      
The influence of F is thought to be stable; it could be replaced by a constant B. The 
suggested formula could then be reduced to: 

x50 =  B·Π1
α1·Π2

’α2 ·Π8
α3      (10) 

This regression model with a total number of 62 data samples, gave a coefficient of 
determination (R2) higher than 90 %, i.e. this model predicts the fragmentation well (Figure 
18). The suggested prediction model for mortar specimens in terms of fragmentation is 
therefore: 

x50 [mm] = 0.053·Π1
-0.75·Π2

’-1.72 = 0.053·(q/ρ)-0.75 ·((ρcp-ρacpa)/( ρcp+ρacpa))
-1.72  (11) 

An identified outlier in the prediction model is debris #2. It involves properties that are 
based upon two-component contents and the accelerometer measurements were made with a 
subsonic emulsion, whose VOD had a lower P-wave speed than the blasting material and 
not with the PETN cord that was used in all shots included in the numerical analysis. 
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Figure 18: Measured x50 versus predicted x50 for mortar specimens 

By including Π8 a correlation between the well-defined mortar and the geological material 
magnetite becomes possible. As earlier mentioned, the basis for this is the tensile fracturing 
of the material. The prediction capability based on 77 samples has shown to be fair, R2

decreases down to 85 % though.  

x50 [mm] = B·Π1
α1· Π2

’α2·Π8
α3 = 2.28·Π1

-0.71· Π2
’-1.70·Π8

0.40   (12)
  
The scatter is larger than for the magnetic mortar alone, since the magnetite is a less 
homogenous material and using it as a model material would risk obscuring some of the 
other observed effects. The model over-predicts or under-predicts the fragmentation 
depending on ore type as seen in Figure 19, which indicates that there are some properties 
of the magnetite that the model does not fully take into account. Another possibility that is 
discussed is that these properties contain errors.  
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Figure 19: Measured x50 versus predicted x50 including the different magnetite ores. 

3.2 Dynamic blast compaction of granular materials 
A total of 23 blast compaction tests were made with PETN cord as the explosive source and 
magnetic mortar as the blasting model material. The compaction values are given as a 
percentage of the annulus width, 78.5 mm. The tests showed that there were cratering 
effects present (Figure 20) in the set-up. This was further evaluated by increasing the 
specimen height in 4 out the 23 tested. These results indicated that the midsection 
measurements were a suitable choice to quantify the blast compaction for different 
confining materials, where the specimens were reasonably unaffected by boundary effects. 
The reproducibility of the tests was generally good and the data were basically independent 
of specimen height and mortar batch. For example, the compaction of debris #1 at q = 0.65 
kg/m3 was 5.04 ± 0.21 mm in the midsection, based upon 4 tests. 
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Figure 20: Examples of compaction vs. section height results for granular materials #1 – #4 at q = 1.3 kg/m3. 

The midsection measurements can be seen in Figure 21, where it is seen that the non-linear 
compaction behavior depends on the granular composition. As the granular material 
continues to compact, its strength increases progressively. The outliers from these tests are 
from the granular composition #2. This emulates the frozen waste in full-scale conditions as 
in SLC-operation. Initially debris #2 is more easily compacted than the other materials, but 
as seen in Figure 21 the compaction levels off at about 5–6% for 0.65 < q < 1.3 kg/m3 and at 
q = 2.6 kg/m3 the compaction is the highest measured, i.e. the compaction for debris #2 is 
not showing a stiffening behavior by leveling off.  
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Figure 21: Mid-section compaction vs. q and material. 

The results are reasonable in terms of the strength and porosity of the confining debris 
material. The more easily compacted material, debris #4 was made of weaker granules than 
debris #1 but with the same size distribution and roughly the same porosity. The porosity 
effect can be seen when comparing debris #1 and #3, where the material is the same but the 
initial porosity for debris #3 is smaller. To continue the idea with impedance differences 
between the material to be blasted and the confining debris, the underlying assumption for 
the compaction is that it is influenced by the velocity transmission coefficient TR (Mavko, 
1998): 

TR = 2·Z/(Z+Za)      (13) 

Where Z and Za are defined after equation 8.

From here a suggested prediction model became: 

Compaction [%] = A·qλ·TRβ·pγ = A·qλ· (2Z/(Z+Za))
β·pγ   (14) 

where 
A: Numerical constant determined by a regression analysis 
q: Specific charge of explosive (kg/m3) 
ρ: Density (kg/m3) 
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p: Porosity of the confining material (%) 
α, β, γ: Numerical exponents determined by regression analysis 

The outliers in the prediction equation come from the tests with debris #2, which is a more 
complex material composition and not a natural granular material. If this outlier is excluded 
from the regression, the prediction equation becomes: 

Compaction [%] = 0.23·q0.52·TR2.85·p0.54                       (15) 

The factors presented indicate that there is a possibility to predict the blast compaction of 
different confining materials with reasonable accuracy i.e. R2 = 90 %.The prediction 
capability of this model can be seen in Figure 22. 
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Figure 22: Measured vs. predicted mid-height compaction by relationship given in equation 15 

Numerical simulations of the blast compaction were also made for two of the tested 
materials, debris #1 and debris #4. This was a first step to investigate the capability to 
simulate blast compaction of granular material. The synthetic granular materials were 
numerically calibrated with physical tests on the two granular compositions. The small-scale 
set-up was reduced to a 45° sector by assuming frictionless, shear-free conditions along the 
side walls (Figure 23). A rigid wall of particles was given different initial velocities and 
simulations proceeded until zero wall velocity was reached. 
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Figure 23: Schematic of the numerical model with dimensions and boundary conditions shown. 

Firstly, there was a good agreement between the numerical and physical tests for debris 
material #1 up for wall velocities below 15 m/s (Figure 24). The numerical compaction had a 
quite linear tendency all the way up to 25 m/s, i.e. it seems that the numerical models for the 
granular debris material underestimate the stiffening effect. The gaps between the single 
layer of particles and the side walls (Figure 23) that impart the initial velocity may be one 
explanation as to how this allows debris particles to escape. The arc length of the displaced 
interface increases, but not the arc length that the rigid balls cover. For the debris #4, the 
simulation results are no longer on a straight line, some degree of stiffening behaviour 
occurs when the velocity reaches 25–30 m/s. Here though, the physical results for 20 m/s 
and 25 m/s lie much lower than the simulation results. The actual degree of compaction 
stiffening is much higher. In this case too, the numerical models for the granular debris 
material underestimate the stiffening effects. 
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Figure 24: Compaction vs. interface velocity (measured and calculated) for debris #1 and #4. 

3.3 Timing effects on fragmentation 
A total of 15 blocks were shot to analyse the effect of shock wave interactions on 
fragmentation under free and confined conditions. The scheme for the choice of an optimal 
delay time in terms of shock wave interactions was plotted in a Lagrange-diagram (Figure 
25). Here the data comes from single hole shots and from long delays (> 86 μs), where the 
first arrivals are relatively unaffected by waves from subsequent holes. The single shots 
gave an estimate of the duration of the half wave at distance 0 m from the blast hole (T0) of 
9 μs. If this was combined with the longer delays, the estimate of T0 would be 5.6 μs 
(Figure 25). If all data from test campaigns 1-4 were used in the estimate of T0, the range 
would have been 30-40 μs. So there is a scatter that has to be taken in consideration, in this 
case at a distance of 0.15 m the arrival of the tensile tail could vary from 80-93 μs.  
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Figure 25: Lagrange diagram for small-scale tests. 

Based on these tests, one indication is that the mortar blocks are homogenous with a wave 
behaviour that is reasonably repeatable. However, the arrivals of the ‘tensile’ tails are not as 
well estimated as the primary waves and the estimated S-waves. The tested delay times in 
the Lagrange-diagram (Figure 25) show that the time range for wave interactions is covered, 
even including the scatter of 40 μs. 

3.3.1 Fragmentation under free face conditions 
Each row was shot separately but with the same inter-hole delays, giving two sets of 
fragmentation curves for each tested block. In Figure 26, the average fragment size x50 vs. 
inter-hole delay time Δt for rows 1 and 2 are presented respectively. Every pair of data for a 
given delay time show that the fragmentation was coarser for row 1 shots except for Δt = 
146 μs. A larger scatter in the results for the data from row 1 i.e. 47 mm ± 16 for row 1 with 
27 mm ± 8 for row 2 can be seen. 
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Figure 26: x50 versus delay time and row under free face conditions. 

One observation made for the shots of row 1 is that for the majority of the tests the average 
size x50 is larger than half the burden (B/2=35 mm). The corresponding size distribution is 
one of dust and boulders – few blocks with a fines tail. This behavior occurs when the 
burden exceeds half the critical value Bcrit (Rustan et al., 1983), so a detailed analysis of the 
results from row 1 would be less meaningful and was excluded. 

Continuing to the row 2 results, the difference between the two cases is the presence of blast 
damage. Nearly perpendicular cracks from each row 1 hole were found in the remaining 
material. These cracks divide the material to be blasted into smaller regions where 
reflections etc could occur, like joints in rock. The results here show a finer fragmentation 
(no tendency for dust and boulders), small scatter and could be seen as more applicable to 
an analysis like x50 = f(Δt). One outlier does exist at Δt = 46 μs, this delay time was repeated 
and may be explained by large back breakage with the result of extra and large material in 
the sieving analysis. In the wave interaction regime of the Lagrange diagram (Figure 25), a 
minimum range of 46-73 μs is seen.

3.3.2 Confined shots 
This is a continuation of the effect of confinement tests earlier described in Section 3.1.2, in 
which the effects are well described. For this set-up two different nominal delays were 
tested twice each to investigate the influence of confinement, 73 μs and 146 μs.  As seen in 
Figure 27, the confinement suppresses the fragmentation substantially both for 73 μs and 
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146 µs, from 21 mm up to 44 mm and 25.6 mm to 52 mm respectively (i.e. more than 100% 

increase of x50). The fragmentation of confined shots reached the level where the 

fragmentation could be defined as dust and boulders. 
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Figure 27: x50 versus delay time for different rows and confinement. 

 



Effects of confinement and initiation delay on fragmentation and waste rock compaction 

32



Discussion 

33

4 Discussion 
In this thesis, three main research questions were addressed (see Section 1.4) and they have 
been answered by a series of appended papers (Figure 1), which is the core of this research. 

The first research question concerned the effect of the confinement in terms of 
fragmentation. The behavior in confined blasting environments such as in sub-level caving 
is an important aspect in the long-term optimization of the mining operation. The full-scale 
situation has its obstacles to overcome in terms of fundamental understanding, as well 
defined input parameters for example geometry, scale, number of tests etc. The scale will 
strongly influence the number of tests possible with given resources for instance. One 
important aspect in the long-term optimization of mining operations such as sub-level 
caving is to understand the behavior in this confined blasting environment. Fundamental 
understanding involves well-defined parameters such as geometry, scale, material properties 
etc. In full-scale conditions, the number of tests would be strongly influenced by the sizes 
and variations of material and confining conditions. Therefore, small-scale tests have been 
made in a controlled environment, giving both well-defined input/output data and a large 
number of tests. In this thesis, more than 80 cylinders were shot and the detailed analysis 
was based upon 60 out of these, giving a stable basis for the findings made.  

Four different confining materials with different properties were tested. The confinement 
reduces the fragmentation considerably compared with free face shots. From here prediction 
models (one presented in the cover-story) have been presented based upon dimensional 
analysis. The main influencing factors have been shown to have a good physical foundation
i.e. the input parameters were related to the energy input (explosive content), impedance 
ratio of the specimen debris interface and tensile strength of the model material.  

The follow-up question that now arises is how these factors may perform in full-scale 
conditions such as in sub-level caving. Wimmer (2008) did a partial sieving (7.5% of the 
total ring mass) of the magnetite directly after the blast and showed an x50 of 86 mm. In this 
well-defined set-up, the corresponding fragmentation of the magnetite was ≈ 33.5 mm, 
giving a real size ratio (xfull/xsmall) of 2.6. A derived formula based upon Ouchterlony 
(2009b) was used for the fragmentation of this magnetite type, estimating the theoretical 
ratio in the range of 2.8-4.9, depending on what input of charge concentration enters into the 
formula. The most reasonable charge concentration that should be used for this full-scale 
sieving should be in the upper region (Selldén, 2001), which then gives a theoretical ratio of 
2.8 and this is quite close to the real ratio of 2.6. There may be other influencing factors 
such as autogenous grinding (Wimmer, 2008) in full-scale conditions that influence the 
sieving results. One such is keeping the high energy content of PETN even if it is decoupled 
in comparison with a lower energy explosive such as emulsion that is used in full-scale 
blasting. Wimmer (2008) also showed that the magnetite pieces sieved broke easily during 
sieving, indicating that the sieving process makes the fragmentation finer after mucking out 
rather than directly after blasting. 
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These and other identified factors push the predicted fragment size ratio of the blasted 
magnetite towards the real value, not away from it. The important fact is that even though 
there is an enormous scale difference between the small-scale tests and a full SLC ring, 
there are similarities in the results. 

The second research question concerns the compaction of the confining material in a 
confined blasting environment. Here a set-up was made, following the idea with cylindrical 
specimens as in the fragmentation shots. The difference was that the confining cylinder of 
steel was replaced by a plastic tube, which post-blast was sawn into slices after it had been 
frozen stiff. This made it possible to measure all along the blast hole with good accuracy to 
see how the different properties of the confining material and specific charge influenced the 
compaction. The measurements showed a non-linear compaction resistance or stiffening of 
the debris. This measurement and analysis of this behaviour is valuable as a benchmark in 
the complex process that occurs in SLC ring blasting.  

It was found that the compaction was related, through a prediction equation, to the specific 
charge, an impedance ratio (velocity transmission coefficient) and the porosity of the 
confining material. This was made through statistical analysis of the results from the 23 
shots with this set-up. The coefficient of determination was R2 = 90%, which could be seen 
as good in blast tests.  

An attempt with numerical modelling of two different confining materials showed that the 
compaction could be modelled, though with varying accuracy depending on which input 
material was modelled. For the low velocities the model could reproduce the compaction 
well, but when the face velocities were increased, the non-linear stiffening found in the tests 
could not be found in the results of the modelling. Here some points of improvements of the 
model have been found: firstly the boundaries of the model have to be improved. The 
confining material should not be allowed to move out from the compaction process as it did 
in the current model. This may explain the linear compaction behaviour that the model 
showed. The indication found is that it is very important to have measured results to be able 
to fine-tune the numerical models, especially if they are later to be used to model full-scale 
conditions.  

For the full-scale conditions, the computational restraints will decrease the particle 
resolution in the model. This will lead to the finer particles not being included in the model. 
That may influence the caving simulation. The clusters presented in the models play an 
important role: as a result of their different shapes they will most likely give more arching 
than models with mono-sizes. This arching effect in the field has been discovered and 
discussed by others (Gustafsson, 1998; Hustrulid, 2000) 

The final part of this thesis deals with blast tests with short delays, investigating if wave 
interactions could improve the fragmentation i.e. if there exists an ideal stress wave overlap 
in terms of finer fragmentation. The set-up was robust, well-defined and accelerometer 
measurements made it possible to investigate this phenomenon with good precision 
(20Msamples/s). Here the set-up allowed for a systematical investigation of the short delays 
with respect to the shock wave behavior in the material. The number of blocks tested was 
15, with a delay range between 0-146 μs. In this time range, the influence of shock wave 
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interaction should occur with this set-up. The number of delays tested in this time range was 
8 and the choices of delays were made through analyzing the single wave behaviour at the 
distance nearly the same as the spacing between the blast holes. What can be seen in this 
set-up is that the amplitude decay is quite large and that the non-linear shock wave velocity 
makes it nearly impossible to see the interaction effects farther than one spacing i.e. the 
interaction from blast hole 1 need not be taken in consideration at blast hole 3. This results 
in a two-hole interaction scheme, that is copied to the rest of the blast holes – the delays are 
the same all along the row.   

Continuing to the results, the fragmentation of the 1st row shots (intact mortar) shows a 
tendency towards dust and boulders with a large scatter, which makes it impossible to 
identify a minimum. The blast damage made from the 1st row shots on the remaining 
material caused the 2nd row to be considerably finer in fragmentation. For nearly all shots, 
the x50 lies on a smooth curve, with a minimum of 21-22 mm when 46 ≤ Δt ≤ 73 μs. The 
finest fragmentation was found at Δt = 73 μs i.e. the delay time in which the estimated 
‘tensile’ phase interacts with the next-coming hole. This is when the particle velocity goes 
into a negative velocity tail in accordance with the idea presented by Vanbrabant (2006, 
2010). Comparing with no shock wave interactions as at 146 μs, this minimum is ≈ 20 % 
lower in terms of x50. The coarsest fragmentation was found for instantaneous initiation (0 
μs). The minimum found has been statistically evaluated and the second stage is to consider 
this as minimum compared with other research results published by for example Stagg & 
Roll (1987). They suggested delay times > 3.3 ms/m or in our case > 233 μs, when other 
interactions could occur. Since no such long delays were tested for in this evaluation, one 
alternative could be to look at the relative decrease from their maximum at 0 μs to their 
minimum, resulting in a relative decrease of x50 ≈ 2.4 times, in our case this would be 19 
mm following this scheme.  

The existence of a minimum at the tested time range could be questioned. An outlier at 46 
μs delay cannot be discarded without hard evidence. A found minimum of x50 in the time 
range 0 ≤ Δt ≤ 146 is not statistically supported, if this outlier is taken into account.  
When the Swebrec-function is used to estimate the x30 and x80-values, they too indicate the 
same conclusion on the basis of the tested delays. More data may help to give a more 
conclusive answer. Petropoulos (2011) used the same set-up and one tested delay time was 
290 μs. It showed extensive back-breakage for row 1 shot, so a precise evaluation of the 
fragmentation for the two rows is difficult to do.   

This set-up also evaluated the effect of confinement, which independently of initiation time 
increased x50 by more than 100%. This supports the results discussed for the cylindrical 
specimens. Petropoulos (2011) also made one confined test with this set-up with 290 μs  
(4.1 ms/m burden) delay indicating an extensive increase of x50 for both rows too. This 
single test had a finer fragmentation compared with the tested delays at 73 μs and 146 μs. 

The concept of shock wave interaction to improve the fragmentation may be difficult to 
evaluate on a small scale, since the idea is based on a 2D scheme (infinite VOD) published 
by Rossmanith et al (1997, 2004) i.e. to test this idea the explosive has to have high VOD. 
The pulse width produced from these high VOD explosives may be seen as too short to 
work with at distances such as those in this set-up. Nevertheless, the initiation has been 



Effects of confinement and initiation delay on fragmentation and waste rock compaction 

36

precise all through the testing with very small deviations between the blast holes and the 
measurements have been made with high sampling rate and resolution, so it should be 
possible to find this phenomenon under these conditions as well. One source of 
improvement could have been the use of triaxial accelerometers, which would have given 
measurements both in depth and in plane. In their current positions, the waves should have a 
planar orientation though since they are quite close to the surface.     
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5 Concluding remarks 
These small-scale tests allowed a large number of tests to be made; totally more than 190 
blasts have been made in this research. This gave sufficient data for a detailed analysis of 
the research questions stated in this thesis, especially for the effect of confinement in terms 
of fragmentation and compaction. The developed test set-ups for these cases have
reproducible conditions and produced reliable fragmentation and compaction results. For 
the shock wave interaction tests, the 2nd row results appear to be reproducible but the 1st row 
results, when blasting in intact material, show an extensive scatter. More tests could have 
strengthened the findings made. 

The main conclusions of this thesis can be summarised after each research question. Some 
conclusions are remarks concerning the tests though. Detailed analyses can be found in the 
appended papers. 

RQ1: How do the confinement and its properties influence the fragmentation? 

• The fragmentation is considerably reduced by the confinement i.e. the latter makes it 
coarser regardless of what model material (debris) was used in the set-up.

• Prediction equations with coefficient of determination of nearly 90 % have been 
found through regression analysis of the average fragmentation data (x50). These 
involve specific charge, the impedance ratio at the interface and the tensile strength 
of the material to be blasted.  

• The basic Swebrec function describes the fragmentation obtained quite well in the 
size range 0.25 mm and up i.e. the breakage mechanism is similar to that in full-scale 
conditions. 

• If the scale of the tests is increased as for a SLC-ring, the prediction equations may 
hold since they are based on dimensional analysis. This remains to be seen though. 

RQ2: What influences the compaction of the confining materials? 

• A suggested prediction equation for blast compaction of natural granular material has 
been found. It involves the specific charge, a velocity transfer ratio at the interface 
and the porosity of the confining material with a coefficient of determination (R2) of 
90%. 

• Numerical simulations have shown fairly good agreement with the measured values 
at low velocities (small specific charges q).  

• The numerical model has to be improved though; one example is that the stiffening 
compaction behaviour of the granular material has to be better modelled. 
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• The data found is valuable for numerical models of the complex process of blast 
compaction and ensuing flow in full-scale SLC ring blasting. 

RQ3: Do short delays influence the fragmentation? 

• The set-up allowed a systematic procedure to investigate the shock wave interaction. 
A decrease of x50 up to 20% compared with long delays in this test series has been 
found, from 25.6 mm at ≈ 2.1 ms/m burden down to 20.7 mm at  ≈ 1.1 ms/m burden 
(with a S/B ratio of 1.6)  

• A statistical analysis involving also x30 and x80, shows that this minimum is probably 
not significant. 

• The first row shots have the tendency to have a dust and boulders behaviour in 
fragmentation and the second row shots show similar fragmentation behaviour as in 
full-scale blasting. 

• For good overlapping, the pulse width may be too short at the blast hole spacing. 
However the geometrical and material damping would influence the fragmentation, if 
the spacing was changed. 

• All sieving curves follow the 3-parameter Swebrec function quite well. 
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6 Future research 

Despite the fact that this thesis is based on numerous several small-scale tests, there is a 
need to continue this systematic approach in the research of confined blasting. A 
continuation within this set-up of timing effects should be made, both for testing different 
spacing/burden ratios and for longer delays than 3.3 m/s of burden.  

The results in this thesis provide good inputs for numerical modelling of rock 
fragmentation, especially for timing effects. So a natural step forward in this field would be 
to use the data and results presented here as a calibration and validation for suitable 
numerical modelling codes. Such modeling is underway through a joint project between 
Boliden Mineral AB, LKAB, Luleå University of Technology and Vinnova (Sjöberg, 2011) 

There is a need for a detailed full-scale investigation of the influence of short delays i.e. to 
investigate if the shock wave interactions can promote fragmentation. This should guide the 
results from the numerical models if these show a tendency for positive interactions in terms 
of fragmentation.  

The cavability of an SLC-ring could be further investigated; the link between fragmentation 
and free void is one aspect as well as the influence of the compaction of the caving material 
(debris). This compaction influences the stiffness of the material, which itself will affect the 
intrusions into the caving ore. A goal could be to find the ideal compaction, giving both a 
sufficient swell for the ore to cave and a loose compaction of the ore against the granular 
material. Wimmer’s ongoing research (Wimmer, 2011) will hopefully give at least partial 
answers in these matters. 
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8 Appendix – Sieving data for the timing tests 
Test no: 1   Test no: 1  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 28   Delay time (μs): 28  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 96.79   90 97.48  
63 65.74   63 86.26  
45 52.60   45 73.45  

31.5 43.76   31.5 58.31  
22.4 35.64   22.4 42.80  
16.0 29.01   16.0 30.88  
11.2 22.23   11.2 23.02  
5.6 12.25   5.6 12.33  
2 5.15   2 3.82  

1.0 3.19   1.0 2.01  
0.5 2.20   0.5 1.17  

0.25 1.44   0.25 0.66  
0.125 0.82   0.125 0.28  
0.063 0.34   0.063 0.18  

       

Test no: 2   Test no: 2  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 146   Delay time (μs): 146  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 100.00   90 96.47  
63 93.20   63 87.32  
45 78.93   45 77.37  

31.5 65.16   31.5 59.46  
22.4 51.71   22.4 44.77  
16.0 40.03   16.0 30.37  
11.2 28.56   11.2 22.73  
5.6 14.63   5.6 12.90  
2 5.54   2 5.34  

1.0 3.44   1.0 3.31  
0.5 2.40   0.5 2.27  

0.25 1.69   0.25 1.47  
0.125 0.93   0.125 0.80  
0.063 0.57   0.063 0.41  
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Test no: 4   Test no: 4  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 37   Delay time (μs): 37  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 100.00   90 100.00  
63 75.49   63 97.49  
45 62.72   45 79.02  

31.5 50.05   31.5 59.75  
22.4 40.75   22.4 47.05  
16.0 34.04   16.0 35.84  
11.2 26.26   11.2 26.87  
5.6 15.03   5.6 15.20  
2 6.12   2 6.16  

1.0 3.69   1.0 3.88  
0.5 2.61   0.5 2.81  

0.25 1.75   0.25 1.98  
0.125 0.93   0.125 1.15  
0.063 0.52   0.063 0.67  

       

Test no: 5   Test no: 5  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 46   Delay time (μs): 46  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 75.98   90 100.00  
63 47.54   63 84.01  
45 32.49   45 63.37  

31.5 25.64   31.5 45.09  
22.4 20.22   22.4 31.63  
16.0 15.69   16.0 20.80  
11.2 12.28   11.2 15.64  
5.6 6.80   5.6 8.55  
2 2.67   2 3.47  

1.0 1.55   1.0 2.14  
0.5 1.04   0.5 1.51  

0.25 0.67   0.25 1.02  
0.125 0.35   0.125 0.56  
0.063 0.19   0.063 0.30  
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Test no: 6   Test no: 6  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 56   Delay time (μs): 56  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 92.66   125 100.00  
90 89.83   90 100.00  
63 63.88   63 94.80  
45 50.41   45 82.16  

31.5 38.87   31.5 63.54  
22.4 27.01   22.4 50.92  
16.0 18.96   16.0 38.61  
11.2 13.18   11.2 29.38  
5.6 7.14   5.6 15.76  
2 2.78   2 6.07  

1.0 1.70   1.0 3.53  
0.5 1.19   0.5 2.29  

0.25 0.78   0.25 1.45  
0.125 0.41   0.125 0.80  
0.063 0.24   0.063 0.38  

       

Test no: 7   Test no: 7  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 46   Delay time (μs): 46  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 67.89   90 100.00  
63 39.84   63 94.00  
45 31.28   45 78.35  

31.5 24.24   31.5 63.80  
22.4 18.01   22.4 50.69  
16.0 13.46   16.0 39.48  
11.2 9.10   11.2 30.10  
5.6 6.35   5.6 16.00  
2 4.22   2 6.40  

1.0 2.08   1.0 3.70  
0.5 1.70   0.5 2.50  

0.25 1.00   0.25 1.60  
0.125 0.72   0.125 0.95  
0.063 0.48   0.063 0.45  

       



Effects of confinement and initiation delay on fragmentation and waste rock compaction 

Test no: 8   Test no: 8  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 86   Delay time (μs): 86  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 82.99   90 95.81  
63 66.24   63 91.59  
45 49.69   45 80.76  

31.5 39.37   31.5 63.02  
22.4 28.64   22.4 47.22  
16.0 20.67   16.0 34.91  
11.2 15.00   11.2 25.10  
5.6 8.51   5.6 14.00  
2 3.42   2 5.80  

1.0 2.10   1.0 3.50  
0.5 1.48   0.5 2.60  

0.25 1.00   0.25 1.80  
0.125 0.55   0.125 1.30  
0.063 0.29   0.063 0.60  

       

Test no: 9   Test no: 9  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 73   Delay time (μs): 73  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 85.40   90 100.00  
63 71.74   63 86.96  
45 54.66   45 74.16  

31.5 41.29   31.5 55.08  
22.4 29.45   22.4 41.11  
16.0 19.16   16.0 30.81  
11.2 16.35   11.2 25.30  
5.6 10.88   5.6 14.74  
2 4.80   2 8.50  

1.0 3.05   1.0 4.60  
0.5 2.11   0.5 3.22  

0.25 1.49   0.25 2.55  
0.125 1.22   0.125 1.37  
0.063 0.60   0.063 0.90  

       



Appendix – Sieving data for the timing tests 

Test no: 10   Test no: 10  
Row number: 1   Row number: 2  
Confinement: Debris #4   Confinement: Debris #4  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 146   Delay time (μs): 146  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 69.81   90 75.62  
63 43.45   63 56.23  
45 35.40   45 43.01  

31.5 28.78   31.5 33.66  
22.4 22.93   22.4 19.57  
16.0 18.65   16.0 14.05  
11.2 12.21   11.2 10.30  
5.6 8.22   5.6 5.60  
2 6.20   2 2.80  

1.0 4.20   1.0 2.00  
0.5 2.77   0.5 1.50  

0.25 2.01   0.25 1.31  
0.125 1.16   0.125 1.22  
0.063 0.76   0.063 0.74  

       

Test no: 11   Test no: 11  
Row number: 1   Row number: 2  
Confinement: Debris #4   Confinement: Debris #4  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 73   Delay time (μs): 73  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 75.38   90 97.25  
63 58.20   63 82.34  
45 38.04   45 50.53  

31.5 27.62   31.5 31.73  
22.4 19.76   22.4 15.07  
16.0 12.60   16.0 9.11  
11.2 8.88   11.2 6.11  
5.6 4.69   5.6 3.02  
2 2.18   2 1.38  

1.0 1.53   1.0 1.03  
0.5 1.22   0.5 0.86  

0.25 0.92   0.25 0.62  
0.125 0.68   0.125 0.38  
0.063 0.43   0.063 0.14  

       



Effects of confinement and initiation delay on fragmentation and waste rock compaction 

Test no: 12   Test no: 12  
Row number: 1   Row number: 2  
Confinement: Debris #4   Confinement: Debris #4  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 146   Delay time (μs): 146  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 78.60   90 95.01  
63 69.10   63 79.50  
45 49.36   45 65.64  

31.5 36.41   31.5 49.54  
22.4 24.62   22.4 34.83  
16.0 16.06   16.0 24.03  
11.2 9.03   11.2 17.89  
5.6 3.86   5.6 9.21  
2 1.88   2 4.62  

1.0 1.42   1.0 3.33  
0.5 1.17   0.5 2.67  

0.25 0.91   0.25 2.07  
0.125 0.64   0.125 1.84  
0.063 0.32   0.063 0.74  

       

Test no: 13   Test no: 13  
Row number: 1   Row number: 2  
Confinement: Debris #4   Confinement: Debris #4  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 73   Delay time (μs): 73  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 66.47   90 95.04  
63 44.55   63 70.01  
45 36.37   45 50.40  

31.5 29.52   31.5 30.99  
22.4 24.81   22.4 20.18  
16.0 20.87   16.0 11.85  
11.2 13.22   11.2 5.80  
5.6 8.30   5.6 4.11  
2 4.28   2 3.17  

1.0 3.05   1.0 2.50  
0.5 2.50   0.5 1.36  

0.25 2.15   0.25 0.99  
0.125 0.92   0.125 0.80  
0.063 0.65   0.063 0.55  

       



Appendix – Sieving data for the timing tests 

Test no: 14   Test no: 14  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 73   Delay time (μs): 73  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 96.44   90 100.00  
63 67.70   63 91.22  
45 53.38   45 75.53  

31.5 39.23   31.5 64.75  
22.4 28.69   22.4 51.79  
16.0 20.28   16.0 40.97  
11.2 17.18   11.2 35.49  
5.6 11.46   5.6 21.41  
2 4.99   2 6.00  

1.0 3.10   1.0 2.65  
0.5 2.28   0.5 1.77  

0.25 1.61   0.25 1.25  
0.125 1.45   0.125 1.14  
0.063 0.51   0.063 0.55  

       

Test no: 15   Test no: 15  
Row number: 1   Row number: 2  
Confinement: Free   Confinement: Free  
Sieving method: Dry   Sieving method: Dry  
Charge (g/m): 20   Charge (g/m): 20  
Delay time (μs): 0   Delay time (μs): 0  

     
Size (mm) Mass passing (%) Size (mm) Mass passing (%) 

       
125 100.00   125 100.00  
90 78.87   90 72.99  
63 48.33   63 61.28  
45 37.61   45 51.25  

31.5 24.00   31.5 37.33  
22.4 16.39   22.4 26.75  
16.0 11.19   16.0 23.49  
11.2 8.44   11.2 17.79  
5.6 4.48   5.6 9.94  
2 1.85   2 4.30  

1.0 1.16   1.0 2.73  
0.5 0.82   0.5 1.96  

0.25 0.53   0.25 1.34  
0.125 0.49   0.125 1.20  
0.063 0.13   0.063 0.41  
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Blasting against aggregate con nement, fragmentation and swelling in 
model scale

D. Johansson
Div of Mining and Geotechnical Engng, Luleå University of Technology, LTU

F. Ouchterlony & U. Nyberg 
Swebrec, Swedish Blasting Research Centre at LTU

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 con ned 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 re ection 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 insuf cient swelling of the ring, can be 
that the ore ow 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 
con icting models for how SLC blasting and the 
ensuing ow 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 ow.
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ABSTRACT: Sub-level caving (SLC) is classi ed 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 ow, the 
caved rock or debris at the interface rst 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 con ned 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 speci c 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 con nement results in 
fragmentation being coarser when compared to that from free cylinders, and that the properties of the debris 
have a strong in uence 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 con ned 
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 con ned 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 
dif cult, since the mining method itself blocks 
the visibility. One possibility is to investigate the 
fragmentation and swelling in small scale. New 

ndings 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 con ned 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 con ned blasting and its 
impact on fragmentation and compaction.



2. METHODOLOGY

The rst phase of testing consisted of demonstrating 
that a debris con nement had a signi cant 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 con nement in uences the 
fragmentation, both free face and con ned 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 con ned 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 con ned 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. Con ned 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 speci c 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 ef ciency of 
the magnetic separator was better than 98 %, i.e. it 
could not identify about 2% of the mortar material. 
 The speci c 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 speci c 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 speci c 
charge.

Table 3. Speci c charge with different strengths of PETN.

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

Speci c 
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 signi cant 
variations in VOD (Table 4) 
 Since the properties of the debris in a mine are 
dif cult 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 con ning 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 in uence 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, lled 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 con ning 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 con nement affects the fragmentation. 
To then vary the speci c 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 
con nement. 

3.1 Blast tests with magnetite

Four different kinds of magnetite have been tested 
in the nal 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 con ned. PETN with the strength of 20 
g/m was selected, which gave a speci c 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 coef cient 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 con ned shots. For the free 
face tests the range for x50 is between 13.7-28.3 mm 
and for the con ned tests the value lies in the range 
21.9-34.1mm. Note though that for all four kinds of 
magnetite, the con ned 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 con rms that magnetite is not a good 
model material to use in an investigation of how the 
con nement 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 con rms this experience.

3.2 Magnetic mortar as a model material

First the con nement 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 con nement on x50 
is clearly seen. The con nement raises the x50-value 
from about 15 mm up to about 30 mm when the 
speci c charge is 1.3 kg/m3. 
 The rst conclusion is that specimen size it 
has a minimal in uence (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 con ned magnetite.
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Figure 12. Average fragment size x50 versus speci c 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 t 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 
speci c charge q.

3.3 The effect of the speci c charge on x50

The speci c 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 speci c charge in a clear 
way, x50 is plotted versus the speci c charge, see 
Figure 15. 
 The curve ts that have been calculated for free 
and con ned conditions as follows with q in kg/m3:

 
for free shots, and (1)

 for con ned shots. (2)

Test no. x50mm xmaxmm b s50xx50
0,75 Con nement

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. Speci c charge 1,31 kg/m3.
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One observation in Figure 15 is that at the lowest 
speci c charge, the fragmentation seems to be 
independent of the con nement i.e. the con ning 
debris does not in uence 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 con nement 
increases when the speci c charge increases. This 
can be interpreted as that radial cracks are mainly 
independent of the con nement 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 con ned 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 speci c 
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 speci c charge 
being changed. The results can be seen in Figure 
16.
The rst observation is that the slope of the fragment 
size curve for the con ned 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 con nement 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 speci c 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 speci c 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 speci c charge, debris type and stiffness 
have on the swelling of the cylinders. In effect, for 
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each fragmentation shot con ned 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 rst 
parameter that was varied was the speci c charge 
and the results of these tests for standard debris #1, 
pure tamped aggregate, are shown in Figure 17. 

Figure 18. Swelling at a speci c 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 speci c 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 speci c 
charge. At a certain point the fragments have 
become so disordered that it is meaningless to 
de ne 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 speci c 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 con nement. The gures 
show that during this stable swelling, the swelling 
increases with about 2 mm or 40% when the speci c 
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 speci c 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 con ned 
by plaster stabilized debris can be seen Figure 21.

4. DISCUSSION

Simple, small scale tests such as reported in this 
paper are a rst step towards understanding the 
actual and more complex behavior of blasting in 
con ned 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 
con nement 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 con nement 
has an effect on fragmentation, it makes the 
fragmentation coarser. Although the exact behavior 
of the con nement is still under investigation, it can 
already be said that the slope of the x50 versus q in 
Figure 16 for pure aggregate con nement 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 de nitively 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 in uence 
of end effects.
 The set up used makes it possible to measure the 
in uence 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 ow 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 uncon ned (free) or con ned 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 con nement 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 con ned 
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specimens is less sensitive to changes in speci c 
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 con ned specimens the range is 
21.9-34.6 mm

- The fragmentation of the con ned 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 con ned 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 
speci c charge

- When plaster of Paris is added to the aggregates, 
the swelling is stabilized except for a speci c 
charge of 2.6 kg/m3. For this speci c 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 ner distribution of the 
debris and adding con ning pressure to the debris. 
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Abstract 
Sub-level caving (SLC) is an important mass mining method, used at LKAB e.g. The caved rock or debris at 
the SLC interface reduces the fragmentation and the swelling of the blasted ring and it dissipates the 
explosive energy. These phenomena may immobilize the blasted ring, causing ore losses. Model scale 
blasting is being made to clarify them in an ongoing PhD project at Luleå University of Technology. To 
minimize geometrical and geological effects, tests were conducted on Ø140 mm cylinders of magnetic 
mortar, which fractures like magnetite but is a less variable material. The cylinders were placed inside a 
Ø300 mm steel cylinder and confined by packed aggregate. PETN cord with different strengths in a center 
hole gave a specific charge between 0,2 and 2,6 kg/m3. The magnetic mortar and the non-magnetic 
aggregate allow for post-blast magnetic separation. The setup provides extremely repeatable results. The 
fragmentation of the blasted mortar and the aggregate plus the swelling of the confined mortar cylinders 
have been measured. Free mortar cylinders were used as a reference. All sieving curves follow the Swebrec 
distribution quite well. For the swelling a freezing-slicing method was developed. Hereby the cylinders could 
be sliced perpendicular to the charged hole and then photographed to measure the radial expansion at 
different heights.  

This paper describes and discusses how fragmentation and compaction depend on the specific charge for 
different types of debris confinement. Three different types of debris have been tested so far and for one of 
them a confining pressure of 0,42-0,86 MPa was induced by a slotting and bolting the steel cylinder. The 
results show both that the passive confinement makes the fragmentation considerably coarser than from free 
cylinders and that the properties of the debris have a strong influence on both fragmentation and swelling. 
The effect of the confining pressure was relatively small however. 

1 Introduction 
Sub-level caving (SLC) is a mass mining method, which was pioneered at LKAB in north Sweden (Janelid 
& Kvapil 1966). This mining method involves blasting under confined conditions. What can be expected is 
that the debris in front of the blast ring acts as a wave trap i.e. all energy from the blast holes will not be 
reflected back to a tension wave, some will be transmitted out in the debris. This wave trap is influencing 
two of the most important factors that will affect the flow, fragmentation and sufficient swell. The swell can 
also be considered as the compaction of the debris i.e. the swell of the blasted ore is in relationship with the 
compaction of the debris. In this paper the results will be presented with the respect of compaction.  
Investigations at the Ridgeway mine (Power 2004a, b) have given a model of the post blast situation. It 
shows 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. 

 

  



 

2 Small scale testing 
Confined blasting is difficult to study in large scale; therefore a small scale test-set up was used. It was 
therefore possible to investigate many influencing factors on both fragmentation and compaction. Earlier 
findings have shown that small scale tests are comparable with large scale tests (Ouchterlony and Moser 
2006).  

2.1 Test set-up 
The set-up was to use cylinders of size Ø140×280 mm with a centered hole for the explosive. By using 
cylindrical specimen for the tests, the geometry as an influencing factor could be neglected. Both free face 
and confined shoots were undertaken, this to see on how the confined environment influenced the 
fragmentation. Magnetite as a testing material is not suitable for small scale testing in a confined 
environment, due to its poor repeatability (Johansson et al. 2007). A model material made of mortar mixed 
with magnetite fines showed a good repeatability between different batches, were there standard deviation 
between free face shoots were less than 1 mm. A reference shot were always used to compare different 
batches. 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.To simulate the confined environment, the cylinders were surrounded by a steel cylinder 
with an inner diameter of 309 mm and debris with different properties was packed in the annular between the 
two cylinders. The rock type of the debris was crushed granite.  

 
Figure 1.  Test set-up for confined shots 

 

PETN cords with varying strengths were used as explosives. This explosive source gave the opportunity to 
vary the specific charge with six different strengths and since it is an ideal explosive, the VOD could be kept 
with small deviations. The coupling ratio was held constant by casting different diameters of blast holes. In 
large scale operations as at LKAB, the specific charge amounts to 1,3 kg/m3. This specific charge could be 
compared our tests with PETN of 20g/m. In table 1 the different specific charges can be seen. 

    

Table 1.  Varying PETN strengths with referring specific charges  

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 

 

The properties of the debris were the focus on the fragmentation and compaction results. For large scale 
operations, there were some identified factors that were identified and were of interest to investigate further. 
In table 2, the identified factors are presented and have been investigated by the writers with this small scale 
set-up. The size distribution and degree of packing can also be seen as on factor, since the degree of packing 
is heavily influenced by the size distribution of the debris. To differ these factors, tests were made by both 
packing the material down to a maximum porosity and compare this by only pouring it in the annular space. 
The influence of the density of the debris was tested by inverting the conditions i.e. blasting non-magnetic 
material against debris of magnetite. 



 

Table 2. Identified factors to be evaluated 

No Factor 
1 Size distribution of the debris 
2 Thickness of the layer of the debris 
3 Degree of packing, both due to previous blasts and from debris above 
4 Differences in density between ore and debris 

 

To determine the compaction of the debris, 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 

 

 

 

 

 

 

 
 

Figure 2.  Principle of compaction measurements 

2.2 Previous selected tests 
Two different kind of debris have been tested and analysed. The first size distribution of the debris was 
selected to follow the Swebrec function with parameters x50 = 8 mm, xmax = 16 mm and b = 2,1 (Ouchterlony 
2005a). This distribution was scaled down from an estimated debris x50 = 250 mm for the large scale SLC 
operations at LKAB. The specimen with aggregate and steel tubing was placed on a piece of chipboard, in 
order to keep the debris in place and thereafter manually tamped. The second debris that was tested was 
following the same size distribution as earlier, but was mixed with 10 % of Plaster of Paris. This was to 
simulate stiffer debris with lower porosity. The results clearly showed that the confinement affected the 
fragmentation significantly to a coarser distribution compared with free face (Johansson et al). The 
limitations of the model itself was clearly shown for the lower specific charges, there the differences between 
confined and unconfined conditions were small. This can be explained that it was close to the thresholds of 
cracking for the specimen, which resulted in that the cylinders only cracked in closely four pieces.  

The curve fits for the x50 for the three different conditions and higher specific charges could be described as 
follows:         

          0,8450 q
18,5

(mm)x =  for free face shots        (1) 

          0,7550 q
36,8

(mm)x =  for debris #1         (2)  



 

  0,7650 q
52,4

(mm)x =  for debris #2    (3) 

Where 

50x  =  average size in mm 

  q  = specific charge in kg/m3 

 

The slopes of the curves are fully comparable and the influence of the confinement on x50 is an increase of 
the average sizes over 100%.  

3 Tests  

3.1 Fragmentation  

3.1.1 Increased porosity 

The objective was to find the maximum degree of packing that would be possible to manually tamp. This 
distribution has been selected after a series of tests of different compositions, since this peak is difficult find 
without testing. The best natural material that has got very high degree of packing is moraine. All sampling 
and testing have been trying to simulate the distribution of moraine. The important property of moraine is 
that it has got a well graded size distribution with a fine soil content of about 30-40%. To investigate further 
how different properties of the confinement affects the fragmentation and swelling/compaction, a more 
compact 0-16 mm size distribution than debris #1 has been tested. It was designed with a finer average size, 
x50 = 4 mm. The test set-up was the same as earlier described. The new composition resulted in a higher 
degree of packing, on an average around 77-80% and compared with the earlier tests where it was around 
64%. A lid of fibre board was also introduced in the test set-up. This to minimize the cratering effects  at the 
top.The effect of how the porosity of the debris influences the measured average fragment sizes can be seen 
in Figure 3. The previously tested debris #1 has an average porosity of about 36%, the new debris #1 a 
porosity of about 20%. What must be taken in consideration is that the boundaries are not completely the 
same for the two cases; the lid was not used for the tests with a lower porosity. Tests have shown that these 
differences do not influence the fragmentation, only the crater effects.The trend is that the fragmentation 
increases between 12-36% depending on the specific charge used. The average difference is 16% as 
indicated by the curves in Figure 3.  
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Figure 3. x50 versus q and debris porosity 



3.1.2 Induced confining stress 

As the mining increases in depth, the SLC blast rings can be more exposed to a higher confining pressure 
from the debris. Therefore a special test cylinder has been constructed to create the surrounding pressure on 
the aggregate and hence the specimen. The diameter was 309 mm in its initial state and had been cut in 3 
equal parts along its axis. Along these slots or joints, steel L-profiles have been welded on, each equipped 
with bolts. By tightening the bolts and thus decreasing the effective diameter of the slotted steel cylinder, a 
confining pressure on the specimen was established. The steel cylinder was also fixed on a plywood board 
with two bolts and had an underlying steel plate like in earlier campaigns. At the top the debris was sealed 
off by a steel lid and cottering. The test set-up is shown in Figure 4. 

 

 
Figure 4. Test set-up for induced stresses 

 

The fixation at the top and bottom is made to prevent axial movement of the debris and loss of pressure 
during the tightening of the bolts. It also makes the set-up more robust during blasting and prevents the 
cylinder from toppling. The stresses were measured by using overcoring equipment and for the selected 
stress levels at 15 Nm and 30 Nm, the confining stresses were 0,42 ± 0,04 MPa and 0,86± 0,05 MPa 
respectively. This was the highest stress that could be induced without any risks of failures in the cylinder. 
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Figure 5. X50 versus q and induced stress 



 

There is a clear increase of x50 when a confining pressure is applied, except for the highest specific charge. 
The porosity decreased for both stress levels to 33-32% from the initial 36% at the 0 stress level. A clear 
difference in porosity depending on stress level 0,5 or 1 could not be found. For these two stress levels a 
skeleton of debris contacts must have been established which overcame the increase of confining pressure.  
The crushing of the debris varies depending on how this skeleton has been built up and no conclusions can 
presently be drawn on how much crushing that has been caused by the increase of confining pressure or from 
the blast.  

The x50 with induced stresses can be expressed after curve fitting as: 

 

0,7750 q
41

(mm)x =  for the lower stress level for q>0.6 kg/m3  (4) 

0,8850 q
43

(mm)x =  for the higher stress level for q>0.6 kg/m3 (5) 

 

The slope angle increases with increasing stress. This behavior is highly dependent on the highest specific 
charge. As can be seen in table 3, the fragmentation at this level is highly independent on the induced stress 
level. This may be a limitation of the model, but if this charge level would be excluded the trend would 
indicate a bilinear stiffening of the debris, which results in coarser fragmentation. This phenomenon with 
variations in fragmentation has been seen at these charge levels, but has then been re-tested and adjusted 
with the variations between the samples. Another explanation of this behavior could be that the boundary 
condition is not exactly the same; for induced stresses a steel lid was used and for the comparing 
fragmentation data, the lid was not included. 

 

 

Table 3. Numerical values for x50 [mm] for confined shots at different stress levels 

Specific charge q 

kg/m3 

Stress level  

 0  MPa 

Stress level   

0.42  Mpa 

Stress level           

0.86  Mpa 

0.33 61.6 72.1 76.4 
0.65 48.1 55.0 60.4 
1.3 31.8 36.2 38.0 
2.6 16.9 18.2 17.4 

 

Fragmentation is one way to describe and show differences between the tests. We can also visually describe 
differences that we have seen. The cylinders with the induced confining pressures are much more intact after 
testing and comparable results have only been seen by the investigators at much lower charge concentrations 
and/or with Plaster of Paris mixed in the debris (debris #2). The comparable specific charges with the same 
behaviour have less than a third in specific charge (1.5 g/m) 

 
 

 



3.2.1 Compaction 
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Figure 6. Compaction versus porosity and q 

The stable compaction of the debris is an expected result. However, if it is compared with earlier tests with 
debris #1, which had a porosity of 36%, the compaction is almost the same for the lower charge 
concentration. This compaction data can be seen in Table 4 and has two compactions, an average and in the 
region of the midsection. When the average compaction is larger than the compaction in the midsection, 
cratering effects are present. 

 

Table 4. Compaction data for different porosities and q 

Specific charge, q 

[kg/m3] 

Porosity 

% 

Average  debris compaction 

% 

Compaction at midsection 

(i.e. H=140mm)  % 

0.33 20 2.1 2.5 
0.33 36 2.7 3.2 
0.65 20 3.2 3.6 
0.65 36 5.4 6.4 
1.3 20 5.9 6.2 
1.3 36 8.9 7.3 
2.6 20 7.2 7.5 
2.6 36 11.6 10.6 

 

 

As earlier described, confined blasting results in energy losses which decreases the fragmentation and 
movement of the blasted material. To investigate this further, a number of tests were made with 
accelerometers. This would give a good estimate of what velocities the face of the cylinder would obtain 





 

Discussion and conclusions 
At this date, more than 130 shots have been made and analyzed. It has clearly been shown that it is 
reproducible and robust set-up. The small scale tests are a first step to bring further understanding to 
confined blasting as in sub-level caving. By using this simple set-up with magnetic mortar, many variables 
can be investigated in detail. The slope of x50 versus q are all in the same region from-0,74 to -0,88 for all 
confined shots, when excluding the lower specific charges. These specific charges are not of interest for 
large scale operations though. 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. 
 
In addition to earlier tests results reported (Johansson et al 2007) following conclusions can be drawn: 
  

• The induced stresses influence the shapes of the fragments, into more distinct radial cracking. This is 
an observation that has to be taken in to account in gravity flow models. 

• The porosity is stable at both tested stress levels i.e. a skeleton of debris has been built up just after 
the minor stress level. 

• At an average, a decrease of the porosity by 16% gives a 16% increase on x50. 
• Induced confining stress do influence the fragmentation, but not to a great extent in terms of average 

sizes.  
• The average fragment size x50 for confined 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 conclusion can be made if maximum specific 
charge is 1.3 kg/m3 in model scale. 

• 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. 

• Acceleration measurements at the interface between the specimen and the debris give good results in 
terms of measuring the velocity. The initial face velocity is between 8-25 m/s depending on specific 
charge and porosity. 

 
 
 
Another observation that is needed to be made is that these results do not directly reflect large scale 
operations, both in geometry and scaling effects of the strength of the debris. A dimensional analysis has 
been made and it indicates that the most suitable region of the debris strength should be around 40-50 MPa, 
which is much lower  then granite with UCS of 200MPa.Therefore a series of non-magnetic mortar have 
been produced, crushed and sieved to follow the earlier size distributions. These tests will be analyzed and 
give a more scalable results for large scale operations. The tests with granite are still of great importance, 
they will clearly function as good parameters, when analyzing the physical aspects of the phenomenom.  
 
 
We believe that all conclusions from these small scale testing will be a good guidance and reliable input for 
validating computer models as HSBM (Hybrid Stress Blast Management). This will also be made and if the 
validation works works fully comparable results, then the future steps will be to model full scale SLC rings. 
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Abstract: Sub-Level Caving (SLC) is an important mass mining method, 
involving blasting of ore against granular material in the form of caving debris. 
The debris compaction due to blasting influences the caving process. Blasting 
tests were made on cylinders of magnetic mortar placed inside plastic cylinders 
and confined by packed granular material. By introducing the acoustic 
impedance between the mortar and the confining granular material, the 
compaction is found to depend on material, specific charge and physical 
properties of the debris with statistical analysis. The tests have shown to be a 
good input for numerical modelling of blast compaction.
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1 Introduction 

Blast compaction of granular materials can be found in mining and multiple blasting  
of rows in quarrying. A mechanical compaction of layers of granular material is also 
made in the construction of infrastructure, e.g., to increase the stiffness of the 
construction and hence the critical load before permanent deformations sets in. 

One mining method that involves such compaction is SLC, which is a mass  
mining method (Figure 1). It was pioneered at LKAB in North Sweden (Janelid and 
Kvapil, 1966). Here, the ore to be blasted is confined by granular caved rock or caving 
debris. The debris consists of broken waste material from the hanging wall and to some 
extent of remains from blasted ore. Its properties are very hard to determine, since the 
mining method itself does not allow a detailed investigation owing to safety and technical 
difficulties. Models of full-scale behaviour of the post-blast situation have been published 
by Power (2004a, 2004b) and Gustafsson (1998), but there are still discrepancies in the 
views of how the SLC-blasting and the granular flow of the debris interact. 

For a successful SLC-mining operation, the two most important factors are sufficient 
compaction and fragmentation. Fragmentation under confined conditions has been 
studied before (Cullum, 1974; Miklautsch, 2002). The compaction is directly linked  
to the swelling of the broken ore, which itself determines its ability to flow down into the 
production drift. The key is to create enough fragmentation and swelling of the ore so that 
the compaction freezes the caving debris and minimises waste intrusion into the ore flow 
(Figure 2). A design difficulty is that overcharging may also cause parts of the ore flow to 
freeze (Figure 3). 

The compaction of the granular debris involves inter-particle crushing under high 
strain rates, which changes the size distribution of the debris. Thus, we have new 
boundary conditions after each blast. Furthermore, the depth of compaction zone is 
expected to vary along the SLC ring owing to the diverging blast holes in the ring. 
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Figure 1 (a) SLC-mining method and (b) fanhole drilling round in SLC 

 (a) (b) 

Figure 2 Intrusions of granular material (grey material) into the ore flow (black material) 

Figure 3 Frozen ore situation 

The hypothesis behind this paper is that the granular debris acts as a wave trap.  
The outgoing compressive wave from the blast would normally be completely reflected  
at a free interface, some of it as a tensile wave. The magnitude of the reflected wave  
will influence the fragmentation. When there is granular debris at the interface, some  
of the wave energy is transmitted into the debris and the magnitude of the reflected  
wave decreases (Mavko, 1998) and the blast fragmentation should become coarser.  
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The geometry with a single hole in a cylindrical specimen emphasises the effects of wave 
reflection. More than 160 cylinders have been tested with this geometry (Johansson, 
2008; Johansson et al., 2008). 

This paper presents small-scale tests on the blast compaction of granular debris. 
Earlier, small-scale confined blasts have been studied by Volchenko (1977) and 
Fedorenko and Kovtun (1977). These studies focused on the effect of porosity and 
initiation pattern. Tests conducted in this research focus on the effect of the properties of 
the granular debris materials. 

In addition, the compaction behaviour of the granular material during the small-scale 
blasting tests has been simulated with a numerical model built with the code PFC3D 
(Itasca Consulting Group Inc., 2003). The model was originally developed by DeGagné 
(2007).

2 Methodology 

2.1 Small-scale tests 

Full-scale investigations of compaction in SLC-mining are very difficult to make.  
Small-scale blasting tests have been shown to give a similar fragmentation behaviour  
as full-scale blasting (Ouchterlony and Moser, 2006). One technical concern is the 
measuring of the granular properties and another is the choice of specific charge to 
represent different positions in the caving ring. 

The latter concern is directly linked to the energy input to the system. The amount  
of explosive determines the initial velocity of the ore ring, when it starts to compact  
the granular material. By using dimensional analysis (Johansson, 2008), the full-scale 
conditions were scaled down to a single shot in a cylinder of magnetic mortar with 
dimensions of Ø140 × 280 mm (Figure 4). The specimen was confined by granular debris 
inside a plastic tube, which was reinforced by straps to prevent it from breaking.  
Test shots showed that both fragmentation and debris compaction were only marginally 
influenced by the choice of a plastic tube instead of a stiffer steel tube (Johansson, 2008). 

Figure 4 Test set-up 

After blasting the tube with specimen, it was filled with water and the contents frozen 
solid. The assembly was then sawn into slices transversely to the cylinder axis (Figure 5). 
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The initial set-ups were open at the top but vertical cratering occurred. A top lid was later 
installed to suppress the axial movement of the debris in the upper part of the set-up. 

Figure 5 Principle of compaction measurements 

The frozen slices were photographed and the specimen diameter measured along three 
equally spaced lines A-A to C-C (Figure 6). Compaction is defined as the decrease  
in the thickness of the original annual debris layer (297 – 140)/2 = 78.5 mm, which 
consequently is the reference length of all compaction data. 

Figure 6 Measuring method of slices 

PETN cord with varying strength (g/m) was used as the main explosive source. This gave 
a repeatable and reliable energy input (Table 1). The mortar was made magnetic by an 
addition of some 30% magnetite fines so that the specimen fragments could be separated 
from the debris to evaluate its fragment size distribution (Johansson, 2008). 

Table 1 PETN-cord properties 

PETN cord strength (g/m) 40 20 10 5 3 Mean ± std. dev. 
VOD, m/s 7390 7683 7243 7113 7201 7309 ± 207 
Specific charge q, kg/m3 2.6 1.3 0.65 0.33 0.2  

Accelerometers were used to measure the initial wall velocities and P-wave velocities of 
the different confining materials in some tests where a steel cylinder replaced the plastic 
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tube for better measuring conditions. We used Brüel&Kjaer (B&K) 8309 accelerometers, 
B&K 2635 signal amplifiers with a range of 0.002–100 kHz, and a LeCroy-type 9354A 
digital oscilloscope with a sampling rate up to 5 MS/s. The set-up used two radial 
accelerometers, one fixed to the mortar cylinder’s surface, one to the steel cylinder, and 
both positioned at mid-height. The accelerometers were mounted in two different radial 
directions to avoid a possible shadowing of the waves. 

By using the triggering signal from the first accelerometer, the P-wave velocity of the 
granular debris material could be determined. The conical wave propagation from the 
detonation was taken into account for the determination of the P-wave velocities. 

By using the acoustic impedances of cylinder (Z1) and the confining debris (Z2),
expressions for stress and velocity partitioning at the interface may be calculated.  
The stress reflection was found to influence the fragmentation (Johansson, 2008). 
Similarly, the velocity transmission may be expected to influence the compaction.  
The velocity transmission coefficient (TR) is given by (Mavko, 1998): 

TR = 2·Z1/(Z1 + Z2). (1) 

Here, the acoustic impedances are given by the products Cp for the respective materials 
of the density (ρ) and the p-wave velocity (Cp).

2.2 Numerical modelling 

The numerical model, developed with the PFC3D program, is schematised in Figure 7. 
The problem is reduced to a 45° sector by assuming frictionless, shear-free conditions 
along the side walls. The outer surface of the mortar core was represented by a wall  
of bonded rigid particles as shown in Figure 7(b). A general wall was placed to model the 
plastic wall of the cylinder. The top and bottom faces were modelled by using periodic 
space boundary conditions to avoid problems with free faces. The micro-properties in the 
model were determined by implementing a second model that simulates the uniaxial 
strain test carried out on the granular material to determine its mechanical response. 

Figure 7 (a) Plan view of physical model with black outline of region to be numerically modelled 
and (b) a schematic of the numerical model with dimensions and boundary conditions 
shown

 (a) (b) 
Source: DeGagné (2007) 
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3 Material properties

3.1 Cylinder material 

The magnetic mortar (Johansson, 2008) has shown to give repeatable and reliable results 
in blasting experiments. The most important properties are the density and the P-wave
velocity (Table 2). Every sample was measured and weighed. The P-wave measurements 
were made on Ø42 mm cores by a trigger from CNS instruments in combination with  
a LeCroy 9424, 350 MHz oscilloscope. 

Table 2 Physical properties of the magnetic mortar 

P-wave velocity
Cp [m/s] 

Uniaxial compressive 
strength UCS [MPa] 

Brazilian tensile 
strength σBt [MPa] 

Poisson’s
ratio

Density ρ
[kg/m3]

3808 ± 73 50.7 ± 4.8 5.23 ± 0.34 0.22 2511 ± 25 

Source: Johansson (2008) 

3.2 Granular material in lab scale 

Four kinds of granular material were tested for their effects on the compaction. They are 
described in Table 3. Two of the materials (#1 and #2) were also tested with the Proctor 
compaction method (Johansson, 2008), to determine the maximum practical density.  
It was not possible to make such tests on all materials due to heavy crushing of the low 
strength and multi-phase materials. 

Table 3 Tested granular materials 

Material No. Description 
Porosity p

[%] 
Average/max

density [kg/m] Objective
#1 Crushed granite, 0–16 mm, x50 = 8 mm, 

UCS = 240 MPa
36 1696/1980 Base case 

#2 Crushed granite, 0–16 mm, x50 = 8 mm 
with Plaster of Paris 

30 1868/*1 Cohesion 
effect

#3 Crushed granite, 0–16 mm, x50 = 4 mm 20 2050/*1 Porosity 
effect

#4 Crushed non-magnetic mortar,  
0–16 mm, x50 = 8 mm, UCS = 50 MPa 

32 1428/*2 Strength 
effect

1Not measured due to material properties. 
2This was not measured due to heavy crushing of the input material due to low strength  
of the material. 

Granular material #1 was the base case. It consisted of granite aggregate from the  
Öjebyn quarry. The choice of average fragment size x50 = 8 mm reflects the 1/30 test 
scale compared with estimated full-scale conditions x50  250 mm in the LKAB 
Kirunavaara mine. Recent work on the ore size distribution in SLC blasting indicates a 
size span of x50 from 14.7 mm to 278 mm for six sequentially extracted loader buckets 
(Wimmer et al., 2008). 
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The fractions used to build the reference material were 9% (0–2 mm), 10% (2–4 mm), 
31% (4–8 mm), 23% (8–12 mm) and 27% (12–16 mm). In this way, a Swebrec function 
(Ouchterlony, 2005) with properties x50 = 8.0 mm, xmax = 16.0 mm and b = 2.1 was 
emulated. The use of a Swebrec distribution was motivated by that a vast majority of 
sieved fragment size distributions of blasted or crushed rock follow it (Ouchterlony, 
2005, 2009). 

The desired cohesion effect in material #2 was achieved by adding 10% of the dry 
weight of Plaster of Paris to material #1. The initial porosity has a large effect on the 
stiffness of the granular material; therefore, a third granular composition (#3) with a 
lower porosity was tested. 

Dimensional analysis further showed that the strength of the granular material was 
probably too large in the base case to properly compare the results with full-scale 
conditions (Johansson, 2008). Therefore, mortar with a UCS of 50 MPa replaced the 
granite (UCS 240 MPa) as material #4. 

From the accelerometer tests, both P-wave velocities and the initial velocities v of the 
granular material could be measured (Table 4). 

Table 4 P-wave velocities of the granular material and the initial radial velocities  
of the mortar-debris interface measured for different charging conditions 

Material Explosive 
Specific charge q

[kg/m3]
Cp (average)

[m/s] 
v (initial)

[m/s] 
#1 PETN 20 g/m 1.3 1168 25 
#2 Emulsion 1.3 826 23 
#2 Emulsion 0.65 826 19 
#3 PETN 5 g/m 0.33 1047 8 
#3 PETN 10 g/m 0.65 1047 14 
#3 PETN 20 g/m 1.3 1047 22 
#4 PETN 20 g/m 1.3 596 25 
#4 PETN 10 g/m 0.65 596 20 

The emulsion explosive used with material #2 trials had a density of 800 kg/m3 but the 
VOD values were not stable in the small charge diameter used. The velocity results  
are comparable with those of the PETN tests with the same specific charge though. 

Source: Johansson (2008) 

Confined static compaction tests, the so-called Inter-Particle Breakage (IPB) tests, were 
made by Chalmers University of Technology on materials #1 and #4. Small batches, of 
about 0.5 kg of the material, are compressed under displacement control in a 
Ø100 × 50 mm vessel and then sieved. Five and three batches, respectively, of each 
material were subjected to 10, 20 and 30% compaction with a simultaneous force vs. load 
displacement registration. 

The non-linear compaction curves are shown in Figure 8. They stiffen with an 
increasing displacement. The numerical model used these curves to calibrate the model 
parameters. 
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Figure 8 Stress–compaction curves for granular materials #1 and #2, individual batch curves
and means (see online version for colours) 

Material #1 has clearly a higher compaction resistance than #4. The average stresses 
induced are represented as an unbroken line from the measurements (dashed) in the 
figures. At a compaction level of 30%, the resistance is a factor 4 between the two 
materials. 

Table 5 shows the average IPB sieving data for material #1. A compaction of 30% 
decreases the average size (x50) of the granular material from 7.9 down to 5.1 mm. 

Table 5 Average crushing of granular material #1 at different compaction stages 

After compaction by 
Mesh size
(mm)

Initial material
(%)

10%
(%)

20%
(%)

30%
(%)

19 100.00 100.00 100.00 100.00 
16 98.29 99.08 99.29 99.50 
11.2 84.69 89.03 90.23 92.04 
8 51.92 60.46 67.66 76.13 
5.6 29.35 36.80 46.33 55.19 
4 16.84 22.46 31.39 39.45 
2 4.69 6.74 13.72 20.27 
1 2.20 3.12 7.26 12.08 
0.5 1.12 1.67 4.03 7.57 
0.25 0.72 1.08 2.50 4.93 
0.125 0.51 0.74 1.53 2.94 
0.063 0.35 0.47 0.87 1.55 
0 0.00 0.00 0.00 0.00 
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3.3 Synthetic granular material 

The synthetic granular material (aggregate) generated by the particle flow code, PFC3D, 
is formed by clusters of spherical rigid bonded particles, which were created to show 
similar particle size distributions, porosities and densities as materials #1 and #4 used in 
the physical tests (see Table 3). The clusters can break as is the case for the debris in the 
compaction test. However, since the rigid single particles cannot break, the size of these 
particles needs to be small enough to get a good representation of the fines. 

Three synthetic materials were constructed: 

• a non-bonded base particle spherical model 

• the clumped map particle model 

• the map model. 

For material #1, the first model was created using the smallest particles in the system 
with a porosity of 36%, the maximum that can be reached. The numerical model had a 
P10 of 3 mm, a uniform size distribution of rigid particles in the range 1.5–1.65 mm. 

The second model was developed to obtain a greater porosity and a more appropriate 
friction angle by using two-particle clumps (with a 1 : 1.5 aspect ratio). It provides  
a template of interlocked aggregate geometry and it is based on the Swebrec curve  
(x50, xmax, and b) of the physical aggregate. 

In the last model, a series of spherical particles are replaced with paired-particle 
clumps. The latter have the same volume as the original spheres. Finally, the  
paired-particle clumps are replaced with those base particles from the first model, which 
fall within each clump range. Each group of particles that replace a clump are bonded  
to form a cluster. To obtain the final porosity, some clusters are randomly deleted. 

Since the initial spheres are generated following the parameters of the Swebrec 
function (denoted with diamond markers in Figure 9), the fragment size distribution 
closely matches that of the physical aggregate (curve 1 in Figure 9). However, during the 
replacement process, the size distribution becomes coarser as is shown in Figure 9 where 
curve 2 is the size distribution after the conversion to two-particle clumps and curve 3 
after the conversion to the multi-particle base clusters. Reducing the size  
of the base particle produced improvements in the size distribution, but increased the 
computation time. 

The uniaxial strain simulation, shown in Figure 10, was applied to calibrate  
micro-properties using the standard FishTank triaxial test environment in the PFC3D 
program (Itasca Consulting Group Inc., 2003), but fixing the sleeve wall. Stress–strain 
curves were obtained and cracking (i.e., particle bond breaking) monitored for each run 
(Figure 11). The starting micro-properties were based on simulated UCS tests on an 
average aggregate fragment size (e.g., 8 mm), based on the average macro-mechanical 
properties of three Canadian granites (density = 2603 kg/m3, UCS = 200 MPa, and 
E = 68 GPa). However, these calibrated micro-properties resulted in a significantly higher 
synthetic granular material modulus. Therefore, to reduce the modulus to the level 
observed during the physical uniaxial tests, the synthetic material’s particle/parallel-bond 
shear and normal stiffnesses and particle coefficient of friction were decreased. 
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Figure 9 Fragment size distribution of the physical and numerical models at various stages  
of testing and generation 

Source: DeGagné (2007) 

Figure 10 Uniaxial strain simulation at 40% porosity: (a) before testing and (b) after 30% strain 

 (a) (b) 

Figure 11 Cluster breakage indicated by grey (tensile failure) and black (shear failure) disks 

Different stress–strain profiles can be produced depending on the micro-properties and 
particle size distribution but they are not unique. As shown in Figure 12, the  
parallel-bond strength has a strong influence on the fragmentation of the final synthetic 
granular material. Therefore, the set of micro-properties that showed a better 
fragmentation was selected. 
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Figure 12 Variations in parallel-bond (PB) strength demonstrated resulted in different degrees
of damage and directly affected axial strain stiffness in later stages of the test 

Source: DeGagné (2007) 

Only materials #1 and #4 were used in the numerical tests. Material #1 was tested using 
different initial velocities of the blasted cylinder’s interface. The following Swebrec 
distribution was used to simulate the synthetic aggregate: x50 = 7.7 mm, xmax = 19.9 mm, 
xmin = 2.0 mm and b = 3.206. A minimum particle radius of 1 mm was used in the base 
particle model #1, starting with the micro-properties obtained during calibration of intact 
rock specimens of the synthetic rock mass (see Table 6 and DeGagné, 2007) to simulate 
the same granite properties as before. These values were decreased until the modulus was 
within the initial upper and lower limits of the physical aggregate’s uniaxial strain tests. 
The final micro-properties are shown in Table 6 and the stress–strain plot is shown in 
Figure 12. The curve for a PB strength = 1e9 Pa = 1 GPa is coincident with the zero line. 

The particle density was increased to a value of 4109 kg/m3 taking into consideration 
the model porosity to obtain a model density of 2603 kg/m3.

Table 6 Micro-mechanical properties for base particles 

Micro-property Starting values Material #1 Material #4 
Density 4109 kg/m3 4109 kg/m3 4109 kg/m3

Particle elastic modulus 350 MPa 250 MPa 60 MPa 
Particle coefficient of friction 0.4 0.4 0.4 
Parallel-bond elastic modulus 350 MPa 250 MPa 60 MPa 
Parallel-bond normal strength 250 ± 62.5 MPa 100 MPa 40 MPa 

Parallel-bond shear strength 250 ± 62.5 MPa 100 MPa 40 MPa 

Material #4 with a porosity of 32% was tested using different initial velocities of the 
blasted cylinder’s interface. The following Swebrec distribution was used to simulate  
the synthetic aggregate: x50 = 8.9 mm, xmax = 23 mm, xmin = 2.0 mm and b = 2.55.
A minimum particle radius of 1.5 mm was used in the base particle model. Table 6 shows 
the final micro-properties. 
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4 Results 

4.1 Lab-scale tests 

Twenty-three blast compaction tests were made with PETN cord as explosive source. 
Four tests with emulsion explosive were discarded due to non-ideal detonations. 

Compaction measurements are difficult to evaluate; cratering effects are normal  
at the upper and lower boundaries (Figure 13). These cratering effects were evaluated  
by increasing the specimen height to 560 mm in four specimens out of the 23. The results 
indicate that the midsection measurements in the shorter 280 mm long specimens are 
reasonably unaffected by boundary effects. 

Figure 13 Examples of compaction vs. section height results for granular materials #1 – #4
at q = 1.3 kg/m3

The individual diameter values (Figure 8) were registered to the nearest mm. Below the 
point where the cratering starts, they rarely differ more than ±1.5 mm. For each slice, the 
averaged diameter increase was calculated and converted to dimensionless radial 
expansion of the cylinder, i.e., related to the layer thickness 78.5 mm. Depending on 
confining material properties, the behaviour of the compaction varied. 

The 23 tests are summarised in Table 7, where the effects of granular composition, 
specific charge and specimen height can be found. Note that the 8 specimens in Table 4, 
for which acceleration measurements were made, are not included here. At maximum 
specific charge (q = 2.6 kg/m3), the midsection compaction reached 10.6% for granular 
material #2. 

The reproducibility of the tests is generally good and the data are basically 
independent of specimen height and mortar batch. Compare, e.g., the data for samples 
MM15_3 with those of MM15_4; MM5_7 with 10_1; MM15_1 with 15_7. Some data 
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deviate more. That of sample MM15_2 lies about 2%-units below that of MM15_5; that 
of MM_10-5 below those of the other specimens for material #1 shot with 0.65 kg/m3.

Table 7 Midsection compaction measurements for different materials #1 – #4 and specific 
charge, q

Sample Granular mtrl. Specific charge, q [kg/m3] Height [mm] Compaction [%] 
MM6_4 #1 0.2 280 2.54 
MM6_1 #1 0.33 280 4.00 
MM10_1 #1 0.65 280 6.38 
MM5_7 #1 0.65 280 6.20 
MM10_5 #1 0.65 280 4.40 
MM10_6 #1 1.3 280 7.40 
MM14_3 #1 1.3 280 6.60 
MM15_3 #1 0.65 560 6.40 
MM15_4 #1 0.65 560 6.43 
MM7_3 #2 0.1 280 3.60 
MM7_5 #2 0.2 280 3.00 
MM7_4 #2 0.33 280 3.20 
MM7_9 #2 0.65 280 4.50 
MM7_11 #2 1.3 280 4.90 
MM7_14 #2 2.6 280 10.60 
MM11_4 #3 0.33 280 2.55 
MM12_1 #3 0.65 280 3.63 
MM12_4 #3 1.3 280 6.18 
MM13_3 #3 2.6 280 7.40 
MM15_15 #4 0.65 280 8.54 
MM15_7 #4 1.3 280 9.30 
MM15_2 #4 0.65 560 6.30 
MM15_1 #4 1.3 560 10.00 

An alternative to using the midsection compaction might be taking an average for the 
compaction along specimen height. Tests with extensive cratering and axial debris 
movement would, however, result in values, which no longer represent the desired radial 
compaction so this was not done. From Table 7, the differences in midsection compaction 
magnitude were taken for further statistical analysis. 

Figure 14 is a plot of (midsection) compaction vs. specific charge. It shows that the 
non-linear compaction behaviour depends on the granular composition. The strength of 
the granular material increases progressively as it continues to compact. There is though a 
concern for the granular composition #2 since it is a two-phase material (Plaster of Paris 
and crushed granite). Its increase in cohesion and material stabilisation emulates the 
frozen waste in full-scale SLC-operations. The same phenomenon could also be found in 
stabilised fill in cut-and-fill mining (Jonsson, 2000). It is initially more easily compacted 
than the other materials but then hardens quickly and the compaction levels off at  
about 5–6%. 
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Figure 14 Mid-height compaction vs. q and material 

The effects of strength and porosity are as expected. Material #4, which has the same size 
distribution as material #1 (and roughly the same initial porosity) but is made of weaker 
granules, is more easily compacted. Material #3, which consists of the same type of 
granules as material #1 but has a lower porosity, is harder to compact as the displacement 
increases.

To follow up equation (1), where the velocity transmission coefficient was introduced 
as a tentative influencing factor, the following curve fit was suggested: 

mortar

mortar conf. material

mortar

mortar conf. material

Compaction (%)

2
.p

p p

A q TR p A q

C
p

C C

α β γ α

β

γρ
ρ ρ

= × × × = ×

× ×
× ×

× + ×

 (2) 

Here, the compaction of the confining debris layer is given in % of layer thickness 

A: Numerical constant determined by regression analysis 

q: Specific charge of explosive (kg/m3)

TR: Velocity transmission coefficient 

Cp: P-wave velocity (m/s) 

ρ: Density (kg/m3)

p: Porosity of the confining material (%) 

α, β, γ Numerical exponents determined by regression analysis. 

This equation takes into account the energy input (q), the velocity transmission capability 
(TR) of the specimen debris interface and a material property, the porosity (p) of the 
confining material. It is non-linear in terms of the unknowns α, β, γ. Using logarithms,  
a linear regression analysis could be made 

Ln (Compaction ) Ln ( ) Ln ( ) Ln ( ) Ln ( ).A q TR pα β γ= + × + × + ×  (3) 
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The prediction capability of this hypothesis is presented in Table 8. The coefficient of 
determination is 71.6% for all materials when  = 0, i.e., when the porosity is not taken 
into account. Other equations that used, e.g., the compressive strength of the debris 
material were not as successful. The factors presented here indicate that there is a 
possibility to predict the blast compaction of different confining materials with 
reasonable accuracy. 

Table 8 Coefficients A, α, β and γ and coefficient of determination R2 for different regression 
analyses 

Debris mtrls. A α β γ R2 (%) 

#1–4 1.53 0.42 2.66 0 71.6 
#1, 3, 4 0.97 0.46 3.66 0 80.3 
#1, 3, 4 0.23 0.52 2.85 0.54 89.6 

It is not surprising that the major outliers from the ideal prediction line come from tests 
with material #2, which is not a natural granular material but more complex. 

If we exclude material #2, the regression analysis gives the relationship that the 
exponent of the transmission coefficient increases from 2.66 to 3.66 and the change of the 
q-exponent is relatively small, from 0.42 up to 0.46. The constant value does not, to any 
large extent, influence the stiffening behaviour. Therefore, it is not a major factor for 
these cases. The coefficient of determination R2 has now increased to 80%. Now, most 
data lie within the ±1.5 mm or ±1.9% variation of the compaction of the debris annulus. 
However, all points for material #3 lie below this line, so a more accurate formula 
involving also the porosity may be found. Involving the porosity in the model increases 
the coefficient of determination up to nearly 90%. 

The best suggested prediction model for natural granular materials therefore becomes: 

mortar

mortar conf. material

2.85

mortar0.52 0.54

mortar conf. material

2
Compaction (%) 0.23 p

p p

C
q p

C C
ρ

ρ ρ
× ×

= × × ×
× + ×

 (4) 

The prediction capability of this model can be seen in Figure 15. 

Figure 15 Measured vs. predicted mid-height compaction by relationship given in equation (4) 
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4.2 Simulation results 

After the numerical calibration tests, the resulting micro-properties of the synthetic 
granular material in Table 6 were used when simulating the physical tests. The rigid wall 
of particles was given different initial velocities and simulations proceeded until zero 
wall velocity was reached (see Figure 16). Then, the compaction was calculated based on 
the radial displacement of the wall. 

Figure 16 Simulation of blast test on material #1 with an initial wall velocity of 25 m/s 

Figures 17 and 18 show the resulting simulated compactions for different initial wall 
velocities together with results from the physical tests. Note however that wall velocity 
and compaction were not measured on the same specimens. Owing to the generally good 
reproducibility of the test results, it is assumed that data from two test set-ups with near 
identical conditions could be matched. 

The reason for matching initial velocity data of material #3 with the final mid-height 
compaction data of material #1 lies in the close acoustic impedance values of the two 
materials, 1.981 × 106 kg/(m2s) and 2.145 × 106 kg/(m2s), respectively, and hence their 
expected very similar initial response to the outgoing wave from the blast hole. 
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Figure 17 Compaction vs. interface velocity (measured and calculated) for material #1.  
Measured values from table 

Figure 18 Compaction vs. interface velocity (measured and calculated) for material #4 

In Figure 17, there is a good agreement between the numerical and physical test results 
for wall velocities below 15 m/s. The tendency of the numerical compaction vs. initial 
velocity is quite linear in the range studied, with a minor initial strength offset. This  
non-stiffening compaction behaviour cannot carry on indefinitely because the 36% 
porosity of material #1 (or 20% of material #3) is an absolute upper limit to the physical 
compaction. 

There is a large discrepancy when the initial velocity reaches 25 m/s. There is only 
one physical test at this initial velocity in Figure 17. On the other hand, no specimen  
of material #1 or 3 gave a larger compaction than 7.4% even when the specific charge 
was 2.6 kg/m3. So, when the simulations yield 12% compaction at 25 m/s initial wall 
velocity, the simulation result is doubtful. 
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In Figure 18, the simulation results no longer lie on a straight line but show some 
degree of stiffening when the velocity reaches 25–30 m/s. The physical results for 20 m/s 
and 25 m/s lie much lower though, i.e., the actual degree of compaction stiffening is 
much higher. The simulated compaction is almost 12% when the velocity is 20 m/s but 
the physical compaction is only 10% at 25 m/s when the kinetic energy of the moving 
inner wall is already (25/20)2 = 1.56 times higher than at 20 m/s. It seems that the 
numerical models for the granular debris material underestimate the stiffening effect. 

One explanation may be the gaps between the single layer of particles that impart the 
initial velocity on the debris and the lateral walls. The gaps open up as the radial 
displacement increases (see Figure 16). The arc length of the displaced interface 
increases but not the arc length that the rigid balls cover. These gaps allow debris 
particles to escape and this softens the overall model behaviour. One way to suppress the 
gaps is to replace the single particle layer with a multi-particle layer that spreads out and 
covers incipient gaps. 

In addition, material #1 with 36% porosity was also simulated using different levels 
of confining radial pre-stress, but keeping the material’s micro-properties constant.  
The results show that for low initial velocities no significant difference of material 
compaction is observed. At 25 m/s, however, the compaction under 1 MPa pre-stress 
decreases from about 7.7% to 6.7%. 

Two numerical models with the same bond strength were tested using material #1. 
The computer time is multiplied by around 10 times when the ball size decreases from 
1.5 mm to 1.0 mm. The results indicate that the difference in compaction result for high 
initial blasted-material velocity could be significant. It seems that the very linear 
compaction behaviour for the 1.5 mm balls changes to a softening compaction behaviour 
when the ball size becomes 1 mm. This softening is in conflict with experimental 
observations and maybe it is a superficial effect caused by the gaps mentioned earlier. 

One way out is then to implement the multi-particle layer as discussed earlier,  
another to change the material properties like one has to do to maintain a constant mean 
fragment size or fracture toughness when changing the ball size in PFC3D modelling  
of fracture mechanics problems (Potyondy and Cundall, 2004).  

More velocity measurements would strengthen the conclusions on confined 
specimens if these tests had also allowed a simultaneous measurement of debris 
compaction. However, a novel measurement technique has been developed to get the 
final swelling along the whole cylindrical perimeter of the blasted specimens, including a 
crater effect caused by the axial boundary conditions. Through sieving and magnetic 
separation of the mixed fragments of the blasted cylinder and from those of the crushed 
granular debris, it was possible to obtain the two independent sieving curves. 

This means that the test results contain much more information that could be used to 
calibrate numerical blasting models than just the midsection swelling/compaction data 
that have been treated here. 

5 Discussion and conclusions 

The set-up used makes it possible to measure, with good accuracy, how different 
properties of a granular material influence blast compaction. The freezing-slicing method 
of measuring the compaction offers a unique opportunity to obtain the compaction of  
a model blast along the height of the model. The physical compaction results measured  
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at mid-height gave a good agreement with simulated data at the lower interface velocities. 
The non-linear compaction resistance or stiffening of the debris could not at this stage be 
reproduced by the numerical models. In the modelling of the lower-strength debris (#4), 
the simulation results differed much more from the measured data than for the  
high-strength debris #1. 

An almost linear dependence of the compaction on the initial wall velocity was  
found for both simulations. However, it should be possible to find another set of  
micro-properties that may improve the simulation. The difference in crushing due to 
compaction between small-scale tests and the numerical model is negligible, which 
indicates that the cluster scheme is reproducing the behaviour found in physical tests. 

What must be taken into account is that when increasing the size of the model to  
full-scale conditions, the particle resolution has to decrease owing to computational 
restraints. If the models do not have high resolution, the amount of finer material will be 
difficult to find. This could very well influence the caving simulation. For caving 
modelling, the cluster scheme is an important factor to introduce, since it displays the 
arching effects that are seen in field (Gustafsson, 1998; Hustrulid, 2000). The models 
presented here contain particles of different shapes and they tend to give more arching 
than models with mono-size particles. The interlocking effects that occur could be vital 
for a successful simulation of blast compaction and flow of caving debris in SLC 
blasting.

These initial runs also indicate the importance to have measured results to be able to 
fine-tune the numerical models. As the simulations are made with a code built on first 
principles, it is believed that the totality of the results could be used as a benchmark  
for numerical models of the fragmentation, compaction and ensuing flow in full-scale 
SLC ring blasting. 

The main conclusions can be summarised as follows: 

• The test set-up developed has given reproducible compaction results. 

• A method to freeze compaction in confined blasting has been developed, which 
allows the measuring of the compaction along the whole height of the specimen. 

• Statistical analysis of the compaction measurements gave a prediction equation.
It involves mainly the specific charge, an impedance or velocity transfer ratio at the 
specimen–debris interface and the porosity of the confining material. The coefficient 
of determination is R2 = 90%. 

• The compaction simulations show a fairly good agreement with the measured values 
at low swelling velocities of the fractured specimen. An improved boundary 
description is required, and perhaps a better granular material model, to accurately 
predict the observed stiffening compaction behaviour at higher swelling velocities. 

• More work is required; both to eliminate the gap between the walls that imparts the 
initial velocity and to find a better combination of micro-properties that achieve a 
stiffening behaviour that is independent of PFC particle size. 

• Our test results contain much more information than presented here. It is believed 
that our data will prove valuable as a benchmark for numerical models of the 
complex process of fragmentation, compaction and ensuing flow in full-scale SLC 
ring blasting. 
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Abstract: Design of sub-level blasting rounds and optimisation has become 
more important now when the sizes of the blasting rings get larger. Sufficient 
fragmentation is one of the key factors, and in confined blasting as in sub-level 
caving, this influences the mobilisation of the blasted ring. Model scale tests 
have been made to understand the mechanisms of rock breakage and therefore 
fragmentation under relatively confined conditions. By using the acoustic 
impedance between the blasted material and the confining debris, a relationship 
for fragmentation has been found depending on material, specific charge 
(powder factor) and physical properties of the debris. The results can be 
comparable with confined blasting in large scale. 
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1 Introduction 

In a mass mining method such as sub-level caving (Figure 1), the mining operation 
involves confined blasting conditions, i.e., the ore to be blasted is restrained by the caving 
material (debris) in the hanging wall (Figure 1). This is influencing the free swell as in 
open pit operations. Full-scale investigations have been done by others (Power, 2004a-b; 
Gustafsson, 1998), but they showed different views and models on how this interface is 
influencing the caving of the ore. The specific charge (Am. English powder factor) in the 
SLC-blast ring of LKAB (Figure 2) can vary from 0.3 kg/m3 to 2.8 kg/m3 (Selldén, 2001) 
with a burden of 3 m. 

Figure 1 Sub-level caving method 

 
Source: Atlas Copco (2004) 

Caved material from the hanging wall acts as a wave trap in front of the SLC-ring and 
will influence the mobilisation of the blasted ring in the SLC-operation (Cullum, 1974). 
There are two major factors that will influence the blasted ore’s capability to flow when 
the loading starts; fragmentation and swell. Full-scale investigations of these are nearly 
impossible to do, since the mining method itself prohibits detailed analysis of the 
fragmentation along the fan. Sieving of parts of a blasted ring has been made before 
(Maripuu, 1968; Power, 2004a, 2004b; Wimmer et al., 2008), but without analysis of the 
effect confining material and of specific charge. 
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Therefore, the properties of the caved debris from the hanging-wall have never been 
investigated and determined. This is important, since the caving process is influenced by 
the stiffness and the cohesion of the waste rock, which is dependent in some way on the 
compaction that the blast ring contributes to. 

Figure 2 Example of a fan hole drilling round or blast ring in sub-level caving 

 

Model-scale tests have been made to understand the mechanisms of rock breakage and 
therefore fragmentation under relatively confined conditions. Earlier findings for free 
face conditions have shown that small-scale tests in many ways are comparable  
with large-scale tests (Ouchterlony and Moser, 2006). The demands on the set-up used 
here were that it had to give repeatable results and have small boundary effects. The tests 
involved two input materials; a model material and a confining material and it was 
important to separate them post-blast. One alternative used in earlier research was 
magnetic model material, which could be separated by magnetic methods (Miklautsch, 
2002) and another alternative is to use pigments to visually separate the two materials 
(Svahn, 2003). 

2 Methodology 

It was decided to investigate blasting under confined environment (debris) in model 
scale. Either specimen fragmentation or compaction of debris was measured.  
The geometry chosen was cylinders of magnetic material with an axial charge of PETN 
cord, the model surrounded either by air (Figure 3) or by a layer of crushed rock (caving 
material or debris, confined specimen – Figure 4). The cylinders were of size Ø140 × 280 
mm with a centred hole for the explosive. To simulate the confined environment, the 
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cylinders were surrounded by a steel cylinder with an inner diameter of 309 mm for the 
fragmentation shots and for the compaction shots the steel cylinder was replaced with a 
plastic tube of similar size (Johansson, 2010). Debris with different properties was 
packed in the annulus between the two cylinders. By using cylindrical specimens for the 
tests, the geometry as an influencing factor could be minimised. Free face shots were 
used as a base line for quantifying the effect of the confinement on the fragmentation.  
To create a robust set-up with reliable material properties, the model material and  
the confining debris properties had to be as repeatable as possible. 

Figure 3 Set-up for free face tests 

 

Figure 4 Test set-up for confined shots 

 

Magnetite as a testing material is not really suitable for small-scale testing in a confined 
environment, owing to its variable properties (Johansson, 2008). Trials were, however, 
made on Ø190 mm magnetite cores (Mg1), taken out of boulders in the mine for 
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establishing the fragmentation similarities between ore and model material. Thereafter,  
a complete test series on Ø140 mm cores (Mg2–Mg5) was made. The selection of ore 
types was made on the basis of their variable blasting properties as judged by the mine 
staff. The physical properties of these magnetite qualities are shown in Table 1. The rock 
mechanical and geological properties of the four magnetite qualities were supplied by 
LKAB. Data from the exact specimen position was not always available, and in those 
cases, data were taken from nearby drifts instead. 

Table 1 Physical properties of the tested magnetite ore types 

Spec name/Drift no. Mg2/101 Mg3/148 Mg4/201 Mg5/401 
E-modulus (GPa) 84 78 84 83 

Poisson’s ratio ν 0.29 0.37 0.35 0.32 

Brazilian tensile strength σBT (MPa) 7.7 13.6 8.9 9.2 

UCS (MPa) 141 174 143 176 

Average density ρ (kg/m3) 4938 4972 5030 4913 

6270 6270 6270 6270 P-wave speed cp (m/s)1 

• Along the ore 

• Across the ore 

4881 4881 4881 4881 

1Measured in-situ at one location in the mine. 
Source: Liu et al. (2005) 

The magnetite cylinders had Ø8 mm holes drilled out in the magnetite cylinders and the 
samples were charged with 20 g/m cord, which gives a specific charge of 1.31 kg/m3  
or 0.26 kg/ton based on an approximate magnetite density of 5000 kg/m3. 

A model material made of mortar (Table 2) mixed with magnetite fines showed a 
good repeatability between different batches, as the standard deviation of x50 for the free 
face shots with 20 g/m cord was less than 1 mm, x50 = 15.2 ± 1.0 mm over 19 shots 
(Johansson, 2008). The trials indicated a similar fragmentation as magnetite, when the 
specific charge (q) was the same in kg/m3. 

Table 2 Magnetic mortar recipe. Mortar properties given in Table 4 

Ingredient % 
Portland cement (Cementa) 25.6 
Water 12.6 
Glenium 51 (plasticiser) 0.3 
Magnetite powder (Minelco KPC) 29.7 
Quartz sand (SIKA) 31.1 
Tributylphosphate (defoamer) 0.1 

One or two reference shots were always used to compare different mortar batches and 
campaigns. Since already very small deviations in a small scale can affect the interpreted 
result in large scale, it was of importance that the not tested parameters (VOD, density,  
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size distributions of the debris, etc.) were held as constant as possible. The geometrical 
similarity is as seen not the same as in full-scale conditions, but this does not interfere 
that much with studies of the phenomenon of confined blasting. 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 coupling ratio, i.e., the 
charge diameter to hole diameter ratio, was held relatively 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 (Selldén, 2001). In the tests with PETN, the strength of 
20 g/m in a Ø140 mm cylinder results in the same specific charge. 

Table 3 PETN-cord properties 

PETN cord strength (g/m) 40 20 10 5 3 Mean ± std. dev. 
VOD (m/s) 7390 7683 7243 7113 7201 7309 ± 207 
Specific charge q (kg/m3) 2.6 1.3 0.65 0.33 0.2  
Coupling ratio  2 2.3 2.7 2.8 3  

Every sample was measured and weighed. The P-wave measurements were made  
on Ø 42 mm cores by a wave trigger from CNS instruments in combination with a 
LeCroy 9424, 350 MHz oscilloscope. 

Four kinds of granular material were tested for their effects on the compaction. They 
are described in Table 5. The x50 = 8 mm of material #1 was chosen to be about in the 
same proportion to burden R = 70 mm as the commonly used estimate that x50  250 mm 
in an SLC-ring with 3 m burden. Proper fractions to make up a Swebrec distribution 
(Ouchterlony, 2005) were used (Table 5). 

Material #1 was also tested with the Proctor compaction method (Johansson, 2008),  
to determine the maximum practical density. It was not possible to make such tests on all 
materials owing to heavy crushing of the low strength and multi-phase materials. 

Using the Swebrec-function (Ouchterlony, 2005, 2009a) as an evaluation tool of the 
sieving curves, estimating average particle size (x50) and fragmentation behaviour will 
ensure that the fragmentation behaviour is reasonable and representative of other blasting 
methods. 

It has been shown that this function can describe the sieved data with a coefficient of 
determination R2 better than 0.995 in 95% of the hundreds of cases encountered from 
bench blasts in quarries, reef blasting, small-scale blasting and crushing. It contains three 
parameters, x50, xmax and an undulation parameter b and can be seen in equation (1). 

P(x) = 1/{1+[ln(xmax/x)/lnxmax/x50)]b}. (1) 

A suitable approach when working in model-scale is to derive a proper scale for the input 
parameters (Taylor, 1974). These can be divided in three sub-groups in terms of 
properties: Blasting material, Explosive and Confining material (Figure 5). The physics 
in confined blasting is mainly cracking of the model material and crushing of the 
confining aggregate. Therefore, suitable strength parameters ought to be tensile strength 
(σBT) or fracture toughness for the model material and compressive strength for the 
confining material (UCS). 
 
 



   

 

   

   
 

   

   

 

   

   78 D. Johansson and F. Ouchterlony    
 

    
 
 

   

   
 

   

   

 

   

       
 

Table 4 Physical properties of the magnetic mortar 

P-wave velocity cp 
Uniaxial compressive 

strength UCS 
Brazilian tensile 

strength Bt 
Poisson’s 

ratio  Density  
[m/s] [MPa] [MPa] [–] [kg/m3] 

3808 ± 73 50.7 ± 4.8 5.23 ± 0.34 0.22 2511 ± 25 

Source: Johansson (2008) 

Table 5 Tested granular materials 

Debris 
material no. Description 

Porosity 
pa [%] 

cpa 
[m/s] 

Average 
[kg/m] 

Swebrec distribution 
parameters 

#1 Crushed granite 
UCS = 240 MPa 

36 1168 1696 1 x50 = 8 mm,  
xmax 

 = 16 mm and 
b = 2.2 

#2 Crushed granite,  
0–16 mm, with Plaster  
of Paris 

30 9002 1868 – 

#3 Crushed granite, 0–16 mm 20 1047 2050 x50 = 4 mm, 
xmax = 16 mm and 
b = 1.3 

#4 Crushed non-magnetic 
mortar, 0–16 mm 
UCS = 50 MPa 

32 596 1428 x50 = 8 mm. 
xmax = 19 mm and 
b = 2.6 

1Max density as measured by the Proctor method was 1980 kg/m3 for debris #1. 
2For debris #2, cpa was measured using an emulsion explosive. 

Figure 5 Input parameters for dimensional analysis 

 

These groups involve 17 different parameters that describe the conditions: 

• Blasting material: Specimen height L (m), radius R (m), density ρ (kg/m3), modulus 
of elasticity E (N/m2), wave speed cp (m/s) and strength parameter σBT (N/m2) 

• Explosive: Density of the explosive e (kg/m3), velocity of detonation VOD (m/s), 
explosive energy e (MJ/kg), γ (adiabatic constant) and charge diameter Ø (m) 
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• Aggregate: Degree of packing a (kg/m3), porosity pa (%), strength parameter UCS 
(N/m2), Ra (layer thickness in m), x50a (average size in m) and wave speed cpa (m/s). 

To reduce the number of variables in the process, it is assumed to be a 2D situation  
(L vanishes) so that the detonation details are irrelevant. The latter phenomenon is not 
investigated (VOD and γ vanish). The remaining parameters in the sub-group, Ø and e, 
could be replaced with the term specific charge q (kg/m3), since this is a better 
description of the explosive effect. The number of parameters (m) is 13 by this 
rearrangement. 

Let the average fragmentation of the blasted material x50 be in focus and the 
normalisation dimensions are R,  and cp (n = 3). Then 

x50/R = F( 1,, 2, 3, 4, ... m-n),  (2) 

where i is a dimensionless number. 
According to Buckingham’s theorem, the number of discrete and independent 

products that can be formed is equal to the difference between the number of parameters 
and dimensions, i.e., m − n = 10. In this case, this will be as follows: 

x50/R = F(q/ , a/ , pa, E/ cp
2
, Ra/R , x50a/R , UCS/ cp

2
, σBT/ cp

2
, e/cp

2,cpa/cp). (3) 

From this, the -groups should be set and analysed in relationship with full-scale 
conditions (Table 6). If there exists good agreement between small-scale and full-scale 

:s, the model’s results should be scalable. 

Table 6 Estimated relationship between full-scale and small-scale conditions  
(magnetic mortar) after dimensional analysis 

 Small-scale Full-scale 

1 = q/  0.00004 – 0.00104 0.00026 
For debris 1 = 0.66 
For debris 2 = 0.72 
For debris 3 = 0.83 

2 = a/  

For debris 4 = 0.55  

0.4 

3 = pa 20–36% 25–35% 

4 = E/ cp
2 0.6 0.4–0.65 

5 = Ra/R 1.21 – 

6 = x50a/R 0.11 0.083 
For debris 1 = 5.5 7 = UCS/ cp

2 
For debris 4 = 1.4 

1.3 

8 = σBT/ cp
2 0.144 0.080 

9 = e/cp
2 0.41 0.13 

For debris 1 = 0.31 
For debris 2 = 0.24 
For debris 3 = 0.28 

10 = cpa/cp 

For debris 4 = 0.16 

– 
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Some of these results are not measurable in full-scale conditions, so some parameters are 
estimated and others have to be neglected. This can be seen in 5 and 10 where the 
model does not have a corresponding value in full scale. 

The case for Π5 (= Ra/R) the full-scale behaviour is very difficult to determine, so a 
detailed comparison is not possible. The trials indicated similar fragmentation between 
the model material and some of the magnetite samples, therefore, Π5 may be neglected in 
this comparison. 

In full scale, the used explosive is an emulsion and it is impossible to use in  
small-scale conditions owing to its large critical diameter (Johansson, 2008). PETN has 
ideal detonation properties, more or less independent of diameter, which indicates that it 
is a suitable explosive source in small scale. As seen in Table 6, 9 is higher in small 
scale than in full-scale conditions. To compensate for the lower energy content and blast 
hole pressure of the emulsion explosive, the PETN-cords were decoupled, which may 
then simulate the full-scale conditions better. 

Combining 2 and 10, gives an impedance ratio Za/Z, which is more relevant and 
understandable for these conditions. 

The specimens were blasted inside a closed, rubber clad container. The initiation was 
made by a Nonel Unidet blasting cap taped end on to the cord. The free fragmentation 
specimens stood on three aluminium supports (Figure 3), the confined ones on fibreboard 
to prevent the debris from flowing out. The container was carefully swept out after each 
shot. The fragments were put in a smaller, sealed container and then screened at an 
accredited road laboratory. The confined shots did also undergo magnet separation, to 
receive two separate sieving curves of the blasted material and of the confining material. 

3 Results 

More than 80 blast tests have been made with this set-up, either under free face or 
confined conditions both for magnetite and for magnetic mortar (Figure 6). Test series 
investigating explosive source, coupling and direction of initiation have also been made 
and their effects were found to be marginal except for the explosive source. When the 
PETN-cord was replaced with an emulsion however, the detonation properties varied too 
much under the small diameter conditions. It was clear that the critical diameter was 
close for that specific emulsion. 

Figure 6 To the left: example of free face shots after blast. To the right: example of confined 
shots after blast 
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3.1 x50 vs. model material 

The magnetite was evaluated and compared with magnetic mortar during two test series. 
For 4 types of magnetite (Mg2–Mg5), 4 shots each were made: 2 free and 2 confined.  
A trial campaign with a magnetite boulder material (Mg1) was also made. 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 was debris #1 (aggregate 0–16 mm). 

The fragmentation had considerable variation (Figure 7), the Mg4 quality was hardest 
to blast and the Mg3 quality the easiest. For the free specimens, x50 lies in the range  
13.3–28.3 mm and for the confined specimens the range was 21.9–34.6 mm. The 
confined magnetite specimens had always coarser fragmentation than the free specimens 
for all four qualities. The difference was on average 37% and there were no overlaps 
within each quality. 

The fragmentation curves show parallel shifts depending on magnetite type with one 
exception (Mg3_3_05). The slopes at x50 (s50) are roughly the same for all magnetite 
specimens varying from 0.0175 to 0.0387 depending on confinement and ore type  
(Table 7). 

Table 7 Swebrec function parameters for magnetite specimens from curve fitting 

Magnetite x50 xmax b s50 R2 Confinement 
Mg_2_1_05 20.5 61.2 2.361 0.0263 >0.999 Free 
Mg_2_2_05 20.4 66.5 2.495 0.0259 >0.999 Free 
Mg_2_3_05 26.0 94.6 3.115 0.0232 >0.999 Debris #1 
Mg_2_4_05 26.6 65.3 2.376 0.0249 >0.999 Debris #1 
Mg_3_1_05 13.7 51.3 2.191 0.0303 >0.998 Free 
Mg_3_2_05 13.3 46.7 2.589 0.0387 >0.999 Free 
Mg_3_3_05 21.9 79.1 2.737 0.0243 > 0.999 Debris #1 
Mg_3_4_05 22.6 59.4 2.112 0.0242 >0.999 Debris #1 
Mg_4_1_05 28.3 123.0 2.907 0.0200 > 0.998 Free 
Mg_4_2_05 22.6 90.1 2.980 0.0200 >0.999 Free 
Mg_4_3_05 34.1 71.9 2.034 0.0175 >0.999 Debris #1 
Mg_4_4_05 32.9 78.0 2.273 0.0238 >0.999 Debris #1 
Mg_5_1_05 22.2 52.7 2.003 0.0261 >0.999 Free 
Mg_5_2_05 16.0 60.8 2.995 0.0230 >0.999 Free 
Mg_5_3_05 24.7 72.1 2.431 0.0276 >0.998 Debris #1 
Mg_5_4_05 26.0 94.6 3.115 0.0351 >0.999 Debris #1 

3.2 x50 vs. 1 

Proceeding with the results from the dimensional analysis, the identified factor 1 has 
been further analysed vs. the fragmentation results for the magnetic mortar specimens, 
one example can be seen in Figure 8. A total number of 62 data points with magnetic 
mortar specimens were used in this analysis (Table 8). In Figure 9 the x50 values have 
been plotted vs. 1 for all confining conditions. The effect of confinement is clearly seen, 
with individual trends for each confining state. 
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Figure 7 Selected fragment size distributions for four different magnetite types and magnetic 
mortar under free face conditions. Specimen Mg_2_1_05 consists of quality Mg2, etc, 
MM1 of magnetic mortar 

 

Figure 8 Swebrec function fit to data for specimen MM_5_1_05 
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Table 8 Swebrec function parameters for magnetic mortar specimens from curve fitting 

Mortar 1 x50 xmax b s50 R2 Confinement 
MM_0_2_04 0.00026 47.9 123.1 2.628 0.0145 >0.998 Debris #1 
MM_0_5_04 0.00026 48.8 108.2 2.358 0.0152 >0.998 Debris #1 
MM_1_7_05 0.00052 24.7 57.8 2.239 0.0267 >0.997 Debris #1 
MM_2_C_05  0.00052 30.5 89.0 2.500 0.0191 >0.997 Debris #1 
MM_2_D_05  0.00052 27.0 69.7 2.230 0.0218 >0.998 Debris #1 
MM_2_3_05 0.00052 26.8 77.8 2.638 0.0231 >0.997 Debris #1 
MM_2_11_05 0.00052 25.3 57.4 2.210 0.0267 >0.998 Debris #1 
MM_2_9_05 0.00052 24.3 55.4 2.117 0.0264 >0.998 Debris #1 
MM_3_6_05 0.00052 32.8 81.0 2.369 0.0200 >0.999 Debris #1 
MM_5_1_05 0.00104 25.9 96.2 3.157 0.0232 >0.999 Debris #1 
MM_5_8_05 0.00026 48.1 79.3 1.897 0.0197 >0.998 Debris #1 
MM_7_12_06 0.00052 30.8 67.0 2.184 0.0228 >0.998 Debris #1 
MM_12_6_07 0.00026 53.1 90.0 2.196 0.0196 >0.998 Debris #1 
MM_12_7_07 0.00026 55.9 98.8 2.367 0.0186 >0.998 Debris #1 
MM_12_8_07 0.00026 61.7 90.0 1.905 0.0204 >0.999 Debris #1 
MM_12_9_07 0.00026 59.2 90.0 2.445 0.0247 >0.999 Debris #1 
MM_12_10_07 0.00052 37.9 75.4 2.127 0.0204 >0.998 Debris #1 
MM_13_5_07 0.00052 39.0 100.0 2.513 0.0171 >0.999 Debris #1 
MM_13_6_07 0.00052 33.3 81.7 2.331 0.0195 >0.999 Debris #1 
MM_13_7_07 0.00052 38.0 114.6 2.814 0.0168 >0.998 Debris #1 
MM_13_8_07 0.00104 18.8 82.1 2.982 0.0269 >0.998 Debris #1 
MM_13_9_07 0.00104 17.9 51.8 2.390 0.0314 >0.999 Debris #1 
MM_13_10_07 0.00104 16.9 59.5 2.634 0.0309 >0.999 Debris #1 
MM_14_1_07 0.00104 17.7 63.0 2.474 0.0275 >0.999 Debris #1 
MM_15_10_07 0.00104 19.0 78.1 2.935 0.0300 >0.999 Debris #1 
MM_15_11_07 0.00104 19.1 57.2 2.516 0.0336 >0.999 Debris #1 
MM_15_12_07 0.00104 14.8 53.8 2.563 0.0336 >0.998 Debris #1 
MM_7_8_06 0.00026 72.3 125.0 2.987 0.0189 >0.997 Debris #2 
MM_7_13_06 0.00052 43.1 90.0 2.417 0.0190 >0.999 Debris #2 
MM_7_15_06 0.00104 25.0 113.8 3.455 0.0228 >0.998 Debris #2 
MM_11_5_07 0.00026 52.3 73.2 1.625 0.0231 >0.997 Debris #3 
MM_11_6_07 0.00026 55.4 76.8 1.596 0.0220 >0.998 Debris #3 
MM_12_2_07 0.00052 46.1 101.4 2.252 0.0155 >0.999 Debris #3 
MM_12_3_07 0.00052 37.6 98.2 2.579 0.0179 >0.999 Debris #3 
MM_13_1_07 0.00104 21.7 99.9 3.123 0.0236 >0.998 Debris #3 
MM_13_2_07 0.00104 19.5 90.0 3.224 0.0270 >0.999 Debris #3 
MM_15_5_07 0.00052 24.8 112.3 2.433 0.0162 >0.998 Debris #4 
MM_15_6_07 0.00026 45.1 82.9 2.284 0.0208 >0.998 Debris #4 
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Table 8 Swebrec function parameters for magnetic mortar specimens from curve fitting 
(continued) 

Mortar 1 x50 xmax b s50 R2 Confinement 
MM_15_13_07 0.00104 14.9 52.7 2.579 0.0342 >0.997 Debris #4 
MM_15_14_07 0.00052 26.9 75.7 2.751 0.0247 >0.999 Debris #4 
MM_1_1_05 0.00052 15.2 45.5 2.269 0.0340 >0.998 Free 
MM_1_2_05 0.00052 14.1 49.8 2.364 0.0332 >0.996 Free 
MM_1_6_05 0.00052 15.3 49.0 2.445 0.0343 >0.999 Free 
MM_2_A_05  0.00052 14.9 70.2 2.570 0.0278 >0.997 Free 
MM_2_B_05  0.00052 14.5 64.4 2.443 0.0282 >0.998 Free 
MM_3_1_05 0.00052 17.0 54.6 2.397 0.0302 >0.998 Free 
MM_5_2_05 0.00104 8.3 40.4 1.956 0.0373 >0.999 Free 
MM_5_9_05 0.00026 25.5 78.1 2.726 0.0239 >0.999 Free 
MM_5_4_05 0.00052 16.5 60.0 2.450 0.0288 >0.999 Free 
MM_5_10_05 0.00052 13.1 60.5 2.679 0.0334 >0.998 Free 
MM_11_1_07 0.00052 15.2 45.0 2.453 0.0372 >0.997 Free 
MM_12_5_07 0.00052 14.0 45.0 2.545 0.0389 >0.998 Free 
MM_13_4_07 0.00052 16.1 46.7 2.341 0.0341 >0.997 Free 
MM_14_2_07 0.00052 17.1 51.4 2.452 0.0325 >0.998 Free 
MM_15_8_07 0.00052 13.9 46.1 2.663 0.0400 >0.999 Free 
MM_15_9_07 0.00052 15.1 46.9 2.546 0.0372 >0.999 Free 

All test data have not been presented because when 1 < 0.00026 the natural upper limit 
of fragment size is reached, i.e., the radius of 70 mm of the cylinder. For full-scale 
conditions, this region is not of great importance, but indicates the limit of the effect of 
confinement. In the range 0.00026 < 1 < 0.00104 in the log-log diagram, there seems to 
exist well defined and straight slopes for each confining condition. For a sufficiently 
large specific charge, the influence of the confinement on x50 is an increase in the average 
sizes of over 100%, depending on confining material. 

For confined shots with debris #1, the scatter of fragmentation has been identified as 
a porosity effect (Johansson et al., 2008). Some of these tests were made under induced 
confining stresses, i.e., reducing the volume of void in the granular material by 
decreasing diameter with a slotted and flanged steel cylinder that was tightened like a 
corset. 

In full scale, the region of interest is when 1 > 0.00026 (q > 0.65 kg/m3) and the 
individual fits can be achieved with the following equations: 

x50 (mm) = 0.03/ 1
0.81    for free face (4) 

x50 (mm) = 0.07/ 1
0.80   

 
for debris #1 (5) 

x50 (mm) = 0.13/ 1
0.76    for debris #2 (6) 

x50 (mm) = 0.19/ 1
0.70    for debris #3 (7) 

x50 (mm) = 0.12/ 1
0.71    for debris #4. (8) 
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The power of the q-factor lies between 0.70 and 0.81 for all confining conditions tested. 
This is quite close the power 0.8 in the Kuz-Ram (Cunningham, 1987) equation.  
As expected, the porosity clearly influences the fragmentation, which can be seen by the 
porosity differences between debris #1 and #3, which were made of the same initial 
material. The average P-wave velocities in the two material compositions do not differ to 
any great extent; they both appear to lie in the same range of 1100–1200 m/s. Their 
densities in Table 5 are, however, porosity dependent and they differ. 

For a given specific charge, as in Figure 10 the amount of fines is higher for both 
debris #1 and debris #2, which could be explained by that under these conditions the 
blasted material is allowed to move more, so fines from cracks are produced to a greater 
extent. 

Figure 9 x50 vs. 1 for all tested confining materials 

 

3.3 Varied specimen length 

As seen in Figure 2, the hole length/burden ratio in an SLC-ring varies from 8 to 18.  
For practical reasons, the L/R ratio was set to 4 in most of our tests, owing to the weight 
of the masses that had to be handled and sieved. As a control, 4 shots with L/R = 8 were 
made to investigate the effect of the length ratio. As seen in Figure 11, the fragmentation 
is practically independent of the L/R ratio except for sizes less than 1 mm. One of the 
assumptions in the dimensional analysis was that the fragmentation could be seen in a 2D 
situation (i.e., independent of specimen length). This assumption could be seen as correct, 
looking at the fragmentation results in Figure 11. 
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Figure 10 Fragmentation curves for magnetic mortar specimens with different confinements  
at 1 = 5.2 × 10−4 

 

Figure 11 Fragmentation for specimens with different length/burden ratios at 1 = 5.2 × 10−4 
 (q = 1.3 kg/m3) 
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4 Analysis 

The dominating failure mechanism in blasting is tensile failure (Field and  
Ladegaard-Pedersen, 1971); therefore, it could be assumed that the reflected stress wave 
will mainly influence the fragmentation. In the dimensional analysis, an impedance ratio 
(product of 2 and 10) had been identified as a possible influence on the fragmentation. 
By introducing the acoustic impedance values for the two materials, the cylinder (Z)  
and the debris (Za) assuming 1D state, the stress wave reflection and velocity 
transmission coefficients at the specimen debris interface could be calculated (Mavko, 
1998). This factor had been identified as vital for the blastability of a material in earlier 
research (Vutukuri and Rustan, 1983). These relationships can be seen later, stated in 
terms of the stress wave reflection coefficient for 1D wave propagation: 

Stress wave coefficient, Re = (Z – Za) / (Z + Za) = f( 2, 10) = 2′Π  (9) 

where 

Z = ρ·cp, i.e., acoustic impedance of the specimen material 

Za = ρa·cpa, i.e., acoustic impedance of the confining material. 

Under fully free face conditions, the entire wave is reflected, giving a maximum tensile 
wave amplitude (reflection coefficient = 1) in the specimen. With the different debris 
materials, a varying degree of the wave is reflected. Thus, all tests will be analysed in the 
same process, i.e., from free face shots to heavily confined shots for which the coefficient 
Re is < 1. 

Since the dominating failure mechanism is tensile, the dimensional analysis shows 
that the product 8 could be one alternative to link magnetite and magnetic mortar 
properties and results. 

These three products are used as the main physical descriptions of the materials 
involved in the blasting process. As seen in Figure 9, the fragmentation shows a  
non-linear behaviour, which is linear in log-log scale. Therefore, a suitable approach  
is a multiple non-linear regression model. After some preliminary runs, the model 
equation in the multiple linear regression analysis was based on the dimensional analysis 
(i.e., the logarithmic versions of these equations were used): 

x50/R = 1
α1· 2

′α2 · 8
α3·F( 3, 4, 5, 6, 7, 9). (10) 

R is constant for all samples; therefore, it can be merged into F. If the influence of F is 
thought to be stable, it could be replaced by a constant B. The suggested formula is then: 

x50 = B· 1
α1· 2

′α2· 8
α3. (11a) 

The majority of the tests were made on mortar models so a suitable initial step is to keep 
8 constant, i.e., to only evaluate the model for magnetic mortar (62 observations) and 

the primary effect of 1 and 2. The regression analysis gives the following relationship: 

x50 [mm] = 0.053· 1
–0.75· 2

’–1.72 · 8
0. (11b) 

As seen in Table 9 for this model, the coefficient of determination (R2) is higher than 
90% and a fair indicator that this model does predict the fragmentation sufficiently well. 
Studying the model’s α-values, the quotient α1/α2 is around 2 and this could be further 
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elaborated. By squaring the reflection coefficients ( 2
’2), the energy of the waves will be 

represented (Mavko, 1998). This wave coefficient in combination with the energy input, 
1 would be a good representation of the energy content in the reflected wave.  

The reflection coefficients for all tests were, therefore, squared and multiplied with 1, 
i.e., 1e = 1·( 2

′)2 is an effective specific charge (dimensionless though). This approach 
will not influence the capability of the model to any extent. R2 still lies above 90%,  
but with fewer parameters and perhaps a clearer physical meaning. This reminds strongly 
of the reasoning about wave reflection losses in underwater blasting by Langefors and 
Kihlström (1963). 

The introduction of 8 provides a correlation between the well-defined mortar and a 
geological material (magnetite) on the basis of tensile fracturing. Following the suggested 
formula, the prediction capability is fair. The R2 value decreases from ~90% down to 
85% independently of what model approach is used. Since the magnetite specimens were 
all blasted with the same q-value, one would not expect them to change the value of α1. 

The result of the analysis is visualised by plotting the predicted x50-values vs. the 
actual x50-values in Figure 12. Here, only magnetic mortar is analysed, i.e., 8 is 0.144  
(Table 6). 

Table 9 Multiple regression analysis output for x50 

Model 
No. Model equation 

Specimen 
materials 

No. of 
samples B α1 α2 α3 R2/R2

adj 
1 B· 1

α1· 2
′α2 

8
α3 Magnetic mortar 62 0.053 –0.75 –1.72 0 90.7%/88.5% 

2 B·( 1·( 2
′)2)α1· 8

α3 Magnetic mortar 62 0.037 –0.80 – 0 90.4%/88.4% 
3 B· 1

α1 2
′α2· 8

α3 Magnetic mortar, 
magnetite, excl 
debris #2 

77 2.28 –0.71 –1.70 0.40 86.8%/86.2% 

4 B·( 1·( 2
′)2)α1· 8

α3 Magnetic mortar, 
magnetite, excl 
debris #2 

77 3.49 –0.79 – 0.53 86.1%/85.7% 

It is clear that the mixture in debris #2 produces outliers and involves properties that are 
hard to account for due to its two-component content. One aspect could also be that it is 
the accelerometer measurements in these tests that fail. They were made with a subsonic 
emulsion, whose VOD had lower P-wave speed that the blasting material and not with 
the PETN cord that was used in all shots in Figure 12. The median error in the prediction 
model is roughly 10%. 

When including the 18 magnetite cylinders, 8 is introduced, which has got a range 
between 0.06 and 0.144 depending on model material (model no. 4 in Table 9). As seen 
in Figure 13 the scatter is larger than for the magnetic mortar alone. Probably the 
magnetite is a less homogeneous material and using it as a model material would risk 
obscuring some of the other observed effects. The magnetite data is, however, included in 
the analysis and important for the regression input ( 8). There are some properties  
of the magnetite that the model does not fully take into account, which can be seen in 
Figure 13, where the model over-predicts or under-predicts the fragmentation depending 
on ore type. 
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Figure 12 Measured x50 vs. predicted x50 based on model 2 

 

Figure 13 Measured x50 vs. predicted x50 based on mode 4, including the different magnetite ores 

 

Mg2 and Mg4 are under-predicted for nearly all tests, but Mg3 and Mg5 are showing more 
reasonable predictions. The median error in the model is around 17% for the different 
magnetite types. The data of the magnetite’s dynamical properties originates from nearby 
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locations, so the capability of the model is restricted to some degree. 8 may not be 
sufficient enough as a material parameter to completely describe the fragmentation 
behaviour. Table 1 contains individual data for σBT, but not for cp. Choosing a different 
cP-value will shift the data in Figure 13 as a group, but not really improve the fit.  
If individual cp data had been available, this might have improved the fit though. 

5 Discussion and conclusions 

The understanding of the behaviour in confined blasting environments as in sub-level 
caving is an important aspect in the long-term optimisation of the mining operation. 

The full-scale situation has its obstacles to overcome in terms of fundamental 
understanding, as well-defined input parameters for example geometry, scale, number of 
tests, etc. The scale will strongly influence the number of tests for instance. 

Full-scale sieving of a blast ring at LKAB in magnetite quality Mg4 has recently been 
made (Wimmer et al., 2008), where the first 7.5% of the total ring mass was taken out 
directly after the blast. The average fragment size from sieving six buckets was 
x50fs = 86 mm. This is much smaller than the common estimate in the mine that 
x50fs  250 mm. The explanation could be that the fragmented ore in Wimmer’s tests 
originated from the bottom of the ring or from the vicinity of the blast holes (Power, 
2004a). Each hole was on average charged with about 260 kg emulsion, which has fairly 
the same volume strength as ANFO. The specific charge in this region of an SLC-ring 
with Bfs (burden in full scale) = 3 m and where Lfs (blasthole length in full scale)  10 m 
and Qfs (explosive weight per hole in full-scale)  100 kg amounts to (q/ )fs = 0.40 –
 0.45 kg/ton (Selldén, 2001), which is an increase by a factor of 1.7 from the average 
0.26 kg/ton (1.3 kg/m3). 

Our present model tests in magnetite type Mg4 gave the result that under  
confined conditions x50 was 33.5  ± 0.6 mm. The charge size has been 
Qms = 0.020 kg/m·0.28 m = 0.0056 kg and (q/ )ms = 1.3/5 = 0.26 kg/ton. So how can we 
scale up these results when our model tests looked only at the effect of materials and 
charge concentration, neither at explosive, nor at geometry and with a few exceptions nor 
on geometrical scale? The Kuz-Ram prediction equation for x50 (Cunningham, 1987) 
includes the effects of explosive through weight strength sANFO relative to ANFO and of 
geometrical scale through the absolute size Q of the charge. 

x50 = A·Q1/6·(115/sANFO)19/30/q0.8. (12) 

There is also an indirect size effect in that the rock mass factor A would have a higher 
value for the competent model scale cylinders than for a larger scale, fractured rock mass. 
In a sense, the latter effect could be included in our equation by the factor 8 since the 
strength Bt is expected to decrease with sample size. 

In an extension of Kuznetsov’s equation (12), Ouchterlony (2009b) chose to express 
the geometrical scale not through Q but through burden (B), spacing (S) and length (L). 
The explosive energy is defined as e in the expression. For a cylindrical specimen where 
B = R, equation (27) gave 

x50 = A′·(L/B)1/3·B/(q·e·B0.4) , (13) 

where  = 0.84 was found. Surprisingly, the factor q·e·B0.4 is the core part of a 
dimensionless parameter. Equation (13) helped to explain why experimentalists have 
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found different powers of q-dependence when they change the charge size in a specimen 
of given size or when they change the specimen size but keep the charge size the same. 

One of the underlying assumptions behind equation (13) is a strength model that is 
not dependent on specimen size, but on strain rate. Introducing a size-dependent strength 
would increase the exponent value 0.4 of B, mitigating the size dependency implied in 
the equation. The factor 8 in our model equation has the same effect, see before. 

Combining equation (13) and our model equation with a slightly modified exponent 
values, we could write 

x50 = A′·(L/B)1/3·B/(q·e· 2′·B0.4)0.8·( BT/ cP
2)0.5. (14a) 

The volume dependence would be expected to be in the range BT ∝ 1/V(1/12 to 1/6),  
with 1/6 referring to tensile strength and 1/12 to compressive, see Persson et al. (1994). 
Normalising at lab-scale one obtains 

x50 = A′′L1/4·B1/6/(q·e· 2′)0.8·( BTlab/ cP
2)0.5. (14b) 

Taking the ratio of the prediction equation for full-scale (fs) and model scale (ms),  
then A′′, 2′ and the strength factor cancel and we obtain with ems  6.0 MJ/kg and 
efs  3.4 MJ/kg that 

(x50fs/x50ms) = (Lfs/Lms)1/4·(Bfs/Bms)1/6 [(ems·qms)/(efs·qfs)]0,8  (10/0.28)1/4·(3/0.07)1/6 
                       [(6.0·0.26)/(3.4·0.425)]0,8 = 4.9. (15) 

The real fragment size ratio is, however, 86/33.5 = 2.6. Thus, we miss out by a factor of 
about 2. There could be several reasons for this: 

• Wimmer’s study (2008) showed that the magnetite pieces that were sieved were 
quite friable, they broke easily during the sieving. This would give a progressively 
finer fragmentation after sieving than after blasting. 

• Wimmer also mentions the so-called autogenous grinding of the blasted ore as it is 
caving into the draw-point as possibly causing a secondary fragmentation. 

• In the first 7.5% of the ring, we are de facto sampling a much higher loading regime 
than the relatively low specific charge of 0.40–0.45 kg/m3 would suggest. Doubling 
this ratio would give a predicted fragment size ratio of 2.8, which is quite close to the 
real value 2.6. 

• The decoupling of the cord may lower the effective shock energy content efs in that 
the borehole pressure is now much lower. To use efs = 6.0 MJ/kg for decoupled 
PETN cord may in other words be too high. 

• Referring back to Figure 10, there seemed to be no effect of specimen length L when 
L was doubled. Equation (14b) would have predicted a factor of 21/4  1.19 increase 
in x50. If we consider two facts, first that sieving always picks up the two smallest 
dimensions of a fragment and second that an elongated fragment breaks more easily 
one might tentatively lower the exponent of the L-ratio. Since its present value is 
(10/0.28)1/4 = 2.45, this would have some effect. 

The above-mentioned list contains a number of reasonable physical factors that all push 
the predicted fragment size ratio of the blasted magnetite towards the real value, not away 
from it. 
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If we instead focus on a whole SLC round with the estimated x50fs  250 mm and 
Lfs  30 m and qfs = 0.26 kg/m3, then the predicted fragment size ratio from equation (15) 
would become 

(x50fs/x50ms)  (30/0.28)1/4·(3/0.07)1/6·[(6.0·0.26)/(3.4·0.26)]0,8 = 9.5. (16) 

The estimated real fragment size ratio would be 250/33.5 = 7.5, which is relatively seen 
closer than before. Too much should not be made of this fact however. The important fact 
is that despite the enormous difference in scale between our model tests and a full-SLC-
ring, the compound model equation in equation (14b) gives relatively reasonable results 
when tried on the SLC-ring. 

The main conclusions of this work are therefore: 

• The test set-up developed has reproducible conditions and produces reliable 
fragmentation results. 

• The confinement reduces the fragmentation considerably, i.e., makes it coarser, both 
for the magnetite and for the magnetic mortar. The effect has been quantified in 
terms of impedance ratio and specimen strength. 

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

• The small-scale test set-up allowed a large number of tests to be performed in this 
project. Thus, sufficient data for a statistical analysis was obtained. 

• Regression analysis of the average fragmentation data resulted in prediction 
equations that involve the specific charge, the impedance ratio at the specimen debris 
interface and tensile strength of the model material as the main influencing factors. 

• The prediction equations may be expected to hold when the scale of the tests is 
increased somewhat. If this carries all the way to full-scale ring, blasts remain to be 
seen though. 
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1. Introduction 
 
Rock blasting researchers and practitioners have long tried to understand how we best can use the 
energy from the explosive to optimize the fragmentation. We have come far but one area, which is 
still under discussion, is the shockwave/stress wave interaction between blast holes and its influence 
on fragmentation.  
 
If this effect exists, it would be of great interest to the mining and quarrying industry. Rossmanith 
(2002) and Rossmanith & Kouzniak (2004) have described a 2D-model which reveals how a 
positive effect of shock wave interaction could be achieved with the assumption of an infinitely 
long charge length, which fully develops P and SV- Mach waves throughout the medium.  
 
Stagg & Roll (1987) made blast tests in a 6.7-m limestone bench with a burden of 1.7-1.8 m and 
spacing of 2.1 m. The timing was set by using detonators with 1100 ± 110 µs firing accuracy. Their 
results indicated an ideal timing of 6-46 ms or 3.3-26 ms/m of burden, where they concluded that 
the stress waves produced interacted with the strains induced by the gas pressure from the 
previously fired blast hole. Reduced scale concrete block tests by Stagg & Nutting (1987) with two 
different blasthole spacings; 0.53 m and 0.76 m (S/B ratio = 1.4-2.0) also resulted in that the 
fragmentation improved for delays > 3.3 ms/m. 
 
For such long delays, the shock waves will not co-operate according to Rossmanith (2000). During 
these delays many other interactions (gas, fractures etc) and reflections may have an influence on 
the result.  
 
Katsabanis et al. (2006) shot a series of small-scale blocks of granodiorite with very short delays. A 
borehole pattern with an equilateral triangular spacing of 10.2 cm (burden 8.8 cm) was used and the 
blasthole diameter was 11 mm. The blocks were unconfined, i.e. the stress waves produced stayed 
in the blocks, which complicates the analysis of wave interactions. The delays were 0, 10, 20, 40, 

80 and 100 µs, where shockwave interaction may influence the fragmentation plus 1, 2 and 4 ms. 
Their results were in agreement with earlier published work (Stagg & Roll, 1987; Otterness et al., 
1991), recommending delays between 3.3-13 ms/m of burden. 
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Blair (2009) did a statistical analysis of Katsabanis et al.’s (2006) data and concluded that there is 
no support for any delay influence in the interval up to 100 µs, except at zero delay, i.e. a 
simultaneous initiation of all holes where the fragmentation gets coarser.  
 
Full-scale observations and analysis of short delay initiation have also been done, see e.g. 
Vanbrabant & Espinosa (2006). Their approach was inspired by Rossmanith and co-workers (1997; 
1998; 2002) and the delays were chosen to create an overlap of the tensile tails of the P-waves 
generated by the blast holes. By implementing this scheme and precise initiation, the average 
fragmentation (x50) improved by nearly 50%. The fragmentation measurements were made with 
image analysis. Rosenstock (2004) also published tests with a wave interaction scheme with 
allegedly improved fragmentation. The fragmentation was not measured though. Unfortunately 
Rossmanith’s (2002) industrial references to positive effects of shock wave interactions are not 
available. 
 
The objective of this work is to investigate the influence of delay time, in the range where the 
waves from one blast hole interact with the waves from the next one. In addition the effect of 
confinement, which is important in SLC blasting (Johansson 2008; Johansson & Ouchterlony, 
2011) is investigated. 
 

2. Methodology 

2.1 Set-up 

A series of small-scale tests was made on magnetic mortar blocks. The mortar is well-defined and 
has shown to have good repeatability in rock blasting tests (Johansson et al. 2007; 2008; 2011). The 
planned block design was a size of 650/660×205×300 mm (L× W× H) and two rows with five Ø 10 
mm blastholes in each row. The spacing and burden was 110 mm and 70 mm respectively, giving 
an S/B ratio of 1.6. To minimize reflecting waves and to emulate full-scale geometry, the block was 
confined by a U-shaped yoke (Fig. 1).  
 
The yoke was made from high strength concrete, which was cast integral with a steel plate with 
rebars. Its width and height was 250 mm and 350 mm respectively, resulting in an extra travel 
length of more than 500 mm for the reflected stress waves before they reach the mortar block again. 
The spacing between the confining yoke and mortar block (about 10 mm) was filled with a fine 
grained expanding grout (Weber EXM 702) with a density and strength comparable with that of the 
concrete in the yoke so that the impedance mismatch would be minimized. 
 

 
Fig. 1. Left: Front of set-up for free face shots. Right: Set-up from the back. 
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The explosive source was decoupled PETN-cord with the strength of 20 g/m, giving a specific 
charge (q) of 2.6 kg/m3. The coupling ratio was 2.4 based on an explosive density of 1400 kg/m3. 
Earlier measurements for this roll of cord (Johansson, 2008; Johansson et al., 2008)  gave a velocity 
of detonation (VOD) of around 7360 m/s. Blair (2010) states for the case VOD/cp > 1.375, that two 
Mach waves (P and SV) are produced with significant seismic energy content. These could have an 
influence on the fragmentation in terms of preconditioning the rock. The P-Mach wave has the 
highest amplitude. In our case this factor is 7360/3800 = 1.94, i.e. we have an even more supersonic 
case than Blair’s (2010).    
 
The delay times were achieved by using different PETN-cord lengths to adjust the delay times 
between the blast holes. A 5 g/m cord from a roll with a VOD of about 7110 m/s was used 
(Johansson, 2008) and a trunk line was made with T-connections down to each hole.   
 
Above each blast hole, a 59 mm high cylindrical initiation mounting block of plastic was 
positioned. It was designed to allow precise measurements of time of initiation and minimized the 
risk of detonation failures in the connections between the different cords. The 5 g/m cord had a 
blasting cap no. 8 at its end, 30 mm into the mounting block. There, a bead of plastic explosive was 
packed just to ensure a proper initiation of the main explosive of 20 g/m PETN and to short-circuit a 
coaxial cable. This cable entered the mounting from the side and was used for the delay time 
measurement. The 20 g/m cord penetrated 15 mm into the mounting block. We shot one row at a 
time, getting two fragmentation curves for each block. The firing sequence was sequential, firing 
from one end in the first row and from the other end in the second row. 
 
To create confinement when needed (Fig. 2) we installed a 10 mm thick trough-shaped steel plate in 
front of the free face of the block. Eight M16 fang bolts (4 on each side of the yoke) were attached, 
giving a tight connection with the yoke. The space or slot in front of the block had a depth of 65 
mm that was filled with debris material to emulate the blasting conditions of SLC blasting. 
 

 
Fig. 2. Set-up for confined shots. 

 
The debris used had the same properties as debris #4 in the single shot tests (Johansson, 2008; 
Johansson et al., 2008; 2011), i.e. cement mortar aggregate with a designed fragmentation curve 
with x50 = 8 mm, xmax = 16 mm and a Swebrec undulation coefficient of b = 2 (Ouchterlony, 2005). 
The depth of the debris layer, 65 mm, is somewhat smaller than that used in the single shot tests, 
82.5 mm.      
 
After the 1st row had been shot, the blasted material and confining debris material were collected, 
separated with a magnet separator and sieved. Thereafter a flat steel plate was installed, so that the 
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slot depth became 70 mm, i.e. the depth was almost the same for row no. 1 and row no. 2. New 
confining debris was packed into the slot, trying to keep the debris density and porosity the same 
from row to row and shot to shot. 
 
In all we shot 15 blocks (Table 1), 11 with free breakage and 4 with confinement. The test no. refers 
to the order in which the tests were made, the block number to the order in which the blocks were 
cast. All blocks had hardened at least 28 days. 

2.2 Measurements 

Before the blocks were grouted into the yokes, their densities and elastic wave P-wave velocities 
were measured to ensure that the blocks had comparable properties. Three accelerometers were also 
installed, i.e. grouted in the yoke directly at the grout layer that connects the yoke and the block. 
Two piezoelectric accelerometers were mounted (model DY 3200B2M) in the extension planes of 
each row and the third one (model B&K 8309) was installed at the midsection behind the back row. 
The vertical depth of the installation was 10 mm.  
 
Two yokes with grouted blocks were prepared in the lab and shipped to the test site so each test 
campaign consisted of 4 shots. All materials were shipped back and two new blocks were prepared 
and grouted into the yokes etc.  
 
The short-circuiting of the coaxial cables, giving the measured delay times were looped through a 
pulse box into two oscilloscopes. The main recorder was a 4-channel Picoscope 4424 with 20 MS/s 
with a 12-bit resolution. A LeCroy 9424 oscilloscope with 10 MS/s was connected as a back-up 
system.  
 
The blasts were made in a blast chamber or container with a covered opening. After each row blast, 
the bench contour/surface was photographed with a 3D camera system, 3G BlastMetrix (Gaich et 
al., 2009). 
 
Material losses ranged between 1 to 3%, being mainly fines that were ventilated out during the 
shots. Each row produced around 32 kg of broken mortar material, which was contaminated both by 
material from the yoke and from the confining debris during the confined shots. This increased the 
mass from each test to up to 55 kg.  
 
After each test, the chamber was swept clean and the loose material was collected and taken to an 
accredited road laboratory for sieving. The fragmentation analysis was made according to Fig. 3. 
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Fig. 3. Sieving process for small-scale testing 

 
 

2.3 Choice of delay 

The main objective was to investigate the influence of delay time, in the range where the waves 
from one blast hole interact with the waves from the next one (Table 1). The initial choice of delay 
times was based on results from previous work (Johansson, 2008, Johansson et al., 2008; Johansson 
& Ouchterlony, 2011). The measured elastic P-wave velocity of 3800 m/s pointed to an arrival time 

at the neighbouring hole for the elastic wave of 110/3.8 ≈ 28 µs, which became the nominal delay 
time for Test #1. As a comparison, a 5 times longer delay was believed to lie outside the range of 
shock interaction, like the delay times used in normal millisecond blasting,  i.e. we chose a nominal 

delay of 140 µs for Test #2. 
 
Results from the accelerometer measurements showed that the shock wave velocity at close range 
was considerably slower than the P-wave speed. Therefore, in the 2nd campaign the first block (Test 
#3) was tested with single shots i.e. one hole in each row was shot, giving a better estimate of the 
arrival time at the distance of one blast hole spacing, i.e. at 110 mm. From the single shots, a 

nominal delay time of 110/3.0 ≈ 37 µs was chosen for the 2nd block (Test #4). This would give a 
direct interaction between the blast holes, i.e. by initiating the charge in the next hole exactly when 
the shock wave from the previous blast hole arrives.  
 
The single shot accelerometer data were analyzed further, integrating to obtain the particle 
velocities and their durations at the distance of one-hole spacing. This gave input to the 3rd testing 
campaign, Tests #5 and 6. In this, we let the particle velocity produced at the next blast hole move 
into the ‘tensile’ phase (negative velocity tail) before that hole was initiated. We thus increased the 

nominal delay time to 46 µs to get interaction with the initial ‘tensile’ phase. To try an interaction 

with a well-developed ‘tensile’ phase we also tested the nominal delay time of 56 µs. 
 
The scheme, published by Vanbrabant & Espinosa (2006) suggests that the delays between the blast 
holes should be longer to improve the fragmentation. The concept of stress states and overlapping is 
difficult to determine in full-scale rock blasting. Therefore, Vanbrabant et al. (2006) based their 
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tests on measurements of the particle velocities, which to some extent can indicate the stress state of 
the rock mass.  
 
Vanbrabant (2010) kindly supplied material about his approach or scheme. It can be presented by 
the means of a Lagrange diagram (Fig. 4), where the principle of the overlapping is shown. It 
requires detailed primary tests to determine wave behavior at certain distances. Fig. 5 shows an 
example from a mine (Vanbrabant, 2010). 
 
The ideal timing between two blastholes could then be determined by measuring the primary wave 
velocity and velocity of the ‘tensile’ tail at certain distance from the blast hole. The duration of the 
compressive pulse at the blast hole has to be taken into account as well.  
 
For an ideal case as in Fig. 4, the timing should be as follows: 
 
Tideal = Td+T1-T0 
 
Where 
Td = wave traveling time between the shot hole and the second, neighboring hole. 
T1 = duration of the first (compressive) half-wave at the neighbor hole 
 (at one hole spacing). 
T0 = duration of the first half-wave at the shot hole when the charge detonates  
        (at distance D = 0) .  
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Fig. 4. Ideal case for ‘tensile’ tail overlap (Vanbrabant, 2010) 
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Fig. 5. Lagrange diagram for a mine after Vanbrabant (2010) 

 
 
 

Table 1. Test matrix 

Test no Block 
no.  

Nominal 
delay time 

(µs) 

  Expected interaction Campaign 
no. 

1 1 28 P-wave velocity (cP) interaction at neighbour hole 1 

2 6 146 No shock wave interaction  1 

3 2 ∞ Single shots to determine shock wave arrival times 
at neighbour hole 

2 

4 3 37 Shock wave interaction at neighbour hole 2 

5 4 46 Initial ‘tensile’ phase interaction with shock wave  3 

6 5 56 Intermediate ‘tensile’ phase interaction with shock 
wave  

3 

7 8 46 Repetition because test no 5 gave anomalous 
results 

4 

8 7 86 Vanbrabant’s recommendations 4 

9 11 73 2nd variety of Vanbrabant’s  scheme 5 

10 9 146 No shock wave interaction and confined 5 

11 13 73 Vanbrabant 2nd  scheme and confined 5 

12 14 146 No shock wave interaction and confined 6 

13 10 73 Vanbrabant 2nd  scheme and confined 6 

14 12 73 Vanbrabant 2nd scheme 6 

15 15 0 Instantaneous initiation 6 
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3. Results 

3.1 Single shots and first pulse characteristics 

The single shots in Test #3 gave good information about the wave behaviour in the magnetic 
mortar. For the first shot in row 1, there were three accelerometers installed at different distances 
and angles from the blast hole. Accelerometer 1 was in line with row 1 where shot 1 was situated. 
Accelerometer 2 was in the back wall, which could give some shadowing and reflections of the 
wave generated by the blast. Accelerometer 3 was in line with row 2 at the opposite side of the 
block. This gave three acceleration measurements at different distances inside the block. 
 
As seen in Fig. 6, the signal from accelerometer 1 at 0.12 m clearly shows a high amplitude. The 
distance is quite close to the spacing of 0.11 m between the blast holes. The signal has a very steep 
rise. The peaks reach nearly 80,000 g and the signal continues to oscillate at this level for some 
time. The signal doesn’t return to zero, which indicates a sustained movement of the gauge point. 
The reason is probably that the shot made a piece of the yoke in line with the row break free. The 
first arrival of the signal at accelerometer no 2 has the opposite polarity, acceleration towards the 
source.  
 
A second single shot was made in row 1. Here there were only two recordings, since the 
accelerometer in row 1 was not in contact with the block due to fractures in the block and yoke. The 
first signal is still sharp (Fig. 7), and shows a less oscillating behaviour. The peaks have decreased 
from 80,000 g down to about 25,000 g, which is a considerable variation from 0.12 to 0.15 m. In the 
end the signal reverts to zero, because no breakage in the accelerometer installation occurred. The 
integrated signal (Fig. 8), shows that the particle velocity at these short distances reaches 450 mm/s 
and that the  ‘tensile’ phase of the particle velocity is quite small (50 mm/s) in comparison with the 

compressive phase. The width of the latter is 56 µs and that of the ‘tensile’ phase is 24 µs. 
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Fig. 6. Accelerometer measurements for single shot 1 (Test #3) 
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Fig. 7. Acceleration measurement at 0.15 m distance for single shot 2 (Test #3) 
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Fig. 8. Particle velocity at 0.15 m distance for single shot 2 (Test #3) 

 

3.2 Shock wave velocities - first arrivals 

The single shots gave average velocities over different distances that appear to be subsonic with 
respect to the elastic P-wave (Table 2). This behaviour is what one would expect from Hugoniot 
measurements on porous materials like concrete though (Marsh, 1980) especially close to a blast 
hole. A more detailed estimation of the wave arrival time at the neighbour blast hole is possible and 
the curve fit suggests an average velocity of around 3000 m/s at the spacing distance of 0.11 m. 
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Table 2. Measured data from the single shots 

Distance r 
[m] 

Average velocity 
[m/s] 

Major wave 
length [m] 

P-wave peak 
[g] 

S-wave peak 
[g] 

0.12 3,038 0.195 69,103 109,373 

0.15 3,171 0.255 23,416 - 

0.56 3,501 0.215 4,916 19,396 

1.00 3,800 0.2951 1,833 4,962 

Curve fit 3,760·r0.097  1,833/r1.5 4,962/r1.3 

Note 1: Estimated by curve fit. 

3.3 Frequency – FFT – dominating frequencies with single shots 

From the FFTs of the signals from the single shots, the dominating frequencies could be determined 
(Fig. 9). Close to the blast hole (0.12 m), there are two major peaks: one at 0.9 kHz and a double 
one between 11.9 and 15.9 kHz.  
 
At the distances 0.15 m and 0.56 m, the largest peaks lie at 14.9 kHz and 14.0 kHz respectively. 
The high frequency components of the signals decrease with distance, as expected. For the 
accelerometer at the back of the block (at 0.27 m), the FFT spectrum has a different character. The 
explanation could perhaps be found in the set-up; different incoming angles of the waves and 
different reflections from the free faces of block and yoke. 
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Fig. 9. FFT diagram for single shot data 
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The dominating wavelengths (λ) of the signals in Table 2 were calculated from the wave speeds (v) 

and the dominating frequencies (f) through λ = v/f.  
 
The amplitude attenuation of the acceleration for the single shots indicates high energy losses 
versus distance, see Table 2 in which two curve fits are also given. Normally, the attenuation is 
described by an exponential decay, but in our case simple power curves give a substantially better 
fit. In Table 2 the S-wave peaks are also given. The S-wave arrivals would normally be determined 
from 3D recordings, but we have used our one-component recordings and the fact that the VOD is 
supersonic, which gives two conical Mach waves in the block. Using a Poisson’s ratio of 0.22 
(Johansson, 2008), we could calculate that the S-wave front arrives roughly at 40% later than the P-
wave front. In the recordings, the span around this time was investigated. An abrupt change in 
amplitude or a distortion of the oscillation in the recordings was interpreted as the arrival of a shear 
wave. 
 
The P-wave peak acceleration drops from more than 60,000 g at 0.11 m (one spacing) to 18,000 g at 
0.22 m (two spacings), i.e. from the neighbor hole to the next hole, following the power fit in Table 
2. This makes it extremely improbable that a destructive interaction between far neighbor holes 
would dominate over the interaction between near neighbors. Consequently our choice of delays has 
been based on a possible near neighbor interaction. To apply Vanbrabant’s (2006, 2010) scheme for 

the choice of an optimal delay time, data from the single shots and the long delays (> 86 µs, where 
the first arrivals are relatively unaffected by waves from other holes) were plotted in a Lagrange-
diagram (Fig. 10). The data are fairly consistent, since they are based on several independent shots. 
Strictly speaking the P-wave arrival line should not be a straight line since the computed arrival 
velocities in Table 2 aren’t constant. The slope 299 µs/m corresponds to an arrival velocity of 3340 
m/s, which is roughly the average of the velocity values in Table 2. In comparison with other 
variations this simplification is probably of little importance. 
 
The tests indicate that the mortar blocks are homogenous and that the wave behaviour in the 
material is reasonably repeatable. For the arrival of the ‘tensile’ tail (marked blue in Fig. 10), the 
consistency is not as good as for the primary waves and the estimated S-waves. At a distance of 

0.15 m the arrival of the ‘tensile’ tail could vary from 80-93 µs, i.e. there is a scatter in the duration 
of the phases of a wave to take into consideration when choosing short delays.  
 
The closer to the blast hole the measurements are made, the relatively larger is the scatter. To work 
with as clean signals as possible, the single shots were used to obtain a better estimate of the 
interaction with the ‘tensile’ tails. The data from the single shots gave an estimate of the duration of 

the half wave (Fig. 11) at distance 0 m from the blast hole (T0) of 9 µs in comparison with an 

estimate of 5.6 µs (Fig. 10) for the long delays and single shots together. If all data from campaigns 

1 to 4 had been used in this calculation, the scatter of T0 would have been 30-40 µs. By adding the 
tested delay times in the Lagrange-diagram (Fig. 10), it can be seen that the time range for wave 

interactions is covered, even including the scatter of 30-40 µs. 
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Fig. 10.  Lagrange diagram for small-scale tests 
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Fig. 11. ‘Tensile’ phase versus distance 

 

3.4 Fragmentation at short delays 

Our model set-up made it possible to shoot two rows per mortar block. The burden material in the 
first row was intact and there was almost no back breakage at the crest (Fig. 12). This should give a 
more repeatable signal and clean wave interactions. The face of the second row (Fig. 13) was thus 
not smooth and damage from the first row of holes, in the form of micro cracks would have 
penetrated the burden. Narrow and nearly straight cracks from the half pipes of row 1 (In Fig. 12 
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were visible at nearly perpendicular angles to the face or line of holes). These cracks are more 
clearly visible behind row 2 (Fig. 13) than behind row 1. 
 

 
Fig. 12. Top view over Test #1 after blasting row 1 

 

 
Fig. 13. Top view over Test #15 after blasting row 2 

 

3.5 Fragmentation under free face conditions 

The processed numerical data from the sieving are given in Table 3. The Swebrec function curve 

fits were made without the recommended 1/√x weighting (Ouchterlony, 2005) in order to minimize 
the residuals in the coarse range. The function reads, with P(x) being the fraction passing a sieve of 
size x: 
 
                           P(x) = 1/{1+[ln(xmax/x)/ln(xmax/x50)]

b}.  (1) 
 

The fitting parameters are the size values x50 and xmax plus the undulation exponent b. Fitting with 

the 1//√x weighting was also made but the effect on x50 was with two exceptions less than ±0.1 mm. 
The coefficient of determination r2 is mostly 0.995 or larger. Since the fit is so good, equation 1 has 
also been used to calculate x30 and x80 below. 
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Table 3. Swebrec function parameters for free face blocks from curve fitting 

 
Test 

no. 

Row 

no. 

Nominal 

delay [µµµµs] 

Measured delay 

[µµµµs] 

xmax 

[mm] 

x50 

 [mm] 

b 

[-] 

r
2
 

[-] 

1 1 28 29.7 ± 1.0 128.6 39.5 1.91 0.990 

1 2 28 29.0 ± 0.7 353.6 26.4 4.42 0.999 

2 1 140 146.1 ± 1.0 186.5 21.7 3.52 0.999 

2 2 140 146.1 ± 0.8 211.4 25.6 3.70 0.999 

4 1 37 36.6 ± 0.5 139.0 31.3 2.21 0.989 

4 2 37 37.5 ± 1.4 94.6 24.5 2.38 0.998 

5 1 46 47.0 ± 0.3 130.1 63.8 1.70 0.996 

5 2 46 47.3 ± 0.5 135.9 34.9 2.84 0.999 

6 1 56 57.1 ± 0.5 258.2 43.6 3.27 0.996 

6 2 56 57.2 ± 0.5 132.3 22.1 3.00 0.999 

7 1 46 46.6 ± 0.2 128.0 71.5 1.49 0.996 

7 2 46 46.7 ± 1.0 152.7 22.1 3.09 0.999 

8 1 86 87.2 ± 0.8 192.7 44.1 2.61 0.997 

8 2 86 86.7 ± 0.7 175.8 23.5 3.48 0.999 

9 1 73 73.6 ± 1.2 303.6 41.9 3.18 0.998 

9 2 73 74.7 ± 2.0 154.0 28.4 2.86 0.995 

14 1 73 74.5 ± 0.6 125.0 42.3 2.06 0.997 

14 2 73 74.5 ± 1.3 224.5 20.8 3.38 0.995 

15 1 0 - 139.6 61.3 2.08 0.997 

15 2 0 - 1413.1 45.8 4.65 0.998 

 
Fig. 14 shows the average (median) fragment size x50 vs. inter-hole delay time ∆t for rows 1 and 2 
respectively.  It is clear that for every pair of data for a given delay time, the fragmentation from 
row 1 has been coarser, except for ∆t = 146 µs. It is also clear that the scatter in the data from row 1 
is much larger.  Compare the mean ± std-dev data = 46.9±16.0 mm for row 1 with 26.9±7.7 mm for 
row 2. 
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Fig. 14. x50 versus delay time and row under free face conditions 
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A function fit to the data from row 1 is not meaningful.  A linear least squares fit gives x50 [mm] = 
62 mm - 0.26·∆t with confidence interval for the slope value of 0.26 ± 0.12 mm/µs at the 95% level. 
From literature we had expected the fragmentation at simultaneous initiation to be the coarsest, 
which it is in an average sense. The scatter is however large enough to make both x50 values 
obtained with ∆t = 46 µs larger than the value with ∆t = 0 µs. 
 
The average fragment size from row 1 has two exceptions, ∆t = 37 and 146 µs, larger than half the 
burden, B/2 = 35 mm. In one of the 46 µs shots x50 even exceeds B. This corresponds to a 
fragmentation that could be described as dust and boulders, i.e. relatively few large blocks and a 
fines tail. The fines tail is well described by a Swebrec function with an amplitude of less than 
100% (Fig. 15, d = 67%). The large blocks are so few that it becomes difficult to describe the 
fragmentation by a continuous sieving curve, it is rather a continuous fines tail with a discrete 
coarse part added.  
 
This dust and boulders behaviour occurs e.g. in model blasting in intact materials when the burden 
exceeds half the critical value Bcrit (Rustan et al. 1983). The closer we get to the critical burden, the 
more sensitive the fragment size distribution becomes and hence the x50-evaluation. It is possible 
that this mechanism has contributed substantially to the large scatter in the data of row 1. The 
remedy in our situation would be to decrease the burden or to increase the specific charge.  
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Fig. 15. Swebrec curve fit for Test #5 row 1, excluding data for 63, 90 and 125 mm 

 
 
Two shots were repeated, 46 and 73 µs. For row 1, the longer delay gives x50 = 40.3 and 41.8 mm, 
this alone could point to a high repeatability. The shorter delay gives 72.8 and 65.3 mm, with a 
possible influence from the scatter mechanism discussed above. 
 
For row 2, the only important difference to row 1 is the presence of blast damage in the burden that 
the cracking behind the blast-holes in row 1 has caused, see above. This cracking could perhaps be 
thought as dividing the burden into sub-units that are equal to and even smaller than the blast 
pattern S×B. This would limit the fragment size compared to the undamaged, continuous burden in 
row 1, much like a set of joints would. We have not seen this influence of blast damage pointed out 
before in model scale blasting. 
 
Not only is the fragmentation in row 2 finer, the scatter is smaller too and it becomes more relevant 
to analyze if there is functional relationship like x50 = f(∆t), see Fig. 16. First, we note that the 
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sieving curves of these shots in general are quite well described by the three parameter Swebrec 
function (Table 3). There is further no tendency for the dust and boulder behaviour (Fig. 17). 
 
This means that the fragmentation process has been regular and lies outside the influence of the 
critical burden effect. Secondly, we note that the fragmentation of the simultaneous row, x50 = 45.8 
mm, is by far the coarsest.   
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Fig. 16. x50 versus delay time for row 2  
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Fig. 17. Swebrec 3-parameter curve fit for Test #1 row2, excluding data for 90 and 125 mm. 

 
The question is if the fine fragmentation shots made between 46 and 73 µs, where x50 = 21-22 mm, 
represent a minimum or not. The two next shots, at 37 and 86 µs resulted in a fragmentation of 24.5 
mm and 23.5 mm respectively and the most delayed shot at 146 µs gave 25.6 mm, which is 15% 
higher than the minimum level. There are however two shots made with the delays of 46 and 73 µs 
that have given results that defy this interpretation. They have x50-values of 34.9 and 28.4 mm 
respectively, see Table 3.  
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The latter shot, at 73 µs, is relatively easy to discard as blast hole no. 2, out of the 5, misfired. The 
initiation signal was missing from the record and the PETN cord was found undetonated after the 
blast. This misfire of the second 73 µs charge is the probable cause of the result x50 = 28.4 mm. 
 
The result x50 = 35.1 mm for the delay 46 µs (Test #5, row 2) has no simple explanation. It caused a 
re-shooting with the result x50 = 22.1 mm, which works in favour of the existence of a minimum. 
The minimum range of 46-73 µs lies in the wave interaction regime of the Lagrange diagram (Fig. 
10). 
 
The accelerometer recordings for Test#5 row 2 were inspected for anomalies, as were the initiation 
signals. The muck pile was re-sieved; the remaining block was inspected for a different looking 
fracture surface with half casts or for different crack patterns in the blast damage on the top surface. 
The result is that a relatively large back break near the bottom of the block could, at least partly, 
explain the coarse fragmentation value. See Figure 22 below and the discussion and analysis 
section. 
 
Fig. 18 shows a comparison of the accelerometer signals. The signals look quite similar, but the first 
two peak values for shot Test #5 row 2 are considerably lower. This just might indicate a lower 
‘loading’ of the neighbouring holes in Test #5 row 2 and hence a coarser fragmentation but is 
unclear exactly how. 
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Fig. 18. Acceleration measurements at 0.12 m distance in-plane with the initiation for ∆t = 46 µ 

 
Compare on the other hand the particle velocity signals for the row #2 shots at the same distance in 
Fig. 19. The magnitude of our data, ±2 m/s, agree quite well with data that Dick et al.(1993) 

obtained from cement models. The highest PPV-value occurs for 46 µs delay and the back swing is 
considerably larger than for the other delays. Why this is the case is hard to say, the Lagrange 
diagram in Fig. 10 has no answer but a reflected wave against the free face is forced to travel about 

2×{√[702+(120/2)2]}-120 ≈ 64 mm more and arrives 64/3 ≈ 21,5 µs, which is about half a period of 

the forced 46 µs period. This might help set up a more oscillatory behaviour than for the other delay 
times. It is however still unclear how this would influence fragmentation.    
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Fig. 19 Integrated acceleration signals or particle velocities for different delays. 

 

3.6 Fragmentation under confined conditions 

The effect of confinement was tested for two different delays and each delay was repeated to 
investigate the repeatability. The processed sieving results are presented in Table 4 and a 
comparison with the free shots is shown in Table 5. 
 
All confined shots gave a coarser fragmentation than the corresponding free-face or unconfined 

shots. For a 73 µs delay the two confined shots in row 2 produced nearly identical x50-values, 44.9 
mm and 45.8 mm respectively. For the 146 µs delay the corresponding row 2 values are 46.2 and 
54.6 mm. The difference in these two cases is less than the 13 mm difference between the two free-
face row 2 shots with a 46 µs delay. The average difference between the repeated row 2 shots is 4.7 
mm. For the 73 µs delay, the confinement increases x50 for row 2 by more than 100%, from about 
21 mm up to 45-46 mm. For the 146 µs delay, the increase due to confinement is nearly identical; 
x50 for row 2 increases from 25.6 mm to 46-55 mm (average 52 mm). 
 

Table 4. Swebrec function parameters for confined blocks from curve fitting 

Test 

no. 

Row Nominal 

delay [µµµµs] 

Measured 

delay [µµµµs] 

xmax 

[mm] 

x50 

[mm] 

b 

[-] 

r
2
 

10 1 146 147.8 ± 1.0 129.0 66.8 1.41 0.994 

10 2 146 148.0± 0.8 169.5 54.6 2.32 0.993 

11 1 73 73.7 ± 1.2 316.0 64.9 2.43 0.989 

11 2 73 74.0 ± 0.8 141.9 45.8 2.92 0.999 

12 1 146 145.8 ± 1.0 170.2 52.2 2.22 0.998 

12 2 146 145.8 ± 1.1 200.0 46.2 2.94 0,994 

13 1 73 74.0 ± 1.4 165.8 56.6 2.40 0.997 

13 2 73 73.8 ± 1.0 125.0 44.9 2.90 0.992 

 
Table 5. Comparison of x50 results from free and confined shots for nominal delays 73 and 146 µs 

Row no:  delay [µµµµs] R1: 73 R1: 73 R1: 146 R1: 146 R2: 73 R2: 73 R2: 146 R2: 146 

Confined x50 [mm] 64.9 56.6 66.8 52.2 45.8 44.9 54.6 46.2 

Free x50 [mm] 42.3 41.9 21.7 - 20.8 (28.4) 25.6 - 

 
The fragment size distributions for row 2 are generally speaking not as smooth as for the free shots. 
The r2 values in Table 4, obtained with the Swebrec function with 100% amplitude and without 
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weighting, are generally lower than those for the free shots in Table 3. Again some curves have the 
character of dust and boulders, see e.g. Fig. 20. 
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Fig. 20. Fragmentation curve for Test #12 (146µs) row 1 under confined conditions  

 
The single hole shots confined by debris #4 (Johansson et al., 2011; eqns 4-8) gave roughly a 
fourfold coarser fragmentation than free shots. This is substantially more than the two-factor 
observed here. An analysis of this will have to wait until more data have been obtained. 

3.7 Photographic measurements with a 3D system 

Each block was photographed and analysed with a stereo-photography system, Blast MetriX3D 
(Gaich et al., 2009). Not all photos were suitable for 3D-analysing, since the specimen surfaces are 
dark and we had underestimated the need for artificial light in the testing container. The system 
allows the user to make extensive analysis of the photographed surfaces and the idea was to 
investigate if there are any differences in the surface properties between the tested delay times. 
 
Two photos of each blasted surface were taken and the software constructs a three dimensional 
model of the surface. The referencing and scaling was made by having rulers and other well-defined 
objects in the pictures. The irrelevant confining yoke has been removed from the models to 
facilitate the measurements and analysis (Fig. 21 and Fig. 22 show the best results).  
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Fig. 21. 2D projection of 3D model of the surface Test #2 row 1 

 

 
Fig. 22: 2D projection of 3D model of the surface Test #5 row 2, holes 1-4 from right to left 

 
The surface depth reference line is the tangent to the bottoms of the remaining half casts and back 
break is defined as positive. This means that the c-c line connecting the blast holes is situated at -5 
mm. Three contour lines (slices in the model) were taken at ¼, ½ and ¾ of the block height  
(Fig. 23). Fig. 23 shows the surface contours from the model in Fig. 22, starting at 0 m for blast 
hole no 3. Each contour line is represented by 700 -1400 points. The figure shows that the half casts 
appear with good accuracy at their spacing distances; -11, ±0, 11 and 22 cm.  

Line 1 

Line 2 

Line 3 
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Fig. 23. Contour lines (slices) for Test #5 row 2, as seen from above.  

 
The perpendicular distance from the contour lines to the reference line can also be plotted as a 
histogram as in Fig. 24, where the data from the three contour lines have been merged. The 
difference between the two delay times can be seen. Test #15 (Block 15) was shot with 
instantaneous delay and the surface is smoother, i.e. has a smaller scatter, than that of Test #3 
(Block 2) shot with the delay 146 µs. 
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Fig. 24. Histogram over contour distance from reference line for Test #3 row 2 and Test #15 row 2 
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Eight surfaces produced acceptable 3D models, one from row 1 and seven from row 2 shots. 
Statistics (mean ± std dev.) for the distances of the merged contour lines are given in Table 6. All 
mean values except one lie in the interval -5 to 0 mm, i.e. between the reference line and the blast 
holes’ c-c line, which corresponds to a minimal average back break.  
 

Table 6. Statistics for contour line distances from reference line 

Test 

no. 

Row 

no. 

Nominal 

delay [µµµµs] 

Delay / burden 

ms/m  

Mean distance from 

ref. line [mm]  

Std dev. of 

distance[mm] 

15 2 0 0,00 -1.83 2.91 

1 2 28 0,41 -8.72 6.28 

4 2 37 0,54 -3.69 4.33 

5 2 46 0,68 -4.67 4.85 

6 2 56 0,82 -0.00 4.79 

14 2 73 1,06 -2.23 4.35 

2 1 146 - -0.25 7.99 

2 2 146 2,09 1.84 7.15 

   Mean: -2.44 5.33 

 
The standard deviation in Table 6 is a measure of the surface roughness rs. The mean roughness is 
around half the blast hole diameter.  The smoothest surface for the row 2 shots, rs ≈ 3 mm, was 

obtained for a simultaneous initiation (∆t = 0).  Over the interval 37-73 µs of nominal delay, rs has a 
local minimum of 4-5 mm, which coincides quite well with the interval where the fragmentation 
value x50 appears to have a minimum, see Fig. 14. Considering the limited number of shots this 
could of course be a coincidence.  
 
Data from contour blasting tests with B×S = 0,6×0,7 m (Ouchterlony et al., 2009b) show that 

electronic delay detonators with an accuracy of ±50 µs (±0,08 ms/m) give a much smoother rock 
surface than simulated scatter with 1 ms (1,67 ms/m) or more. This tends to support our own 
observation that ∆t = 0 has given the smoothest surface.  
 
The histograms in Fig. 24 follow the normal distribution reasonably well, if somewhat skewed. The 
histogram for Test #5 row 2 has a long tail corresponding to the deep back break covered by line or 
slice 3 in Fig. 22 and 23. At other times a large protruding nose may exist that cancels out the deep 
back break, thus making this a poor predictor of a good blasting result. On the other hand the 
standard deviation weights these outliers heavily. A somewhat less sensitive deviation measure 
would, for example, be the mean absolute deviation (MAD) that Holloway et al. (1987) have used. 
If the MAD is used as a roughness measure it might then be appropriate to use it as a norm in the 
linear regression procedure as well.  
 
The fracture surfaces in Figs. 21 and 22 also carry information about the crack speed.  
A ridge of a crack interaction can be found in the zones between the blast-holes and its position is 
closer to the blast-hole initiated later. An example may be seen in Fig. 21 where the interaction 
ridge, as marked by the white arrows, lies roughly 95 mm from the first and 15 mm from the second 

hole. The corresponding crack velocity becomes (95-15 mm)/146 µs ≈ 0,550 mm/µs or 550 m/s. A 
similar estimate from the ridges in Figure 22 gives (70-40)/46 ≈ 650 m/s. Wilson & Holloway 
(1987) showed with high speed photography that the crack speeds in blasting of concrete models 
were slowing down with distance. They measured from 1000 m/s close to the blast-hole and down 
to 200 m/s further out i.e. the estimate made from our three dimensional pictures would seem to be 
reasonable.    
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It would thus take between 110/0,65 and 110/0,55 or 170 to 200 µs for the cracks from one blast-
hole to reach the next one. Stagg & Roll (1987) proposed that gas interaction is a dominant factor to 
improve the fragmentation. Such interaction could occur if a blast-hole is initiated after the cracks 
have reached the neighbour holes. 
 

4. Analysis of Results and Further Discussion 
4.1 Surface roughness 

Fig. 25 shows a box and whisker plot of the roughness data with means and quartiles, with outliers 
indicated as well. Each box-whisker is based on several thousand data points. A simultaneous 
initiation could be said to be a special case since then a relatively homogeneous dynamic stress field 
acts in the mortar block.  If we exclude ∆t = 0 and attempt a linear regression to the remaining row 
2 data then it is clear that, because of the large number of data points, the outcome would favour the 
hypothesis that back break increases with the delay time. A simple Anova test would for the same 
reason favour the hypothesis that the data are not samples drawn from the same underlying 
population. It is however doubtful whether this has any physical significance. A linear trend cannot 
go on for very long and we have no information that allows us to apply another model, like a simple 
exponential one, that would limit the back break. It is also a model complication that the average 
amount of back break also is expected to increase with the amount of explosives in the blast hole. 
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Fig. 25. Box-Whisker plot over the surface roughness for different delays. 

 
Regarding the roughness rs, we could treat the seven row 2 standard deviation data as single values 
and determine the significance of a curve fit with a minimum from the data in Table 6. As we have 
no physical model, we choose an orthogonal polynomial fit. The result is completely dependent on 
whether we include ∆t = 0 or not.  
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When ∆t/B = 0 is included, a linear polynomial gives an r2 = 0,5234 and the second order term adds 
next to nothing since r2 = 0,5237. When ∆t/B = 0 is excluded the linear term gives r2 = 0,34 and the 
second order one gives a significant addition since r2 = 0,81. So if the physical process that 
generates the roughness changes continuously with ∆t/B, then we could not say that the surface 
roughness has a minimum over the interval studied. If the roughness-creating process changes 
discontinuously then we may perhaps have a minimum. A more precise answer could probably be 
obtained with more data. 

4.2 Fragmentation 

With the fragmentation data we are in a similar situation as with the roughness data. The free row 1 
shots showed a general tendency of fragmentation to decrease with increasing delay time over the 

interval 0 ≤ ∆t ≤ 146 µs (2.1 ms/m). The scatter makes higher order terms give insignificant 
contributions to the goodness so it is impossible to identify any minimum. 
 

The free row 2 shots are displayed in Fig. 16. Apart from the one shot at 46 µs (Test #4, x50 = 34.9 
mm) all the data fall on a smooth curve. In addition we have reason to believe that there is a plateau 
of relatively constant fragmentation, x50∞, over the interval 3,3-26 ms/m (Stagg & Rholl, 1987). A 
closer study of their data shows that for their shot 5 with ∆t/B ≈ 1.1 ms/m, it is the x80-values that 
have become coarser, not the x30- and x50-values, see their figure 8. Thus we could hope that at least 
for the latter values our value ∆t/B ≈ 2.1 ms/m has brought us into the plateau region x50∞. 
 
Instead of using polynomials in a curve fitting procedure for x50(τ) where τ = ∆t/B, we could then 
use the exponential function with four coefficients a1 to a4 
 

x50(τ) = x50∞ + (x0-x50∞)·(1-τ/τ1)·e
(-τ/τ

0
)
 or simpler a1 + a2·(1- a3τ)·exp(-a4τ). (2) 

 
x50(τ) has a minimum x50min at τ = 1/a3+1/a4 or τ0+τ1 and no other extreme value. After the 
minimum it approaches the x50∞ level asymptotically. For the special case that a3 = 0, the function 
has no minimum for finite values of τ but decays monotonically from the value x0 at τ = 0 to the 
plateau level x50∞. The result of the curve fitting is shown in Table 7. 
 

Table 7. Results from curve fitting with eqn 2 to x50-values from Table 3 

 Including outlier, 9 points Excluding outlier, 8 points 

Coeff. Mean Limits of confidence int. Mean Limits of confidence int. 

a1 27.41 -12.17 67.00 28.97 21.92 36.03 

a2 18.10 -24.80 61.00 16.86 9.20 24.52 

a3 2.12 -7.07 11.32 3.16 1.22 5.10 

a4 1.61 -3.73 6.94 1.62 0.92 2.33 

r2   0.755   0.994   

 
If we include the outlier x50 = 34.9 mm we have 9 data and coefficients a3 and a4 that include zero 
in their 95 % confidence intervals. Thus we can’t say that there is a minimum at this confidence 
level. The p-value of a3 is 0.58 and of a4 0.47, so we are not even close to the typical 0.05 limit. We 
could say that the fit is significant to a 50-60 % level, which means that we have a 40-50 % chance 
of being wrong if we say that there is a minimum when in reality there isn’t one. 
 
If we exclude the outlier x50 = 34.9 mm we’re left with 8 points. The fit has a high r2, is significant 
to a 95 % level. In reality, the p-value for a3 is 0.011 and much smaller for a4, so the model is now 
significant almost to a 99 % level. The corresponding curve fit is shown in Fig. 26. 
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Fig. 26.  Swebrec function curve fit to x50-values from Table 3, with confidence intervals 

 
The same function form may be used to fit the x30 and x80-values that could be calculated from eqn. 
1 with the parameter values of Table 3. We then get the statistics in Table 8 when we exclude the 
outliers 
 

Table 8. Results from curve fitting with eqn 2 to computed x30 and x80-values 

 x30 excl. outlier, 8 points x80 excl. outlier, 8 points 

Coeff. Mean Limits of confidence int. Mean Limits of confidence int. 

a1 22.28 -5.46 50.03 51.25 44.78 57.71 

a2 0.891 -27.56 29.34 59.71 51.69 67.73 

a3 33.47 -1052 1119 2.42 1.70 3.14 

a4 1.02 -0,26 2.31 2.49 1.62 3.36 

r2 0.958   0.997   

 
The table now says that for the x30-fit the confidence intervals for all four coefficients span 0 and 
their p-values are very much larger than 0,05. So the x30-fit doesn’t support the existence of a 
minimum. For the x80-data the situation is better in that none of the confidence intervals span 0, so 
the x80-data support the existence of a minimum. When the outlier is included in the x80-data, the 
confidence intervals for a3 and a4 span zero, removing the support for the existence of the minimum. 
 
Since the x50- and x80-values without their outliers are the only data that support the existence of a 
minimum, and since the outliers cannot be discarded on hard evidence, we draw the conclusion that 
the existence of a minimum for the fragmentation of the free shots in the range of our testing, 0 ≤ ∆t 

≤ 146.1 µs or 0 ≤ ∆t/B < 2.1 ms/m, is rather questionable. Considering that professionals often talk 
about the positive effect of using electronic detonators with ultra-short delays to improve 
fragmentation this is rather disappointing. 
 
Another way to deal with the matter might be to ask for a maximum in fragmentation, or say a 
maximum in created fracture surface area. However, it is firstly questionable if we have sufficient 

collection of the fines generated; an overwhelming part of the area lies in the -100 µm fines. 
Secondly it bypasses the regular meaning of better fragmentation so this avenue is left open at the 
moment.  
 

25



More data would help give a more conclusive answer to the matter of a minimum in fragment sizes. 

An attempt was made with a similar shot with a 290 µs delay in a test series with confined shots 
(Petropoulos, 2011). The back break behind row 1 was however unexpectedly so extensive as to 
ruin the possibility for shooting row 2.  
 

In retrospect, the discussion about crack speeds above, where it was estimated to take 170-200 µs 
for the cracks to reach the neighbouring holes might hold the explanation. One may speculate that at 

146 µs the cracks have not yet reached their neighbour holes from which the emanating 

compressive waves tends to retard the growing cracks. At 290 µs the cracks have travelled past the 
neighbouring holes whose gases may help drive them further.  
 
Improvements in our test set-up might also help answer the question whether there is a minimum of 
the fragmentation in the range where destructive shock wave interaction between neighbouring blast 
holes is possible. One avenue would be to make the yoke larger to minimize side reflections and to 
place the specimen on a solid foundation to remove vertical wave reflections. Such a set-up has 
recently been constructed (Maierhofer, 2011) but requires different logistics than ours, the yoke 
cum specimen can no longer be transported back and forth from lab to testing grounds as we have 
done. 
 
On the other hand, our set-up with free surfaces at the top and the bottom plus high VOD-values 
makes our blast geometry more 2D, like the situation in Rossmanith (2002). 
 

5. Conclusions 
Our model scale bench blasting tests on the effect of timing and confinement on fragmentation has 
led to the following conclusions: 
 

• The use of a systematic scheme to investigate shock wave interactions has given inter-hole 
initiation times that span the time of initiation from before the P-wave from the 
neighbouring holes arrives till after the S-wave has passed. 

• The set-up with a block with two rows of holes, shot in sequence one row at a time, gave 
rather different fragmentation results for rows 1 and 2. 

• When shooting in intact material (row 1) the scatter is large and the fragmentation is coarse, 
displaying a dust and boulders character. 

• When shooting in blast damaged material (row 2) the scatter is substantially smaller, the 
fragmentation finer and the sieving curve follows the three-term Swebrec function quite 
well. It is possible to fit an exponential function to the x30, x50 and x80-data with a high r2 
value, provided that an outlier is excluded. 

• Without the outlier, the row 2 data for x50 has a broad minimum around 1 ms/m which is 
about 20% lower than the value at 2.1 ms. The x80-data also display a minimum but not the 
x30-data. Including the outlier removes all significance of the minimum, so the existence of 
the minimum is rather questionable.  

• The surface roughness of the remaining model surface after blasting was measured with 
stereo-photography. The smoothest surface was obtained for instantaneous initiation. For 
other delay times there is a local minimum that coincides with those of the x50 minimum, 
which may be a coincidence. 

• Ridges on the surface allowed an estimation of crack velocities. Two photos gave the range 
of 590-680 m/s. Even with our longest delay time, 146 µs, the cracks from one blast hole 
haven’t reached their neighbours by then. 
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• For longer delays other interactions than shock wave interactions may be playing a role and 
these need to be investigated further. 

• One reason why the minimum we observe is so weak may be that the width of the pulse 
when it reaches a neighbour hole is too short for good interaction effects. 

• If a wider pulse width is needed i.e. one with a more well-defined ‘tensile’ tail, the material 
and geometrical damping would influence the fragmentation to the worse if the blast hole 
spacing is increased.  

• The confinement consisted of crushed cement mortar with a predesigned sieving curve. The 
model was made of magnetic cement mortar to make a separation of the two materials 
possible after blasting.  

• The confinement makes the fragmentation coarser, x50 increases nearly 100%. Few tests 
were made so no hard conclusion could be drawn. 
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