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1. INTRODUCTION

Surveying of a bench face before blasting is a 
pre-requisite for proper blast planning and for a 
satisfying blasting result both in terms of safety 
and fragmentation. Many projects in quarries and 
open pit mines all over Europe have shown that a 
substantial cost reduction of the drill & blast work 
can be achieved through systematically measuring 
all the geometrical parameters of a face to be 
blasted and designing then the drilling-charging 
and initiation pattern on the basis of the actual 
face geometry. With respect to blast fragmentation 
only a precise knowledge of all of the geometrical 
parameters of a blast allows to control the explosives 
energy input into the rock mass and drive the 

fragmentation into a desired direction. Especially 
irregularities of the bench surface that are not taken 
into account in blast planning lead to unsatisfied 
fragmentation and thus to increased production 
costs, back-break, uncontrolled vibrations and fly-
rock (Moser & Siefert 1998, Moser 2004).
 As the potential economical savings from a 
controlled blasting process have been demonstrated 
in numerous projects (Moser 2006, Moser & 
Reichholf 2006), especially in Europe a general 
trend can be observed nowadays, that more and more 
rock producing companies (large and small) tend 
to introduce measuring equipment in blast design 
and control. In addition, legal regulations more and 
more force to provide a proper documentation of 
the blasting process.
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 When surveying a bench face, preferably a 
large amount of measurement points are required in 
order to determine the geometry and especially the 
irregularities with sufficient accuracy. Only contact-
free measuring systems allow evenly distributed 
measurements over the whole bench surface. 
Existing systems such as ‘total station’, ‘laser 
profiler’, or ‘laser scanner’ show some drawbacks 
such as: 
− results are just isolated geometrical values such 

as bench height or singular profiles
− borehole positions should be defined in 

advance in order to know where to take profile 
measurements

− systems require some surveying skills
− systems are expensive
 What all these ‘surveying systems’ have in 
common is that surveying produces isolated data, 
with the need to transfer them into additional 
software for analysis and blast planning. It is then 
quite challenging to do an optimized blast planning 
based on 3D surveying data separated from the 
image of the ‘real situation’. Once a blast has been 
designed the next difficulty is how to transfer the 
blast plan (borehole positions, inclinations) back 
into the quarry or open pit mine. Quite often a 
second surveying campaign is necessary to mark 
the positions of the holes for drilling.
 In order to overcome these difficulties and 
to provide the blasters a simple tool for bench 
surveying, blast design and layout and the 
subsequent back-transfer of the blast plan into the 
quarry, the Department of Mineral Resources & 
Petroleum Engineering of the University of Leoben, 
3G Software & Measurement company and Mineral 
AB, one of the largest producers of aggregates in 
Europe formed in 2005 a joint venture. A basic 
study about the principle possibilities of bench 
surveying showed that the latest developments in 
the field of 3D stereo-photogrammetry could form 
the basis for such a new, easy to handle tool. 3D 
stereo-photogrammetry provides:
− a whole 3D picture of the bench face
− both the geometric situation of the bench face 

and also an image of the ‘nature’ of the bench 
face as a basis for additional interpretation 
during blast planning

− a 3D model (rock mass cube) of the site to be 
blasted as basis for blast planning

− an image, on the basis of which a back-transfer 

of a blast plan into the quarry is possible
 Based on an existing stereo-photogrammetric 
system for rock surface surveying and joint analysis 
(Joint Metrix), a new tool named ‘BlastMetrix3D’ 
was developed within a year. It is now on the market 
since January 2006 and a lot of experience has been 
gained from using it for blast design and layout. 
 Apart from several mines and quarries using 
the new tool already in daily work, the Department 
of Mineral Resources & Petroleum Engineering 
at the University of Leoben did a lot of studies 
to determine the reliability of the new stereo-
photogrammetric blast surveying and planning 
system and its precision in comparison to laser 
surveying equipment.
 In the first part of the following text, a detailed 
description of a blast surveying and planning 
system based on 3D stereo-photogrammetry is 
described. The second part presents the results of 
the comparison of the new system with other laser 
based surveying tools.

2. BASICS OF 3D IMAGING

2.1	 Background

A 3D image can be seen as the combination of a real 
(digital) photograph with the geometric information 
on the objects it shows, which are in the actual cases 
rock faces and walls. Photogrammetry is the art and 
science to measure from images and dates back to 
the beginning of photography (Slama 1980, Wolf 
& Dewitt 2000). Stereoscopic photogrammetry 
deals with the measurement of three-dimensional 
(spatial) information from two images showing 
the same object or surface but taken from different 
angles. This principle is also referred to as Shape 
from Stereo. In order to allow measurements, 
classical photogrammetry requires the knowledge 
of the following:
− Precise information on the image formation 

process of the camera (interior camera 
orientation)

− Precise information on the camera position 
and viewing direction when taking the pictures 
(exterior camera orientation)

 The first point led to purpose built cameras 
(metric cameras) relying on accurately manufactured 
camera and lens thus being expensive. The second 
point was realized either by using rigid stereoscopic 
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setups with two cameras (especially underground), 
the observation of surveyed control points, i.e. 
points with known co-ordinates, or determining 
the exterior orientation by external measurements. 
However, this altogether is cumbersome.
 More recent approaches to object reconstruction 
from images are related with the term computer 
vision (Faugeras 1993). Improvements within 
computer vision led to the possibility of fully 
automatic determining of the relative orientation of 
the two images to each other without any control 
points and without having two cameras in a rigid 
setup, or allowing the calibration of standard 
cameras.
 The main consequences are that cheaper off-
the-shelf cameras can be used and that images 
can be taken freehand using just one camera 
subsequently without the requirement to determine 
the imaging standpoints. Although it is necessary 
to have at least one object with a known geometry 
somewhere within the images, (e.g. a vertically 
established scale bar with mounted targets), no 
additional information on the camera location or its 
viewing direction is required.

2.2	 Generation	of	a	3D	image

Several individual procedures are required before a 
3D image emerges from a stereoscopic image pair. 
Existing software takes care of most of the following 
steps automatically. However, main activities 
enclose (see also Gaich et al. 2003, 2004):
− Calibration of the imaging system
Prior or posterior to measurements (only required 

if measurements are to be taken from the 3D 
images)

For bench face surveying a pre-calibrated camera 
is convenient as it allows speeding up the field 
procedure

− Identification of corresponding image points
This is also referred to as image matching. It 

represents an important step as this is the basis 
for the later automatic measurements. Routines 
are available that allow identifying a robust, 
dense grid of corresponding points and thus a 
dense grid surface measurements

Computation of the relative camera orientation
On basis of the detected corresponding points the 

relative camera orientation is automatically 
computed without any additional requirements

− Computation of the 3D point cloud

From the set of corresponding points and the relative 
camera orientation 3D points are computed by 
spatial intersection

− Connection of the 3D points to a surface mesh
If the connection of the points shows to be a set of 

triangles the result is referred to be a triangular 
irregular network (TIN)

− Geometric alignment of image and mesh
As the 3D information is directly linked with the 

images, the alignment is trivial
− Referencing the 3D image
A reference is either established by scale bars visible  

in the images (local co-ordinates) or using 
surveyed control points (global co-ordinates) 
related to an external co-ordinate system. The 
survey of points is usually provided by total 
station measurements or using accurate GPS

3. SYSTEM CONFIGURATION

3.1	 System	components

A 3D stereo-photogrammetric surveying system 
consists of imaging hardware and evaluation 
software. The imaging hardware includes a 
calibrated digital camera and elements used to 
mark the extent of the blast, providing scaling 
information, and defining a reference line for the 
drill pattern (Figure 1). The software consists of 
several components, such as 3D image generation, 
or planning of a drill pattern together with according 
burden information and the volume to blast for each 
borehole.

3.2	 Field	procedure

On site the following steps are to be performed: 
− Establishing the delimiters on the top of the 

bench face: On the left and right side of the 
blast one marking element (delimiter) is set up, 
ensuring that they can be seen from the imaging 
locations. The connection of the footprints of the 
delimiters defines a geographical reference line 
within the 3D image to which a planned drill 
pattern can be related to

− Establishing two range poles at the ground 
plane: They mark the ground plane and provide 
two known vertical distances for scaling

− Taking the first image of the stereoscopic image 
pair: This is like conventional photography. 
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The camera is freely targeted to the bench face 
(Figure 2). It has to be ensured that the area to 
blast and all marking elements are visible within 
the image

− Taking the second image of the stereoscopic 
image pair: The second image is taken from a 
different standpoint which is approximately 1/5 
- 1/8 laterally to the normal distance between the 
first standpoint and the bench face

Figure 2: Application of a stereophotogrammetric system 
in a magnesite mine. Note that the pictures are taken 
freehand and the distance between the two images has not 
to be determined.

3.3	 Generation	of	a	metric	3D	image

Once the imaging is done the images are transferred 
to a standard (mobile) computer and the image 
processing is initiated. With a minimal amount of 
interaction a 3D image is computed. The single steps 
that are mainly done by the software automatically 
are:
− Selection of the stereoscopic image pair
− Automatic identification of corresponding points 

(image matching)
− Automatic computation of the relative camera 

orientation
− Automatic computation of three-dimensional 

measurement points and connecting the points 
to a surface mesh

− Automatic overlay of one of the images with the 
surface mesh (generic 3D image) (Figure 3)

− Semi-automatic scaling of the generic 3D image 
using the range poles or using surveyed control 
points (metric 3D image)

3.4	 Blast	planning

Once the 3D image is ready the operator can inspect 
the 3D image and specify the desired blast layout. 
By entering essential parameters such as burden, 
side spacing, or borehole inclination a drill pattern is 
proposed by the system (Figure 3). Every borehole 

Figure 1. Components of a stereophotogrammetric blast design and control system: calibrated SLR camera in protective 
case, marking elements, and mobile computer with measurement and assessment software.
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gets its blast volume and an associated profile. 
 The planned borehole positions are provided 
in a plan view where each borehole is related to 
the geographical reference line formed by the 
connection of the footprints of the two delimiters 
on the top bench level. Through this procedure the 
proposed borehole positions (meeting the specified 
burden values) can be marked in the field without 
additional surveying instrumentation only using a 
tape measure. 
 As the three-dimensional shape of the bench 
face is determined precisely by a dense grid of 
surface measurements, profiles can be determined 
within the 3D image at any location. When 
identifying geometric irregularities within the shape 
of the bench face, the drill pattern can be adapted 
by changing the position and/or the inclination of 

individual boreholes.
 In addition to the profiles also the minimum 
burden along each borehole can be visualized. The 
minimum burden provides the shortest distance 
between the borehole in a certain depth and the 
free surface in any direction. Practical application 
showed that the difference between a profile and the 
minimum burden (always equal or less) is often in 
the range of some decimetres (see Figure 4).

3.5	 Results

The immediately available results are:
− 3 D image of the bench face
− Basic geometry such as wall height and 

inclination
− Proposed optimal borehole inclination

Figure 3: Principles of a stereophotogrammetric blast design and control system: from a stereoscopic image pair (1) a 3D 
image (2) is computed from which geometric information on the bench is gained. Then the geometric layout of the blast 
is planned (3) leading to burden diagrams (4) and a borehole plan (5). Additionally the blast volume is determined.
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− Scaled profiles and minimum burden diagram 
for every borehole

− Coloured representation of burden over the 
whole bench face area

− Possibility to adapt drill pattern according 
geometric characteristics of the bench face

− Volume to blast for every borehole
− Plan of the drill pattern
− Overall volume to blast

4. PRACTICAL USE AND COMPARISON  
 WITH OTHER SYSTEMS

In order to check confidence of the photogrammetric 
surveying technology under real conditions, several 
comparative measurements were conducted. In the 
following two comparisons are described, the first 
using a reflector less total surveying station and the 
second using a manual laser profiler.

4.1	 3D	Stereo-photogrammetry	and	total		
	 surveying	station

The basic idea for the comparison was to measure 
a set of points both using a reflector less total 
surveying station and the stereophotogrammetric 
system. Measurements were taken at a bench face 
in quarry. About 30 points were marked on the 
bench face (see Figure 5) and first measured with 
the total station. 
 Then the marking elements of the stereo-
photogrammetric system were installed and 
their location surveyed also by the total station. 
The stereoscopic image pairs for the 3D image 
reconstruction were taken from several locations.
  After generating 3D images of the bench face 
the results were transformed into the co-ordinate 
system of the total station measurements, using 
the surveyed co-ordinates of the marking elements. 
Then the co-ordinates (x,y,z-values) of the points 
marked on the bench face were determined in the 

Figure 4. Comparison of a profile with the minimum burden. Depending on the actual bench face geometry the differences 
might be in the decimeter range.
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3D image. 
 The comparison of the coordinates derived 
from the total station and those derived from the 
3D image showed a deviation of 10 and 15 cm in 
general and less than 10 cm for selected profiles.
 As the result of the comparison of the surveying 
system with 3D stereo-photogrammetry relies 
heavily on meeting the same points with both 
“surveying” systems, a non-determined portion of 
the final deviation might originate from possible 
incorrect localization of the compared points. 
This means that the true difference between the 
two measurement systems could be even smaller 
than stated above. But finally it is concluded, 
that an “accuracy” (which does not say that the 
stereoscopic system is 10 cm less precise than the 
total station)  of better than 10 cm is largely enough 
for blast design and layout.

4.2	 3D	Stereo-photogrammetry	and	Laser		
	 profiler

In order to determine also the work procedures 
and the practical handling of a 3D stereo-
photogrammetric system in the daily work routine 
of a quarry, a comparison was made with a manual 

3D laser profiler as frequently used today and 
having approximately the same price level.
 For that purpose a quarry site was chosen, 
where firstly the bench face was surveyed with 
the laser profiler. In order to connect the laser 
measurements with those from the photogrammetric 
system the marking elements of the 3D stereo-
photogrammetric system were used. Several 
comparative measurements were taken. 
 After setting up the laser based measurement 
system the operator takes measurements by 
manually targeting the laser instrument on certain 
locations of the bench face. The scanning itself 
happens typically in meandered form. The surveyed 
data are processed leading to profiles that intersect 
the planes perpendicular to the planned boreholes. 
Additionally information on burden left and right of 
the profile can be gained.
 The following results can be reported from the 
comparison work:
− The procedure to get 3D information of the rock 

face from the laser profiler takes more time on 
site (typically one hour depending on the size of 
the area to blast) against 15 minutes for setting 
up the marking elements and taking photos

Figure 5. Screenshot of the reconstructed bench face and the measured reference points (on the right)
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Figure 7. Profile of the same borehole taken from the two measurements. Note that the defined burden lines (dashed 
lines) are 5 m for the left diagram and 3.8 m for the right diagram. (The left image was taken from MDL Face 3D 
software, the right from the stereophotogrammetric system).

Figure 6. Comparison of a profile taken manually with the total station and the corresponding section taken from the 
photogrammetric system.
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− A 3D stereo-photogrammetric system requires 
the marking elements to be established with care 
as they act as the vertical reference

− A 3D stereo-photogrammetric system does not 
require any tripod

− The 3D image generation procedure is 
convenient requiring only little interaction from 
the operator

− The time consumption until having a suitable 
blasting pattern is about 30 minutes with a 3D 
stereo-photogrammetric system

− A further general difference of stereo-
photogrammetric systems is that there are no 
compasses used that can be distorted by steel 
constructions. Also there are no active elements 
such as a laser beam that might be refracted e.g. 
by raindrops

− The practical application shows that manual 
measurements using a laser profiler lead 
to a significant smaller amount of surface 
measurements (e.g. 600 vs. 150.000 points), 
such as having 1 against 150 measuring points 
within an area of about 3.5 m2

5. CONCLUSIONS

After 1 year of testing and comparison with laser 
based surveying instruments, it can be concluded, 
that the new technology of blast surveying & 
design systems based on Stereo-photogrammetry is 
suitable for being use in the daily work routine in 
quarries and mines.
The comparison of the precision of laser based 
systems and stereo-photogrammetric systems has 
shown that the deviation between these two types 
of systems is less than 10 cm, in many cases even 
lower.
 During the use in the daily work in quarries 
it could be shown, that stereo-photogrammetric 
systems offer a lot of advantages over laser based 
surveying systems. These comprise:
− quick and easy determination of the full geometry 

of the bench face
− less experience with surveying equipment 

required
− combination of a photo with the geometry in 

the background allowing to do an additional 
interpretation of the bench face for blast design

− easy back-transfer of blast planning results into 
the “quarry reality” via photos and reference 

points
− and professional documentation of every single 

blast, including the blast site and the associated 
blast plan
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1. INTRODUCTION

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

result of insufficient swelling of the ring, can be 
that the ore flow is prevented when loading starts 
(Figure 2). 
 Investigations at the Ridgeway mine (Power 
2004a, b) have given the following model of the 
post blast situation, see Figure 3. Fingers of mobile 
material surround the blast holes but a large part 
of the ring remains immobilized during draw. 
Unfortunately there are many competing and 
conflicting models for how SLC blasting and the 
ensuing flow of broken ore and caved waste rock 
work for example Gustafsson (1998). Therefore 
there is a need for work that investigates the 
mechanisms of SLC blasting and flow.

- 13 -

ABSTRACT: Sub-level caving (SLC) is classified as a mass mining method and there is increasing interest 
in its application worldwide and under a very wide range of geotechnical environments. In terms of flow, the 
caved rock or debris at the interface first acts as a wave trap, which may reduce the fragmentation. Model 
scale tests are being made to understand the mechanisms of rock breakage and therefore fragmentation 
under relatively confined conditions. To minimize geometrical and geological effects, tests were conducted 
mainly on cylinders of magnetic mortar of size Ø140×280 mm and PETN cord with different strengths was 
used as explosive in a center hole, giving a specific charge between 0.2 and 2.6 kg/m3. The size distributions 
of the blasted material and the aggregate as well as the swelling of the cylinders have been measured. 
For the latter, a freezing-slicing method was developed. The results show that the confinement results in 
fragmentation being coarser when compared to that from free cylinders, and that the properties of the debris 
have a strong influence on the fragmentation and the swelling.
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Figure 1. Illustration of the top part of a SLC ring blast.

Figure 2. Loading after a sublevel production blast.

Figure 3. Result of SLC blasting under confined 
conditions.

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

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

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

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

4 Differences in density between ore and 
debris 

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

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

Table 2. Magnetic mortar recipe.

Portland cement 25.6 %
Water 12.6 %

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

Magnetite powder 29.7 %
Quartz sand 31.7 %

 In the second phase of testing the effort focused 

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

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

Figure 5: Free test set-up.

Figure 6. Confined test set-up.

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

Table 3. Specific charge with different strengths of PETN.

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

charge, kg/m3 0.10 0.20 0.33 0.65 1.30 2.60

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

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

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

Type of debris Purpose of use
Standard debris #1:

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

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

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

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

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

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

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

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

Figure 8. Test set-up, swelling shot.

3. SELECTED RESULTS

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

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

3.1 Blast tests with magnetite

Four different kinds of magnetite have been tested 
in the final set-up with Ø140×280 mm specimens. 
The new magnetite cylinders were drilled out from 
drift walls at different locations in at LKAB Kiruna 
mine. Centered 8 mm holes were then drilled in the 
cylinders and the objective of these tests was to 
see how the fragmentation varied among different 
magnetite types and to detect possible differences 
in fragmentation, both within the magnetite and as 
compared with the magnetic mortar.
 For each type of magnetite 4 shots were made; 
2 free and 2 confined. PETN with the strength of 20 
g/m was selected, which gave a specific charge of 
1.31 kg/m3 or 0.27 kg/ton. The surrounding debris 
followed the same Swebrec size distribution (0-16 



- 19 -

mm) as earlier described and the results of the tests 
can be seen in Figures 10 and 11. 
 The fragmentation curves follow the 
Swebrec function very well and the coefficient of 
determination r2 is on average 99.8 % when all tests 
are taken into account. Therefore the fragmentation 
curves are well represented by the three curve 
parameters x50, xmax and b in Table 6.
 Table 6 shows that there is a large scatter in x50, 
both for the free and confined shots. For the free 
face tests the range for x50 is between 13.7-28.3 mm 
and for the confined tests the value lies in the range 
21.9-34.1mm. Note though that for all four kinds of 
magnetite, the confined shots always give a coarser 
fragmentation.
 Concerning the repeatability the scatter in the 
x50-values for magnetites M2 and M3 lay within 
±0,5 mm, whereas for magnetites M4 and M5 
the scatter ±3 mm is not really acceptable. This is 
probably an effect of natural discontinuities and 
damage in the specimens.
 The result confirms that magnetite is not a good 
model material to use in an investigation of how the 
confinement affects the fragmentation and swelling. 
The variation in material properties is simply too 
large. 
 The next to last column contains a composite 
curve parameter. s50 is the slope of the fragmentation 
curve at x50. Ouchterlony (2005b) found that the 

product s50xx50
0,75 becomes about 0.25 for tests 

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

3.2 Magnetic mortar as a model material

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

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

Figure 13. Average fragment size x50 versus specimen size. 

Figure 14. Average fragment size x50 versus debris 
density.

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

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

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

3.3	 The	effect	of	the	specific	charge	on	x50

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

 
for free shots, and (1)

 for confined shots. (2)

Test no. x50mm xmaxmm b s50xx50
0,75 Confinement

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

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

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

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

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

Table 6. Swebrec function’s curve parameters from tests on magnetite. Specific charge 1,31 kg/m3.



- 22 -

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

3.4	 The	stiffness	of	the	debris	and	its	effect	on	x50 

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

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

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

3.5	 Diametral	swelling

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

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

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

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

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

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

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

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

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

4. DISCUSSION

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

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

5. CONCLUSIONS

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

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

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

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

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

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

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

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

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

  Most of the tests made up to 2006 have here 
been discussed and reported here. Our tests have 
continued during 2007 and involve for example 
change of explosive, a finer distribution of the 
debris and adding confining pressure to the debris. 
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ABSTRACT: A promising ability to predict blasting shock and motion phenomena has arisen through  
applying the science of hyper-velocity penetrators, in which the volume of cavity is directly proportional 
to the kinetic energy of a penetrator. Detonation state fluids are under sufficient pressure and velocity to be 
considered as penetrators impacting on a rock target.
 The model so derived has been applied to various explosives and rock types and delivers satisfactory 
initial estimates of not only the chambering diameter and face velocity, but also the energy consumed in  
the blasting process. The resulting explanation of energy partitioning is drastically different and more  
satisfactory than the long established model relying on elastic rock expansion, and for the first time  
delivers a credible explanation of how explosive energy is harnessed. The implications are significant for  
understanding various blasting efficiencies and mechanisms.

1. INTRODUCTION

Detonation in a blasthole causes immediate, 
shock-driven, non-elastic deformation of the rock,  
resulting in permanent chambering of the hole 
(Szendrei and Cunningham 2003). Figure 1 is 
taken from a demolition site in which a blasthole 
failed to break the reinforced concrete slab, but  
the comparison with an uncharged hole shows 
clearly that the hole has expanded from 32mm to 
about 50mm. 
 In conventional blasting, the rock burden normally 
breaks out, so there is a general lack of awareness 
of this chambering phenomenon among blasting  
engineers. The full chamber is only detectable 
where holes are shot in the solid, or in any sockets 
remaining from overburdened holes. The assumption 
is then often made that the enlarged hole resulted  

from rock particles ejected from the crushed  
perimeter zone, but this is not so. Explosive  
pressures are normally greatly in excess of rock 
resistance, and permanently deform the confining 
medium. This is the basis for the long established 
practice of ‘Borehole springing’.
 The chambering process is both rapid and  
energy intensive, and essentially defines the  
‘Shock’ phase of blasting. The rock near the  
chambered hole is weakened by the dynamic  
stresses emitted in the process, and the remaining, 
relatively low pressure gases, are enabled thereby 
to complete the fragmentation and movement of  
the burden.
 This initial phase of energy release is  
measured in cylinder expansion tests, which  
have to date been mainly the domain of military  
applications. The detonation of high explosive 

Vienna Conference Proceedings 2007, P. Moser et al.
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in precisely specified copper cylinders shows 
a consistent early acceleration of the walls,  
terminating at 3 to 5 times expansion. This defines 
the Gurney Energy, which is particularly relevant 
to the ability of an unconfined explosive to inflict 
surface damage. Typically half or more of the total 
available energy is delivered as Gurney Energy.

Figure 1. Cavity expansion of blasthole in reinforced  
concrete (Modderfontein).

The enlargement of a blasthole during  
detonation is physically similar to the energy- 
intensive process of cavity formation by  
hypervelocity penetrator. Cavity Expansion  
Analysis (CEA) is a well established science  
applied to shaped charges or other  
projectiles, where the input energy is exactly  
defined by the mass and velocity of the penetrator,  
and has shown that the resulting cavity volume  
is directly proportional to the kinetic energy.  
However it is not kinetic energy that creates 
the cavity, but the pressure resulting from its  
transformation at the penetrator/target interface.  
This pressure is of similar order and rise time to  
the impact of a detonation wave. 
 Our investigation indicates that, provided input 
pressure exceeds the threshold requirements, 
the input energy is a good guide to the degree  
of expansion, irrespective of the mechanism  
forming the cavity. This leads to a radical  
re-evaluation of how energy is delivered in blasting. 

2. BASIC EXAMPLE OF CAVITY  
 EXPANSION APPLICATION

For any given target material there is a constant  
ratio between the energy input and the cavity  
volume created by a hypervelocity penetrator:

 Ev = E/V (1)
Where Ev = cavity efficiency, kJ/cm3,
 E = Available energy, kJ
 V = Volume of cavity, cm3.

The following example compares the cavity 
expansion achieved using a metal projectile, with 
what would be required in terms of explosive 
energy in order to achieve the same expansion, 
assuming the same cratering efficiency.

2.1 Cavity expansion by rod

Ev is about 1 kJ/cm3 in strong rock. If a 3.2 kg steel 
rod of diameter 30 mm and length 580 mm were to 
be fired at the rock at a velocity of 2650 m/s, the 
kinetic energy Ek would be

 Ek = 0.5 * mass * (velocity)2

 = 0.5 * 3.2 * 26502 Joule
 = 11236 kJ.

Since Ev = 1kJ/cm3, 11236 kJ (~11 MJ) will create 
a cavity volume of about 11000 cm3, the shape 
depending on the geometry of the rod. For a rod 
diameter of 32 mm, the ultimate diameter would be 
about 120 mm, and the length of the hole would be 
about 1m. 

2.2 Cavity expansion by explosive

Likening this expansion to blasting, a blasthole of 
1m length and 89mm diameter would have an initial 
volume of 6220 cm3 which would be filled with 
explosive. At density 1.2 g/cm3 the mass is about 
7.5 kg, which with a total heat of reaction energy 
of 3 MJ/kg, indicates 22.5 MJ in 1 m of hole, or 
about double the energy of the penetrator. However, 
in terms of Gurney Energy, only about half of this 
is expected to deliver cavity expansion. Thus the 
situations are comparable.
 Expanding the hole by 11000 cm3 to 17220 cm3 
would result in a 66% increase in diameter to about 
148 mm. 
 Thus, in this very simplified example, Cavity  
Expansion Analysis (CEA) suggests that the  
explosive Gurney energy would deliver equivalent 
expansion to the kinetic energy of the hypervelocity  
penetrator. The hole would be chambered to a 66% 
increase in diameter, which is in keeping with 
the rule of thumb expecting volume to double in  
chambering hard rock. 
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2.3 Implications for blasting 

Cavity expansion radically differs from  
conventional concepts on how detonation energy  
is partitioned in blasting, and this has far- 
reaching implications for blast design. 
Conventional approaches to shock energy are 
vague and tend to dismiss it as ‘not very 
useful’: calculations assume elastic hole  
expansion, which limits the diameter increase  
to about 20% in the weakest rocks, and to much  
less than this in strong rocks: ‘Blasting Strength  
Value’ only counts energy released below 
the pressure for this degree of expansion 
(Lownds 1986). The focus has therefore 
been on the crushed zone and cracking around  
the blasthole, while ignoring the key, measurable, 
cavity expansion of which these are a result.
 Thus blast fracture development has been 
viewed primarily as the extension of cracks under  
quasi-static gas pressure, until the first crack  
releases the pressure at a free face. On the other 
hand, CEA views the expansion of the hole as the 
main, most energy-consuming event, to which all 
subsequent processes are subordinate.
 The remainder of this paper demonstrates a 
useful way of applying the principle to blasthole 
detonation, taking into account real explosives  
behaviour. While fuller exploration and proving 
of the approach is necessary, it is appropriate to  
explain the current state of development so that  
others can test the premises to their own  
satisfaction, and indeed add to the science.

3. CAVITY EXPANSION ANALYSIS

In order to derive a solution for blasthole  
expansion, it is necessary to detail the estimation of 
expansion volume using penetrators.

3.1 Expansion by penetrator

In cavity formation under impact, the kinetic  
energy of the penetrator is converted to pressure 
by the resistance of the target, which both erodes 
the material of the penetrator and is itself distorted, 
leaving the characteristic cavity. For the process 
to take place, the energy of impact must produce a 
pressure that exceeds the threshold strength of the 
target material. 
 As described in Szendrei and Cunningham 
(2003), penetration occurs at a steady velocity of 

less than the velocity of the missile, representing  
a sustained pressure at the interface, with  
momentum opening up the walls after the contact 
point has passed. The Cratering Efficiency Ev of  
Eq (1) is related to rock strength as well as  
densities of both material and penetrator, and is 
given by Equation (2).

  

(2)

Where Ev = Cratering efficiency, kJ/cm3

 σ = rock strength, taken here as Unconfined 
  Compressive Strength (UCS), GPa
 ρt = density of target material, in this case  
  rock,
 ρp = density of penetrator, either metal jet or  
  explosive fluid.

For the normal range of densities encountered with 
kinetic penetrators (above 4g/cm3), Ev is between 
4 and about 4.3 times the static UCS. While the  
material is not unconfined, and its dynamic strength 
is clearly greater than its UCS, UCS is seen here 
as a parameter determining the work required for  
cavity expansion rather than as the yield point in 
an unconfined test. It has been used successfully 
to date to define the cavity expansion volume with  
kinetic penetrators. Note that the units of stress, 
GPa are dimensionally equivalent to work per unit 
volume, expressed as kJ/cm3.
 Thus if the UCS of the rock is 0.25 GPa, then 
Ev, the volume of cavity per kiloJoule of energy  
delivered is about
 (4 * 0.25) = 1 cm3/kJ. 

This also implies that the initial pressure should be 
at least 1 GPa to achieve cavity formation. The ratio 
(Ev /σ) is obviously an important parameter, which 
is here termed the Yield Ratio, Ψ:

 

(3)

3.2 Expansion with detonation

Two considerations are core in blast design: 
– the nature and amount of available energy, and
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– the nature and resistance of the material to  
be blasted. 

The energy release is conditioned by the confining  
medium, which is itself transformed by the energy 
release. Thus energy source and confinement  
comprise an interdependent system and cannot be 
considered independently.
 In detonation an axial penetrator is replaced 
by radially expanding fluids, whose densities  
typically fall from above 1.5 to below 0.1 g/cm3.  
The effect of this variation on yield ratio is  
illustrated in Figure 2: Ψ increases to 5 and higher 
with dropping explosive density, indicating (as 
might be expected) that more energy is required 
when the density of the penetrating medium  
(explosive fluid) decreases. This shows that the  
efficiency with which explosive gases drive  
permanent expansion of the blasthole wall will  
decrease as expansion causes density to reduce, and 
the density of an explosive will play an important 
role in its chambering characteristics.

Figure 2. Target Yield Ratio Ψ as a function of rock 
density and penetrator density. A low density penetrator 
requires more energy to achieve penetration.

A solution for cavity expansion in a blasthole can 
be derived from Eq (3), which shows that Ψ is  
defined by two separate expressions, here labelled 
Ψisen and Ψdens:
 Ψisen = (Ev /σ) relates only to explosive energy  
   and rock resistance

is given only by the rock and explosive densities.

An estimate of cavity volume for any combination 
of rock and explosive is at the point of convergence, 
when  Ψisen and Ψdens.

3.3	 Yield	ratio	Ψisen from explosive isentrope

For detonation fluids, the relationships between 
pressure, cavity volume and expansion work 
are provided by the isentrope from a detonation 
code. For example, Table 4, derived with 
AEL’s Vixen_i Ideal detonation code, shows 
the expansion isentrope of a pumped emulsion. 
This lists the energy release versus volume of  
expansion from the sonic locus (the CJ plane). The  
pressure-volume and internal energy-volume curves 
from Table 4 are shown in Figure 3.
 A complication in this process lies in the  
derivation of the expansion isentrope from the  
sonic locus, as the shock-induced kinetic energy 
of the explosive fluids creates a transient stage in 
which the volume occupied by the fluids is less than 
the original explosive volume. Rarefaction behind 
the sonic locus as the fluid velocity decelerates,  
until the density is close to original explosive  
density, means that relatively little energy is  
initially available to the borehole wall. This phase 
is reflected in the isentrope by the positive internal 
energy states, as shown in Figure 3.
 To avoid advanced detonation modelling, the 
convention has been adopted that radial energy  
delivery to the walls is minimal until explosive 
gas density drops to the density of the undetonated  
explosive. This approximation is justified in terms 
of the coarseness not only of this model, but of  
conditions in the field.

Figure 3. Expansion energy versus created volume.

Assuming that an increase in relative specific 
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Relative 
Volume

Specific 
Volume

Pressure Temperature Internal 
Energy

Expansion 
Energy

cm3/g GPa Deg C /1000 MJ/kg MJ/kg

0.751 0.653 10.101 1.623 1.092 0.000

0.756 0.658 9.901 1.616 1.049 0.000

0.763 0.663 9.658 1.608 0.996 0.000

0.770 0.670 9.365 1.597 0.932 0.000

0.780 0.678 9.014 1.585 0.854 0.000

0.792 0.689 8.599 1.569 0.761 0.000

0.807 0.702 8.112 1.550 0.651 0.000

0.826 0.719 7.552 1.526 0.522 0.000

0.850 0.739 6.920 1.497 0.373 0.000

0.880 0.765 6.223 1.463 0.203 0.000

0.917 0.797 5.475 1.421 0.015 0.000

0.963 0.837 4.697 1.374 -0.189 0.189

1.021 0.888 3.913 1.319 -0.405 0.405

1.093 0.951 3.156 1.259 -0.626 0.626

1.184 1.029 2.455 1.192 -0.846 0.846

1.297 1.128 1.840 1.121 -1.055 1.055

1.438 1.251 1.330 1.046 -1.248 1.248

1.615 1.404 0.932 0.969 -1.419 1.419

1.836 1.596 0.638 0.893 -1.567 1.567

2.112 1.836 0.431 0.818 -1.693 1.693

2.457 2.137 0.292 0.746 -1.799 1.799

2.888 2.512 0.199 0.678 -1.889 1.889

3.428 2.981 0.139 0.614 -1.967 1.967

4.065 3.534 0.100 0.557 -2.032 2.032

4.907 4.267 0.072 0.501 -2.094 2.094

5.960 5.183 0.053 0.449 -2.150 2.150

7.277 6.328 0.039 0.400 -2.202 2.202

8.922 7.759 0.029 0.355 -2.250 2.250

10.979 9.547 0.022 0.312 -2.294 2.294

11.637 10.120 0.020 0.300 -2.306 2.306

25.709 22.355 0.010 0.155 -2.436 2.436

33.851 29.436 0.005 0.119 -2.478 2.478

Table 4. Isentrope for bulk emulsion explosive (Vixen_i) Density 1.15
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volume above unity is associated with the increase 
in blasthole volume V cm3, and the delivered  
energy E kJ is given by the change in internal  
energy with this expansion, then from Eq (1),  
the progressive efficiency Ev (cm3/kJ) can be  
obtained from the explosive isentrope at each point  
of expansion. 
 From Eq (3), if Ev is divided by rock resistance 
σ, this provides a value for Ψ without reference to 
rock density. Because the tabled values are derived 
from the isentrope, they are designated as Ψisen.

3.4	 Ψdens from densities

Confinement density is essentially constant, but  
explosive product density falls rapidly with hole  
expansion. As expansion continues, Ψdens increases  
according to Eq (3) and as shown in Figure 2. Thus 
for each value of specific volume on the isentrope, 
a value of Ψdens applies.
 As stated above, it is reasonable to propose  
that the chamber is fully formed when the rising 
values of Ψdens converge with the falling values 
of Ψisen, since the energy available from the  
explosive then matches the resistance of the rock. 
This is the basis for estimating cavity expansion in 
detonation, as described in detail below.

3.5 Assumptions: Cavity expansion under  
 detonation

As in all rock blasting scenarios, simplifying 
assumptions need to be defined in order to 
understand the limitations of the model.
 (a) The explosive reacts completely.
 (b) Reaction is complete close to the Sonic  
  Locus (i.e. near-ideal detonation).
 (c) All expansion is radial, not axial - i.e. there  
  is no venting through stemming.
 (d) There are no open cracks through which  
  gases can instantaneously exit.
 (e) The charge is fully coupled.
 (f) As the density of the explosive products  
  drops below the density of the explosive,  
  radial expansion of the blasthole wall  
  commences. 
 (g) The shock driven, non-elastic expansion  
  terminates when the terms of Eq (3) are  
  satisfied, i.e. Ψisen = Ψdens. 

Figure 4 shows the convergence of Ψ values from 
isentrope and density estimation for an emulsion  
explosive-rock system in two different rock 

strengths: 80MPa and 200MPa. The same density 
applies for each rock, so there is only one curve 
of Ψdens. The limits of expansion are where the 
Ψisen and Ψdens curves intersect, defining the end 
of the Shock phase and the maximum expanded 
hole diameter. As expected, the weaker rock  
expands more, leaving less energy over for so called 
‘gas energy’ processes like movement.

Figure 4. Effect of rock strength on maximum expanded 
diameter. Weaker rock expands 30% more.

Figure 5 adopts the 200MPa rock and compares the 
results of blasting this with emulsion and ANFO. 
ANFO operates from a lower pressure than the 
emulsion, so reaches the limit of expansion sooner. 
Hole expansion is thus less. 

Figure 5. In same rock, ANFO cavity diameter is 16% less 
than Emulsion.

4. APPLICATION TO BLASTING

The key contribution to blast engineering 
brought by this model is a much improved ability  



to quantify how energy is dissipated, leading to  
improved efficiency, cost and control over results. 
The past decade has seen increasing awareness that 
the energy sinks of blasting are poorly understood, 
with general acknowledgement that not more than 
50% of explosives energy could be accounted 
for by working backwards from visible blasting  
results, namely: fragmentation, movement, and 
stress waves (Spathis 1999 & Ouchterlony et al. 
2003).
 It is hereby proposed that the missing element 
has been that of cavity expansion energy, which is 
easy to overlook, because the inelastic expansion 
of the blasthole is seldom seen: blasting, by its  
nature, removes the blasthole. However, this  
process is highly absorbent of energy, a fact  
strongly supported by cavity expansion analysis 
(where kinetic energy alone creates consistent  
non-elastic volume per unit of energy), and by broad 
evidence that blastholes detonated in the solid for 
‘springing’ purposes generally double in volume 
(which ties in with cavity expansion theory). There 
are many references for this, e.g. Persen (1975), 
and a quote from Langefors and Kihlström (1974) 
for blasting in the solid – “The drill hole has been 
slightly widened to normally less than double the 
diameter by crushing and plastic deformation.”

4.1 Conventional energy considerations

Previously, attempts to partition energy have  
assumed elastic rock response, which uses little  
energy and, by definition, absorbs none. Calculations 
of ‘Shock Energy’ based on elastic response 
have therefore grossly underestimated the shock 
component, typically estimating it at between 20 
and 30% of total energy. For example, from Lownds’ 
classic paper of (1986) Table 1 gives calculated  
behaviour for ANFO based on elastic response. 
 The Equilibrium Pressure is the mythical  
pressure at which elastic equilibrium is attained 
between the explosive gases and the resistance 
of the rock. Lownds admits in his paper that “the  
assumptions of linear elastic response of the  
blasted medium are invalid”, and suggests  
that the figures indicate “a lower limit for the  
energy delivered to the rock during the early  
(Brisance) stage”.  
 The subsequent discussion nevertheless  
derives Blasting Strength Value, made up of ‘Total 
Energy’ less ‘Brisance Energy’ (i.e., all the shock 
energy) and ‘Lost Energy’ (below the ‘Escape  
Pressure’). 
 It is instructive to compare the results of CEA 
to Table 1. Table 2 is an attempt to do this, although 
strict comparison is impossible. The use of UCS  
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Rock Elastic 
Modulus(GPa)

Equilibrium 
Pressure (MPa)

Tangential Strain: 
%, 

(Rel. diameter)

Escape  
Pressure (MPa)

Very soft 5 860 22 (1.22) 40
Soft 15 1270 11 (1.11) 73

Medium 50 1650 4.1 (1.04) 140
Hard 140 1860 1.7 (1.07) 240

Table 1. from Lownds. Effect of rock brittleness on calculated response to ANFO detonation.

Rock UCS (MPa) Final Cavity  
Pressure 
(MPa)

Lownds Escape 
Pressure (MPa)

Cavity  
Relative 
diameter

Shock 
Energy%

Remnant 
Energy %

Very soft 10 10 40 5.2 80 20
Soft 50 56 73 2.8 65 35

Medium 120 167 140 1.9 53 47
Hard 300 510 240 1.4 37 63

Table 2. from CEA. Effect of rock strength on calculated response to ANFO detonation.
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is a better starting point than Elastic Modulus, as 
the former is an indication of the end of elastic  
behaviour. 
‘Escape Pressure’ in Table 1 is extracted and 
compared in Table 2 with ‘Final Cavity Pressure’: 
CEA indicates that expansion energy continues 
to do work below the cut-off pressure estimate  
derived for elastic rock. Energy ignored by the  
elastic model is thus seen by CEA as important.
 Table 2 shows the energy consumed in  
expansion as a percentage of the total available  
energy of reaction (which can be more truly  
considered as ‘Shock’ Energy), and the ‘Remnant  
Energy’, which is the percentage remaining,  
divided between accelerating the rock mass (with 
or without additional fragmentation) and energy 
lost to venting/retained heat. There is no easy way 
of apportioning the ‘lost’ energy, since it is so  
dependant on conditions.
 Escape Pressure’ in Table 1 is extracted and 
compared in Table 2 with ‘Final Cavity Pressure’: 
CEA indicates that expansion energy continues 
to do work below the cut-off pressure estimate  
derived for elastic rock. Energy ignored by the  
elastic model is thus seen by CEA as important.
 Table 2 shows the energy consumed in  
expansion as a percentage of the total available 
energy of reaction (which can be more truly  
considered as ‘Shock’ Energy), and the ‘Remnant  
Energy’, which is the percentage remaining,  
divided between accelerating the rock mass (with 
or without additional fragmentation) and energy 
lost to venting/retained heat. There is no easy way 
of apportioning the ‘lost’ energy, since it is so  
dependant on conditions.

Figure 6. Differences in estimates of pressure at maximum 
hole distension, for rock types from very soft to hard.

The key comparative parameters are charted 
in Figure 6, indicating the radical difference in  
adopting the CEA approach. Associated with the 
relative rigidity of the walls, the Elastic Model  
expects a peak equilibrium pressure for very 
soft rock orders of magnitude greater than the 
CEA model (860MPa vs 10 MPa). Comparing 
CEA chamber diameter with maximum elastic  
expansion, the output is reversed: weak rock  
results in huge chambering, over five times the  
original diameter, whereas the elastic response  
model indicates a mere 22% increase. Figure 7 
portrays the functional difference in so called  
‘Medium’ rock.

Figure 7. Cross section through blasthole detonation 
comparing elastic expansion and Cavity expansion models for 
medium strength rock at end of ‘Shock’ phase. 

 While the calculated elastic expansion has long 
been recognized as incorrect, it has nevertheless 
been retained for blasting calculations, and has 
badly distorted estimates of energy partitioning.  



Expanded hole diameters are frequently encountered, 
either in the solid, or in the unbroken sockets at 
the foot of a shot blast, so it is hard to contest the 
validity of the Cavity Expansion Analysis approach, 
and its implications can now be considered.

4.2 Energy partitioning

If maximum distension defines the end of shock  
energy, the remnant available energy is the 
difference between this and the internal energy at 
100 kPa, a point given by the isentrope (although the 
precision of the isentrope is compromised for water 
containing explosives at low pressure, because the 
water from the reaction begins to condense, losing 
volume but releasing latent heat). 
 Figure 8 shows the energy release with hole 
expansion for ANFO and an emulsion explosive, 
in 200 MPa rock. The ANFO shock expansion 
terminates at a smaller diameter, but more energy is 
available for subsequent processes. Thus emulsions 
can be expected to produce shorter cracks but 
with more intensive softening of the rock. ANFO 
will tend to deliver more flyrock and movement,  
depending on containment.

4.2.1 Shock phase

For any given explosive, Shock Energy is 
dependant only on the rock strength, as expansion 
is very rapid, usually completing in well under 100  
microseconds. The key effect on the rock is the  
generation of a strong seismic wave which  
increases the micro-crack intensity close to the 
hole, softening the body of rock, and creating  
reflection fractures from nearby open cracks or 
free faces. This explains the well documented  
phenomenon whereby hard rock becomes easier 
to grind with higher powder factors, as reported 
by Nielsen (1996) and Eloranta (1997). Where the  

correlation has not been found, as in Katsabanis et 
al. (2003), the reason can be tracked to small scale 
trials with decoupled charges which fail to exceed 
the threshold cavity expansion conditions.
 Of course if the detonation is highly non-
Ideal (and therefore takes significant time to 
complete behind the sonic locus), and/or the rock  
medium is intersected by cavities or open joints  
(as is particularly likely close to a free face), 
then hole expansion might be truncated through  
premature release of the detonation products 
into voids. This would result in reduced shock  
conditioning of the rock, and reduced levels of  
vibration. 

Figure 8. Limit of hole expansion and  commencement of 
remnant energy phase.

This explains the differences in opinion on 
whether larger burdens cause increased ground 
vibration. While it is generally accepted that  
overburdening a shot leads to increased  
vibration, Brent et al (2001) claim to have found  
no relationship between burden and vibration. 
Both parties are correct: when holes are drilled in 
the solid, away from a free face, maximum shock 
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Table 3 –  Potential heave velocities from Remnant Energy.

Hole diameter: 250mm     Explosive: ANFO
Powder Factor: 0.56 kg/m3     Burden x Spacing: 7m x 8m

UCS MPa: 10 50 100 200
Shock Energy, MJ/m3 1.70 1.39 1.2 0.97

Remnant Energy MJ/m3 0.10 0.41 0.60 0.83
End cavity pressure MPa 10 56 126 293

Face velocity m/s 8.4 17 21 24
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energy transmission is created. However, near a 
free face the ground is usually relaxed, with open 
joints and weakened rock mass resulting from the 
previous blasting. In the latter case, the reaction of 
the ground around a blasthole is likely to reduce 
the transmission of shock. It is thus the condition 
of the ground rather than the extent of the burden 
which determines whether vibration increases with 
increasing burden.
 An extreme example to consider is that of  
lay-on charges of explosive, the influence of  
detonation velocity on the effectiveness on these, 
and the influence of increasing layers of mud to 
confine the energy. As would be expected, even 
quite thin layers of mud increase the ability of the 
charge to break a boulder, and high VoD explosives 
are certainly more effective as lay-on charges, 
but VoD is relatively unimportant in ‘pop’ holes.  
These examples witness to the need for  
containment being highly dependent on the  
reaction rate of the explosive, showing that shock 
effects are only susceptible to containment when 
the explosive reaction is slow enough for initial  
reaction to be affected by it. 

4.2.2 Remnant energy

Remnant energy is ‘Squeezable’ - it takes the form 
of medium to low pressure gas, which seeks the 
line of least resistance. It opens incipient cracks,  
penetrating and propagating the longer ones toward 
any free face, and if the burden is liberated, the 
gases propel the rock at a velocity dependant on the 
energy per ton of rock, shearing it as geometry and 
timing permit. 
 If the burden cannot move easily, the hole will 
burst upwards, and will vent if this is possible.  
Although this looks very energetic, it only requires 
a small proportion of the total chemical energy of 
the explosive.
 Table 3 indicates the theoretical face velocities 
for ANFO at a powder factor of 0.56 kg/m3 in  
various rock strengths, assuming (a) there is no 
venting, (b) the burden can move freely. These  
velocities are higher than are likely to be measured, 
but it is significant that they are derived from  
energy release well below the commonly quoted 
cut-off pressures of 100 MPa and 20 MPa. This 
is a dramatic illustration of just how little energy  
is taken up in the visible effects of blasting.
 Common wisdom expects that detonation  
gases cease useful work once any crack reaches 

the surface. Simple calculations put the pressure 
at this stage to be between 20 and 100MPa, but  
inspection of high speed films indicates that the 
face often moves quite long after detonation of 
the hole, but well before venting is evident at the 
face or bench surface. This would indicate that the  
relatively low pressure energy is more important 
than has been previously considered. 
 An important corollary of the CEA model is 
that propellant explosives, which usually do not 
reach the threshold pressure for cavity expansion, 
will not condition the rock as fracture explosives 
do. All the energy from propellants is ‘Squeezable’, 
thus dependant on confinement for effective 
work on the rock, so the cracks will be few and 
long. Rock fragments remaining after propellant  
blasting will not have been subjected to softening 
by the cavity expansion process, so will be more 
difficult to crush, and will wear less if used, for  
example, as Armour Stone.
 Fourney (2006) confirms the above. He  
mentions that detonating high explosives in the 
solid results in a remnant ‘Stress Cage’ around the 
hole after blasting, which inhibits the subsequent 
development of long cracks. Lower pressure pulses 
which arise from decoupled charges or propellants 
are able to create long cracks, as they do not expand 
the hole or create the stress cage.

5. FIELD CONFIRMATION

Good data sets require reasonably full  
descriptions of not only the blasting results, but also 
the explosive characteristics and rock conditions.  
A superb such set is provided in a paper by Persson 
et al. (1969) in which the same tightly controlled, 
near-ideal explosive, was detonated in single holes, 
in consistent granite, with hole diameters ranging 
from the explosive charge diameter to four times 
this diameter. Several shots were fired in each  
coupling, and measured results included the  
maximum (critical) burden, the expansion of the 
hole and the movement of the rock. The purpose of 
these tests was not to observe blasthole expansion, 
so there is no treatment of the data related to this.
 Figure 9 compares the measured blasthole  
expansion versus explosive coupling against the 
estimate from the CEA model. The data set was 
obtained after the CEA model had been formulated 
and no attempt was made to improve the model 
on the basis of the set. There is the normal degree 



ofscatter for the measured data, but the mean values 
are satisfyingly close to what has been modelled.

Figure 9: Measured and modelled blasthole expansion.

The effect of coupling on movement is  
estimated in the paper by the approximate centre  
of gravity of the thrown rock.
 This is shown in Figure 10, for a 0.35 m burden, 
with a line showing the relative face velocities as 
modelled. The close fit of slopes for the measured 
and modelled movement is encouraging. In the 
tests, movement was also achieved for coupling 
of 41%, but the CEA model estimates that there 
would be no plastic expansion of the hole at this 
level of decoupling, and is unable to estimate a face  
velocity for this condition. However the important 
confirmation for this model is that it correctly shows 
increased movement for a decoupled explosive.

Figure 10: Cavity Expansion blasting model: face 
velocity parallels - Persson et al. data for increased 
 throw with decoupled charges.

6. CONCLUSIONS

It has been known for a long time that the  
conventional Lownds model (1986) for  

evaluating reaction of rock to detonation is  
inadequate, but for lack of something better, this  
is what has been in common use for explaining  
the partitioning of energy and estimating  
blasting effects. The present work harnesses 
the realization that through military and civil 
engineering disciplines, a framework already 
exists for understanding the real behaviour of  
blastholes under detonation pressure. The CEA 
(Cavity Expansion Analysis) route points to a  
radically improved understanding or how explosive 
energy is deployed:
– Shock Energy in rock has been defined use 

fully for the first time, and can be checked  
and calibrated by actual measurements in  
fully confined holes (no free face).

– Shock energy is a much higher portion of  
explosive energy than previously estimated,  
and is somewhat akin to Gurney energy, albeit  
the latter is relevant to detonation in thin  
copper tubes, so is significantly affected by  
Non-Ideal detonation. Low VoD detonations  
in confined rock will not necessarily create  
smaller cavities, depending on confinement and  
how quickly reaction completes behind the  
sonic locus.

– The Remnant Energy is functional at much  
lower pressures than previously estimated, and  
its effects depend strongly on such issues as  
effectiveness of stemming and whether open  
joints and cavities exist in the rock mass.

– The full chemical energy of detonation can now  
be accounted for, whereas before at least 50%  
could not be traced. 

– The Shock Phase is largely responsible for  
the stress waves generated from blasting,  
although most of the shock energy is consumed  
in non-elastic distortion of the rock when  
expanding the hole. 

– The shock wave creates extensive softening of  
the rock mass near the blasthole, owing to the  
creation and extension of microcracks.

– Mechanisms such as extension of long cracks,  
acceleration of the rock mass and secondary  
fragmentation by shear and impact are minor  
sinks of energy which develop depending on  
the preferential release of low pressure gas  
during the Remnant Energy dissipation. They  
are thus highly dependent on good stemming  
and adequate burden.
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 Much lies ahead in terms of refining and 
applying the concept, but the fundamental change 
in understanding represents a major advance.
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1. INTRODUCTION

There has been considerable interest of late in 
combining blasting operations with crushing and 
grinding operations to arrive at a more realistic 
cost assessment of the overall mining operation. 
The traditional practice has been to treat these as 
unit operations with little bearing on each other.  
However, it has been shown that for an effective 
evaluation of the overall cost of mineral liberation, 
each step in the process and their inter-relationship 
has to be taken into account. Eloranta (1995) 
showed a strong correlation between increased 
powder factor and decreased power used by 
the crusher in hard taconite ore. Moodley et al 
(1996) carried out full-scale blasting studies in a 
quarry environment  and showed that there was a 
significant decrease in required crusher power with 
decreased fragment size. In a series of both field 
and laboratory studies, Nielsen and Kristiansen 

(1996) found that use of larger borehole diameter 
employing the same explosive yielded more fines 
after blasting and crushing, and increase of poder 
factor employing the same explosive improved 
both crushability and grindability. Kanchibotla 
(2000) carried out a detailed cost simulation study 
for each of the processes, from drilling and blasting 
to crushing, grinding, milling and final liberation of 
mineral, and predicted a 36% improvement in the 
overall cost when the drilling and blasting cost was 
increased only by 14%. Of course at higher values 
for the latter, the improvement was less dramatic, as 
would be expected. 
 Since then a number of workers have pursued 
the subject both in the laboratory (Katsabanis et al, 
2003a, 2003b) and field studies (Paley and Kojovic, 
2001; Workman and Eloranta, 2003; Moser et al, 
2003). All work to date have shown, albeit to varying 
degrees, the strong link between blasting parameters 

ABSTRACT: The study investigates the evolution of micro-structure in two granodiorite and limestone 
rocks as a result of controlled blasting in laboratory-scale. Micro-structure is represented by both inter-
granular boundaries and inherent micro-cracks present in the rock matrix. Detonating cords of varying 
strength served as the explosive source. Advanced fracture mapping techniques were used to study the 
evolution of micro-crack growth. It showed that for a powder factor of 1.0 kg/cu.m, there was nearly a 
140% increase in micro-crack density between un-blasted and blasted samples of granodiorite. For the 
much weaker limestone, the corresponding increase was over 300% even with a powder factor of only 0.5 
kg/m. The findings have important implications in linking blasting costs with downstream processes such 
as crushing, grinding and milling costs, and in improving the overall mining operation.

Vienna Conference Proceedings 2007, P. Moser et al.
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and the various down-stream size reduction 
processes involved in mine operations. Since the 
latter processes, i.e. grinding and milling, involve 
very small sizes, an increase in the rock fracture 
process at the micro-level should lead to higher 
efficiency in these operations (McCarter, 1996). 
Under dynamic loading conditions such as explosive 
action on rock, crack growth and propagation that 
lead to its fragmentation, largely originate from the 
pre-existing micro-fracture characteristics of the 
target rock. Thus, a comparison between pre-blast 
and post-blast micro-fracture characteristics, all 
other factors remaining unchanged, should yield a 
direct measure of the blasting efficiency, and is the 
subject of this study. 

2. LABORATORY-SCALE EXPERIMENTS

A coarse grained granodiorite and a fine-grained 
limestone were chosen for this study. The average 
grain size for the former was 4mm. The one parameter 
that can be varied accurately in such studies is the 
amount of explosive used to blast the rock samples. 
This can be expressed as either the Powder Factor 
(i.e. kg of explosives per cu. m. of rock) or more 
accurately, by the Energy Density (i.e. MJ of 
explosive energy per cu.m. of rock). In this study, 
the Powder Factor (PF) was chosen as the measure 
of varying explosive loading. However, since the 
same explosive type (i.e. PETN in a detonating cord 
of varying strength) was employed in this study, 
the PF index is analogous to the energy density. 
Variation in the latter was achieved by loading of 
detonating cord in multiple holes drilled into blocks 
of rocks. The latter ranged up to 93x35x20.5 cm 
in size. Explosive loading was limited to prevent 
extensive shattering of the blocks (Katsabanis et al, 
2003). The normal coupling medium between the 
explosive and the borehole wall was water. 

2.1 Image analysis of micro-cracks

Thin sections of each rock type were prepared for 
microscopic analysis for both blasted and un-blasted 
samples. These were picked along two orthogonal 
planes of the rock samples, designated as ‘front’ 
and ‘side’ to yield an average value for the rock in 
question. A quantitative analysis of micro-cracks 
was carried out on digital images of petrographic 
thin sections captured with a video camera mounted 
on a standard petrographic microscope. The whole 
process thus consisted of the following stages: 

image acquisition, image pre-processing, micro-
cracks and grain boundary tracing, measurements 
with automated image analysis programs, intercept, 
and data analysis.  
 Image capture and analysis of micro-structure in 
rocks is a complex process (Nasseri et al, 2005). It 
involves capturing of images from the thin sections 
(3cm x 2cm) observed through a video camera 
attached over a standard polarizing petrographic 
microscope. More than 30 digital images (72 x 
72 dpi each) from each thin section were captured 
to construct a mosaic. The mosaics for each 
section were assembled with the graphic program 
CorelDraw. In CorelDraw, two images were drawn, 
in two separate layers, by tracing the photographic 
mosaic and cross-checking on the petrographic 
thin section at the same time. One layer was of 
the cracks, both inter-granular and intra-granular, 
that were visible in thin section. The other layer 
contained a drawing of all identified grains, each 
grain being defined by its closed sectional boundary 
and each such closed contour filled with a colour 
corresponding to the mineral identity of the grain.
 The attached figures show examples of the 
resulting images, with the ‘grain layer’ and the 
‘crack layer’ superimposed. These two layers are 
then each converted into a bitmap image in TIFF 
format. For proper analysis by the image analysis 
programs, the size of the final image has to be less 
than 2 Mb.
 The TIFF image of the ‘crack layer’ was 
analysed by the ‘Intercept method’ (Launeau and 
Robin, 1996). The intercept method calculates 
parameters such as boundary lengths, densities, 
orientation distribution, etc., by scanning the image 
along sets of parallel lines, successively oriented 
over a 180º span, and counting the number of 
boundaries intercepted by these lines.  The average 
fracture density, in cm/cm2, is calculated by simple 
arithmetic averaging of the densities obtained along 
two orthogonal planes.

3. RESULTS

The nature of micro-crack for the granodiorite 
samples in its un-blasted state is shown in Figs. 1a 
and 1b respectively, for the two orthogonal planes. 
The latter are designated as ‘side’ and ‘front’.
 As can be seen, the grain size in this rock is 
relatively large and averages ~4 mm. On the ‘side’ 
section, there are only a few and randomly oriented 
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micro-cracks shown as dark lines. The same rock 
type however exhibits numerous microcracks along 
an orthogonal plane as shown in Fig. 1b. These 
cracks also appear to have a preferred orientation 
and are largely intra-granular in both feldspar and 
quartz grains.

Figure 1a.

Figure 1b.

Figure 1. Nature of micro-structure (grains and micro-
cracks) in the Granodiorite sample in its unblasted state 
(side: a; front: b).

 For the identical orientation (side), the nature 
of micro-crack evolution for two Powder Factor 
(0.5 kg and 1.0 /cu.m) is shown in Figs 2a and 2b 
respectively. It can be seen that there is a significant 
increase in micro-crack density for both cases 
compared to the un-blasted case. There is also a 
significant increase in micro-crack density when 
the explosive charge is increased from 0.5 kg/cu.m 
to1.0 kg/cu.m. In contrast, the change in micro-
crack density for the ‘front’ orientation between 
un-blasted and blasted state (i.e. with a Pf = 0.5 kg/
cu.m) is less discernible (compare Fig, 2b with Fig. 
1b). However, when the explosive charge weight is 
increased to 1.0 kg/cu.m, the micro-crack density 
is shown to increase significantly over that of the 
un-blasted state (Fig. 3a and Fig 3b). This is clearly 
evident when one compares Fig. 3b with Fig.1b.

Figure 2a.
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Figure 2b. 

Figure 2.  Nature of micro-structure in Granodiorite (side) 
in its blasted state with two Powder Factors (kg/cu.m) ; 
(a): PF = 0.5, and (b): PF = 1,0.

 The anomaly with the lower PF can be explained 
by the much higher micro-crack density observed in 
the rock sample charge even in the un-blasted state 
along the ‘front’ orientation compared to the ‘side’. 
Unless there was a dramatic increase in the micro-
crack density distribution through use of much larger 
explosive charge, the change with a lower charge 
is likely to masked, as seen in this example. These 
observations are summarised in Table 1. By averaging 
the micro-crack density values along the two planes, 
it is clearly seen that with a Powder Factor of 1.0 kg/
cu.m, the micro-crack density in the granodiorite rock 
sample increases by nearly 140% over that of an un-
blasted sample. 
 The anomaly with the lower PF can be explained 
by the much higher micro-crack density observed in 
the rock sample charge even in the un-blasted state 
along the ‘front’ orientation compared to the ‘side’. 
Unless there was a dramatic increase in the micro-
crack density distribution through use of much larger 
explosive charge, the change with a lower charge 
is likely to masked, as seen in this example. These 
observations are summarised in Table 1. By averaging 
the micro-crack density values along the two planes, 
it is clearly seen that with a Powder Factor of 1.0 kg/
cu.m, the micro-crack density in the granodiorite rock 

sample increases by nearly 140% over that of an un-
blasted sample. 

Figure 3a.

Figure 3b.

Figure 3. Nature of micro-structure in Granodiorite (front) 
in its blasted state with two Powder Factors (kg/cu.m);  
(a): PF = 0.5;  (b): PF =  1.0.
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Figure 4a.

Figure 4b.

Figure 4.  Nature of micro-structure in the Limestone rock 
sample in its un-blasted (a) and blasted state (b) with a 
Powder Factor: 0.5 kg/cu.m.

Rock Type Planes Un-blasted Fracture 
density(cm/cm2)

Blasted (PF=0.5) Fracture 
density (cm/cm2)

Blasted (PF=1.0) Fracture 
density (cm/cm2)

Granodiorite
 Side 0.78 0.99 5.3
Front 3.00          2.45 3.72

Average 1.89 1.72 4.51

Rock Type Planes Un-blasted Fracture density (cm/cm2)   Blasted (PF=0.5) Fracture density 
(cm/cm2)

Limestone Side 1.88 5.0
Front 1.74 7.9

Average 1.81 6.45

Table 1. Comparison of micro-fracture density in granodiorite rock sample for varying Powder Factors (kg of 
explosive/cu.m. of rock) along two orthogonal planes.

* Planes are arbitrarily named 

Table 2. Comparison of micro-fracture density in Limestone rock sample between blasted and un-blasted state for a 
Powder Factor of 0.5 (kg/cu.m) along two orthogonal planes.

* Planes are arbitrarily named 
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 The results with the Limestone rock sample 
confirm the above findings. Fig.  4a and 4b show the 
micro-structure in thin sections for un-blasted and 
blasted samples. The Powder Factor employed in 
this case was 0.5 kg/cu.m. The light coloured bands 
in Fig. 4a represent mineralized veins; the sample is 
nearly devoid of any micro-cracks. However, when 
the sample is subjected to explosive loading, large 
failure planes result as shown by the dark bands 
in Fig. 4b. Because of its much lower strength 
compared to the granodiorite rock, a low Powder 
Factor was sufficient to cause extensive cracking 
in the sample. The results are summarized in Table 
2. They show that there is over 300% increase in 
micro-crack density in this Limestone rock when 
subjected to blasting with a PF of 0.5 kg/cu.m. 
compared to the un-blasted sample.

4. DISCUSSION AND CONCLUSIONS

The two rock types show significantly different 
micro-fracture characteristics, both before and after 
the blast. The Limestone rock is clearly weaker. 
The micro-fracture density not only increased 
by more than 300% for the blasted. sample, but 
microscopic analysis showed much wider cracks 
than observed in the granodiorite sample. However, 
compared to the former, the latter showed very 
pronounced anisotropy in micro-fracture density. In 
fact, with a Powder Factor of 0.5 there appeared to 
be no change in the growth of micro-fractures in 
this rock. The corresponding value with a Powder 
Factor of 1.0, there was a ~25% increase in the same 
parameter, even on the plane which had shown a 
very high level of micro-fracture density. Overall, 
the increase in micro-fracture density with a PF of 
1.0 in granodiorite amounted to 140%. 
 This study shows the importance of characterizing 
the microstructure of target rocks as fully as 
possible to avoid misleading results. For a proper 
assessment of the micro-crack density evolution 
in blasted rock, the inherent statistical variation 
in the basic rock properties must be determined 
before making definite correlations between PF and 
micro-fracture density. This would be especially 
true for the more common inhomogeneous rocks 
than studied in this investigation. In the discussion 
under micro-structure in this study, only the obvious 
micro-cracks have been dealt with, and considered 
synonymous with micro-structure in general. The 
latter also involves grain size distribution, their 

orientation as well as the inter-granular boundaries, 
all of which may also play a role in the evolution of 
enhanced micro-crack density leading to improved 
crushing and grinding efficiency. It should also be 
noted that there are other restrictions to increasing 
the explosive load as it may result in other major 
detrimental effects such as excessive fines (Moser 
et al, 2003) and blast vibrations and noise. There 
are also major uncertainties in ascertaining the 
explosive energy used in resulting fragmentation in 
a blast (Ouchterlony et al, 2003). In actual multi-
hole production blasts, several other factors come 
into play such as geological structure, explosive 
intiation modes and timing. Even in laboratory-
scale blasting experiments Katsabanis et al (2003) 
have shown that the delay interval may play 
an important role in determining the post-blast 
strength and seismic properties of a target rock 
sample, indicative of the creation of additional 
damage in the rock which might lead to improved 
grinding efficiency. Despite these reservations, 
this study has shown that is possible to quantify 
the damage to rock due to blasting in the micro-
scale, which would be a necessary step towards a 
better understanding of the link between micro-
crack creation and improved crushing, grinding and 
milling processes in a mining operation.
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1. INTRODUCTION

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

porphyritic diorite. Recently a doubling of the 
production has been commissioned, including a 
new mill. 
 Optimization of the fragmentation and 
comminution in order to improve mill throughput is 
a long standing goal at Aitik (Berggren et al. 2000, 
Viklund et al. 2003, Bergman 2005). One part of 
Bergman’s work focused on dividing the mine into 
blasting domains, based on the throughput in the 

ABSTRACT: The Boliden Mineral’s Aitik mine strives to increase the throughput of the primary mills, which 
requires a better understanding of the blast fragmentation. This article describes detailed fragmentation 
monitoring work of round, 4141-2. Structural mapping and core drilling, drilling and charging monitoring, 
VOD-measurements and blast filming were made. The blast fragmentation on the trucks was monitored 
automatically with Split Online and manually with Split Desktop. Four barrel samples were sieved to obtain 
the fines part of the fragment size distribution. 
 The Desktop images had to be edited to avoid fragment splitting and merging errors. The Online images 
contained errors of many kinds and seem to be sensitive to light conditions; measured fragmentation during 
night-time was about 50% finer than during daytime. The data appear to be log-normally distributed. 
The average fragment size x50 became either 171±108 mm (Online) or 458±175 mm (Desktop) and the 
correlation between the online and desktop data is virtually non-existent. Suggestions are also made how to 
improve the quality of the data. At the end, a complete fragment size distribution down to 0,2 mm for round 
4141-2 is constructed by the use of the x50- and x80-values from Split Online and Desktop and the sieved 
samples, using the Swebrec function.
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primary AG mills so that the blast design could 
be adjusted to maximum throughput. The CZM 
blasting model (Kanchibotla et al. 1999), an in-
house crusher model and imaging software (Split 
Online) were used as part of the work. The MineStar 
system was used to keep track of the ore. 
 Five suitable production rounds with a 35 % 
higher specific charge were monitored; yielding a 
model based expected finer fragmentation of 15-18 
% based on the x60-value of the crusher product. 
The change in AG mill throughput lay in the range 
-3 to 22 %, with an average increase of 8 %. The 
two rounds blasted in the domain where the largest 
increase in mill throughput was expected gave 
the highest increases, 14 and 22 % respectively. 
Bergman’s (2005) conclusion was that a finer 
fragmentation generally gives a higher throughput 
but before an optimal change in fragmentation can 
be calculated, further investigations need to be 
done to ensure the relationships; more trial blasts 
are needed. For the development of the blast and 
the crusher model the fragment size measurements 
have to be more reliable.
 The work presented here is part of Swebrec’s 
project Model for bench blasting and crushing in 
open cast mining, which as a long range goal has 
to increase the mill throughput. In blasting models 
(Cunningham 1983, Kanchibotla et al. 1999), the 
rock mass factor A is by far the most variable 
parameter. In some preliminary work, stereo-
photogrammetry (Gaich et al. 2004) was used to 
map the blast faces and to obtain structural in-data 
for an A-calculation (Nyberg 2005). 
 This paper describes the extensive monitoring of 
production blast 4141-2, shot June 28th, 2005. The 

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

2. ROUND 4141-2

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Diam. No. of Planned Range
Mean±std. 

dev

mm holes m m m

311 19 6.0 4.8 - 8.4 6.7±0.9

127+152 68 5.0/3.0 2.6 - 8.8 5.4±1.5

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

3. FRAGMENTATION MONITORING

3.1 General description

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

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

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

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

 Split Desktop is a stand alone, PC-based system 

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

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

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

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

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

3.2 Numerical comparison of Split Desktop and 
Split Online data

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

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

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

Quantity Minimum Maximum
Arithmetic
mean ± std 

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

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

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

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

Camera 1 2 3 4 1-4

No.  
of sets 290 46 166 0 502

x20 25±  31 25±  39 9±  20 - 20±  29

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

x80 633±195 735±213 511±216 - 602±215

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

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

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

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

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

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

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

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

 (1a)

 (1b)

Quantity Minimum Maximum Arithmetic
mean ± std dev. Split average

x20   22   294 119 ±   62    80

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

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

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

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

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

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

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

3.3 The fragment size distribution of round 4141-2 

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

Barrel 1 2 3 4 Ave. 1-4

Mesh Passing Passing Passing Passing Passing

mm % % % % %

250 100.0 100.0 100.0 100.0 100.0

180 89.1 91.0 71.3 97.2 86.9

125 79.3 83.2 47.7 89.9 74.7

90 69.0 69.3 38.4 81.6 64.1

63 59.0 58.0 30.5 72.0 54.4

45 50.9 50.0 25.3 63.8 47.1

31.5 43.6 41.5 20.2 55.3 39.8

22.4 36.9 34.6 16.7 47.2 33.5

16 31.7 29.1 14.3 40.8 28.7

11.2 29.5 25.8 12.3 36.9 25.8

8 27.0 22.9 11.0 32.9 23.2

5.6 24.4 20.0 9.9 29.4 20.7

4 22.3 17.9 9.1 25.9 18.6

2 19.7 15.7 8.1 21.9 16.2

1 17.7 14.3 7.4 19.2 14.5

0.5 16.2 13.0 6.7 17.1 13.1

0.25 13.3 9.7 5.4 13.7 10.4

0.125 7.2 4.4 2.7 7.3 5.3

0.063 3.7 2.2 1.4 3.7 2.7

0 0.0 0.0 0.0 0.0 0.0

Mass, kg 350.3 367.9 358.5 322.9 1399.6

Max, mm 200 235 245 185 245

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

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

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

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

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

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

0,75

mm mm % mm mm 1/mm0.25

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

Online 170 600 43.7 175 2922 2.462 0.9987 0.060

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

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

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

Figure 18. Comparison of crusher feeds and product.

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

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

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

4. CONCLUSION AND DISCUSSION 

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

 (3a)

 (3a)

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

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

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

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

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

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

J.A. Sanchidrián, P. Segarra & L.M. López
Universidad Politécnica de Madrid – E.T.S.I. Minas, Madrid, Spain

1.	 INTRODUCTION

The energy released in the chemical reaction of 
the explosive, in the form of internal and kinetic 
energy of the detonation products, is transferred 
to the surrounding rock by means of the shock 
wave and gas flow which drive the seismic wave, 
the rock fragmentation and ultimately the rock 
movement. The magnitude of the energy available 
in the explosive that is required to fragment and 
displace the rock, and the energy conveyed by the 
seismic wave, has received some attention within 
the rock blasting community (Berta 1990, Spathis 
1999, Ouchterlony et al. 2003, Sanchidrián et al. 
2007), together with a long and already classical list 
of work particularly devoted to the seismic energy 
(Howell & Budenstein 1955, Fogelson et al. 1959, 
Berg & Cook 1961, Nicholls 1962, Atchinson 1968, 
Hinzen 1998).
 The basis for the calculation of the energy spent 

in fragmentation is the size distribution of the rock 
fragments of the muckpile, from which the surface 
of the fragments can be estimated. Such surface has 
been created by crack growth at the expense of the 
explosive energy and the amount of energy spent 
for this work is proportional to the surface area. 
Previous work (Spathis 1999, Ouchterlony et al. 
2003, Sanchidrián et al.  2007) has determined the 
fragmentation energy to be some units percent of 
the total explosive energy.
 A fragmentation control project was undertaken 
in El Alto quarry (province of Madrid, Spain) 
as a first step to improve the overall operation. A 
continuous fragmentation monitoring system was 
installed; photographs from all trucks dumping into 
the feeder were taken by a camera installed over the 
primary crusher’s feeder. Of them, 20 photographs 
were randomly sampled and analyzed with the digital 
ima ge analysis software Split® (Split Engineering 
2001, Kemeny et al. 1999) with manual correction 

ABSTRACT: The fraction of explosive energy spent in rock fragmentation is calculated for 40 blasts in a 
limestone quarry. The fragmentation energy is calculated from the fragments’ surface area using the muckpile 
fragment size distributions obtained from digital image analysis of photographs of the material dumped into 
the primary crusher feeder. The fragmentation curves are necessarily limited in the fines at a non-negligible 
particle size, with the consequent loss of particle surface borne in the fine material. The surface in this range 
is accounted by extrapolation of functions fitted to the available data. The fragmentation energies obtained 
are discussed with respect to the shape of the size distribution in the fine end and the minimum particle size. 
The Weibull and the Swebrec functions have been used for the fitting, though only the former with a shape 
parameter greater than one can be used for the purpose of calculating specific surface down to zero or near-
zero size. Small variations of the shape parameter can result in significant variations of the fragmentation 
energy; this, together with the unknown minimum particle size, encompasses some uncertainty of the 
fragmentation energy values. Using the functions that best match the fines region, it is concluded that the 
amount of energy spent in fragmentation ranges from about 1 % to some value hardly in excess of 8 % of 
the total explosive energy, with values more frequently occurring between 3 and 5.5 %.

Vienna Conference Proceedings 2007, P. Moser et al.
© 2007 European Federation of Explosives Engineers, ISBN 978-0-9550290-1-1
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of the automatic delineation. Photographs of bad 
quality (due to poor lighting or partially empty 
bin) were discarded and new ones added to the 
set. The fines correction factor was calibrated from 
large scale muckpile sieving data (Sanchidrián 
et al. 2005). The loose overburden material 
(‘natural fines’) was subtracted from the resulting 
fragmentation curves using the size distribution of 
the overburden, obtained by laboratory screening; 
its maximum particle size was 14 mm. It is therefore 
assumed that no additional fragmentation was 
performed on the overburden and consequently no 
fragmentation energy spent. The muckpile material 
below 14 mm was also screened in the laboratory 
in order to carry out the subtraction class per class 
and determine the size distribution of the ‘blasting 
fines’. This was assumed to remain constant for 
all blasts and was grafted to the size distributions 
from the image analysis at 14 mm in each of them. 
A total of 40 blasts were selected for analysis; their 
design parameters, all carefully measured on-site, 
are summarized in Table 1. Energies are based on 
the calculated heat of explosion of the explosives 
involved: ANFO of two densities, aluminized 
ANFO of two densities and 80/20 emulsion/ANFO 
blend; priming was provided by three down-hole 
cartridges of gelatine (25 kg).

Figure 1a.

Figure 1b.

Figure 1. Cumulative size distributions. (a) complete 
range; (b) detail of the coarse range.

 Figure 1 shows the distributions obtained. 
Three of the blasts show too little fine material and 
a forced junction of the fines tail, although their 
coarse range could be acceptable. They are treated 
with caution for the purposes of the present work.

2. CALCULATION OF THE 	
 FRAGMENTATION ENERGY

Let the energy required to create a unit area of new 
surface be Gf and the surface area of the fragments 
be Af. If Gf is constant for all fragment (or crack) 
sizes, the fragmentation energy is, neglecting the 
area of the cracks existing in-situ in the rock mass:

 (1)

The specific fracture energy, or surface energy Gf, 
can be taken as the inverse of the Rittinger coefficient, 
a crushing efficiency used in mineral processing 
giving the surface created per unit energy input. It 
may also be calculated from the fracture toughness 

No. of 
holes

Burden 
B

Spacing 
S S/B Bench 

height
Charged 
length

Charge 
per hole

Powder 
factor

Energy 
per hole

Energy 
powder factor

m m m m kg kg/m3 MJ MJ/m3
Min 8 3.9 4.5 0.94 15.6 10.1 133 0.30 383.4 0.93
Max 26 5.5 7.1 1.56 21.5 17.9 284 0.49 1288.5 2.16

Median 11 4.8 6.2 1.31 17.6 14.0 208 0.39 894.8 1.63

Table 1. Characteristics of the blasts.
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and the elastic constants of the rock (Grady & Kipp 
1987). The Rittinger coefficient is obtained by 
crushing experiments where millions of fractures 
and small fragments are formed while the fracture 
toughness is obtained by tests in which only one 
fracture is created; for this reason, the inverse of 
the Rittinger coefficient has been preferred in this 
work as a mean specific fracture energy figure for 
the wide range of fragment sizes created in a blast. 
For El Alto’s limestone the Rittinger coefficient is 
58 cm2/J (Böhm & Mayerhofer 2002). Additional 
rock properties and description of the quarry are 
reported by Sanchidrián et al. (2007).
 The surface area of a set of fragments grouped 
in	 C classes of characteristic size xi, i=1,...,C, 
with volume fractions pi, is, assuming cubic or 
spherical fragments of edge length or diameter xi	
(Ouchterlony et al. 2003):

 (2)

where V is the total volume of the fragments. The 
quotient Af/V is the specific area (surface area per 
unit volume). It has been suggested (Sanchidrián 
et al. 2007) to use as characteristic class size in 
Equation 2 the logarithmic mean:

 (3)

where  and  are the size limits of class i, 	
 being the fraction passing 

at a mesh size x or cumulative probability function, 
CPF; for the finer class, 	= 0 and the arithmetic 
mean should be used instead. Given that the 
specific surface area increases as the size decreases, 
using Equation 2 poses the question (unless there 
is information available down to the actual smaller 
particle size, which is rarely the case) of how much 
specific surface is unaccounted for a given lower 
class mean size x1. This may, in principle, be solved 
by using the integral form of Equation 2:

 (4)

where PDF(x) is the probability density function, 
the derivative of CPF(x); the latter can be obtained 
by fitting an analytic function to the available size 
and fraction passing data. The functions commonly 
used to describe the size distributions of fragments 

are:
- Weibull, commonly known as Rosin-Rammler 
within the blasting community, hereafter abbreviated 
WRR (Rosin & Rammler 1933; Weibull 1939, 
1951):

 (5)

where xc is the scale parameter (size at which 
the fraction passing is 1–1/e) and n the shape or 
uniformity parameter; n is the logarithmic slope of 
the CPF at small sizes:

 (6)

- Swebrec (Ouchterlony 2005):

 (7)

where xmax is the maximum size (for which CPF=1), 
x50 is the median size and b a shape or undulation 
parameter.
 The derivatives of the CPF with respect to x	
give the probability density functions, PDFW and 
PDFS. Figure 2 shows the WRR and Swebrec curves 
fitted to the cumulative probability data of Figure 
1 using all available points. Fits with an ordinary 
least squares (OLS) criterion are shown in Figure 
2a; their determination coefficient (R2) ranges from 
0.998 to 0.983 for the WRR and from 0.993 to 
0.968 for the Swebrec. The curves tend to match 
the data points in the coarse range due to the larger 
values of their residuals, resulting in a poor fit of the 
fines; however, our interest in the present work is 
to have a precise description of the fines region, as 
the specific surface is inversely proportional to the 
particle size. A fitting criterion giving equal relative 
weights to the errors irrespective of the magnitudes 
of the passing values is the minimization of the sum 
of squared relative errors, Σ[(Pi–Pi

*)/Pi]2, Pi being 
the measured passing values and Pi

* the values from 
the function fitted; this is equivalent to a weighting 
function 1/P2. The curves (Figure 2b) bend better 
towards the fines at the expense of a poor fitting of 
the coarse region. R2 ranges from 0.956 to 0.775 
for the WRR and 0.872 to 0.657 for the Swebrec. 
Figure 2c shows fits using least squares weighted 
1/P, an intermediate criterion between the OLS and 
the squared relative errors. R2 ranges from 0.993 
to 0.938 for the WRR and 0.962 to 0.871 for the 
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Swebrec. In any case, none of the two functions 
perform well in fitting the whole size range (which 
covers four orders of magnitude) irrespective of the 
fitting criteria. A summary with the medians of the 
parameters and the determination coefficients of 
these curves are shown in Table 2; only the results 
of the 1/P2 and 1/P-weighed fits are given.
 As the specific surface of the fragments must 
be finite, any attempt to fit the fines range must 
meet the condition that the integral in Equation 4 
be finite. For the WRR, it can be shown that such 
integral is:

 (8)

where Γ is the Gamma function and γ is the lower 
incomplete Gamma function, which is singular 
for the argument 1-1/n<0, i.e. n<1. The Gamma 
function is infinite at zero, i.e. n=1 and negative for 
n<1. The integral (performed numerically) is always 
divergent with the Swebrec distribution. Figure 3 
partly explains this: the WRR PDF diverges in the 
limit x→0 when n<1; it has a non-zero limit (1/xc) 
for n=1 and tends to zero for n>1. The integrand 
in Equation 4, PDF(x)/x, is still divergent in zero 
for the WRR with 1<n<2, but its integral is finite. 
The Swebrec PDF is always divergent at zero. This 
behaviour prevents the use of this function and of 
the WRR with n≤1 for the purpose of calculating 
the specific surface of the fines down to zero size 
(in fact, as will be shown later, also if the smaller 
size is very small).
 The condition n>1 is met by the fits in Figure 2b 
for the relative error criterion ones (1/P2 weights), 
plus the three outlier curves in the 1/P-weighted 
fits. Curves in Figure 2b could then be used for the 
calculation of the energy down to zero. However, 
it is apparent that these fits give a poor global 
description of the fragmentation. The following 
alternatives have been followed:
 i) Performing a discrete calculation by 
means of Equation 2 with classes formed from 
the data values. For the sizes smaller than the 
existing data (x<xmin=0.25 mm), the distribution 
is extrapolated by WRR functions which two 
parameters are determined from the two lower data 
points (sizes 0.25 and 0.50 mm); they are shown 
in Figure 4. These distributions have a shape 
parameter n=2.84 (see Table 2). The specific surface 
area of these extensions is obtained with Equation 
4, integrated from zero to xmin.

Figure 2a.

Figure 2b.

Figure 2c.

Figure 2. Curve fitting to the size distributions. (a) OLS; 
(b) Least square relative errors (weight 1/P2); (c) Least 
squares with a weight 1/P. Light, solid lines: WRR. Dark, 
dotted lines: Swebrec.



Figure 3. Probability density functions of Weibull-Rosin-
Rammler (xc=200) and Swebrec (xmax=1000, x50=150) 
distributions.

Figure 4. WRR extension below the minimum data size. 

 ii) Fitting a WRR function CPFW(x, xc1, n1) 
for all points except the fines tail (x≥xf) and linking 
a second WRR function, CPFW(x, xc2, n2); the latter 
is fitted by a weighted least squares to the points 
x≤xf, subject to the continuity condition:

 (9)

The CPF is then:

 (10)

Figure 5a.

Single functions

Type of fit Weight xc or x50

mm
n or b xmax

mm
R2

WRR 1/P2 90.8 1.19 0.888
1/P 161.9 0.80 0.985

Swebrec 1/P2 57.8 6.71 1092 0.807
1/P 87.5 4.05 1092 0.941

WRR extrapolation 3.5 2.84
Dual functions

Fine Coarse
xc

mm
n xc

mm
n F R2

Two WRR 1/P2 45.4 1.36 191.2 0.62 0.992
1/P 59.6 1.06 192.2 0.64 0.995

Bimodal WRR 1/P2 5.1 1.86 187.6 1.25 0.139 0.979
1/P 16.6 1.21 309.1 1.09 0.256 0.999
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Table 2. Summary of the fits. Median values are shown.
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Figure 5b.

Figure 5. Two WRR functions linked at x=xf=14 mm. (a) 
1/P2 weights; (b) 1/P weights.

The junction point has been chosen xf=14 mm, the 
grafting point of the fines tail to the coarse section. 
Figure 5 shows the results using the 1/P2 and 1/P 
weights. All n2 values are greater than 1 so that they 
can be integrated in the form of Equation 4 from 
zero to xf; n1 is generally less than 1 but this poses 
no problem as there is no singularity upwards. The 
medians of the parameters of these curves and of 
the determination coefficients are given in Table 2.
 iii) Fitting a bimodal WRR-type function:

 (11)

where xc1 and xc2 (xc1>xc2) are the characteristic sizes 
of the coarser and finer component respectively, 
and F is the fraction of the finer. The 1/P2 and 1/
P-weighted least squares criterions have also been 
used. All n1 and n2 exponents are greater than 1 with 
the 1/P2 weights; n2 are still greater than 1 with the 
1/P weights in all cases but n1 are less than 1 in 
9 cases. Table 2 shows a summary of the fits; for 
the 1/P fits, only those with n1>1 are used in the 
statistics. The curves are shown in Figure 6.

Figure 6a.

Figure 6b.

Figure 6. Bimodal WRR functions. (a) 1/P2 weights; (b) 
1/P weights.

3. RESULTS AND DISCUSSION

The specific surface area for sizes from xmin=0.25 
mm up, obtained with the different calculation 
methods, is plotted for all blasts in Figure 7. Graphs 
(a) and (b) correspond to 1/P2 and 1/P weights 
respectively. The difference between both error 
criteria is minor though the 1/P weights tend to 
give greater areas as the descent of the curves in the 
fines is less steep. In all blasts, the higher energy 
is obtained with the discrete calculation (shown in 
both graphs). The bimodal fit gives specific surfaces 
very close to those. Blasts 25, 27 and 38 correspond 
to the outlier curves.

Figure 7a.
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Figure 7b.

Figure 7. Specific surface for the range 0.25 mm to xmax. a) 
1/P2 weights; b) 1/P weights.

 Figure 8 shows the specific surface in the tail 
at sizes from xmin through zero; the label ‘zero 
extrapolation, one class’ refers to the specific 
surface determined as one term in Equation 2 with a 
characteristic class size xmin/2=0.125 mm. Here the 
differences are very large between the two weighing 
criteria. Fits with 1/P weights (graph b) have n-
values close to 1 in the lower function, especially 
in the dual WRR distributions; for these, n-values 
range from 1.01 to 1.24 (outlier curves excluded), 
while the 1/P2 weights give higher n-values (from 
1.33 to 1.55, outlier curves excluded). In the 
bimodal distributions, n-values range, excluding 
the outlier curves, from 1.10 to 1.42 in the 1/P fits, 
while the 1/P2 ones give n-values between 1.76 and 
2.25 (outliers excluded also). The single WRR fits 
with 1/P weights give generally n<1, except for the 
outlier curves, so that the specific surface calculation 
diverges and has not been plotted in Figure 8b. For 
the 1/P2-weight single WRR curves, the n values 
are greater than 1 but close to that value (ranging 
1.11 to 1.25, outliers excluded), thus giving large 
specific surface, as can be noted in graph a).
 Figure 9 illustrates the combined effect of 
the shape and scale parameters, n and xc, on the 
specific surface. Equation 4 is used to calculate the 
specific surface in the size range 0-0.25 mm using 
single WRR functions with varying n (abscissa) 
and xc (parameter of the curves). The points show 
the specific surface areas calculated in all blasts 
using as abscissa their n-value (the n-value for the 
lower function in the dual WRR and the bimodal 

distributions; for the latter, the points need not 
match the corresponding xc line at the given area 
and n, since the surface calculation comprises two 
distinct WRR functions). As expected, the surface 
area increases indefinitely as n approaches 1 so that 
small variations in the estimation of n may lead to 
large variations in the surface area; this makes the 
values of area in such range largely undetermined.

Figure 8a

Figure 8b.

Figure 8. Specific surface for the range 0 to 0.25 mm. 	
a) 1/P2 weights; b) 1/P weights.

 Figure 10 shows the fragmentation efficiencies 
defined as the ratio of the fragmentation energy 
to the explosive energy released in the blast. The 
energy spent in the fragmentation is obtained from 
Equation 1, where the result is energy per unit 
volume of rock if the specific area of fragments 	
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Af/V is used. The total heat of explosion theoretically 
delivered has been used to calculate that energy, 
also in the form of explosive energy per unit rock 
volume (or energy powder factor).

Figure 9. Effect of n and xc in the specific surface.

 When the 1/P2 weights are used, the 
fragmentation efficiency ranges from about 2 % to 8 
% (discarding the outlier curves). All the functions 
used to describe the fragmentation, including 
the discrete, give similar results, the dual WRR 
generally being the lower estimate. The results 
of the functions fitted with 1/P weights are much 
higher, as anticipated by the large specific surfaces; 
in this case, the dual WRR estimate is by far the 
largest.

Figure 10a.

Figure 10b.

Figure 10. Fragmentation efficiency. a) 1/P2 weights; b) 
1/P weights.

 The zero-singularity can indeed be overcome 
by carrying the integration of Equation 4 from 
a non-zero small size as lower limit. In order 
to see the influence of this minimum size in the 
total fragmentation energy, a bimodal distribution 
with the parameters typical of our curves (coarse 
component, xc1=250 mm, n1=1.2; fine component, 
xc2=10 mm; fine component fraction: F=0.2) has 
been used with varying shape exponent of the 
fine fraction, n2. The integrations have been done 
from a minimum particle size ranging 10–7 mm 
to 10–2 mm (the dimensions of the calcite crystal 
hexagonal cell, with six molecules, are a=4.99x10–7	
and c=17.04x10–7 mm, Mao & Siders 1997), to 
a maximum size of 1000 mm. In order to have a 
meaningful magnitude, the results have been put in 
the form of fragmentation efficiency using an energy 
powder factor equal to the median of our values, 
1.63 MJ/m3 (Table 1). They are plotted in Figure 
11 in which the abscissa is n2 and the parameter 
of the curves is the minimum size (in mm) from 
which the integral is carried out (xzero). The lower 
limit of integration is relatively unimportant if the 
shape index is sufficiently greater than 1 (because 
then there is very few superfine material) but it 
becomes determinant when it nears or is less than 1; 
the uncertainty is large for n<1. Figure 11 indicates 
that n cannot be much smaller than 1 if a WRR 
distribution is used in the very fine region: even 
for minimum sizes of 10–4 or 10–5 mm, which are 
likely to be present in the blasting fines and dust, 
the energy required to create that surface would –
absurdly– be greater than the total explosive energy 
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at n-values less than about 0.7-0.8. Figure 11 also 
shows that the calculations with a lower integration 
limit of zero (physically non-existing) overestimate 
the fragmentation energy to a significant extent 
when the shape index is close to one (up to n≈1.1, 
which was the case for the 1/P-weighted fits).

Figure 11. Fragmentation efficiency as a function of the 
shape index and the lower integration limit, xzero (labels of 
the curves, in mm).

 Figure 12 shows the medians of the 
fragmentation efficiencies of the 40 distributions for 
the different fits and varying lower integration limit 
(in abscissa). WRR calculations with the 1/P2 fits 
are very stable; the median fragmentation efficiency 
is slightly greater than 4 % for the 2-point WRR 
extrapolation and the bimodal and slightly less than 
4 % for the all-range single WRR and the double 
WRR. In the 1/P fits, the double and the bimodal 
WRR give median efficiencies not greater than 10 
% and 7 % when integrated down to physically 
reasonable lower size limits; single WRR give very 
high efficiencies even when the smaller size is not 
too small. Swebrec fits are very dependent on the 
smaller size.

 Bearing in mind that the critical range for the 
evaluation of the surface area and the fragmentation 
energy is the finer, the values obtained from the 
functions that better match that range should be 
the ones with a higher credibility. Looking at the 
fits in Figures 5 and 6, it is apparent that the 1/P2-
weighted (those fitted with a minimum squared 
relative error criterion) tend to adapt better in the 
fine tail, whereas the 1/P-weighted terminate in the 
small range with a smaller slope (lower n, see Table 
2), this feature being responsible of a relatively 
uncontrolled specific surface in that region. The 
results of the discrete calculation with a WRR 
extension from the two lower points are similar to 
the 1/P2-weighted fits. Table 3 summarizes the ranges 
of these (given as the 2.5 and 97.5 percentiles) and 
the 95 % confidence intervals for the medians of the 
fragmentation efficiencies for minimum sizes 10–6, 
10–5 and 10–4 mm, which results are very similar.

Figure 12. Fragmentation efficiency as a function of 
the lower integration size. Median values of the 40 size 
distributions are shown. Solid lines: 1/P2 fits; dashed lines: 
1/P fits. Single points on the ordinates axis correspond to a 
lower integration limit of zero.

xmin=10–6 mm xmin=10–5 mm xmin=10–4 mm
Range Median Range Median Range Median

WRR extrapolation 1.0 – 7.8 3.8 – 5.3 1.0 – 7.8 3.8 – 5.3 1.0 – 7.8 3.8 – 5.3
WRR 1.0 – 7.0 3.4 – 4.6 1.0 – 6.7 3.4 – 4.5 1.0 – 6.3 3.3 – 4.4

Two WRR 1.0 – 6.3 3.2 – 4.4 1.0 – 6.3 3.2 – 4.3 1.0 – 6.2 3.2 – 4.3
Bimodal WRR 1.1 – 7.7 3.8 – 5.3 1.1 – 7.7 3.8 – 5.2 1.0 – 7.7 3.8 – 5.2

Table 3. Fragmentation efficiency (%).
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4. CONCLUSIONS

The calculation of the fragmentation energy is in 
principle a relatively simple mathematical problem 
where the keystone is the calculation of the 
fragments’ surface area. The problems encountered 
when doing such a calculation have been thoroughly 
assessed. Such problems stem from the singularity, 
under some circumstances, of the integrals involved 
when the lower integration limit approaches zero.
 The calculation of the surface area can be done 
with sufficient approximation from the discrete 
size/fraction passing data. For the unknown part of 
the size distribution at sizes below the smaller one 
for which there are passing data, some assumptions 
must be done on their size distribution. The 
condition of finiteness of the integral that calculates 
the surface of fragments is met by the Weibull-
Rosin-Rammler distribution only when the shape 
parameter is greater than one; even if the integral 
is performed from an arbitrary non-zero small size 
(e.g. 10–6 mm) the value of the integral is absurdly 
large if the above condition is not met and much 
dependent on that lower integration limit. The 
Swebrec distribution always shows this behaviour.
 Using the Weibull distribution, a straightforward 
approach is to use the two lower points to determine 
the two Weibull parameters of a distribution 
passing through them and assuming that this 
distribution holds downwards. This can only be 
done successfully if the shape parameter of the 
resulting Weibull distribution is greater than one, 
which was the case in the present work; in fact, this 
condition should be met by any Weibull distribution 
covering the very fine region, unless there is 
evidence that the smaller actual particle size is not 
less than the micron range and even in that case, 
shape indexes lower than about 0.9 or 0.8 would 
likely be unrealistic when looked at from the energy 
restriction.
 The fitting of distributions to all the available 
data points has also been assessed. Single Weibull 
distributions cannot properly fit the data when the 
range of particle size of interest barely exceeds 
two orders of magnitude. Functions of more than 
two (or three) parameters are required to fit the 
whole range. In the present work, two Weibull 
functions have been used, each fitted to about half 
of the logarithmic range of data available, with 
the condition that both have the same cumulative 
probability in the union point; a bimodal Weibull 
distribution has also been used. Both are five-

parameter distributions that provide a good fitting of 
the whole range (spanning four orders of magnitude 
in the present case) of data. Different fitting criteria 
produce very different results in the shape parameter 
which governs the slope in the fines. In some cases, 
the WRR shape parameter is less than 1 so that no 
surface calculation can be reliably done.
 The fragmentation curves analyzed seem to have 
a trend in the finer tail that corresponds to a WRR 
shape parameter well above 1, when estimated from 
the two lower points; this is physically consistent 
with the condition of limited surface area. Such 
feature is replicated with all-range fits when a 
minimum squared relative error criterion is used. 
Ordinary least squares, or weighted least squares 
giving less influence to the fines, such as the 1/P 
weights, generally result in shape parameters less 
than 1 or, if greater, very close to 1, which makes 
the surface calculation impossible or of little 
reliability.
 The amount of energy spent in fragmentation 
ranges from about 1 % of the total explosive energy 
to some value hardly in excess of 8 %, with values 
more frequently occurring between 3 and 5.5 %.
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1. INTRODUCTION

Optical sizing of fragmented and crushed rock 
arrived with great fanfare about 15 years ago. It 
was to be fast, cheap, and objective. Before too 
long more than a few systems were commercially 
available. A review is given by Franklin et al. 
(1996). The WipFrag System first proposed in 1987 
(Maerz et al. 1987) and commercialized in 1995 
(Maerz et al. 1996), was initially used primarily 
to characterize the size distribution of muck piles 
(Maerz, 1999). 

 But it also did not take long before it became 
apparent that the original goal of measuring 
gradations for the purposes of determining if fairly 
precise and narrow specifications were being met 
was found to be difficult. The reasons for this are 
twofold.

2. WHAT IS PARTICLE SIZE?

In the first case, the size of an irregular particle 
of complex shape is hard to define. Rawle (2002) 
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ABSTRACT: Optical sizing of blasted rock has been used for about 15 years. Originally thought of as a 
specification type of measurement tool, it has over the years evolved into a process control tool. Because 
of the difficulty defining what the size of an irregular fragment is, it is difficult to reconcile different 
methods of measurement. Screening nominally measures intermediate diameter of particles, whereas 
optical methods typically measure a statistical average diameter. Because of the need for rapid non-
disruptive measurements, optical systems measure particles in-situ while screening systems in essence 
handle each particle individually. These optical systems are faced with the need to calibrate for partially 
overlapped pieces, and fines that are too small to resolve in a single image or have fallen in and behind 
larger fragments.
 Given all these issues, optical sizing has enjoyed much greater success as a process control tool, evolved 
to measuring size distributions of material on conveyor belts, where issues of lighting variability, camera 
positioning, and sampling biases are easily controlled. As a process control tool it can be used to establish 
operating norms and to trigger alarms when the measured sizes move outside the measured norms. The 
typical application for such a system is to control feed sizes to processes such as crushing and grinding.
 Once the fragmentation is on a conveyor belt, it has usually passed through a primary crusher and 
thus is no longer completely indicative of the blasting process. In order to make measurements that reflect 
original blast sizes, but do not suffer from the issues associated with imaging muck piles, the images must 
of necessity be made between loading from the muck pile and dumping into the primary crusher. In practice, 
for many operations, this means that the best measurements can be made by imaging the rock while in 
transit between the muck pile and the primary crushing station. This includes surface and underground 
HD (Haul Dump) and LHD (Load Haul Dump) type vehicles which can be imaged as they dump, or 
prepare to dump, or as they pass through a gate or other restriction. Measurements of this type are much 
more complex. Systems need to use triggering systems to inform the software when to acquire the image, 
tracking systems to determine where the material has come from, and software algorithms to determine 
which part of the images contain rock to be measured and which contain extraneous information.
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suggests that this is not a stupid question, and 
furthermore states that it is not possible to describe 
the size and shape with a single number. He 
postulates some measures such as the size of a 
bounding box or the diameter of a sphere/cylinder 
of equivalent volume to the particle.

Figure 1. Simulation of particles passing through a 
19.1 mm (3/4”) screen. This shows that a 25.4 mm (1”) 
(nominal intermediate diameter) fragment with a flatness 
(aspect) ratio of 5:1 could pass through a 19.1 mm (3/4”) 
screen.

Figure 2. Example of a fragment with an intermediate 
nominal diameter of 25.4 mm (1”) that, because of 
flatness, passes through a 19.1 mm (3/4”) sieve.

 Traditional screening has defined the size of a 
fragment as the smallest square opening that the 

particle can pass through. Because the elongated 
particles can rotate and pass through screens in 
the direction of their longest axis, we can say that 
the screening nominally measures the intermediate 
diameter. Even that is not strictly true, as the particle 
flatness also dictates which screen a particle will 
pass through (Figures 1, 2). So what is the particle 
size? It is unique to and defined by the screening 
mechanism and cannot be duplicated any other 
way.
 Optical systems measured different aspects of 
fragment size. The typical optical measurement 
is one like the diameter of a sphere of equivalent 
volume, or more precisely the diameter of a circle 
of equivalent area to the profile of a fragment, as 
a fragment is typically imaged in 2 dimensions. 
Small wonder that matching screening results is a 
challenge.

2.1 Need for rapid non-disruptive measurements

In the second case optical measurements are 
typically made on assemblages of rock, where 
there are sampling bias issues: Smaller pieces often 
are hidden behind larger pieces, some pieces are 
partially overlapped, and the finer fines are typically 
too small to be resolved on the images.  
 Calibrations and extrapolations help match 
sieving results, but not precisely enough to be able 
to meet tight size specifications.

2.2 Process control

The real strength of optical systems is, however, in 
the area of process control. The systems evolved 
in that direction because of the fundamental fact 
that optical systems are better at being precise than 
accurate. That is to say, optical systems turn out to 
be very good at tracking specific indicators.  
 The most useful way of using these systems 
is to track a size parameter, say the D80 value. 
Empirically the deviation range for that parameter 
during normal operations is determined, and 
operational limits are set. During production, if 
the D80 values consistently stay within that range, 
the operator knows that the production is within 
specification. If the D80 value falls outside this 
range, experience tells the operator that something 
is wrong, and gives him the opportunity to 
determine the problem before massive amounts of 
‘off-specification’ materials are produced.
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3. IMAGING MUCK PILES

The easiest way to measure size distributions of 
blasted rock is to photograph the shot rock as it 
lies in the muck pile (Figures 3, 4), using a simple 
camcorder to image a pile of rock with a scale bar 
showing in the image. Various studies attest to the 
success of this approach (Bartley & Trousselle 
1998, Chiappetta 1998, Ethier et al. 1999, Barkley 
& Carter 1999, Palangio & Maerz 1999).
 Still, muckpiles are inhomogeneous, natural 
lighting conditions vary, depending on sun angle 
and cloud cover, and camera angles can be quite 
variable. These and other errors were studied and 
quantified (Maerz & Zhou 1999), (Maerz & Zhou 
2001). From these studies the following factors 
were identified as most important in improving the 
accuracy of the measurements:

Figure 3. A roving camcorder used to image a muckpile.

Figure 4. Typical image of a muck pile taken with a roving 
camcorder; there is a scaling device in the foreground of 
the image.

- Consistent image quality, including uniform and 
constant lighting

- Fixed scale of observation
- Elimination of sampling biases
 Although consistent image quality, lighting, 
and camera position can be maintained with careful 
effort; eliminating serious sampling biases when 
measuring muck piles is difficult because of the 
segregation in the pile. Significant effort is needed 
to ensure there are no sampling biases.

4. IMAGING CONVEYOR BELTS

Measurements made on conveyor belts (Figures 
5, 6), by their very nature solve most of the above 
problems. Consistent image quality can be ensured 
by providing artificial lighting in a controlled 
environment. Constant scale of observation is 
guaranteed by fixed mounted cameras. Sampling 
biases are severely reduced because a) all the 
material is sequentially paraded before the camera, 
and b) gravity segregation can be assumed to be 
constant and calibrated out. Various studies attest 
to the success of this approach (Elliot et al. 1999, 
Bouajila et al. 2000, Dance 2001, Maerz 2001). 
 The only difficulty in conveyor belt applications 
is that the blast size distribution has already been 
altered by primary crushing, since in most cases 
the conveyor systems begin only after the primary 
crusher. In addition there is typically no indication 
as to which part of the quarry the material may have 
originated.

4.1 Modifications needed

When imaging a muck pile using a roving camera, 
there is a lot of manual effort involved, and there 
is opportunity to delete inappropriate images, 
use manual editing to better define and resolve 
individual fragments, and to interpret and act on the 
data. Moving to conveyor belts, the software has 
to:
- Have some mechanism to eliminate inappropriate 

images, such as when the belt is stopped, or 
empty, or obscured by dust

- Have robust edge detection, as manual editing is 
not feasible when analysing at up to 5 analyses 
per second

- Have some real time reporting system, including 
contingency plans
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Figure 7. Example WipFrag online output showing image window, current image size distribution, and timeline of D50 
and NRos (Rosin-Rammler slope coefficient).

Figure 8. Close up of time graph from Figure 7 showing size limits for D50 parameter in dashed blue lines.  When either 
the upper or lower limit is exceeded, an alarm will sound.
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4.1.1 Inappropriate image elimination

On conveyor belts with a continuous stream of 
material, timing of the imaging process can be 
left up to the software. When the software is ready 
for the next image, it can trigger an acquisition 
knowing that any image it takes should be adequate. 
The condition of empty or stopped belts can be 
signalled to the software using TTL (Transistor-
Transistor Logic) signals, or using OPC (OLE for 
Process Control).
 For empty belts or belts obscured by 
dust, software image filters can be used that 
‘recognize’ inappropriate images by their spectral 
characteristics.

4.1.2 Reporting system

Many varieties of reporting systems are available. 
Data can be written to disk files including database 
files, that can be accessed later or in real time by 
control systems. Data can be sent thought RS232 
protocols such as MODBUS, or communicate to 
mine control system through OPC. Simpler outputs 
consist of a 4-20 mA current loop and TTL I/O 
triggers that can set off alarms when pre-determined 
conditions are encountered (Figures 7, 8).

5. IMAGING TIPPING TRUCKS

Because of the two issues with measurements made 
on conveyor belts, the fact that the distribution has 
typically already been altered by primary crushing 
and so is not a primary measure of blasting, and the 
ambiguity about the source of the material where 
mucking is taking place in multiple locations, 
another mode of operation was needed.  
 Since all material in a typical operation passes 
through the primary crusher bottleneck, that turns 
out to be the most effective place for imaging the 
fragmentation. Using the feed bin or crusher hopper 
(Figure 9) is difficult, as it is intermittently full and 
empty, then half full, etc. In addition there is still no 
indication for the source of the material.
 Imaging the material in the back of trucks as 
it is being transported is a better solution. Figure 
10 shows a Load Haul (LH) truck on its way to the 
primary crusher. A better solution is imaging the 
material as is being dumped into the crusher (Figure 
11, because multiple images of the material can 
be acquired as the tipping process proceeds. This 
process was first described by Maerz & Palangio 

(2004), Palangio et al. (2005) and Eloranta et al. 
(2007).

Figure 9. Fragmentation in primary feed bin.

Figure 10. Image of fragmentation in bucket of LH (Load 
Haul vehicle.

5.1 Modifications needed

When imaging, there are new issues that have to 
be dealt with. There is not always material present 
(in the backs of trucks), and when it is, it is not 
exactly in the same place every time. Images show 
truck boxes, and complex noisy backgrounds. The 
software needs to execute many complex functions 
in order to obtain a suitable image for analysis such 
as:
- ‘Sense’ the presence of a sample
- ‘Wake up’ from a dormant state
- ‘Identify’ the vehicle and origin of material
- ‘Determine’ whether or not the bucket is full or   

empty
- ‘Image’ the bucket
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Figure 11. Sequence of truck tipping images.

- ‘Discard’ any parts of the image that do not show 
rock material

- ‘Analyze’ the image with an advanced 
fragmentation analysis system

- ‘Collect’ the information in a comprehensive 
database

- ‘Share’ the information over a network
- ‘Sleep’ if no further activity is detected
 These complex functions required a significant 
expansion of sensory capabilities, breakthrough 
development of system logic and the tight integration 
of tracking technology with analysis results.

5.2 Triggering system

The software contains a 3-fold triggering system, 
and triggers can be prioritized in any combination 
and order. One of the triggers is the tracking system 
described below. It is a non-precise trigger, telling 
the system that a truck is in proximity, but does not 
distinguish between a truck that is just approaching 
the dumping area or one that is in the process of 
dumping. A second trigger is a hardware trigger 
that uses an ultrasonic or microwave path that is 
interrupted by either the truck moving in position, 
the box of the truck tipping up, or the drop of 
rock off the end of the truck. The third trigger is 
a software or ‘pixel’ trigger, which interprets a 
predetermined part of the scene and triggers if 
that part of the image contains information that is 
representative of rock fragments.

5.3 Tracking system

An active RFID type tracking system is integrated 
into the truck tipping measurement system. In 
addition to identifying the truck, the tag can 
dynamically store data, such as weight or source of 

the material.

Figure 12. A Haul Dump (HD) truck with an RFID tag.

Figure 13. Imaging at a truck dumping station at Municipal 
Quarry in Bedford, Nova Scotia, Canada.

 A single active RFID tag reader/writer is 
located in close proximity to the camera unit and 
lighting, and an optional tag writer can be put in he 
area where mucking is taking place, to identify the 
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source of the material. On the truck is a tag (Figure 
12) which has a battery life of 10 years.
 The tagging system also complements the 
triggering system. Since the tagging system can 
only identify a truck within a range of a few meters 
it can override false triggers when a valid truck is 
not present. This will reduce the chances of false 
triggers from service vehicles.

5.4 Vehicle positioning

On a conveyer belt, the rock to be measured is 
always at the same place with respect to the camera. 
For muck pile sampling, image position is done 
by an operator. However when measuring rock in 
moving images (in an automated system) a problem 
that comes up is that the vehicle is not always in the 
same position. Consequently there is a possibility 
that any given image is not centered over the 
vehicle, which will result in some error.  
 The solution is to capture the image at a point 
where the vehicle always passes a fixed point, or 
alternatively force the vehicle to drive into that 
position. In the case of truck tipping, a good location 
is the tipping station, since the truck is typically 
in the same position, and it is not moving at that 
point (Figure 13). For underground haulage, a good 
location is in narrow passes where the conveyance 
vehicle is naturally channelled into a narrow lane 
(Figure 14).

Figure 14. Imaging LHD vehicles as they pass through 
a narrow passage at an INCO mine in Sudbury Canada.  
Image shows lighting, camera enclosure, and nearby 
RFID tag reader.

5.5 Removing extraneous features from the images

An intelligent image exclusion zone feature (a way 
of distinguishing between rock, and objects such as 
the edges of the container) was required to ensure 
that only the rock material in the bucket or truck 
bed part of the image is analyzed instead of other 
items such as the vehicle, ground or background. 
This is because the edge detection algorithm will 
attempt to force edges onto everything on the 
image, including those of foreign materials.

5.6 Environmental conditions

Dust, fog, rain, snow and particulates can be an 
issue if they obstruct the image or the triggering 
mechanism. Infrared lighting in underground 
applications will eliminate much of the dust 
problem; however, surface applications usually 
have more difficulty with this issue. Software 
image filters are used which require certain image 
quality criteria to be met prior to image analysis, 
this filter will discard any non-suitable images from 
a ‘set’ taken from a tipping event, for example when 
a HD type vehicle approaches the crusher to dump, 
the system will take a preset number if images 
(usually 3-5) during the dumping process, prior to 
analysis it will audit each image to determine if the 
image characteristics are suitable for an analysis. 
If it is, the image is analyzed, if it is not, the image 
is discarded, as for example when the dust from 
dumping starts to obscure the image.
 Variable daylight conditions serve to confuse 
the image analysis sequence. Light intensity 
variations, sun angles, superstructure shadows, and 
differences between natural and artificial lighting 
all serve to create small differences in the analysis 
results. Solutions range from shielding the material 
from direct sunlight or operating at night only to 
accepting the errors.

6. CONCLUSIONS

Fifteen years of experience has shown that optical 
fragmentation systems are better suited for process 
control than specification, being more precise than 
accurate. Fifteen years of experience has shown 
that to measure the size distribution produced by 
blasting is best done in transit on haul trucks, after 
being removed from the muck pile, and before 
entering the primary crusher.
 Technological advances have provided all the 
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hardware and software elements to accomplish this 
work. These include external and internal triggering 
mechanisms, RFID identification tags for tracking, 
and software filters to determine if images are valid 
and appropriate.
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1. INTRODUCTION

Several successful attempts have been made 
to develop universally accepted empirical and 
analytical fragmentation models for bench blasting. 
Ring drilling is different from bench drilling and 
utilizes a single position within a standard sized 
drift, to drill off holes for the entire stope which 
can be many times the width of the drift. As a 
result, each hole must be angled to a different 
orientation. The drilling and loading layouts are 
designed to distribute explosives evenly throughout 
the stope; however this is often a compromise. In 
actual practice, the powder factors at the toe, mid-

point and collar of the hole differ significantly 
and it is not possible to compute one value of the 
powder factor for direct application into the Kuz-
Ram model. Therefore a study was designed to 
develop an empirical approach for predicting the 
fragmentation during ring blasting using modified 
cell powder factor approach.

1.1 Literature review

Rock fragmentation prediction research in the past 
has largely been focused on developing models 
based on comminution theory to quantify mean 
fragment size and size distribution (Cunningham 
1987, Helmberg 1983, Rustan & Nie 1987, Da Gama 

ABSTRACT: Researchers have endeavoured to develop universally accepted empirical and analytical 
models for bench blasting. A study was designed to develop an empirical approach for predicting the 
fragmentation for ring blasting using modified ‘cell powder factor’ approach. Cell powder factor approach 
divides the area to be blasted into a number of cells. The explosive content in each cell can be used to generate 
a map of the resulting fragmentation, showing not only the average fragmentation, but areas in which the 
blasting layout is either overloaded, leading to the production of fines, or under-loaded generating coarser 
fragmentation. The approach was used to analyse data for nine rounds from a sublevel caving operation. 
The predicted results were compared with the fragmentation measured by image analysis technique for 
the same rounds. Modified cell powder factor approach demonstrates a sound method of predicting the 
fragmentation in ring drilling by combining established techniques (Powder factor contouring, Kuz-Ram). 
An approach to optimize the cell size and the number of cells for the application of this technique has also 
been outlined in the paper.
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1983, Just 1979). Model development has been 
severely handicapped by the absence of a reliable 
technique for the measurement of fragmented size 
distribution.
 Kuznetsov (1973) developed empirical 
equations to estimate the mean particle size based 
on definable blast design parameters. Cunningham 
(1983, 1987) combined the Kuznetsov equation with 
a Rosin-Rammler (1933) log-normal distribution 
to produce a Kuz-Ram empirical fragmentation 
prediction model. Da Gama (1983) developed a 
fragmentation prediction approach which considers 
rock mass discontinuities and a modified Bond 
Work Index. Lilly (1986) developed a ‘Blastability 
Index’ which is based on several rock and rock 
mass properties. This index was later adopted by 
Cunningham (1987) in the Kuz-Ram fragmentation 
prediction method. Although, developed for surface 
bench blasting, the Kuz-Ram model sees wide 
spread application in both surface and underground 
blasting. But there is insufficient documentation 
of the testing of the precision of such models 
during production blasting particularly in the more 
demanding underground environment. Kuz-Ram 
model considers only parallel holes that are equally 
spaced and equally loaded. However in many 
underground situations ring drilling is required and 

the Kuz-Ram model in its current form cannot be 
applied for the prediction of rock fragmentation.

1.2 Ring drilling and cell powder factor

Ring drilling uses a single position within a standard 
sized drift to drill off holes for the entire stope, which 
can be many times the width of the drift. As a result 
each hole must be angled to a different orientation. 
The drilling and loading layouts are designed to 
distribute explosives evenly throughout the stope, 
however this is often a compromise. To balance the 
high explosive concentrations at the collar of the 
hole, variable length charges are used by staggering 
collar positions. This is difficult to do accurately 
in practice, resulting in high local powder factors. 
As a result of the non-uniformity of the drilling 
layout, the powder factor at the toe of the hole will 
vary significantly from the one at the collar of the 
hole resulting in uneven fragmentation. The local 
fragmentation is a function of the explosive energy 
in close proximity and not the average powder 
factor across the entire round.
 The concept of ‘cell powder factor’ (CPF) was 
developed to overcome this limitation. It allows 
for localized powder factor calculations to be 
performed, and the results be recompiled into a map 
of explosive distribution for the entire round (King 

Figure 1. Cell size Vs # of cells with no explosives for a 500 cell sample.



et al. 1988). By splitting the explosive layout into 
small pieces that can be examined independently, 
the powder factor for the blast can be calculated. 
The technique reduces the complexity of the 
calculations at the expense of calculation time.

1.2.1 Cell shape 

King et al. (1988) suggested that it would be 
possible to look at the entire round through a series 
of windows or ‘cells’ and ignore anything outside 
of the cell. The powder factor within the cell is 
calculated based upon the quantity of explosive 
that falls within the cell and the area of the cell. The 
results from each cell can be compiled into a global 
representation of the fragmentation. King et al. 
(1988) examined many possible shapes for the cells 
in order to try and limit the bias effect created by 
the cell shape. The only one that did not introduce a 
direct bias effect was the circle.

1.2.2 Cell size 

The cell size plays an important role in the calculation 
and another potential source of bias in the model. 
If the cell size is too small, many cells will fall 
between the explosive columns and never intersect 
a charge. This will result in the model showing very 
large coarse fragmentation between the holes and 
very fine fragmentation when the cells fall into the 
holes. At the other end of the spectrum, if the cells 
are too large, many charges will be intersected by 
a single cell, which not only results in too much 
smoothing, but also complicates the calculation of 
the spacing parameter for the Kuz-Ram model. A 
sensitivity analysis of the effect of the cell size was 
done to determine the appropriate cell size. It can 
be observed in Figure 1, that the number of misses 
increases substantially when the cell diameter drops 
below 2m.

2. METHODOLOGY

Drilling layouts were obtained from a sub-level 
caving operation in the form of printed CAD layouts 
and gyroscope data for each hole in the ring. Also 
available were the loading sheets showing the collar 
lengths and the loaded lengths of the holes.

2.1	 Modified	cell	powder	factor	 
 (MCPF) approach

In the original method, a series of regularly 

positioned circular windows or cells are overlaid 
on the blasting layout (Figure 2). Each widow was 
then examined and the powder factor within the 
cell was determined. The modified model uses a 
similar approach, but instead of regularly spaced 
cells, hundreds of randomly placed cells are used 
to remove any positional bias that would be created 
with a regularly spaced grid (Figure 3). To create 
the modified model, Visual Basic for Excel was 
used to program all of the commands required to 
place the cells, track the intersections and calculate 
the results.

Figure 2. Placement of cells in a regular, overlapping grid 
(King et al. 1988).

2.2 Number of cells 

In the CPF method, cells were regularly positioned 
over the layout with minimal overlap. In the modified 
method, every cell is randomly placed and overlap 
is allowed to occur. As a result, it is necessary to 
include many more cells for the same layout to 
ensure adequate coverage. The limits of the model 
are determined by a simple min-max routine and as 
such irregular layouts can result in large number of 
wasted cells. To determine the number of cells to 
be used, the cumulative area of all cells should be 
compared to the area of the layout being examined. 
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An over sampling of 3:1 is all that is necessary to 
cover the region without gaps in the model. Beyond 
that ratio, little new information is added into the 
analysis.

2.3 Cell/hole intersections

During each calculation step, the model has to 
determine the location of the cell, the location of 
each of the loaded holes, and compare the two to 

determine if they intersect. There are four classes of 
intersections used in this model (Figure 4):
− A miss, is generated when a cell does not 

intersect any explosive
− A hit, is reported when a cell intersects a single 

loaded length
− A multiple hit, where the cell intersects more 

than one hole. The spacing is found by the sum 
of the perpendicular distances from the hole to 

Figure 3. Powder factor contouring for a ring by MCPF approach.

Figure 4. MCPF terminology for cell/hole intersections.



the centre of the cell
− A recovery hit, is reported when a cell lies 

beyond the collar of the hole but close enough 
to still intersect part of the loaded length

2.4 Powder factor 

The information collected in the previous step can 
be used to generate a contour plot of powder factor. 
This can be useful in itself for identifying areas of 
high or low powder factor allowing for potential 
adjustment of collar lengths. After all of the cells 
have been initially processed and the location, 
intersection length, spacing and counter data is 
collected, the information is then automatically 
passed on to the Kuz-Ram portion of the model.

2.5 Kuz-Ram model 

When the data for each cell is tabulated, the 
Kuz-Ram portion of the model can be invoked. 
The Kuz-Ram model requires several pieces of 
information. Two important pieces of information 
become available from the cell analysis. First, the 
powder factor which is calculated directly from 
each cell. Second, is the spacing of the cells, which 
is calculated, based upon a fixed value for single hit 
cells and a calculated value for multiple hit cells.
 All cells that contain explosives can have a value 
for uniformity coefficient ‘n’ and characteristic 
particle size ‘Xc’ and these values are used to 
determine the size fractions of each cell. After 
determining the % of each size fraction for the blast 
layout the fragmentation curve can be obtained.

3. ANALYSIS AND DISCUSSION OF  
 RESULTS

The Modified Cell Powder Factor (MCPF) 
Fragmentation model was used to analyze data for 
nine ring rounds from a sublevel caving operation. 
The fragmentation from these nine rounds was 
also measured by image analysis technique. The 
following steps were involved for the application of 
MCPF fragmentation model to the sublevel caving 
rounds:
− Input the surveyed collar and toe locations of 

each hole in the ring
− Adjust the loaded length based upon the collar 

length left in each hole from the layout
− Diameter of the cell was selected
− Number of iterations for fragmentation curve 

generation was selected
− Program was executed
− Data was exported to produce the appropriate 

plots

3.1 Image analysis

A digital camera was used to take photographs of 
the muckpile approximately every fifth bucket. A 
total of over 600 pictures were taken and about 
20% of the photographs could not be used due to 
poor quality or other issues. This data was then 
processed and compiled in WipFrag to estimate the 
fragmentation for each ring.

3.2 Model results

The results of the model for a typical ring are 
described below:

3.2.1 Raw output 

The raw output comes in two forms, the first is 
information written back to the Excel sheet by the 
algorithm, the second is mathematical operations 
and sorting functions that prepare the data for 
output of various forms. The important data 
output from the model includes the co-ordinates 
of the measurement cell, the total length of the 
explosive intersection with the cell, the calculated 
spacing between adjacent holes (if more than one 
intersection occurs) and the number of intersections 
that occurred for a given cell. There are several 
counters used for diagnostics as well. These include 
cell ID counters that provide a unique sequential 
number to each cell as it is created, hit and miss 
counters to track how well the layout fit the data 
and the total number of cells created.

3.2.2 Fragmentation curve and histogram

The fragmentation curve and histogram were 
generated for each ring. The passing percentage 
for each size fraction is determined and plotted 
in a log-normal plot to obtain the fragmentation 
curve (Figure 5). For comparison, the dotted line 
represents the fragmentation measured by WipFrag. 
As displayed in Figure 5, the mean particle size 
values obtained from the model and measured 
by WipFrag are pretty close. The summary of the 
results for nine rings have been presented in Table 
1. It was observed that the mean particle size values 
obtained from the MCPF model were similar to or 
slightly finer than the values given by the WipFrag. 
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Additionally, the ‘n’ values generated by the model 
were in the 1.5 to 1.6 range whereas the WipFrag 
results tended to be much higher. Generally, the 
results from image analysis are fines censured and 
as a result, both the steepness of the curve and the 
mean particle size increase. This was consistent, 
when the WipFrag results were compared with 
MPCF model. Qualitatively, the results from MPCF 

model are in line with expectations and the trends in 
the data, when compared with WipFrag output.

4. CONCLUSIONS

This study has demonstrated a technique that can be 
used to predict fragmentation for underground ring 
blasts by combining the Kuz-Ram fragmentation 

Figure 5. Comparison between the MCPF and WipFrag fragmentation curves.

Table 1. Summary of MCPF results for the nine rings.

Ring # of Cells % hits % of misses
MCPF WipFrag

n Xc n Xc

1 500 77.8 38.6 1.50 35 3.79 29.90
2 500 81.6 30.6 1.55 36 3.70 49.18
3 500 68.4 38.0 1.55 37 3.32 31.20
4 500 81.6 29.0 1.60 36 3.46 65.60
5 500 88.8 36.4 1.50 30 3.46 37.74
6 500 98.0 38.4 1.50 28 3.29 37.60
7 500 89.2 43.0 1.50 28 4.02 41.40
8 500 116.4 20.4 1.50 30 2.13 31.80
9 500 90.6 29.2 1.57 31 2.13 31.80
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model and cell powder factor approach. The 
modified cell powder factor changes the way in 
which the cells are placed on a blasting layout, in 
order to achieve more accurate results. The use of 
random number generator to place the cells in a 
random pattern removes the bias in the placement 
of the cells. The comparison between the results 
of MCPF model and image analysis technique is 
in line with the expectations. The MCPF model 
produced a moderately graded size distribution 
whereas the results from image analysis generated 
highly uniform fragmentation with relatively 
higher mean particle values. The major strength 
of the MCPF model owes to the ease of collecting 
input data and the direct relationship between the 
blast design parameters and rock fragmentation 
results. It is a strong tool to assist in deciding which 
blast design parameters should be changed and to 
determine the impact of those changes on resulting 
fragmentation.
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